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Annual modulation of WIMP DM

Astrophysics |
/\ galactic center
P Sun 220 km/s

R oc N—£ O,y (V) < < December

m&
Particle phySICS Annual modulation; maximumon June 2,
minimum December 2

June

 Rare and low energy events

: Egg(?gtrig o(WIMP-nucleon) ~ 10-48 — R(t) = B + Ry +|R,,cos (w(t — tg))

* Very low expected rate < 1 count/day/kg
(few % of which modulates) T

» Expected recoil energy is 1-100 keV for a
WIMP of mass 10-1000 GeV/c? Modulating component ~ 2-10% of R(t)




250Kg Nal(Tl)

Results from DAMA/LIBRA
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|5 cm Pb

10 cm Cu
250 kg Nal crystals

W

|.5 mm Cd
|0-40 cm PE

~20 years of operations: 12.8 o CL significance

Period: (0.998%0.002) y

Phase: (145+5) days (2-6 keV) and (145%7) (1-3 keV)

Expected DM phase 152.5 days

Amplitude: (0.0103+0.0008) cdp/kg/keV
* Observed annual modulation ~ 0.01 cpd/kg/keV (dru) in ROI [1,6]keV

2-6 keV

—

_pﬁZ(l

DAMA/LIBRA

.M P
...‘
o . - ammme d - o~
< A
.M ||||||||||| o'ﬁul ||||||||||||||||
'v..
e e e e e B et e e e e e———————
e
\.
............. oS ___]
v 7
A __ P s urpey 7 4 u
...--'.'D. e -d
lllllllllll lﬂl / ——— — — - — — — — — — — — — —
k ]
Vm
i :nﬂn..
o~ ‘
o __ =
x 26
- TN
% v_i.m:ll
7
2 L
b SN e N4 N —
3 S :
- oyt
o T I
~ —
A >
) ..Iml. ]
||||||||||||| e ______
—— ﬁ,
||||||| _“OﬂAnulluuuuuuluunlln
W-rhrreleocbrrob ymﬂji.“.:-”-:._.T-ﬁ._-..
— 00 W N O N < O 00 —
—~ O O O O O O O O 4
L s * o o o . o .
OO O O o O o O |

(AN/3Y/pdd) S[enpisay

7000

O

4000

00

3

O

(04
O
w
w
O
Z
w
-
—J
0
>
w
'y
O
w
o
=
Z
w
O
<

j g PARTICLE FWSICS;




Nal experimental landscape

SABRE @ LNGS

ANAIS @ Cnfrancr&f
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S U P L o 1025 m deep (~2900 m water equivalent) with flat over burden
o Helical drive access

Future dlean area & dilution fridge |:

FUTURE CLEAN
LAB AREA
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S ' ' P L The “SUPL researcher” starter kit

Commissioning throughout 2023.
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First major equipment to be delivered in January
2024.

SABRE collaborators commenced mine safety
training (2 days on site, medical testing)

y
tradie chic

SUPL will provide Individual Researchers

1. Self-rescuer Must have your own:

2. Cap lamp 7. High-visibility clothing

3. Gloves 8. Steel capped boots as specified by SGM.

4. Ear protection
5. Safety glasses

6. SGM Information Card SUPL or Individual Researcher

SGM
Compressed
Air Line

9. Miner’s belt
10. Miner’s helmet
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1-10-RC-019
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Preparing for work in SUPL -

* Actions to move equipment to SUPL

SUPL and SABRE Agreement
Delivery and installation

Planning
Arrival at SGM
Transport to SUPL
Off-loading at SUPL
Allocated research space
Equipment register
Services and consumables
Undertaking research activities
Risk assessments
Standard Operating Procedures
Work instructions or O&M manuals

ARC CENTRE OF EXCELLENCE FOR
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Documents for approval to move equipment to SUPL
Equipment register
Task risk assessment
Process risk assessments

Approval to work at SUPL

Standard operating procedures
Work instructions

Training, mine safety, heights, confined spaces etc.




