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Dark Matter Evidence

Galaxy Rotation Curve
Credit: Matthew Newby, Milkyway@home
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Dark Matter Direct Detection
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Annual Modulation of DM

A model independent signal for dark matter due
to relative motion of earth through DM halo

Period of 1 year, peaking June 2d
G (to = 152.5 days)

220km/s salarmoton
WIMP wind

Expect very low modulation amplitude ~0.01
cpd/kg/keV

/

December

Single hit events

dR
dER

(t) = So(ER) +|Sm(ER) cosw(t — tg)

What DAMA measures + reports
(“residuals”)
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The DAMA Anomaly

The DAMA/LIBRA experiment produced 20 year long
observation of annual modulation

« 1-6 keV nuclear recoils at a significance of 12.9 ¢
 Is currently unresolved
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Testing the DAMA Anomaly

Anomaly best tested by similar, but :ﬂ: 0.015
improved, detectors: & 3 DAMA/LIBRA
« ANAIS - Canfranc underground lab, Spain o 0.0101 COSINE-100 6y
« COSINE100 - Yangyang lab, South Korea < 0 005_- ANAIS-112 6y
« Cosinus - LNGS, Italy (Nal, cryogenic, no Tl) E ' Combined 6y
- SABRE - SUPL, Australia and LNGS, Italy S o000f Tt 50
Utilising the same target material (Nal(Tl)) o 40
=2 —0.0051 30
Current tests of DAMA/LIBRA results are ) 25
inconclusive = —0.010 .
e 1o
COSINE-100 [2] ANAIS-112 [3] § 0015
~2.9 cpd/kg/keV ~3.2 cpd/kg/keV —Y 1-61keV  [2-6] keV
100 kg of Nal(Tl) 112 kg of Nal(Tl) COSINE-100, ANAIS—1[1 2, Phls. Rev. Lett, 1[35 (Se]p, 2025) 121002
/q B = 12 ANAIS-112,
= . ke 10 arXiv:2404.17348
IR 2 8
. Both have upcoming @ 6
. upgrades with lower >4
T~ backgrounds! T 2

& F 2 4 6 8 10
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https://arxiv.org/abs/2404.17348

Comparing Results: Quenching Factor

Accurate comparison of results dependent on quenching factor to ensure consistent energy scale

Quenching factor: Conversion factor of nuclear recoil energy to electron-equivalent, due to energy losses in

recoil process

Stiegler vs. DAMA QF yield different energy regions - evidence QF also varies based on crystal growth process

Require accurate QF measurements to ensure proper comparability across experiments

Nuclear recoil spectrum <& for Na, m, =10 GeV/c?
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M. J. Zurowski, arXiv: 2211.15861
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The SABRE Collaboration WARK )R

MELBOURNE
Detectors in two locations: North
« SABRE North: Laboratori Nazionali del Gran Sasso INFN v
(LNGS), Italy *A'“N’A UNIVERSITY
* SABRE South: Stawell Underground Physics Laboratory &
(SUPL), Australia @
Dual hemisphere - seasonal backgrounds opposite phase

i.e. Muon induced

Crystals Screenmg A Veto LS & PMTs
ZSICCAS
SABRE South is a first for Australia: £ ani
- First deep underground INFN Y = & i
laboratory at 1025 m in T ' 5 P

aboratori Nazionali de! Gran Sasso

southern hemisphere
« First underground dark
matter experiment
SABRE South assembly beginning |
in late 2025/early 2026

f:)\ STAWELL
_UN[]ERGRUUN[]
)) PHYSICS LAB
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SABRE South Collab,

