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The Whirlpool Galaxy (M51)

Figure credit: Chase Preuninger. Next slide: NASA / ESA, Hubble Space Telescope







The Mystery of Dark Matter

E. Corbelli and P. Salucci (2000), The extended rotation curve and the dark matter halo of M33
Figure by Stefania Deluca

Observations
from 21 hydroge
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Velocity Profiles of Spiral Galaxies
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Observation: Vera Rubin (1970)
Theory: Fritz Zwicky (1933)

15
DISTANCE FROM NUCLEUS (kpc)

V. Rubin, W. K. Ford Jr. and N. Thonnard (1978)
Astrophysical Journal, 225, L107-L111

Most galaxies have “mass-to-light ratio” consistent with dark matter
— Observed mass-to-light ratio values range from order 1 to 100

— Supports dark matter hypothesis
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern| Dark Ages Development of

375,000 yrs. Galaxies, Planets, etc.

Inflation
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Full-sky map of the cosmic microwave background by the Planck collaboration

Mass-energy density (ACDM model): 5% ordinary matter, 27% dark matter, 68% dark energy

Temperature deviations from uniform blackbody with T = 2.726 K, shown on a +300 uK scale

Source: European Space Agency / Planck collaboration
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Primary cosmic rays

Why go underground?

To shield detectors against cosmic rays

Surface:
3 ~ 1 muon / cm?/ minute 5
~ ~14.4 million muons / m? / day y

— —
N ——
B MMM MMseesaMssesssssessssssesssssssssssssmessssssssssssssssssssssssssssssssssssssssssses p—

- y—

n+

| SNOLAB: . A
- 0.27 muons / m?/ day

electromagnetic

shower ndean

Mont Blanc

® DULsiInE
A other DUL
® newDULs

ANDES
SURF

eisamodified versioh of arloriginal
Equivalent depth under flat surface [km w.e.] 13




S % Inco Ltd.
ARSI, T A nco
L PR A S A Creighton No.9 Shaft
PPN

SI\{?LAB

MINING FOR KNOWLEDGE
CREUSER POUR TROUVER... L’EXCELLENCE

Video: A Day at SNOLAB
https://www.snolab.ca/outreach

2070 m underground




Acrylic vessel underground at SNOLAB
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Acrylic vessel resurfacer
Mechanical sander to remove 0.5 mm off the inner surface




Bonding light guides underground at SNOLAB




Light guides Reflectors Inside view

PMT installation Backing foam installation




Steel shell, Veto PMTs

Water tanks in Cube Hall

All details available in the DEAP-3600 detector publication!
Astroparticle Physics 108, 1-23 (2019) arXiv:1712.01982




DEAP-3600

Dark matter Experiment using Argon
Pulse-shape discrimination
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Design mass: 3600 kg of liquid argon (LAr)

Largest acrylic cryostat ever built

Neck acrylic
flow-guides

255 PMTs ®
=238 looking inward \/)
\ with a Cl'y|i C Nuclear

light-guides recer

Ar

Goal: Detect dark matter particles

colliding with argon nuclei
48 veto PMTs

looking outward
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UV scintillation light from LAr nuclear recoils
is wavelength-shifted to visible at TPB layer,

then collected by photomultiplier tubes (PMT)
20
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DEAP-3600 Dataset

B Physics Light injection | Radioactive source [l Other
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« Stable data collection for DM search: November 1%, 2016 — March 28", 2020

« 80% blind since January 1%, 2018 21



Liquid Argon Scintillation Pulse-Shape in DEAP-3600

Full fit
LAr singlet + geo + DP

9107 2 LAr intermediate E 10’ :— | | FTU" fit
> Pt - [l <4— singlet lifetime e LAr
g 10° Afterpulsing ‘5 i — TPB
= Stray light level s 10° 3 Afterpulsing
=T c - P triplet lifetime SNS0 Stray light level