Computing

First SUPL measurement of muon flux, October 2023
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H—— o
Temp. Loca
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* Located in the active Stawell Gold Mine, 240 km west of Melbourne, Victoria, Australia
S U P L * First underground lab in the southern hemisphere

https://www.supl.org.au

Grampians
National Park
= UNDERGROUND
: s - PHYSICS
. . \ LABORATORY
= (SUPL)

g.\
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e Victoria -

Melbourne
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Strong support of the local
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SUPL TIMELINE

« 2014 Lab proposed, Project Leaders E. Barberio
(University of Melbourne), J. Mould (Swimburne) _ H

» 2015 Federal Stronger Region grant to NGSC for '
the Lab design _

+ 2016 Lab design by WOOD ready s

» 2017 Hiatus - SGM in caretaker mode

* 2018 the project restart: ARETE capital acquires
SGM

» 2019 construction starts by H.Troon (Ballarat)

» 2022 August SUPL finished and commissioning
start

» 2023 December SUPL ready to be used

« 2024 January SABRE starts construction




THE HISTORY

SGM and NGSC enormously
supportive and help to generate
government funding for SUPL

\h -

STAWELL e
UNDERGROUND

LABORATORY % AASTE

(SUPL) ARC CENTRE OF EXCELL

FOR ALL-SKY ASTROPH

LS Australian Government
Pl % L

vy ¥ ev . :
T A Australian Research Counci

EXPLORING:

* HOW HAVE GALAXIES FORMED
AND EVOLVED?

A delegation of ltalian scientists,
visited SGM and suggested to build
an underground laboratory to test
the dark matter signal seen in ltaly
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SCHOOL ENGAGEMENT

*50% increase in STEM
enrolments in Stawell and
Ararat schools since SUPL
announced;

Foster innovation culture
and an entrepreneurial
mindset with the help of the
innovation lab @ Swinburne

Explore

Particle Detector,
Master classes,
Innovation Kit

Engage

Mobile device VR
of experiments
to engage at
home

Educate

Lessons on
special relativity
and subatomic
physics

Evaluate

Centre supports
schools In
evaluation




STRONG SUPPORT FROM INFN

We don’t want you to just host the (SABRE) experiment;, we want you as
collaborators in the experiment

Prof. Sandro Bettini helped to set the requirements

@ and help with the lab design




OUTREACH AND MEDIA
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Panning for dark matterin an
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LAB CONSTRUCTION

Stawell Underground Laboratory construction Stawell Underground Laboratory construction
Federal Victoria State
Government Government
funding SthIA (Regional
(Education) Government Development)

Stawell Underground Laboratory construction

$1.8

*
Posﬁ"@CRES {AUDE. u u
THE UNIVERSITY OF m I I I IO n

MELBOURNE
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Independent funding ~$6M

SABRE: key component of the
CoE Scientific Program

BUT only a part of it.

Other projects include:
Searches for Axions (UWA);
Search for DM production at the
LHC (UM, UA) ; Theory; etc.

SUPL Itd. manages the lab

SABRE Capital Funding:

ARC, via ANU, UM, ...

Collaborators:
UM, ANU, UA,
Swinburne, INFN,
Princeton, ...

CoE Funding:
ARC, UM, UWA, UA,

ANU, Swinburne.

ARC CENTRE OF EXCELLENCE FOR

PARTICLE Dﬁ/SlCSL

Matter
Particle

/ Physics

SUPL Capital Works Funding:

Commonwealth Govt.
Victoria Govt.
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Operational Funding: _
SUPL Partners - UM, ANSTO, Dr Sue Barrel (chair SUPL Itd.)

ANU, UA, Swinburne

Running cost from university funding.
Requested 17M for 5 years running
cost from the federal government

SUPL: Future National Facility
SABRE is initial Key experiment
BUT also:

ANSTO low background Gamma
spectroscopy facilities;

Geology & biology experiments;
Others ...

