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LEGEND COLLABORATION & OUTLINE

LEGEND mission: “The collaboration aims to develop a phased, °Ge 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.”
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NEUTRINOLESS DOUBLE BETA DECAY

« Theoretical radiaoctive decay — : ; 4. Hih Eneray Phys 2012016871357
— Unknown mechanism T W V 7
« Several theoretical mechanisms have been = % : "
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— Neutrino mass nature
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NEUTRINOLESS DOUBLE BETA DECAY

e Clear milestone for the next-
generation experiments

To cover the inverted-ordering
neutrino hierarchy

 Experimental challenges of a

rare-event search:

With background
Mt

BAE

Background free

(Ty);) & aM st (Ty)) o ae

— Low rate of occurrences
Use a large amount of mass
Run for a long duration time
- Background

Background free: ideal case

With background, the sensitivity
increases slower
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WHY GERMANIUM?

 The half-life is calculated by:

? (mgp) )_1

Phase-space factor Nuclear matrix element

- Majorana effective neutrino
Mass. _ ZUfimi
1

— The Phase-space factor can be
calculated accurately

— The NME is a source of
uncertainty, it can change a
factor 2-3 depending on the
model

« The uncertainty on the <mg;> limits

is introduced by the term

NME
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WHY GERMANIUM?

e Established technology
— High purity crystal with negligible
internal contamination

— Efficient isotopic enrichment
«  90% on 75Ge

— Well-understood detector production

« Powerful background rejection
techniques

— Pulse shape discrimination

e GERDA has the best background index among 0vBp
experiment

* Excellent energy resolution
- 0.1% FWHM at Qbb

e MAJORANA has the best energy resolution among 0vpp
experiment
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Sensitive background [events/(mol yr)]

Isotope Natural abundance (%)? Me
P BB
BCa 0.187 4263
76Ge 7.8 2.039
825e 8.7 2.998
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WHAT DOES IT TAKES TO MEASURE 0vBB IN 76Ge?

cts /keV /(10 tonyr)

[SV]

0

LEGEND aims to cover the inverse-ordering
neutrino hierarchy with 10 ton-yrs of data

10 yrs of data taking
1 ton of 76Ge

Quasi-background free experiment
— 0.025 counts/(FWHM t yr) or less

Energy resolution: 2.5 keV FWHM at Qbb
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LEGEND: BUILT FROM PAST EXPERIENCE CELNUL

MAJORANA MAJORANA achieved best energy resolution: 2.5 keV FWHM at Qg
« Radioactivity of nearby parts
(FETSs, cables, Cu mounts, etc.)| GERDA achieved the lowest background index: 6x10* cts/(keV kg yr)

 Low noise electronics MAJORANA
 Low energy threshold

LEGEND-200

GERDA
« Liquid Argon Veto
« Light nucleus shield

Both
« Clean fabrication techniques

GERDA

« Control of surface exposure

* Development of large Point-
Contact Detectors

J.M.Lépez-Castano | On behalf of the LEGEND collaboration

« Lower background and best
resolution Ovp[ experiments
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LEGEND: BUILT FROM PAST EXPERIENCE

 Developments based on DETECTOR SIZES cur. Phy. ). 81,76,2021
previous successes PPC BEGe ICPC

\
=

— Same modular-array philosophy
as MAJORANA and GERDA

— New Inverted-Coaxial Point-
Contact detector tested by
MAJORANA and GERDA

zZ [mm]
(=]

g

/.
N~

=
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LEGEND

LEGEND: Large Enriched Germanium Experiment for Neutrinoless 33 Decay

 Phased experiment S0
— Current phase: LEGEND-200 | [ gl e R - e e v
~ Next phase: LEGEND-1000 R RJEICE IR
» LEGEND-200 7. 7 VR i S
— Located at LNGS P 9 9 9’9@
— Target half-life: 1027 yr g AN Nkl T

— 2.5 times background reduction
compared to GERDA

« LEGEND-1000

— Location to be selected
« Reference design based on SNOLAB cryopit
« LNGS considered for alternative design

— Target half-life 1028 yr

— 20 times reduction in background :
compared to LEGEND-200 LEGEND-200 LEGEND-1000
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LEGEND-200 LEGEND,

