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Why Neutrinoless Double Beta Decay?

e The discovery of OvBp decay would dramatically revise our foundational
understanding of physics and the cosmos
— Lepton number is not conserved
— The neutrino is a fundamental Majorana particle

— There is a potential path for understanding the matter — antimatter
asymmetry in the cosmos, through leptogenesis

— There is a new mechanism demonstrated for the generation of mass

e The search for Ovpf decay is one of the most compelling and exciting
challenges in all of contemporary physics

e The LEGEND Collaboration aspires to meet this challenge through a ton-scale
search for OvBP decay of 7°Ge
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Designing for Unambiguous Discovery

Simulated LEGEND-1000 example spectrum for Ty, = 10%8 yrs,

e What is required for a discovery of Ov
at is required for a discovery of Ovpp Bl < 10~ cts/keV kg yr, after cuts, from 10 years of data

decay? o
e Long half-lives mean you need large g
exposures. For 3-4 counts of OvpB at... > OvBp
F — 1028
— 10%% years: 100 kg-years 3, 2vBP Tflg/_24 e%/(e)nt;’r

— 10?7 years: 1 ton-year

— 1028 years: 10 ton-years |
 Need a good signal-to-background I" “
" 1940 1960 1080 2000 2020 2040 2064 2080)

ratio to get statistical significance ;
< 10° 2vBp events =~0.1% FWHM

leak into in Qggt20 energy resolution

Energy (keV)
e Avery low background event rate

* The best possible energy resolution

At every stage, OVBpB searches in 7°Ge are designed for unambiguous discovery:
their goal is quasi-background free operation for their full exposure
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Backgrounds and Discovery

e Background-free:  Sensitivity rises linearly with exposure
Background-limited: Sensitivity rises as the square root of exposure
e QOur background goal is “quasi-background-free” operation

— Less than one background count expected in a 40 Region of Interest (ROI) with the full exposure
(FWHM: Full Width at Half Maximum; 2.355 o for a Gaussian peak)
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HPGe Detectors for Ov[3[3

e Easily available material, enrichment, and B —
detector production 102 -

e Highly efficient: >90% 7°Ge use, ~70% signal 1077 |-
efficiency after all cuts
e Easy operation: low operating voltage (< 5 kV)

and cryogenic requirements (77-90K) 02 |- UCSB/LBL

* Many tools to reduce backgrounds
— Multiplicity, timing, active veto shielding Milano
— Pulse-shapes used for event topology discrimination

— Demonstrated lowest (GERDA) and 2"d lowest (MJD)

LEGEND-1000 goal

Heidelberg- GERDA .
Moscow /
ITEP,
lePY MAJORANA |
IGEX

St. Gotthard

o 68% C.L. limit

e 90% C.L. limit

backgrounds 1970 1980

* Solid basis for unambiguous discovery
* Superb energy resolution: ¢/ Qgg=0.05%
* Therefore, no background peaks anywhere near the energy of interest
e Background is flat and well understood
* Background are measured, with no reliance on background modeling
« All this leads to an excellent likelihood that an observed signal will be convincing
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Germanium Detector Innovation

(Semi)-Coaxial

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

-

* Small mass (< 1 kg)

PPC

|[EEE Trans. on
Nuc. Sci., 36, 1,
926-930 (1989)

* Excellent background rejection

BeGe

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

Materials from the GERDA and MAJORANA Collaborations

s

Inverted-Coaxial

NIMA ,891, 106-110, (2018)

Newly developed for LEGEND
Large mass (up to 4 kg)

Excellent background rejection
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Background Rejection in Point Contact Detectors

OvBB signal candidate (single-site) v-background (multi-site)

Weighting Potential and Charge Drift Generated Signal Weighting Potential and Charge Drift Generated Signal

Acceptance Window 1 Acceptance Window

Charge Charge
signal signal
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From the Current Generation to the Ton Scale

LEGEND-200: Now in
commissioning

LEGEND-1000: Conceptual design
development continuing

k/" &y @\ 3dl /i _
GERDA: Final Ov[3f results published arXiv: 2107.11462
PRL 125, 252502 (2020)
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Current-Generation Experiments:
The MAJORANA DEMONSTRATOR and GERDA




From the Current Generation to the Ton Scale

LEGEND-200: Now in
commissioning

k/" F o \'\‘/. «/ /7 _
GERDA: Final Ov[3f results published
PRL 125, 252502 (2020)

