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Part I
Motivation for the Discovery of 
Neutrinoless Double-Beta Decay 
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Neutrino Mass is Beyond the Standard Model
H. Murayama, Physics World, May 2002

Right-handed neutrinos never discovered
Ø Neutrinos have zero mass in the Standard Model
Ø Non-zero neutrino mass is physics beyond-the-

Standard Model (BSM)
Ø Need right-handed neutrinos in the 

mechanism for neutrino mass 
Ø Need to avoid light active right-handed 

neutrinos as they are not found in data

Handedness is chirality here, 
which is helicity only if massless 

Introduce a heavy neutrino in the seesaw model
• Heavy neutrinos are NOT sterile 
• Too heavy to be created or found in experiments

Fermilab
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Introducing Heavy Right-handed Neutrinos

Dirac mass term
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Introducing Heavy Right-handed Neutrinos

𝑚!
"

Dirac mass

Dirac mass term
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Introducing Heavy Right-handed Neutrinos

Dirac mass term
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Lepton and Baryon Number Violation

Phys. Rev. Lett.43.1566 (1979)

Also F. Wilczek and A. Zee 
Phys. Rev. Lett. 43. 1571(1979)

Such as the 
Majorana 
mass term

Not 
fundamental

but 
accidental

Emmy Noether
Noether’s
Theorem: 
continuous 
symmetry 
leads to 
conservation 
laws

But there is an accidental conservation law forbidding Majorana neutrinos: lepton number conservation 
Neutrino: lepton number +1,  Antineutrino: lepton number -1
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We Need Baryon Number Violation symmetrymagazine.org
Matter Over Antimatter Excess In The Universe 

Cosmic Ray

Cosmic 
Background 
Radiation, etc:

𝑛! ≫ 𝑛 "!

Baryon Number 
Violation is a Must

Baryon number must be violated. In what process?
Is lepton number violated in the generation of neutrino mass? 

𝑝̅
𝑝 < 10#$
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Motivation for Neutrinoless Double Beta Decay (0𝝂ββ)
H. Murayama, Physics World, May 2002

Right-handed neutrinos never discovered
Ø Neutrinos have zero mass in the Standard Model
Ø Non-zero neutrino mass is physics beyond-the-Standard 

Model (BSM)
Ø We introduce heavy neutrinos in the seesaw mechanism

The seesaw model

𝑚% =
𝑚!
"

𝑚&

𝑚% 𝑚&

𝑚!
"

Dirac masses would still allow for Majorana masses neutrinos
Ø Seesaw mechanism explains the tininess of 𝑚%
Ø Majorana neutrinos are their own anti-particles
Ø Neutrinoless double beta decay (0𝝂ββ) is the only 

experimentally feasible way to establish neutrinos are 
Majorana.

Ø Probe the Lepton number violation

Dirac mass

Heavy right-handed neutrino mass
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Neutrinoless Double-beta Decay (0𝝂ββ)

e

e e

e

X 0𝝂ββ

2𝝂ββ

Observation of Neutrinoless double-beta decay (0νββ) would 
Ø prove the total lepton number is violated by 2 units 

(∆𝑳 = 𝟐)
Ø imply massive neutrinos are Majorana particles

Two neutrino double-beta decay (2𝝂ββ) is an 
observed Standard Model process 

Double-beta decay is possible when energetically favored 

Mono-energetic 
peak signature
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0𝝂ββ Half Life and Effective Neutrino Mass

Nuclear Matrix Element

0𝝂ββ 
Ø Half life relates to the effective neutrino mass

Ø Theoretical calculations of the nuclear matrix element 
have significant uncertainties 

For light neutrino exchange model only: 

Rep. Prog. Phys. 80 (2017) 046301
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Phase Space for Discovery
A variety of isotopes and techniques in use 
for 0𝝂ββ searches, Ge, Xe, and more.

Current generation experiments make 
steady progresses in probing the phase 
space possible for 0𝝂ββ with constant 
technology developments 

Significant discovery potential to be 
realized by next generation ton-scale 
experiments

Ø probing the entire inverted 
neutrino mass ordering assuming 
the light neutrino exchange model

Ø large discovery potential also in 
the normal mass ordering

Log axes
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Phase Space for Discovery
A variety of isotopes and techniques in use 
for 0𝝂ββ searches, Ge, Xe, and more.

