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Dark Matter Direct Detection in Australia

Universe’s Energy Density  Budget
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Universe’s Energy 
Budget

Dynamical 
selection?

New 
Dynamics, 
Definitely 

BSM
•There	
  exists	
  a	
  wide	
  variety	
  of	
  independent	
  indications	
  that	
  dark	
  matter	
  exists	
  

•Each	
  of	
  these	
  observations	
  infer	
  dark	
  matter’s	
  presence	
  through	
  its	
  
gravitational	
  influence	
  	
  

•Without	
  observations	
  of	
  dark	
  matter’s	
  non-­‐gravitational	
  interactions,	
  we	
  are	
  
unable	
  to	
  determine	
  its	
  particle	
  nature
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Nature dark matter
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Observational constraints are 
no match for the creativity of 
theorists

In this talk, we assume that the 
dark matter particle is a 

WIMP = weakly interacting 
massive particle
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DM Interactions
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Direct Detection of WIMPs: principle

WIMP

WIMP • Elastic collision between WIMPs and target nuclei

• The recoil energy of the nucleus is:

• q = momentum transfer

• µ = reduced mass (mN = nucleus mass; mΧ = WIMP mass)

• v = mean WIMP-velocity relative to the target

• θ = scattering angle in the center of mass system

µ =
mχmN

mχ +mN

 

E
R
=


q
2

2m
N

=
µ2
v
2

m
N

(1− cosθ)

 


q
2
= 2µ2

v
2
(1− cosθ)

ER

3Friday, September 11, 2009



Dark Matter Direct Detection in Australia 5

dark matter halo

WIMP

1016 WIMPs/year

detector

10-16 light years

Cross section: WIMP scatters  
once in a light year of lead

Scattering experiment

density, speed

Rate ~ few events / year

1 light year

Direct	
  detec)on
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Expected Rates in a Detector

• N = number of target nuclei in a detector
• ρχ = local density of the dark matter in the Milky Way
• <v> = mean WIMP velocity relative to the target
• mχ = Dark matter (WIMP)-mass
• σχN =cross section for WIMP-nucleus elastic scattering 
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• For now strongly simplified:

• N = number of target nuclei in a detector

• ρχ = local density of the dark matter in the Milky Way

• <v> = mean WIMP velocity relative to the target

• mχ = WIMP-mass

• σχN =cross section for WIMP-nucleus elastic scattering

Expected Rates in a Detector

Particle physics

Astrophysics

R ∝ N
ρχ

mχ

σ χN ⋅ 〈v〉
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Astrophysics

Particle physics
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WIMP-Nucleon Interactions
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A priori, we do not know how dark matter WIMPs interact with 
ordinary matter (detector, Sun, ...)

Spin independent Spin dependent

χ - quark (SI, scalar) χ - quark (SD, axial)

often express in proton-on or 
neutron-only

Spin ind. standard assumption σχN ~ 10-44 cm-2 
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Local Density in the Milky Way
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Local Density of WIMPs in the Milky Way

Data

bulge

Total

(Klypin, Zhao & Somerville 2002)

Sun

disk 

disk + bulge

dark halo

(M
WIMP

= 100 GeV)

 
ρχ  3000 WIMPs ⋅m−3

 
ρχ  0.3 GeVcm

−3

ρ
halo

= 0.1− 0.7 GeVcm
−3

ρ
disk

= 2 − 7 GeVcm
−3

Particle data group:

‘Standard’ value:

WIMP flux on Earth: 

~ 105 cm-2s-1
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WIMPs in the Galactic Halo

9Dan Akerib          Case Western Reserve University & SLAC National Accelerator Laboratory          SLAC Summer Institute 2014

WIMPs in the Galactic Halo

halo

bulge

disksun

The Milky Way

WIMP detector

energy transferred appears in  
‘wake’ of recoiling nucleus

WIMP-Nucleus Scattering 

Erecoil

Lo
g(

ra
te

)

Scatter from a Nucleus in a Terrestrial 
Particle Detector

〈E〉~  30 keV 

Γ << 0.1/kg/day

• data 
!

– bulge, disk & halo

– bulge & disk
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energy transferred appears in  
‘wake’ of recoiling nucleus

WIMP-Nucleus Scattering 

Erecoil

Lo
g(

ra
te
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Scatter from a Nucleus in a Terrestrial 
Particle Detector

〈E〉~  30 keV 

Γ < < 0.1/kg/day

• data 
!

– bulge, disk & halo

– bulge & disk

Expected Rates in a Detector

• The differential rate (still strongly simplified) is:

• R = event rate per unit mass

• ER = nuclear recoil energy

• R0 = total event rate

• E0 = most probable energy of WIMPs 

(Maxwell-Boltzmann distribution)

• r = kinematic factor

dR
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differential energy spectrum: 

featureless
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Some Typical Numbers

• Assume that the WIMP and the nucleus mass are 
identical…
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Some Typical Numbers

• We assume that the WIMP mass and the nucleus mass are identical:

mχ = mN
= 100 GeV ⋅ c−2

⇒ r =
4mχmN

(mχ + mN
)
2
= 1

 v  220 km s
-1
= 0.75 ×10

−3
c

〈E
R
〉 = E0 =

1

2
mχv

2

〈E
R
〉 =

1

2
100

GeV

c
2

(0.75 ×10
−3
c)

2

〈E
R
〉 ≈ 30 keV

kinematic factor

mean WIMP velocity relative to target 

(halo is stationary, Sun moves through halo)

mean recoil energy deposited in a detector
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Energy spectrum (fn = fp)

11

Ev
en

t R
at

e

Recoil Energy (keV) Recoil Energy (keV)
Fig. from M. Yamashita

Energy threshold

 100 GeV WIMPs

 10 GeV WIMPs

Energy threshold

Low mass WIMP better to have  a small Atomic Mass

(131) 
(127) 
(73) 
(40) 
(23) 
(16)

(131) 
(127) 
(73) 
(40) 
(23) 
(16)

spin	
  independent

spin	
  independent
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Spin-dependent Sensitivity
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spin-­‐dependent,	
  elasCc	
  interacCons