LEGEND-1000: Conceptual design
development continuing

arXiv: 2107.11462
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Sanford

Underground

@ENERGY 220 The MAJORANA DEMONSTRATOR & = 9 «

Searching for neutrinoless double-beta decay of 7°Ge in HPGe detectors, probing additional physics
beyond the standard model, and informing the design of the next-generation LEGEND experiment

Source & Detector: Array of p-type, point contact detectors
29.7 kg of 87% enriched 7®Ge crystals
Included 6.7 kg of inverted coaxial, point contact detectors in final run

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

Low Background: 2 modules within a compact graded shield and active muon veto
using ultra-clean materials

Reached an ultimate exposure of ~65 kg-yr before removal of enriched detectors for the LEGEND-200 experiment at LNGS
Continuing to operate at the Sanford Underground Research Facility with natural detectors for background studies and other physics
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Background Reduction

Ultra-pure materials

Low-mass design NIM A 828 22 (2016)

Custom cable connectors and front-end boards
Selected plastics and low-mass Cu coax cables

Underground electroformed copper

Th decay chain <0.1 uBa/kg [Niva 775 93 (2015)

U decay chain < 0.1 uBg/kg

Machining, cleaning, and assembly

Cu machining in an underground cleanroom
Cleaning of Cu parts by acid etching and passivation
Nitric leaching of plastic parts

Dedicated glove boxes with a purged N, environment

Cosmogenic backgrounds

Limit and track Ge above-ground exposure to prevent

cosmic activation.  [\jvas77 314 (2018)

NIM A 779 52 (2015)

Veto events coincident with muons

Astropart. Phys. 93 70 (2017)
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65 kg-yr of Exposure in Enriched Detectors

Exposure [kg-yr)

Datasets (DSs) represent changes in experimental configuration

Total collected active exposure over time in enriched detectors.
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Energy Reconstruction and ICPC Detectors

Energy estimated via optimized trapezoidal
filter of ADC-nonlinearity-corrected™ traces
with charge-trapping correction

FWHM of 2.5 keV at Qgg 0f 2039 keV (0.12%) is
a record for OvB[3 searches

500 1000

Energy (keV)
1500 2000 2300

228Th Calibration Spectrum

Lo

¢/ keV /kg/day

MAJORANA-1806.01

Resolution (keV)

Residual (keV)
3

1500 2000 2500 3000
Energy (keV)

FWHM of combined enriched detectors in the MAJORANA
DEMONSTRATOR, measured using 228Th calibration data

NIMA 872 (2017) 16

* |EEE Trans. on Nuc Sci 10.1109/TNS.2020.3043671

'# MAJORANA operated 4 Inverted-

' Coaxial Point Contact Detectors

from Aug. 2020 to Mar. 2021

* Larger range of drift times
requires new analysis
techniques

* Best energy resolution for
ICPCs to date!

FWHM vs. Energy
3.5 T T T T T T T T 1
. PPC -
— ICPC original
% 25 - ICPC new = .
~ 2.38 keV
- 2.31 keV 7
=
T 15 -
< i
L
0.5 -
Y NN AN SN SN NN (N SN S RN SR S

200 600 1000 1400 1800 2200 2600
Energy [keV]

Combined energy resolution of ICPCs improved from 2.9
keV to 2.4 keV FWHM at 2039 keV with new technique
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Analysis Techniques for Reducing Backgrounds

OvBB is most likely single-site and located in the bulk of the detector. Many backgrounds are multi-site or located
near detector surfaces. Pulse-shape discrimination is used to distinguish between these event topologies.

PRC 99 065501 (2019)

EPJC 82 (2022) 226

Detector surface: for partial
charge deposition in transition
dead layer: LQ cut

Q2000 -
L. (,.r”—'—
i Slow passivated surface charge R
1500 - Fast drift collection (~10 ps): DCR cut
- time: high 2
- AvsE cut <
1000 |- 120
[ Bulk o 3
00~ event “CJ., T
- Surface - )
i o event Slow transition layer charge
ol collection (~1 us): LQ cut
’ ’ i L 1 'S s 1 1 4 i 'l i l 'S 'S s L l ' i 4 ’ l L 'S 'S e
0 5000 10000 15000 20000 25000

t [ns]

