The SABRE South Experiment
at the Stawell Underground Physics Laboratory

Peter McNamara on behalf of the SABRE South Collaboration
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Annual Modulation signature — DAMA/LIBRA

Astrophysical predictions of DM distribution imply a modulating signal due to Earth’s rotation around the Sun

 Period of a year with a peak in June

» Expected to be detected at low energy

R(t) = B(t) + So + Sy, cos(

1 year

DAMA using Nal(Tl) crystals has observed a modulation consistent with
these expectations for about 20 years with ~13c CL
« Upper rate of ~0.8 cpd/kg/keV

25 Nal(Tl) crystals
in Cu enclosures

Cu, Pb, polyeth-y‘lene shielding
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This result is constrained by null
results from other experiments

* However need to use same target
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Other Nal(Tl) Experiments & Results
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Some tension between ANAIS and DAMA

No significant discovery or exclusion of DAMA so far

Motivation for an additional search with lower background rate

« Southern hemisphere experiment to better separate backgrounds

DAMA results: Bernabei et al. PPNP114 103810 (2020) 3



SABR

—: A Dual Site

—Xperiment

Experimental program to test the DAMA modulation based around detectors placed in two different locations:

e SABRE North at Laboratori Nazionali del Gran Sasso (LNGS) in Italy
e SABRE South at Stawell Underground Physics Laboratory (SUPL) in Australia
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The SABRE Collaboration

SABRE North and South detectors have common core features, both employing:
« Same detector module concept (Ultra-pure crystals and HPK R11065 PMTs)
« Common simulation, DAQ and software frameworks

« Exchange of engineering know-how with official collaboration agreements between the ARC
Centre of Excellence for Dark Matter and the INFN

SABRE North and South detectors have different shielding designs:

« SABRE North has opted for a fully passive shielding due to the phase out of organic scintillators

at LNGS. Direct counting and simulations demonstrate that this is compliant with the background
goal of SABRE North at LNGS.

» SABRE South will be the first experiment in SUPL, the liquid scintillator will be used for in-situ
evaluation and validation of the background in addition of background rejection and particle
identification.



Stawell Underground Physics Lab (SUPL)
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Key features:

 Active veto to detect & reject background
* Low energy threshold

* High purity crystals

 Ability to measure background properties
» Southern hemisphere location

Seasonal
effect

Dark
matter




The SABRE South

Xperiment

3 detector systems:

Crystal, Liquid Scintillator and Muon detectors

7 Nal(TI) crystals in Cu enclosures |
(each with 2 low radioactivity PMTs)}|

|

Feedthrough
plate

OFHC Cu
enclosure

Teflon internal
structure

7.6 cm R11065
Hamamatsu PMTs

Nal(Tl)
crystal

9.6 m? EJ200 scintillators for
muon detection and rejection

Shielding to reduce
external background:
-8 cm of steel

-10 cm of PE

-8 cm of steel

18 R5912 PMTs for the
liquid scintillator detector

Liquid scintillator vessel

is filled with 10t of LAB

from JUNO doped with PPO
and Bis-MSB

Reflective lumirror coating



SABRE South Data Acguisition

Designed to acquire PMT waveforms at high rates

« Hardware trigger followed by transfer to and processing on dedicated
computers

Muon System
3.2 Gs/s 12 bit

Caen 1743

16 Muon PMTs

Internal muon system trigger signal

Crystal System

500 Ms/s 14 bit
T Caen 1730S

l 14 Crystal PMTs

Veto System
500 Ms/s 14 bit
Caen 1730D

18 Veto PMTs

7 LVDS channel pair signals

Crystal system trigger signal

9 LVDS channel pair signals

Veto system trigger signal




Liquid scintillator completely surrounds the crystal detectors

Liquid Scintillator Detector, an Active Veto

Primary purpose is to detect particles or decay products
that interact with both the crystals and liquid scintillator

« For example 4°K decays

Average light yield of about 0.12 phe/keV but is position

dependent

Small scale prototype used to study the properties

Possible to use for particle identification as well as
extracting position information
* Promising early results using

a boosted regression model
with simulated data

Bulk tank of LABready for use
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Muon Detector

Eight 3m long detector paddles, PMTs at each end
Used to veto majority of cosmic rays & for particle 1D

* Will measure long-term muon flux in SUPL

400 ps timing resolution gives 5cm position resolution

Ongoing work characterising each paddle1
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High Purity Nal(Tl) Crystals

The background in the region of interest (low energy 1-6 keV) for these dark matter searches is
mostly due to intrinsic contaminants. 8/Rb, 40K, 210Pb ...