PRL 111, 021301 (2013)The	
  isotopic	
  composiCon	
  of	
  the	
  
material	
  maDers
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Strategies	
  for	
  Direct	
  Detection	
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Review%Strategies%for%Direct%Detection%

nuclear recoil=NR 
v/c ~ 7 x 10-4 

χ"

electron recoil=ER 
v/c ~ 0.3 

γ"

β,γ     discriminate between ER vs NR    
 -or-  eliminate sensitivity to ER  
 -or-     self-shielding & fiducial cuts 
 

n         multiple scatters 
   σ varies with target 

 

α    much higher energy deposit. Only a 
  problem for threshold devices, trackers 

 

diurnal directional      
     modulation 

Count nuclear recoils annual flux variation 

Signal 

Background 

  avoid 
shielding 
go deep 

Priscilla%Cushman% SLAC%2014%Summer%Institute% 2 
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Detection of WIMPs: Signal and Backgrounds

Χ gamma

Electron

Signal (WIMPs) Background (gamma-, beta-radiation)

gamma
Χ

Recoiling nucleus

v/c ≈ 7 x 10-4

ER ≈ 10 keV

v/c ≈ 0.3
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WIMPs in the Galactic Halo
• Exploit movements of the Earth and Sun through the WIMP halo 

• Direction of recoil -- most events should be opposite Earth/Sun direction  
• Annual modulation -- harder spectrum when Earth travels with sun• The velocity of the Earth varies over the year as the Earth moves around the Sun,  and can be written as 

[in km/s]:

• t = days since January 1st 

• tp = 2. June (152.5 d) ± 1.3 d; 1 yr = 362.25 d

• the velocity modulation gives rise to a ~ 3% modulation in the rate                                          (for vE ~v0)

Signal Modulation: Annual Effect

v
E
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we need ~ 1000 events 
to detect the variation
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BackgroundDetection of WIMPs: Signal and Backgrounds

Χ gamma

Electron

Signal (WIMPs) Background (gamma-, beta-radiation)

gamma
Χ

Recoiling nucleus

v/c ≈ 7 x 10-4

ER ≈ 10 keV

v/c ≈ 0.3
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e	
  recoil	
  (γ,β	
  radiaCon)n	
  recoil	
  (cosmogenic	
  muon,	
  	
  
surrounding	
  material)

n

n
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1. 4000 Bq from 14C, 4000 Bq from 40K (e- + 400 1.4 MeV γ + 8000 νe)

2. 7000 atoms/m2 s

3. 10 millions (transmutation of 238U by fast CR neutrons), soil: 1 - 3 mg U per kg

Backgrounds in Dark Matter Detectors

• Radioactivity of surroundings 

• Radioactivity of detector and shield materials

• Cosmic rays and secondary reactions

• Remember: activity of a source

• Do you know?

A =
dN

dt
= −λN

N = number of radioactive nuclei

λ = decay constant, T1/2 = ln2/λ=ln2 τ

[A] = Bq = 1 decay/s (1Ci = 3.7 x 1010 

decays/s = A [1g pure 226Ra])

1. how much radioactivity (in Bq) is in your body? where from?

2. how many radon atoms escape per 1 m2 of ground, per s?

3. how many plutonium atoms you find in 1 kg of soil?
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Backgrounds: cosmic rays and natural radioactivity 
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WIMP	
  scaDering	
  (<1	
  evts	
  /10kg/day)	
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Background: cosmic rays and natural 
radioactivity 

Dan Akerib          Case Western Reserve University & SLAC National Accelerator Laboratory          SLAC Summer Institute 2014

WIMP scatters (< 1 evts /10 kg/ day) swamped by backgrounds  ( > 106-7 evts/kg-d)

Neutrons

Slow muons

Airborne 
Radioactivity 222Rn

Radioactive Nuclides 
in detector, shield

Radioactive 
Nuclides 

in atmosphere

Cosmic Rays

Gammas

Electrons

Fast muons

Shield 
contaminants

Backgrounds: cosmic rays and natural radioactivity

courtesy of S. Kamat

Neutron  
capture

(α, n)
Muon  

capture Photo fission

Spontaneous  
fission

(α, n)

Radioactive Nuclides in rock, 
surroundings  238U, 232Th chains, 40K, 39Ar, 85Kr
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WIMP	
  scaDering	
  (<1	
  evts	
  /10kg/day)	
  swamped	
  by	
  background	
  (>106-­‐7	
  evts/kg/d)
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Background Flux

n produced by fission and (α,n)

n produced by µ

muons

Flux of cosmic ray secondaries and 

tertiary-produced neutrons in a typical 

Pb shield vs shielding depth 

Gerd Heusser, 1995

hadrons

Backgrounds in Dark Matter Detectors

• Cosmic rays and secondary/tertiary particles: go underground!

• Hadronic component (n, p): reduced by few meter water equivalent (mwe)

38Friday, September 11, 2009
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hadrons

Backgrounds in Dark Matter Detectors

• Cosmic rays and secondary/tertiary particles: go underground!

• Hadronic component (n, p): reduced by few meter water equivalent (mwe)
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Flux	
  of	
  cosmic	
  ray	
  secondaries	
  and	
  
terCary-­‐produced	
  neutrons	
  in	
  a	
  typical	
  
Pb	
  shield	
  vs	
  shielding	
  depth	
  
Gerd	
  Heusser,	
  1995
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Deep Underground Labs

19

• Most problematic: muons and muon induced neutrons 

➡go deep underground, several laboratories, worldwide

Backgrounds in Dark Matter Detectors

10
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Muon flux vs overburden

NUSL - Homestake

 Proposed NUSL Homestake
 Current Laboratories

compiled by: R. Gaitskell
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Background: cosmic rays and natural 
radioactivity 

Dan Akerib          Case Western Reserve University & SLAC National Accelerator Laboratory          SLAC Summer Institute 2014
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WIMP	
  scaDering	
  (<1	
  evts	
  /10kg/day)	
  swamped	
  by	
  background	
  (>106-­‐7	
  evts/kg/d)
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Remaining Background

21

14

!
Figure 11. Background sources and shielding in a typical direct detection experiment

neutrinos form a fundamental lower bound on the cross section for background-free WIMP detection [43].
Next generation experiments will have sensitivity within an order of magnitude of the neutrino signal for
most of the mass range, and will actually detect the 8B solar neutrino signal.

