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Conceptual framework, design, resources and planning: The Centre’s overall conceptual framework of broadly 
searching for the nature of dark matter interconnects the major research themes. The four programs are closely 
interwoven, with the theoretical program providing broad support across all of the experimental research themes, while 
the underlying technologies, e.g. cryogenic systems, quantum measurement methods, data acquisition systems, 
radiopurity assay, have broad applicability across multiple experimental programs and beyond. The Nodes and Partner 
organisations bring considerable existing resources to the Centre in the form of research and technological expertise of 
the CIs and PIs, and hardware capabilities, e.g. accelerator laboratories at ANSTO and ANU.  

The timelines for the major experiments and R&D activities are shown in Table 1 and are described in detail in the 
subsequent sections. We reiterate that a key advantage of the Centre is its agile nature and cross-disciplinary expertise, 
so that any developments in the field may result in shifting experimental priorities and timelines. 

C1.3.2 Direct Detection Program 

Weakly Interacting Massive Particles (WIMPs) have masses in the GeV – TeV range and are relics of the early Universe 
[2]. An exciting property of WIMPs is that the expected strength of their interactions with ordinary matter is sufficiently 
large to produce detectable signals in direct, indirect and collider experiments. WIMP direct detection experiments 
search for the scattering of ambient WIMPs from target nuclei in detectors, producing recoil energies that can be 
detected through phonons, ionisation, scintillation, and other methods. WIMP searches suffer from challenging 
background sources, including those from cosmic rays, so WIMP direct detection experiments must be shielded in deep 
underground laboratories. 

In contrast to the massive WIMPs, another well-motivated class of dark matter particles are Weakly Interacting Slim 
Particles (WISPs) (meaning light or ultra-light). This generic grouping includes bosons of spin 0 (axions, Axion-Like 
Particles (ALPs) or light scalars) and spin 1 (dark photons), with masses spanning sub-eV to keV. A particularly well-
motivated case is an axion postulated by Centre PI Wilczek and Weinberg [9]. Until recently, much of the WISP 
parameter space was thought to be experimentally inaccessible, but exciting new quantum techniques have opened up 
a suite of new precision quantum experimental approaches. Consequently, we will have two direct detection 
subprograms, depending on whether the dark matter search must be done in an underground laboratory (WIMP) or 
using quantum precision measurements (WISP). 
 

Figure 4: Dark matter mass 
ranges to be searched in 
Centre WIMP and WISP 
direct detection experiments 
and the LHC Program.  

WIMP direct detection approaches:  
WIMP direct detection experiments have made enormous progress in the last two decades. A comprehensive program 
to reduce background noise using a combination of material screening, radio-pure shielding and active veto detectors, 
has resulted in projected background levels of below 1 event/kg of target mass/year. There are two standard WIMP 
direct detection strategies: (a) the no-background approach and (b) the modulated signal approach. Most 
experiments adopt the first approach, whereby they attempt to reduce background to an absolute minimum and 
interpret any excess counts as a dark matter signal, e.g. XENON1T [10]. So far, none of these experiments have 
obtained a positive signal. The alternative is to search for an annual modulation signal, e.g. DAMA/LIBRA [11].  
Figure 5. Annual modulation searches exploit the motion of the Earth through the 
dark matter ‘wind’ to distinguish signal from the background. Due to the orbit of 
our solar system about the galactic centre, this wind appears to come along the 
galactic plane, from the direction of the Cygnus constellation. The speed of the wind 
relative to Earth changes as we orbit the Sun, leading to an annual modulation in 
the expected dark matter signal rate. A true dark matter signal would have a peak 
event rate in June, irrespective of the location of the laboratory on Earth, while 
seasonal backgrounds would peak at opposite times in the Northern and Southern 
Hemispheres. Correlated annual modulation signals in the two hemispheres would 
be a ‘smoking gun’ dark matter signal. Existing underground laboratories are all in 
the Northern Hemisphere, hence the importance of the Southern Hemisphere 
laboratory, SUPL. (Figure from New Scientist) 
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Nowhere for PBH to hide (soon)