Current generation experiments make 
steady progresses in probing the phase 
space possible for 0𝝂ββ with constant 
technology developments 

Significant discovery potential to be 
realized by next generation ton-scale 
experiments

Ø probing the entire inverted 
neutrino mass ordering assuming 
the light neutrino exchange model

Ø large discovery potential also in 
the normal mass ordering

Linear axes
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Part II
Proven Ge Technologies for the Discovery of 
Neutrinoless Double-Beta Decay 
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Generations of Ge searches of 0𝝂ββ 
proceeding to CD-1 

(~1000kg)
Ongoing
(~200 kg)

Most recent
(~30-40 kg)

Milano
St. Gotthard

GERDA

UCSB/LBL

MAJORANA

Heidelberg-
   Moscow

ITEP,
 IePY

IGEX
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68% C.L. limit

90% C.L. limit

LEGEND-1000 goal

LEGEND-200 goal

KKDC
 Claim

MAJORANA LEGEND-200 LEGEND-1000
(Semi)-Coaxial

• Large mass (2-3 kg)
• Imperfect background rejection

Inverted-Coaxial Point Contact (ICPC) 

• Newly developed for 
LEGEND

• Large mass (up to 4 kg)
• Excellent background 

rejection

IEEE Trans. on 
Nuc. Sci., 36, 1, 
926-930 (1989)

Eur. Phys. J. C 
79, 978 (2019)

NIMA ,891, 106-110,  (2018)

• Small mass (< 1 kg)
• Excellent background rejection

MAJORANA
P-type Point 
Contact (PPC)

GERDA
Broad Energy Ge 
(BEGe)

Decades of progress, driven 
by scale increases and 
technology innovation
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The MAJORANA DEMONSTRATOR

the MAJORANA Collaboration

Searching for neutrinoless double-beta decay of 76Ge in HPGe detectors, probing additional physics 
beyond the standard model, and informing the design of the next-generation LEGEND experiment

Excellent  Energy Resolution: 2.5 keV FWHM @ 2039 keV
and Analysis Threshold: 1 keV

Source & Detector: Array of p-type, point contact detectors
30 kg of 88% enriched 76Ge crystals  - 14 kg of natural Ge crystals
Included 6.7 kg of 76Ge inverted coaxial, point contact detectors in final run

Low Background: 2 modules within a compact graded shield and active 
muon veto using ultra-clean materials
Reached an exposure of ~65 kg-yr before removal of the enriched 
detectors for the LEGEND-200 experiment at LNGS

Continuing to operate at the Sanford 
Underground Research Facility in Lead, SD

with natural detectors for background 
studies and other physics

Click here for a video of the experiment

Best Energy resolution at the 
Q-value in 0νββ searches

https://youtu.be/JiOYgHSKcs4?list=PLh7LC5geWXGEMgdq7kRd4rlkbr1_g9KFZ&t=439
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Majorana Run Configuration & Timeline

Adapted from W. Xu, APS April meeting 2022



18

W
en

qi
n

Xu
| 1

1/
29

/2
2

MAJORANA Background ReducLon

Adapted from W. Xu, APS April meeting 2022
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Pulse Shape Analysis (PSA) for HPGe detectors 

Single-Site Event (SSE):0νββ-like Multi-Site Event: γ-like
γ

Simulations for MAJORANA PPC for 
illustration, courtesy of David Hervas.

Amplitude of current pulse is 
suppressed for a multi-site event 
compared to a single-site event of 
the same event Energy 

Comparing A against E effectively 
rejects multi-site backgrounds

Various powerful PSA event 
topology tools can be used to reject 
different backgrounds

Alternative machine learning 
algorithms are available

Laxman Paudel (USD PhD student)
Pulse-Shape-Based Analysis 
using Machine learning in the 

MAJORANA DEMONSTRATOR, 
CIPANP 08 2022

GERDA EPJC 82 (2022) 284

MAJORANA arXiv: 2207.10710

https://agenda.hep.wisc.edu/event/1644/contributions/25851/
https://agenda.hep.wisc.edu/event/1644/contributions/25851/
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Final Results of MAJORANA DEMONSTRATOR

Full spectrum with a total of 65 kg-yr. 

