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Overview
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• The Dark Matter problem and challenges in direct 
detection of Dark Matter 

• The DEAP-3600 detector 
• Design and construction 

• Material screening 
• Radio-clean construction 
• Passive shielding 
• Active shielding (veto) 
• Particle identification 

• Results
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160 years ago, the Huggins' discovery of stellar spectra lines gave foundation to 
the idea that objects throughout the universe are governed by the same physical 
laws and types of matter we find on earth.
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http://stars.astro.illinois.edu/sow/n6543.html#spec

Historic spectrum of NGC 
6543 (Cat's Eye Nebula)

William and Margaret 
Huggins
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"The great spirals, with their 
enormous radial velocities and 
insensible proper motions, 
apparently lie outside our Solar 
system." 

- Edwin Hubble, 1920

90 years ago, numerous observations led to the then shocking conclusion that 
the universe was much bigger than our own galaxy, and that the universe is 
expanding

Hubble’s diagram and cosmic expansion
Robert P. Kirshner*
Harvard–Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138

Contributed by Robert P. Kirshner, October 21, 2003

Edwin Hubble’s classic article on the expanding universe appeared in PNAS in 1929 [Hubble, E. P. (1929) Proc. Natl. Acad. Sci. USA 15,
168–173]. The chief result, that a galaxy’s distance is proportional to its redshift, is so well known and so deeply embedded into the
language of astronomy through the Hubble diagram, the Hubble constant, Hubble’s Law, and the Hubble time, that the article itself
is rarely referenced. Even though Hubble’s distances have a large systematic error, Hubble’s velocities come chiefly from Vesto
Melvin Slipher, and the interpretation in terms of the de Sitter effect is out of the mainstream of modern cosmology, this article
opened the way to investigation of the expanding, evolving, and accelerating universe that engages today’s burgeoning field of
cosmology.

T he publication of Edwin Hub-
ble’s 1929 article ‘‘A relation
between distance and radial
velocity among extra-galactic

nebulae’’ marked a turning point in un-
derstanding the universe. In this brief
report, Hubble laid out the evidence for
one of the great discoveries in 20th cen-
tury science: the expanding universe.
Hubble showed that galaxies recede
from us in all directions and more dis-
tant ones recede more rapidly in pro-
portion to their distance. His graph of
velocity against distance (Fig. 1) is the
original Hubble diagram; the equation
that describes the linear fit, velocity !
Ho " distance, is Hubble’s Law; the
slope of that line is the Hubble con-
stant, Ho; and 1!Ho is the Hubble time.
Although there were hints of cosmic
expansion in earlier work, this is the
publication that convinced the scientific
community that we live in an expanding
universe. Because the result is so impor-
tant and needs such constant reference,
astronomers have created eponymous
Hubble entities to use Hubble’s aston-
ishing discovery without a reference to
the original publication in PNAS (1).†

Today, #70 years later, exquisite ob-
servations of the cosmic microwave
background (2), measurement of light
elements synthesized in the first few
minutes of the universe (3), and modern
versions of Hubble’s Law form a firm
triangular foundation for modern cos-
mology. We now have confidence that a
geometrically f lat universe has been ex-
panding for the past 14 billion yr, grow-
ing in contrast through the action of
gravity from a hot and smooth Big Bang
to the lumpy and varied universe of gal-
axies, stars, planets, and people we see
around us. Observations have forced us
to accept a dark and exotic universe
that is $30% dark matter with only 4%
of the universe made of familiar protons
and neutrons. Of that small fraction of
familiar material, most is not visible.
Like a dusting of snow on a mountain

ridge, luminous matter reveals the pres-
ence of unseen objects.

Extensions of Hubble’s work with to-
day’s technology have developed vast
new arenas for exploration: extensive
mapping using Hubble’s Law shows the
arrangement of matter in the universe,
and, by looking further back in time
than Hubble could, we now see beyond
the nearby linear expansion of Hubble’s
Law to trace how cosmic expansion has
changed over the vast span of time since
the Big Bang. The big surprise is that
recent observations show cosmic expan-
sion has been speeding up over the last
5 billion yr. This acceleration suggests
that the other 70% of the universe is
composed of a ‘‘dark energy’’ whose
properties we only dimly grasp but that
must have a negative pressure to make
cosmic expansion speed up over time
(4–9). Future extension of the Hubble
diagram to even larger distances and
more precise distances where the effects

of acceleration set in are the route to
illuminating this mystery.

Hubble applied the fundamental dis-
coveries of Henrietta Leavitt concern-
ing bright Cepheid variable stars.
Leavitt showed that Cepheids can be
sorted in luminosity by observing their
vibration periods: the slow ones are
the intrinsically bright ones. By mea-
suring the period of pulsation, an ob-
server can determine the star’s intrin-
sic brightness. Then, measuring the
apparent brightness supplies enough
information to infer the distance.

This Perspective is published as part of a series highlighting
landmark papers published in PNAS. Read more about
this classic PNAS article online at www.pnas.org!misc!
classics.shtml.

*E-mail: kirshner@cfa.harvard.edu.
†There are just 73 citations of Hubble’s original paper in
NASA’s Astrophysics Data System. There are 1,001 citations
of ref. 7.

© 2003 by The National Academy of Sciences of the USA

Fig. 1. Velocity–distance relation among extra-galactic nebulae. Radial velocities, corrected for solar
motion (but labeled in the wrong units), are plotted against distances estimated from involved stars and
mean luminosities of nebulae in a cluster. The black discs and full line represent the solution for solar
motion by using the nebulae individually; the circles and broken line represent the solution combining the
nebulae into groups; the cross represents the mean velocity corresponding to the mean distance of 22
nebulae whose distances could not be estimated individually. [Reproduced with permission from ref. 1
(Copyright 1929, The Huntington Library, Art Collections and Botanical Gardens).]

8–13 " PNAS " January 6, 2004 " vol. 101 " no. 1 www.pnas.org!cgi!doi!10.1073!pnas.2536799100

Edge of the 
Milky Way

Hubble, E. P. (1929) Proc. Natl. Acad. Sci. USA 15, 168–17

William and Margaret 
Huggins
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But observations quickly showed that some objects do not 
behave as predicted by our physical laws.
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Galactic rotation curves

Velocity of galaxies in 
clusters

19
91
MN
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S.
24
9.
.5
23
B

Begeman, K., et al. Monthly Notices of the Royal 
Astronomical Society 249, 523–537 (1991).

Hubble telescope image archive

"In a spiral galaxy, the ratio of dark-to-light 
matter is about a factor of ten. That's 
probably a good number for the ratio of 
our ignorance-to-knowledge." 

- Vera Rubin
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And we kept finding objects whose motion does not follow 
the predicted path.
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Galactic rotation curves

Velocity of galaxies in 
clusters

Lensing/microlensing

Structure formation in 
the universe

Cosmic microwave 
background
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Sloan Digital Sky Survey

650 Mpc

Begeman, K., et al. Monthly Notices of the Royal 
Astronomical Society 249, 523–537 (1991).

Hubble telescope image archive

NASA/CXC/CfA/M.Markevitch et al.; NASA/STScI; 
ESO WFI; Magellan/U.Arizona/D.Clowe et al.; 
NASA/STScI; Magellan/U.Arizona/D.Clowe et al

Planck Collaboration: The Planck mission

Fig. 15. The SMICA CMB map, with 3 % of the sky replaced by a constrained Gaussian realization. For the non-Gaussianity analysis
(Sect. 9.2 and Planck Collaboration XXIV 2014), 73 % of the sky was used. Apart from filling of the blanked pixels, this is the same
map as shown in Fig. 1 of Planck Collaboration XII (2014).

Fig. 16. Spatial distribution of the noise RMS on a color scale
of 25 µK for the SMICA CMB map, from the noise map ob-
tained by running SMICA through the half-ring maps and taking
the half-di↵erence. The average RMS noise is 17 µK. SMICA
does not produce CMB values in the blanked pixels. They are
replaced by a constrained Gaussian realization.

on the 353 GHz Planck polarization data changes the parameters
extracted from the likelihood by less than 1�.

At smaller scales, 50 < ` < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps and
their associated covariance matrices using the 100, 143, and
217 GHz channels, and cross-spectra between these channels12.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is conservatively masked to avoid contamination

12 Interband calibration uncertainties with respect to 143 GHz have
been estimated by comparing directly the cross spectra and found to be
within 2.4 and 3.4 ⇥ 10�3 for 100 and 217 GHz, respectively.

Fig. 17. Angular spectra for the SMICA CMB products, eval-
uated over the confidence mask, and after removing the beam
window function: spectrum of the CMB map (dark blue), spec-
trum of the noise in that map from the half-rings (magenta), their
di↵erence (grey), and a binned version of it (red).

by Galactic dust, retaining 58 % of the sky at 100 GHz and 37 %
at 143 and 217 GHz.

Bright extragalactic “point” sources detected in the fre-
quency range 100 to 353 GHz are also masked. Even after
masking, extragalactic (including thermal and kinetic Sunyaev-
Zeldovich) sources contribute significantly to the power spec-
tra at the smallest angular scales probed by Planck. We model
this extra power as the sum of multiple emission components,

26

Larson, D. et al. The Astrophysical 
Journal Supplement 192, 16 (2011).
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What do we make of the fact that some objects do not 
move as we expect them to?
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Options: 
a) Our physical laws are not universal 
b) Our physical laws are not correct for large distances (but are still universal) 
c) There are particles and forces we have not observed yet
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Options: 
a) Our physical laws are not universal 
b) Our physical laws are not correct for large distances (but are still universal) 
c) There are particles and forces we have not observed yet

Experimentally ruled out to large precision

Possible, but cannot explain 

all observations

Most simple explanation for all effects. 


