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IoP APP, HEPP & NP Conference
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Get Well Soon Will Quinn!
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2-Neutrino Double Beta Decay
1935

• Matter creation.
• Lepton number violation.



Basic Experimental Signature
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E1 + E2( )∈ 0,Qββ⎡⎣ ⎤⎦ E1 + E2( ) Qββ ≈ 1
[⊗ resolution]

The scintillation and ionization 
signals for a given energy 

are anti-correlated with each other 
on an event-by-event basis

By combining the two signals one 
can significantly improve the 

energy resolution

8

Energy Resolution

The rate of 2-neutrino events within the 
energy region of interest is 

0.01 events/ton/yr at 1% resolution
(~ 40x smaller than target NLDBD signal)
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Do bound & free nucleons behave the same ?



The Historical Record
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What neutrino mass ?
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C. Wiesinger (2022)C. Wiesinger (2022)

ef
fe

ct
iv

e 
ne

ut
rin

o 
m

as
s Cosmology Direct Mass Measurements

KL-Zen 2022



Contrasting Techniques
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Germanium Imaging

𝛽𝛽

𝛽𝛽

• Best energy resolution (<0.1%)
• Lowest background index
• Powerful PSD 
• Source = detector → high efficiency
→ Discovery instrument

2 mm

2 m

• Decay kinematics
• Mechanism of decay
→ Discovery follow-up



Germanium 0𝜈𝛽𝛽 Experiments 
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GERDA
• Bare HPGe detectors 

in liquid-argon.
• World leading limits.

Majorana Demonstrator
• Point-contact detectors 

with advanced PSD.
• Radiopurity innovations.

LEGEND-200
• Operating now.
→ George’s Talk.

LEGEND-1000
• Meets the DOE requirements for a  

next-generation 0𝜈𝛽𝛽 experiment.
• Uses technologies demonstrated in 

GERDA, MJD and LEGEND-200.
• Realistic performance improvements 

over LEGEND-200.



Germanium Detector Technology
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“Solid-State TPCs”
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Germanium Detector Technology
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Background Requirements
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Use of 
underground 

argon

LNGS “virtual depth” is sufficient 
with smart topology-based 

cosmic veto.

factor ~50
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What Does a Discovery Look Like?

• Our resolution requirements (achieved) and background requirements (projected) will 
give a clear signal at the limit of our discovery sensitivity.

• For full LEGEND-1000 exposure (10 ton years):



Sensitivity Projections
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Almost all 
NMEs at the 
bottom of the 

IO regime



Sensitivity Projections
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LEGEND-1000 Other Experiments

Lower edge 
of IO region

Significant discovery potential even for 
Normal Ordering 



LEGEND Collaboration
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Milano,	12.09.17 Y.	Kermaidic	- PSeGe	workshop 19

LEGEND	:	47	Institutions,	219	Scientists
Univ.	New	Mexico
L'Aquila	Univ.	and	INFN
Gran	Sasso Science	Inst.
Lab.	Naz.	Gran	Sasso
Univ.	Texas
Tsinghua	Univ.
Lawrence	Berkeley	Natl.
Lab.
Leibniz	Inst.	Crystal
Growth
Comenius	Univ.
Lab.	Naz.	Sud
Univ.	of	North	Carolina
Sichuan	Univ.
Univ.	of	South	Carolina
Jagiellonian Univ.
Banaras	Hindu	Univ.
Univ.	of	Dortmund
Tech.	Univ.	– Dresden
Joint	Inst.	Nucl.	Res.	Inst.

Los	Alamos	Natl.	Lab.
Lund	Univ.
INFN	Milano	Bicocca
Milano	Univ.	and	Milano	INFN
Natl.	Res.	Center	Kurchatov Inst.
Lab.	for	Exper.	Nucl.	Phy.	MEPhI
Max	Planck	Inst.,	Munich
Tech.	Univ.	Munich
Oak	Ridge	Natl.	Lab.
Padova Univ.	and	Padova INFN
Czech	Tech.	Univ.	Prague
Princeton	Univ.
North	Carolina	State	Univ.
South	Dakota	School	Mines	Tech.
Univ.	Washington
Academia	Sinica
Univ.	Tuebingen
Univ.	South	Dakota
Univ.	Zurich

Nucl.	Res.	Russian	Acad.	Sci.
Joint	Res.	Centre,	Geel
Chalmers	Univ.	Tech.
Max	Planck	Inst.,	Heidelberg
Dokuz Eylul Univ.

Queens	Univ.
Univ.	Tennessee
Argonne	Natl.	lab.
Univ.	Liverpool
Univ.	College	London

Slide:	J.F.	Wilkerson	– TAUP	2017

2016  
• LEGEND collaboration forms.
• UK groups are amongst the founding members.

2022-
• LEGEND-200 

commissioning 
and operations 

2020
• STFC Opportunities Funding
• UK LEGEND Workshop in 

March 2022.

2021  
• DoE 0𝜈𝛽𝛽 Portfolio Review
• North-America/Europe Workshop on 0𝜈𝛽𝛽.

Development/C
onstruction of LEGEND-200 

and Preparation of LEGEND-1000 pCDR

STFC Daresbury 
Lab, Lancaster, 
Liverpool, UCL, 

Warwick

Leadership 
includes IB Chairs, 

Analysis Lead, 
L2/3 Project 

Leads.



LEGEND Collaboration 
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• Next-generation (”tonne-scale”) 0𝜈𝛽𝛽 experiments, and specifically LEGEND, are 
highlighted as top priorities for investment in the US and Europe.

• LEGEND-1000 emerged from the US portfolio review as the leading 0𝜈𝛽𝛽 experiment 
for funding agency support. 



Site and Conceptual Design
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• LNGS, SNOLab, SURF and 
Boulby were all considered 
during the site selection 
process.

• LNGS (Hall-C) is the 
baseline site. Conceptual 
designs are well advanced.

• NSF MRI-2 and DOE CD-1 
processes this year.

• Strong UK contributions 
include:
→ HPGe detector 

development and 
characterization.

→ Software & analysis.
→ Radiopurity & novel 

materials.
→ LAr handling systems 

design  (STFC 
Daresbury)Water tank instrumentation

Outer LAr veto

Lock and detector string 
handling systems

Detector 
array

Re-entrant tube 
containing U-LAr 

(22 t)



Summary
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T1/2 = 1028 yr

Bkg. only

May 13-17th @ UCL

A discovery class instrument :• A 0𝜈𝛽𝛽 experiment sensitive to            
10-20 meV Majorana neutrinos is 
scientifically compelling.

• HP76Ge detectors – designed and used 
for nuclear spectroscopy – are almost 
ideal for this purpose.

• We are ready to build LEGEND-1000 
and it is the leading tonne-scale project 
in the US and Europe.

• The UK plays a key role and LEGEND-
1000 is the community agreed highest-
priority 0𝜈𝛽𝛽 construction project. 



PSD and LAr Veto Complementarity
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• Single-site event.
→ Accepted.

• Multi-site (76Ge) event.
→ Rejected by PSD.

• Single-site (76Ge) event.
• Corresponding energy 

deposition in liquid-
argon.

→ Rejected by LAr veto.


