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1. Introduction

DEAP-3600 is a WIMP dark matter direct detection experiment [1]. Particle dark matter is well
motivated by astronomical observations including galaxy rotation curves [2] and measurements of
the Bullet Cluster [3]. The following sections will describe the current status of the experiment and
the latest limits set on WIMP dark matter by the experiment. Some of the major backgrounds to
the WIMP search are described, and analysis techniques and hardware upgrades to mitigate them
are detailed. Other physics analyses which can be performed by the experiment are also described.

2. The DEAP-3600 Detector

The DEAP-3600 detector consists of ∼3300 kg of liquid argon (LAr) contained within an
acrylic sphere with a radius of ∼85 cm. The acrylic sphere is instrumented with 255 high quantum
efficiency photomultiplier tubes (PMTs). When the argon is excited by particles it emits light; this
light is observed by the PMTs. Liquid argon is chosen as it has a good scintillation light yield
and is transparent to its own scintillation light. It is also chosen due to its excellent pulse shape
discrimination performance, as described in the next section. TPB wavelength shifter is applied to
the inner surface of the acrylic sphere to shift the argon scintillation from 128 nm to 420 nm where
the PMTs are sensitive. The inner detector is contained within a steel shell which is submerged
within a water Cherenkov muon veto tank. An image of the detector can be seen in Figure 1 in [1].
The experiment is located at SNOLAB in Sudbury, Ontario, Canada.

3. Pulse Shape Discrimination using Liquid Argon

The use of liquid argon allows powerful separation between electron recoil events (backgrounds)
and nuclear recoil events (potential WIMP signal). Argon has two scintillation lifetimes: the singlet
state which decays with a lifetime of less than 10 ns, and a triplet state which decays with a lifetime
of ∼1.43 `s [4] [5]. Electron recoil events, which are interactions resulting from 𝛽, 𝛾 and muon
interactions mainly excite the triplet state of argon and the scintillation light occurs over a period
of `s. In contrast, when the argon is excited by an 𝛼, neutron, or WIMP it is mainly excited in the
singlet state, resulting in light emission over a period of ns. In DEAP-3600 events are characterized
via Fprompt as described in Eq. 1 [6]. Events where light is emitted promptly will have a high Fprompt.
Using pulse shape discrimination is crucial to the success of the experiment. Figure 14 in [6] shows
the leakage of 39Ar as a function of Fprompt: PSD reduces the rate from 3 kHz to less than one event
in the entire 231 day dataset, whilst still keeping good WIMP acceptance.

Fprompt =

∑60 ns
𝑡=-28 ns PE(t)∑10 `s
𝑡=-28 ns PE(t)

(1)

4. Degraded And Shadowed Alpha Backgrounds

Two of the dominant backgrounds to the WIMP dark matter search in the experiment are due
to degraded and shadowed alpha decays.
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4.1 Neck Backgrounds

(a) Diagram illustrating the origin of neck
alpha backgrounds. [6]

(b) The reconstructed Z position of events as a function of PE
for simulated neck alpha events. [6]

Figure 1: A schematic of neck events and how they misreconstruct within the detector.

The first of the two backgrounds is due to alpha decays within the neck region of the detector.
It is possible that a thin layer of condensed liquid argon coats the flow guides. Another possibility
is a mist surrounding the flow guides. This condensation/mist is caused by the cooling setup of
the detector. When an alpha decay occurs within the flow guides there is a chance that it can pass
through the thin layer of liquid argon or mist producing scintillation light. This scintillation light is
then shadowed by the acrylic resulting in the decays having a similar energy to WIMP events. A
diagram illustrating the origin of this background is shown in Figure 1a. Furthermore, as the decays
are produced by alpha particles they have a high Fprompt. At WIMP search energies these decays
also reconstruct within the fiducial volume as shown in Figure 1b. For the results in [6] neck alpha
events were removed by employing neck veto cuts, fiducial cuts and checking the events reconstruct
consistently when using different reconstruction algorithms.

