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• Introduction to neutrinoless double beta decay

• Why Germanium? 

• The LEGEND design

– Majorana and GERDA to LEGEND

• LEGEND-1000 discovery potential

• LEGEND-200 installation and operation

Overview

With a Canadian-centric aside
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Double beta decay is a second order weak process. 2nbb is 
a standard model process. 0nbb requires neutrinos be their 

own antiparticle and violates lepton number. 

See 

https://arxiv.org/abs/1403.4976 

for an excellent introduction.

https://arxiv.org/abs/1403.4976
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0nbb candidates are even-even nuclei as the mass 
parabola for odd-odd nuclei is shifted  

Odd odd nuclei

Even even nuclei

Single beta decay to As 

is energetically forbidden

76 AMU

75.9 AMU

Qbb = 2039 keV
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• Crystals have exquisite energy resolution –reduces background.

• Crystals from pure metallic Ge, or enriched Ge: no “wasted” atoms in detector

– Except for the dead layer

• The crystal-pulling process removes impurities. (Zone refinement)

• There are companies able to make crystals of high quality

• Ge, along with Te, Xe, Mo, and other nuclei, is used in tonne-scale experiments

Germanium has been used since the 1960s to search 
for 0nbb for many reasons 

See Avignone and Elliott for an informative 

review of Ge 0nbb experiments: 

https://arxiv.org/abs/1901.02805
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Germanium has been used since the 1960s to search 
for 0nbb 

Data source for plot: 

https://arxiv.org/abs/1901.02805
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The lifetime of 0nbb depends on a phase space term, a 

nuclear matrix element, and an effective neutrino mass. 

See 

https://arxiv.org/abs/1403.4976 

for an excellent introduction.

https://arxiv.org/abs/1403.4976
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mbb is not currently well-constrained

Lightest neutrino mass [eV]

10-5 10-3 10-110-5 10-3 10-1

1

mbb [eV]

1

10-2

10-4

m1 < m2 < m3

m3 < m1 < m2

The lines represent 3s uncertainties 

on oscillation parameters.

The colour scale represents a PDF 

for mbb given certain assumptions.
https://arxiv.org/abs/1705.02996
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This section will show the LEGEND 

design from the inside out.

Concepts will be illustrated with the 

relevant data from the Majorana 

Demonstrator or GERDA.

This discussion will start with one 

fundamental concept: 

0nbb are isolated events at a single 

site in a single crystal.

LEGEND-200 at LNGS
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LEGEND uses sophisticated large enriched Ge-76 detectors 
building on work by Majorana and GERDA.

Majorana GERDA LEGEND

n+ electrode
p+ electrode

Energy deposit and drift path

80 mm

60 mm

Inverted

Coaxial

Point

Contact
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Point-contact with electronics near crystal allows for 
exceptional energy resolution.

Zoom into Tl-208 peak

Combined energy 

calibration for DS0-6 

Majorana Demonstrator

https://arxiv.org/abs/1902.02299

FWHM    2.5 keV at Qbb
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Pulse shapes for single-site and double-site events 
are different

Figure from the Majorana Demonstrator
https://arxiv.org/abs/1902.02299

1000ns
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Pulse shapes for single-site and double-site events 
are different

Figure from the Majorana Demonstrator
https://arxiv.org/abs/1902.02299

1000ns



15

C
h

ri
s 

Ji
ll
in

g
s 

 |
  
C

A
P

 C
o

n
g

re
ss

  
| 
 2

0
2
3
-0

6
-2

1

Pulse shapes for single-site and double-site events 
are different

Figure from the Majorana Demonstrator
https://arxiv.org/abs/1902.02299

1000ns
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Pulse shapes for single-site and double-site events 
are different

Figure from the Majorana Demonstrator
https://arxiv.org/abs/1902.02299

1000ns
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Pulse shapes for single-site and double-site events 
are different

Figure from the Majorana Demonstrator
https://arxiv.org/abs/1902.02299

1000ns
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Pulse shapes for single-site and double-site events 
are different

Figure from the Majorana Demonstrator
https://arxiv.org/abs/1902.02299

1000ns
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The crystals are surrounded by an active LAr veto.

LEGEND-200 atmospheric 

argon veto system

Fibre curtain for Ar scint readout
• Liquid argon easily purified from any 

impurity (except other nobles!) 