Finally, another method to deal with backgrounds is to exploit the fact that the Earth is moving through the
dark matter that surrounds our galaxy, yielding a “WIMP wind” that appears to come from the constellation
Cygnus. This should, in principle, create a small “annual modulation” in the detected WIMP rates, as well
as a somewhat larger daily modulation, as shown in Fig. 12. However, if such e↵ects were detected in an

Figure 12. Schematic of the possible sources of annual modulation (left) and daily modulation (right)
e↵ects if WIMPs are detected in direct detection experiments

experiment, there would still have to be a convincing demonstration that there are no such modulations in
background sources.

Community Planning Study: Snowmass 2013

Use	
  of	
  very	
  radiopure	
  materials
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Detection Methods
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WIMP 

Heat 

Ionization 

Light 

Ge 

Liquid Xe 

NaI, Xe 

Ge, Si 

CaWO4, BGO 

Al2O3, LiF 

Elastic nuclear scattering 

1% energy 
fastest 
no surface effects 

10% energy 

100% energy 
slowest 
cryogenics 

WIMP 

Target 

Direct Detection Techniques

Phonons

Charge

NaI: DAMA/LIBRA 
NaI: ANAIS
CsI: KIMS

Light

LXe: XMASS
LAr, LNe: 
DEAP/CLEAN

LXe: XENON 
LXe: LUX
LXe: ZEPLIN
LAr: WARP 
LAr: ArDM

Ge, Si: CDMS
Ge: EDELWEISS

CaWO4,  Al2O3: 
CRESST

C, F, I, Br: 
PICASSO, COUPP
Ge: Texono, CoGeNT
CS2,CF4, 3He: DRIFT 
DMTPC, MIMAC 
Ar+C2H6: Newage

Al2O3: CRESST-I

WIMP WIMP

Basic Principles of mK Cryogenic Detectors

• A deposited energy E will produce a temperature rise !T given by:

!T =
E

C(T )
e
"
t

# ,       # =
C(T )

G(T )

C(T) = heat capacity of absorber

G(T)=thermal conductance of the link 

between the absorber and the 

reservoir at temperature T0

Normal metals: the electronic part 

of C(T) ! T, and dominates the heat capacity  

at low temperatures

Superconductors: the electronic part is 

proportional to exp(-Tc/T)

Tc = superconducting transition temperature

and is negligible compared to lattice 

contributions  for T<<Tc

"

E

"

T0

T-sensor
Absorber

C(T)

G(T)
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Room Temperature Scintillation Experiments

• To enhance the probability of visible light emission: add impurities = “activators”

• NaI (Tl): 20 eV to create e--hole pair, scintillation efficiency ~ 12%

!1 MeV yields 4 x 104 photons, with average energy of 3 eV

!dominant decay time of the scintillation pulse: 230 ns, !max = 415 nm

• No discrimination between electron- and nuclear recoils on event-by-event basis

• Experiments: DAMA-LIBRA/Italy, NAIAD/UK, ANAIS/Spain, KIMS/Korea 

band

gap

conduction band

valence band

scintillation

photon activator

ground state

activator 

excited states

electron

11

• Electron-hole pairs in a semiconductor

• 2.96 eV/e--h pair at 77 K

• motion of e--h in Efield => signal

!  relatively slow detectors (µs)

!  energy thresholds: ~ 2-10 keVee

• In general operated in vacuum-tight cryostats to suppress                                                                      

thermal conductivity between the crystal and the surrounding air

!  typical energy resolutions: 1 keV at 10 keV, 2-3 keV at 1 MeV

!  about 1/3 of energy of a nuclear recoil goes into ionization 

Germanium Ionization Experiments

valence band

Egap ! 0.7eV

Electron

energy
semiconductor

conduction band

n-type, coaxial HPGe-detector

Q(t) = Q
!
(t) +Q

+
(t)

6
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Room Temperature Scintillation Experiments

• To enhance the probability of visible light emission: add impurities = “activators”

• NaI (Tl): 20 eV to create e--hole pair, scintillation efficiency ~ 12%

!1 MeV yields 4 x 104 photons, with average energy of 3 eV

!dominant decay time of the scintillation pulse: 230 ns, !max = 415 nm

• No discrimination between electron- and nuclear recoils on event-by-event basis

• Experiments: DAMA-LIBRA/Italy, NAIAD/UK, ANAIS/Spain, KIMS/Korea 
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• Electron-hole pairs in a semiconductor

• 2.96 eV/e--h pair at 77 K

• motion of e--h in Efield => signal

!  relatively slow detectors (µs)

!  energy thresholds: ~ 2-10 keVee

• In general operated in vacuum-tight cryostats to suppress                                                                      

thermal conductivity between the crystal and the surrounding air

!  typical energy resolutions: 1 keV at 10 keV, 2-3 keV at 1 MeV

!  about 1/3 of energy of a nuclear recoil goes into ionization 

Germanium Ionization Experiments
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Egap ! 0.7eV

Electron

energy
semiconductor

conduction band

n-type, coaxial HPGe-detector

Q(t) = Q
!
(t) +Q

+
(t)

6

3Tuesday, September 15, 2009

Direct Detection Techniques

Phonons

Charge

NaI: DAMA/LIBRA 
NaI: ANAIS
CsI: KIMS

Light

LXe: XMASS
LAr, LNe: 
DEAP/CLEAN

LXe: XENON 
LXe: LUX
LXe: ZEPLIN
LAr: WARP 
LAr: ArDM

Ge, Si: CDMS
Ge: EDELWEISS

CaWO4,  Al2O3: 
CRESST

C, F, I, Br: 
PICASSO, COUPP
Ge: Texono, CoGeNT
CS2,CF4, 3He: DRIFT 
DMTPC, MIMAC 
Ar+C2H6: Newage

