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Abstract

DEAP-3600 (Dark Matter Experiment using Argon for Pulse shape discrim-

ination) is a single phase dark matter experiment using a tonne-scale mass of

liquid argon as a target to observe spin-independent interactions with Weakly

Interacting Massive Particles (WIMPs). Alpha decays from radioactive nuclei

accumulating on the surface of detector materials are a background concern

for the experiment. Specifically, alpha decays occurring in the neck region of

the detector produce signals with characteristics similar to those expected for

WIMP interactions. In order to estimate the potential background from alpha

decays in the detector neck, projected material radioactivity levels have been

incorporated into Monte Carlo simulations. A likelihood ratio algorithm to dis-

criminate between neck alpha decays and a WIMP signal has been developed

based on Monte Carlo simulation. The benefit of implementing a likelihood

ratio cut, both in comparison and in combination with a fiducial volume cut,

has been studied. Preliminary results of the likelihood ratio applied to com-

missioning data are also studied.
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Chapter 1

Dark Matter

1.1 Introduction

1.1.1 Evidence for dark matter

Issac Newton’s law of gravitation, developed in the 17th century, has success-

fully predicted and explained centuries of astronomical observations [1]. For

example, the gravitational force exerted by a then undiscovered planet, Nep-

tune, accurately explained the deviation of Uranus’ orbit around the Sun, as

predicted by U.J. Le Verrier [2]. The discovery of Neptune by J.G. Galle in

1846 led Le Verrier to propose the existence of an additional undiscovered

planet to explain the precession of Mercury’s orbit. Its existence was never

confirmed, and Mercury’s precession was instead explained by Einstein’s ad-

dition of general relativity to gravitation [3]. The law of gravitation has been

further challenged in the 20th century by our understanding of the nature of

matter and its distribution in the Universe. There currently exists irrefutable

evidence that ∼ 26% of our Universe exists as dark matter [4]. Alternative

explanations to this astronomical evidence require modifications to the Law of

Gravitation and general relativity [5].

Fritz Zwicky coined the term “dark matter” in an effort to explain the
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discrepancy between the observed galactic rotational velocities in the galaxy

cluster, Coma, and the average value calculated using the virial theorem [6]. By

observing the shift in spectral lines, Zwicky calculated the rotational velocity of

individual galaxies. The result was hundreds of times larger than the average

value derived using individual galaxies as test particles in the virial calculation,

where 〈T 〉 = −1
2
〈V 〉. Zwicky reconciled the disagreement by proposing the

existence of dark matter in quantities far greater than luminous matter [6].

Figure 1.1: The rotation curve of NGC3198 (solid line) with three contributing
elements, which include a visible component (dashed line), gaseous component
(dotted line), and dark halo component (dashed/dotted line) [7].

The rotation curve of a galaxy is obtained by plotting the circular velocity of

a star versus the distance from the galactic centre. From Newton’s law of gravi-

tation, the circular velocity for an orbit of radius, r, is given by v(r) =
√

GM(r)
r

,

where M(r) is the mass inside the orbit. If the orbital radius lies outside of the

visible disk of the galaxy, we expect v(r) ∝ 1√
r
[8]. Observed rotation curves,

like that shown in Figure 1.1, exhibit flat behaviour that contrasts predictions

made using the Law of Gravitation. The flat rotation curve can be well mod-

elled by the inclusion of a spherical dark halo with M(r) ∝ r composed of

non-luminous matter. Models that require modifications to the theory of grav-
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As the temperature cooled and the Universe expanded, the energy of photons

decreased. Once the majority of photons had energies less than the binding

energy of deuterium, deuterium, and other elements in turn, could be formed

as they were no longer broken apart by photons [12]. This nucleosynthesis is

dependent on the density of protons and neutrons and decreases as the Uni-

verse expands. Neutrons are also unstable, with a half life of about 15 minutes.

Therefore, nucleosynthesis will only occur in the minutes folowing the big-bang

until the neutrons are gone. By studying the amount of deuterium and other

elements in primordial gas clouds, the baryon density can be determined. This

results in a value of about 4.83 ± 0.12% [4], which is much less than the total

matter density estimated from the mass of galaxy clusters [10, 12].

The cosmic microwave background (CMB), first detected in 1965 by ra-

dio astronomers Arno Penzias and Robert Wilkinson, depicts the conditions

in the early Universe [13]. The CMB consists of relic photons that last scat-

tered shortly after the time when matter decoupled from radiation. At this

time, temperature fluctuations follow density fluctuations, and matter flows

towards regions of high density and away from regions of low density. Model

calculations using the density fluctuations measured from the CMB, and the

baryon density determined from nucleosynthesis, do not allow for the forma-

tion of large scale structures like galaxies, clusters and superclusters. Including

a non-relativistic dark matter component in these calculations enables large

scale structure formation and further excludes neutrinos as dark matter can-

didates due to their relativistic nature [10, 12]. Analysis of the most recent

CMB observations from the Planck collaboration constrain the energy density

of the Universe to 69.35 ± 0.72% dark energy and 30.65 ± 0.72% matter [4].

The energy density attributed to cold dark matter can be calculated by sub-

tracting the baryon energy density (constrained by nucleosynthesis) from the

total matter energy density.
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1.1.2 Dark matter candidates

Current evidence for the existence of dark matter supports a particle that is sta-

ble (or with lifetime long enough to have existed since the big-bang), interacts

gravitationally, is non-relativistic (or cold) and electrically neutral. Weakly

Interacting Massive Particles (WIMPs) with mass on the order of GeV/c2 to

TeV/c2 scale and subject to weak nuclear force interactions are supported by

cosmological models that match the current CMB observations [8]. No WIMP

candidates exist in the current Standard Model of particle physics[5]. Studies

of extensions to the Standard Model have a number of WIMP candidates as

a natural result [14]. In the supersymmetric extension to the Standard Model

the neutralino is the lightest stable particle and is a viable candidate for dark

matter [5].

Dark matter is widely accepted as an explanation to many astrophysical

observations, but its particle nature has not yet been constrained. The detec-

tion of dark matter can be categorized into three techniques: indirect detection

seeks to observe the particles resulting from dark matter annihilation or decay;

the production and subsequent detection of dark matter using particle acceler-

ators; direct detection of the scattering of dark matter particles on terrestrial

targets.

1.2 Scattering

1.2.1 Halo parameters

For the direct detection of WIMPs, the distribution of dark matter within our

galaxy must be modelled. The inclusion of a spherical dark matter halo within

a galaxy is strongly motivated by galactic rotation curves. This dark halo has

a density, ρχ, that falls with r−2, where r is the distance to the galactic centre.

Estimates constrain the local dark matter density in the Milky Way to 0.2 ≤
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ρχ ≤ 0.4 GeV/c2cm3, which has lead to the adoption of ρχ = 0.3 GeV/c2cm3

as in Lewin and Smith [15]. Dark matter particles are gravitationally bound to

the galaxy and the simplest model assumes a Maxwellian velocity distribution

[15]. This velocity distribution must be shifted to the Earth’s rest frame to

estimate the rate of WIMPs elastically scattering off Earth-based nuclei.

The following summary of recoil kinematics and cross sections follows the

work outlined in Chapter 17 of [16] and Schnee’s “Introduction to Dark Matter

Experiments” [17].

1.2.2 Recoil kinematics

Direct detection experiments seek to observe the recoil signal from a WIMP

with mass, mχ, and velocity, v, elastically scattering off a target nucleus with

mass, mN . The recoil energy of such a nuclei is given by

ER =
µ2
Nv

2

mN

(1− cosθ) (1.1)

where µN = mχmN

mχ+mN
is the WIMP-nucleus reduced mass, and θ is the recoil

angle in the centre-of-mass frame. The most probable incident WIMP energy

is E0 = mχv
2
0/2, and the mean recoil energy is 〈ER〉 = E0r, where r is a

kinematic factor equal to 4mχmN/(mχ +mN)
2. This factor is always ≤ 1 and

is equal to unity only in the case where mχ = mN . For dark matter masses

in the 10 − 1000 GeV/c2 range, and galactic velocities on the order of 10−3c,

typical recoil energies range from 1− 100 keV [15].