(And historically the right one)
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What do we make of the fact that some objects do not 
behave as we expect them to?
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Options: 
a) Our physical laws are not universal 
b) Our physical laws are not correct for large distances (but are still universal) 
c) There are particles and forces we have not observed yet

Experimentally ruled out to large precision

Possible, but cannot explain all 

observations

Most simple explanation for all effects


(and historically the right one)

4.6 %

24 %

71.4 %
Stuff we REALLY 
don't understand

Stuff we don't 
understand

Stuff we kinda 
understand

Adapted from Renée Spiewak

"There should be a more friendly name than ΛCDM 
[...] I recommend the simple name “Double Dark 

Theory” for the modern cosmological standard model." 
- Joel R. Primack
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If we posit that a new particle is the solution to the problem, 
we should try to detect it in a manner more direct than 
through its gravitational pull.
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"I soon became convinced [...] that all 
the theorizing would be empty brain 
exercise and therefore a waste of time 
unless one first ascertained what the 
population of the universe really 
consists of. " 

- Fritz Zwicky

Direct detection of DM particles from our 
galactic halo scattering in a teresstrial 
detector
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Direct dark matter searches look for nuclear recoils in 
response to elastic scattering of a dark matter particle 
on a detector nucleus.
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galactic DM 'mist' Earth
DM

nucleus
detection 
medium

recoil nucleus
ER The signal we look for 

is a nuclear recoil.  
These don't travel far 
so target == detector.

DetectorDetector

detection 
medium

ρDM = 0.3 GeV/cm3 v0,DM = 230 km/s
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galactic DM 'mist' Earth
DM

nucleus
detection 
medium

recoil nucleus
ER

DetectorDetector

detection 
medium

ρDM = 0.3 GeV/cm3 v0,DM = 230 km/s

Photons

Direct dark matter searches look for nuclear recoils in 
response to elastic scattering of a dark matter particle 
on a detector nucleus.
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Challenge in direct detection: 1) to cover more 
parameter space, extreme measures must be taken 
to reduce backgrounds from known particles.
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XENON 1T (2018)

coherent neutrino scattering

coherent neutrino scattering

rough estimates

Interaction Cross section 
[cm2]

electron/muon/
photon - argon

1e-19 to 1e-15

neutron - argon 1e-24 to 1e-22

neutrino-nucleon 1e-38 to 1e-35

WIMP-nucleon (SD) < 1e-42

WIMP-nucleon (SI) <1e-46

Excluded parameter space

background 
from 
neutrinos 
scattering on 
target nuclei

αn µ

bigger detector (less background)

lower 
energy 

threshold



3 6 0 0
D E A P

Challenge in direct detection: 2) small signal rates 
and low energies
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m = 100 GeV
σ =  10-45 cm2

exp = 1 tonne year

 1

 10

 100

 1000

 0  10  20  30  40  50  60  70  80  90  100

Ev
en

ts
/k

eV

Recoil Energy [keV]

Argon
Xenon

Germanium

   10

   1

0.1

0.01

Differential 'WIMP' dark matter recoil spectrum. 
(Standard assumptions)*

* Smith, P. F., & Lewin, J. D. (1990). Dark 
matter detection. Physics Reports, 187(5).

target nucleus

Elastic scattering of WIMP 
on target nucleus
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Very sensitive 1 tonne detector

Particles passing 
through 

detector [1/s]

Signals in the 
detector.

Dark matter 106  - 1012 < 1/month
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Very sensitive 1 tonne detector

Cosmic rays (μ, n, p, ...)

Particles passing 
through 

detector [1/s]

Signals in the 
detector.

Dark matter 106  - 1012 < 1/month

Muons 105 ~105/second



3 6 0 0
D E A P �15

Cosmic rays (μ, n, p, ...)

To shield from cosmic rays (mostly 
muons), experiments are located deep 
underground.
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μ

�16

To shield against cosmic 
radiation, the DEAP-3600 
detector is located 2 km 
underground at the 
SNOLAB research facility.

5:50am, ready to go underground.
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2 km 
( 6000   
 m.w.e. )

DEAP3600
❖ Single phase liquid argon (LAr) 

dark matter detector

❖ Located at SNOLAB, 2070m 
underground in Vale’s Creighton 
mine, Sudbury Ontario, Canada

HQL - 2012 - Prague 4Belina von Krosigk

SNOLAB

~70 µ/day in SNO+

● Greater Sudbury, Ontario, Canada

● Expansion of underground area and
 new surface facilities for SNO+ and
 further experiments (ν, Dark Matter, SN)

● ~2 km deep underground in the
 „Vale Canada Ltd.“ Creighton Mine

 ⇒ ~6000 mwe overburden!

cern courir

S

D

Imagery ©2015 Landsat, Data SIO, NOAA, U.S. Navy, NGA, GEBCO, Map data ©2015 Google 100 km 

Sudbury, Unorganized, North 
47.010679, -81.183391

...

Sudbury, ON - Google Maps https://www.google.ca/maps/place/Sudbury,+ON/@44.3925658...

1 of 1 2015-03-23, 5:59 AM

Surface facility.

Surface shaft station.

μ
SNOLAB

Waiting for the cage.
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2 km 
( 6000   
 m.w.e. )

μ
SNOLAB

(C) Gerry Kingsley

Lab entrance.

Underground tunnels.

Underground tunnels.
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Showers."Clean" side of lab. Lunch room.

"Dirty" side of lab.Class 2000  
clean room. 
37200 m3 

1320 m2

UPW plant.

Chemistry lab.

Machine shop.

Generator, 
sewage treatment.

Low-background 
counting (α,γ).

0.27 μ/m2/day.
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Cosmic rays (μ, n, p, ...)

Uranium
Thorium

Radon

Natural background: ~10-2 Hz

Elaborate shielding and material 
cleaning is necessary to reduce 
background from radioactive 
isotopes near the detector.
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Radioactive isotopes are everywhere and in everything.
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Primordial isotopes and their daughters: 
Mostly Th-232, U-238, U-235, and K-40

224Ra

3.66d

216Po

0.15s

208Tl

3.05m

220Rn

55.6s

212Pb

10.64h

212
Bi

~m

212Po

300 ns

α
5423 keV

α
5685.37 keV

α
6288.08 keV

α
6778.3keV

α
6050.78 keV

β β

208Pb

α 
8784.4keV

β

228Th

1.91a

232Th

1.4·1010a

228Ra

5.75a

228Ac

6.13h

α
4013 keV

β β

64%

35%

Th and U have long decay chains including 
Rn, which diffuses into the air and then 
deposits radioactive daughters on all 
surfaces.

your dark 

matter detector.
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Cosmogenic (cosmic ray activation) 

E.g.: Ar-39, C-14
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35%

Th and U have long decay chains including 
Rn, which diffuses into the air and then 
deposits radioactive daughters on all 
surfaces.

your dark 

matter detector.

Cosmogenic (cosmic ray activation) 

E.g.: Ar-39, C-14

Anthropogenic (man made)

E.g.: Cs-137, I-129
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Cosmic rays (μ, n, p, ...)

Uranium
Thorium

Radon

dark matter

Mitigation: 
Material screening 
Radio-clean construction 
Passive shielding 
Active shielding (veto) 
Particle identification
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• The Dark Matter problem and challenges in direct 
detection of Dark Matter 

• The DEAP-3600 detector 
• Design and construction 

• Material screening 
• Radio-clean construction 
• Passive shielding 
• Active shielding (veto) 
• Particle identification 

• Results
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All materials used are screened for concentration of 
radioactive isotopes, and for rate of radon emanation. 
If the levels are not low enough, as determined from 
simulation, a different material must be found. 

�24

6 P.-A. Amaudruz, M. Baldwin and M. Batygov et al. / Astroparticle Physics 108 (2019) 1–23 
Table 6 
Gamma assay results for major detector components. A description of the components can be found in 
Sections 4 and 5 . Activities are reported with 1-sigma uncertainties. A 90% confidence limit is placed when 
the measurement is below the background sensitivity of the detector. It is assumed that secular equilibrium 
is broken between 230 Th and 226 Ra in the 238 U decay chain. 

Component 238 U lower 238 U upper 232 Th 235 U 
[mBq/kg] 

Methyl methacrylate monomer (LG bonding) 1.4 ± 1.0 < 15 < 0.9 < 1.8 
AV acrylic < 0.1 < 2.2 < 0.5 < 0.2 
Acrylic beads (RPT) < 3.1 16 ± 15 0.8 ± 0.3 0.6 ± 0.5 
LG acrylic < 0.1 < 9.0 < 0.3 < 0.6 
304 welded stainless steel (steel shell) 1.4 ± 1.1 < 5.0 4.7 ± 1.5 < 3.3 
304 stainless steel stock (steel shell) 2.1 ± 1.1 < 112 1.9 ± 1.1 < 5.4 
316 stainless steel bolts (steel shell) < 6.1 < 315 94 ± 9 < 17 
Carbon steel (stock) 2.0 ± 0.7 111 ± 43 10.0 ± 1.0 8.6 ± 1.9 
Invar steel (neck) 4.5 ± 1.5 120 ± 77 2.5 ± 1.5 < 3.6 
R5912 HQE PMT glass 921 ± 34 225 ± 114 139 ± 7 25 ± 3 
R5912 HQE PMT ceramic 978 ± 56 15500 ± 2800 245 ± 28 503 ± 51 
R5912 HQE PMT feedthrough pieces 1140 ± 60 2350 ± 1460 430 ± 32 38 ± 9 
R5912 HQE PMT metal components < 5.5 - < 3.3 - 
RG59 PMT cable (Belden E82241) 4.5 ± 1.3 91 ± 46 1.2 ± 0.9 3.4 ± 1.4 
PMT mount PVC (Harvel) 72 ± 5 232 ± 130 18.6 ± 2.5 5.6 ± 1.5 
PMT mount copper < 0.5 < 10 < 0.8 < 1.3 
Neck Veto PMT glass 1230 ± 620 - 407 ± 203 57 ± 29 
Filler block polyethylene 0.4 ± 0.3 < 14 < 0.1 < 0.15 
Filler block Styrofoam [42] 33.5 ± 3.4 115 ± 64 < 1.5 < 1.4 
White Tyvek paper (diffuse reflector) < 0.3 50 ± 37 1.3 ± 0.8 < 2.2 
Black Tyvek paper (LG wrapping) < 1.8 < 127 5.6 ± 2.3 < 3.8 
Black polyethylene tube (upper neck) 13.7 ± 1.8 < 60 3.2 ± 1.1 2.6 ± 1.4 
TPB (Sigma Aldrich) < 3.9 - < 8.7 - 

Table 7 
Gamma assay results for tooling used during construction and manufacture of detector components. Activ- 
ities are reported with 1-sigma uncertainties. A 90% confidence limit is placed when the measurement is 
below the background sensitivity of the detector. It is assumed that secular equilibrium is broken between 
230 Th and 226 Ra in the 238 U decay chain. 