Al2O3: CRESST-I

WIMP WIMP

Basic Principles of mK Cryogenic Detectors

• A deposited energy E will produce a temperature rise !T given by:
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Room Temperature Scintillation Experiments
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• Electron-hole pairs in a semiconductor

• 2.96 eV/e--h pair at 77 K

• motion of e--h in Efield => signal

!  relatively slow detectors (µs)

!  energy thresholds: ~ 2-10 keVee

• In general operated in vacuum-tight cryostats to suppress                                                                      

thermal conductivity between the crystal and the surrounding air

!  typical energy resolutions: 1 keV at 10 keV, 2-3 keV at 1 MeV

!  about 1/3 of energy of a nuclear recoil goes into ionization 

Germanium Ionization Experiments
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Combined Results

4 Models of Dark Matter 11

Despite the richness of the theoretical work, none of these models can provide a physical explanation that
simultaneously accounts for all of the experimental observations without making the assumptions that one
or more of the measurements is flawed. Resolution of this confusing state of experimental data remains a
high priority for the field. It is also potentially within reach for the next generation of experiments. Several
technologies, which include point-contact Ge detectors, cryogenic Ge detectors, two-phase xenon detectors,
bubble chambers and CCD-based searches, are designing the next generation experiments with the goal of
pushing energy thresholds lower. Such experiments are expected to improve sensitivities by an order of
magnitude or more in the 1–10GeV range over the next 5–10 years. In addition, isospin-violating scenarios
strongly illustrate the need to have several direct detection experiments each with a di↵erent target nucleus.

4.4 Direct Detection Methodology

The basic methodology for direct detection experiments is to search for rare events that might be the signature
of WIMP interactions, namely the “billiard ball” elastic scattering of a WIMP from a target nucleus. The rate
of candidate nuclear recoils is converted into a cross section for WIMP-nucleon interactions following a stan-
dard prescription that includes the e↵ects of nuclear physics and astrophysical properties [23]. Experiments
can be sensitive to both nuclear spin-independent (SI) interactions and spin-dependent (SD) interactions.
For the range of momentum exchange of interest, the SI interaction is expected to be approximately coherent
across the entire nucleus, so for a WIMP with equal coupling to protons and neutrons, the rate scales with
the square of the atomic mass of the target nucleus. Current experiments are therefore more sensitive to SI
dark matter than SD dark matter. Experimental results are usually presented as a plot of WIMP-nucleon
cross section versus WIMP mass to allow comparison among experiments. Fig. 7 shows the current SI

Enectali Figueroa-Feliciano / Future of BSM Physics / Sheffield 2013
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Figure 7. Spin-independent WIMP-nucleon cross section limits vs WIMP mass as of summer 2013.
Experimental limits referenced [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]

landscape, where strict upper limits exist for higher mass WIMPs. Fig. 8 zooms in on the low mass region,
where several “hints” for dark matter have been observed.

The SD interaction is generally divided into proton and neutron couplings; the current situation is sum-
marized in Fig. 9. Only direct detection can provide limits on neutron couplings, but solar neutrinos from
WIMP annihilation in the sun are stronger for proton coupling. Other types of interactions are possible,

Community Planning Study: Snowmass 2013

23
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Low Mass WIMPs

James Verbus - Brown University Lake Louise Winter Institute - February 19th, 2014
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Low Mass WIMPs - Fully Excluded by LUX

!23

>20x more sensitivity

CDMS II Si Favored

CoGeNT Favored

LUX (2013)-85 live days LUX +/-1σ expected sensitivity

XENON100(2012)-225 live days

CRESST Favored

CDMS II Ge

x

DAMA/LIBRA Favored

See Talk by 
Carmen Carmona

23 140226_DM2014_Gaitskell_Review_v05 - February 28, 2014
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DAMA%%Annual%Flux%Variation%

DAMA/LIBRA exposure = 1.33 ton-years of  NaI(Tl) at LNGS 
25 crystals, each 9.5 kg, running for 6 y in LIBRA (13 yrs total) 

Amplitude of a few percent   Phase Max on June 2     Significance of 9.3 σ"

Priscilla%Cushman% SLAC%2014%Summer%Institute% 39 

The DAMA/LIBRA Experiment

• DAMA: 9 x 9.7 NaI (Tl) crystals

• BG level: 1-2 events/kg/day/keV

• Ethreshold ≈ 2keVee ≈ 25 keVr

• Data period: 7 annual cycles, until July 2002; 0.29 ton x yr

• LIBRA: 25 x 9.7 NaI (Tl) crystals in 5 x 5 matrix

• Data period: 4 annual cycles, 0.53 ton x year

41Tuesday, September 15, 2009

Human radioactivity can contaminate 
the measurement - require clean room 
environments.

NaI

NaI

NaI

NaI

PM
T

PM
T

Based in Gran Sasso lab (3500 mwe) 
250Kg of NaI Crystals.

DAMA-LIBRA
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Room Temperature Scintillation Experiment

Room Temperature Scintillation Experiments

• To enhance the probability of visible light emission: add impurities = “activators”

• NaI (Tl): 20 eV to create e--hole pair, scintillation efficiency ~ 12%

➡1 MeV yields 4 x 104 photons, with average energy of 3 eV

➡dominant decay time of the scintillation pulse: 230 ns, λmax = 415 nm

• No discrimination between electron- and nuclear recoils on event-by-event basis

• Experiments: DAMA-LIBRA/Italy, NAIAD/UK, ANAIS/Spain, KIMS/Korea 
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Room Temperature Scintillation Experiments

• To enhance the probability of visible light emission: add impurities = “activators”

• NaI (Tl): 20 eV to create e--hole pair, scintillation efficiency ~ 12%

➡1 MeV yields 4 x 104 photons, with average energy of 3 eV

➡dominant decay time of the scintillation pulse: 230 ns, λmax = 415 nm

• No discrimination between electron- and nuclear recoils on event-by-event basis

• Experiments: DAMA-LIBRA/Italy, NAIAD/UK, ANAIS/Spain, KIMS/Korea 
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DAMA-LIBRA
• 9	
  σ	
  evidence	
  of	
  DM-­‐like	
  
signature.