The differential event rate can be expressed in terms of the differential cross-

section for WIMP-nucleus elastic scattering, dσWN

dER
, and the WIMP velocity

distribution in the detector reference frame, f(v) (normalized to unity).

dR

dER

=
ρ0

mNmχ

∫ ∞

vmin

vf(v)
dσWN

dER

(v, ER)dv (1.2)
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The lower limit of integration corresponds to the minimum WIMP speed that

can cause a recoil of energy, ER. As detectors are located within the Milky

Way Galaxy, the upper limit of integration does not extend to infinity and is

instead truncated at the local escape speed, vesc, which is the maximum speed

in the galactic rest frame at which WIMPs are gravitationally bound.

Integrating the differential event rate over all possible recoil energies, the

total event rate, per kilogram, per year is given by

R =

∫ ∞

ET

dER

ρ0
mNmχ

∫ ∞

vmin

vf(v)
dσWN

dER

(v, ER)dv (1.3)

where ET is the threshold energy which corresponds to the smallest recoil

energy measurable by a detector.

1.2.3 Cross sections and experimental limits

The WIMP-nucleus differential cross section is dependent on the nature of the

WIMP interaction as well as the properties of the target nucleus. It can be

separated into spin-independent (SI) and spin-dependent (SD) terms, which

can be further decoupled into a cross section at zero momentum transfer, σ0,

and a form factor, F (ER), which contains the dependence on the momentum

transfer. The WIMP-nucleus cross-section is then expressed as

dσWN

dER

=
mN

2µ2
Nv

2

(

σSI
0 F 2

SI(ER) + σSD
0 F 2

SD(ER)
)

(1.4)

For the spin-independent case the WIMP-nucleus cross-section is given by

σSI
0 =

4µ2
N

π

[

Zfp + (A− Z)fn
]2

(1.5)

where Z is the atomic number of the target nucleus, A is the atomic mass of

the target nuclei, and fp(fn) is the effective spin-independent coupling of a

WIMP to a proton(neutron). For many models, fp ≈ fn, which allows σSI
0 to
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be written as

σSI
0 ≈

4µ2
N

π
f 2
nA

2 = σSI
µ2
N

µ2
n

A2 (1.6)

where µn is the WIMP-nucleon reduced mass, and σSI is the WIMP-nucleon

cross section. The WIMP-nucleon cross-section is a useful quantity as it is

independent of the target nucleus, and it is therefore used for comparison of

experimental results from detectors with different target mediums, as in Figure

1.3.

For the spin-dependent case, the WIMP-nucleus cross-section is given by

σSD
0 =

32G2
Fµ

2
N

π

J + 1

J

(

ap〈sp〉+ an〈sn〉
)2

(1.7)

where GF is the Fermi constant, J is the total nuclear spin, ap(an) is the

effective spin-dependent coupling of the WIMP to the proton(neutron), and

〈sp,n〉 = 〈N |sp,n|N〉 are the expectation values of proton and neutron spins

within the nucleus. Experiments that are sensitive to spin-dependent WIMP

interactions do not quote limits on the WIMP-nucleon cross section, but rather

the WIMP-proton cross section, σSDp =
24G2

Fµ2
pa

2
p

π
, and WIMP-neutron cross-

section, σSDn =
24G2

Gµ2
na

2
n

π
(with the assumption that the other interaction is

negligible in each case).

1.3 Direct detection techniques

A partial list of direct detection dark matter experiments can be found in Table

1.1. Several of the experiments listed in Table 1.1 can also be found in Figure

1.3, depicting the exclusion limits of completed, upcoming and planned dark

matter searches.

The scattering of a WIMP on a target nucleus can produce photons, charge

and/or phonons which are collected and measured in direct detection dark mat-
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ter experiments. The highest energy resolution is achievable in detectors that

collect phonon signals, since ∼ 10 photons per keV are produced in scintilla-

tion signals, ∼ 100 quanta per keV in ionization signals, and ∼ 10000 phonons

per keV in phonon signals [17]. The reduction of background signals in direct

detection experiments is critical to obtain maximum WIMP sensitivity. Many

experiments look at a combination of signal types for background discrimina-

tion.

Some of the basic techniques for the direct detection of WIMPs include:

threshold detectors which look for nucleation bubbles resulting from energy

deposition in a nuclear recoil; the collection of scintillation from nuclear re-

coils in a crystal or noble liquid (with or without the additional collection of

the ionization signal); and cryogenic detectors which detect phonons produced

by scattering events in crystals (often accompanied by the measurement of a

scintillation or ionization signal) [17].

Table 1.1: List of some direct detection experiments and their properties

Experiment Location Signal Target Status

DAMA [18] Gran Sasso γ NaI running/results
SuperCDMS [19] SNOLAB q/φ Ge/Si planned
EDELWEISS-III [20] Modane qφ Ge running/results
CRESST-II/III [21] Gran Sasso q/γ CaWO4 commissioning/running

PICASSO [22] SNOLAB threshold C4F10 results
COUPP [23] SNOLAB threshold C3FI results
PICO [24, 25] SNOLAB threshold C3F8/CF3I running/results

NEWS [26] SNOLAB φ Ne,He,CH4 planned

LUX [27] Sanford γ/φ LXe results
XENON1T [28] Gran Sasso γ/φ LXe commisioning/running
PandaX-II [29] Jin-Ping γ/φ LXe results/running
DarkSide50 [30] Gran Sasso γ/φ LAr results/running
DEAP-3600 SNOLAB γ LAr commisioning/running

Chapter 2 contains a detailed explanation of the fundamentals for the direct

detection of WIMPs using noble liquids, and a summary of the DEAP-3600

detector. In Chapter 3, the signals originating from radioactive backgrounds
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Chapter 2

DEAP-3600 detecor

2.1 Noble liquids

2.1.1 Scintillation signal

Energy deposited in a noble liquid by scattering results in the ionization of

atoms and eventual scintillation as the excited states decay. Experiments have

shown that the scintillation wavelength is independent of the incident particle

type, and the scintillation is emitted at 178 nm, 128 nm, and 78 nm for liquid

xenon (LXe), liquid argon (LAr) and liquid neon (LNe), respectively [33]. In

comparison to semiconductors, the scintillation properties and the relatively

low cost associated with scaling detectors to large masses make noble liquids

excellent target media for dark matter detection.

Incident ionizing radiation produces excited atoms, R*, and ions, R+, which

can eventually lead to scintillation. The two possible processes are described

by Eqs 2.1 and 2.2, where R is representative of any noble liquid. In Eq. 2.1

an excited atom combines with a ground state atom to form an excited dimer.

In the alternative, described by Eq. 2.2, an ion undergoes a collision with a

ground state atom. The resulting ion dimer recombines with an electron and

undergoes de-excitation to form an excited dimer [34, 35].
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R∗ +R +R → R∗
2 +R (2.1)

R∗
2 → 2R + hν

R+ +R → R+
2 (2.2)

R+
2 + e− → R∗∗ +R

R∗∗ → R∗ + heat

R∗ +R +R → R∗
2 +R

R∗
2 → 2R + hν

The emission of the vacuum-ultraviolet (VUV) photon (hν) is via the decay of

an excited dimer (R∗
2) at its lowest excited level to the de-excited ground state.

An important feature of the scintillation is that the photon is not energetic

enough to cause further excitations in the surrounding atoms. The photon

therefore propagates through the noble liquid without being absorbed. The

excited dimers can exist in either a singlet, 1Σ+
u , or triplet state, 3Σ+

u , which

have lifetimes dependent on the noble liquid, shown in Table 2.1. Excited

dimers in the triplet state, 3Σ+
u , must undergo a forbidden spin flip decay

which extends its decay time in comparison to the singlet state.

