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Searching for OvBf
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e The neutrinoless double beta (OvBB) decay is

a hypothesized nuclear transition. | "
o
_| “creation of matter £ monoenergetic peak
|(A' Z) > (AZ+2)+2e without antimatter” g /
OvBp
e OvpBp can be mediated by the exchange of
two massive Majorana neutrinos. o —

e In background-free regime: B[ .- /AF -\ -{ <1count

Tlo/’/2 X M-t Desirable design for an experiment
searching for OvBp signal.:
\: total detector mass E exposure Low background level
{: run time Good energy resolution of the detector

BI: background index
AL: energy resolution at ()

Large exposure
Large QBB
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AEGEND) collaboration

look at the linke!

£ Majorana
“t» Demonstrator

Il

LEGEND-200

LEGEND-1000

| S Situated in the existing Emerged as the
- T -
Best energy E[?nte?r %_ GERDA infrastructure at portfolio review
resolution ' i
e background index LNGS winner!
‘ ‘ commissionin
completed in ~ data taking started in will start in 7 >
2020 2023 2030
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501
https://ui.adsabs.harvard.edu/abs/2021arXiv210711462L/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv210711462L/abstract
https://ui.adsabs.harvard.edu/abs/2021arXiv210711462L/abstract
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.252502
https://pubs.aip.org/aip/acp/article-abstract/1894/1/020027/648185/The-large-enriched-germanium-experiment-for?redirectedFrom=fulltext
https://pubs.aip.org/aip/acp/article-abstract/1894/1/020027/648185/The-large-enriched-germanium-experiment-for?redirectedFrom=fulltext
https://pubs.aip.org/aip/acp/article-abstract/1894/1/020027/648185/The-large-enriched-germanium-experiment-for?redirectedFrom=fulltext
https://legend-exp.org/

The KEGEND, project

First Stage: LEGEND-200 Goals

e up to 200 kg of detector mass: 35 kg from GERDA +
30 kg from MJD + 140 kg which are new, distributed to
14 strings

e Current data taking since March 2023 with “142 kg of
detectors deployed in LAr

T > 1027 yrs

2 _ 3070 meV
m 4
g <210

cts/(keV kg ¥'

e Total planned exposure 10 times larger than GERDA,
up to 1ton yr

Further Stage: LEGEND-1000
Goals

e Staged installation up to 1000 kg detector mass
(ICPC)

e Detector strings immersed in radiopure
underground LAr (UGLAr)

e Pending funding approval

ov_ - 1028 \yrs
Tz~ 10-20 meV
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Why germanium detectors?

Inverted Coaxial Point Contact (ICPC) detectors:

Enriched detectors, 92% of detector material is 7°Ge

Excellent energy resolution and pulse shape discrimination

Significantly larger w.r.t. BEGe or PPC (up to 3 kg) n+ electrode
Less channels, less background p+ electrode
Better surface to volume-ratio (30-40%) passivation
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Active background reduction tools HE

/
:

-

-

Optical
fibers

Pure wateN
Liquid Ar
_ Liquid Ar "\

-~

PMT

BB decay signal: single-site
event — energy deposition in a
1 mm?3 volume

Anti-coincidence with the muon veto

Anti-coincidence between detectors (multisite cuts)

Active veto using LAr scintillation (LAr Veto)

Pulse shape discrimination (PSD)

g

(1]
¥202-90 - 00¢-AN3937
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Exposure and energy resolution

Exposure accumulated over 1 year:
e SILVER DATASET — Background and performance (76.2 kg yr]

e GOLDEN DATASET — OvBp data (48.3 kg yr]

LEGEND-200 - 06-2024

0.4

[ Run exposure gain —— Cumulative exposure
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Energy resolution:

e FWHM ~0.1% keV at QBB

2023-08

2023-10

2023-12

2024-02

e Shifts monitored with weekly 2?8Th calibrations

e Second-order variations tracked in time
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Data set after cuts

All HPGe detectors [61 kg yr]

analysis window B —

102

After quality, p-veto,
- multiplicity cuts

104 2K > | - Wl After LAr and PSD cuts
a0K - L “JH : — 2vBB decJ:\ay of Ge
3 g0 i M i M*ﬂ K
0 g h WF I W w i W} JH
— 10° : \
° l||H||| | i
§ 1600 1800 2000 2200 2400 2600
M -
After PSD cut
100 I After LAr and PSD cuts M‘I MMHM ﬂﬂ % ﬂﬂ" HWWMM' I
1000 2000 3000 4000 5000
Energy [keV]

e Strong anti-correlation of argon and PSD cuts

e Strong suppression of surface a and B (*?K) events by PSD cut

e ~60% suppression of Compton multi-site events at Qpe by PSD cut
e Strong suppression of background on top of 2vBp by LAr cut

e QOverall OvpBp survival fraction of ~60%

e 'Pure’ 2vBp distribution; few overall events surviving at Qpe

§202-50 - 00Z-AN3931

| 01.06.2026

IDM 2026

Valentina Biancacci |

©



Final results

e Improved x3 light yield compared to
GERDA

e Combination of cuts (QC, multiplicity,
muon veto, PSD, LAr veto) suppresses
nearly all background

e 11 events after cuts after unblindings
e Background indices:
o Blgold (48 kgryr). 5.4727 x 10 %cts/(keV-kg-yr)
Bl o (13 kg-yr): 13f§:2 % 10 4 cts/(keV-kg-yr)
* Mg </5-200 meV