Operated in a low background regime, particularly with extreme radiopurity of near-detector parts,
benefiting from excellent energy resolution

Final enriched detector active exposure: 

64.5 ± 0.9 kg yrs

Preliminary

Background Index: 
(6.2 ± 0.6) × 10-3 cts/(keV kg yr) 

Energy resolution: 
2.5 keV FWHM @ Qββ

Frequentist Limit:
Limit: T1/2 > 8.3 × 1025 yr (90% C.L.)

Bayesian Limit: (flat prior on rate) 
Limit: T1/2 > 7.0 × 1025 yr (90% C.I.) 

mββ < 113 - 269 meV

arXiv: 2207.07638

Continuing to operate at the Sanford Underground Research Facility with natural detectors for background studies and other physics

Using M0ν = 2.66 - 6.34 
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GERmanium Detector Array - GERDA Collaboration
https://www.aip.org/fyi/2022/doe-nuclear-physics-program-approaches-pivot-point

(Image credit – © Kai Freund / LNGS-INFN)
L Shtembari, ICHEP 2022

the GERDA Collaboration

https://www.aip.org/fyi/2022/doe-nuclear-physics-program-approaches-pivot-point
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GERDA at Gran Sasso Na/onal Laboratory (LNGS) in Italy

7x PMT

9x PMT
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64 m³ Liquid 
Ar (LAr) 
cryostat

EPJC 78, 388 (2018) • GERDA operated an active LAr veto
• Low-Z shielding
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GERDA Background Rejection Strategy 
0νββ signals are highly 
localized (single site) in 
one detector (single hit)

Multi-site
backgrounds

Multi-detector 
backgrounds, 
rejected by 
multiplicity cut

Backgrounds with energy deposiKons 
in LAr, rejected by LAr veto

0νββ signals 

Science 365 (2019) 1445-1448

Surface 
backgrounds

Rejected by 
Pulse Shape 
Analysis 

muon backgrounds, rejected by muon veto, 
except neutron-induced delayed ones

n



24

W
en

qi
n

Xu
| 1

1/
29

/2
2

Final Results of GERDA

PRL 125, 252502 (2020) Background index: 
5.2+1.6

-1.3 ⋅10-4

cts/(keV kg yr) 
Energy resolution: 

~2.6 keV (FWHM) 

Frequentist limit:

T1/2 > 1.8⋅1026 yr at 90% C.L.

Bayesian: flat prior on rate:

T1/2 > 1.4⋅1026 yr at 90% C.I. 

GERDA finished by surpassing all design goals: 
100 kg yr exposure , < 10-3 cts/(keV kg yr) background, >1026 yr sensitivity

Lowest background for 0νββ searches
if normalized by the energy resolution

background index estimation region mββ < 79 - 180 meV
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Part III
LEGEND for the Discovery of 
Neutrinoless Double-Beta Decay 

Large Enriched Germanium Experiment for Neutrinoless ββ Decay
(LEGEND)
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The European and North-American Process 
The European and North-American Process

5/31/22 Neutrino 2022 - S. Schönert, TUM 26

https://science.osti.gov/np/nsac

• Oct 2019: Roadmap document for 

the APPEC SAC on the future 0nbb
decay experimental programme in 

Europe

• 0nbb town meeting London

• Roadmap update 2022, town 

meeting in Berlin, June 2022

DOE NP Portfolio Review 
July 2021
CUPID

LEGEND-1000
nEXO

https://arxiv.org/abs/1910.04688 https://agenda.infn.it/event/27143/

• Outcome: Realize international 

portfolio LEGEND-1000, nEXO and 

CUPID with European partners

• LEGEND-1000 was evaluated 

extremely positively at the Portfolio 

review. Now being funded by DOE to 

move to the next step, CD-1

“We recommend the timely 

development and deployment of a 

U.S.-led ton-scale neutrinoless

double beta decay experiment.”

“The international stakeholders in 

neutrino-less double beta decay 

research do agree in principle that the 

best chance for success is an 

international campaign with more 

than one large ton-scale experiment 

implemented in the next decade, with 

one ton scale experiment in Europe 

and the other in North America. “

Compiled by S. Schönert @ Neutrino 2022 
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LEGEND
Mission: “The collaboration aims to develop a phased, Ge-76 based double-beta decay experimental
program with discovery potential at a half-life beyond 1028 years, using existing resources as
appropriate to expedite physics results.”