The Stawell Underground Physics Lab |z

Lab completed in 2022/2023, and first detectors commissioned in 2024 ot ?
. . 5 /-*—/ \_\_/
Muon detectors installed in “telescope mode” to measure flux, angular ki L j
SpeCtrum =1 3 " i i " SABRESootly '
; | \"E* P —»”EX.ijmr««—-i\ \\ ”
First muon flux measurement published, see: SABRE South Collab, N Ex,,er.memama.moxgom,

min. height 12m

Astropart.Phys. 179 (2026) 103240

S L ‘ Entry Way
. . ] " c== | Cleaning Facilities
— Nominal value Uncertainty ¢ w
8 = eff|C|ency | I | Rest Areas
. Statistical Systematic ~ B "‘»

a - geometric acceptance

Telescope 1 ™% [s~! x cm™2] 3.03x 108 +0.02x 1078
Telescope 2 f™¥ [s~! x cm™2] 3.02x 1073 +0.02x 1078 B
fraw Average f™ [s™' x cm™2] 303 %1078 +0.02 x 107 1072 E
f== € 0.989 - +0.003 _ F N
Ea P 0.483 - +0.026 TO1075E NN , .
N F WIPP \\ \,!‘LSC Mountain overburden
fls™' xem™2] 6.33x 10°% +0.04 x 1078 +035x 1078 g [ Soudan\l\ ‘\‘_!\ Kamioka
[t 10—7 L \\\\ i .
fom =48 £ 23)x 107 [s7! x cm™2], E’ SUPL "\.,_\ . 1NGS
= — SUPL g 10-5L Boulby oL *..‘\ i
£ = So. ey LsM E
€ 1.01{ — LNGS = i o S E
- ] L "-,_\ "’\s
3 SABRE SOUth g 109 T TSRS o
& 1.00 Simulation a g SNOLAB s iy
ll.a 10710;—||||||||||||||||||||\|\||||||\|\|\|-;
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= | | | | | | | | | | Vertical overburden depth [km.w.e.]
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The SABRE South Concept

I SABRE South Collab 2025 JINST 20 T04001

To effectively test DAMA/LIBRA, an ultra-low background is required to be sensitive to 0.01 cpd/kg/keV

Backgrounds dominated by radiogenic background in crystals - SABRE South backgrounds comparable to

DAMA/LIBRA with high radiopurity

Utilise an active veto detector to drastically reduce external backgrounds - <10% of background external

to crystals by design

Crystal intrinsic <5.2x 101 13
- ] . ., Crystal cosmogenic 1.6 x 101 45
Experiment ntg (ppb) U (ppt)  ZTh(ppt) ~'""Pb (mBg/k
P (PI PPL \PPU ( 9/ke) Crystal PMTs 3.8 x 102 57
DAMA/LIBRA [1] 13 0.7-10 05-7.5 (5=-30)x10""° Crystal wrap 4.5x%103 11
ANAIS-112 [2] 31 < (.81 0.36 1.53 Enclosures 3.2x10° 85
COSINE-100 [3] 35.1 <0.12 <24 1.74 Conduits 19x10° %
-5
SABRE (Nal-033) [4] 4.3 0.4 0.2 0.34 =l Sl =2
Veto PMTs 1.9 x 105 >99
I =
[1] DAMA Collaboration, R. Bernabei et al., The DAMA/LIBRA apparatus, NIMA S T Sl i
[2] ANAIS Collaboration, J. Amaré et al., Analysis of backgrounds for the ANAIS-112 dark matter Liquid scintillator 49x10% >99
experiment, EPJC External 5.0x10* >93
[3] COSINE Collaboration, P. Adhikari et al., Background model for the Nal(Tl) crystals in COSINE- :
100, EPJC Total 0.72 27

[4]1 B. Suerfu et al., Growth of ultra-high purity Nal(Tl) crystals for dark matter searches, Physical
Review Research

SABRE South - 0.72 cpd/kg/keV
ANAIS112 - 3.2 cpd/kg/keV
COSINE100 - 2.9 cpd/kg/keV
DAMA/LIBRA - 0.8 cpd/kg/keV
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Th e SAB R E SO Uth D ete CtO t | SABRE South Collab 2025 JINST 20 T04001

9.6 m2 Muon
> 18x R5912 Veto | Detectors

' ¥
Improvement on similar detectors: PMTs . =

« Higher purity, low background crystals

- Southern hemisphere location

- Active background veto Steel and Polyethylene

+ Particle ID, some position reconstruction Shielding
capabilities

Total background: 0.72 cpd/kg/keV for 50 kg of
Nal(Tl)