2.1.2 Pulse shape discrimination

In 1977 Kubota et al investigated the variation in decay times for scintillation

in LAr excited by electrons and alpha particles [36]. Their results did not

yield a difference in decay times for the singlet and triplet states regardless

of the type of ionizing radiation, but rather showed the ratio of the singlet to

triplet intensities increases as a function of ionization density. This effect was

opposite to that observed in organic scintillators. In noble liquids, particles

12



that have a higher linear energy transfer (LET), as is the case for nuclear

recoils (including WIMPs), produce more singlet than triplet states. Therefore,

pulse shape discrimination (PSD) can be used to identify between nuclear and

electromagnetic recoils by taking a ratio of the prompt to total light measured

in an interaction [37].

In addition to the dependence on LET in the ratio of singlet to triplet states,

Hitachi et al found that the relative intensity of scintillation is also dependent

on LET [33]. Less scintillation is produced by nuclear recoils than electron

recoils of the same energy. This effect is known as “quenching” and Leff de-

scribes the scintillation emitted by a nuclear recoil relative to an electron recoil

of the same energy. Hitachi et al showed that the bi-excitonic mechanism,

R∗ + R∗ → R + R+ + e−, results in quenching and is dependent on the den-

sity of energy deposited by the radiation [38]. In this mechanism the collision

of free excitons results in the production of a ground state atom, an ion and

an electron, from which the ion and electron recombine to produce a photon.

Assuming that each exciton would normally lead to the production of a single

photon, bi-excitonic quenching causes the emission of only one photon where

two photons would have been emitted if the individual excitons had not col-

lided [39]. The biexcitonic mechanism is mostly responsible for quenching in

nuclear recoils, which have high LET and therefore a higher probability of ex-

citons colliding. Impurities in the noble liquid, such as oxygen or nitrogen, can

also result in quenching over the entire range of LET. However, quenching by

impurities is a more dominant effect in triplet than singlet states, and therefore

strongly affects PSD [40]. It is important to limit impurities in noble liquid

experiments as they will reduce the overall scintillation signal [39].

2.1.3 Choosing a detector medium

The scintillation properties of noble liquids are important to consider when

selecting a medium for dark matter detection. Table 2.1 displays many of the
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characteristics considered in choosing between xenon, argon and neon for dark

matter detection.

Table 2.1: Scintillation wavelength, light yield, ratio of prompt to late photons
(I1/I3), and singlet/triplet lifetimes are taken from [41]. The relative costs of
xenon and neon are relative to the cost of argon, and are represented by $.

Parameter Xenon Argon Neon

Atomic number 54 18 10
Boiling point (at 1atm) [K] 165.0 87.3 27.1
Density (g/cm3) 2.95 1.40 1.20
Cost $$$$ $ $$
Scintillation wavelength (nm) 174 128 77
Light yield (photons/keV) 42 40 15
I1/I3 for electron recoils 0.3 0.3
I1/I3 for nuclear recoils 1.6 3
Singlet lifetime (ns) 2.2 6 2.2
Triplet lifetime (ns) 21.0 1590 2900

As dark matter experiments using noble liquids probe smaller dark matter

cross sections, the mass of detector medium must increase. Creating a uni-

form electric field is a known difficulty for existing dark matter detectors, and

becomes more complicated as detectors transition to ton-scale target masses.

Experimental designs measuring only the scintillation signal must choose be-

tween LAr and LNe as a detector medium since the difference of decay times in

LXe does not provide adequate PSD for electromagnetic background reduction

alone.

The light yield for nuclear recoils in LNe and LAr are shown in Table 2.1.

The light yield of LAr is significantly greater than that of LNe which dominates

the determination of a detectors low energy theshold. The boiling point of argon

is also higher than that of neon, making the liquid state easier to achieve and

more compatible with electronics in LAr than in LNe. The properties above,

in addition to the lower cost of argon, make LAr the most desirable target

medium to be used in a single-phase dark matter detector which only measures

a scintillation signal.
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The main drawback to using LAr as a detector medium is the presence of

the radioactive isotope, 39Ar. 39Ar is a beta emitter with a half life of 269 years

and an endpoint energy of 565 keV. Atmospheric argon contains 39Ar with a

decay rate of approximately 1 Bq/kg [42], which is produced and maintained

by cosmic ray induced nuclear reactions [43]. Using Monte Carlo simulation,

Boulay and Hime were the first to show that the use of PSD could reject the

inherent 39Ar background to a level at which dark matter detection using LAr

would be competitive with LXe experiments [37]. The design of such a LAr-

based detector does not require an electric field for electromagnetic background

discrimination.

2.1.4 DEAP-1

The DEAP (Dark matter Experiment using Argon for Pulse shape discrim-

ination) collaboration began its physics program with the construction of a

prototype detector, DEAP-1, similar to that described in [37]. The DEAP-1

detector contained 7 kg of LAr in a cylindrical vessel viewed by 2 photomulti-

plier tubes (PMTs). The detector recorded data both above ground at Queen’s

University and 6000 metres water equivalent below ground at SNOLAB.

One of the main physics goals for the DEAP-1 detector was to show a level

of PSD that would allow for sufficient background rejection in a ton-scale LAr

dark matter detector [44]. The DEAP-1 analysis reported the separation of elec-

tron and nuclear recoil events using PSD for energies between 44 and 89 keVee

with a 6% systematic uncertainty and leakage of less than 2.7× 10−8 for 90%

nuclear recoil acceptance. A model was developed based on the DEAP-1 data

that predicts a leakage of approximately 10−10 at 15 keVee with 50% nuclear

recoil acceptance for a detector with 8 PE/keV light yield [44]. This level of

discrimination is sufficient to set a limit on the WIMP-nucleon cross section at

10−46 cm2 for a 100 GeV/c2 mass WIMP, a detector with a 3000 kg-yr expo-

sure, and 8 PE/kevee light yield. These specifications are the premise for the
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DEAP-3600 experiment.

2.2 DEAP-3600

2.2.1 Experimental design

DEAP-3600 is a single-phase dark matter detector searching for spin-independent

interactions with WIMPs [45, 46]. Argon is only sensitive to spin-independent

WIMP interactions as there are no unpaired nucleons in an 40Ar nucleus [17].

DEAP-3600 is located in the Cube Hall at SNOLAB with roughly 6000 me-

tres water equivalent rock overburden. SNOLAB is located in Vale’s active

nickel mine in Sudbury, Ontario. The detector is designed to have 3600 kg of

LAr contained within a spherical acrylic vessel (AV) that is surrounded by 255

PMTs which give roughly 76% photo-coverage of the inner volume. Maximal

photo-coverage was key to the design of the detector so that the target light

yield, 8 PE/keV, could be achieved. A cross section of the DEAP-3600 detector

can be seen in Figure 2.1.

In a WIMP recoil event, an incoming WIMP scatters from an argon nucleus

and exits the detector without further interaction. As the argon nucleus recoils,

it excites surrounding atoms which form excited dimers through one of the two

mechanisms described by Eqs. 2.1 and 2.2 above. Scintillation from the decay

of excited dimers travels through the LAr to the inner edge of the acrylic

vessel. At this point, photons are wavelength shifted from ultra-violet (128

nm) to visible wavelengths by the 3 micron coating of 1,1,4,4-tetraphenyl-1,3-

butadiene (TPB). Photons are isotropically re-emitted by the TPB with an

emission peak at 420 nm. The scintillation process is depicted in Figure 2.2.

The visible photons are then able to travel through the acrylic, and are

directed towards the surrounding PMTs by acrylic light guides. The light

guides are bonded to the acrylic vessel at one end, and are coupled to Hama-

matsu R5912, 8-inch diameter, high quantum efficiency PMTs [47] at the other.
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Figure 2.1: Cross section of the DEAP-3600 dark matter detector.

