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Composition of the Universe as we understand it today
(Very different than 20 years ago thanks to very sensitive astronomical and 
astrophysical experiments such as measurements of the cosmic microwave 
background, large scale structure and distant supernovae.)

With underground labs we can look for Dark Matter particles 
left from the Big Bang, with ultra-low radioactive background. 
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(most 
backgrounds:
electron recoils)



Argon for Dark Matter Searches – Some Basics

Argon is inexpensive and relatively “easy” to purify to levels required
for DM searches - true for O2, N2, etc. and also for radon

Singlet/triplet ratio and lifetimes in argon allow extremely good scintillation
PSD (β/γ vs nuclear recoil rejection of 1010) – low background single
phase (scintillation-only) detector possible (DEAP-3600 = 3.6 tonnes)

TPC also exploiting charge collection (S1/S2) increases background
rejection (β/γ vs recoil + position reconstruction) - DarkSide

39Ar – approx. 1 Bq of β decays per kg of argon – must be reduced or
rejected in analysis (can reject up to about 1 fiducial tonne with PSD)
Produced in atmosphere – underground sources low in 39 isotope

χ 40Ar
40Ar

χ

Scattered nucleus (with 10’s of keV)
is detected in liquid argon.



Scintillation (con’t)

Singlet          Triplet

– Different lifetime 
– Populated differently for electron/nucleus

Pulse shape discrimination (PSD)

LArgon
scintillation

Singlet 
(~7ns)

Triplet 
(~1.6μs)

Electron 23% 67%
Nucleus 75% 25%

 Argon Scintillator transparent at the emitted λ
(128nm for Ar), TPB wavelength shifter on surface 
of acrylic converts UV to PMT wavelengths.



Backgrounds (γ’s)

Nuclear recoils
AmBe neutron source

Yellow: Prompt light region
Blue:     Late light region
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PSD in liquid argon with DEAP-1 (7 kg)

DEAP-1



SNOLAB @ Neutrino 2008 Christchurch May 28th, 2008

SNOLAB

Personnel 
facilities

SNO 
Cavern

Ladder Labs

Cube Hall

Phase II
Cryopit

Utility
Area

DEAP-3600 kg Ar,
MiniCLEAN Ar:Dark Matter

DAMIC: Dark Matter

SNO+: Double Beta, 
solar,geoneutrinos

Now:HALO
SuperNovae

New large scale 
project.

Future: SuperCDMS Dark MatterNow: PICO-40, Future PICO-500: 
Dark Matter

All Lab Air: Class < 2000

Low Background 
counting facility

0.27 muons/m2/day
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255 Light Guides were bonded onto the acrylic vessel, 
which was then annealed in a Rn reduced air system.



Acrylic Vessel Resurfacer
• Mechanical sander to clean inner surface
• Components selected for low radon emanation
• Remove 0.5-mm surface in situ with N2 purge
• Cleans surface to bulk-level impurities

(order 100,000 cleaner than SNO vessel)



Demonstrated <15% deviation in 
thickness at distances similar to DEAP 
vessel.

for TPB
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Calibration sources
External tubes for calibration with 
radioactive sources:
●AmBe (neutrons)
●
22Na (γ)

●
232U (γ)

10 cm

One-time calibration with an internal diffuse “laserball” source before the LAr fill.

Channel-to-channel relative
●efficiency variation
●timing offsets
●Position reconstruction (optical model)

Energy calibration,
Position reconstruction

20 optical fibres attached
to PMTs
●PMT gains
●Channel-to-channel relative efficiency variation
●Position reconstruction
●(optical model)



Full 

“nuclear recoil band”

“beta/gamma band”

WIMP ROI full energy alphas
(in argon)

alphas on surface
(lose energy)

39Ar
γ’s

neutrons
degraded α’s



triplets dominate

2614 keV1460 keV

alphas in LAr

39Ar

WIMP ROI

“nuclear 
recoil band”

DEAP 3600 commissioning data 

Experimental Signature: Pulse Shape Discrimination
Ar scintillation:
- excimers are created

- singlet: 6 ns
- triplet: 1300 ns
- wavelength: 128 nm

singlets dominates

factor 1010 separation 

210Po
5.4 MeV

222Rn
5.6 MeV

214Po
7.8 MeV

218Po
6.1 MeV

4.4 d dataset

Pulse shape discrimination 
(PSD) parameter:
Fprompt =

prompt light (150 ns)
total light (10000 ns)