1 keV energy threshold for 1-6 keV ROI in Nal(Tl) > o O

In-situ optical (in LS) and radioactive calibration
possible

High quantum efficiency and low
radioactivity R11065 Crystal PMTs +

ultra pure Nal(Tl) crystals Steel Vessel containing 12 kL LS, inner walls
Lachlan Milligan - Uni. of Liverpool Seminar, 2026~ covered in Lumirror reflector
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The SABRE South LS Veto

12 kL of linear alkyl benzene (LAB) procured via
JUNO experiment production line, doped with
PPO and bisMSB

40K Rate
Two key requirements: Foo saBRE South
« Reduce 4K background by factor of 10 € | Smuiaton | veto on (50 ket
« Provide some degree of event reconstruction 3 o - vetoor
- particle ID or position reconstruction g |
0 150~
Desire to extract as much ; Energy Region
° ° 0 01—
physics/information from the veto : of signal
0.05;
To achieve requirements demands deep .-
understanding of detector response Lzl e
1E e
15 SABRE South Collab. EPJC, Vol 83, 878 (2023)
e e . | httpsi/doi.org/10.1140/epjc/s10052-023-11817-z

Energy [keVee]

Lachlan Milligan - Uni. of Liverpool Seminar, 2026 12


https://doi.org/10.1140/epjc/s10052-023-11817-z
https://doi.org/10.1140/epjc/s10052-023-11817-z
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https://doi.org/10.1140/epjc/s10052-023-11817-z
https://doi.org/10.1140/epjc/s10052-023-11817-z

Fu | | D etector Re S p onse | LJ. Milligan et al 2025 JINST 20 P07049

Light yield of of LS ~12 photons/keV
Average of 0.75 PE/keV detectable by any PMT

Simulated analysis of triggers indicate threshold between 20-50 keV (>15 PE) possible - expect low amounts of
detectable photons at keV energies

Understanding of PMT response/noise imperative o .
Considering 4K decays that interact

with LS
42 5 Thres. requirement Veto efficiencies
E 107 Trig. PMTs PE Thres. | All energies 0-20keV  20-50keV  50-80 keV ~ 80-100 keV
it PMTs >1 PEs>1 99.9% 92.5% 100.0% 100.0% 100.0%
102- I PMTs >4 PEs>1 99.9% 71.0% 100.0% 100.0% 100.0%
; PMTs >1 PEs>6 | 98.6% 0.0% 18.3% 72.6% 97.9%
Total PMTs >3 PEs >3 99.3% 2.1% 67.3% 100.0% 100.0%
101} PMTs = 4,PEs = 1 [ PMTs =18 PEs>1 97.0% 0.0% 1.4% 25.2% 58.0%
PMTs = 1,PEs = 6 E > 100 96.7% — - - -
I PMTs = 3, PEs = 3 E > 50 98.7% — — - —
100 - | PMTs = 1, PEs = 18 E > 20 99_6(70 _ _ _ _

0.0 02 04 06 08 1.0 12 14
Energy Deposited [MeV]
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PMT Performance Parameters |5 qmen o s 20 ores?

Broadly, PMT performance parameters can be split in two ways:
« Signal and noise related parameters
- Parameters important for configuring the detector, and for doing reconstruction in the detector

Measure these for the PMTs in our SABRE South LS Veto

Challenge: Consistently dark environment, experimental setups capable of single photon sensitivity

Stacked ND filter and Out to V1730 digitizer

a8 | arge light-proof . .
arge light-proofed pinhole (attenuation) with 2 ns precision

dark boxes mounted
on optical table

Dark optical setup with
picosecond pulsed
laser capable of
attenuating to single
photons

