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Open questions 1n neutrino physics

e Neutrino mass ordering and absolute scale
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Neutrinoless double beta decay

 Two neutrino double beta decay

— Standard-Model-allowed process

— Nature provides 35 isotopes, €.g., 'Ge, 1Mo, 3¢Xe

2n — 2pT + 2e” + 20,

Neutrinoless double beta decay

— Hypothetical process

2n — 2pT + 2e”

If observed:
* Majorana nature of v: v = v

e Lepton number violation: AL =2
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Experimental detection approach

2n — 2pT + 2e” + 20,

Measure the summed energy
of the two emitted electrons

Continuous broad spectrum Peak at QﬁB
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OvBp decay halt-life T, /,

o Half-life sensitivity

Mt

Ty, < —
1/2 fENBUE

f: 1sotope enrichment fraction
e: Detection efficiency
M: Isotope mass

Mt: exposure

B: Background index = counts / [energy-range - mass - time], €.g., counts / (keV-kg-yr)

t: Measurement time

og: Energy resolution at the decay Q-value (Qpp)
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Various detection concepts

T

1.

High-purity germanium detectors

energy resolution, efficiency,
background

Xenon time projection chambers
isotope mass, particle tracking

Large liquid scintillators
isotope mass

Cryogenic calorimeters
energy resolution, efficiency,
granularity

Tracking calorimeters
particle tracking
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.95.025002

Effective Majorana neutrino mass
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Recently best limits

Ordered by T; /, limit

B36Xe [1] KamLAND-Zen-800 3.8 x 102 Liquid scintillator, 745 kg of enriched 28-122 2097
Xe (91% 13%Xe / 9% 134Xe)

30Te [2] CUORE 3.8 x 10% Cryogenic calorimeter, 742 kg of TeO,  70-240 567.0 139Te
crystals (206 kg 139Te) (=2039.0 TeO,)
Ge [3] LEGEND-200 1.9 x 10?6 High-purity germanium detectors, 142.5 75-200 61+127.2+64.5
(+GERDA+MAJORANA) ke (LEGEND)
10Mo [4] AmoRE-I 2.9 x 10** Cryogenic calorimeter, 6.2 kg of crystals 210-610 3.89 100Mo
(Li,'Mo00, and #¥dePlCal®®Mo0,) (=8.02 total)
82Se [5] CUPID-0 4.6 x 10?* Scintillating bolometers, 9.65 kg of 263-545 8.82 82Se¢
Zn®?Se crystals (5.13 kg of 82Se) (= 16.59 ZnSe)
Refs.:
[1] KamLAND-Zen Collab., arXiv:2406.11438 [hep-ex] (2024) [4] AMoRE Collaboration, PRL 134, 082501 (2025)
[2] CUORE Collab., arXiv:2404.04453 [nucl-ex] (2024) [5] O. Azzolini et. al., PRL 129, 111801 (2022)

[3] LEGEND Collab., arXiv:2505.10440 [hep-ex] (2025)
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https://arxiv.org/abs/2406.11438
https://arxiv.org/abs/2406.11438
https://arxiv.org/abs/2406.11438
https://doi.org/10.48550/arXiv.2404.04453
https://doi.org/10.48550/arXiv.2505.10440
https://doi.org/10.1103/PhysRevLett.134.082501
https://doi.org/10.1103/PhysRevLett.129.111801
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The LEGEND project

Phase I: LEGEND-200 Phase II: LEGEND-1000
: Laboratori Nazionali
* Up to 200 kg of Ge detectors in * 1000 kg of Ge detectors
, - del Gran Sasso, Italy
modified existing GERDA

10t - yrofexposure

R0 i G

HHHTASTTUETHTE ‘ Mo Sol— « Bl goal: 1 x 10~> counts/(keV-kg-yr)
» Taking physics data since 2023. Will

: : : « Ty >10%8yr
continue until 1 t - yr of exposure is 1/2 y

reached

« Bl goal: 2 X 10~* counts/(keV-kg-yr)