Component 238 U lower 238 U upper 232 Th 235 U 
[mBq/kg] 

Purification System Welding 
TIG weld sample 7.7 ± 5.7 < 27 25.2 ± 7.8 < 16 
SMAW weld sample < 23 < 1255 51.9 ± 12.2 < 13 
Welding electrodes A (Blue Demon TE2C-116-10T) 221 ± 65 < 493 1890 ± 184 < 56 
Welding electrodes B (Blue Demon TE2C-116-10T) 66.6 ± 42.6 < 1300 710 ± 103 < 138 
Welding electrodes C (Blue Demon TE2C-116-10T) 86.1 ± 21.8 < 642 911 ± 73 < 108 
Weld filler rods < 4.8 < 157 3.0 ± 2.5 < 1.8 
Inner AV Sanding 
Brazed diamond sanding pad (Superabrasives) 141 ± 24 < 845 49.8 ± 17.9 31 ± 19 
Plated diamond sanding pad (Superabrasives) 4680 ± 283 < 4130 6180 ± 300 218 ± 64 
3M 6002J flexible diamond pads 25.1 ± 15.4 < 785 < 10.8 < 33 
Diamond sandpaper (Diamante Italia) 3120 ± 136 < 2300 3370 ± 125 157 ± 22 
Red sandpaper (RPT) 48.7 ± 19.7 < 335 < 10.1 < 32 
LG Acrylic Polishing 
Diamond lapping film (3M 661X) 142 ± 38 < 882 93.6 ± 35.0 < 31 
Diamond lapping film (3M 661X) 94.0 ± 16.5 < 276 105. ± 18.1 < 33 

2.2. Material assay techniques 
To reach the radiopurity goals summarized in Tables 3, 4 , and 

5 , extensive low-background gamma assay and radon emanation 
measurement programs to select materials, in addition to material 
and handling quality assurance programs, were developed. 

SNOLAB has a well-established gamma assay program; a 
200 cm 3 high-purity germanium well detector (Princeton Gamma- 
Tech Instruments, Inc.) [41] was purchased and installed at SNOLAB 
to meet the assay requirements for the DEAP experiment. An in- 
ventory of gamma assay measurements 2 for the 238 U, 232 Th, and 
235 U decay chains which contribute to the neutron background 
from major detector components is listed in Table 6 and from 
tools used in manufacturing components in Table 7 . Material as- 
says measuring the 234 Th and 234 m Pa gamma lines in the 238 U de- 

2 Radiopurity database: https://deap-radiopurity.physics.carleton.ca/database/ . 

cay chain often show different activities from what is observed in 
the 226 Ra, 214 Pb, and 214 Bi gamma lines. This discrepancy indicates 
that secular equilibrium is often broken between 230 Th and 226 Ra. 
238 U and its progeny up to and including 230 Th is referred to as 
the “238 U upper chain”, while 226 Ra and its progeny are referred to 
as the “238 U lower chain”, assuming secular equilibrium within each 
sub-chain. Assay results contributing to the electromagnetic back- 
grounds ( 40 K, 60 Co) are measured, but not reported in Table 6 . Un- 
certainties arise from counting statistics and detection efficiency. A 
description of the components can be found in Sections 4 and 5 . 

A new radon emanation measurement system constructed at 
Queen’s University, similar to that described in [43] , was used to 
qualify and select detector materials. Materials are loaded into a 
vacuum chamber, the chamber is evacuated, and the material is 
then allowed to emanate into vacuum before the Rn atoms are col- 
lected using a cold trap. The alpha decay rate from the Rn atoms 
is measured to determine the initial radon emanation rate from 
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Table 6 
Gamma assay results for major detector components. A description of the components can be found in 
Sections 4 and 5 . Activities are reported with 1-sigma uncertainties. A 90% confidence limit is placed when 
the measurement is below the background sensitivity of the detector. It is assumed that secular equilibrium 
is broken between 230 Th and 226 Ra in the 238 U decay chain. 

Component 238 U lower 238 U upper 232 Th 235 U 
[mBq/kg] 

Methyl methacrylate monomer (LG bonding) 1.4 ± 1.0 < 15 < 0.9 < 1.8 
AV acrylic < 0.1 < 2.2 < 0.5 < 0.2 
Acrylic beads (RPT) < 3.1 16 ± 15 0.8 ± 0.3 0.6 ± 0.5 
LG acrylic < 0.1 < 9.0 < 0.3 < 0.6 
304 welded stainless steel (steel shell) 1.4 ± 1.1 < 5.0 4.7 ± 1.5 < 3.3 
304 stainless steel stock (steel shell) 2.1 ± 1.1 < 112 1.9 ± 1.1 < 5.4 
316 stainless steel bolts (steel shell) < 6.1 < 315 94 ± 9 < 17 
Carbon steel (stock) 2.0 ± 0.7 111 ± 43 10.0 ± 1.0 8.6 ± 1.9 
Invar steel (neck) 4.5 ± 1.5 120 ± 77 2.5 ± 1.5 < 3.6 
R5912 HQE PMT glass 921 ± 34 225 ± 114 139 ± 7 25 ± 3 
R5912 HQE PMT ceramic 978 ± 56 15500 ± 2800 245 ± 28 503 ± 51 
R5912 HQE PMT feedthrough pieces 1140 ± 60 2350 ± 1460 430 ± 32 38 ± 9 
R5912 HQE PMT metal components < 5.5 - < 3.3 - 
RG59 PMT cable (Belden E82241) 4.5 ± 1.3 91 ± 46 1.2 ± 0.9 3.4 ± 1.4 
PMT mount PVC (Harvel) 72 ± 5 232 ± 130 18.6 ± 2.5 5.6 ± 1.5 
PMT mount copper < 0.5 < 10 < 0.8 < 1.3 
Neck Veto PMT glass 1230 ± 620 - 407 ± 203 57 ± 29 
Filler block polyethylene 0.4 ± 0.3 < 14 < 0.1 < 0.15 
Filler block Styrofoam [42] 33.5 ± 3.4 115 ± 64 < 1.5 < 1.4 
White Tyvek paper (diffuse reflector) < 0.3 50 ± 37 1.3 ± 0.8 < 2.2 
Black Tyvek paper (LG wrapping) < 1.8 < 127 5.6 ± 2.3 < 3.8 
Black polyethylene tube (upper neck) 13.7 ± 1.8 < 60 3.2 ± 1.1 2.6 ± 1.4 
TPB (Sigma Aldrich) < 3.9 - < 8.7 - 

Table 7 
Gamma assay results for tooling used during construction and manufacture of detector components. Activ- 
ities are reported with 1-sigma uncertainties. A 90% confidence limit is placed when the measurement is 
below the background sensitivity of the detector. It is assumed that secular equilibrium is broken between 
230 Th and 226 Ra in the 238 U decay chain. 

Component 238 U lower 238 U upper 232 Th 235 U 
[mBq/kg] 

Purification System Welding 
TIG weld sample 7.7 ± 5.7 < 27 25.2 ± 7.8 < 16 
SMAW weld sample < 23 < 1255 51.9 ± 12.2 < 13 
Welding electrodes A (Blue Demon TE2C-116-10T) 221 ± 65 < 493 1890 ± 184 < 56 
Welding electrodes B (Blue Demon TE2C-116-10T) 66.6 ± 42.6 < 1300 710 ± 103 < 138 
Welding electrodes C (Blue Demon TE2C-116-10T) 86.1 ± 21.8 < 642 911 ± 73 < 108 
Weld filler rods < 4.8 < 157 3.0 ± 2.5 < 1.8 
Inner AV Sanding 
Brazed diamond sanding pad (Superabrasives) 141 ± 24 < 845 49.8 ± 17.9 31 ± 19 
Plated diamond sanding pad (Superabrasives) 4680 ± 283 < 4130 6180 ± 300 218 ± 64 
3M 6002J flexible diamond pads 25.1 ± 15.4 < 785 < 10.8 < 33 
Diamond sandpaper (Diamante Italia) 3120 ± 136 < 2300 3370 ± 125 157 ± 22 
Red sandpaper (RPT) 48.7 ± 19.7 < 335 < 10.1 < 32 
LG Acrylic Polishing 
Diamond lapping film (3M 661X) 142 ± 38 < 882 93.6 ± 35.0 < 31 
Diamond lapping film (3M 661X) 94.0 ± 16.5 < 276 105. ± 18.1 < 33 

2.2. Material assay techniques 
To reach the radiopurity goals summarized in Tables 3, 4 , and 

5 , extensive low-background gamma assay and radon emanation 
measurement programs to select materials, in addition to material 
and handling quality assurance programs, were developed. 