Multi-site events in

Detector surface: for
particle incident on
passivated surface:
DCR cut

active volume: AvsE cut

B p* Point Contact (Ge)

B n*Outer Contact (Li)

Bl Active (Intrinsic) Volume
B Transition Region (~1 mm)
B Passivated Surface (~1 um)

Detector surface: for particle
incident on surface near point
contact: high AvsE cut
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Final-Exposure Spectrum

Counts/2.5 keV/(64.5 kg yr)

Operated in a low background regime, benefiting from excellent energy resolution

Final enriched detector active
exposure:

10° ——————  Data Cleaning, Muon, & Multiplicity Cuts
+ Surtace Event Cuts
+ Multi-Site Event Cuts (Al Cuts)

or e N Cogtn
— N CL U

CourtahnVs4 5 g )
»>
rYeeryes
WMAJORANA-ZR05 04

Fal

Preliminary

64.5 + 0.9 kg yrs

Module 1:
18.6 + 1.8 cts/(FWHM t yr)

! . | AU Module 2:

1000 2000 3000 4000 5000 6000
Energy (keV]

Full spectrum with combined total of 65 kg-yr.

8.4

+1.9
-1.7

Background Index at 2039 keV in
lowest background config:

15.7 + 1.4 cts/(FWHM t yr)

cts/(FWHM t yr)

Julieta Gruszko | OvBB in Ge | Neutrino 2022

18



Results

= 6— —— Al Cuts 3
2 L —— 90% C.L. Limit 8 E
0 i . — :
3 I Preliminary e
S 107
® 41— :
2 | :
c i .
é - 107
21— E L -
) =  esee median for no signal -
H I | 10° [ 1o probabilty interva 5 ~
oL I | - [ 20 probability interval ?reliminary :
2000 2100 2200 2300 : | :
Energy [keV] 10-4-‘-l‘--l-..l-..l...l...;..l..,l,,ll,,,
Background Index: (62 + 06) x 103 CtS/(keV kg yr) 0 002 004 006 008 0.1 0.12 0.14 0.16 0.18 0.2

. /T, [1/(10%yr)]
Energy resolution: 2.5 keV FWHM @ Qgg

Frequentist Limit:

Median T,, Sensitivity: 8.1 x 102> yr (90% C.1.)

65 kg-yr Exposure Limit: T,/, > 8.3 x 10> yr (90% C.1.)
Bayesian Limit: (flat prior on rate)

65 kg-yr Exposure Limit: T,/, > 7.0 x 10%° yr (90% C.1.)

Julieta Gruszko | OvBB in Ge | Neutrino 2022

Mpg < 113 - 269 meV

19



From the Current Generation to the Ton Scale

k/" F o \'\‘/. «/ /7 _
GERDA: Final Ov[3f results published
PRL 125, 252502 (2020)

LEGEND-200: Now in
commissioning

LEGEND-1000: Conceptual design
development continuing

arXiv: 2107.11462
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Background Rejection in GERDA

multidetector Coincident energy
interaction ! deposition in LAr

BB topology

background events

point-like (single-detector,
single-site)
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multi-site & surface interaction
(Pulse shape discrimination)

Courtesy of the GERDA Collaboration
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LAr Active Veto

E 5000 - All detectors - 103.7 kg-yr g
2 | Prior liquid argon veto =
2 I Atter liquid argon veto &
§ ——— 2vpp decay (T, =193 x 10°'yr)

o
N |

n
3
- -
xs

g
|
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.
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Energy (keV)

Compton events with 2000 :“\']‘JUL
energy depositionin T~ | o

the LAr

1000
Pure 2v[33 spectrum
after LAr signal
suppression

—

Courtesy of
the GERDA
Energy (keV) Collaboration
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Final-Exposure Spectrum

3

Counts / ( keVkgyr )
3 2

1000 1500 2000 2500

Courtesy of the GERDA Collaboration

TH208
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All detectors - 103.7 kgyr

[ ] Pricr to analysis cuts
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Results

Counts / ( keV-kgyr)

3

-t
o
”

10°

1900

PRL 125, 252502 (2020)

Background L A Oelectns - 1037 gy
N I E I T ——— B sher Lhe veo ané PSO g
. window : ST g v 3
: s 2w decay NC g
Q, . — e 18 10y (RO CL)
5
WALLL ] Ll LAA;AAAllAg AJJAAALLA“l
2000 2100 2200 2300 2400 2500 2600
Energy (keV)

Background index: 5.2*1° -10 cts/(keV kg yr),
Energy resolution ~3 keV (FWHM)
Frequentist: N% = 0 best fit, T;, > 1.8-10%° yr at 90% C.L.