4.2 Dust Backgrounds

Another alpha background is due to dust events. A dust event is shown graphically in Figure 2a.
These events are thought to be caused by small dust particles within the detector. When an alpha
decay occurs within a dust particle some of the alpha’s energy is lost in the dust particle as it
exits. If the alpha then gets to the liquid argon, the scintillation light is then shadowed by the dust
particle. This shadowing and energy loss within the dust can result in these alphas having a similar
energy to WIMP NR events. A model of the dust has been developed where the number density of
dust particulates with a given radius is based on power law. Simulations of this model show good
agreement with data at energies above the WIMP search region as shown in Figure 2b.
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(a) A graphic illustrating a dust
event.

(b) The energy distribution of dust events in data compared with a power law model
used to weight MC simulations of various dust sizes.

Figure 2: A graphic describing the nature of the dust backgrounds and the comparrison between dust
simulations and data.

Figure 3: The receiver operating characteristic (ROC) curve for distinguishing neck alpha events from WIMP
events using a multilayer perceptron.

4.3 Multivariate Analysis Techniques

Work is ongoing to employ multivariate analysis (MVA) techniques to discriminate between
neck/dust alpha backgrounds and WIMP signal events. Figure 3 shows the ROC curve for distin-
guishing neck alpha events and WIMP events using a multilayer perceptron. Neck alpha events
are rejected at the 99.9% level whilst keeping approximately 44% of the WIMP signal. Work is
underway to develop similar MVA techniques to reject dust backgrounds.
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(a) A schematic of the alternative cooling system planned
for the upgraded DEAP-3600 experiment.

(b) The new neck flow guides for the upgraded DEAP-3600
experiment.

Figure 4: The alternative cooling system and new neck flow guides of the DEAP-3600 detector.

5. Current Sensitivity Of The Experiment

The latest results use 231 days of detector livetime. Using a cut and count strategy, backgrounds
were constrained such there was less than one expected event in the WIMP search region of interest.
No WIMP candidate events were observed.

Figure 24 from [6] shows the current sensitivity of DEAP-3600 in the standard scenario where
the standard dark matter halo model is used and the dark matter is assumed to couple equally to
neutrons and protons. Alternative galactic halo models and various coupling scenarios are detailed
in [7]. Figure 7 in [7] shows the sensitivity of the experiment in the so-called "xenonphobic" regime.
In this scenario the dark matter couples differently to the proton and the neutron. This difference
results in an improved sensitivity compared to xenon based detectors.

6. Detector Upgrades

The installation of upgrades to the DEAP-3600 detector are underway. One of the main
objectives of these upgrades is to significantly reduce the degraded alpha backgrounds within the
experiment. Furthermore, repairs to the neck seal of the vessel allow the filling of the detector with
LAr to its original design capacity.

6.1 The Alternative Cooling System

Currently, the LAr within the DEAP-3600 detector is cooled using cooling coils within the
neck of the detector. This cooling setup causes one of the backgrounds described in the previous
section. The alternative system replaces the original cooling system. In the new system the cooling
of the argon is performed external to the detector and piped into the vessel via a tube. A schematic
of the alternative cooling system is shown in Figure 4a. As well as cooling the liquid argon the new
cooling system allows the filtering of the argon, this is expected to significantly reduce any dust
backgrounds within the experiment.
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(a) A schematic of the experimental setup at Queen’s Uni-
versity used to characterize the flow guide coatings. (b) The cryostat with window containing the sample.

Figure 5: The setup at Queen’s University used to characterize slow wavelength shifters.

6.2 Coating The Flow Guides

During the upgrades the detector flow guides in the neck will be replaced. A picture of the
newly machined flow guides is shown in Figure 4b. Before installation these flow guides will be
coated with a pyrene wavelength shifter. The shifter has a significantly longer decay time than
the singlet lifetime of argon. After installation any neck alpha events will have a much longer
scintillation decay time, and therefore will no longer look like WIMP signal events.

