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Large Enriched Germanium Experiment
for Neutrinoless BB Decay

13 countries, 60 institutions, ~300 members

new
groups

GERDA and MAJORANA DEMONSTRATOR set
most stringent constraints for OvBR using 7¢Ge
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Phased approach
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LEGEND-200
« Upto 200 kg of 7°Ge in the upgraded infrastructure

of GERDA @ Hall A of LNGS, Italy
»  Operative since 2023: T1}, > 10?7 yr after 5 yr

LEGEND-1000

 1tonne of 7°Ge in a new infrastructure @ Hall C, LNGS

LEGEND-1000

« Under construction: T{’)’z > 1.3 x 10%8 yr after 10 yr

* Quasi-background-free: 0.01 cts/(keV - ton - yr)

« Unambiguous discovery with just a handful of counts
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Why Germanium?

A "golden” isotope does not exist...

...mix of theoretical & experimental preferences: costs, energy

resolution, background level, scalability (liquids, gas, crystals)

Detector

Already
established
technology

High Excellent
: energy
purity resolution

source

High detection Low intrinsic FWHM~ 0.1%
efficiency background @ Qgg

35Ge — 33Se + 2e” (4+2V,) with Qgg=2039.061 (7) keV
Qp>2 MeV: less processes can mimic the 0v2f signal

Natural abundance is low (~8%): enrichment up to ~92% is possible
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LEGEND-200 diodes

LEGEND. IC

22.1 kg
16%

* p+ (implanted B), n+ (diffused Li), passivated groove
« Different geometries - mass: 0.7-4 kg
» Latestresult: 142 kg in total
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LEGEND-200 Setup LEGEND.

Cryostat Ultrapure water tank
e @4m,H588m,Vé64m3 « @10m H85m, V59 m3
\ * 66 PMTs + plastic
scintillators for u
« Shield forn,y
« 3500 mwe of rock

« Cylindrical WLS reflector
to shield and increase
LAr detection efficiency
. LLAMA (Liquid
Argon Monitoring

Apparatus) /‘

o~

Quter Barrel
Inner Barrel

Ge array

Liquid argon (LAr) system
58 read-out modules of
SiPMs coupled to WLS fibers
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Background Reduction LEGEND.

Signal-like Multiplicity cut Det-LAr Multi-site event,
single-site event

coincidence surface events

Pulse shape
discrimination (PSD):
discrimination based
on the signal risetime

and amplitude

— signal
== current

acceptance
region|
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0 1000 2000 0 1000 0 1000 2000 0 17000 2000
time (us) time (us) time (us) time (us)
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Timeline

2020 — 2022 &——0 Construction phase
& deployment of GERDA/MJD

detectors and new IC detectors

2022 — 9/2022 &——0 60 kg commissioning
Test of HPGe detectors,
electronics, LAr, calibration system

10/2022 — 2/2023 &——0 142 kg commissioning

3/2023 — 2/2024 ¢——0 Stable physics data taking

Neutrino’24: first results after 15t yr of data (48 kg-yr)

3/2024 — today @—© Background characterization runs,
maintenance work, ...

Start of data taking in May 2025
APS’25: updated results (48+13 kg-yr)
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Exposure

0.4, -LEGEND-200 - 02-2025 80
I Run exposure gain —— Cumulative exposure /
;; 0.3 - Fl=~r— 1 Fr=f """ o e ] =---F-----F}--1 60
T "1 [ | [ |
g T
£
so2+-titttih itk Tttt Tt 1ttt 1+-11-1t-tt+trt1t1-1t1 - 40
g
3 *
[ 2]
8
X 01 +-ttt+tH4ttHH— RN B 5> o [N R Sy N S I Y I I Y A I - 20
l
"1
0.0 — . . . . . 0
Apr. 2023 Jun. 2023 Aug. 2023 Oct. 2023 Dec. 2023 Feb. 2024

(*) Test runs/ HV scans

« Duty cycle of 91.4% over 242 days

« 76.2 kg-yr: background characterization dataset

e All active detectors

« 61.0 kg-yr: 0vBp dataset
« All active detectors but those with invalid PSD performance

Exposure (kg-yr)
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Energy Scale and Resolution

« Weekly energy calibrations using 2?6Th sources

» Overall resolution of 0.1-0.2% FWHM at Qgg 0O
* Very stable energy scale - energy bias 0.2+0.3 keV at Qgg

Partitions / (0.2 keV)

20 A

1 ICPC
1 PPC
| BEGe
1 COAX
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Energy Spectrum

4 = H
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* Blinded analysis in Qg3 +25 keV

« Spectrum after:

data cleaning 2 95-99% survival after removal of unphysical events

muon veto =2 2 events removed at QBB

multiplicity cut = 26% events removed at Qg

* Tf), = 2.022 £ 0.0184, £ 0.0384y5 X 102 yr [GERDA Collab., PRL 131, 142501 (2023)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.142501

Background Model [76.2 kg-yr] LEGEND,
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Bayesian background model using the full dataset + extra 10.2 kg-yr of special runs

« Decomposition of the full-range energy spectrum: no unexpected background components

228Th underprediction in physics data compared to radioassay predictions
« Tested different 228Th locations via the background model: no hotspots or asymmetries
« Ongoing screening campaign & re-evaluation of cleaning techniques

« This background is efficiently suppressed by analysis cuts
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Energy Spectrum after PSD