Bayesian: flat prior on rate, T,/, > 1.4-10%° yr at 90% C.1.

Courtesy of the
GERDA Collaboration
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Constraints on Mg

- noemal ordermg (30)
B inverted ondermng (o) '

A

[ decay kinematics (2022)

o ALLALAl o,

! 0~ 10 [
m eV ¥ [eV) m, eV]
Planck+BAO: 3 < 0.12 eV KATRIN: mg < 0.8 eV
Mg < 79 - 180 meV [Aghanim et al., A&A 641 A6 (2020)]  [Nat. Phys. 18, 160-166 (2022)]
GERDA finished by surpassing all design goals Courtesy of the

(100 kg yr exposure , < 103 cts/(keV kg yr) background, >102° yr sensitivity) GERDA Collaboration

Julieta Gruszko | OvBB in Ge | Neutrino 2022
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Future Plans for the MAJORANA DEMONSTRATOR and GERDA

The MAJORANA DEMONSTRATOR:
* New BSM physics results coming soon

e Continuing to take data with natural
isotopic abundance detectors

e Further background measurements to

refine background model
e Ongoing measurement of 189mTa half-life, \

nature’s longest-lived metastable state E iy

GERDA:
et plates mserted between detectors

* New BSM physics results coming soon

Many MAJIORANA and GERDA collaborators, techniques, detectors, and infrastructure are
now involved in LEGEND.

Julieta Gruszko | OvBB in Ge | Neutrino 2022
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From the Current Generation to the Ton Scale

k/" F o \'\‘/. «/ /7 _
GERDA: Final Ov[3f results published
PRL 125, 252502 (2020)

LEGEND-200: Now in
commissioning

LEGEND-1000: Conceptual design
development continuing

arXiv: 2107.11462
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30



Istituto Nazionale
di Fisica Nucleare

LEGEND mission: “The collaboration aims to develop a

phased, 7°Ge based double-beta decay experimental program =...fc

.......
........

=

with discovery potential at a half-life beyond 1028 years, using
existing resources as appropriate to expedite physics results.”

25 N RUSSIAN
|/ 4/ FOUNDATION
RFBR / FOR BASIC

RESEARCH

™\
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LEGEND Approach: Proven Technologies

CEGENUL

GERDA achieved the lowest background
rate: 5x10% cts/(keV kg yr)

LEGEND-200 plans to improve by only x2.5

Combine the best of GERDA:

LAr active veto and instrumentation
Low-A shielding, no Pb

MAJORANA achieved best energy resolution:
2.5 keV FWHM at Qg

LEGEND plans to maintain this performance

... with the best of MAJORANA:
* Radiopurity of near-detector parts
* Low-noise electronics improves PSD

and techniques developed in both experiments:

e Clean fabrication techniques
e Control of surface exposure

* Development of large point-contact detectors

Julieta Gruszko | OvBB in Ge | Neutrino 2022
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LEGEND Approach: Phased Deployment

arXiv: 2107.11462

LEGEND-200:

200 kg, upgrade of existing GERDA | =
infrastructure at Gran Sasso

2.5 keV FWHM resolution
Background goal

< 0.6 cts/(FWHM t yr)

< 2x10* cts/(keV kg yr)

Now in commissioning, physics
data starting in 2022

LEGEND-1000:

1000 kg, staged via individual payloads (~400 detectors)
Timeline connected to review process

Background goal <0.025 cts/(FWHM t yr),<1x10~ cts/(keV kg yr)
Location to be selected

Julieta Gruszko | OvBB in Ge | Neutrino 2022
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LEGEND-200 Design and Commissioning

LCEGEN U

Improvements from GERDA/MID:

Larger detectors

Improved LAr light collection:
higher purity Ar and improved
readout

Cleaner, lower mass cables
Lower noise electronics

UGEFCu and self-vetoing PEN
plated for detector mounts

— Factor of 3 reduction in
backgrounds relative to GERDA

Quasi-background free
operation up to 1 ton-year
exposure, for unambiguous
discovery up to 1027 yrs

Detector Characterization:

1 (B \'\ !
AR\ R
\ ; ’\ ) A '}

A <8

ICPC Energy Resolution

> 28

g L £
C 26 . 3
m — . .
=
g [ oo §
2 24 S — -
g I . 1 |

- °

- a oo

B 2oh.....-9.8.. 0|2 I

2 - e & o ° ® _FWHM>=2.19keV
g - e =2
é 2’_ [ ] c o0 — J— —“—.