© mp would cover full Mg inverted

ordering regime

b T1/2 > 1027 yr

- Ref.: LEGEND-1000
Preconceptual Design Report

v
N
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https://doi.org/10.48550/arXiv.2107.11462
https://doi.org/10.48550/arXiv.2107.11462
https://doi.org/10.48550/arXiv.2107.11462
https://doi.org/10.48550/arXiv.2107.11462

LEGEND-200 at LNGS LEGEND,

Water tank with PMTs for muon

Detector array with max. 12 detector strings
veto (@ =10m, H=9 m)

Detector unit
- Four detector types

\
.
s
.
Py
e
.
Py
s
s
.
.
.
'y
s
s
Py
e
.
s
s
s
Py}
.
Py
s
.
s
s
us
Py

.
so®®
s
wut®
---
wst"

Inner and outer fiber barrels with
silicon photomultiplier (SiPM)
readouts at top and bottom
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Background mitigation

BB decay signal: localized energy deposition ~ € (1 mm)

— Single-site event (SSE) =N
 w: water Cherenkov = muon veto \\ Pure water
LAr
» v with MeV energies: multiple energy depositions ~ € (1 cm) /? Y é —
— Anti-coincidence from multiple detectors = multiplicity \Y/ A\
— Multi-site event (MSE) in a single detector PP
— pulse shape discrimination (PSD) —
— LAr veto (anti-coincidence) \ PMT
\
 Surface a and B: PSD - bp 5 \ h
. \/
y Y * f
. vtical fibers

Ge + LAr

Single Ge

Multiple Ge

<<________

< 4T
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New LEGEND-200 results

e Exposure accumulated over one year (spring 2023 — spring 2024)

e Taken with 130 kg operating detectors out of 142 kg detectors installed in Oct. 2022

e Usable physics data summing up to 61.0 kg yr

Exposure gain (kgyr / d)

LEGEND-200 - 02-2025

Ref.: LEGEND Collab.,

arXiv:2505.10440 [hep-ex] (2025)

100

-1 75

-1 50

-1 25

0.4

[—1 Run exposure gain ...without outer barrel | ..&without mini-shrouds I Calibration data Physics data
0.3 1417 B T TtrTr11 o - __—__::"’.: ****************** Tt

1T
o]/ 2% B IS U B {0 IS | S S S SO [ S S — f”f ____________________________
. e
|-
0.1+t tttt-tt—""""1 +1t==rTr+trtt++tretrtr-+tvrveveekr vty
”
L= il
0.0 || —
Apr. 2023 Jun. 2023 Aug. 2023 Oct. 2023 Dec. 2023 Feb. 2024 Apr. 2024

Cumulative exposure (kgyr)

Jung Chiu | HQL-2025 | 2025.09.18.

Pin

13


https://doi.org/10.48550/arXiv.2505.10440

Data 1n the region of interest

Counts / 1 keV

11 events after cuts after unblinding

Background indices
~ BI1(12.7 kg yr) = 1.3192 cts / (keV ton yr) (detectors with worse background level: Coax & 5 IC detectors)
— BI2(48.3kgyr)=0.5%03 cts/ (keV ton yr) (rest of the detectors)

L200 observed limit Ty, > 0.5 X 102€ yr (90% CL)

One event at an energy 1.30 from the expected Qpg signal location weakens observed limit compared to exclusion
sensitivity of 1.0 X 1026 yr

ROI =1930-2190 keV

1 W LEGEND-200 data [61 kg yr]

102 - = LEGEND-200 background (68% C.L.) %
- LEGEND-200 OvpBB limit (90% C.L.) T X

| 1 Global TiGe OVBR lmit (90% CL) - GERDA, MAJORANA, and LEGEND 7*Ge combined result
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E O ) . . .
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"°Ge limits on Majorana mass g
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Sensitivity overview
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.95.025002

Walking towards LEGEND-1000

* R&D ongoing in preparation for the second phase experiment
— Deploys 5x isotope mass with upscaled infrastructure

— Requires 20x improvement in background index

* Pursuing fundings in the US and Europe

Pin-Jung Chiu | HQL-2025 | 2025.09.18.
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KamLAND-Zen