Lachlan Milligan - Uni. of Liverpool Seminar, 2026 14



Pre-calibration: SPE Response/Gain

0
= —— Full Model
Q
U>J Underamplified Gaussian
5.
10% f SPE Gaussian
J.-" Pedestal Gaussian
4
100 f L
103- :
:IHH;';.‘.‘l.‘\\.Ll‘.Hl‘..‘l‘..‘lu.‘l.‘.].
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

Isolated single photoelectron (PE) charge spectra

Charge [pC]

through coincidence with laser signal

FIt: PNy, No pipe, e, Hpeds Tpeds 0) = N1G (X, fped, Opea) + N2 G (x, pipE, 071pE)+
(1 = N1 = N2)G(x,0 X pipE, 0 X T1PE),

1PE mean = mean SPE charge

2.00

Gain (x107)
o
(@]

1.25F
1.00F

0.75
0.50

0.255

1.75¢

T L L

TIT T T T rTT

L

L | L L L I 1

1.5 16 1.7 18
Bias Voltage [kV]

Repeat for range of bias voltages, extract
gain curve

Fit according to: = AVkN
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A, k floated, N no. of
dynodes (10)
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Pre-calibration: SPE Response/Gain

S 10r <8 .
~N L St Average Fit Result
2 g Z ol Individual Fit Results
= =1
E 6 O 5r
° | 4F
| :
a4 N
5 o
= 2r
k 1r
096,005 10 15 20 25 3.0 | S T T T

Mean SPE Charge [pC] 1. 40 1. 45 1. 50 1. 55 1. 60 1. %E:a; Z/%“:la;Se [1k2\3/0]

Mean SPE charge and gain at fixed 1500V bias voltage for every PMT
Expected gain from Hamamatsu is ~1x107 - slightly below expected

Gain curves, and mean SPE for each PMT, allow for individual configuration of LS veto instruments



Pre-calibration: Timing Properties

Transit time spread (TTS) - spread of time for signal to traverse PMT (FWHM of timing dist.)

Timing dist. acquired relative to laser trigger time

" led N _F
c i c 6r
= [ LN L
D20+ g 5k
C r L
) B o r
o | ~ak
1.5 10 4:
i =
(a 3k
i o 3r
1.0_— o [
O 2F
i -g i
r 2 [
0-0756.:0 152.5 155.0 157.5 160.0 162.5 165.0 1675 170.0 020 25 30 35 40 45
AtpyT — 1aser [NS] Transit Time Spread [ns]
Dist. Fit with a crystal ball function, Hamamatsu nominal TTS ~ 2.4 ns
FWHM extracted from PDE Majority of PMTs consistent, spread above

due to resolution of laser
Lachlan Milligan - Uni. of Liverpool Seminar, 2026 17



Pre-calibration: Response Linearity

Linear PMT response is when the measured number of
PEs determined via PMT response matches the
expected number from physics

At intensity where this match is no longer 1:1 - PMT
response has saturated

Determining point at which response saturates, is
important for reconstructing high energy events

G100 - ’.'
U Range of ND filters attached EBO; . saturation region .- % deviation
Laserinvia to motorized stage ® [ o
collimator, adjustable 8 ol [
aperture, at high Can reach range of gmi | e
Intensity intensities, data collection ‘§ : % |l 01847/
automated Eor ot e e omoimes |
PR TS S W NN S AN ST N N SN SO S NN S S SO S

o

L 1 1
0 10 40 50

20 30
Anode output charge @ far (pC)
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Pre-calibration: Response Linearity

Expected intensity: number of PEs determined from attenuation of ND filter at each intensity, applied
to low intensity reference in linear regime

Measured intensity: number of Pes determined from PMT charge at each intensity
Large error bars from ND filter tolerance

Saturation onset determined at intensity of ~500 PEs

—3.0
- -O -
L L
o | —— Laser Power 8 SL2r —— Laser Power 8
2.5F Q I
'“S : Laser Power 11 o Laser Power 11
X 2.0F ._UJ___]-O_ ___________________________________________________________
I : 'c r
ol g I
& 1.5:‘ , a 0.8F
I o |
S1.0f s
o 0.6
S 0 5_— / L
© [
Q _'{’l o b e b e e e b e b O 4._
= 0.0 0.5 1.0 1.5 2.0 2.5 3.0 B e T