5 : B LEGEND-200 data [61 kg yr]
10 - # LEGEND-200 background (68% C.L.)
> , LEGEND-200 Ov limit (90% C.L.) T
< 10" m Global 75Ge Ovp limit (90% C.L.)
£ 10° 4
=] 3
) ; 0 -
107 4 2039
10_2 - I I I L 1
1950 2000 2050 2100 2150
Energy [keV]
PP Observed Sensitivity
(90% C.L.) (90% C.L.)
LEGEND >0.5x10%yr | 1.0 x 10%®yr
LEGEND+GERDA
+MAJORANA > 1.9x10%°yr 2.8 x 10*°yr
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LEGEND-1000 1 |
= g T
e Quasi-background-free for 10 ton yr exposure
(o}
AN
o Flat background - noy peaks close to Q, i S
! (o]
: : : : - | <
e Unambiguous discovery of Ovpp - signal will be visible | =
to the eye |
| _
e In case of no discovery, push lower limit 2 orders of ,'J
magnitude above current best 4
. {1 ©
> = N N
< Pseudo data :5 [‘t S
= 5 —— 0vB8 (1028 yr) i) S N
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Design & Reviews : :
Construction & Commissioning

Production of new detectors
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Physics opportunities beyond Onbb

Beyond the main scope of the experiment:

Dark Matter Candidates
o  WIMP, ALPs, composite DM, axions

2vp3p Spectral Effects
o Majorons, Lorentz violation, ...

Track-like Signatures
o LIP, magnetic monopole, ...

Tests of Fundamental Physics
o baryon decay, pauli exclusion principle
violation, ...

Astrophysical Neutrinos
o solar, SN, pre-SN, ...

In LEGEND-200, domination of 3°Ar from
AtmLAr below “565keV

Tritium ZVBﬁ_.

AAAAA
AAAAA

ol ___________________ (Préﬁ-m-i-na-ry)é ___________________________ ________

J. Waters

/In LEGEND-1000 with UGLAr, the most interesting\
researches:

e Peak search signature

e Ultraheavy dark matter

. 2vp3p spectral distortions Y

Extrapolation of background model at lowest energy
with application of several cuts

o Multiplicity, LAr cut, detector surface events
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PhysRevlett.129.161805
https://arxiv.org/abs/2504.13089

Peak search signature

RNC — p—XO‘NCNTA2FJ% (q = mx)

Limits (90% C.L.) based on the statistical
fluctuation above the background model within E

My

Current Constraints

--- LEGEND-1000

20
e Absorption of Fermionic Dark Matter

e keV-scale bosonic dark matter (ALP, DP)

e 5Sub-GeV DM-nucleus 3 — 2 scattering

e Sterile neutrino transition magnetic moment

LEGEND-1000:

e exposure =10 ton-y

e threshold = 1keV

e energy resolution =160 keV
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.161805
https://arxiv.org/abs/2504.13089

Ultraheavy DM

Composite DM with large cross

sections

o Interact multiple times in a
single event

o interactin a line (track)

Thanks to large exposure, potential
to probe very high masses

Great improvement if we include
also signals from LAr scintillation
light

Multiscatter limits on:;

O Cross section OMIMP =
o maximum DM mass I AX A
X
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https://arxiv.org/abs/2402.08865

Exotic fermions

e Emission of two exotic fermions under 22

symmetry

e Peak of e- energy distribution depends on m,

Mass

e Limits on half-life are converted to limits on
coupling constant g, via nuclear matrix element

—— 2083 (SM)  —— BRJ/BBJI (n=3) —— BBo(err) I yNB3 (may=500 keV)
— BRI (=) BBJJ (n=T7) —— LV perturbation XX/33 (m,=400 keV)
-==- B3J (n=2) --=- BBd(erL) —-— 2v33 RH currents
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https://arxiv.org/abs/2209.01671

Conclusion

e LEGEND will search for OvBp decay in ’°Ge via 2 stages.
e LEGEND-200 has completed its first OvBB unblinding and restarted data taking.

e Pursuing funding for LEGEND-1000 in the US and Europe; preparations are
underway at LNGS.