27

DAMA/LIBRA	
  modulaCon	
  is	
  	
  
0.0112±0.0012	
  cpd/kg/
keVee	
  in	
  2-­‐6	
  keV

Signal	
  ~	
  0.15	
  cpd/kg/keVee	
  in	
  
[2,6]	
  keVee	
  	
  for	
  10	
  GeV/c2	
  	
  10-­‐41	
  
cm2

New	
  DAMA/LIBRA	
  run:	
  
•New	
  Hi-­‐QE	
  PMTs	
  	
  
•Taking	
  data	
  again	
  since	
  Dec	
  
2010,	
  first	
  results….	
  in	
  few	
  
years

2012	
  JINST	
  7	
  P03009	
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DAMA	
  background	
  studies	
  

28

Veto	
  mul)	
  crystal	
  hits	
  to	
  suppress	
  backgrounds	
  WIMPs	
  interact	
  only	
  once	
  	
  →	
  
single	
  scaDer	
  selecCon	
  require	
  
some	
  posiCon	
  resoluCon.	
  

No	
  disCncCon	
  between	
  dark	
  
maDer	
  interacCon	
  through	
  e-­‐or	
  
nuclear	
  recoil.
DAMA/LIBRA

single hit all event spectrum

Sm event spectrum

signal in region dominated 
by PMT noise (does the tail of the 
noise distribution modulate?)

signal very close to threshold; how 
stable is the software threshold? 

modulation of a peak 
around 3 keV?

what is the contribution 
of the 40K 3 keV X-ray in the 
singles spectrum?

no modulation above 6 keV

A=(0.9±1.1) 10-3 cpd/kg/keV

modulation amplitude co-added over detectors

43Tuesday, September 15, 2009

No	
  systemaCcs	
  effect	
  or	
  background	
  
reacCon	
  is	
  able	
  to	
  account	
  for	
  the	
  
measured	
  modulaCon	
  amplitude	
  and	
  
to	
  saCsfy	
  all	
  the	
  peculiariCes	
  of	
  the	
  
signature.
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What’s	
  Next?
• DAMA/LIBRA	
  finds	
  a	
  robust	
  modulaCon	
  signal	
  that	
  may	
  be	
  interpreted	
  as	
  dark	
  

maDer.	
  	
  This	
  WIMP	
  signal	
  is	
  excluded	
  by	
  Xe	
  detectors	
  (e.g.	
  LUX)	
  

• Resolving	
  the	
  DAMA/LIBRA	
  modulaCon	
  puzzle:	
  Hidden	
  detector	
  effect?	
  Non	
  
WIMP	
  dark	
  maDer?	
  Electron	
  recoil?	
  

• TesCng	
  DAMA	
  results	
  is	
  challenging:	
  
➡ requires	
  complementary	
  tests	
  in	
  the	
  Southern	
  Hemisphere	
  
➡ crystals	
  puriCes	
  <	
  1	
  ct/keV/day	
  —>	
  New	
  R&D	
  on	
  NaI	
  purity	
  

worldwide	
  effort	
  to	
  check	
  DAMA:	
  
➡ South	
  Pole	
  —>	
  DM	
  ice	
  	
  
➡ Australia,	
  Stawell	
  and	
  Italy,	
  Gran	
  Sasso	
  	
  —>	
  SABRE	
  
➡ Another	
  Northern	
  Hemisphere	
  site	
  —>	
  KIMS	
  (different	
  Crystals)	
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KimsCounting%Recoils:%KIMS%

   CsI  vs  NaI 
 

 Better PSD than NaI(Tl) 
 Less Hygroscopic 
 High cesium radioisotopes 
      Reduce 137Cs in processing (water) 

      134Cs (τ ½ = 2 y) cosmogenic activation 

      Reduce 87Rb (in Cs ore)  

   via repeated recrystallization 

       
Bkd achieved: 2~3 cpd/kg/keV 

KIMS (Yangyang Lab, Korea - 2400 mwe) 

12  CsI(Tl) crystals = 104 kg  

Priscilla%Cushman% SLAC%2014%Summer%Institute% 43 

Results	
  from	
  67	
  kg-­‐y	
  
(2009-­‐2010)	
  are	
  consistent	
  
with	
  null,	
  incl.	
  the	
  exp.	
  
decay	
  of	
  134Cs.	
  

Note	
  they	
  hey	
  are	
  
discriminaCng	
  against	
  
electron	
  recoils

The	
  90%	
  upper	
  limit	
  of	
  KIMS	
  amplitude	
  is	
  comparable	
  to	
  DAMA’s	
  annual	
  modulaCon	
  
(0.0189	
  cpd/kg/keV),	
  newer	
  very	
  preliminary	
  result	
  exclude	
  more…	
  but	
  it’s	
  a	
  PhD	
  
thesis

arXiv:1404.3443v2
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Deep Underground Labs

31
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DM-Ice
17kg operating since 2011

6.5 – 8.0 keVee region is measured to be 7.9 ± 0.4 counts/day/keV/kg."
Dominated by assembly housing and PMT - no ice contribution
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DM-Ice
Prototype: 8.5 kg NAIAD crystals (~8 cts/keV/d) at the bottom of two 
IceCube strings (Dec 2010)

To test DAMA requires crystals purities < 1 ct/keV/day

New R&D on NaI purity ongoing
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SABRE:	
  Sodium	
  iodide	
  with	
  AcCve	
  Background	
  REjecCon
• Dual-­‐linked	
  experiment:	
  one	
  part	
  in	
  Gran	
  Sasso	
  (Italy)	
  and	
  one	
  in	
  Stawell	
  (Australia)	
  	
  

• Developing	
  and	
  tesCng	
  low	
  background	
  NaI(Tl)	
  scinCllaCng	
  crystals	
  that	
  exceed	
  the	
  
radio-­‐purity	
  of	
  DAMA/LIBRA	
  (driven	
  by	
  F.	
  Calaprice	
  -­‐	
  Princeton).	
  —>	
  NO	
  ONE	
  
SUCCEEDED	
  TO	
  DO	
  THIS.	
  