0.0 05 10 15 20 25 30

Expected Intensity [x103 nPE] Expected Intensity [x103 nPE]
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Pre-calibration: Dark Rate

PMT placed in temperature-controlled/insulated environment (fridge)

Temperature adjusted by heating fan/fridge remotely w/ wifi controller,
recorded via ethercat

5 temperatures at 4 voltages, with 4 hour thermalization between temps

Variability key to understand if temperature varies w/ time

DR at 1500V, approx. SUPL temps

R = AT5/46—6¢/KT

‘N6 :
= I ! Average Fit Result — )
2 f T 5F —
~ . s . L o]
Floated 4<I_J,5: Individual Fit Results vl ‘ ‘ 225°C [
M [ L
=l o 4F N g- 25°C [ ]
3.0F 1400V - * =
=} yallls S |
52_5;— 1500V - 8 3:_ :3-
2 o 1600V - — 23
8 | 1700V - - 2F o
1.5+ < - “62__
: - - e 1_ [ -
e e = g
05f T 0:_ gl_
984286 288 3b0 302 304 294 296 298 300 302 304 z |
femperature 1 Temperature [K] %5 10 15 20 25 3.0

Lachlan Milligan - Uni. of Liverpool Seminar, 2026 Dark Rate [kHz] 20



Pre-calibration: Afterpulsing

Afterpulsing: noise effect at high intensities where small “afterpulses” occur after high intensity pulse after

characteristic time

Caused by ionisation of gas molecules inside PMT volume (increases over time)

Utilise afterpulse data, 18 us waveforms with peak finder to find afterpulses

Afterpulsing rate:
0.00017 pulses/PE

1160+ c
c o 1005 1 | o030
Q 140F I
w 120k 10%9 = 0-023Fy = 0.00017x + 0.00017
@] - I r
- r 101.5 8_0.020:—
@ 100F a :
< 1003 -0 L 0.015F
£ g0 10 <
> | 0.010f
60F 102> :
B 0.005r
40r 0.0005.7 .
L 0 50
20r
I ey TP = = In 1o

At from Triggered Pulse [us]

Lachlan Milligan - Uni. of Liverpool Seminar, 2026

100 150 200

Average Triggered Pulse Charge [nPE]
050 5% B0 975 100 125 150 175 Fraction of events w/ afterpulses vs. intensity of initial

pulse
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Pre-calibration: Spontaneous Light Emission

Spontaneous, low rate of “flashes” observed from oilproof
PMT bases

— 30r
Coronal discharge in air gaps between wiring and epoxy i -
compound in oilproof base Q 25r
] -
o i
Measured for SABRE South veto PMTs, low rate detected w/ g 2%
voltage dependence B &
N 15-
E L
Necessitating wrapping of PMT bases w/ lumirror/foil w o
2 -
-l

Double Chooz Collaboration, JINST, arXiv:1604.06895

(O]
I

o
T

1}

12 13 14 15 16 17 18
Voltage [kV]




Pre-calibration: Daya Bay PMT QA

Lots of PMT properties measured to optimise for our veto efficiency, allow for reconstruction capabilities

Best way to achieve these goals - increase photosensor coverage, increase light collection/detection
efficiency

16 decommissioned R5912 PMTs acquired from Daya Bay for use in SABRE South

Quality assurance on old PMTs before installation - 13/14 can be used

Daya Bay
R5912

Shipped from Daya
Bay Experiment,
China

SABRE South
R5912

Lachlan Milligan - Uni. of Liverpool Seminar, 2026 23




Example of what can be achieved

Can we study the backgrounds detected? = Background Reconstruction and identification
Identify neutron vs. gamma backgrounds in veto?
Spallation neutrons from cosmogenic muons can mimic DM - important background