« Located within the GERDA Delivered detectors haVﬁan average 2.2 ke\ienergy r+esolut|on; 3
. . GERDA:2.11 keV -@- Batch#1:2.23keV -@- Batch #2: 2.05 keV Batch #3: 2.25 keV @ Batch #4:2.29 keV Batch #5: 2.07 keV Post-GERDA test MJD test <
infrastructure in LNGS s S—— _ X
. . g e 2|3
» Production and delivery of Ge _=*°[ -~ ez HE
. . = - T T T T LT T YT o TT TN v T g. N
electronics chain to LNGS 5 24Z.T..'_.'..'..'..T..'..'..'..'..T..'..'..'..T.T..'..'..'..T.f..'..'..'.T.%.'..'..'._T.T..'..'..'..T..'..'._'..'..T..'..'..'..'..T..'..'..'..'.f..'_.'....'..T..'..'..'..'..T..'..'..'..'..T..'..'..'..T.f..'..'..'.f..'..'s".""W:'BT
nearing completion 2 il o _° = ol B
« Commissioning of LAr & §
analyzing first data underway 3
g

* Glovebox and lock
commissioning complete

 Ge detector commissioning in
progress

J.M.Lépez-Castano | On behalf of the LEGEND collaboration

Detector Type # mass
MAJORANA DEMONSTRATOR PPCs 33 28.5
GERDA BEGes 28 19
GERDA Semi-coax 6 14.6
GERDA ICPC 5 9.6
LEGEND ICPC 34 69.7
Total 106 141.4
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LEGEND-1000 LEGEND,

« About 400 ICPC detectors with
an average mass of 2.6 kg

— Electroformed copper for physical
support

— 14 vertical string

e Divided in 4 arrays of 100 ICPC
detectors
— Immersed in UGLAr \
— Wavelength-shifting fiber curtain
to read the scintillation light
e Pre-conceptual Design Report

available at arXiv 2107.11462

Shield

/2

WLS Fiber
Curtain

J.M.Lépez-Castano | On behalf of the LEGEND collaboration
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BACKGROUND REDUCTION (LEGEND-1000)

Wire-bonded — ASIC front-end on a
New cables and ASIC read- | ‘marnioms flat flex cable

out

Underground argon (UGAr)
surrounding detectors

— Significantly reduces the 42K
contamination

— It will allow a wide range of
beyond the Standard Model

|]HII

(l

Flat flex
cable

Iso- | Abun- Half-life Decay @ Pro-

J.M.Lépez-Castano | On behalf of the LEGEND collaboration

_ tope | dance (t1/2) mode | duct
searches below 20 keV region N o .
« MAJORANA has a similar low-energy a7 ' ' -1 UGAr is depleted in
program | TAr| syn 35d ‘ € C 42Ar and 39Ar
. 38Ar | 0.063% | - - -
Deeper underground site or _ﬁA_’_ST‘i/ | 269:;;{9____33( . BUIIES ?r[l)plﬁgzermg
r : : _TAr| trace —==— P———_TK| work of DarkSide
addlthnal neutron shielding =5 =" e collaboration
& tagging: SNOLAB/LNGS . BT ™
Increase detector spacing 2pr | g sreyE | K|

B
=S
- -
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BACKGROUND REDUCTION

Remaining backgrounds after

mitigation can be rejected \ S decay signal:
/ \ AU Wat% single energy
_ 4 A~ Liquid Ar\ deposition in

» Signal 1 \ Y TS~ a 1 mm3 volume

Acceptance Window

_______________________________

={ accepted Curent ) =
S External v:
« Muons and their daughters captured by a
) =y = detector:

— Muon veto based on Cherenkov

1) After or before

J.M.Lépez-Castano | On behalf of the LEGEND collaboration

I

light (PMT) and plastic scintillator I _ ] .
(Optical fiber) FEl \ I interacting with

Optical LAr or PEN

e External gammas \ fibers/ \ 2) Compton
— Ge detectors anti-coincidence \ / >< scattering from
_ LAr veto v¢ " Iz one detector to

— Scintillator PEN plate veto another
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BACKGROUND REDUCTION

« Signal
o Acceptance Window

_______________________________

| Current
/| signal

accepted

« Internal y escaping the
detector
— Ge detectors anti-coincidence
— Scintillating PEN plate veto

— LAr veto

e Surface B background 42K
(*2Ar) on n* contact

°| Acceptance Window

Current &Q\e

signal

Time [ns]

"

Pure water

Liquid Ar\

PEN

Optical

fibers/

)

BB decay signal:
single energy
deposition in

a 1 mm3 volume

Surface 3
background
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BACKGROUND REDUCTION

« Signal

Acceptance Window

_______________________________

accepted

Current
signal

Pure water

e Multi-site events

°| Acceptance Window

signal

Current
1 signal

Liquid Ar\

PEN

Optical

fibers/

800 100
Time [ns]

BB decay signal:
single energy
deposition in

a 1 mm3 volume

o Background on
p+ contact

Multi-site events
(two interactions
in the same

detector:
Compton +
ionization)
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BACKGROUNDS BUDGETS