LEGEND-200
•200 kg in upgrade of existing
infrastructure at LNGS 

•Background goal:
< 0.6 cts/(FWHM t yr)          

i.e. < 2x10-4 cts/(keV kg yr)
•Discovery sensitivity 1027 years
•Currently commissioning
•Physics data starting in 2022

LEGEND-1000
•1000 kg, staged via individual payloads
•Timeline connected to review process
•Background goal:

<0.025 cts/(FWHM t yr)

i.e. <1x10-5 cts/(keV kg yr)
•Discovery sensitivity beyond 1028 years
•Location to be selected

Build upon best and proven technologies from GERDA and the MAJORANA DEMONSTRATOR

Preconceptual Design Report arXiv: 2107.11462
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The LEGEND Collaboration

Approximately 
250 members, 
49 institutions, 
11 countries 
https://legend-exp.org/
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LEGEND Background Rejection

Muon veto

LAr veto based on Ar
scintillation light read 
by fibers and SiPM

Ge detector 
anti-coincidence

Pulse shape 
discrimination (PSD)
for multi-site and 
surface 𝛼 events

Scintillating PEN plate
holder under test

Liquid Ar
Pure water

Optical
fibers

𝝁

𝜸

𝜷𝜷

𝜸

𝜶

𝜸

𝜸
PEN

𝜷
𝜷𝜷

𝜈𝜈

𝛽𝛽 decay signal:
single energy 
deposition in 
a 1 mm3 volume

𝜷𝜷

Ge detector with 
PEN plate holders

LEGEND-200 
background goal is 
x2.5 reduction from 
GERDA
uses small and large 
detectors

LEGEND-1000 
background goal is 
x20 reduction from 
LEGEND-200
uses only large 
detectors

n
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Background Reduction: LEGEND-1000

LEGEND-1000 uses only larger 
ICPC detectors, average 2.6 kg

New and less-radioactive
cables and new application-specific 
integrated circuit (ASIC) read-out for 
LEGEND-1000

Eur. Phys. J. C 81, 76 (2021)

GERDA BEGeMAJORANA PPC

Significant reduction of 
number of channels and 
hence total radioactivity 
to near-detector materials

Underground LAr
surrounding detectors
(low in Ar-42, 39)

Optimized array spacing 
and LAr instrumentation

Deeper underground site or additional neutron 
shielding & tagging: SNOLAB and LNGS options

Used by LEGEND-200 as well
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LEGEND-1000 Background Projections

LEGEND-1000 background goal

LEGEND-1000 Background ProjecLons
Background index at Qββ after all cuts

Projected background index after all cuts:
9.1#'.)*$.+ × 10#' counts/(keV kg yr)

SNOLAB was used as the reference lab here
LNGS has ~x100 higher muon flux

pCDR: arXiv: 2107.11462
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Extensive Muon Studies for Shallower LNGS

Standalone Geant4 simulation completely 
written from scratch for main estimation

MCNP-Geant4 simulation comparisons 
across different software for uncertainty 
assessment

Additional neutron 
moderation using solid 
plastic shield and liquid 
methane-doping in LAr

Extensive study on muon-induced bkgs and 
additional neutron shielding for LNGS option.

CJ Barton (USD PhD student)
An update on muon-induced backgrounds in 

LEGEND-1000
CIPANP 08 2022

https://agenda.hep.wisc.edu/event/1644/contributions/25958/
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The LEGEND-1000 Background Model

1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300

10−7

10−6

10−5

10−4

10−3

10−2

Energy (keV)

ct
s/

(k
eV

kg
yr

)

2νββ (1021 yr) Ge cosmogenics
232Th 42Ar/42K in LAr
238U Surface α

Total model 0νββ (1028 yr)

BG budget

0νββ Signal

26σ away from 
nearest significant 
background peak

arXiv: 2107.11462

ØNo background peaks close to Qββ of 2039 keV for 76Ge
ØBackground is flat and well understood. No reliance on background modeling 
ØNo 2νββ background 
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Discovering Sensitivity Enabled 
The LEGEND program builds on successes of current generation experiments to probe half-lives beyond 1028 yrs

– Unambiguous discovery enabled by best energy resolution and lowest background

Simulated LEGEND-1000 example spectrum for 
T1/2 = 1028 yrs, BI < 10-5 cts/keV kg yr, after cuts, 

from 10 years of data

Quasi-background free operation up to 
10 ton-year exposure, for unambiguous 
convincing discovery beyond 1028 years 

mββ = 18.4±1.3 meV

0νββ
T1/2 = 1028 yr
3-4 events
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LEGEND Timelines
LEGEND-200:
Fully funded