_—
o
[

il e

(m-d)/d

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time [us]

Zoom at prompt times

Full event window —

0 5 10 15 20
Time [us]
Visible photons — Photoelectrons at PMT cathode — PMT pulses
Pulse-shape model: European Physics Journal C, 80, 303 (2020) arXiv:2001.09855

Including intermediate time component of LAr scintillation, PMT response, and long TPB time constant

22



Pulse-Shape Discrimination (PSD)

The goal is to select dark matter signal events, and reject background events

prompt light
|

Example: Neutron source calibration data 0.05 | e l .
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c >
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- 2 7 PSD model 3 _g o1 L more late light
S . 3 B - .= Single n-scatter simulation N e ousl . ]
u 210 - [ AmBe simulation (n+4.4 MeV y}): z 0 background-like
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Q 2 | i -0.25 i ! | !
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00 01 02 03 04 0.5 06 07 08 09 1.0 -0.25 . . .
Fprompt 0 1000 2000 3000 4000 5000

Time [ns]

60 ns
oe . PE(t
Background-like Signal-like =—28ns PE(?)

: . = 10 ps
(electron recoils, ¥Ar)  (nuclear recoils) ~ promet oo o PE(?)




Pulse-Shape Discrimination (PSD)

World-leading PSD performance!

cxu 1 g rvly[vv"lIyyv[vv!r]‘lyIIvIvv]'vlvlevIlVIV
o2 4 = ¢ Fprompt gPE .
& 18_4 o 1 o 107 »— Lrecoil qPE 4 algonthms
ey q g ERPORENGSE considered
_ 41 ® 10 —4— Lrecoil nSc
10° =
1070 5 o 107
102 = 3Ar leakage =
1014 E , , , , = 10°® z
10 - T T - - - - - ......
< 09F NG 1 10
% 8? 3 E .o°'. 2%
A E E -10 o*’ Y
06 y :
0.5F -+ o o \
0.4 F \ - 107" ot
0.3F E * Best PSD when
%2E Nuclear recoil acceptance \ 1  10® PMT after-pulsing is
o.%” . . . . . 3 taken into account
2 0.3 0.4 0.5 0.6 0.7 0.8 1073 b S S RT FSr SRS WSV P
Fprompt (nSc) at 110 anc 01 02 03 04 05 06 07 08 09

NRA
Using our best PSD algorithm:
Leakage probability at 110 PE (~ 17.5 keVee) is 101 at 50% nuclear recoil acceptance

Detailed PSD paper: Submitted to European Physics Journal C (2021) arXiv:2103.12202
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DEAP-3600: Early Physics Data

I:prompt

/ Dark matter region of interest no fiducial volume cuts

210P0 222Rn 218P0 214P0

o e, w-:-q.muw#ﬂﬂ' e

Attenuated alphas

neutron scatters Full-energy alpha decays

0
0 5000 10000 15000 20000 25000 30000 35000 40000 45000

First DEAP-3600 dark matter search, with 4.4 live days
Phys. Rev. Lett. 121, 071801 (2018) arXiv:1707.08042
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“Ar Measurements

PAr specific activity PAr half-life
« Dominant systematic uncertainty: * Requires very good understanding of
liquid argon mass detector conditions, detector stability
- Latest published: 3279 + 96 kg « Impact on radiometric dating
- Recent dedicated effort drastically « Also planning annual modulation analysis
reduced this uncertainty
« Constraint on #Kr contribution by Shown here: Stability of light-yield (PE with
including in the beta spectrum fit after-pulsing removed) over the full dataset
- DEAP
_ Prelulnmar'y . | ] ] ] .
. Example: Kr/*°Ar counts = 0.1%  peap § 62 L ' A
Preliminary , ' ' i 2 :
I yéndf =768/213 ' pon a6.15) e
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g 10 ; A E . ]
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8 E ] 5.95 - ]
g 1.0 :— —] B
05 £ - E 59 F 4
"0 — IPSE 5130207 3193 0207 312 0207 0101 0707
05 o 2016 2017 2017 2018 2018 2019 2020 2020
E ~ Day-Month Year