KamLAND: general purpose detector (solar, geo, reactor, accelerator, astrophysical neutrinos, Ovpf3)
KamLAND-Zen

— 136Xe-loaded liquid scintillator (91% enriched)

— 136Xe — 136Ba + 2e~ (Q-value 2458 keV)

— Zen-400: 380 kg Xe (Oct. 2011— Oct. 2015) / Zen-800: 750 kg Xe (Feb. 2019 — Jan. 2014)
KamLAND-Zen-800

— 2.1 tyr exposure

— Currently best limit: Ty, > 3.8 X 10%¢ yr; mgpz < (28-122) meV

&5 &
Upgrade to KamLAND2-Zen Cherenkov [Z
o detector .
— Scintillating inner ballon ®18m (3.2kt) AR
. Y ///aaaai| ARRNY A
— Improved energy resolution /SRR IR

Xe-LS ballon
$3.8m (24t)

— New electronics for enhanced tagging efficiency
— KamLAND dismantling & KamLAND2 construction ongoing
— Expected launch in 2027

Liquid scintillator -

— Target sensitivity mgz = 20 meV ballon ®13m (1kt)

Jung Chiu | HQL-2025 | 2025.09.18.
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CUORE/CUPID

e 088 closely packed TeO, crystals (750 g each) working as cryogenic calorimeter at ~ 10 mK
o BO0Te — 130Xe + 2e™ (Q-value 2527 keV)

o Latest results on 13°Te OvBp search

May 2017 — Apr. 2023
567.0 kg yr 39Te (= 2039.0 kg yr TeO,) exposure

Ty}, > 3.8 X 10%° yr; mgp < (70-240) meV
Will continue until reaching 3 t yr of TeO, exposure (~ end of 2025)

\

Heat sink ~10mK
(Cu frames)

Upgrade of the cryogenic system in view of CUPID

CUPID Light detector

TeO, —1596 L1,MoO, scintillating crystals
100Mo — 100Ru + 2e™ (Q-value 3034 keV)

450 kg total mass (240 kg of %Mo) Energy —.*

Light

Double readout for particle identification:
heat + light (top and bottom Ge light detectors)

- \. TeO:

MTe

thermistor

crystal

®m Siheater

BIEE
holders

4
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nEX®

Builds on successful EXO-200 predecessor

_~ Charge collection tiles

i Photodetectors 5 t Cm‘iched LXC TPC (136XC)
50 kV voltage difference
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NEXT-HD & NEXT-BOLD

e Module(s) of 1t of 36Xe building in NEXT technologies

e High pressure xenon gas TPC with electroluminescence

e NEXT program:
— NEXT-white (2015-2021): background model assessment and 2vp[3 measurement
— NEXT-100 (2022-2026): Ovpp search with 10?7 yr sensitivity
— NEXT-HD & NEXT-BOLD: ton scale and background with 10?® yr sensitivity

9
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_ @ xenon ii. | @
- e |2
50 : s g
o ‘ e | W
e D S e %
é () .._{ scintilation (S1) _ .
é Q ionization ';: %
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Summary

* A number of experiments worldwide are searching for Ovpp in different isotopes using various detection techniques

* If0vBP is observed, it would be the first evidence of lepton-number violation and would prove the Majorana nature
of neutrinos

e 0Ovpp has not been observed. Background-free search in 7°Ge is a promising way to go forwards

 LEGEND is a two-phase project whose ultimate goal is to probe the full inverted-mass-ordering phase space

Thank o ~

https://legend-exp.org/
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Backup slides
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Where does neutrino mass come from?