1.8 L ! ; I ! , I .
1 1.5 2 2.5 3 35 4

Ge [detector mass (kg)

FWHM @ Qpg: 2.2 keV.

Large-mass detectors show

excellent energy resolution
Photo: Enrico Sacchetti

First integrated commissioning run now underway:
4 strings of HPGe detectors, operating with full LAr system
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LEGEND-1000 Background Projections

LCEGEN U

Background index at Qgg after all cuts

L

Ge internal
Detector mounts I —

232 A
I'h chain

2387 1 :
® U chain

Front-ends | o= 1= Underground Ar
Cabling P—— m Ge cosmogenic
Optical fibers . m Surface a
Re-entrant vessels —— = Cryostat steel v/n
222Rn in LAr | s e m Cosmic rays
2K in LAr I
“5Ge = :
601 801 — :
A ClTterS |———————————" I
External v/n orea B3 |
p-induced | e——— I
Total GEE——

10" 107 106

] cts / (keV kg vr)
LEGEND-1000 background goal

10— 10—4 104

Improvements from LEGEND-200:

Larger detectors (2.6 kg avg)

New cables and ASIC read-out
Underground Ar surrounding detectors
Optimized array spacing and LAr

Projected background index after all cuts:
9.47%2 x 107 counts/(keV kg yr)

Instrumentation

Deeper underground site or additional
neutron shielding & tagging: SNOLAB

and LNGS options

Quasi-background free

operation up to 10 ton-year
exposure, for unambiguous
discovery beyond 1028 years

Julieta Gruszko | OvBB in Ge | Neutrino 2022
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The LEGEND-1000 Background Model CCGEINU,

E - 2vBB (102! yr) —— Ge cosmogenics

Y _9 ; 232Th 42Ar/4?K in LAr
i 10 = 260 awaY frgm 23815 _ Qurface a N
é’i : Nnea I’eSt Slgﬂlflca nt Total model - OVBB (1028 yr) 2
1073 | background peak o
S0 SIORIEP OVBp Signal | =
13, i ; %:3
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LEGEND Status LEGeNUL

LEGEND-200:
e Upgrade and stand-alone commissioning of the LAr system completed

e 2020 ICPC deployment in LAr with LEGEND electronics demonstrated
excellent energy resolution

e First integrated commissioning run now underway!

* First physics data-taking this year

Follow-up Commissioning
& Physics Data:
10 Detector Strings

LEGEND-200 Final Goal:
14 Detector Strings

Initial Commissioning:
4 Detector Strings

Ongoing Fall 2022 2023
LEGEND-1000: 4kg detector being  Iff—
e Pre-Conceptual Design Report: _deployed in L-20¢; | (R

arXiv: 2107.11462

e Developing a conceptual design with an refined technical
design and background model, proceeding to CD-1

'’ |

Currently underway:

o _ 4 string commissioning
e R&D activities are ongoing
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Discovering OvBB with 7°Ge CEGENU) a

« 7%Ge is a clear leading choice for a ton-scale search: experiments are optimized for an unambiguous
discovery of Ov[3B

e Current-generation experiments have led the field
— New full-exposure results from the MAJIORANA DEMONSTRATOR: Tq/, > 8.3 x 10%° yr
— Full-exposure results from GERDA: T, , > 1.8 x 10%° yr
* The LEGEND program builds on these successes for a low-risk path to exploring half-lives beyond 10?8 yrs
— LEGEND-200 is in commissioning, with data-taking beginning later this year
— LEGEND-1000 pre-conceptual design available, with R&D and conceptual design development ongoing

10%°

’6Ge (91% enr.)

N\x\\\ Simulated LEGEND-1000 example spectra for T/, = 1028 yrs,

median 3o discovery sensitivity Bl < 10> cts/keV kg yr, after cuts, from 10 years of data

N r

—
X
©
T T T T T

1.06 keV)

6

(lo
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Exposure [ton-years] Energy (keV) 38
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