SABRE have developed some of the lowest background crystals in the world

nat 238

Crystal K U *Ra “°pp “Th
(ppb) (ppt) (#Bal/kg) (#Ba/kg) (#Balkg)

DAMA[1] 13| 0710 | 8.7-124 5-30 231 [1] R. Bernabei et al., NIMA 592(3) (2008)
ANAIS[ZI | 31 <081 1530 | o4a | [21)-Amareetal, EPIC 79 412(2019)
[2] : - 4- [3] P. Adhikari et al., EP|C 78 490 (2018)
‘ ' ‘ ‘ ' ' [4] F. Calaprice et al., PRD 104 (2021)
| COSINE [3] _ <42 <0.12 A 860 | 10-420 | 735 [5] K. Fushimi et al., PTEP 4 043F0| (2021)
SABRE [4] 22415 04 5.9+0.6 410420 1.6£0.3
PICOLON[5] | <20 - 1344 <5.7 12414

Currently the SABRE South test Crystal (Nal-35) is being
tested at LNGS

 Early results show comparable backgrounds and light yield
to Nal-33

 Lightyield is approximately 11.6 phe/keV
Quenching factor for both tip and tail have also been measured

» Test if quenching factor is uniform




Background simulation

Arxiv 2205.13849

A Full Geant4 simulation has been performed to understand the background

radioactivity
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Crystal Radiation Acxiv 220513849
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Simulated Veto Performance Arxiv 2205.13849

40K decays in the crystal
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%0-25; Vet Off Crystal cosmogenic 1.6 x 10! 45
2T Crystal PMTs 3.8x 10?2 57
E 0_2:_ Crystal wrap 45x 1073 | |
_: Enclosures 32x 103 85
o Conduits 1.9 x 105 96

o] Steel vessel 1.4 x 10~ >99

- Veto PMTs 1.9% 10° >99

005t Shielding 39 10° >99

; et Liquid scintillator 49x 108 >99

~ External 50x 10 >93
Total 0.72 27

8 10 12 14 16 18 20
Energy [KeVee]



Particle ID and Expected Sensitivity Arxiv 220513849

Combining measurements of the ||qu|d SABRE South will have 5o diSCOVGFy (30’ exclusion) power
scintillator and Crysta|s allows for to a DAMA-like signal with little over 2 years of data taking.
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Summary

« SABRE South is part of the SABRE
Collaboration which will test DAMA-like

modulation signals

« High purity crystals and a large active veto
achieve an ultra-low background

(~0.72 cpd/kg/keV)

* This allows for 3a exclusion or 50 discovery
with little over two annual cycles of data

« SUPL is a new underground physics lab
1025 m underground & is now operational

« SABRE South will be commissioned over
the next 12 months, with data taking
anticipated to start in mid/late 2023

More questions? contact peter.mcnamara@anu.edu.au
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SABRE North status

Two low background Nal(Tl) crystals (Nal-31 and Nal-33) tested and characterised.

Proof-of-principle phase (1 crystal + active veto) concluded.

Results:

* Full Monte-Carlo simulation model to identify background components
* Breakthrough background level: ~1 count/day/kg/keV in the 1-6 keV region of interest, lowest since DAMA/LIBRA.
Goals for near future:

* Test the same crystal (Nal-33) with a lower radioactivity reflector
® Test reproducibility of crystal radiopurity

* Assembly of detector modules at LNGS with a new custom glove box.
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Residual (counts/keV/kg/day)
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Simulation

Radiogenic Crystal Activity

Cosmogenic Crystal Activity

Isotope  Activity [mBqg/kg]  Half life [days]

Isotope  Activity [mBg/kg]
K 1.4-107"
238y <59-1073
232Th <1.6-107°
3TRb <3.1-107!
210py, 4.1-1071
SKr <1.0-1072
1291 1.3

H 9.4.1073 4496.8
22Na 43.1072 949.7
19Cq 53-1072 461.4

109m A o 5.3-1073 4.6 104
H3sn 1.44-102 115.1
H3myy 1.41-1072 0.07
12ImTe 0.16 164.2
121Te 0.16 19.2
123mTe 8.35-1072 119.2
125mTe 5.96-1072 57.4
127TmTe 0.14 106.1
127Te 0.14 0.39
1251 0.19 59.4
1261 1.0-10~% 12.9
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https://indico.cem.ch/event/922783/contributions/489267 9/attachments/2481816/426 1597 /idm22-zurowski, pdf

[1] Bernabei et al. PPNPI114 103810 (2020) [4] Xu et al. 2015 PRC 92.015807

QUENCHING FACTOR IMPACT [ Amre et o PRD 103, 162005 (2021)  [€] Bignll o 1 2021 |NST 16 PO7054

This toy model w/ different QFs can produce modulation amplitudes more consistent with other observations
Effect is strongly dependent on DM model and mass = model independent test is impossible
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