Slide from R. Henning

[ Neutrino nature: Dirac or Majorana? ]

N.B.: only valid if neutrinos are massive

Lorentz Boost Lorentz Boost

J Majorana J'

v v
73 Up
F.. F 3
CPT

7 # 7 Not Observed in Nature
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Where does neutrino mass come from?

e Dirac mass: couple left-handed particles to right-handed particles (generated by Higgs mechanism)

Lp =—mp (VrvL +VLVR)
e Majorana mass: couple left-handed particles to right-handed antiparticles
L =—gmy (VLvi +vive)

Lr

smr (VRVE + VivR)
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The origin of matter

 Why is there more matter than antimatter in the Universe?

e Lepton number violation (leptogenesis) — explanations to baryon asymmetry of the Universe

RUWIOUONY :31IPaI)

Credit: GANIL
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https://www.astronomy.com/science/one-third-of-humanity-cant-see-the-milky-way/

Observation of Ovf3[3

« Lepton number violation
« Information about matter asymmetry of the Universe
« Neutrinos have a Majorana mass

« Hints on neutrino mass scale and mass ordering

SUIZeSBUW ALJOWWAS :IpaI1)

TEIGAUOIS V/SdV MPOID)
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https://www.symmetrymagazine.org/article/august-2013/neutrinoless-double-beta-decay?language_content_entity=und
https://physics.aps.org/articles/v11/30
https://physics.aps.org/articles/v11/30

Advantages of using germanium detectors enriched in 7°Ge

/”_“\U

2.52keV (FWHM) at Qg
from the MAJORANA

DEMONSTRATOR Best energy Commercial

resolution of semiconductor

any Bp
detector detectors

No
measurable dEg(T:eegﬁg;
Made from high- bOIQTkegrrr(])CLljlh d efficiency
purity germanium
(HPGe) materials

High
enrichment
level

n* electrode P-type bulk

p" electrode

Source = Detector

~100% 1n the active volume

Enrichment in 7°Ge isotope > 90% is possible
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6Ge-based Ovpp experiments

qe[10) VAYED NPIID)

LNGS, Italy

GERDA + MAJORANA DEMONSTRATOR (MJD) + new institutes — [LEGEND

/

Lowest background level for Ovpf3:
Mean background in (Qyst20) is 0.3 counts
(with 103.7 kg-yr of exposure)

Ref.: GERDA Collab., PRL 125, 252502 (2020)

"qe[I0D VNVHOIVIA HPalI)

SURF, US

N

Best energy resolution for Ovff:
2.52keV (FWHM) at Qg
(with 64.5 kg yr of exposure)

Refs.: MAJORANA Collab., PRL130, 062501 (2023)

LNGS, Italy

Pin-Jung Chiu | HQL-2025 | 2025.09.18.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501

HPGe detectors

Detector mass (kQ)

Coax,
14.7

19.0

PPC,
22.1

e First inserted 142 kg of detectors (Oct. 2022)
* Took data for ~ 1 yr (spring 2023 — spring 2024) with 130 kg of operational detectors

BEGe,

Jung Chiu | HQL-2025 | 2025.09.18.
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LEGEND-200 at LNGS LEL:

Water tank with PMTs for muon Detector array with max. 12 detector strings
veto (@ =10m, H=9 m)

. Detector unit

s

Detector mount:
underground electroformed
copper, optically active PEN

..... LAr instrumentation: ' SN scntillating plate §
inner and outer fiber barrels | | .

with silicon photomultiplier

(SiPM) readouts at top and

bottom, wavelength-shifting

reflector
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HPGe readout electronics:

LAr cryostat cryostat : low-mass front-end and
N (@ =42 m, H=6 m) Calibration source tube Charge_sensitive ampliﬁers
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Energy calibration of HPGe Detectors

Steel roller g otary feedthrough

Initialisation pin - Rotary encoder

Steel band

Calibration source insertion

Pecek slide
systems T . / \
— —/7# 2 ‘
Df OV B B ) ) Absorber B o
8 * Large-distance vertical N
3 movements of ~9 m e

Clutch & gear \
Motor

 Precision of 1 mm
* Reliability over the

Shutter

0.0 02 04 06 08 10 experimental duration Copper
Summed electron energy / Q—value Sources
funnel \
P |
Precise identification of OvpB[ requires: '
Calibration

« Stable energy scale source tube

* Excellent energy resolution

— Monitored with weekly calibrations using 2**Th sources
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Energy scale and resolution

e Stable energy scale up to 2.6 MeV

* Energy resolution (FWHM) ~ 0.1% at Qg
— 2.1-4.3 keV for different detector types
— Independent of detector mass
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Why do we use 2*°Th sources?