SNOLAB has a well-established gamma assay program; a 
200 cm 3 high-purity germanium well detector (Princeton Gamma- 
Tech Instruments, Inc.) [41] was purchased and installed at SNOLAB 
to meet the assay requirements for the DEAP experiment. An in- 
ventory of gamma assay measurements 2 for the 238 U, 232 Th, and 
235 U decay chains which contribute to the neutron background 
from major detector components is listed in Table 6 and from 
tools used in manufacturing components in Table 7 . Material as- 
says measuring the 234 Th and 234 m Pa gamma lines in the 238 U de- 

2 Radiopurity database: https://deap-radiopurity.physics.carleton.ca/database/ . 

cay chain often show different activities from what is observed in 
the 226 Ra, 214 Pb, and 214 Bi gamma lines. This discrepancy indicates 
that secular equilibrium is often broken between 230 Th and 226 Ra. 
238 U and its progeny up to and including 230 Th is referred to as 
the “238 U upper chain”, while 226 Ra and its progeny are referred to 
as the “238 U lower chain”, assuming secular equilibrium within each 
sub-chain. Assay results contributing to the electromagnetic back- 
grounds ( 40 K, 60 Co) are measured, but not reported in Table 6 . Un- 
certainties arise from counting statistics and detection efficiency. A 
description of the components can be found in Sections 4 and 5 . 

A new radon emanation measurement system constructed at 
Queen’s University, similar to that described in [43] , was used to 
qualify and select detector materials. Materials are loaded into a 
vacuum chamber, the chamber is evacuated, and the material is 
then allowed to emanate into vacuum before the Rn atoms are col- 
lected using a cold trap. The alpha decay rate from the Rn atoms 
is measured to determine the initial radon emanation rate from 

P.-A. Amaudruz, M. Baldwin and M. Batygov et al. / Astroparticle Physics 108 (2019) 1–23 7 
Table 8 
Measured 222 Rn emanation rates for components used in the DEAP- 
3600 detector contained within the stainless steel shell. A descrip- 
tion of the most important components can be found in Section 4 . 
Uncertainties arise from counting, sample emanation times, and de- 
tection and trapping efficiency. 

Source Emanation Rate 
[mBq/m 2 ] 

Filler blocks 1.6 ± 0.5 
FINEMET PMT magnetic shielding [40] 0.8 ± 0.2 
ESR film reflector a < 2.2 
Tyvek diffuse reflector < 0.1 
Black tyvek absorber 0.4 ± 0.2 
PMT mount PVC (McMaster-Carr stock) < 0.7 
PMT polyethylene foam < 0.9 
Teflon sheets (McMaster-Carr stock) 0.4 ± 0.2 
High density polyethylene pipe 3.5 ± 0.8 
304 Stainless Steel (McMaster-Carr stock) < 1.6 
Carbon steel (McMaster-Carr stock) 0.6 ± 0.1 
White PMT mount adhesive styrofoam sheet < 1.5 
Stycast 1266 A/B (Emerson & Cuming) < 4.2 

[mBq/m] 
RG59 PMT cable (Belden E82241) 0.026 ± 0.001 
Steel shell EPDM O-ring 16.1 ± 1.8 
Viton O-ring 1.3 ± 0.2 
Buna 451 O-ring 17 ± 2 

[mBq/unit] 
Hamamatsu R5912 PMTs < 0.3 
PMT mount O-ring 0.3 ± 0.1 

a Candidate material, not used in final construction. 
the material. Uncertainties in the emanation rate are due to sys- 
tem backgrounds, and the efficiencies of trapping and detection. 
Typical backgrounds in the emanation system are on the order of 
a single radon atom. Upper limits are set when there is no signal 
above background. Table 8 lists results from the 222 Rn emanation 
of the main detector components and tooling used during fabrica- 
tion. Limits on the AV and LG acrylic emanation are both set at 
< 0.3 mBq/m 2 ; the AV radon emanation is based on the assayed 
uranium content and not a direct radon emanation measurement. 
The steel shell volume is purged using a boil-off nitrogen gas sys- 
tem with a radon emanation rate of 5 µBq/kg [44] . 

Radon emanated from the resurfacer sanding robot, which con- 
tributes to the surface alpha background through possible collec- 
tion of the long-lived radon daughter 210 Pb while the sanding robot 
is deployed in the AV, was calculated based on screening measure- 
ments of the individual components to be less than 20 mBq. 

The 210 Pb targets set by the maximum allowable contribution 
to ( α, n ) backgrounds are below the sensitivity of most current as- 
say techniques. A program based on vaporization and subsequent 
chemical processing originally developed by the Sudbury Neutrino 
Observatory (SNO) [45] was extended to allow a sensitive assay of 
210 Pb in acrylic. Samples of the acrylic were vaporized, the residue 
extracted by rinsing with an acidic Aqua Regia solution, and the 
effluent collected and counted in the germanium well detector at 
SNOLAB. Details of the DEAP-3600 acrylic vaporization process can 
be found in [45] . In addition, the 5.3 MeV alphas from the de- 
cay of 210 Po were counted from the acid solution by plating it out 
on nickel discs, with a 450 mm 2 ORTEC ULTRA-AS ion-implanted- 
silicon detector [45] . From these measurements, which affect the 
210 Pb surface alpha background, an upper limit of 0.62 mBq/kg 
210 Pb was set for the AV acrylic. 

Based on results from the extensive material assay campaign 
shown in Tables 6, 7 and 8 , the expected number of background 
events in a 3-tonne-year fiducial exposure is assessed. The ex- 
pected number of alpha background events assuming a 10 cm po- 
sition resolution is shown in Table 9 . The sensitivity of the TPB 
210 Pb assay given the amount of product available was not suffi- 
cient to test adherence to the required alpha background. A num- 

Table 9 
Expected number of alpha background events based 
on upper limits from screening measurements. Event 
numbers are given for the WIMP-search ROI with 
a 3-tonne-year fiducial exposure assuming a 10 cm 
position resolution. The risk of a substantial fraction 
of upper parts of the U and Th chains in acrylic and 
TPB was estimated to be very low. 

Component 238 U 232 Th 210 Pb 
TPB < 6.8 < 9.9 - 
AV acrylic bulk < 0.3 < 1.3 < 0.3 
Total Events: < 18.7 < 7.2 < 11.2 < 0.3 

ber of steps were undertaken during the synthesis of the TPB in 
coordination with the manufacturer and during storage and de- 
position to control possible contaminations. For acrylic, screening 
only provided upper limits on alpha activity, leading to the total of 
< 18.7, which additionally lacks the sensitivity to test adherence to 
the target of < 0.2. Based on the specifics of the production pro- 
cess [46] , the risk of a substantial fraction of the upper parts of the 
U and Th chains in acrylic and TPB was estimated as very low (see 
Section 2.3.3 ), and effort s were concentrated on sensitive assay of 
out-of-equilibrium 210 Pb, resulting from exposure to radon-laden 
ambient air. The 210 Pb expectation of 0.3 events slightly exceeds 
the total alpha-induced background target of 0.2. 

The expected number of background events from neutrons pro- 
duced in ( α, n ) reactions and spontaneous fission is shown in 
Table 10 . The number of background events generated from neu- 
tron produced in ( α, n ) and spontaneous fission due to the plate- 
out of 210 Pb (radon progeny) on cold inner detector surfaces is 
shown in Table 11 . The expected number of events for this back- 
ground is 0.28, which is marginally higher than 0.2 targeted in the 
design. 

Both background expectations are subject to change with more 
elaborate position reconstruction algorithms and optimized fidu- 
cialization, where significant gains with respect to the simple 
10 cm position resolution scenario are anticipated. The in-situ al- 
pha and other background measurements and their mitigation is 
currently in progress and will be a subject of future publications. 
2.3. Material production and quality assurance 

Acrylic, or poly(methyl methacrylate) (PMMA), is a polymer of 
methyl methacrylate (MMA). Alpha decays on the inner surface 
of the acrylic can produce nuclear recoils in the LAr, while those 
that decay in the bulk acrylic may undergo the 13 C( α, n ) 16 O reac- 
tion [47] to produce neutrons, which can then scatter in the LAr to 
produce a nuclear recoil. The acrylic annealing process employed 
during construction to improve light collection also contributes to 
the background from radon daughters due to the temperature- 
dependence of radon diffusion in acrylic. These acrylic-related al- 
pha and neutron backgrounds are mitigated by limiting radon ex- 
posure and controlling cleanliness during construction. 
2.3.1. Cryostat acrylic 

Reynolds Polymer Technologies, Inc. (RPT) Asia Ltd. (Rayong, 
Thailand) acquired the MMA from the Thai MMA Co. plant in east- 
ern Thailand [46] . For DEAP-3600, the raw MMA was purchased 
directly from the production pipeline and delivered to RPT Asia, 
limiting excessive exposure to radon-laden air in storage tanks. 