e LEGEND has a wide BSM physics program, including DM
e Many searches are complementary to DM experiments

e Beyond OvBp sensitivities for LEGEND-1000 are being compiled in an upcoming
white paper
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LEGEND-200: current status

e Location at hall A, LNGS: muon flux is reduced
by 6 orders of magnitude compared to the
surface

e HPGe detectors:
o 9 string arrays

e Low Mass Front End

o LA
o 64 m?3LAr Volume in a stainless steel
cryostat
o 58 read-out modules of SiPMs coupled to
WLS fibers

e Electroformed copper plates
o produced underground at SURF

e Ultrapure water tank:
o shieldsn,y
o 66 PMTs (Cherenkov)

scintillating
PEN plates

WLS fibers
and SiPMs
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Liquid Argon Veto eGe

9000

After muon veto and multiplicity cut
8000 1 WM ...after LAr anti-coincidence

—— 2vBB decay (T1, =2 x 1021 yr)

calibration 7000

source funnel 100 :
6000 - 2
3 3 50 i 10
S 5000 40K 42K
2 - A — 10°
c
wavelength 2 1460 1E480 15?(0\/1520 1540
readout nergy (keV)

shifting fibers 3000

2000 -
1000
electroformed
copper 0

electronics

e |Implemented as two-barrel

germanium 3 300
geometr\/ detector g 200
. . i—v’ 100 '
e Read out via WLS fibers coupled : . |

600 800 1000 1200 1400 1600
Energy (keV)

to SiPMs

nylon

| PEN plate, readou.
shroud ‘

& high-voltage
electronics

e Argon cryostat: cools detectors
to approximately 87 K

calibration
source tube

e LAr Veto: suppression of s |
- multipliers |

background events depositing
energy in the Ar
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Muon veto and multiplicity cut

4 3 L2
19 Uo k All detectors [61 kg-yr]

i —— After muon veto and multiplicity cut
> 10° 5 2084 — 2uBBdecay (Top =2 1021 yr)
o |
< 102 4 Qs *'“Bi
2
=
=
3. s ot - events

10
10° ' B NWWMMWMHHMHMH”’H h]‘ d“ “ |“|\J|_|l|\||l ‘” ,
1000 2000 3000 4000 5000

e Blinding applied at 0, = 2035 keV (50 keV window)

e > 95% survival of physical events after data cleaning /#_\

e 26% of events rejected by Multiplicity cut at QBB

e 2 events removed by Muon Veto

G20¢Z-€0 - 00Z-'AN3931

Pure
_\ Liquid Ar
-~

~
\N
~

water

| 01.06.2026

IDM 2026

Valentina Biancacci

N
o



PSD and Argon anticoincidence cut

165 All detectors [48.3 kg-yr]
. After muon veto and multiplicity cut
e Strong suppression of surfaceaand . w s After Pulse Shape Discrimination (PSD)
B (“2K) events ST
e Excellent suppression of Compton 8

multi-site events

e 2?8Th strongly suppressed

100
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Background model

Counts / 10 keV

4] m
18 Radioassay model - all detectors [76.2 kg-yr] g
103 Data aevents —— 40K i

>, —— Model —— Th — 4K |3
T0% L—/\, \ —— 2vPB —— 226R4 3
| N
'1-4—'1 i N
" TN s == S . “
: L L
100 - m-u | |
‘ ]
1071 \ J[ H Lhyh |
1072 : . : : I“] | hh : |L
1000 1500 2000 2500 3000 3500 4000

Energy [keV]

o Data well reproduced, model s flat at Qg
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Background model

o Data well reproduced, model s flat at Qg
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L-1000 Background
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FIG. 16. (Left) The total background model at low energies in electron-equivalent units. (Right) The total background model at
low energies after using the Lindhard model to convert to a nuclear recoil energy scale, where we have assumed that all events
could have been nuclear recoil events.
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Effect of Underground LAr

e x1400 reduction of 3°Ar background seen by DarkSide

e Expect same reduction of *?Ar
o Also cosmogenically produced

o Its beta-decaying progeny “°K is a major
background in the Ovgg ROI

o Thisis a key part of obtaining the low backgrounds
needed!

e Use of UGLAr means we are dominated by 2vgg at low
energies, not 3°Ar!

o Allows lots of interesting physics searches through
spectral distortions

42Ar  (32.9y)

2-
42Kk | (12.36 h)

1524.6 keV (17.6%)

0+
42ca

4/2K' collect

on n’ contact

[r " B of K decay likely to
enter the bulk of HPGe

| 01.06.2026

IDM 2026

n" contact (dead) * “Ar decay |

Valentina Biancacci

N
a


https://doi.org/10.1103/PhysRevD.98.102006

Goals
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