The signals from the PMTs are passed to custom Signal Conditioning Boards

(SCBs) that shape and amplify the signal, and also send an analog sum of the

signals to the Digitizer and Trigger Module (DTM), which decides when to

record an event. The SCBs have both a high and low gain channel for each

PMT. The output from the high gain channels are sent to CAEN V1720 dig-

itizers and the low gain output is sent to CAEN V1740 digitizers. The low
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the construction and filling of the detector. Since June 2015 the detector has

been operated with various conditions within the AV, including vacuum, nitro-

gen purge gas, gaseous argon (GAr) and a mix of GAr and LAr. To transition

from GAr to LAr the detector had to be cooled to a temperature at which

dripping LAr from the cooling coil to the bottom of the AV would not cause

unsustainable thermal stresses in the AV.

From February to June of 2016 the detector underwent numerous cycles of

injecting small amounts of GAr and waiting for the AV temperature to decrease

and stabilize. Once the bottom AV temperature reached 120 K, the thermal

stresses on the AV were small enough to permit dripping of LAr from the

cooling coil into the AV. The detector started the LAr fill process on June 11,

2016 with fill speeds of 5− 10 kg/hr.

All data used in this work is from the first fill of the detector. All Monte

Carlo simulation also assumes a full detector, corresponding to 3600 kg of LAr.

The simulation will be re-evaluated once both the 3 year detector configuration

has been determined and the detector optics are constrained using commission-

ing data.
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Chapter 3

Radioactive backgrounds

The biggest challenge in probing decreasing WIMP-nucleon cross sections is

the prevention and removal of signals from backgrounds in the WIMP region

of interest (ROI). For DEAP-3600, these backgrounds include 39Ar beta decays,

neutron scatters from internal and external sources, surface alpha contamina-

tion and radon. Careful consideration during material selection and simulation

of potential backgrounds were performed for DEAP-3600. Table 3.1 shows the

design specifications for backgrounds in the DEAP-3600 detector [45].

Table 3.1: Background targets for DEAP-3600 [45]. Position fitter improve-
ments will tolerate increased surface alpha activity.

Background Specification Target

Radon in argon < 1.4 nBq/kg
Surface α’s

with 10 cm position resolution < 0.2 µBq/kg
with ML Fitter position resolution < 6.5 cm < 100 µBq/kg

Neutrons (all sources, in fiducial volume) < 2 pBq/kg
βγ events, dominated by 39Ar after PSD < 2 pBq/kg
Total backgrounds < 0.6 events in 3 tonne-years

The background targets outlined in Table 3.1 assume a detector light yield

of 8 photoelectrons (PE) per keVee deposited, a nuclear quenching factor, Leff

equal to 0.25, an analysis threshold of 15 keVee, and fiducial mass (radius) of

1000 kg (55 cm).
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3.1 Sources of radioactive backgrounds

3.1.1 232Th and 238U and their daughters

Strict material selection and protocol has been implemented in DEAP-3600

to ensure low radioactivity of detector materials. The presence of primordial

232Th and 238U in the vast amount of rock surrounding the detector and the

diffusion of their daughter nuclei into the surrounding air is one of the main

backgrounds for DEAP-3600. The decay chains of 232Th and 238U are shown in

Figures 3.1 and 3.2 respectively. Gamma, beta, and alpha particles of varying

energies are released by different daughters within the decay chains.

The daughter nuclei, 220Rn and 222Rn, produced in the decay chains of 232Th

and 238U respectively, are the most troublesome isotopes due to their ability

to escape the material in which the parent nucleus decays. Radon diffuses

into surrounding air and is at particularly higher levels when surrounded by

rock containing primordial uranium and thorium. Both radon isotopes decay

to isotopes of polonium, which is ionized, allowing it to adhere to surrounding

surfaces. This plate-out of radon daughters is referred to as surface contami-

nation and is a major background concern for DEAP-3600. Figure 3.1 includes

the decay chain for 220Rn, which reaches a stable isotope, 208Pb, within several

hours 3.1. In contrast, the decay chain of 222Rn, shown in Figure 3.2, contains

210Pb which has a 22 year half-life. 210Pb introduces a continuous source of

5.3 MeV alpha particles when the daughter nuclei, 210Po, decays to the stable

isotope 206Pb.

The distance an alpha particle will penetrate is dependent on the material

in which it is moving as well as the energy at which it is emitted. In DEAP-

3600, only alpha decays occurring less than 80 microns from the LAr, in either

the TPB or acrylic, are capable of producing signals that enter into the WIMP

ROI [49]. Alpha decays occurring in the LAr itself have energies much higher

than the ROI and can therefore be identified. Alpha particles can also cause
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 (4.99 MeV) 

 (585, 860 keV)

208Pb
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36%
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 (4.99 MeV) 

 (583, 860 keV)

 (2614 keV)

Figure 3.1: Decay chain of 232Th with lifetimes, branching ratios and particle
energies. Reproduced from [48].

the emission of a neutron when absorbed by certain nuclei. The neutrons from

these (α,n) reactions can then enter the LAr and produce a background signal

in DEAP-3600 [39]. Such reactions in the PMT glass have been simulated and

are considered in the detector’s neutron background specification.
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 (800 keV), ~1% BR to  > 2200 keV 

Figure 3.2: Decay chain of 238U with lifetimes, branching ratios and particle
energies. Reproduced from [48].

3.1.2 Cosmogenic origin

Cosmic rays, consisting of high energy protons and nuclei, enter Earth’s atmo-

sphere producing showers of secondary particles when they collide with atmo-

spheric molecules. In DEAP-1, the cosmic ray muon flux was approximately

10 per second when operated at the surface at Queen’s University. This flux de-

creased to roughly 1 per year when the detector was relocated to SNOLAB [44].
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The 6000 meter water equivalent overburden of rock provides excellent shield-

ing from cosmic ray muons, which, aside from neutrinos, are the only cosmic

ray induced particles capable of penetrating the Earth this deeply. Neutrons

induced by muon spallation in the surrounding rock must also be considered in

the background specifications.

39Ar is an isotope that is produced by the interaction of a cosmic ray with

40Ar in the atmosphere. Therefore, LAr sourced from the atmosphere contains a

natural abundance of cosmic ray induced 39Ar, which is a background for argon-

based dark matter detectors. A source of underground argon with decreased

exposure to cosmic rays would reduce the 39Ar background. Efforts have been

made to secure an underground source of LAr to increase the sensitivity of

DEAP-3600 in a second run phase [30].

In DEAP-3600 β decays from 39Ar will be removed by PSD. As outlined in

Chapter 2, DEAP-1 showed that discrimination using PSD is achievable with

leakage small enough to allow DEAP-3600 to probe cross sections of approxi-

mately 10−46 cm2 for a 100 GeV/c2 mass WIMP. The designated PSD variable

in DEAP-3600, Fp, is defined in Eq 3.1 as the ratio of the prompt to total

charge detected by the PMTs. The nominal prompt and late time windows are

[-28,150] and [-28,10000] ns, with respect to the event time. These time win-

dows will be optimized using calibration data to achieve the largest separation

between electron and nuclear recoils. Electron recoils, with more triplet than

singlet dimers, are expected to have Fp ∼ 0.3, and nuclear recoils (WIMPs) are

expected to have Fp ∼ 0.7.

Fp =
PEprompt

PEtotal

(3.1)
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3.2 Background reduction

In order to achieve the background specifications outlined in Table 3.1 numer-

ous steps have been taken during the design and construction of DEAP-3600.

These steps include assaying of materials for radio purity, limiting exposure

of detector components to radon, passive and active shielding, and designated

analysis techniques.