To calculate the radon load during manufacture the contamina- 
tion when MMA enters a production vessel was derived, assum- 
ing all radon in the volume was dissolved in MMA and any radon 
progeny in the volume also becomes trapped. The resulting 210 Pb 
concentration in acrylic, using a density of MMA of approximately 

P.A. Amaudruz et al. (The DEAP collaboration) “Design and 
construction of the DEAP-3600 dark matter detector.” 
Astroparticle Physics 108 arXiv:1905.05811 (2019).
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The heart of the detector is a 3.6 
(currently 3.3) tonne LAr volume.
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Liquid Argon (84 K, -188℃) 
single-phase
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Lab-grade argon is further purified to 
sub-ppb levels of electronegative 
impurities (O2, N2, ...) and 10-26 g/g 
(0.15 μBq/kg) Rn222 (custom Rn trap).
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The LAr target is held in a cryostat made 
from ultra-pure acrylic.
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Acrylic vessel 
during construction.
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AV from custom-made 
clean (<10-19g/g 210Pb, 
~ppt U and Th) acrylic, 
assembled u/g.
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 Acrylic, polymethal-meth-acrylate, 
sourced, counted in-situ and followed 
through every step from distillation 
to thermoforming pure MMA 
monomer sheets (Thai MMA) 

 Electropolishing of metal surfaces 
including interior of the steel shell to 
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 Seamless tubing and where 
unavoidable welds in process system 
performed with non-thoriated TIG 
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 Developed vaporization system for 
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Raw AV sphere in factory.
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Under air-tight conditions, resurfacer removed fraction 
of a mm off the acrylic cryostat's inside, reducing radon 
daughter activity to < 10 α/m2/day.
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Acrylic vessel.

LAr TPB wavelength shifter.

128 nm 420 nm

Image credit: Wikipedia

3μm TPB layer on dummy sphere.

visible UV

Tetraphenyl  
Butadiene

A coating of TPB makes the 
LAr scintillation visible.

Broerman, B, et al. “Application of the TPB 
Wavelength Shifter to the DEAP-3600 Spherical 
Acrylic Vessel Inner Surface .” JINST 12 (2017)
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under air-tight conditions.

TPB

4π thermal evaporation source.

Acrylic vessel.



50 cm of plastic provide thermal 
isolation and neutron shielding.

�33

Acrylic vessel.

Light guide.
LAr

n
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Filler block.



255 Hamamatsu R5912-HQE PMTs 
view the LAr volume at 71% surface 
coverage. PMT temperature > -40C.
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Photo  
multiplier.

LAr
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Light guide.
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Real detector.

User comment to Gizmodo article about SNOLAB.

Replica from CBS TV show 'Scorpion'.
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The detector is housed in a steel shell and 
submerged in a water-Cherenkov veto tank for 
active and passive neutron shielding.

�37

(Earth) magnetic field 
compensation coils

Veto PMT.

n

Steel shell.

µ

�37
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Background suppression in LAr relies on pulse shape 
discrimination (PSD), and works well because of the large 
difference in the lifetimes of the two excimer states.

�39

background-like  
(electron-recoil)

signal-like  
(nuclear recoil)

Pulse shapes are driven by argon 
singlet (6 ns) and triplet (1.3 μs) decay, 
and singlet/triplet ratio depends on 
linear energy transfer from exciting 
particle.
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Hollywood predicts that DEAP finds Dark Matter

�41Credits: CBS, Scorpion. They made creative use of the DEAP detector design so they 
can't complain about the creative use of their material here.

Phys. Rev. Lett. 121, 071801 (2018)
PRD 100 (2019); arXiv:1902.04048

AmBe calibration data

Ar-39 pulseshape

γ 's, electrons

neutrons
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Simple analysis algorithms already achieve very good 
background identification and suppression. 

�42

background-like  
(electron-recoil)

signal-like  
(nuclear recoil)

prompt light

Exploiting the singlet (6 ns) and 
triplet (1.3 μs) lifetime difference.
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events from an AmBe source (pink), the ER PSD model
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3. ↵ decays

DEAP-3600 detects full energy ↵-decay events
produced by 222Rn, 220Rn, and their progeny from
within the LAr. These events reconstruct above
⇠23 000 PE and are subject to digitizer and PMT
saturation e↵ects that reduce the number of detected
PE and the value of Fprompt when using the normal
high-gain scheme intended for low PE events. This
e↵ect broadens PE and Fprompt distributions, bias-
ing their values downward by preferentially causing
the number of prompt PE to be underestimated.

The three most frequent ↵-decays in the LAr
are 222Rn, 218Po and 214Po (↵ particle energies
of 5.5MeV, 6.0MeV, and 7.7MeV respectively).
Signals observed using the low-gain channels are
used to apply digitizer and PMT saturation cor-
rections to signals observed in the high-gain chan-
nels, as described in [32]. These corrections allow
for more accurate Fprompt and PE values to be cal-
culated and a parametrization between the mean
Fprompt as a function of ↵ particle energy. This
parametrization is implemented into the simulation
for ↵ particle scintillation in LAr, and extrapolated
across the energy range 5.0–10.0MeV such that
210Po (5.3MeV) and higher energy 220Rn daughters
like 212Po (8.8MeV) can be modelled. At 5.3MeV,
the model uncertainty corresponds to a 3.5% uncer-
tainty in the mean Fprompt value.

Understanding the relationship between the mean
Fprompt and energy for ↵ particles allows for mod-
elling of high energy ↵-decays in the AV neck re-
gion. These events are shadowed and reconstruct
with low PE. As will be discussed in Section VIID 3,
such events are caused by the absorption of ultravi-

olet (UV) scintillation by acrylic components in the
AV neck. These events are not a↵ected by digitizer
clipping or PMT saturation e↵ects and hence the
Fprompt of these events preserves information about
the ↵ particle energy that produced them.

V. POSITION RECONSTRUCTION

DEAP-3600 utilizes two complementary position
reconstruction algorithms: one using the spatial dis-
tribution of PMT hits (PE-based algorithm) and one
that also includes timing information (time residual-
based algorithm).

The PE-based algorithm computes the likelihood
L(~x) that the scintillation event happened at some
test position ~x as,

lnL(~x) =
N

PMTsX

i=1

ln Poisson (qi;�i) ,

�i = �i

✓
|~x|, ~x · ~ri

|~x||~ri|
, qtotal

◆
,

(6)

where Poisson(qi;�i) is the Poisson probability of
observing qi PE in PMT i at position ~ri over the
full 10 µs event window. The expected number of
PE in PMT i is given by �i, which is a function of
the radius of the test position |~x|, the angle between
the test position and PMTi, and total PE integrated
over all PMTs qtotal.

Values for �i are calculated based on a Monte
Carlo simulation of the detector, including the full
optical model. These simulations assume a com-
pletely filled detector, with scintillation events gen-
erated inside the LAr along three distinct axes: one
collinear with the axis of the AV neck and two per-
pendicular axes within the equatorial plane of the
AV. A set of splines is then used to generate tables
of �i values. This algorithm does not account for
timing information within the 10µs event window.
The position returned by this algorithm is the one
that maximizes lnL(~x).

In contrast, the time residual-based algorithm
uses both charge and time information of early
pulses in an event to calculate the position. As with
the time-of-flight corrections used to correct PE de-
tection times, time residuals are defined as the time
at which a PE was detected in excess of what the
time-of-flight would suggest. However, this algo-
rithm uses a more precise, albeit slower method for
determining the time residuals. Prior to data pro-
cessing, a grid of test positions ~xj is defined inside
the LAr relative to the PMT location, and the time

background 
(electron recoil)

signal 
(nuclear recoil)

AmBe calibration data

Fprompt = prompt light intensity/total intensity
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FIG. 7. Fprompt distribution for ERs from standard
physics data in the lowest 1 keVee energy bin in the
WIMP-search region of interest. The PSD model is fit
to the data to the right of the vertical dashed line, where
the trigger e�ciency is approximately unity. Agreement
between the best fit model and the data can be seen; be-
low the Fprompt fit region, trigger e�ciency corrections to
the data show that the model agrees when extrapolated
to lower values. Solid vertical lines show the Fprompt

value in the corresponding PE bins above which 90% or
50% of NRs are expected to be found.

of the Fprompt distribution, neglecting trigger e�-
ciency e↵ects. In each PE bin, the fit considers
values of Fprompt for which the trigger e�ciency
is estimated to be greater than 99.95%. The re-
sulting fit is well-constrained and converges with
�

2
/NDF=14,329/9380. In e↵ect, f̄ , b, and � are

the physically relevant parameters while ai parame-
terize their energy dependence, forcing them to vary
smoothly across PE bins and allowing Fprompt distri-
butions to be interpolated. An example of this fit in
a single PE bin is shown in Figure 7. The validity of
this fit has been tested by performing it over a lim-
ited range of Fprompt and comparing extrapolated
values to the data outside the fit range. These tests
show that extrapolated expectations agree with the
data, indicating the robustness of this method.

Since the DTM triggers on the number of prompt
PEs, low Fprompt events at low PE are less likely to
produce a trigger signal. A software correction has
been developed to account for the reduced trigger
e�ciency for these events. Data with this correction
applied are shown in Figure 7. While F

ER(f, q) is
only fit over the range where the trigger e�ciency
is near unity, the extrapolated model agrees better
with the e�ciency-corrected Fprompt distribution.

2. Nuclear recoils

Mean Fprompt values for NRs are determined from
the measurements reported by the SCENE collabo-
ration [31]. SCENE reports median values of F90,
defined as the fraction of charge observed in the
first 90 ns of an event, for di↵erent NR energies.
Equivalent singlet/triplet ratios are determined for
each median F90 value, and these ratios are used as
input to a Monte Carlo simulation of DEAP-3600.
This simulation propagates the detector timing re-
sponse, including photon times of flight and PMT
e↵ects such as AP into the resulting Fprompt distri-
bution. Uncertainties in the extracted singlet/triplet
ratio are determined from uncertainties reported by
SCENE as well as uncertainties in the singlet and
triplet lifetimes. Additional uncertainties from the
AP rates and triplet lifetime in DEAP-3600 are
propagated into the uncertainty on the mean Fprompt

values.

