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Dark Matter 

Direct Detection Experiments

• The 2009 Report of  the HEPAP Particle Astrophysics 
Assessment Group (PASAG) recommended for the next decade.
– “2 to 3 second generation (G2) detectors covering major technologies 

(CDMS and cryogenic liquids) starting construction in 2013, with 
sensitivity of  10-46 cm2”

– “2 third generation (G3) detectors with independent targets starting 
construction in 2017, with sensitivity of  10-47 cm2.”

• The 2014 Report of  Particle Physics Project Prioritization (P5) 
Panel 
– “Several experiments are needed using multiple target materials to 

search the available spin-independent and spin-dependent parameter 
space. This suite of  experiments should have substantial cross-section 
reach, as well as the ability to confirm or refute current anomalous results.”
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Outline

1. Liquid XENON two-phase detectors
– LUX and LZ
– XENON-200 and Xenon 1-ton   

2. Liquid argon detectors
– DarkSide 50 and  DarkSide 1-ton 
– DEAP 1-ton single phase.

3. Cryogenic crystal detectors
– CDMS

4. NaI crystal scintillators
– DAMA/LIBRA anomaly
– SABRE North and South

5. Summary
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LXe Two-phase TPC Detectors

LUX and LZ
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Introduction to the LUX Detector 
The LUX detector

• 370 kg LXe (100 kg f iducial)
• 122 PMTs (QE~30% @ 175nm)
• Low Radioactivity Materials
• >1kW Cooling Power (Thermosyphons)
• 70,000 gallons of  DI water, dissolved O2<0.5 ppb, 
Rn content < 100 mBq/ m3

2” Hamamatsu R8778 PMTs
- arXiv:1205.2272

Water Tank

Detector Stand

59cm

49cm

Titanium Cans - arXiv:1112.1376

Top PMT Array

Bottom PMT Array

Field Cage and
Tef lon Ref lector
Panels

Thermosyphon

4

145 • 370 kg Lxe, 145 kg fiducial (latest) 
• 122 PMTS (QE ~30% @ 175nm 
• Low radioactivity materials 

•  > 1 kW cooling power from thremosyphons 
• 70,000 gallons of DI water 

• Rn content <100 mBq/m3 



Scale Up ≈ 50 in Fiducial Mass
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LUX

LZ
Total mass – 10 T

WIMP Active Mass – 7 T

WIMP Fiducial Mass – 5.6 T

LZ Surface  assembly June 2017
Underground assembly July 2018.

LZ commissioning Feb 2019

LUX
Completed 300 day LUX data
acquisition– 3x more data.
Achieved new low energy cutoff: 
1.1 keVnr, x500 better for 5.6 GeV WIMP  
LUX decommissioning fall 2016.
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Projected LZ Sensitivity 
Spin Independent

TDR, CD2/3b

TDR, CD2/3b

CD1/3a
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Liquid Xenon Two-Phase TPC

XENON 100 & 1 Ton 

7/4/16 SUZY 2106 Melbourne, Australia 9



SUZY 2106 Melbourne, Australia7/4/16 10



SUZY 2106 Melbourne, Australia7/4/16 11



SUZY 2106 Melbourne, Australia7/4/16 12



SUZY 2106 Melbourne, Australia7/4/16 13



Liquid Argon Two-Phase TPC

Darkside-50 and Darkside 20t
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Liquid Argon- Single Phase

DEAP
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DEAP-3600 Dark Matter Search at SNOLAB
Project Status

PMT commissioning             Throughout prep. 
inner AV, calibration      2015

Water tank fill                        Aug. 2015
Cryogenic and purification    Aug 2015-
System commissioning            Feb 2016

Start of AV cooldown Feb 2016                  

Project Overview

3.6 tonne liquid argon target in
85-cm radius ultraclean acrylic vessel,
255 8-inch HQE PMTs