3.2.1 External backgrounds

To reduce the signal from high energy muons that penetrate the rock over-

burden, outward facing PMTs are used to veto any events which produce

Cherenkov light in the water-shield. The water shield is also important for

stopping gammas and neutrons produced by radioactivity and muon spallation

in the surrounding rock. During commissioning, the data rate was reduced

from ∼ 90 Hz to about 2 Hz as the water tank was filled with ultra-pure water.

The event rate in an empty detector, shown in Figure 3.3, is dominated by

Cherenkov light in the acrylic light guides produced by gammas originating

from uranium and thorium decays in the rock wall.
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Figure 3.3: Event rate in vacuum phase of the DEAP-3600 detector as a
function of water fill. The event rate in an empty detector is dominated by
Cherenkov emission from gamma rays emitted by the surrounding rock wall.
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3.2.2 Materials selection and design

Acrylic light guides not only provide thermal shielding between the LAr and

PMTs, but also provide neutron shielding that is important to achieve the

background specifications. The (α,n) reactions in the PMT glass release neu-

trons, with energies between 1−12 MeV [50], which can undergo nuclear recoils

if they reach the LAr. The leakage of neutrons from (α,n) reactions into the

WIMP ROI increases with the energy of the neutron emitted in the PMT

glass. Increasing the in acrylic path length that neutrons must travel from the

PMT glass to the LAr thermalizes the neutrons, shifting their energy below the

WIMP energy ROI. The length of the acrylic light guides is therefore designed

to reduce the neutrons from (α,n) reactions to meet target specifications while

also maintaining sufficient optical transmission of photons [50].

The LAr must be free of electronegative impurities (CH4, CO, CO2, H2,

H2O, N2 and O2) at the sub-ppm level in order to maximize the triplet lifetime

of argon scintillation. A SAES getter is used to chemically purify the argon to

99.999% and reduces contaminants to less than 1 ppb. Additionally, the LAr

used for WIMP detection must be as radio-pure as possible so that polonium

cannot plate-out onto the AV surface post resurfacing. The design specification

for radioactivity within the LAr is less than 5µBq, and a purification loop is

used to achieve this target prior to the LAr entering the vessel. A charcoal

trap pre-cools argon gas from 300 K to 100 K which is then passed through a

charcoal column to remove radon and radioactive impurities [46].

Perhaps the most important aspect for achieving the background speci-

fications outlined in Table 3.1 is control of exposure to radioactivity in the

materials used for construction. Since alpha particles can travel a maximum

of approximately 80 microns in acrylic and TPB, the bulk and surface con-

tamination of both materials must be restricted. During the manufacturing

of the acrylic used for the AV, the primary background concern was 222Rn

diffusing into the materials producing long lived 210Pb contamination in the
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acrylic. Monte Carlo simulation showed maximum tolerable concentrations of

232Th < 1.3×10−12 g/g, 238U < 0.3×10−12 g/g and 210Pb < 1.1×10−20 g/g in

the acrylic [51]. In these limits, secular equilibrium is assumed for 232Th and

238U, and the 210Pb limit is 8.4 times the 238U equilibrium level. The collabo-

ration performed an assay of the acrylic used for DEAP-3600 by vapourizing

a 2 kg offcut of the AV. The results constrained the 210Pb contamination to

less than 10−19 g/g [52]. The TPB deposited on the inner AV surface was also

assayed and upper limits of 0.1 and 0.5 ppm were obtained for Uranium and

Thorium [53], respectively. These limits are constrained by the relatively small

masses of acrylic and TPB available for assay. It is expected that most activity

in the TPB is derived from radon exposure.

3.2.3 Alpha backgrounds

Calculations of the deposition depth in acrylic were performed to estimate

the surface contamination from exposure to 222Rn and its daughters, including

the long-lived daughter 210Pb, during construction [54]. Figure 3.4 shows the

calculated 210Pb activity of the AV from radon exposure: 9 months exposure

on surface, 6 months in mine air, and 1 month in radon reduced air, prior to

sanding the inside of the AV. Simulations of radon daughters deposited within

80 microns of the AV surface result in 5× 104 events/m2/day with no fiducial

volume or energy cuts applied. A robotic sander, referred to as the “resurfacer”,

was designed and deployed within the AV specifically to remove contamination

deposited on the AV surface by exposure to radon in air. The resurfacer was

operated for roughly 200 hours and removed approximately 4700 g of acrylic

from the inside of the AV to meet target background requirements [46]. This

leaves a residual activity of approximately 10 events/m2/day from surface alpha

particle contamination.

Radioactivity can be reintroduced to the LAr and AV surface via radon

emanation in the welds of the process system. This makes energy and position
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3.3 Neck alpha particle backgrounds

3.3.1 Neck events

Alpha particles from decays in materials from the neck region are a distinct

background, separate from alpha decays occurring in the AV, TPB or LAr.

Alpha decays occurring in the neck region (neck events) were recognized as

a possible source of backgrounds for DEAP-3600 during experimental design

and subsequent investigation has been performed. Scintillation light emitted

by an alpha particle interaction in the neck region is shielded from the AV by

components of the neck hardware. This shielding prevents a large fraction of

photons from reaching the AV. The photons that do successfully reach the AV

volume must also be wavelength shifted to be detectable by the surrounding

PMTs. The photon shielding causes the event energy to be underestimated,

allowing events to leak into the energy ROI.

Current position reconstruction algorithms do not properly account for the

complex geometry introduced by the neck hardware. The long path length for

photons originating in the neck, as well as the isotropic re-emission of photons

by the TPB, add to the inability to properly reconstruct the location of alpha

particle interactions occurring in the neck region.

3.3.2 Preventative measures

Monte Carlo simulations of alpha particles in the neck region were used to guide

modifications of the neck geometry to minimize the number of neck events in

the WIMP ROI (0.6< fp <1 and 120<PE<240). An increased activity of the

steel vacuum jacket, relative to the surrounding acrylic, prompted modifications

to the original design to ensure no direct line-of-sight exists from the steel

vacuum jacket to the AV. The shape of the inner and outer flow guides were

also modified to give the smallest leakage of neck events while also maintaining

the shape required for convective cooling. These modifications can be seen in
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Figure 3.5. Simulations yielded particularly high neck event leakage resulting

from the ∼ 5 mm space between the outer flow guide and the AV neck wall.

This led to the design of a piston ring to prevent photons created in this small

gap from reaching the AV. The piston ring has a split ring geometry which

seals the space space between the outer flow guide and AV neck wall.

Figure 3.5: Modifications to the neck geometry based on Monte Carlo simu-
lation studies. Dashed lines correspond to original design and solid lines cor-
respond to the geometry which has been built. Red - inner flow guide, brown
- outer flow guide, blue - steel vacuum jacket, black - AV neck wall, green -
piston ring. This plot was prepared by James Bueno.

To prevent surface contamination from exposure to air, the flow guides and

piston ring were machined in the low-radon clean room at the University of

Alberta. An assembled view of the flow guides and piston ring at the University

of Alberta can be seen in Figure 3.6. The neck hardware was sealed and shipped

to Queens University where it was hand-sanded in a glove box under nitrogen

purge to remove any existing surface contamination. It was then re-sealed in

the canister and sent to SNOLAB where it was exposed to mine air only while
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being installed.

Figure 3.6: Bolted assembly of the inner (left) and outer flow guide (right) in
the low-radon clean room at the University of Alberta.

A veto system is also installed in the neck of the detector, and is designed to

detect optical photons created in the neck region. This neck veto system con-

sists of wavelength shifting fibres that are bundled in groups of 50 and coupled

to 4 Hamamatsu R580 PMTs. The fibres are wrapped around the bottom 10

cm of the AV neck, as seen in Figure 3.7, and the PMTs are connected to the

main DAQ system [46]. Current simulations of neck events do not detect any

optical photons in the neck veto. However, in commissioning data, the neck

veto is triggered for a variety of event energies in the nuclear recoil fp region.

