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The DEAP Collaboration
• Dark matter Experiment using Argon Pulseshape discrimination
• Direct detection of dark matter experiment utilizes single phase liquid argon detector.
• Operating in SNOLAB underground facility in Sudbury, Canada.
• DEAP-3600 experiment collected data from November, 2016 – March, 2020, now undergoing upgrades.
DEAP Hybrid Collaboration Meeting
Sudbury/Warsaw,
September 20-23, 2021

~95 researchers from 9 countries: Canada, Germany, Italy, Mexico, Poland, Russia, Spain, UK, USA
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DEAP-3600 Detector
• 3.3 tonnes of liquid Argon target is contained in a spherical Acrylic Vessel (AV).
(inner radius: 85 cm)
• Optimized to acquire scintillation light produced by 40Ar nuclear recoils (NRs)
after scattering interaction with Weakly Interacting Massive Particle (WIMP)
candidate of dark matter.
• Inner surface of acrylic vessel is coated with a layer of 1,1,4,4-tetraphenyl-1,3butadiene (TPB) wavelength shifter : shifts scintillation photons peaked at 128
nm to visible wavelength.

• Photons are detected by 255 inward-facing, high quantum efficiency, low
radioactivity photomultiplier tubes (PMTs).
• Optically coupled to AV via acrylic light guides.
• Volume between light guides are filled by high density polyethylene and
Styrofoam --- work as thermal insulator and passive neutron shielding.
• AV is housed in a stainless steel (SS) spherical vessel --- is submerged into a
7.8 m high and 7.8 m diameter wide water tank.
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Choice of Argon
Liquid
Incident
radiation

• It has a good scintillation light yield (40,000 photons/MeV).
• Argon is transparent to its own scintillation light.

• Scintillation time profile provides discrimination between nuclear recoil
and electron-recoil events.
Ionization

Ar
Excitation

Ar+ + e+ Ar

• Nuclear recoil event produces more light in earlier time window.

𝑨𝒓+
𝟐

+𝑒 −
Ar*
(free excitons)

𝑨𝒓∗∗ + 𝑨𝒓

+ Ar
𝑨𝒓∗𝟐
(excited molecule
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2Ar + hν (128 nm) [WIMP, 𝛼, 𝑛]
[singlet state lifetime = 6 ns]
2Ar + hν (128 nm) [𝛾, 𝛽, 𝜇]
[triplet state lifetime = 1.5 μs]
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Pulseshape Discrimination (PSD)
• 4 PSD algorithms have been studied
using 39Ar beta decays. ( 4.5 tonneyears data)

• Pulseshape from 39Ar beta decays.
• Model accounts for :
• Liquid
Argon
physics
• Detector response

• Excellent performance for
rejection of electron recoils
(ERs) is observed for all PSD
estimators.

Scintillation

• This model is highly accurate to
describe the pulseshape.
Eur. Phys. J. C 80 (2020) 303

• Reduction of detector effects
(e.g.
PMT
afterpulsing)
improves effectiveness of PSD
algorithm.

decreasing background

• Predicts leakage probability of
electron recoils into the nuclear
recoil region as function of
energy.

Consider PMT
afterpulsing
information

Eur. Phys. J. C 81 (2021) 823
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Electromagnetic Backgrounds
• Energy spectrum of electron recoil background
data.
• Background model considers several sources
which are expected from radioisotopes in the
liquid argon.
• Observed data can be well explained by this
model.

Phys. Rev. D 100 (2019) 072009
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Neutron Backgrounds
• Cosmogenic neutron backgrounds : Produced by high energy
atmospheric muon interactions with the detector and its
surroundings.

J. Phys. G: Nucl. Part.
Phys. 43 (2016)
013001

• Reduction process:
• tagging muon induced Cherenkov signal in the water
tank.
• Radiogenic neutron backgrounds: Produced by (𝛼, n) reactions
induced by 𝛼-particles emitted from Uranium/Thorium decay
chains or by spontaneous fission of 238U isotope present in
different detector components.

Muon veto
PMTs

• Mitigation process:
• Estimation of neutron flux and energy spectra from each
detector components.
• Neutron capture analysis : tagging NR event closely
followed (1ms) by high energy ER event.

Neutrons thermalize within acrylic and liquid
Argon by producing high energy 𝛾-rays ( 2.2 MeV,
8
6.1 MeV).

Surface Alpha Backgrounds
•

Originated from 210Po α-decays on inner surface of the
acrylic vessel.
• Results in peak in 18000- 22000 PE range

•

Surface alpha background is constrained by fiducial cuts.

Phys. Rev. D 100, 022004 (2019)
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Neck Alpha Backgrounds
• Originated from 210Po 𝜶-decays on the acrylic surfaces of flowguides
located at the neck of the detector.
• Produces significant
backgrounds
shadowed/degraded alpha decays.

at

low

energy

due

to

• Position of shadowed alpha-decay events tends to reconstruct within
fiducial volume.