LEGEND-1000 (positively reviewed for funding):
• Pre-Conceptual Design Report released: 

arXiv: 2107.11462
• Developing a conceptual design with a refined technical design 

and background model, proceeding to CD-1
• Many R&D activities are ongoing

Adapted from F. Hagemann, 18th Rencontres du Vietnam on Neutrino Physics 2022

4 string installed with optical fibers

WaveLength-Shifting 
Reflector (WSLR) installed

Installed. Currently in 
commissioning 
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US Next Long-Range Plan

RECOMMENDATION II

We recommend the timely development and deployment of a U.S.-led 

ton-scale neutrinoless double beta decay experiment.

2015 2022
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Part IV
Rich and Broad Physics Programs with HPGe detectors
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Rich and Broad Physics Programs for Ge experiments

Superb Energy Resolu=on
High Granularity
Low Backgrounds

Standard Model 
Nuclear Physics

2νββ decays
In-situ cosmogenics
neutron physics

Exotic Physics
Lightly ionizing particles
Quantum Wavefunction collapse

Dark Matter Signatures
Pseudoscalar dark matter
Vector dark matter
Fermionic dark matter
Sterile neutrino
Solar Axions

+ Prompt Supernova Neutrinos, SuperWIMPS, Solar Neutrinos, …

39Ar reduction due to the use of 
underground-sourced argon enables a 

suite of BSM physics searches at 
LEGEND

Fundamental Symmetries
L violation in 0νββ decays
B violation in Baryon decays
Pauli Exclusion Principle violation
Lorentz violation and Majorons in 2νββ
BSM Physics in Ar
Charge violation
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BSM Physics

Mechanism Signature Energy range

Bosonic Dark Matter Peak at mb 5 — 100keV

Baryon Decay Time Correlation, High Energy 0-10 MeV

Fractionally Charged Cosmic rays High Multiplicity-coincidence events Few keV

WIMP searches Exponential Excess + Annual 
Modulation. Migdal Effect

< 10 keV

Solar axions Peaked Spectra + daily modulation < 10 keV

Majoron Emission 2νββ spectral distortion Qββ

Lorentz Violation 2νββ spectral distortion Qββ

Electron Decay Peak at 11.8 keV ~10 keV

Pauli Exclusion Principle Violation Peak at 10.6 keV ~ 10 keV

Superb Energy Resolution, High Granularity, and Low Backgrounds make HPGe detectors excellent in a range 
of BSM physics searches using analyses looking at peaks, spectral distortion, time correlation, and more

These BSM Physics are parts of the rich and broad physics programs of LEGEND-1000 

N
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BSM Peak Searches in Energy Spectrum
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BSM Peak Searches in Energy Spectrum

place limit using 
standard profile 
likelihood method

arXiv:2206.10638

Enriched 

Natural
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Solar Axion Searches via Photon Coupling
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Rich and Broad Physics with HPGe detectors: USD work

Rich and Broad Physics Program
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Axion signatures from coherent
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Summary
Non-zero neutrino mass is physics beyond the Standard Model and a compelling mystery  
0𝝂ββ searches determine the status of total lepton number conservation and probe the Majorana or Dirac 
nature of massive neutrinos

Ge-based technology captures significant 0𝝂ββ discovery potential
Current-generation 76Ge experiments have achieved great successes

– MAJORANA DEMONSTRATOR achieved T1/2 > 8.3 × 1025 yr and the best energy resolution
– GERDA achieved T1/2 >  1.8 × 1026 yr and the lowest background if normalized to energy resolution

Combing the best technologies, the phased LEGEND project is designed for an unambiguous discovery of 0νββ
– LEGEND-200 is in commissioning at LNGS with data-taking beginning later this year
Ø Goal : Discovery sensitivity of 1027 years with modest background reduction relative to GERDA 
– LEGEND-1000 is proceeding to CD-1 with, R&D and conceptual design development ongoing
Ø Goal : Discovery potential at a half-life beyond 1028 years

Ge-based experiments including LEGEND have rich and broad physics other than 0νββ
– Physics results can be extracted in wide energy range with various analysis techniques