 Low background

• Supplies an active veto / multi-site 

suppression

• Cools crystals



20

C
h

ri
s 

Ji
ll
in

g
s 

 |
  
C

A
P

 C
o

n
g

re
ss

  
| 
 2

0
2
3
-0

6
-2

1

GERDA 
127.2 kg-yr 
total 
exposure 

No signal 
seen: 

T1/2 > 
1.8 x 1026 
years

https://arxiv.org/abs/2009.06079

https://arxiv.org/abs/1909.02522 

GERDA final analysis shows utility of multisite, veto, surface cuts
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In GERDA, K-42 (from Ar-42) is an important 
background.

https://arxiv.org/abs/1909.02522 

DarkSide-50 has demonstrated that the specific activity of Ar-39 is (at least) a factor of 1400 less in 

underground argon than surface argon. https://arxiv.org/abs/1802.07198

If the same or better ratio holds for Ar-42, then this background is acceptable in LEGEND-1000.

DEAP-3600 is considering a run with underground argon to measure [A(Ar-42)]. Session T4-3, this meeting

Data before

analysis cuts



22

C
h

ri
s 

Ji
ll
in

g
s 

 |
  
C

A
P

 C
o

n
g

re
ss

  
| 
 2

0
2
3
-0

6
-2

1

LEGEND-1000 will use underground argon in re-entrant 
copper tubes to reduce Ar42/K-42 background

Crystals and underground liquid argon

Atmospheric liquid argon

Two designs under consideration:

One large re-entrant tube (baseline)

Four smaller ones

Electroformed copper stored underground to avoid 

cosmogenic production of Co-60
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LEGEND-1000 has a detailed background budget
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LEGEND-1000 has a detailed background budget

Low mass and low radioactivity 

electronics from Majorana program 

being improved for LEGEND-1000

Based on 1400x reduction based 

on DarkSide-50k. (Note 1400 is a 

limit on the reduction factor.)

At SNOLAB the fast-n rate is small 

enough this is not expected to be 

an issue. For LNGS deployment, 

use an acrylic moderator in the 

atmospheric argon and veto/tag 

with only small loss in livetime

Ge crystal production is 

underground with carefully 

controlled budget for time at 

surface. Shipping in shielded sea 

cans.
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LEGEND-1000 has discovery potential for a 0nbb 
half life of 1028 years

2nbb (1021 year)

Other background

0nbb (1028 year)

Definition of discovery potential:

a 50% chance or greater that a 10 tonne-year exposure results in a signal 3s above null hypothesis
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LEGEND-1000 has discovery potential for a 0nbb 
half life of 1028 years
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The LEGEND-1000 CDR is under advanced 
preparation.

The CDR contains an LNGS and a SNOLAB design. 

Final siting decision is not yet made. 
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Canadian effort is growing!

Preparation for hosting at SNOLAB
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Canadian effort is growing!

Analysis/optimization of signal processing

from germanium crystals.

https://doi.org/10.1140/epjc/s10052-022-11000-w

Mark Anderson’s talk Monday
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Canadian effort is growing!

Radiopurity of materials.

Assay

Development of new assay techniques

ICPMS

 

Surface screening for materials

Radon emanation

(emanation of thin materials at increased 

temperature to measure Ra-226 in ribbon cables 

etc)

Gamma counting

For a discussion of these techniques, see talk at 

this meeting by Ian Lawson: https://indi.to/4tfqZ
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LEGEND-200 deployment complete and physics 
data taking started March 12, 2023

Images from Matteo Agostini

140 kg of detectors deployed

122 kg usable for analysis

Exposure: 2 kg year / week

100 kg year by end of this year

We hope to release early data in autumn 2023. 
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The LEGEND program seeks to measure 0nbb with a discovery potential for a   

1028 year half life, thus probing all the inverted hierarchy space and much of the 

normal hierarchy space.

LEGEND builds on the work for GERDA and the Majorana Demonstrator.

Designed for exquisite energy resolution and ultra-low backgrounds.

Deployment planning for LEGEND-1000 @ LNGS and SNOLAB.

Canadian involvement strong and growing.

LEGEND-200 is taking data at LNGS.

Thank you for your attention
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