40K background important as it is in the region of interest of our signal

8025 SABRE South
E | Simulation Veto On (50 keVee)
gr =
- B2 +Veto off
Recoiling Nucleus o
T |
& o150
- .~ K-40decay
. H 01—
Cosmic Muon L o
o - oo Region of signal
a VS. P
N i -
g08k :
. T 06F
Spallated Neutron wodE
B TR
G[} 2 4 6 8 0 12 14 16 18 20

Energy [KeVee]

Lachlan Milligan - Uni. of Liverpool Seminar, 2026
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Pu |Se Sha pe D|Scr| m | na’uon | LJ. Milligan et al 2025 JINST 20 P07049

Particular form of signal processing producing variables exploiting interaction physics of particles
Differing interaction mechanisms = Differing proportions of light in pulse

- Neutron vs. Gamma (nuclear vs. electronic interactions)
Pulse shape variables typically exploit different amounts of light in tail for different particles

e.g. Charge ratio variables exploit higher

5 100F proportion of delayed light emission in neutron
< oo — Neutrons interactions
: Gammas Q
107 2%
2 At __ WYdelayed
1073¢ L M Uy = ———, Qratio — Q
_af A prompt
10 %\1l [} [}
10750 )
: =X NS
10-° Zt:fn s A (r)
-7 CAPx — — ]
10 i T T T Zt—tmax ns A (I_)
400 600 800 1000 1200 1400 1=ty ns
Time [ns]
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Pulse Shape Discrimination with Prototype

Simplified prototype of veto:
SABRINA (little SABRE) - study
discrimination b/w
gammas/neutrons

Lumirror reflector (not shown)

3D printed
flange holding
up PMT with
rubber O-ring

Directly
coupled
Hamamatsu
R5912 PMT

LAB-based LS,
with 3g/L of PPO
and 15mg/L of
bisMSB

Lachlan Milligan - Uni. of Liverpool Seminar, 2026 26



Pulse Shape Discrimination with Prototype

Am-Be neutron/gamma source + Co-60 gamma source

Clean neutron sample required
Utilise time-of-flight between SABRINA and a muon detector

Gamma sample from Co-60 source

Prepare variables for each sample, combine in BDT

1e4
w 4.0:-

GCJ r
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~5 3.0r
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Applicability to Full LS Veto

. ()
In prototype: zu1.o
« Compare performance of best variable with total BDT ® o8
 Full multivariate BDT capable of 90% efficiency at same g o
rejection as single variable (neutrons) o
>
L - 0.4
<30 Gamma [
25;— Neutron 0.2 —— Neutrons
20r
e e T T R T A S Neutrons (Selected via CAP_25)
: i} 0.0 =
15; kev Scale 0.0 0.2 0.4 0.6 0.8 1.0
10;- 2?3: Gamma False Positive Rate
5r o
: | .« o Neutron In full veto we expect prototype results to
20607065 0,70 0.75 0,60 085 0:60 A 12k correspond to ~100s of keV energy
g deposits
10.01
MeV-scale o
5.0 Extrapolate this to full LS veto - capable
2.5¢ of particle ID down to 100s of keV

0.05.6070.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
CAP55
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Application to Physics

Beyond identifying particles for the purpose of disentangling our background contributions, particle
identification useful for physics analyses

Preliminary sensitivity studies of LS veto to supernovae neutrinos indicate ability to detect supernovae out to
center of milky way

Inverse beta decay interaction mechanism results in neutrons - utilize particle ID to tag these events

- |BD —— Median expected
1004 — pES 5 +10 expected
1.68 counts —— eES B 127 =
o C12 — ©
L 101 SABRE South % 1 3
2 Preliminary . 1s counte o > SABRE South
) = . .
. g s . . = = g = Preliminar
Potential inclusion in {102 € ® Y
— counts o
SNEWS! ! 2 6
n 10734 o Discovery
+ Q[T
S N 3 4
8 10744 ; | _Evidence
a ,l
10754
T T T 0 T T T T T T
107! 10° 10! 6 8 10 12 14 16 18 20
Energy [MeV] Distance [kpc]
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Recent Developments and Physics Reach