CoE Funding:

Other DM experiments, Independent funding ~$47M
Cygnus, Cryo exp.




ARC Centre of excellence for DM

[ ] :3@
 Prof Elisabetta Barberio director
» 7 years projects (midd-2020 —midd-2027)

» 21 Chief investigators (Australian) over 6 Australian Universities (10 theorists, 10
experimentalists)

* 3 new academics (direct detection experimentalists)+ 1 position almost filled (direct
detection experimentalist)

* 13 partner investigators (formal agreement) - INFN, Caltec, Amsterdam, Washington,
Stockholm, MIT, Sheffield; locally ANSTO and DSTG

* 30 associate investigators (less formal association) from many other countries
» 24 postdocs supported by the centre

* 100 students

* 14 admin staff supported by the centre

ARC CENTRE OF EXCELLENCE FOR @
PARTICLE mglcs)\




RESEARCH THEMES

[

Detecgtor

Shield

<l 1)

e :\v_“r\;“ '“‘v-'-:»., B Cavity +
T Quantum Sensor




SABRE

 Two similar detector two underground locations in opposite hemisphere:
e SABRE North at Laboratori Nazionali del Gran Sasso (LNGS) in Italy
e SABRE South at Stawell Underground Physics Laboratory (SUPL) in Australia

L 3 PRINCETON

UNIVERSITY

A557% | UNIVERSITA
24 2 | DEGLI STUDI
¥ | DI MILANO

THE UNIVERSITY OF
MELBOURNE

INFN

~ LNGS
SAP”:NZA Istituto Nazionale di Fisica Nucleare

UNIVERSITA DI ROMA | aboratori Nazionali del Gran Sasso
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Requirements for SABRE

* Main requirement - outperform DAMA/LIBRA. SABRE South TDR

* Same stringent crystal requirements for North (no LS veto) and South (with an LS veto).

Table 1. Annual modulation in the 1-6 keV region reported by DAMA |2|, COSINE |3|, and ANAIS
4] in units of DRU (cpd/kg/keV). The x*/ndf for the global average is 10.8/2.

Setup Mass (kg) Background (dru) Modulation (dru) Uncertainty (dru)
DAMA 250 0.0105 0.0011
COSINE 61.3 0.0064 0.0042
ANAIS 112.5 . -0.0034 0.0042
Global average - - 0.0094 0.0010

Table 3. Key performance parameters of SABRE.

Table 2. Purity levels of Nal(T1) crystals of various experiments.

Experiment YK (ppb) 20U (ppt) 2°?Th (ppt) 2!"Pb (mBq/kg) Parameter Value
DAMA /LIBRA [6] 07-10  05-75 (30— 50)x 103 Light yield 11.1 £ 0.2 PE/keV [10
ANAIS-112 [7] < 0.8] 0.36 153 Energy resolution 13.2% (FWHM/E) at 59.5 keV [10]
COSINE-100 [8] <0.12 < 2.4 1.74 Efficiency
SABRE (Nal-033) [9] 0.4 0.2 0.34 Crystal energy threshold 1 keV
Veto energy threshold 50 keV
Total active mass 35 - 50 kg

Background rate (PoP)  0.36 cpd/kg/keV [11]
Background rate (South) 0.72 cpd/kg/keV [12]

ARC CENTRE OF EXCELLENCE FOR

TTE
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Large (>4 kg) Na(Tl) Crystals background & mass

Crystal natK (ppb) 238U (ppt) 219Pb (mBqg/kg) 232Th (ppt) Active mass (kg)

DAMA [1] 13 0.7-10 (5-30)x10-3 0.5-7.5 250

ANAIS [2] 31 <0.81 1.5 0.36 112

COSINE [3] 35.1 <0.12 1-1.7 <2.4 ~60

SABRE [4] 4.3 0.4 0.49 0.2 ~35+40=75 (total goal)
PICOLON [5] <20 - <5.7x103 - ~20 (goal)