Credit: Niikura et al (2019) Nature Astronomy 3, 524-534

2 s – 20 min

Microlensing PBH Collaboration 
(Key, Lawrence, vd Velden, Mould, Freeman, Abbott)
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EXPERIMENTAL PROGRAM TIMELINE

Blue: R&D and new experiments, Orange: construction and commissioning, Green: detector operation

Direction detection related programs 
Strong	overlaps	across	
research	themes		
	
CDM	advantages:	
•  Cross-pollination	

across	disciplines	
(nuclear,	particle,	
astro,	metrology,	
quantum)	

•  Interplay	between	
theory	and	experiment.		

	
Need	for	extensive	
collaboration	across	nodes	
for	successful	experiments	



SUPL STATUS
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Ready 2021

First deep underground laboratory in Australia

main experiment hall
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The Current  SABRE Collaboration 

Princeton University:  
 Frank Calaprice, Jingke Xu, Francis Froborg, Emily Shields. (Physics) 
 Jay. Benziger (Chemical Engineering), Cristian Galbiati.  

University of Houston:  
 Ed Hungerford, Stefano Davini, George Korga 

PNNL: 
  E. Hoppe, J. Orrell, C. Overman 
LNGS:  

 Alessandro Razeto, Aldo Ianni 
Milano'University:'

 Davide Angelo  
Rome: 

 Claudia Tomei + others.   Recent discussion. Strong interest. 
University Melbourne, Australia: 

 Elisabetta Barbario + others.  Recent discussion. Strong interest. 
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1. Southern hemispheres location: pin down any 
season-related background 

2. Active veto: 10 time less background of DAMA/
LIBRA

3. Development of ultra-high purity NaI(Tl) crystals 
○ Ultra high purity NaI powder
○ Ultra clean crystal growth method:almost as clean as 

DAMA/LIBRA

4. Particle ID 
○New techniques are being developed, discrimination 
between electron vs nuclear recoil 

(Adelaide, ANU, Uni Melbourne, Swinburne, ANSTO)

(charge ratio, at a value of 0.2), we see that there is a 69% signal e�ciency in identifying neutrons, with a
corresponding 23% fake rate. For the gamma rays we see a 72% signal e�ciency with a corresponding 31%
fake rate. By using the BDT instead, we get a fake rate of 10% for neutrons at an e�ciency of 69%, and a
fake rate of 18% for the gamma rays at an e�ciency of 72%. This large improvement in the classi�cation
performance means that we can identify each particle in the SABRE veto with a much higher degree of
con�dence, in comparison to just using a single variable analysis. This is a promising result for SABRE, as it
improves our ability to disentangle the backgrounds detected in the veto system, and identify those which
may be mimicking a DM signal.
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Figure 5.1: (a): The results from the BDT. (b): Ranking of the variables according to their information gain.
(c): The classi�cation ROC curve.

5.2 Development of Prototype Simulation
Only being able to use an Am-Be source for this study severely limited the energy range I got to investigate,
both for gamma rays and neutrons. In order to circumvent this, a prototype simulation was developed
using the GEANT4 simulation package reference this, a software framework purpose built for simulating
detectors and particle interactions, commonly used in many particle physics experiments. GEANT4 will
output photon times corresponding to their arrival at the photocathode. This rawdata has to be transformed
into a waveform for proper comparison with data.