1 tonne fiducial mass designed for 
< 0.2 background events/year 

10-46 cm2 sensitivity for 100-GeV WIMP
with 3-year exposure

with 15 keVee (60 keVr) threshold

Start of liquid argon filling June 11, 2016
(approx. 1200 kg July 1, 2016)

Filling completed by end of July, 2016
(start of physics running)
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3600 kg argon target
(1000 kg fiducial)

in sealed ultraclean
Acrylic Vessel

Vessel is “resurfaced”
in-situ to remove 
deposited Rn daughters
after construction

255 Hamamatsu
R5912 HQE PMTs 8-inch
(32% QE, 75% coverage)

50 cm light guides +
PE shielding provide neutron 

moderation

Steel Shell immersed in 8 m 
water shield at SNOLAB

DEAP-3600 Detector
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DEAP-3600 Detector at SNOLAB

Completed inner detector
255 8” R5912HQE PMTs
installed in shield tank

Steel Containment Sphere
in 8m diameter water shield tank
(water tank was filled Oct 2015)
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Reconstructed event positions, liquid argon argon filling, June 2016

Optical and reconstruction algorithm calibration in progress
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Ge and Si Cryogenic Crystals

SuperCDMS at SNOLab
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NaI(Tl) Crystal Scintillator 

DAMA-LIBRA
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The DAMA/LIBRA Detector

• High purity NaI(Tl) crystals

• OFHC copper

• Low radioactivity lead

• Cu/Pb etched with acid in clean room

• Polyethylene/paraffin-Cadmium

• Flushed with HP N2 Gas

• No muon veto.

Residual 40K background

~13 ppb natK

40K40Ar, ~11% branch ratio

3 keV K shell X-ray, Auger e-

Energy Spectrum

40K-40Ar Electron-capture 3 keV
X-ray/Auger electron?
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• DAMA/LIBRA observed low energy rate modulation

DAMA/LIBRA
 Target: ~250kg NaI(Tl)

 Signal: Annual modulation
 Modulating: ~0.0112 (12) cpd/keV/kg

 Signal region: 2-6 keVee

 Non-modulating: ~ 1 cpd/keV/kg

 No modulation above 6 keV.

 ~9.3σ significance 14 cycles (2013)

• Is this signal from dark matter interactions?

Hints of dark matter from DAMA-LIBRA
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DAMA-LIBRA
• The annual modulation observed by DAMA-LIBRA is consistent with 

motion of  Sun-Earth system through dark matter halo. 
– The amplitude is ~1%.

– The period is one year.

– The  rate is maximum  on day 144 ± 7 d (May 24),

– This is within uncertainty of  June 2,  the expected peak rate in dark 
matter.

• Significant background due to radioactivity in crystal means 
modulation of  WIMP rate is larger than 1%.
– Could be explained by threshold effect for light WIMPs.

• Results are inconsistent with experiments  using other  targets. (LUX, 
XENON, CDMS) 

• An independent experiment with NaI is needed.
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Gravitational Focusing Phase Shift. 

Cosmogenic backgrounds.

• Maximum annual WIMP rate is 
expected on June 2.

• DAMA observes max rate on May  
24 (± 7d), 9 days earlier than 
expected.

• Gravitational focusing  shifts the 
peak rate earlier, towards March,  
could explain the DAMA phase.

• Background from cosmogenic
muon flux modulates seasonally by 
1.29 %  with max rate on June 28 (±
6 d).
– This is too late to explain DAMA’s 

modulation. 
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Gravitational Focusing on Annual Modulation in Dark-Matter
Direct-Detection Experiments," Phys.Rev.Lett. 112 (2014) no. 1, 
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NaI(Tl) Crystal Scintillator 

SABRE
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SABRE
(Sodium iodide with Active Background REjection)

Testing the DAMA-LIBRA Annual Modulation for Dark Matter

Strategy

1. Reduce NaI(Tl) crystal radioactivity

– Develop radio-pure NaI powder and 
special crystal growth technique.

– Employ active scintillator veto

2. Lower threshold energy

– High Q.E PMTs directly on crystals.