Photoelectrons detected 2 6




Electromagnetic Backgrounds in First-Year Dataset

PEcor
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Physical Review D, 100, 072009 (2019) arXiv:1905.05811 57



5.5 MeV axions could be produced in the Sun's core: p + d — 3He + a (instead of y)

5.5 MeV Solar Axion Search

WORK IN
PROGRESS

Search requires excellent understanding of gamma backgrounds at high energy

Counts / 60.4 keV / Dataset

(data - MC) / MC
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Shown here: Latest fit to AmBe neutron source calibration data
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Neutron Backgrounds

Neutrons can cause multiple nuclear recoils in close succession, or result in y-ray emission
— Reject events consistent with multiple interactions
— Estimate remaining neutron backgrounds using dedicated data control region
results in agreement with simulations taking material assays as input
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Alphas Decays in Liquid Argon Bulk

Signal-like events can be produced by radioactive decays in the liquid argon

These events deposit much more energy than dark matter interactions (50-100 keV)
— Much more light detected — No impact on the dark matter search

Astatine

Polorium

Bismuth

Lead

Thallium

Mercury

Uranium

Protactinium

Thorium

-

L I B e e e I e e e LI B SNELUEET RN S G SN . S s S me s e )

—— Data E$= Simulation (total) i 22Rp

104 el 220Rn oediia 218PO | 216P0
W, " —— 2'“po TPB surface
Y

1 I-HIIIII 1 IIIllIIl crvnml

T llll”ll T IHHTI] T IIIIIHI ICH_[JIII TTTIm T 1T
el Ul

f
Al
1 0—1 | i
o=
2 , . -
_2 -'o u.. : ..... - % . :. .:.. e ..- .:.‘ . .::. R -. . . |
~5500 6000 6500 7000 7500 8000 8500 9000

E [keV]

High-energy events observed from the liquid argon volume
are well-explained by our background model



Surface Alpha Backgrounds

* Alpha particles emitted from surface = ¢ so——r——————————————
. iy . r —1}— Data ]
impurities cause nuclear recoils § 500 - 210p TPB surface i =

. PESRT S - —+— ?"°Po AV surface i ]
Mitigation: % 400 | 2% AV (diffusion) Pl E
. c FE & 222R LA e ik

- Strict radon control 3 A A ®
. 200 - ) M
- Resurfacing : - Wy
100 o SRR ‘M' it “"-_};_ "f*‘

- Position reconstruction G o ; St .-
-0.4 i

10000 12060 14000 16000 18000 20000 22000
Photoelectrons detected

Surface events send a high fraction
of the light towards a single PMT

Possible surface event topologies 31



Position Reconstruction: Against Surface Alphas

Two main algorithms for position reconstruction
« “PE-based”: more PE are detected closer to the event (use full 10 us event window)

 “Time-based’: PE are detected earlier closer to the event (use first 40 ns of event)

. DEAP . i
= 3500 Ry g Data-driven measure of resolution:
4 . -
s - =— Analytical contained LAr mass ] i
T o b e it E 30-45 mm at fiducial volume boundary
£ o PE-based algorithm simulation | for |0W-ener9y events
< 2500 [~ —=— Time residual-based algorithm data = (better at high-energy)
k- E Time residual-based algorithm simulation 5
= 2000 [ : =
S - Fiducial volume-— : V | f loha leak
© 1500 5 R <630 mm f e ery 10w suriace aipna ieakage
1000 : —: .é, 1 E A I L A AR AL LR AL L B
: -
500 - S0k i
r . o
B vop i can ot . o )
0 | 1 i o 107 3 v, 3
~ 03 , : g %
0.2 E §1O‘3 - Selected = 5
e o 4 a ol .
0.1 z s ! . ] volume S !
0.0 = g w ° o g o . . . T E 10 4 E_ T, —g
0.1 . M o e e e A E i -
0.2 3 10° k . 3
030700 200 300 400 500 600 700 800 900 108