o 228Th undergoes multiple a and B decays

e High statistics monoenergetic x and y rays from < 100 keV up to 2.6
MeV are available

e The double-escape peak (DEP) of 208T1 at 1592.5 keV is useful to train
the PSD technique

Credit: Wikipedia

Pin-Jung Chiu | HQL-2025 | 2025.09.18.
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https://commons.wikimedia.org/wiki/File:Decay_Chain_of_Thorium.svg

Potential backgrounds from 228Th sources

Nevertheless...

o 228Th emits a with energies in the range of 5.2 — 8.8 MeV
— yields neutron fluxes via (a, n) reaction

e Parasitic neutrons can

— activate 7°Ge, producing 7’Ge (half-life 11.3 h) and 7™Ge (half-life 53.7 s)
— [ decays with Q values > 2 MeV

— be captured by surrounding materials, producing high energetic y rays

— Characterize neutron emission rate of 228Th source
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Neutron rate measurement

Low background environment
underground at LNGS

Borated

B | PE

shield

I132Eu y source for energy calibration

24l Am°Be n source for efficiency determination (activity 160(4) n/s in 2013)

Pb PE
absorber moderator

Detector

1094/

| iy i
|
H M | |

0

1000 2000 3000 4000 5000 6000
Energy [keV]

bker., 16.8d
HIAM Be, 17.0d
192E0, 5.5d

best fit

+1.50 ROI

7000 8000

Counts / (keV d)

103 i
102417
101 i
100 i
10=14

1072 J

Ref. L. Baudis et al., JINST 18, P02001 (2023)

‘¢

alibration-induced background:
O(10°7) events/(keV kg yr)

after background reductions cuts
— three orders of magnitude lower
\than the L200 background goal

Combined neutron flux 1s
Y = (4.27 £ 0.604¢, + 0.92y5) X 107* n/(kBq s)

~

1000

2000 3000
Energy [keV]

—— bkgr., 188.8d

28T, 17x, 58.6d

—— 25Th, 15x, 79.9d
+1.50 ROI

4000 5000
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Data modeling before analysis cut

e Simulations and material radioassay underpredict the background, especially from the 23>Th chain
— Hard to estimate systematic uncertainty on the assay results

Counts / 10 keV

— Material radioassays currently underway to identify possible sources
— Cleaning campaigns (e.g., PEN plates) recently finished

However, analysis cuts well suppress the background

&‘Hﬂis is not a Fit!

N o
10 4 Radioassay model - all detectors [76.2 kg-yr] E
3 ] Data aevents —— 40K [T
10 N
—— Model —— Th — K |8
102 —— 2vBB  —— ?226Rg 3
S
10° X
|
100 .l. -— lLn R THN INI
107" L
Lhi T
10_2 | 1 I 1 1 ” ||
1000 1500 2000 2500 3000 3500 4000
Energy [keV]
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Data after muon veto and multiplicity cut

* 50 keV window blinding applied at QOpz (2039 + 25 keV)

* At QOpg, 95-99% survival of physical events after data cleaning

Blinded window

G202Z-€0 - 002-AN39237

4 J
10 40K 2K All detectors [61.0 kg-yr]
] —— After muon veto and multiplicity cut
3
E 10 205 2087 —— 2vpBB decay (T1, = 2102t yr)
= ]
— T 214R;
~ 102 4 Qpp Bi
[72] ]
£ t
] o events
SR 2vBB
\, g oy AP
1000 2000 3000 4000 5000
Energy [keV]
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Pulse shape discrimination (PSD)

Signal [a.u.]

e Pulse shape classifier: A/E = max (current) / energy

e Monitored with weekly 22*Th calibrations

Signal-like

Charge signal
Current signal

Generated Signal
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400 1

200 4
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window

0 200 400 600 800 1000

Time [ns]

double escape peak

208771

212
full energy peak
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I |
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o o
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|
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S = L I N o R
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\
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[LAr anti-coincidence

e Characterized with special calibration runs
— 1 photoelectron / 10 keV

 Strong suppression of background above 2vf3f3,
e.g., from #K

K

- B
EC

40Ar

Credit: K. v. Sturm
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Data after PSD and LAr anti-coincidence