Figure 3.8 shows a sample distribution of event energy as a function of charge

measured in the neck veto, with fp > 0.6. Below ∼ 200 PE these events are

dominated by cherenkov light created gammas in the neck acrylic. However, in

Figure 3.8, it is clear that this distribution extends well past 200 PE and could

possibly be explained by fluorescence in the neck acrylic. Acrylic fluorescence

is not currently modelled in the Monte Carlo simulation, and studies are cur-
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Figure 3.8: Event energy (in PE) as a function of charge measured in the
neck veto (in picoCoulombs). The low energy distribution is dominated by
cherenkov generated in the neck acrylic. Above 200 PE, acrylic fluorescence is
likely generating visible photons that are measured in the neck veto.

lated on the surface of the inner flow guide, outer flow guide and piston ring

permits the calculation of the neck event leakage into the WIMP ROI.

The observed energy distribution from the simulation of 5.3 MeV alpha

particles in the neck region can be seen in Figure 3.9. Gap C corresponds to

the inner edge of the inner flow guide. Gap B corresponds to the outer edge

of the inner flow guide, the inner edge of the outer flow guide, and the inner

edge of the piston ring. Gap A corresponds to the outer edge of the outer flow

guide and the outer edge of the piston ring. The features in this distribution

are a direct reflection of the line of sight from the start position of the alpha

particle to the AV. Higher energies result from alpha particles that have the

most direct path from the neck region into the AV, since less of the scintillation

light is shadowed by neck hardware.
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Figure 3.10: True and reconstructed position of surface contamination
(218Po,214Po and 210Po) simulated uniformly on the surfaces of the inner flow
guide, outer flow guide and piston ring. Alpha particles in these distributions
have 120 < PE < 240 and fprompt > 0.6 and are normalized to the number of
events in 3 years from Table 3.2.
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given by

N = texp × SA× Asurf × fneck (3.2)

where N is the number of events, texp is the exposure time, SA is the surface

area with activity, Asurf , and fneck is the survival fraction of neck events in the

WIMP ROI.

Imposing a spherical fiducial cut, which is required for the reduction of alpha

decays occurring on the AV surface or in the TPB, does not significantly reduce

the number of neck events in the WIMP search region. A conical fiducial cut,

which removes a section at the top of the detector in addition to the spherical

region also removed, has been proposed to account for reduced resolution of

position reconstruction algorithms in the neck region. The neck region is not

well modelled in current position algorithms since spherical symmetry of the

detector is assumed. However, significant effort is being made to implement

a more realistic geometry and optical model in position reconstruction. The

effect of applying a conical fiducial cut to neck events can be seen in Table 3.2.

Table 3.2 contains estimates of the number of neck events resulting from

surface contamination of the neck hardware in a 3 year exposure. The source

activities used in these calculations are conservative estimates, and an explana-

tion of their derivation can be found in Appendix A. Estimates corresponding to

no fiducial cut as well as both spherical and conical fiducial cuts have been cal-

culated. A spherical fiducial cut, which removes events outside, R = 551 mm,

corresponds to a fiducial mass of 1002 kg. The conical cut used in these stud-

ies keeps an equivalent fiducial mass as the spherical cut by increasing the

radius of the remaining spherical volume to R = 566 mm. Neck events can

be significantly reduced by imposing fiducial cuts that are motivated by simu-

lation, however, the reduction in the number of neck events must be weighed

against the loss in fiducial mass. The fiducial mass of the experiment is directly
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proportional to the WIMP sensitivity, as shown in Eq. 1.3.

Table 3.2: Number of neck events in 3 years for surface alpha contamination
of the flow guides and piston ring. Events are evaluated in the WIMP search
region: fpr > 0.6, 120 < PE < 240, with either a spherical or cylindrical
fiducial cut applied.

Neck Component Gap No Fiducial Cut Spherical Fiducial Cut Conical Fiducial Cut

Inner FG, inner edge C 6.52 ± 0.04 4.31 ± 0.03 3.77 ± 0.03
Inner FG, outer edge B 1.89 ± 0.02 1.23 ± 0.01 0.91 ± 0.02
Outer FG, inner edge B 1.26 ± 0.02 0.87 ± 0.01 0.72 ± 0.01
Outer FG, outer edge A 0 0 0
Piston ring, inner edge B 0.137 ± 0.007 0.024 ± 0.003 0.009 ± 0.002
Piston ring, outer edge A 0 0 0
Total 9.79 ± 0.05 6.45 ± 0.04 5.55 ± 0.04

The estimate of the number of neck events expected in 3000 kg-yr exposure

is not only dependent on the source activities and fiducial cut applied, but

also on the optics parameters used in the Monte Carlo. Varying the acrylic

scattering parameter between diffuse and specular, in combination with the

acrylic surface roughness, can decrease the leakage of neck events by roughly

a factor of 2. The optical parameters in the Monte Carlo are currently being

tuned using calibration data, and the completion of this study will likely result

in variation of the predicted leakage of neck events. A complete study of the

effects of optical parameters on the leakage of neck events has not been per-

formed, but worst case simulations, based on studies of calibration data taken

before the application of TPB, have been used for the calculation of values in

Table 3.2. Given the uncertainty in parameters which affect the leakage of neck

events into the WIMP ROI, a likelihood ratio algorithm has been developed

to further reduce the number of neck events expected in the WIMP ROI. This

algorithm is discussed in Chapter 4.
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Chapter 4

Likelihood ratio algorithm

As outlined in Chapter 2, DEAP-3600 is currently running in a partial fill

configuration to prevent the reoccurrence of a seal failure. It is not yet clear

whether the detector will remain in this configuration for its 3 year physics

run, and therefore, a likelihood ratio algorithm to remove neck events from

the WIMP ROI has been developed using simulations of an ideal detector

containing 3600 kg of LAr. In the future, the algorithm will be re-evaluated

using the confirmed configuration of gaseous and/or liquid argon.

4.1 Likelihood ratio for neck event rejection

4.1.1 Charge distribution in neck events

Motivation for the development a likelihood ratio variable to discriminate neck

events from WIMP events arose with the identification of a distinct pattern

in the charge distribution as a function of PMT location for alpha particles

simulated in the neck region. An asymmetry for neck events can be seen in

the charge distribution with respect to a PMTs z-coordinate (where the z-axis

is vertically aligned with the neck of the detector). In Figure 4.1, each circle

is representative of a single PMT, and the colour scale indicates the average
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fraction of charge detected.
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Figure 4.1: Average fraction of charge detected in an event as a function of
PMT location, for events with 0 < PE < 500. Each PMT is represented by a
circle, where cosθ = 1 corresponds to z ∼ 1330 mm and cosθ = −1 corresponds
to z ∼ −1400 mm. The left plot corresponds to WIMP simulations, the centre
plot to neck events simulated in Gap C, and the right plot to neck events
simulated in Gap B.

On average, no variation is seen in the charge distribution of neck events

with respect to a PMTs φ coordinate — it is cylindrically symmetric. The

charge distribution for alpha particles simulated in Gap C has the largest frac-

tion of light detected in PMTs located at the bottom of the detector. Alpha

particles simulated on surfaces in Gap B have a less distinct pattern, with the

highest fraction of charge detected in PMTs closest to the neck region, and the

lowest fraction observed in PMTs at the bottom of the detector. These dis-

tributions are a direct reflection of the solid angle between the alpha particle

interaction and the AV.