- Background contributions near Qg after all
cuts

Monte Carlo + data driven projections

LEGEND-200

Projections of Ge U/Th, 42K, « based on
MAJORANA and GERDA data

Rest of contributions based on Monte Carlo +
assay-based projections

LEGEND-1000

U/Th: optimized array spacing, minimize opaque
materials, larger detectors, better light collection,
cleaner materials

42Ar: eliminate by using underground sourced Ar
p-induced: Improved shielding, SNOLab depth
assumed

Surface o's: assumes achieved UL for BEGes and
ICPCs in GERDA

Ge Internal

Detector Mounts
Front Ends & Mounts
Cables

Nylon Shrouds
Optical Fibers
Preamplifiers

“2K p-decays

Bge

0co

a-emitters

[ U, Th Chains
[ Atmospheric Ar
[ Ge Cosmogenics
[ Surface o

[ Cosmic Rays
[ Total
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Re-entrant vessels — = Cryostat steel v/n
222Rp in LAp | se—— m Cosmic rays
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68 Ge —— E—q
60 m
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External v/n — 5
. (@)
prinduced | s—— )
TOta]‘ Ll | | ||| \m- | RN
108 107 1076 107° 10~4

cts / (keV kg yr)
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Uncertainties indicated as grey band

Uncertainties indicated as colored band,

10~3

expected value as an interruption in the

colored band
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BACKGROUND MODEL

cts / (keV kg yr)

Well known from GERDA & MAJORANA

The peak is clearly observed with the current
background budget
26c away from the nearest background peak
Simulated spectra assuming T%; ,, = 1028 yr
8 2vBB (10%! yr) —— Ge cosmogenics
1072 ¢ 260 away from _2383;}1 _Su?;a/ce 5 n LAs
nearest significant Total model W 0v38 (1028 yr)
103 background peak OVBB Signal
1074 | \ /
BG budget
10—5 R I P = — j— —_— e e o e e e -
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L
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Phys. Rev. C 100, 025501 (2019)
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CONCLUSIONS

e LEGEND has

been formed from previous experience: MAJORANA and GERDA

— LEGEND-200 is based on the breakthrough developments of MAJoRANA and GERDA
— LEGEND-1000 includes additional improvements in its design

e LEGEND-200 is on track

— Ge detector and LAr commissioning in progress
— Delivery of Ge electronics chain to LNGS nearing completion

« LEGEND-1000 is designed to be a quasi-background-free experiment
- The background model, based on the demonstrated success of MAJoRANA and GERDA, detailed

—_——
<106 2vBp events
?|leak into in Qgg*20

/ (10 tonyr

sV

s / ke

2vBp

1

0
1940 1960

simulations, and well-understood improvements, shows the Ovpp peak as an isolated peak.

=0.1% FWHM
energy resolution

OvBp
Ty =108 yr
3-4 events

1980 2000 2020 2040 2060 2080
Energy (keV)

« Low-background and excellent energy resolution allow for a low risk of unambiguous
discovery of OvBp decay at T;,, = 1028 yr.

May 12%, 2022 | Conference On Science at Sanford Underground Research Facility 2022 | Status of the LEGEND experiment

J.M.Lépez-Castano | On behalf of the LEGEND collaboration

19 /20



ACKNOWLEDGMENTS

« We appreciate the support of our sponsors:
— German Federal Ministry for Education and Research (BMBF)
— German Research Foundation (DFQG), Excellence Cluster ORIGINS
-~ German Max Planck Society (MPG)
- U.S. National Science Foundation, Nuclear Physics (NSF)
— U.S. Department of Energy, Office of Nuclear Physics (DOE-NP)
— U.S. Department of Energy, Through the LANL, ORNL & LBNL LDRD programs (LDRD)
— ltalian Instituto Nazionale di Fisica Nucleare (INFN)
— Swiss National Science Foundation (SNF)
— Polish National Science Centre (NCN)
— Foundation for Polish Science
— Russian Foundation for Basic Research (RFBR)
— Research Council of Canada, Natural Sciences and Engineering
— Canada Foundation for Innovation, John R. Evans Leaders Fund
— European Research Council
Science and Technology Facilities Council, part of UK Research and Innovation

. We thank our hosts and colleagues at LNGS and SURF
« We thank the ORNL Leadership Computing Facility and the LBNL NERSC Center

J.M.Lépez-Castano | On behalf of the LEGEND collaboration

May 12%, 2022 | Conference On Science at Sanford Underground Research Facility 2022 | Status of the LEGEND experiment 20 /20