« PSD
— Strong suppression of surface a and B (*K) events
— ~60% suppression of Compton multi-site events at Qpg

e +LAr
— Pure 2vpBp distribution

10° Surface B (**K)

All detectors [61 kg-yr]
After muon veto and multiplicity cut

~ 103 After Pulse Shape Discrimination (PSD)
)
; B After PSD and argon anti-coincidence
<102 228Th
2]
1=
3 o events
© 10 ~ pure 2vf3f3
10° ‘Illlll‘ ‘IIII I rdi's Ol Ll IIJ_”I
1000 2000 3000 4000 5000

Energy [keV]

GZ0Z-€0 - 002-AN3937
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Pulse shape discrimination (PSD)

Generated Signal
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From [L-200 towards L-1000

Larger exposure

Lower background

Phase I (L-200) IT (L-1000)

HPGe (kg) 200 1000

LAr (tonne) 90 350

Live time (yr) 5 10

BI (counts/(keV-kg-yr)) | ~2 x 10™* <1x107°

Ty /2 (yr) > 1027 > 1028

mgg (me'V) 33-71 Cover full mgg
inverted
ordering regime

background-free
— 1x10 % ects / (keV kg yr)
1 — 2x 107 cts / (keV kg yr)
5.2 % 1071 cts / (keV kg yr)

—_

=
[S]
el

—_

(-]
S
oo
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H
o
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https://arxiv.org/abs/2107.11462

The GERmanium Detector Array

e Underground at Laboratori Nazionali del Gran Sasso (LNGS) of INFN, Italy:
— 1400 m rock overburden (3600 m.w.e.): reduces cosmic muons by ((10°)
— Ran from 2011/11 to 2019/11

Also shield
neutrons
and natural
radioactivity

Ref.: GERDA Collab., PRL 125, 252502 (2020)

plastic scintillator panels:, | \
\ N\ 3
muon veto § -

64 m3 LAr:
shielding and cooling

ultra-pure water :
muon Cherenkov veto

590 m3 water + 66 PMTs:

I Phase II+: 41 detectors

LAr veto
gl via', instrumentation

' | low activity electronics

up to 87%, in 7 strings

hifting fibers with
SiPM read-out | |{}]

" | BEGe detector module
in low mass holder

Credit: J. Huang and C. Ransom

¥ low activity PMTs
GERDA Collab., EPJC 78:388 (2018)

Ge detector array with (442 kg)’ enriChed in 76Ge

QB[[0D VAYAD PAI)

residual muon veto

GERDA’s final result (with 127.2 kg-yr of exposure) :

Unprecedentedly low background index: 5.2x10* counts/(keV-kg-yr)
— 0.3 counts in (Qypt20) for phase II (with 103.7 kg-yr of exposure)
Half-life limit on OvBp decay: T, > 1.8x10%¢ yr (90% C.L.)

— Effective Majorana neutrino mass: mg <79 — 180 meV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502

The Malorana Demonstrator

* Located at Sanford Underground Research Facility (SURF) in Lead, South Dakota, US:

Two modules each within
an electroformed copper
cryostat installed within a

compact graded shield |

1490 m rock overburden (4300 m.w.e.)
Ran from 2015/07 to 2018/04

Enclosure =

Cu Shleld

Cryogenic
and Vacuum
i Systems

Feedthrough
Flange and

—1 Electronics Box

MID’s final result (with 64.5 kg-yr of exposure) :

Best energy resolution in the field: 2.52 keV (FWHM) at Qg
Measured background 16.6 x10-3 counts / (FWHM-kg-yr)
Half-life limit on OV decay: T}, > 8.3x10% yr (90% C.L.)
— Effective Majorana neutrino mass: mgg < 113-269 meV

44.1 kg of Ge detectors: 14.4 kg natural
detectors and 29.7 kg (enriched to 88% in
76Ge) p-type point contact (PPC) detectors
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Waste Isolation Pilot Plant (WIPP), United States:

Store transuranic radioactive waste

Soudan underground lab, United States: E.g.,
MINOS, CDMS, NOvA

Kamioka observatory, Japan: E.g., Super-K, T2K,
KamLAND

Boulby underground lab, United Kingdom: E.g.,
material screening, dark-matter search

LNGS, Gran Sasso, Italy: E.g., LEGEND-200,
XENON, Borexino

Sanford underground research facility (SURF),
Homestake, United States: E.g., LUX, MJD

Laboratoire Suoterrain de Modane (LSM), Fréjus,
France: E.g., NEMO, EDELWEISS

Sudbury neutrino observatory, Canada: E.g.,
SNO+, DEAP-3600

[y
<
-]

Muon Flux (cm™ s!)
[y
=)
4

1078

Muon flux from various underground labs

I IIIIIII] I ]IIIIII| I L

I III]III|
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| l ]

Depth (km w.e.)
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Decay half-life vs. effective Majorana neutrino mass

Experiment Atomic phys. Nuclear phys. Particle phys.
—1 4 2 2
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Measured Phase space factor Axial Nuclear matrix Effective
half-life coupling elements Majorana

neutrino mass
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LAr veto systems

Inner (left) and outer (right) fiber barrels:

Wavelength-shifting fibers connected to
S1PMs consisting 18 (inner) and 40 (outer)
readout channels

Wavelength-shifting

reflector -

&
—
/

— WLS
reflector

TPB blue
shift

VBG

WLS
fibers

— LAr scintillation
100}
—— TPB emission 380 — 600 nm

S 80
i)
= 60f
w
8 40l
= 128 nm

20/ J

100} . .
—_ — Fiber absorption
S 80
5,
- 60F
=
w0
§ “or
E 20 -

100 260 360 460 S(I)O 660
Wavelength [nm]

N\:-?‘ LAr scintillation
(128 nm)

SiPMs

Ref.: G. R. Araujo et al.,
EPJC 82,442 (2022)

LAr

\ 4

\ 4

water  Credit: G. R. Araujo
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Ar scintillation e \

Excited dimer

4 s> Scintillation of VUV light
* ,.

Charged particle lonized dimer
Credit: M. Babicz
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LLAMA e\

LEGEND Liquid Argon Monitoring Apparatus

-------
--------------------------------
......
-----
L 5 L]

Jung Chiu | HQL-2025 | 2025.09.18.

Pin

SiPM
LED

Encapsulated
24IAm source

50



Data modeling before analysis cut

Counts / 15 keV

Residual

e Bayesian background model using data before analysis cuts

* Data well reproduced, model is flat at Qg

e Model can test hypotheses on the origin of 2?8Th excess

this 15 2 fit.

10 _ all detectors [76.2 kg-yr]

102 3 Llat]

e M
0 ; ,'*‘“.:.l"‘“"""lli
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Ongoing R&D projects for LEGEND-1000

» Background reductions:

— Radiopure underground argon (UGLAY):
direct mitigation of “’K (from #*Ar) background

— Underground electroformed copper (EFCu)
— Neutron moderator in LAr

— Neutron shielding materials around Ge detectors

e ICPC detectors:
— Increasing mass reduces surface to volume ratio
76Ge enrichment up to 92%
e LAr veto:

— Optimal wavelength-shifting material combinations
(shifter + reflector) required given larger surfaces

W
p
a
=
:{
S |
S
B
o)
o
o
=
Qo
—
S)
H

Ref.: LEGEND Collab., arXiv:2107.11462
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Discovery sensitivity

Our background goal:
1x10 counts / (keV kg yr) — < 1 count in 10 years of measurement

— “Quasi background free”

Monte-Carlo pseudo-dataset of L-1000 (A = 10 t yr) after analysis cuts

6 —
% Pecudo data = . No background peak
~ 0vBB (1028 yr) 2% 10 expected around QO
~ 5 B
o 208 (102! yr) %
é Other background i
3 4 2 1075
) 5
<]
2
g 3
5 1076 |

p

107
1 Planned staged
J 108 commissioning ~ 2030
1940 1960 1980 2000 2020 2040 2060 2080 1940 1960 1980 2000 2020 2040 2060 2080

Energy (keV) Energy (keV)
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