1
616

“electronic 
recoil band”



Major Expected Backgrounds in DEAP

2614 keV1460 keV

alphas in LAr

WIMP ROI

“nuclear 
recoil band”

DEAP 3600 commissioning data 

Background sources for WIMP ROI:
• Alphas: Energy degraded or shadowed
• 39Ar: PSD leakage from ER band
• Neutrons: Create Ar NR similar to WIMPs 

Design goals:

210Po
5.4 MeV

222Rn
5.6 MeV

214Po
7.8 MeV

218Po
6.1 MeV

4.4 d dataset

3000 kg x yr
exposure alphas 39Ar neutrons

events in 
ROI < 0.2 < 0.2 < 0.2
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alpha leakage

PSD 
leakage

“electronic 
recoil band”



Pulse-Shape Discrimination in DEAP-3600

We observe good PSD of beta 
events down to 11 keVee!

Best ever demonstrated at low 
energy, expect to meet design goal 
for full sensitivity run

For larger detectors: Combine this 
with low-radioactivity
argon (depleted in 39Ar):

can use PSD for WIMP search
with several hundred tonnes
of depleted argon
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Calibrated detector response

●AmBe neutrons (for nuclear recoil response Monte-Carlo validation)

●For Fprompt cut efficiency: on top of the literature physics parameters, simulation of the 
PMT/detector response is added

●MC/data agree within systematic uncertainties

●1 year dataset analysis: larger calibration dataset, further improvements to the Monte 
Carlo model



30-300X lower radon levels than xenon DM experiments

222Rn in DEAP-3600



MC Simulations scaled by radioactivity screening results

These measurements set limits on radioactivity in PMT’s and hence 
on neutrons in the detector that are well within dsign limits.



4.44 live days

Selected ROI for < 0.2 leakage from β’s

Developed prelim. cuts for instrumental 
and external-source events

2,223 kg fiducial mass

9,870 kg-day exposure

No events observed in ROI

First Dark Matter Search with DEAP-3600 – 9,870 kg-days



WIMP exclusion with DEAP-3600 (July 2017 result)

4.4 days DEAP-3600

planned run to 2020
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Analysis of 1 yr dataset

Published PRL 4.4d dataset
Open (non-blind) dataset for 2nd analysis: Nov 1 2016 – Dec 31, 2017

ROI and vicinity blinded since Jan 1, 2



Projections for DEAP-3600 Backgrounds
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“Geometric” backgrounds

α

Degraded light collection from high energy events shifts them to lower energies, where we 
look for WIMPs.

VUV

Bare acrylic
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Position reconstruction

Reconstructed partial fill data

Ar39 betas in liquid argon

● Main measure against surface backgrounds

● Two independent maximum likelihood fitters 
based on charge tuned to Monte Carlo

● Surface event fiducial leakage probabilities of 
~1.3e-3 into 1 tonne fiducial volume or better 
are expected with current algorithms (on MC)

● Spherical fiducial cut with an additional Z cut

● Additional handle

● alpha scintillation in TPB added to the argon scintillation, which makes those events 
easier to tag/remove with PSD



28

Fit with photon timing
●Fit with intensity and time of arrival for the first 40 ns of prompt 
light

●Group velocity of UV light = 110 mm/ns

●Group velocity of visible light = 241 mm/ns

●Construct PDFs for light emitted at vertex x0 and event time t0
given PMTi measures charge qi

●Convolve singlet decay time (7 ns), TPB response time (3 ns), 
and PMT/LG, response time (1.4 ns)

●Consistency between Charge and Timing Fits

– Both algorithms assume a single source of light.

– For healthy, uniformly distributed events, such as 39Ar or 
WIMPs, the positions reconstructed by charge and by 
timing should agree.

– Not expect charge and timing fits to agree for

● Events with substantial amount of afterpulsing

● Light originates from multiple positions

● Events in the neck

7 ns

1.4 ns
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Current landscape 2018

Paper on one year data set for DEAP-3600 planned for this fall



DEAP-3600 Collaboration

DEAP Collaboration: 75 researchers in Canada, UK, Mexico and Germany  

+ recent new DarkSide groups from Italy and US



Now I will hand over to Cristiano to speak about Darkside 50, 20k 
and the Global Argon Dark Matter Collaboration.
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