Reconstructed radius [mm] 0 500 1000 1500 2000 2500 3000
Contained LAr mass (kg)

JINST 15, 05, C05061 (2020) arXiv:2004.02058 32



Dust Alpha Backgrounds

« Alpha decays from trace amounts of dust particulates in liquid argon create
low-PE events originating from the LAr bulk volume

« Attenuation before entering liquid argon, and scintillation light shadowed
 Now included in background model

- Pure control region defined at intermediate PE

- DEAP
Preliminary
e e e  E TEEL L e Gm e m o chn o e B e e e s e o e e E
- ——Data @ e 1-5 um diameter 2 3 ‘
[ e 510 um e 10-15 um x2/ndf = 30.18 /26 -
o |, 1520 pm =~ oo 20-25 um
107 25-30 um - 30-35 um E
E e 35-40 pm oo 40-45 um =
T e 45-50 —— Sum MC Model .
i pm 3 —
™ i
POl IO W ST R SO T T e et e Ex-situ measurements
e "?‘-"r"')‘ = e R 3 of metallic dust in
25 T e S bas o S e e S D T ¢ 7] . . .
f ---------------- 1 liquid nitrogen support
0 lesncatbt BE T e by o o1 oo oo .. | this hypothesis
6000 8000 10000 12000 14000 16000 18000 20000 22000

Photoelectrons detected
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Neck Alpha Backgrounds

50 100 150
X [mm]

—|nner flowguide

(inner surface LAr)

— Inner flowguide
(outer surface LAr)

Piston ring

Outer flowguide
(inner surface LAr)

V Scintillation

Alpha decays in the detector bulk typically
release many more photons than dark matter
nuclear recoils.

Alpha decays in the detector neck can
result in shadowing of scintillation light,
such that only a small fraction of photons are
detected by the PMTs.

Low number of photons — Signal-like!

This results in a particularly challenging
source of background events

- Colour code (this slide and next):

Outer flowguide, inner surface LAr
Inner flowguide, outer surface LAr
Inner flowguide, inner surface LAr

34



Neck Alpha Backgrounds: Event Rate Determination

= LT ! v T i S L ! v — 800 T T T T T T T T
g 800 E E ]
N 600 |- - n 800k E
3 @ RN ]
T 400 | ¢ g 400 [ et E
g 200} ‘ 1 @ 200 P E
= - @) N
O s R O ]
= 0 L o
e op ; T .
B Outer flowguide ] ~200 E
—400 [HE (inner surface LAr) 400 b
~600 |- E 600 3
-800 _: 800 bt i
0 500 1000 1500 2000 2500 3000 3500 4000 1000 2000 3000 4000 5000 6000 7000 8000 9000
Photoelectrons detected Photoelectrons detected
Preliminary PEAD
ﬂ L I ! N I T ! I I
: . 5200 | Data
|dentification of features 3

—
. . - ———— Dust Alpha Model
from Monte Carlo simulation 160 £ BN nner Flowguide Inner Surface
—

Inner Flowguide Outer Surface
Outer Flowguide Inner Surface

. matching features seen in data

. allows a template fit using multiple
control regions, to figure out rates
of neck alpha events from all surfaces

lllllllllIllllIllllIlllllllllllllllllllll

x10°

. I i 1 1 2 3 4 5 6
New: Dust background considered in fit Photelections Detected 35




Known Handles Against Neck Alpha Backgrounds

 Developed a dedicated event selection, to reject background events

* |n contrast to signal, neck alpha decays more frequently have:

* lightin the neck veto fibres ——
» excess lightin the top rows of PMTs |
« early light in the top rows of PMTs