[1] R. Bernabei et al., NIMA 592(3) (2008)

[2] J. Amare et al., EP|JC 79 412(2019)

[3] P. Adhikari et al., EP]JC 78 490 (2018)

[4] B. Suerfu et al., Phys. Rev. Research 2, 013223 (2020), , Eur.Phys.J.C 81(2021) 4, 299 , Phys. Rev. D 104, 021302 (2021)

[5] K. Fushimi et al., PTEP 4 043F0| (2021)




e Strategic and unique to the SABRE
project is the idea to zone refine the
powder prior to growth

A zone refiner suitable for order of 100

kg crystal production has been built in
collaboration with MELLEN

* The zone refiner is being moved to RMD

for growing a test crystal by the end of
the summer

Impurities are pushed to the end of the refining Impurity concentration (ppb)
tube and removed from the ingot before the Sample location (mm)
crystal growth. Reduction factors of E7 32549 492410 635420 783
- 40K: 10-100 . - ' - . 16

- 87Rb: 10-100 ‘ ' . : <0.2 <0.2
. 210Pp- 2 . 0.4 04 <0.4 0.5

Final crystal intrinsic background ~0.3 cpd/kg/keV

y%%@ B. Suerfu, Phys. Rev. Applied 16, 014060 (2021)




SABRE South Collaboration
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SABRE South @ SUPL

Muon System
9.6 m2x 5 cm EJ200
R13089 PMT x 16 @ 3.2 GS/s

Passive shielding, Steel + HDPE

Liquid Scintillator Veto System

12k litres Linear Alkyl Benzene + PPO & Bis-MSB
Stainless steel, non-thoriated welds, lumirror coating
Oil-proof base R5912 PMT x 18 @ 500 MS/s

DM Target Detector
Nal(Tl) Crystals, HPN2 flushed
R11065 low radioactivity PMT x ~14 @ 500 MS/s

https://www.veritasium.com/videos/2022/6/2/the-absurd-search-for-dark-matter

ARC CENTRE OF EXCELLENCE FOR @
g PARTICLE DHYSICS;
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SABRE South crystals modules

Feedthrough
plate

OFHC
copper

PTFE
internal

Nal(T1) crystal

R11065
76 mm PMTs



LS System

411 coverage:

12 kL Liquid alkibenzene from JUNO
doped with PPO and Bis-MSB

Photon attenuation > 20m
»238J/232Th<10-1° g/g, “0K<10-17 g/g

*18 204 mm PMTs (Hamamatsu
R5912) oil proof

*16 PMTs from Daya Bay for testing
and possible integration in the LS
Veto system.
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Timeline

2023 2024 T
Q Q2 Q3 Q4 Q Q2 Q3 Y o o - ~
i 10F
Crystal production, transport, cool-down 2} SABRE Sourn
s [ Discovery \\\\\\\\\
B Exclusion §§§§§§§@

Clean room, glove box Nal enclosure assembly, testing

Nal installation

Years of live data

Veto tank prep. Installation

Fluid handling manufacturing Installation LS installation

Shielding stage 1 Shielding Stage 2

SUPL access and p flux u installation

PARTICLE Pﬁ/Slcs'\



SUPL activities (near term

Lead castle for crystal
assembly testing
(pictured LNGS)

Muon system and
calibration stage
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Clean spaces

« 2 Main facilities (Figures shown are from LNGS) with ISO-7
performance.

* Nal assembly clean room/tent
e (Clean room under muon parking frame
* Assembly glove box.
e Storage for materials

* Facility for characterisation necessary at SUPL. Shielded
volume: lead with N2 or compressed air flushed box y

 Veto Tent

 Cover to prevent Radon plate-out in the vessel during lumirror,
PMT, calibration system mounting

 For both Rn mitigation is our primary concern. We are discussing
with SGM to use “compressed airline” delivering low Rn air from
the surface for use in refuge chambers near SUPL.