Even if the simulation is geometrically the same, di�erences will still arise between data and simula-
tion due to detector e�ects that are not modelled in the simulation (and cannot be modelled very easily).
These detector e�ects manifest themselves in the waveforms, and often lead to some kind of degradation of
information in the waveform itself. Thus, in order to have quantitative comparability between simulation
and data, these e�ects need to be modeled through some kind of digitisation algorithm. This work would
constitute a whole other research project, and so we only look for qualitative comparability in this thesis.
Therefore, ad-hoc smearing factors based on the timing information of various detector components are
applied to simulated waveforms (see section section here). Once some degree of qualitative similarity is
established, the simulation is ran for 150,000 events, split half/half between neutrons and gamma rays, for
a uniform energy range between 10 keV and 2 MeV. Analysing the behaviour of these variables over this

41
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 SABRE
SABRE	South	Timeline 
(Many	more	tasks	are	not	
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 NEXT?

Low-Mass Dark Matter (1-10 GeV)
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 METROLOGY 

Advanced Metrology
Developing methods to measure contamination in detector materials
Immediate focus on 40K, 129I, 210Pb
Survey relevant, existing capabilities of ultra-sensitive techniques/laboratories            

e.g. ICP-MS:
• PNNL (USA) – 40K
• Developing local capability: collaboration with 

ANU Research School of Earth Science
- Laser ablation, Quadrupole, Sector field ICP-MS, etc

see Z. Slavkovská later today
Also TIMS, AAS, …
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 CYGNUS CYGNUS
● TPC prototype

● CYGNUS-0 (1 cm drift)
– Recently collected =rst 

measurements!

● CYGNUS-1 (17 cm drift)
– Optical + charge 

+ intensi=ed camera readout

– GEM gain

– Negative ions
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+ Peter Mcnamara
(UMelb)

First ‘directional’
measurements!

 Lyndsey Bignel
Driving part of the physics program: 
ANU, UoM. CIaran O’Hare, N Bell, 
Jay Newstead, Peter McNamara, 
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 LOW MASS 

large-area calorimetry:  a universal sensor
The promise:                                                                                                   arXiv:1503.01200 

If we believe naive scaling laws… meV thresholds (on macroscopic absorbers) appear possible. 

This sensor can observe a wide variety of excitations from a wide variety of target materials.

The challenge:

Do the sensor scaling laws actually hold up, particularly with temperature? 

What new low-energy material processes will we discover?

phonon

crystal

phonon

superfluid

atom

charge 
via 
Luke-Neganov 
phonons

semiconductor

photon

scintillator
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sensing nuclear recoils

excitation 
production 
efficiency

recoil energy

electronic 
excitations 
(of all types)

kinetic motion 
(phonons)

0

~1

eV keV

nuclear recoil case

1) typically, less energy than electron recoil case 
             (unless taking advantage of low-momentum-per-E states) 

2)    typically, low or no energy in the electronic signal quanta 
             (plus side:  no need to argue about ‘quenching’ anymore…)

23
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Very%Cryogenic%Solid%State%
Big!Advance!=!Distinguish!ER!from!NR!on!an!event!by!event!basis!

Need sensitivity (big ΔT)  for small ΔE  

€ 

C(T ) =
ΔE
ΔT

∝T 3

What is different at 50 mK than at 77 K  ? 

Priscilla%Cushman% SLAC%2014%Summer%Institute% 15 

impurity excitation energy is kT < 10 meV  
 ! No need for doping – “depleted” already 
 ! efficient charge collection at low drift fields 
 
      Residual space charge effects are removed 
      by a neutralization process (IR led flashing) 
 
At a few V/cm, e-h holes can propagate without producing more phonons 

 ! distinguishing between charge and phonon is not confused. 
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 ! distinguishing between charge and phonon is not confused. 

Nuclear 
recoil

Electron 
recoil

Nuclear Recoil
Research Directions

NEW TECHNIQUES

TRADITIONALLY: TES SPIN ENSEMBLES, MASERS, CLOCKS

Maxim Goryachev
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 LOW MASS 
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(WDM limits,
stellar cooling)

2-phonon

single acoustic

optical

[Campbell-Deem, PC, Lin, Melia, Knapen 1911.03482][PC, Melia, Rajendran 1905.05574]

anharmonic

contact

2) Multi-phonon scattering1) DM-optical phonon scattering

Scattering rate suppressed for DM that couples 
equally to protons and neutrons.