• A	
  well-­‐shielded	
  acCve	
  veto	
  to	
  reduce	
  internal	
  and	
  external	
  background	
  	
  

• New	
  low	
  background	
  and	
  high	
  QE	
  PMTs	
  and	
  low	
  radioacCvity	
  copper	
  housing	
  U,	
  Th	
  
<	
  μBq/kg

Current	
  SABRE	
  Collabora)on	
  
Princeton	
  University	
  (Led	
  by	
  Frank	
  Calarice)	
  main	
  driver;	
  University	
  of	
  Houston,	
  PNNL,	
  Gran	
  
Sasso	
  NaConal	
  Lab,	
  Milano	
  University;	
  Roma	
  la	
  Sapienza	
  University,	
  	
  University	
  of	
  Melbourne,	
  
Australian	
  NaConal	
  University	
  and	
  University	
  of	
  Adelaide.

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. 
 

2
1 
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SABRE	
  Status	
  –	
  NaI	
  Powder

35

Princeton	
  R&D	
  with	
  Sigma-­‐Aldrich	
  resulted	
  in	
  radiopure	
  NaI	
  powder	
  similar	
  to	
  
Dama	
  crystals

Chemical	
  purificaCon	
  research	
  started	
  at	
  Princeton	
  with	
  J.	
  Benziger,	
  F.	
  Calaprice,	
  A.	
  Wright.	
  
Efforts	
  transiConed	
  to	
  collaboraCons	
  with	
  commercial	
  companies.	
  
*	
  Denotes	
  measurement	
  by	
  Seastar.	
  
**	
  Denotes	
  measurement	
  at	
  PNNL	
  by	
  E.	
  Hoppe	
  and	
  company.

Element' Seastar,MV'Lab'
(ppb)'

Sigma,Aldrich'
(ppb)'

DAMA'Powder'
(ppb)'

DAMA'Crystal'
(ppb)'

[K]* 12* 3.5*(18)** 100* ~13*

[Rb]* 14* 0.2* n.a.* <0.35*

[U]* <0.2*(0.003.5)*** <1.7*(<0.001)*** ~0.020* 0.0005(0.0075*

[Th]* <0.1*(<0.001)*** <0.5*(<0.001)*** ~0.020* 0.0007(0.010*

Chemical purification research started at Princeton with J. Benziger, F. Calaprice, A. Wright.    
Efforts transitioned to collaborations with commercial companies.  
   
Notes: 
All values provided by companies are based on their measurements. 
Seastar- MV Lab values by ICPMS  were validated by gamma ray counting at [K]  ~35 ppb. 
DAMA/LIBRA values are published. 
 
*      Denotes measurement by Seastar. 
**    Denotes measurement at PNNL by E. Hoppe and company. 
 

SABRE Status – NaI Powder 
Funding began in 2009 with NSF EAGER Award (for risky research) to Princeton.  
R&D with Sigma-Aldrich resulted in radiopure NaI powder similar to D-L crystals. 

4 
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SABRE	
  Status	
  –	
  Crystal	
  Growth

36

Princeton	
  is	
  working	
  with	
  RDM	
  in	
  Watertown,	
  MassachuseDs	
  to	
  develop	
  
methods	
  to	
  grow,	
  cut,	
  and	
  polish	
  crystals	
  with	
  high	
  radiopurity.

(Impuri)es	
  in	
  ppb)	
  

Bridgeman Crystal Growth 
Tested in 4 different crucibles  

(Impurities in ppb) 

Crucible/'
Ampoule'

Cleaning'
Procedur
e'

K' Rb' Th' U'

#1*with*NaI* Normal* 65*(10)* N.A* 0.2(0.4* 0.1(0.2*

#2*with*NaI* Precision* 41*(10)* N.A.* N.A.* N.A.*

#3*with*NaI* Precision* 63*(10)* N.A.* N.A.* N.A.*

#4*with*NaI* Precision* 6*(10)* N.A* N.A.* N.A.*

4*Heat*w/o*NaI*
Before*heat*

Blank*

Precision*
******“*
******“*

1.5**
0.025*
0.0010*

0.0040**
<0.001*
<0.0001*

0.0004*
<0.001*
<0.0001*

0.00014*
<0.0004*
<0.00005*

Tests were done in small 25 ml crucibles to enhance surface/volume ratio. 
For 5-kg crystal grown in 1400 ml, crucible surface/volume is  4x smaller. 
Maximum contaminations due to crystal growth in 5-kg crystal are 
 

  [K] < 0.4 ppb,   [Rb] < 1 ppt,    [U] and [Th] < 0.1 ppt. 
 

     Excellent Results in #4 (synthetic material) 

Maximum	
  contaminaCons	
  due	
  to	
  crystal	
  growth	
  are	
  

[K]	
  <	
  0.4	
  ppb,	
  [Rb]	
  <	
  1	
  ppt,	
  [U]	
  and	
  [Th]	
  <	
  0.1	
  ppt.	
  

Excellent	
  Results	
  in	
  #4	
  (syntheCc	
  material)

(Impuri)es	
  in	
  ppb)	
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SABRE	
  PMT	
  

37

Low	
  radioac)vity	
  PMT	
  

•	
  Hamamatsu	
  R11065-­‐series	
  PMT	
  
~30-­‐35%	
  Q.E.	
  
~1	
  mBq	
  U	
  and	
  Th	
  (lower	
  chain	
  acCvity)	
  
~1	
  mBq	
  Co,	
  ~10	
  mBq	
  K	
  

•	
  High	
  light	
  collecCon	
  efficiency	
  without	
  light	
  guide	
  

•	
  Minimal	
  background	
  due	
  to	
  low	
  radioacCvity	
  &	
  veto	
  

•	
  Light	
  yield	
  from	
  NaI(Tl)	
  as	
  high	
  as	
  19	
  p.e./kev	
  observed.	
  

•	
  LNGS	
  pre-­‐amp	
  to	
  reduce	
  PMT	
  noise	
  (dark	
  rate	
  &	
  light)	
  

•	
  Low	
  energy	
  threshold	
  with	
  high	
  L.Y.	
  and	
  low	
  Noise.	
  