Clean Spaces and Assembly

Crystal Development and Screening
e~

1}

Large Dia. Crystals grown by SICCAS w/ seedless
Bridgman method

Materials for clean tents, and glove-box for Nal(Tl) handling
delivered to SUPL (for radon control)

Smaller high-purity astrograde crystals from SICCAS sent Clean area assembly beginning

to Melbourne Crystal testing clean tent assembled, ready for testing

Testing/background characterisation in SUPL with 160mm
thick pre-WW2 steel shielding

Full prOdUCtion soon! Lachlan Milligan - Uni. of Liverpool Seminar, 2026 30



Annual Modulation Sensitivity
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Statistically significant results in 2-3 years

live time
« Exclude DAMA to 50 in 3 years data
« Confirm DAMA to 50 in 2 years data

Sensitivity ~/M /R,

30 exclusion

50 discovery
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sSummary

SABRE South aims to test the DAMA/LIBRA anomaly with a background of
0.72 cpd/kg/keV, by measuring a 0.01 cpd/kg/keV modulation amplitude

This is driven by high crystal radiopurity and an active veto that ensures
<10% of background is external

To achieve it's requirements, the LS detector performance needs to be
well understood, which means PMT performance needs to be well
understood

Wide range of PMT parameters measured, to both allow for detector
configuration and reconstruction

Example of this with gamma/neutron discrimination, possible to perform
in LS veto, and apply to real physics example in the veto

SABRE South to test reliably test DAMA after 2-3 years data-taking

Lachlan Milligan - Uni. of Liverpool Seminar, 2026
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Back ups

Lachlan Milligan - Uni. of Liverpool Seminar, 2026
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Key Backgrounds
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Recent Developments and Physics Reach

WIMP-nucleon cross-section [pb]

SD WIMP (Migdal), 5 liveyears
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Preliminary sensitivity studies on SD WIMP (w/ Migdal) and Bosonic Super-WIMPs
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Induced Modulation

Study potential of induced modulation from DAMA/LIBRAs background
subtraction technique using best faith reproduction of their backgrounds

DAMA tritium activity likely over-estimated

» Revised activity found by using SABRE South simulated tritium activity and
revised calculation of exposure

* Induced modulation is lower amplitude, out of phase

Key takeaway: DAMA/LIBRA background is low enough that shape of

background/subtraction method doesn’t matter, there is no induced

modulation
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R5912 PMT Pre-Calibration

THE UNIVERSITY OF
MELBOURNE

R5912 bulk pre-calibration (understanding veto detector response):
20 PMTs in total with a range of properties to characterise for each

Single photoelectron (SPE)
response and gain

Transit time and transit time
spread,

Relative quantum efficiency
Dark rate/dark rate as a
function of temperature
Spontaneous light emission
from oilproof base

Linearity, and
charge response
saturation
Afterpulsing rates

Particle ID studies with small-
scale prototype detector to
Results in under-prep disentangle backgrounds,
Lachlan I\/IR Per to be SmelttEd to expand physics reach

Uni.o leerIDooISemlnar 2026
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Particle ID w/ Prototype Detector

How well can we identify or discriminate backgrounds within
the LS veto? And particle ID in general? Classification ROC Curve
« i.e. gamma ray (*°K) vs. neutrons (from spallation via muons) Lol

—_—

Use prototype detector study as testbed for inclusion of

particle ID algorithms in veto detector - for broader physics 08
reach (e.g. supernovae neutrino detection, models of

boosted DM, background disentanglement)

=
=
T

Small scale prototype detector used:

« 40 L of LS - same to be used in SABRE
« Gammas from ®°Co source

* Neutrons from Am-Be source

« R5912 PMT directly coupled

Efficiency

0.4 0.6
Charge Ratio

0.4 r

—— Neutrons
—— Gammas

0.2
Cut at 0.5 (BDT Output)

_I_
To be included in Veto PMT paper *  Neutrons (Qanio > 0.39)
*

0.0

Gammas (Q,q4, < 0.39)

0.0 0.2 01 0.6 0.8 Lo
Fake Rate

Bibar 2026
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LS Response/Physics