Various wavelength shifters were characterised ex-situ at Queen’s University [8]. A schematic
of the setup can be seen in Figure 5a. The setup consists of an UV LED which is used to illuminate
the sample with a pulse over a period of nanoseconds. A filter is placed between the sample and
the LED to ensure the sample is illuminated only with UV light. The sample is viewed via a PMT
on the opposite side to the LED. Various filters exist between the sample and the PMT and are
used to measure various segments of the emission spectrum. The sample is deposited on an acrylic
substrate and contained within a cryostat vessel with quartz windows. This allows the time resolved
measurement to be performed at several temperatures between room temperature and 4 K. An image
of the cryostat containing the samples can be seen in Figure 5b.

One of the measurements made using this setup can be seen below in Figure 6. At 87 K, the
operating temperature of DEAP-3600, the sample is seen to emit light over periods of O(`s).

7. Other Physics Measurements

7.1 Multiply interacting Massive Particles

Multiply interacting massive particles (MIMPs) are a dark matter candidate predicted by
several different theories. Unlike WIMPs which scatter rarely within the detector MIMPs have
large scattering cross sections and interact readily. In fact the cross section is so large that multiple
scatterings occur as the particle passes through the detector. As every MIMP which enters the
detector interacts, the size of the detector determines its sensitivity. The large size of DEAP-3600
results in a high sensitivity. The mass range DEAP-3600 is sensitive to ranges from 107 GeV to
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Figure 6: Time resolved fluorescence measurement at 87 K made using the ex-situ setup at Queen’s University
of the pyrene wavelength shifter. The pyrene was embedded in a polystyrene matrix and has a concentration
of 15%.

(a) The expected signal due to a MIMP passing through
the detector. In this simulated event the interaction cross
section is 0.1 mb and the MIMP passes through 85 cm of
liqid argon resulting in approximately 460 scatters.

(b) MIMP signal for various cross sections as a function of
the number of subevents and the total number of photoelec-
trons.

Figure 7: The simulated MIMP signal in DEAP-3600.

1019 GeV. At these masses, the MIMP is deflected by a very small amount and essentially follows
a straight line as it passes through the Earth and the detector.

Simulations have been performed to model the detector response to MIMPs. Figure 7a shows
an example of the signal due to a MIMP passing through the detector. Figure 7b shows the MIMP
signal for various cross sections as a function of the number of subevents (determined by processing
the PMT waveform and looking for well separated peaks) and the number of photoelectrons; as the
interaction cross section increases the total number of photoelectrons increases due to the increase
in the number of scatterings. For higher cross sections the number of subevents decreases, this
is due to the fact that the scatterings become so freqent the processing can no longer resolve the
individual scatterings. Analysis is underway on the data and results are expected in the near future.

7.2 Solar Neutrino Measurements

DEAP-3600 is also sensitive to neutrinos produced in the Sun. The experiment is sensitive to
8B neutrinos produced via the interaction: 8B → 8Be + 𝑒+ + a𝑒 (Q=18 MeV). The neutrinos are
detected via their absorption on an argon nucleus: a𝑒 + 40Ar → 40K∗ + 𝑒−(𝐸a𝑒> 3.9MeV) [9], in
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the interaction the electron forms the prompt signal whereas the de-excitation of the 40K∗ forms
the delayed signal. The golden channel for the delayed signal is the emission of a 1.64 MeV 𝛾

with a mean decay time of 480 ns although other decay modes are possible. In total up to 16 a𝑒

interactions are expected in 3 years of livetime, before event selection and background rejection.

8. Conclusions

DEAP-3600 is a single phase liquid argon detector used to search for WIMP dark matter.
The experiment has been running since 2016 and dominant backgrounds to the WIMP search have
been identified. MVA techniques are being developed to reduce these backgrounds. Furthermore,
upgrades are underway on the detector to mitigate these backgrounds. Besides performing WIMP
searches the detector can also search for other signals, including other types of dark matter and
solar neutrinos.
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