For NRs, it is assumed that the spread of the
Fprompt distribution around the mean is governed
by the same e↵ects that drive the spread in the ER
distribution, with an inverted skew. The Fprompt

distribution for NRs with qPE is then given by,

F

NR(f, q) = �(1� f ; 1� f̄ , b) ⇤Gauss(f ;�),

b(q) = a5 +
a6

q

+
a7

q

2
,

�(q) = a8 +
a9

q

+
a10

q

2
,

(5)

where f̄(q) is the mean Fprompt value for NRs at q

predicted by the simulation and b(q) and �(q) are
governed by the same fit parameters ai in Equa-
tion 4.

The NR Fprompt distribution is validated using
AmBe calibration data. An AmBe neutron source
was lowered into a calibration tube outside of the
stainless steel shell of the detector. Many of the
neutron-induced NRs are accompanied by ER or
Cherenkov pileup from �-rays correlated with neu-
tron production in the AmBe source, while others
are biased by multiple scatter events. As a result, we
do not expect the AmBe data to directly reproduce
the Fprompt distribution predicted for single scatter
NRs. Instead, we simulate the AmBe source and
compare the simulated and observed Fprompt distri-
butions. Figure 8 shows this comparison; agreement
between data and simulation to within uncertainties
indicates the validity of the model.

�43

14

ground models using simulations, the values of NROI
i

include systematic uncertainties that are derived
from multiple simulations of the background source
with variations in the optical model and detector re-
sponse parameters. These include variations in the
following: (1) the refractive index of LAr and its
corresponding relationship to the scattering length
and group velocity of light traveling in it, (2) the
scattering length of photons in TPB, (3) the PMTs’
AP probabilities, (4) the light yield of the detector,
and (5) the relative PMT e�ciencies. Uncertainties
in the bias and resolution of the position reconstruc-
tion algorithms and the level of agreement between
data and simulation for these quantities, as shown in
Figure 9, are also considered. For simulated ↵-decay
background sources, the systematic uncertainty also
includes contributions from variations in the param-
eters describing ↵ particle scintillation in LAr, the
light yield of ↵ particles in TPB (for AV surface com-
ponents), and the thickness of a LAr film (for neck
FG components).

The value of each N

ROI
i term in Equation 8 is

determined using these tuned models by applying
all WIMP selection cuts to them. The remainder of
this section discusses how each specific N

ROI
i term

is determined.

TABLE III. Predicted number of events from each back-
ground source in its respective CR, NCR and the total
number in the WIMP ROI after applying both fiducial
and background rejection cuts, NROI. Upper limits are
quoted at 90% C. L.

Source NCR NROI

�
/�

’s ERs 2.44⇥ 109 0.03± 0.01

Cherenkov < 3.3⇥ 105 < 0.14

n
’s Radiogenic 6± 4 0.10+0.10

�0.09

Cosmogenic <0.2 <0.11

↵
’s AV surface <3600 < 0.08

Neck FG 28+13
�10 0.49+0.27

�0.26

Total N/A 0.62+0.31
�0.28

B. � particles and �-rays

� particles and �-rays both trigger events in the
detector, either by producing scintillation light in
the LAr or by creating Cherenkov light in the acrylic.

1. Scintillation in LAr

High energy electrons, produced by �-decays of
radioisotopes in LAr or by �-ray interactions in the
LAr, ionize and produce scintillation characterized
by low Fprompt ER events.

The dominant source of ER events are from the
�-decays of 39Ar. Due to its long half-life, 39Ar
is present with a near-constant activity of 3.1 kBq
throughout the dataset. Low energy 39Ar ER events
are e�ciently mitigated with PSD, using the Fprompt

parameter defined in Equation 1.
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FIG. 13. Probability of an ER being detected above
a given Fprompt value in the lowest 1 keVee bin in the
WIMP-search region of interest. For comparison, ver-
tical lines show the values above which 90% or 50% of
nuclear recoils are expected to be found.

The ER and NR PSD models in Equations 4 and 5
are used to calculate the number of ER events ex-
pected to leak past a given Fprompt value and to
determine the WIMP acceptance at that value.

The CR for ER events is defined by the set of
events passing low-level event selection cuts in the
95–200PE range. No explicit Fprompt cut is ap-
plied to the CR definition, though events whose
Fprompt values appear as outliers at a given PE are
excluded. The expected number of events in the CR
is NCR

ER =2.44⇥ 109.
Figure 13 shows the fraction of ER events ex-

pected above a given Fprompt value, showing the 50%
and 90% NR acceptance values. Leakage probabil-
ities are shown for a 1 keVee-wide window near the
WIMP search threshold, corresponding to the range
95–101PE (15.6–16.6 keVee). In this range, a leak-
age fraction of 2.8+1.3

�0.6 ⇥ 10�7 (1.2+0.7
�0.3 ⇥ 10�9) is

predicted for cut values with 90% (50%) NR ac-
ceptance. Averaged over the full WIMP search en-
ergy range, the leakage probability is projected to be
4.1+2.1

�1.0⇥10�9 (3.5+2.2
�1.0⇥10�11) with 90% (50%) NR

1 keV slice near low edge of energy ROI.

trigger 
efficiency 
loss

With a factor 1000 reduction in Ar-39 activity when using underground argon, a 20 kT 
detector can easily reach similar discrimination power, given similar light yield.

physics data

"Search for dark matter with a 231-day exposure of 
liquid argon using DEAP-3600‘ at SNOLAB"

PRD 100 (2019); arXiv:1902.04048

Leakage prediction for ER background @ 90% signal acceptance:  
3∙10-7 in lowest keV  
4∙10-9 in full energy ROI (~50 to 100 keVnr)

Ar-39 β decays 
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The energy response is calibrated using beta decays from the 
internal Ar-39 and gammas from an external Na-22 source.

�44
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the parameters’ uncertainties. The best fit response
function parameters are shown in Table I.
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FIG. 5. The energy response function (red), showing
the number of detected PE for an event depositing en-
ergy E in the LAr. The uncertainties of the response
function are also shown (yellow band). The response
function agrees with the number of PE detected from
known mono-energetic sources of �-rays from the detec-
tor materials.

A 22Na source was lowered into the calibra-
tion tubes outside the stainless steel shell to com-
pare the consistency of the response function cal-
ibrated with 39Ar to the spectrum produced by
events from tagged 22Na decays, which contains a
prominent 1.27MeV �-ray and a low energy spec-
trum feature resulting from �-rays attenuating in
acrylic [6]. A cross-check using the �-ray lines
from 40K (1.46MeV), 214Bi (1.76MeV), and 208Tl
(2.61MeV) is also performed. These isotopes are
naturally present in detector materials and are vis-
ible in standard physics runs. Figure 5 shows the
estimated number of detected PEs using the light
yield from 39Ar extrapolated out to these energies.
As shown in this figure, the energy response function
remains very linear over a wide range of energies,
with non-linearities starting to arise above 1.46MeV
due to digitizer saturation.

Data were also collected with an AmBe neutron
source deployed in order to validate the NR quench-
ing and PSD models. NR quenching factors were
derived from SCENE measurements [31], using the
Lindhard-Birks model fit to the measured NR light
yields relative to 83mKr ERs. The estimated uncer-
tainties for these quenching factors were dominated
by the uncertainty in the Birks factor.

This model is implemented in the simulation and
validated by comparing the observed PE spectrum
of neutron-induced NRs in the AmBe neutron source
data to the simulated one. The agreement between
the model and data can be seen in Figure 6.
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FIG. 6. Comparison of the detected PE distribution
for high-Fprompt NR-like events from an AmBe neutron
source simulation (pink) and data (black). The peak at
low PE is due to the Fprompt cut that removed ERs. Un-
certainties shown are all statistical, using nominal values
for the quenching and detector optics models.

B. F
prompt

distributions

Following a particle interaction, excimers form in
the LAr, and the singlet/triplet population ratio is
a function of the nature and the energy of the inter-
action. Due to the di↵erent decay times of the two
types of excimers, di↵erent particles produce di↵er-
ent Fprompt distributions that vary with their energy.
In this analysis, PSD is used to di↵erentiate between
NRs, ERs, and ↵ particle interactions.

1. Electronic recoils

An empirical function has been developed that
characterises the Fprompt distribution for ERs. For
an ER event in which q PE are detected, the proba-
bility of observing an Fprompt value of f is described
by the empirical function,

F

ER(f, q) = �(f ; f̄ , b) ⇤Gauss(f ;�),

f̄(q) = a0 +
a1

q � a2
+

a3

(q � a4)2
,

b(q) = a5 +
a6

q

+
a7

q

2
,

�(q) = a8 +
a9

q

+
a10

q

2
,

(4)

where �(f ; f̄ , b) is the Gamma distribution with
mean f̄ and shape parameter b, and Gauss(f,�) is a
Gaussian distribution with standard deviation � and
a mean of 0. The parameters ai are fit parameters
that describe how f̄ , b, and � vary with q.

The parameters ai are fit to the distribution of
Fprompt vs. PE. Within each PE bin, the re-
sulting values of f̄ , b, and � describe the shape

6

A parameterization of the 39Ar spectrum to ER
data describes a response function that relates the
energy deposited in the detector, E to the number of
detected PEs. It assumes a Gaussian response with
mean µ and variance � defined as follows,

µ = hNDNi+ YPE · E,

�

2 = �

2
PE · µ+ �

2
rel, LY · µ2

,

(2)

where hNDNi is the average number of PEs produced
by dark noise and uncorrelated photons in the PE in-
tegration window, YPE is the light yield of the detec-
tor, �2

PE is a resolution scaling factor that accounts
for e↵ects such as the Fano factor and PE counting
noise, and �

2
rel, LY accounts for the variance of the

light yield relative to its mean value.
YPE, �2

PE, and �

2
rel, LY are treated as fit parame-

ters. hNDNi is constrained by looking at PMT sig-
nals preceding scintillation events. When perform-
ing spectral fits, hNDNi is allowed to float, while a
penalty term maintains that it stay within uncer-
tainty of its nominal value. The value of hNDNi is
found to be (1.1± 0.2)PE in standard physics runs.
For data taken with a 22Na source, it is measured
to be (2.1± 0.2)PE. hNDNi is higher when a cali-
bration source is present due to the higher scintilla-
tion rate during these runs producing uncorrelated
background photons from slow TPB fluorescence on
millisecond time-scales [24].