_ﬁ p

Kv‘}& ¥ Nal(Tl) detector characterisation castle at LNGS
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First to go down: Muon System

e Geometry:3m x 0.4m EJ200 x 8 modules. 2-PMT readout ToF-
type system with ~5cm position resolution along detector.

« Veto for background directly above crystals (avoiding LAB), and
for muon flux.

UP |

¥ CL L
8 C — = 5 _— —_— — ' IED l
| P 1 i)
| é/ SABRE SOUTH '. | I
DRAINAGE TANK I FUTURE CLEAN
| (20-FT ISO CONTAINER) . LAB AREA I
| | I Muonsystem
Ur In Parked area |
_____ |
|
|

e Stage1: 2 layer configuration for y flux vs. direction at SUPL

(1025 m)
Ready for deployment in January 2024. |

SABRE SOUTH
. EXPERIMENT

GAS PANEL

UP RS - MAIN

ACCESS
PLATFORM

DAGS PE — — = — —
L
RACKS/DESK FALL L 16 -

(S |

PIT

o Stage 2: SABRE i Veto and muon flux modulation studies.
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Muon flux

/E: — = | Stawell Surface ="\
S —— SUPL s 2N
~— 1.02] / N
Pony —_— LNGS / \\
S
€ 1.00-
| T
S =TT
S 0.98{ S~__--"
Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
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Other achievements

EXHAUST (10 ) EXHAUST T
ATl AT L
VAN HALL MAN HALL

Common EPIC framework

DAQ & Monitor

o B B B B B B

Network

st
Ethernet
Temp. Local
Hum. Compute:
SUPL Vibration logging erw. Date Stream Fibre to Surface
02, other sansor data to irtegration
db Conditioning

Etherret

Local Compule
Data Analysis

c;ttil PP::}'[I_‘: Data rec'uction/
SABRE Muon Dat: reparation

Algorithm Timings

NP Times

Temp.

Hum. \
Vibration / Multi-TB
storage/

Ethernet
buffer

- 00Mbps

60 mmm NP JIT Times
I Py IT Times

Slow
Controls

Ge Spect. Local Compute

Spectral analysis
Rooms @ Loading db
Tomp. \
Remote Hum.
Control

W %'Jc-)zage/ COmpUtlng

Offline software framework

Time (us)
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SABRE North status
*3 x 3 matrix of = 5 kg Nal detectors (40 kg)

eInner 5 mm thick ultra pure Cu box

*]10-15 cm Cu and 80 cm PE shielding structure (~ 30t)

*Predicted background from environmental gamma and
neutrons ~0.01 dru in the ROI
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SABRE Impact

* Crystal background from Nal-33
* Cosmogenic background SH (half life 12.4 yrs)

Rate [cpd/kg/keVee]

107"

1072

SABRE South
Preliminary
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SABRE South arXiv: 2205.13849
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Years of live data

Assuming total crystal mass of 35 kg and
background of 0.5 cpd/kg/keV

P

5

Sensitivity ~\/M/R,,

Statistically significant
results with 2-3 years of
exposure



CELLAR

* Dilution refrigerator (10 mK base) Iin
SUPL

* Another at Swinburne (30 mK base)

* Rare combination of deep underground
lab and cryogenics

* Enable extremely low background
research

* Research areas: quantum tech,
gravitational waves, dark matter, etc

» Open-access facility for Australian
researchers
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Ultra-low-mass DM reaches
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FIG. 4. Projected 90% C.L. upper limits on the dark matter—
nucleon cross-section at ODIN, oy, assuming a run time of
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OTHER ACTIVITIES AT SUPL

Planned.:
Ultra-low background Ge counting facility

» R&D facility for cryogenics dark matter detectors & TPC detector prototypes
» Geophysics
Woking on It:

» Low background radiation biophysics : Study the biological effects of very low
background radiation.

» Extremeophile astrobiology — life in extreme environments (no oxygen, high T, high p)
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