Optical model :
• Assumes the surfaces of flowguides are
coated with a thin liquid argon layer.
• Results in an Fprompt
consistent with data.
Monte Carlo Simulation

distribution

Phys. Rev. D 100, 022004 (2019)
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Dust Alpha Backgrounds
•

238U

and 232Th decay chain present on dust particulates can be the source of alphas.

• Dust particles shadow the scintillation light and degrade energy of the alpha particles.
• Different dust sizes are simulated and the size distribution is modelled by a power law.
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Sensitivity for WIMP Search

• Based on first year’s dataset: November 2016 - October 2017
(231 live days).
• Exposure of 758 tonne-day
• Excludes spin-independent WIMP-nucleon cross-sections above
3.9 × 10−45 𝑐𝑚2 for 100 GeV/𝑐 2 WIMP mass at 90% C.L.
assuming standard halo dark matter model
• Further improvement in sensitivity is limited by neck and dust
alpha backgrounds --- detector upgradation is underway.
Phys. Rev. D 100, 022004 (2019)
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Further Constraints
• 231 live-days results were reinterpreted
with a more general Non-Relativistic
Effective Field Theory framework
(NREFT) --- can explore isospin-violating
couplings.
• Provides world leading sensitivity for
isospin-violating xenonphobic dark matter
at high mass.

Phys. Rev. D 102, 082001 (2020)
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Constraints on Planck-Scale Mass Multi-scattering Dark Matter
DM candidates with 𝜎𝜒−𝑛 ≅ 10−25 cm2 and mass ≳ 1012 GeV/c2 lose a negligible amount of energy in the
scatterings with the Earth nuclei and can reach underground detectors.
Event signature:
●Contains multiple nuclear recoil scatters : produces multiple peaks in the signal
●low F
prompt

●

Simulated
photoelectron
time distribution

Phys. Rev.
Lett. 128, 011801
(2022)

As cross-section increases, Fprompt decreases and number of dominant peaks starts to merge.
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• Analyzed 813 live-days data (November, 2016 –
March 8, 2020) : No events were observed.

Highest cross-section could be simulated

• Constrain the DM masses between (8.3 × 106 1.2 × 1019 ) GeV/c2 and 40Ar-scattering crosssections between 1 × 10−23 and 2.4 × 10−18
cm2.
• First experiment to reach Planck-scale
sensitivity due to large detector size.

Affected by the Earth’s
overburden ⟹ attenuation
of energy of DM

Lowest cross-section
can be excluded by
null results

Above this mass, number
density of DM is too low
compared to the surface
area ⟹No DM expected to
pass through the detector
within livetime

Phys. Rev. Lett. 128, 011801 (2022)
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Coming Up

• 3 Years Dataset (Nov 2016 to March 2020)
expect ~802 days of livetime instead of 231
days.
• 80% blind since Jan 2018.

Multivariate analysis (MVA) [Random forest
(RF), Boosted decision trees (BDT), Neural
networks (NN)] for background rejection (neck
alpha, dust alpha for example).
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Detector Upgrades

Upgrades are specially designed to remove neck alpha
and dust alpha backgrounds

Dust Filtration:
•

Deployment of vacuum jacketed stainless steel pipe through
the neck of the detector ---- to remove liquid argon and
allow filtration to remove dust and refill the detector with
clean liquid argon.

Removal of Neck alpha events:
• Allow warming of the neck region --- to remove possibility
of formation of liquid film or droplets.
Flowguide Coating:

•

Coat the flow guide surfaces with a “slow” wavelength
shifter - Pyrene is selected.

•

Pyrene has a long decay time : neck alpha events will have
lower Fprompt.

Characterization of slow WLS :
arXiv 2109.06819 (submitted to NIMA)
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Summary
• DEAP-3600 detector has an excellent pulseshape discrimination performance.
• Multiple dark matter scenarios are explored using collected data sets.

• DEAP-3600 detector collected data until March 2020 :
• Analyses with 3 years data set and MVA techniques for reduction of alpha
backgrounds are underway.
• Detector upgrade would allow to reduce degraded alpha backgrounds significantly.
• expected to fill detector and start data taking in summer 2022.
• The detector can also be used to perform other physics analyses.
• Boron-8 solar neutrino absorption measurement.
• Precision measurement of the specific activity of 39Ar in atmospheric Argon.
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Thank you for your kind attention
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Pulseshape Discrimination (PSD) Model
• 2 types of PSD estimator :
• prompt-fraction: considers the fraction of the scintillation signal in a narrow and a wide time window around the
event peak.
• log-likelihood-ratio: compares the observed photon arrival times to a signal and a background model.
• 2 algorithms for determination of no. of photons:
• Dividing charge of each PMT pulse by mean single-photoelectron charge (qPE)
• A likelihood analysis that considers probability of detection of a certain number of photons at a given time.(nSc)

Eur. Phys. J. C 81 (2021) 823
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Planck-Scale Mass Multi-scattering Dark Matter

Phys. Rev. Lett. 128, 011801 (2022)
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arXiv 2109.06819
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Photo-luminescent quantum yield (PLQY), characterized by the
ratio of emitted photons/absorbed photons
arXiv 2109.06819
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