4.1.2 Likelihood ratio

To utilize the information available from the variation in charge with respect

to PMT(z), a likelihood ratio can be calculated. The average fraction of charge

detected in each PMT as a function of PMT(z) can be converted to a probability
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fraction of actual WIMP events are also removed, which reduces the WIMP

sensitivity of the experiment. Discrimination between neck and WIMP events

is improved when two separate likelihood ratios are evaluated, LRC and LRB,

where Pneck is constructed from events simulated in Gap C for LRC and Gap

B for LRB. Outside of simulation, the origin of a neck event is unknown, and

therefore LRC and LRB are both evaluated for all events. Using simulation,

the fraction of neck events removed as a function of x for LRC and LRB can

be calculated and is displayed in Figure 4.3. The fraction of WIMP events

removed as a function of x is also displayed as the black line.
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Figure 4.3: Survival fractions for LRC (left) and LRB (right) as a function of
cut value, x. Colours are representative of the type of event simulated: WIMP
events (black), neck events from Gap C (red) and Gap B (blue).

4.1.3 Likelihood ratio cut

LRC and LRB are not completely independent, and it is therefore important

to set cut values for LRC and LRB based on the correlation plot of the two

variables. Figure 4.4 shows this distribution for WIMP events and neck events

from surface contamination simulated in Gap C and B.

To evaluate the discrimination power of a likelihood ratio cut, the neck event

leakage is minimized for a likelihood ratio cut equivalent to a given fiducial

mass. A fiducial mass of 1000 kg can be interpreted as a likelihood ratio cut

where 28% of simulated WIMPs remain after requiring LRC > x or LRB > y.
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Figure 4.4: LRC versus LRB for WIMP events (left) and neck events simulated
in Gap C (centre) and Gap B (right). The WIMP distribution is normalized to
one and the neck event distributions are normalized to the estimated number
of events in 3 years.
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Table 4.1: Estimated number of neck events in the WIMP ROI for a 3000 kg-yr
exposure resulting from surface alpha contamination of the flow guides and
piston ring. Events are in the WIMP search region: fp > 0.6, 120 < PE <
240, and have either a likelihood ratio cut or combined fiducial and LR cut
(respectively) applied.

Neck Component Gap No Cuts LR Cut (No Fiducial Cut) Fiducial & LR Cut
x = 1.8, y = 0.5 x = 0, y = −2.2, R < 650

Inner FG, inner edge C 6.51 ± 0.04 0.040 ± 0.003 0.76 ± 0.01
Inner FG, outer edge B 0.87 ± 0.02 0.048 ± 0.004 0.60 ± 0.01
Outer FG, inner edge B 1.25 ± 0.02 0.066 ± 0.004 0.83 ± 0.01
Outer FG, outer edge A 0 0 0
Piston ring, inner edge B 0.137 ± 0.007 0.0002 ± 0.0002 0.0003 ± 0.0002
Piston ring, outer edge A 0 0 0
Total 8.77 ± 0.05 0.154 ± 0.006 2.21 ± 0.02
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Figure 4.6: Reconstructed position of simulated WIMP events (left) and neck
events (right) which pass the likelihood ratio cut, LRC > 1.8 and LRB > 0.5.
The WIMP distribution is normalized to one prior to applying the likelihood
ratio cut. The neck event distribution is normalized to the the number of neck
events in a 3000 kg yr.
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Despite the effective reduction in neck event leakage obtained by requiring

LRC > 1.8 and LRB > 0.5, it is unrealistic to reduce the fiducial mass to 1000

kg with only a likelihood ratio cut since other backgrounds also impact the

fiducial mass of the experiment. As discussed in Chapter 3, a spherical fiducial

cut is required to remove background events from alpha decays occurring in

the TPB and AV acrylic. Therefore, the reduction of fiducial mass to 1000 kg

should be a combination of a spherical fiducial cut and a likelihood ratio cut.

The required spherical fiducial cut will be determined by the position fitter

resolution and the limits on surface activity measured in commissioning data.

These studies are not yet complete, and therefore, a spherical radius of R = 650

mm has been evaluated in combination with a likelihood ratio cut, where x = 0

and y = −1.8, to give a combined 28% WIMP survival fraction. In this set

of cuts, the spherical fiducial cut is first applied, reducing the fiducial mass to

∼ 1955 kg. A likelihood ratio cut is then applied to the surviving events which

results in an additional ∼ 955 kg loss in fiducial mass. The number of neck

events in a 3000 kg-yr exposure corresponding to the described combination of

cuts is shown in Table 4.1.

Implementing a likelihood ratio cut in combination with a fiducial cut in-

creases the neck event leakage, in comparison to solely applying a likelihood

ratio cut since the majority of neck events do not reconstruct near the AV

surface. However, applying the cuts in combination is a more realistic repre-

sentation of a WIMP search analysis. Simulation shows that the neck event

leakage is more strongly impacted by applying a likelihood ratio cut rather

than a fiducial cut. It is therefore important to minimize the fiducial cut re-

quired for the reduction of other backgrounds to allow maximum neck event

discrimination to be achieved with a likelihood ratio cut.
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4.2 Commissioning data

4.2.1 Partial fill detector configuration

During the fill of DEAP-3600, liquid is added to the detector by dripping

LAr from the cooling coil, reducing the amount of GAr in the detector as the

LAr level rises. Therefore, data recorded during the first fill has a continually

decreasing ratio of gaseous to liquid argon. Analysis of GAr commissioning data

has shown that events from alpha decays scintillating in GAr have fp < 0.6.

With GAr in the neck region, neck events should be removed from the WIMP

ROI by a PSD cut since the alpha particle scintillates in gas, not liquid.

In data recorded with a partially full detector, events have been observed

with high energies and fp > 0.6 that reconstruct near the top of the detector.

These events also have charge measured in the neck veto. There is currently no

understood mechanism to generate events with these characteristics, unless a

thin film of LAr coats the neck hardware, which would mean an alpha particle

in the neck region is scintillating in liquid rather than gaseous argon. This

configuration, in combination with acrylic fluorescence discussed in Chapter

3, is currently being investigated in Monte Carlo simulation. LRC and LRB

were developed using simulations of a full detector, containing 3600 kg LAr

and should be re-tuned with new simulations once the configuration and optics

of a partially full detector are better understood. However, for a partially

full detector, if a thin LAr layer coats the surfaces of the neck hardware, full

detector alpha particle simulations may still be representative of partial fill data

since the alpha particle is scintillating in liquid rather than gaseous argon.

4.2.2 Likelihood ratio in partial fill

The effect of a likelihood ratio cut has been investigated in data recorded

during the first fill of the detector. In the data shown in Figures 4.7 and

4.8, the detector contains LAr up to z ∼ 311 mm. Figure 4.7 shows position
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reconstruction and LRC versus LRB for events in the WIMP ROI after applying

low level cuts. The distributions in Figures 4.7 and 4.8 have been normalized to

unity. The class of events that reconstructs near the neck region in Figure 4.7
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Figure 4.7: Position reconstruction (left) and LRC versus LRB (right) of events
in the WIMP ROI recorded during the first fill of the detector, with the LAr
fill level at z ∼ 311 mm. Low level cuts have been applied.

contains events generated by cherenkov in the neck as well as an unquantified

number of neck events. Biases in position reconstruction resulting from the

partial fill configuration are also not fully determined and may contribute to

the class of events located at near the top of the detector. In this analysis, the

resulting likelihood ratio distribution is being studied.

As shown in Figure 4.7, only 2 events in this data set remain after the like-

lihood ratio cut, LRC > 1.8 and LRB > 0.5. Figure 4.8 shows the correlation

between LR and the reconstructed radius or z position. The two events which

pass the likelihood ratio cut reconstruct on the surface of the AV and can there-

fore likely be attributed to surface activity on the AV or in the TPB coating.
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The events which reconstruct near the neck region are all easily excluded in

the distributions of LRC and LRB as both variables evaluate to < 0 for all

events. The survival fraction of events passing the likelihood ratio cut is equal

to 0.4± 0.3% and is dominated by low statistics.
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Figure 4.8: Top panel: LRC (left) and LRB (right) versus reconstructed radius
(mm). Bottom panel: LRC (left) and LRB (right) versus reconstructed z
position (mm). Low level and cuts to remove light guide cherenkov have been
applied to these distributions.