THE UNIVERSITY OF
MELBOURNE

LAB (solvent), and PPO+bis-MSB for fluorophores Solvent
: et i Pri FI
Intensity/transmissivity is wavelength dependent rimary e
S1a Secondary Fluor

. . . Si5 T

PMT choice/fluorophore choice partly motivated by peak L Vs S
14
wavelength s S —C
Xcltations SOC
From JUNO, expect LS light yield to be ~12 photons/keV
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Overview: Photomultiplier Tubes

Cathod it SECONDARY ELECTRON PMT Handbook, Hamamatsu
athode emits
. I-'II I|I '.I". .I-'II
electron via , — VACUUM L
photoelectric ' T -4
effect : ' o A <
DIRECTION 1 | e
oFLGHT i | | '\[r\ =) Readout off
N /AT — eadout o
FacePLATE ]! J ‘ P a7 : — > anode as
S — — ‘ voltage/current
\ at DAQ
PHOTOCATHODE \ ELECTFION ULTIPLIER \ANODE \ STEM
: (DYNQDES)

Amplification of single electron
determines gain/single
photoelectron response (SPE)

Spontaneous thermionic
emission off cathode
defines dark rate

Traversal time defines transit
time and transit time spread
Lachlan Milligan - Uni. of Liverpool Seminar, 2026 41



Pre-calibration: SPE Response/Gain
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Isolated single photoelectron (PE) charge spectra
through coincidence with laser signal

Fit:p x Gipe(pipe, o1pe) + (1 — p) X Gopp(2101pE, \/ialPE)

1PE mean = mean SPE charge
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Signal Processing: From Raw Data to Physics

THE UNIVERSITY OF
MELBOURNE

Exploit understanding of detector and PMT response by applying signal processing to well understood
detector response

Signal processing: conversion of hard-to-parse data (waveforms) to useful summary variables

Signal chain in SABRE South:

| — Avg /

Sample Event

||
I \m‘ —— Low Energy Event

i e | —— Software framework

500MS/s - V1730

T
WL
L |
LT
MM, Mg Mt Ay T
1 1 1 1 1 1 1 1 \
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Time (ns) Neutrons [
-

Digitised waveforms from
DAQ processed by software
to produce useful variables ]

Number of Events

Raw detector data digitised
at DAQ " £
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SABRE South Software Framework

THE UNIVERSITY OF
MELBOURNE

To accommodate for signal processing in SABRE in consistent, repeatable way software framework is

developed

Designed to be modular w.r.t algorithms used/developed, essentially a collection of useful variables within the

framework

Operation of framework:

“variable” or “object”

Readers/Input ¢

Translates data
and adds it to
Data Files =——{  store with
strings

RawWaveform

s ___\ )
Algorithms
\_—_/’/——.’

Retrieve variables
from store, perform
computation, store

new variable

Looped over events

Store

Lachlan Milligan - Uni. of Liverpool Seminar, 2026

Output

Takes data
from store
and saves to
an output
(i.e. ROOT
TTree)

> Large amount of
variables -
optimisation is
important
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Optimising the Framework

To allow for optimally performing framework that produces relevant signal variables, time optimisation is
important

Algorithms optimised using just-in-time compilation package (numba), with python code written to resemble
C++ executing faster

Optimisation of algorithms in this way makes them the fastest component of the framework

Algorithm Timings
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Pre-calibration: Summary/Motivation

To optimise veto efficiency and meet requirements for background model, deep understanding of detector
performance required

Thus, understanding of LS response and PMT performance parameters are needed

With low amounts of PEs detectable (< 0.2 PE/keV), each PMT gain and noise properties measured to allow
each to be configured to achieve required thresholds

To achieve desired reconstruction capabilities, relevant PMT parameters (linearity, afterpulsing) measured

Drastic improvement to LS veto performance with increased photosensor coverage from Daya Bay PMTs,
up to 32 PMTs in vessel now possible

But how/what can we do to exploit this
deep understanding for reconstruction?
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