PNNL	
  electroformed	
  copper	
  for	
  enclosure	
  

•	
  ~μBq/kg	
  U,	
  Th	
  radioacCvity	
  

•	
  Same	
  as	
  used	
  in	
  the	
  Majorana	
  0νββ	
  decay	
  experiment
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DAMA/LIBRA	
  Energy	
  spectrum	
  
DAMA/LIBRA	
  signal	
  region:	
  2-­‐6	
  keV.

Background	
  from	
  40K	
  decay?	
  13	
  ppb	
  K	
  in	
  DAMA	
  crystals.

DAMA/LIBRA signal region: 2-6 keV. 
–  Energy spectrum peaks around ~3 keV. 
–  Modulation amplitude peaks around ~3 keV. 

What could be the origin of the 3 keV feature? 
–  Dark matter interaction? Inelastic dark matter scattering? 
–  Background from 40K decay? 13 ppb K in DAMA. 
–  How to differentiate? 

Principle of SABRE Veto 

40K!

40Ca!

β-  89.3%   !

Q = 1.3 MeV!EC 
10.7%!

1.46 MeV γ!

40Ar!
40K!40Ar, ~11% branch ratio 
•  3 keV K shell X-ray, Auger e- 

•  Background at ~3 keV if γ escapes 
1.46MeV γ can be detected by a veto. 
40K background can be rejected. 

3 
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Single	
  hit	
  spectrum	
  

Eur.	
  Phs.	
  C56	
  333	
  (2008)	
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ACTIVE	
  VETO
Goal:	
  lower	
  background,	
  lower	
  threshold,	
  and	
  higher	
  sensiCvity	
  than	
  
DAMA.

Ultra-high purity 
NaI(Tl) detector

Active veto 
detector+

DAMA/LIBRA	
  signal	
  region:	
  2-­‐6	
  keV.

Background	
  from	
  40K	
  decay?	
  13	
  ppb	
  K	
  in	
  DAMA	
  crystals.

DAMA/LIBRA signal region: 2-6 keV. 
–  Energy spectrum peaks around ~3 keV. 
–  Modulation amplitude peaks around ~3 keV. 

What could be the origin of the 3 keV feature? 
–  Dark matter interaction? Inelastic dark matter scattering? 
–  Background from 40K decay? 13 ppb K in DAMA. 
–  How to differentiate? 

Principle of SABRE Veto 

40K!

40Ca!

β-  89.3%   !

Q = 1.3 MeV!EC 
10.7%!

1.46 MeV γ!

40Ar!
40K!40Ar, ~11% branch ratio 
•  3 keV K shell X-ray, Auger e- 

•  Background at ~3 keV if γ escapes 
1.46MeV γ can be detected by a veto. 
40K background can be rejected. 

3 

DAMA/LIBRA signal region: 2-6 keV. 
–  Energy spectrum peaks around ~3 keV. 
–  Modulation amplitude peaks around ~3 keV. 

What could be the origin of the 3 keV feature? 
–  Dark matter interaction? Inelastic dark matter scattering? 
–  Background from 40K decay? 13 ppb K in DAMA. 
–  How to differentiate? 

Principle of SABRE Veto 

40K!

40Ca!

β-  89.3%   !

Q = 1.3 MeV!EC 
10.7%!

1.46 MeV γ!

40Ar!
40K!40Ar, ~11% branch ratio 
•  3 keV K shell X-ray, Auger e- 

•  Background at ~3 keV if γ escapes 
1.46MeV γ can be detected by a veto. 
40K background can be rejected. 

3 
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Expected	
  background	
  

Assume	
  the	
  K	
  level	
  is	
  the	
  same	
  as	
  the	
  powder	
  (~10	
  ppb	
  K);	
  	
  
U	
  (<1	
  ppt),	
  Th	
  (<1ppt),	
  Rb	
  (0.2	
  ppb)	
  levels	
  are	
  measurements	
  in	
  recent	
  crystal	
  tests.	
  
External	
  background	
  is	
  esCmated	
  to	
  be	
  relaCvely	
  small	
  compared	
  to	
  internal.

Assume the K level is the same as the powder (~10 ppb K); U (<1 ppt), Th (<1 
ppt), Rb (0.2 ppb) levels are measurements in recent crystal tests. 

External background is estimated to be relatively small compared to internal. 
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9 

PhotomulCplier,	
  
we	
  will	
  use	
  new	
  
radio	
  pure	
  
photomulCpliers	
  
(as	
  DarkSide)

SimulaCon,	
  
without	
  
PhotomulCplier

40
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TesCng	
  Dama

41

DAMA/LIBRA modulation is 0.0112±0.0012 cpd/kg/keVee in 2-6 keV 

Signal ~ 0.15 cpd/kg/keVee in [2,6] keVee  for 10 GeV/c2  10-41 cm2 

Amplitude [cpd/kg/keVee]:  

~ 0.030  10 GeV/c2  10-41 cm2 

~ 0.015    8 GeV/c2  10-41 cm2 

For 50 kg x 3 year 

S/√B ~ 9.5  10 GeV/c2  10-41 cm2 

S/√B ~ 5.2  8 GeV/c2  10-41 cm2 

background 

signal 

3 keVee, 10 GeV/c2 ,  10-41 cm2 

25	
  Kg	
  of	
  these	
  new	
  crystals+ac)ve	
  veto	
  can	
  test	
  DAMA/Libra	
  in	
  3	
  years
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Dedicated	
  2-­‐ton	
  SABRE	
  Veto	
  Detector	
  

42

Possible	
  configura)on	
  of	
  
Sabre	
  veto	
  with	
  Shielding
Cylinder:	
  	
  1.5	
  m	
  x	
  1.5	
  m	
  

~2	
  tons	
  LAB	
  scinCllator	
  

10	
  8-­‐inch	
  PMTs	
  

Reflector	
  in	
  inner	
  surface	
  

Expected:	
  0.22	
  p.e./keV	
  

Shielding:	
  	
  
• 20-­‐25cm	
  steel	
  	
  
• Water	
  filled	
  chamber.
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Australian	
  Site
Stawell	
  gold	
  mine	
  ~240	
  km	
  west	
  of	
  Melbourne,	
  	
  will	
  host	
  	
  the	
  first	
  ready	
  to	
  be	
  used	
  
underground	
  laboratory	
  in	
  the	
  Southern	
  hemisphere.	
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Australian	
  Site
Near	
  the	
  Grampians	
  NaConal	
  Park	
  

44
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Stawell	
  Gold	
  Mine
Decline	
  gold	
  mine	
  mine,	
  1.6	
  km	
  deep,	
  with	
  many	
  caverns.	
  All	
  sites	
  served	
  with	
  
electricity,	
  opCcal	
  fibre,	
  reached	
  by	
  car/truck.