The 39Ar �-decay spectrum used in this anal-
ysis was calculated in [27], in which the shape
factor is computed using nuclear shell model and
the Microscopic Quasiparticle-Phonon Model codes.
This spectrum was fit to the observed PE distribu-
tion, with additional contributions from 39Ar pileup
events and �-ray backgrounds, generated by Monte
Carlo simulations. The �-ray spectrum is normal-
ized to the observed rates of events coming from de-
cays of 40K, 214Bi, and 208Tl seen at higher energies.

Uncertainties in the spectral shape of the 39Ar en-
ergy spectrum were probed by fitting spectra evalu-
ated from [28–30] to the data. These calculations ap-
proximate the shape factor following the prescription
in [28] while making additional finite nuclear size and
mass corrections and radiative corrections. The best
fit was obtained using the spectrum from Kostensalo
et al. [27], which converged with �

2
/NDF=1252/534

in the 80–4500PE range. Further studies to bet-
ter understand the 39Ar spectral shape are currently
planned. These e↵orts include studying the e↵ects of
additional nuclear e↵ects such as weak magnetism,
as alluded to in [30], and applying additional radia-
tive corrections to the spectrum computed in [27].

To account for potential mis-modeling uncer-
tainty, additional fits were performed, allowing for
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FIG. 4. 39Ar model (blue line) fit to data (black). In-
cluded in the fit is the expected background contribution
from �-rays and 39Ar pile-up events (green).

first-order corrections to the 39Ar spectrum SAr(E)
with a slope treated as a nuisance parameter a0. An
additional penalty term of (a0/0.01)2 was added to
�

2, to constrain its value close to 0. The modified
�-spectrum is described by

S

0
Ar(E) = (1� a0 (1� 2E/500))SAr(E), (3)

where E is the energy of the � particle in units of
keV. While such excursions may be due to deviations
in the 39Ar spectrum from the tested models, further
studies are needed before a physical interpretation
can be assigned to the value of a0.

TABLE I. Best fit response function parameters from a
fit to 39Ar events collected throughout the data collec-
tion period. The fit converged with �2/NDF of 542/433.
The value shown for hNDNi is derived from direct mea-
surements, as described in the text.

PE mean
hNDNi YPE

(1.1± 0.2)PE (6.1± 0.4)PE/keVee

Resolution
�2
PE �2

rel, LY

(1.4± 0.1)PE 0.0004+0.0010
�0.0004

With this nuisance parameter, the fit was found to
converge with �

2
/NDF⇡542/433, with a 7–9% devi-

ation from the spectrum derived in [27]. The origin
of this deviation is not yet understood, and is still
being investigated. It is found to have little e↵ect on
the best fit values of the response function parame-
ters or on the final WIMP search result. The results
of this fit are shown in Figure 4. The di↵erences be-
tween the best fit values for each parameter with and
without the nuisance parameter are propagated into

Ar-39 spectrum and fit

Energy response function (light yield)

"Search for dark matter with a 231-day exposure of 
liquid argon using DEAP-3600‘ at SNOLAB"

PRD 100 (2019); arXiv:1902.04048
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The spectrum of electromagnetic backgrounds matches 
what we expect from material screening results and MC 
simulation.
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FIG. 7. Geant4 electronic recoil energy depositions in LAr for simulated background components scaled to counts per chain
(multiple isotopes in the chain enter a component) or to counts per emitted radiogenic neutron in case of the �-ray component
“neutron PMT glass”.

FIG. 8. Top panel: The energy spectrum of the ER data (shaded gray) is plotted with the fit result with the individual model
components shown in thin colored lines and their sum in bold black. The linearized corrected PE variable is shown on the
top axis. Bottom panel: Residuals of data and MC model in percent. Green, yellow, and red belts denote 1, 2, and 3 �,
confidence, respectively, according to the uncertainty used in the likelihood definition. Systematics e↵ects on the energy scale
and resolution are not included as explained in the text.

Ajaj, R, G R Araujo, et al. (The DEAP collaboration) 
“Electromagnetic Backgrounds and Potassium-42 Activity in the 
DEAP-3600 Dark Matter Detector.” arXiv:1905.05811 (2019).
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Surface backgrounds are removed by fiducialization with ~2 cm 
resolution position reconstruction.

�46

Event position is reconstructed from 
hit pattern across the PMT array, and 
photon arrival times. ~2cm resolution 
at border of ROI. 

number of photons detected

"surface backgrounds"
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Surface backgrounds are removed by fiducialization with ~2 cm 
resolution position reconstruction.

�46

Event position is reconstructed from 
hit pattern across the PMT array, and 
photon arrival times. ~2cm resolution 
at border of ROI. 

number of photons detected Acrylic TPB Argon

"surface backgrounds"
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Background rates achieved are 
competitive in Rn-222 level; overall 
dominated by unexpected 
contamination of flow guides.

�47

222Rn activity

DEAP-3600 0.15 μBq/kg

PandaX-II 6.6 μBq/kg

LUX 66 μHz/kg

XENON1T 10 μBq/kg

• PandaX-II: PHYSICAL REVIEW D 93, 122009 (2016)  
• LUX: Physics Procedia 61 (2015) 658 – 665 
• XENON1T: XeSAT 2017 talk

Background predictions in ROI

Rn-222 in the bulk target 
material (measured)
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ground models using simulations, the values of NROI
i

include systematic uncertainties that are derived
from multiple simulations of the background source
with variations in the optical model and detector re-
sponse parameters. These include variations in the
following: (1) the refractive index of LAr and its
corresponding relationship to the scattering length
and group velocity of light traveling in it, (2) the
scattering length of photons in TPB, (3) the PMTs’
AP probabilities, (4) the light yield of the detector,
and (5) the relative PMT e�ciencies. Uncertainties
in the bias and resolution of the position reconstruc-
tion algorithms and the level of agreement between
data and simulation for these quantities, as shown in
Figure 9, are also considered. For simulated ↵-decay
background sources, the systematic uncertainty also
includes contributions from variations in the param-
eters describing ↵ particle scintillation in LAr, the
light yield of ↵ particles in TPB (for AV surface com-
ponents), and the thickness of a LAr film (for neck
FG components).

The value of each N

ROI
i term in Equation 8 is

determined using these tuned models by applying
all WIMP selection cuts to them. The remainder of
this section discusses how each specific N

ROI
i term

is determined.

TABLE III. Predicted number of events from each back-
ground source in its respective CR, NCR and the total
number in the WIMP ROI after applying both fiducial
and background rejection cuts, NROI. Upper limits are
quoted at 90% C. L.

Source NCR NROI

�
/�

’s ERs 2.44⇥ 109 0.03± 0.01

Cherenkov < 3.3⇥ 105 < 0.14

n
’s Radiogenic 6± 4 0.10+0.10

�0.09

Cosmogenic <0.2 <0.11

↵
’s AV surface <3600 < 0.08

Neck FG 28+13
�10 0.49+0.27

�0.26

Total N/A 0.62+0.31
�0.28

B. � particles and �-rays

� particles and �-rays both trigger events in the
detector, either by producing scintillation light in
the LAr or by creating Cherenkov light in the acrylic.

1. Scintillation in LAr

High energy electrons, produced by �-decays of
radioisotopes in LAr or by �-ray interactions in the
LAr, ionize and produce scintillation characterized
by low Fprompt ER events.

The dominant source of ER events are from the
�-decays of 39Ar. Due to its long half-life, 39Ar
is present with a near-constant activity of 3.1 kBq
throughout the dataset. Low energy 39Ar ER events
are e�ciently mitigated with PSD, using the Fprompt

parameter defined in Equation 1.
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FIG. 13. Probability of an ER being detected above
a given Fprompt value in the lowest 1 keVee bin in the
WIMP-search region of interest. For comparison, ver-
tical lines show the values above which 90% or 50% of
nuclear recoils are expected to be found.

The ER and NR PSD models in Equations 4 and 5
are used to calculate the number of ER events ex-
pected to leak past a given Fprompt value and to
determine the WIMP acceptance at that value.

The CR for ER events is defined by the set of
events passing low-level event selection cuts in the
95–200PE range. No explicit Fprompt cut is ap-
plied to the CR definition, though events whose
Fprompt values appear as outliers at a given PE are
excluded. The expected number of events in the CR
is NCR

ER =2.44⇥ 109.
Figure 13 shows the fraction of ER events ex-

pected above a given Fprompt value, showing the 50%
and 90% NR acceptance values. Leakage probabil-
ities are shown for a 1 keVee-wide window near the
WIMP search threshold, corresponding to the range
95–101PE (15.6–16.6 keVee). In this range, a leak-
age fraction of 2.8+1.3

�0.6 ⇥ 10�7 (1.2+0.7
�0.3 ⇥ 10�9) is

predicted for cut values with 90% (50%) NR ac-
ceptance. Averaged over the full WIMP search en-
ergy range, the leakage probability is projected to be
4.1+2.1

�1.0⇥10�9 (3.5+2.2
�1.0⇥10�11) with 90% (50%) NR

Flow guides (FG)

"Search for dark matter with a 231-day exposure of 
liquid argon using DEAP-3600‘ at SNOLAB"

PRD 100 (2019); arXiv:1902.04048
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Detector response stable to better than 5% over a 
year of data taking.
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FIG. 12. Shown over the time period spanned by this
dataset is the long lifetime component of LAr scintilla-
tion (top), the detector light yield (middle) and mean
Fprompt of ER signals generated by 2.61MeV�-rays in
the LAr target throughout the run. For the latter two
plots, the predicted value based on the long lifetime value
at that time is also shown (dashed).