“coupling-to-mass” effect

Single acoustic mode requires very low energy threshold.

2-phonon processes can be relevant for low masses.
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Peter Cox - Centre Workshop 2020

Peter Cox
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AXIONS/ALPS
Axions: Letters of Interest: SNOWMASS

Axions - ORGAN
• Planned runs in coming years

Plenty of room to
get involved!

Ben McAllister

  

ALP Dark Matter: Misalignment

● The axion/ALP is not a thermal relic (i.e. not a WIMP)

● Field displaced from origin in early universe

● Starts to oscillate around origin when

● The ALP field evolves as

● R(t) is the scale factor of the FRW cosmology.  

Many people since the early 1980s. Also many people since the 2010s.

Matt Dolan
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ANNUAL WORKSHOP -- ARC CENTRE OF EXCELLENCE FOR DARK MATTER PARTICLE PHYSICS -- THEORY PROGRAM -- NICOLE BELL -- 26 NOV 2020 9

Cross-node theory highlight:  Dark Matter Capture in Neutron Stars

Melbourne: Nicole Bell, Sandra Robles, Michael Virgato
Adelaide:      Anthony Thomas, Theo Motta
ANU: Giorgio Busoni

Dark Matter Capture in Stars
Æ complementary approach to DM-nucleon recoil experiments

Scattering
DM

Image: NASA 

• Due to their extreme density, neutron stars 
capture dark matter very efficiently.

• Capture probability is of order unity when
ఞߪ > ௧~10ିସହcmଶߪ

Page 2 

Outline 
I. Nuclei from Quarks  

 í�VWDUW�IURP�D�4&'-inspired model of hadron structure 
 í�GHYHORS�D�TXDQWLWDWLYH�WKHRU\�RI�QXFOHDU�VWUXFWXUH 
 

II. Neutron Stars 
 í�UROH�RI�K\SHURQV�DQG�LQVLJKWV�IURP�*:������ 
 
III. Dark Matter:  
 Use insights from I and II to investigate and constrain 
 properties of Dark Matter and its interactions 
 í�SURSRVHG�H[SODQDWLRQ�IRU�QHXWURQ�OLIHWLPH�DQRPDO\ 
 í�FDSWXUH�RI�'0�E\�QHXWURQ�VWDUV 
 í�HIIHFWV�RI�FDSWXUHG�'0�RQ�QHXWURQ�VWDUV 
 í 

Cedric Simenel and Tony Thomas
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LHC Direct searches for Dark Matter at the LHC 

• Flagship DM searches at the LHC are under 
the remit of the combined DM group, the 
search groups each participate in this

CDMPP meeting 5

Recent work

Recently submitted updated 
search for jets and missing 
energy using full Run2 data
https://arxiv.org/abs/2010.14293

No excesses observed

Place stringent limits on squark
and gluino production.

More canonically, limits on 
invisible objects produced in 
association with jets.

Paul Jackson, Geoff Taylor
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RESEARCH
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FUTURE  IMPORTANT DATES
• 2 days ECR workshop (all centre researchers are invited) end of January:

• ECR presenting there research (1.5 days)
• ECR discussion on centre committees participation (0.5 days)

• Special Initiative:

• Two stags: EOI and final round. 
• Process and selection criteria by the end of the year  

• Calls for topical workshops in February (tbd)

• Annual report 31 March 2021
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THANKS
Amanda (UoM), Martina(UoM), Paddy (UoA), Luana 
(Swinburne), Mary (UoM), Petra (ANU), Linda (UWA), 
Danae (Sydney), Sharon (UoA) and Fleur (UoM) for 
media stories.

Please fill the survey: hWps://www.surveymonkey.com/r/QJBRW78