45
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Stawell	
  Gold	
  Mine

46

The measurements are preformed 
in 2 different locations that can 
be ventilated, at 730 m , 880 m 
and 1.02 km
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Stawell	
  Mine	
  ↓	
  1km

2 

1600m  maximum depth, with 
caverns at many different depths 
including at 1000m+ depth 

 
Many caverns have concrete sprayed 

surfaces  

More info on http://www.youtube.com/watch?v=FqVi-nPtlok 

The access road supports mining 
vehicle traffic.  
 
The mine is “dry”, has power, there 
are compressed air and fibres 
available  

STAWELL GOLD MINE  

47

We	
  chose	
  a	
  site	
  at	
  1.02km	
  underground,	
  ~3	
  km	
  
water	
  equivalent	
  	
  (similar	
  to	
  Gran	
  Sasso).
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Stawell	
  Mine	
  ↓	
  1km

48

A	
  new	
  tunnel	
  will	
  be	
  
excavated
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Gran	
  Sasso	
  Lab. Stawell

Neutron	
  Flux 4	
  x	
  10-­‐6	
  n/s/cm2 7	
  x	
  10-­‐6	
  n/s/cm2	
  	
  	
  UL

Gamma-­‐ray	
  flux	
  below	
  3	
  MeV 	
  0.73	
  γ/s/cm2 2.5	
  γ/s/cm2	
  	
  	
  UL

RadioacCvity	
  levels	
  of	
  rock	
  

Rock	
  Hall	
  238U	
  	
  (ppm)	
  @	
  880m 2.63 0.64

Rock	
  Hall	
  232Th	
  (ppm)	
  @	
  880m 0.72 1.63

Refuge	
   Radon	
   Bq/m3	
   (12	
   day	
  
accumulaCon)

36±5	
    
21oC,	
  1056	
  kPa,	
  21%	
  
humidity

Measurements of the environment so far

49

•These	
  measurements	
  have	
  been	
  made	
  with	
  the	
  help	
  of	
  ANSTO	
  
•We	
  also	
  thank	
  Crocodile	
  Gold	
  Corp.	
  and	
  the	
  Stawell	
  gold	
  mine	
  staff	
  for	
  their	
  help
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Rock	
  analysis

Muon	
  and	
  neutron	
  spectra	
  measurements	
  are	
  in	
  progress.

50

• Rock	
  composiCon	
  and	
  concrete	
  on	
  walls	
  
contribute	
  to	
  the	
  radioacCve	
  background

Banana	
  dose	
  
100	
  Bq/Kg
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A	
  delegaCon	
  of	
  Italian	
  scienCsts,	
  including	
  Antonio	
  Masiero	
  (INFN	
  Vice	
  President)	
  &	
  Stefano	
  
Ragazzi	
  (LNGS	
  Director)	
  visited	
  the	
  site.
The	
   new	
   lab	
   will	
   also	
   house	
   scienCfic	
   experiments	
   from	
   different	
   fields	
   e.g.	
   astrophysics,	
  
biology,	
  geosciences	
  and	
  engineering.	
  It	
  will	
  be	
  very	
  similar	
  to	
  Boulby	
  or	
  Canfranc	
  in	
  size.	
  The	
  
design	
  is	
  ongoing	
  with	
  the	
  help	
  of	
  Gran	
  Sasso	
  and	
  Boulby.	
  

Funding	
  from	
  the	
  Sate	
  Government	
  of	
  Victoria	
  have	
  been	
  secured,	
  the	
  construcCon	
  will	
  start	
  
later	
  this	
  year,	
  to	
  be	
  completed	
  end	
  12016.	
  We	
  may	
  have	
  more	
  funding	
  from	
  the	
  federal	
  
government.

Underground	
  lab

51
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Bonus of the site: Diurnal Modulation 

52

North Hemisphere South Hemisphere

Stawell is in the ideal position to measure diurnal
modulation, as predicted by many models with self iteration dark matter for example 
R.Foot, S.Vagnozi, arXiv:1409.7174
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Underground labs with CrystalsUnderground%Labs%%with%Inorganic%Crystals%

KIMS 

Priscilla%Cushman% 47 

DAMA 

DM Ice 

Sabre

Sabre
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Time	
  line	
  

54

2014

SabreStawell

2015

2016

2017

Lab	
  proposed

Funding	
  secured	
  (Jan)	
  
Possible	
  extra	
  finding	
  (Apr)	
  
Start	
  construcCon	
  (Jun-­‐Jul)

Facility	
  ready	
  (Nov-­‐Dec)

Detector	
  goes	
  in

NaI(Tl)	
  	
  crystal	
  growth	
  study	
  (small	
  
crystal)

R&D	
  on	
  crystal	
  growth	
  
Veto	
  tests	
  	
  	
  (Gran	
  Sasso)

Large	
  	
  NaI(Tl)	
  crystal	
  growth	
  
Large	
  crystal	
  detector	
  tested/
operated	
  in	
  DS	
  veto

SABRE	
  veto	
  vessel	
  	
  (Melbourne)

Large	
  Array	
  (>50kg)	
  of	
  NaI(Tl)	
  
detectors	
  in	
  operaCon
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Outlook
Hunting for Dark Matter is difficult 

Direct detection experiment are  challenging and many results 
are contradictory, depending on the technology 

The DAMA/LIBRA modulation is still a mystery,  

A new dual North-South Hemisphere crystal experiment may 
settle the issue. 

End of 2016 the first operating underground lab in the Southern 
Hemisphere will be operational 

After that…
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