The scintillation signal resulting from a neutron scattering on a LAr nuclei

is expected to accurately model the signal from a WIMP interaction. It is

therefore important to look at the distribution of LRC and LRB for events

in the WIMP ROI with a neutron source deployed to evaluate the WIMP

survival fraction of a likelihood ratio cut. Figures 4.9 and 4.10 show the same

distributions as Figures 4.7 and 4.8 above, but with LAr up to z ∼ −339 mm

and an AmBe neutron source deployed at z ∼ 0 mm. The length of time for

which neutron source data was recorded is ∼ 1.06 times the live-time of data

considered above. Figures 4.9 and 4.10 have also been normalized to unity.

With the neutron source deployed, most events have LRC > 0 and LRB > 0
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Figure 4.9: Position reconstruction (left) and LRC versus LRB (right) of events
in the WIMP ROI recorded with an AmBe neutron source deployed in the first
fill of the detector. The LAr fill level is at z ∼ −339 mm, and low level and
light guide cherenkov cuts have been applied.

which is the expected distribution for WIMP events. 40± 0.8% of events pass

a likelihood ratio cut where LRC > 1.8 and LRB > 0.8. The fraction of events

which pass the likelihood ratio cut and reconstruct on the AV surface can be

seen in Figure 4.11. This distribution is normalized to the number of events in

the WIMP ROI prior to the likelihood ratio cut. Comparing Figures 4.9 and

4.11, it is clear that a likelihood ratio cut removes events that reconstruct in

a variety of locations. The likelihood ratio cut removes 100% of events which

reconstruct in the neck region, as well as some events which reconstruct in the

LAr and on the AV surface.

Once specific background populations have been isolated in commissioning

data it will be possible to evaluate the survival fraction of different event types

with respect to a likelihood ratio cut, including, but not limited to neck events.
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Figure 4.10: Top panel: LRC (left) and LRB (right) versus reconstructed radius
(mm). Bottom panel: LRC (left) and LRB (right) versus reconstructed z
position (mm). All plots have an AmBe neutron source deployed and low level
cuts applied.
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Figure 4.11: Reconstructed position of events which pass LRC > 1.8 and
LRB > 0.5 with an AmBe neutron source deployed. Low level cuts have been
applied.

The application of a likelihood ratio cut in partial fill data has removed back-

ground events that reconstruct near the neck region, where some neck events

are expected to reconstruct. In addition, partial fill AmBe source data results

in values of LRC and LRB in the WIMP ROI, showing agreement between data

and simulation.
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4.3 Conclusion

Alpha decays occurring in the neck region of the DEAP-3600 detector are a

background concern and can impact the WIMP sensitivity of the experiment.

When an alpha particle interacts in the neck region, the neck hardware prevents

most scintillation from reaching the AV. This causes the energy of the alpha

particle event to be underestimated and results in an event with energy and

fp in the WIMP ROI. Position reconstruction of these neck events is also poor

due to the complex photon path prior to wavelength shifting and the isotropic

photon re-emission by the TPB. The number of neck events expected in the

WIMP ROI can be estimated using Monte Carlo simulation. This estimate is

highly dependent on the optical properties implemented in the simulation, and

is also impacted by the fiducial cut imposed.

This analysis shows that, in simulation, an analysis cut based on the two

likelihood ratio statistics, LRC and LRB can be effectively used to reduce the

number of neck events in the WIMP ROI for a 3000 kg-yr exposure of DEAP-

3600. The likelihood ratio cut utilizes the asymmetry observed in the charge

distribution of neck events with respect to a PMTs z-coordinate. Implementing

a likelihood ratio cut reduces the leakage of neck events into the WIMP ROI

more effectively than a fiducial cut, however, the efficiency is highly correlated

with the number of WIMP events also removed by such a cut.

In simulation, applying a likelihood ratio cut which keeps 28% of WIMP

events, corresponding to a 1000 kg fiducial mass, reduces the number of neck

events in the WIMP ROI from an estimated 5.55 ± 0.04 events in 3 years

(corresponding to a conical fiducial cut) to 0.154 ± 0.006 events in 3 years

(without a fiducial cut applied). The most realistic estimate of the number of

neck events in the WIMP ROI in 3 years is obtained by evaluating a likelihood

ratio cut in combination with a spherical fiducial cut. Implementing a spherical

fiducial cut, with R = 650 mm, followed by a likelihood ratio cut, where the
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total remaining fiducial mass is 1000 kg, reduces the estimated number of neck

events expected in a 3 year exposure to 2.21± 0.02.

A likelihood ratio cut is the most effective tool for removing neck events

from the WIMP ROI in simulations of the DEAP-3600 detector. Simulations of

neck events are currently done with parameters which cause the highest leakage

of neck events, and tuning of the optical parameters based on commissioning

data is expected to reduce the number of neck events expected in the WIMP

ROI. Events which have light observed in the neck veto have been recorded in

commissioning data, and were not expected based on the current optical model

used for simulation. Implementing acrylic fluorescence in simulation will allow

an estimate of the number of neck events that can be removed from the WIMP

ROI by tagging of events which have light detected in the neck veto.

Additionally, the number of neck events expected in the WIMP ROI is

highly dependent on the fill configuration of the detector. Alpha particles scin-

tillating in GAr have fp outside the WIMP ROI. If the detector remains in the

current partial fill configuration, it is possible that neck events may not be a

background concern. However, commissioning data has shown that the par-

tial fill configuration results in an optically complicated detector, and further

studies must be performed to understand the optics and resulting backgrounds

of such a gaseous and liquid argon mixture. The application of a likelihood

ratio cut to partial fill data is capable of effectively removing all events that

reconstruct near the neck region. In partial fill data with an AmBe neutron

source present, LRC and LRB have distributions representative of what is ex-

pected for a WIMP signal, and are only partially removed by a likelihood ratio

cut that is motivated by simulation for the reduction of neck events. Further

understanding of the classes of events present in partial fill data will permit the

calculation of neck event leakage corresponding to both a fiducial and likelihood

ratio cut.
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A Derivation of estimate for surface contami-

nation of neck hardware

The following discussion of source terms used in this analysis is from [57].

All acrylic surfaces are assumed to be completely clean after sanding under

nitrogen purge. During installation of the neck hardware in the detector, ex-

posure of the acrylic to 222Rn in mine air has led to an estimated 0.6 µBq of

210Po activity [58].

The LAr is assumed to be initially free of 222Rn after passing through the

activated charcoal trap. Contamination is introduced in the LAr from 222Rn

emanation in the welds of the process system. Gaseous 222Rn has a half-life of

3.82 days, which allows the gas to spread evenly through the LAr. The short-

lived, non-gaseous daughters then deposit on surfaces in contact with the liquid

argon, resulting in a continuous source of alpha particle decays from 218Po and

214Po.

There are an estimated 15 m of welds in the detector: ∼ 200 inches of

neck welds in contact with the LAr, ∼ 200 inches in between the neck vacuum

jacket wall and inner neck that is exposed to argon vapour, and ∼ 5 m from the

0.5 inch in cooling coil tubing. The emanation chamber at Queen’s University

reports 5 ± 1 µBq/m2 of 222Rn, which translates to a total of 75 µBq for 15

meters of welds.

Alternatively, the contamination can be estimated from DEAP-1. In DEAP-

1, 100 µBq of 222Rn was measured through 222Rn-218Po tagging. This contam-

ination is assumed to have entered the detector through welds in the process

system. Estimating the surface area of DEAP-3600 to be 10 m2, the DEAP-1

222Rn activity results in 10 µBq/m2 of 218Po and 214Po in DEAP-3600.

The higher DEAP-1 estimate of 100 µBq for 218Po and 214Po, and 0.6 µBq

of 210Po contamination are used in this analysis.
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