104

108

102

Counts / 10 keV

107

100 111

All detectors [61 kg-yr]
After muon veto and multiplicity cut
I After Pulse Shape Discrimination (PSD)

Po-210

|l IIIIIJ_”I

GZ02Z-€0 - 002-GN39237

1000 2000 3000
Energy [keV]

« Cutacting on A/E = max(current) / energy
« Late charge cut for PPC (large passivated surface)
* Neural-network methods developed for semi-coaxial

» ~60% suppression of Compton MSE at Qgg

Partitions

4000 5000

40 1 ICPC
mean=84.9%
BEGe

30 + mean=81.1%
PPC
mean=85.0%

20 + Batch5

e mean=80.5%

Coax

10 ' mean=76.0%

L0l e neabRY |

0.65 0.70 0.75 0.80
0vfBp efficiency (PSD)

0.85
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Energy Spectrum after PSD & LAr cut

520250 - 002°GN3D31

104 o
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« Strong anti-correlation of PSD & LAr cuts % 1004 | - After LAr and PSD cut 01+ ——
[72]
© | :
« Characterized via special runs: 1 p.e. per 10 keV - | 5
g T pEmgpeneRraT L
« LAr BB decay signal acceptance of ~93% B | 0 5
% _100 | ! 1 1 1 1 1 1 Ll
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Liquid argon light intensity (photo-electrons)
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Energy Spectrum after PSD & LAr cut

Counts / 10 keV

Counts / keV-kg-yr
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Energy Spectrum after PSD & LAr cut

Counts / 10 keV

Counts / keV-kg-yr

All detectors [61 kg-yr]
After muon veto and multiplicity cut
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LEGEND-200 Background Index LEGEND.

15 i

EEE | EGEND-200 data [61.0 kg yr] a
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* 11 events surviving cuts

e 2 datasets

« “golden” (48 kg-yr) - unblinded for Neutrino '24 [L. Pertoldi talk]
« “silver” (13 kg-yr) - worse background rejection (mainly COAX)

« Background index
Blgoiden = 0. ngjg cts/(keV - ton - yr) Q
Blgijver = 1. 3f8j§ cts/(keV - ton - yr)
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https://agenda.infn.it/event/37867/contributions/233912/

LEGEND-200 0v2[3 Results LEGEND.

1.5 [y
M | EGEND-200 data [61.0 kg yr] a
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() € :
‘;_c 5] '~
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» Frequentist and Bayesian 0vBf analysis: no signal evidence
* QObservedT,,, > 0.5 x 102 yr@ 90% CL/CI

* Sensitivity T;,, = 1.0 X 10% yr

* 1eventat 1.40 from Qgg weakens the observed limit

* p-value (bkg. only) = 0.10 does not reach 3o discovery
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Global 76Ge 0v2[3 Results LEGEND,

BEE [ EGEND-200 data [61.0 kg yr] b E
3 { &= Background best fit and 68% CL 3 &
- e LEGEND-200 Ovf3 limit [90% CL] Z §
) B Global 75Ge OvBB limit [90% CL] ; S
— 4.>
g 2039 o
8 ;- Energy [keV]
0 S
1950 2000 2050 2100 2150

Energy [keV]

« Combined fit of GERDA®™ + MJD ™) + LEGEND-200
» Frequentist and Bayesian 0vff analysis: no signal evidence
« ObservedT,, > 1.9 x 102 yr @ 90% CL/CI

« World-leading sensitivity T,,, = 2.8 x 10%¢ yr Q
* ...paper[arXiv:2505:10440] submitted to PRL!

(*) PRL 125 252502 (2020) (**) PRL 130 062501 (2023)
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.252502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501
https://arxiv.org/abs/2505.10440

Limits on mﬁﬁ LEGEND.

1 Mpg
0 ov |2
1/ 2 Nuclear
Matrix Effect/ve Majorana
Element neutrino mass

F—— CUPID-0, 82Se (2022)

F—— CUPID-Mo, Mo (2022)

103

KamLAND-Zen, 13%Xe (2024)

« Assumption: light Majorana neutrino exchange

« Range of phenomenological NME (7°Ge: 2.35 - 6.34)
» mgp<75-200 meV @ 90% CL

 Uncertainty-quantified NME (7¢Ge: 2.611:48)

F——— 1200+GERDA+MJD, 7%Ge (2025)

F————-A CUORE, *3°Te (2024)

102

fii (meV)

« Bayesian ab-initio calculation with quenching and short- £ 10!

range physics [Belley et al., PRL 132, 182502 (2024)]
* mpgp<316 meV@ 90% Cl

* A new era of uncertainty-quantified NME - however,

10° .
I Inverted ordering

[ Normal ordering

. . . . .« (o 1 rrrrra llI 1 I I IIIIII 1 1 rrrren
uncertainties remain significant 10! 100 10! 102 103
Miightest (meV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.182502

Summary

First LEGEND-200 results

Stable operations and excellent performance with 142 kg jféln‘ enr-Ge
First LEGEND-200 0vpBf results based on 61 kg-yr |

Combined fit with GERDA and MJD set T, > 1.9 x 1026 yr @ 90% CL/ClI
World-leading sensitivity of 2.8 x 1026 yr

New effective Majorana neutrino mass mgg<75-200 meV @ 90% CL or

mgp< 316 meV @ 90% Cl using uncertainty-quantified NME

Future steps

Restarted data taking in Spring 2025
Deployment of new 35 kg in Summer 2025
LEGEND-1000 preparations are underway at LNGS

Thank you for your attention!
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