– Reduce PMT dynode afterglow.

3. Eliminate seasonal effects.

– Detectors in North and South 
Hemispheres.

– North:  LNGS, Italy

– South:  SUPL, Australia 

Liquid Scintillator Veto

SUZY 2106 Melbourne, Australia

• Veto  b-g radioactivity in NaI crystal by 

detecting g-ray in liquid scintillator.

• 40K 3-keV EC-g (largest background)

• 22Na, 126I, in NaI.

• PMT g-Compton  background, etc.

• Rock and cosmogenic backgrounds.
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Main Background: NaI(Tl) Radioactivity
Research to reduce and measure trace levels 

of  naturally occuring radioactive K, Rb, U, Th paid off.

Sample K(ppb) -Seastar
Jan 2016

K(ppb)- PNNL
Apr 2016

2A 9 ± 1 10.0 ± 0.7

2B 7 ± 1 9.1 ± 0.3

2D 11 ± 1 9.7 ± 0.4

2E 9 ±1 9.8 ± 0.4

Average 9 9.6 

SUZY 2106 Melbourne, Australia

Good agreement for [K] between independent  ICP-MS measurements.
[Rb] upper limit  <0.1 ppb.   [U], [Th]  ~ 0.5 ppt
[K] here is lower than 13 ppb in DAMA/LIBRA.
Effective concentration of K is further reduced by veto.

2-kg radio-pure NaI(Tl)
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Liquid Scintillator Detects g-rays 

and vetos X-rays from 40K and 22Na 

4/11/16
LNGS Scientific Committee Meeting 

April 11 2016
40
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K

Total 
Rb

U, Th, 22Na

gs of  PMT’s, 

rock,…

The radio-pure NaI crystals

and veto result in x10  lower 

background than DAMA.
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Sensitivity to DAMA-LIBRA Modulation
With expected backgrounds, SABRE can refute (6s) or confirm (4s) 

DAMA-LIBRA modulation with 50 kg x 3 yrs exposure 
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Direct proof  of  backgrounds by counting 

in veto will take place in coming months.



SABRE South

A SABRE Twin in a Gold Mine

Near Stawell, Australia
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SUPL:  Stawell Underground Physics Laboratory 

2014:  Lab proposed.  2015:  Funding secured from Fed and State.  2017:  Lab ready. 

Depth similar to LNGS



Summary and Conclusions

Searches for dark matter by direct detection are being carried out by a 
robust suite of  innovative experiments, only partially covered here.

• Two LXe experiments.
– XENON 1-ton starts 2017.  Goal of  1.6 x 10-47cm2. 50 GeV/c2

– LZ 5.6-ton builds on LUX 145-kg.  Goal is 1.5x10-48 cm2 50 GeV/c2 

• Two LAr experiments.
– LAr 1-ton (DEAP) filling,  taking data 2017 with goal of  1x10-46 cm2 .

– LAr-50 (Darkside)  achieved background free data. A 20-ton detector is planned. with  
goal of  4x10-48 cm2 at 300 GeV/cm2. 

• Super-CDMS SNOLab
– Mass of  50 kg with Ge and Si  focuses on light WIMPS:   0.5-5.0 GeV/c2.

– First to study largely unexplored region.

• New NaI(Tl) experiments (SABRE, COSINE, ANAIS)
– Anomalous results of  DAMA-LIBRA to be checked in few years.

Poised for Discovery?
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The End

No koala bears, nor 
kangaroos, but another rare 
creature in Australia.

Prof. Elisabetta Barberio, 

the force behind SUPL, 
getting ready to mine dark 
matter.
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The SABRE Collaboration
(11 Institutions)

SABRE North

Italy

• LNGS

• University of  Rome

• Milan University

United Kingdom

• Imperial College

United States

• Pacific Northwest Nat. Lab.

• Princeton University

SABRE South

• Australian National 
Laboratory

• Australian Nuclear Science 
and Technology

• Swinburne University

• University of  Adelaide

• University of  Melbourne
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