Changes in the PMT response over the data tak-
ing period are accounted for in this analysis. For 250
of the 255 AV PMTs, the channnels’ e�ciencies are
constant to within 1%. Two PMTs have changes
of less than 10%. Three have changes in excess of
30%. One of the three is stable for the first two-
thirds of the data collection period, after which it
is removed from the analysis and omitted from cal-
culations of analysis variables. The two remaining
PMTs with large changes in e�ciency are located
about the pentagonal region at the bottom of the
AV. Position reconstruction is most sensitive to ef-
ficiency changes of single PMT channels, as it relies
on the signal measured in each individual PMT.

The gain of each PMT is measured in the form
of the mean SPE charge. The mean SPE charge,
averaged over the 254 PMTs used throughout the
entire data collection is 1.043 times larger at the end
of the data collection than at the beginning. The
RMS of this mean SPE charge ratio is 3.3%. These
changes are also propagated through the analysis.
The probability of afterpulsing is found to be stable
to within ±6% of the quoted value and is fixed in
the analysis throughout the data collection.

The 4 neck veto PMTs remained operational
throughout the time period of this dataset. In the
MV, 45PMTs remained stable and 3 failed.

A. Run selection and live time determination

Selection criteria are applied to each run to remove
periods where instabilities could a↵ect the dark mat-
ter search. These criteria include the stability of the
AV cooling system, stability of the PMT charge dis-
tributions, and the trigger e�ciency.

The first requirement is that the di↵erence be-
tween the maximum and minimum values of the
AV pressure recorded for the run corresponds to
less than a 10mm variation in the LAr fill level.
Such variations are expected if maintenance is per-
formed on the process system or when replenishing
the LN2 in circulation. The second requirement is
based on the charge readout of each PMT channel,
taken in 5 minute samples. Runs are omitted if at
least one PMT exhibits intermittent behavior, de-
fined as reading less than 50% of its average charge
at any stage throughout the run. Finally, to main-
tain good calibration of the PSD model and its pre-
diction throughout the dataset, the last requirement
is enforced based on whether the trigger e�ciency
can be determined for the run. Due to drifts in the
PMT gain and the details of how the DTM receives
PMT signals, the trigger e�ciency can vary slightly
from run to run. Determining the trigger e�ciency
correction requires a large enough data sample in
regions with low trigger e�ciency. Runs that are
shorter than approximately 1 h do not have enough
statistics and are omitted. These run selection crite-
ria and their impact on the total live time are sum-
marized as “Stable cryocooler”, “Stable PMTs” and
“Trigger e�ciency obtained” in Table II, resulting
in a live time loss of 6.9% after automatic DAQ and
shifter checks.

The total live time is also a↵ected by events in the
MV passing the veto threshold (“Muon veto events”)
and by DAQ self-diagnostic triggers, the removal of
pile-up with 39Ar, and Cherenkov events in the LGs.
When an event passes the veto threshold of the MV,
all AV events within a [�0.1, 1] s window around
the trigger are vetoed; noise and �-rays causing the
MV to pass the vetoing threshold therefore reduce
the total live time. The three latter conditions are
low-level cuts factored into the “Dead time” entry
of Table II, resulting in a live time loss of 6.5% af-
ter applying run selection criteria. Cherenkov events
generated in the LGs are one of two Cherenkov pop-
ulations discussed in Section VIIB 2. They are read-
ily removed without a↵ecting the WIMP acceptance
and hence are factored into the dead time.

Observed lifetime of LAr triplet 
state is very sensitive to LAr purity.

"Search for dark matter with a 231-day exposure of 
liquid argon using DEAP-3600‘ at SNOLAB"

PRD 100 (2019); arXiv:1902.04048

The number of observed photons 
per energy deposit is sensitive to 
LAr purity and optical response of 
detector.

The position of the background 
population in the PSD parameter
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Background-free (0.62 background events expected in ROI) 
search with 758 tonne-days (231 live days) exposure. 
Most sensitive limit on LAr above 30 GeV.
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FIG. 22. Observed spatial distribution for all events sur-
viving all cuts other than the cut on reconstructed ra-
dius. The color scale in the background shows the accep-
tance for 39Ar events measured as a function of position
after all but the radial cut; green points represent events
in the ROI after all background rejection cuts. The fill
level and radial fiducial cuts are drawn as well.

and the acceptance as a function of position is illus-
trated in the background. The fiducializing e↵ects
of the cut on the fraction of observed charge in the
2 rows of PMTs and bottom 3 rows of PMTs, as
summarized in Table II, can be seen in this figure.
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FIG. 23. 90% confidence upper limit on the spin-
independent WIMP-nucleon cross sections based on the
analysis presented in this paper (blue), compared to
other published limits, including our previous limit [6],
SuperCDMS [42], DarkSide-50 [7], LUX [43], PANDAX-
II [44], and XENON1T [5].

Figure 23 shows the 90% C. L. upper limit on the
spin-independent WIMP-nucleon cross section as a
function of WIMP mass. These upper limits are
calculated accounting for the systematic uncertain-
ties in the detector response function, following the
prescription outlined by Highland and Cousins [45].
Uncertainties considered include those for the en-
ergy scale parameters in Table I, the PSD model fit

parameters in Equation 5, the WIMP acceptance as
shown in Figure 20, the NR quenching factors and
mean Fprompt values, as derived from [31], and a
2.9% uncertainty on the total exposure.

This analysis excludes spin-independent WIMP-
nucleon cross sections above 3.9⇥ 10�45 cm2

(1.5⇥ 10�44 cm2) for WIMPs with a mass of
100GeV/c2 (1TeV/c2), assuming the standard
halo dark matter model described in [46], with a
Maxwell-Boltzmann velocity distribution below an
escape velocity of 544 km/s and v0 = 220 km/s, and
a local density of 0.3GeV/cm3.

IX. CONCLUSIONS

This work improves upon the result reported in
[6], setting the most sensitive limit for the spin-
independent WIMP-nucleon cross section achieved
using a LAr target for WIMPs with mass greater
than 30GeV. These results are complementary to
results reported by liquid xenon-based experiments,
allowing for further constraints on the nature of the
WIMP-nucleon coupling [47, 48].

The use of LAr here demonstrates the power of
PSD as a tool to achieve low backgrounds in WIMP
searches, emphasizing the future prospect of much
larger LAr-based detectors designed to achieve sen-
sitivity to WIMP interaction cross-sections at the
level of the neutrino floor.

Additionally, a detailed description of back-
grounds in the detector has been presented alongside
the analysis methods and simulation models which
characterize them. Using these models, a total back-
ground expectation of <1 event has been achieved;
this model is consistent with observations in data
in the ROI. Multivariate techniques are currently
being explored to utilize these models to maximize
the sensitivity to dark matter signals. Since the end
of the data collection period presented here (Octo-
ber 31, 2017) DEAP-3600 has continued to collect
data. Updated results including a blind analysis of
additional data are planned for the near future.
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Multiple smaller collaborations with extensive R&D 
background on detectors based on liquid argon 
technology have joined to build DarkSide-20k and Argo.

�50

Group Location Detector Target mass Status/results

DEAP SNOLAB 
(Canada)

DEAP-1 7 kg R&D

DEAP-3600 1000 kg running

CLEAN
Yale MicroCLEAN 4.3 kg R&D

SNOLAB MiniCLEAN 150 kg decommissioni
ng

DarkSide LNGS 
(Italy)

DS-10 10 kg R&D

DS-50 46 kg 6E-44

ArDM Canfranc 
(Spain)

ArDM-1t 1000 kg R&D

DS-20k 
@LNGS 
~2022

Argo 

𝒪(100t) 
@SNOLAB
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Both argon and xenon-based detectors are proceeding to 
cover the parameter space down to the "neutrino floor" in 
the 'high mass region'.

�51

29-08-2019 Marcin Kuźniak – LIDINE2019, Manchester 9

Allowed 95% CL

Region for CMSSM 

(approx.)

Status and prospects

● No new WIMP detection claims

● LAr and LXe dominate searches in the spin-independent sector >~2 GeV/c2

● Continued search towards the neutrino floor still very well motivated 

● see e.g. Roszkowski et al., Rept.Prog.Phys. 81 (2018), 066201
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The parameter space for WIMPs has not been fully probed 
through direct detection. 
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29-08-2019 Marcin Kuźniak – LIDINE2019, Manchester 9

Allowed 95% CL

Region for CMSSM 

(approx.)

Status and prospects

● No new WIMP detection claims

● LAr and LXe dominate searches in the spin-independent sector >~2 GeV/c2

● Continued search towards the neutrino floor still very well motivated 

● see e.g. Roszkowski et al., Rept.Prog.Phys. 81 (2018), 066201
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• DEAP is a tonne-scale single-phase LAr detector operated 
under 6 km water-equivalent rock shielding. 

• Analyzed 1 year open dataset (Nov 2016 - Oct 2017) 

- ~758 tonne-day exposure (after data quality cuts) with 
stable detector conditions 

- Most radon-pure noble gas ever achieved 

- Best PSD on LAr ever demonstrated 

- Background-free search for WIMP-nucleon cross 
section limit <3.9x10-45 cm2 @100 GeV/c2 (90% CL)  

• Blind data since Jan 2018 

Summary and Outlook
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