« PE-based position reconstruction
disagrees with time-based method

= 0lB P e e e

ol - - Ar39 data ]

E 0.07 - === WIMP simulation E - 48 Muon

o 0.06 | ==~ Neck alpha simulation E 7 veto PMTs
. 255 PMTs

l\‘a ./ &light guides
Acrylic vessel

a 003 F ] — & TPB layer
0.02 F ER Steel shell
0.01F 1 €&

00 il L N . . S 3279kg

0.
-1000-800 —600 —400 200 O 200 400 600 800 1000
Az [mm]

liquid argon

Time-based vs. PE-based reconstructed vertical position UV photon reflection at the liquid argon surface 36



WIMP Signal Region

Event selection summary:
- Data quality selection, single-scatter events
- PSD against **Ar beta decays

Final event selection in F
prom

- Energy and position cuts against alphas expectation is < 1 event in 231

- Dedicated cuts against neck alphas

- PSD is also useful against neck alphas

Fprom pt

60 80 100 120 140

1 » I I l I I l I 1 E I I I s 5 I l E 2

S N 0.5neckat . ... T e 3

0.9 - backlgﬁounds :

08 i R T = s s e e e S T e e s =

_______________ Region of interest 3

. ; == NR band, 50% acceptance :

05 :_backgrgunds . -

04 . : 1% NR acceptance loss i &= ER band, 50°/? acceptance ]

TE ; == Neck o band; 50% acceptance]

03§ L. T -

0.2 * ......................................................................................................................................................... _

0.1 b _____________________________________________________________________________________________________________________________________________ _
J | |

Energy [keVm]

100 150 200 250 300
Photoelectrons detected

such that the total background

live-days
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Dark Matter Search Results

Was dark matter observed in the first year of DEAP-3600 data?

=107 1.0 5
£0.8 | 0.9
206 | 0.8 £
NO0.4 | 0.7 2
0.2( 0.6 S
0.0( 0.5
0.2 0.4
~0.4 0.3
~0.6 10.2
-0.8 174 0.1
140 01702703 0.4 05 06 0.7 08 09 1,0 °F

(x°+y?)/(850 mm)?



Dark Matter Search Results

The detector is sensitive to dark matter, but no signal event was observed
in our first-year dataset (November 2016 — October 2017)

€10: """ l""l""l'"'l'"""""""""l"'l: 103

EO8 L FiLievel H ot

0 0.6 e 0.8 ©

N - : =

NO0.4 ¢ FID. VOL. (630 mm) g%’ §

0.2; 2 (').Gé:J
0.0 | 0.5
0.5 0.4
-0.4 03
~0.6 | 192
08| 10.1
0.0

~190 01702 03 04 05 06 0.7 08 09 1.0
(X°+y?)/(850 mm)?

Physical Review D, 100, 022004 (2019) arXiv:1902.04048



Dark Matter Search Results

The detector is sensitive to dark matter, but no signal event was observed
in our first-year dataset (November 2016 — October 2017)

*g_1.00 E L L L E 102’-%\
20.95 F E 3
LL - : 3
0.90 E E S

: : L

0.85 E_ —E 10 §
0.80 F = S
0.75 F E =
C . i®)
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0.65 =1 )
>

0.60 E £
Wy : o

055 100 150 200 250 300 ©

Photoelectrons detected

Physical Review D, 100, 022004 (2019) arXiv:1902.04048 10



Dark Matter Search Results

The detector is sensitive to dark matter, but no signal event was observed
in our first-year dataset (November 2016 — October 2017)

Therefore we exclude certain dark matter hypotheses

2
|
-

o

TT'I F [ Ll T 'ITTITI

Region 00
excluded @0‘\8\ A cpP 206

1@

Dark matter could still be down here’
(weaker interactlion, lower event rate)

102 10° 10*
WIMP mass [GeV/c?]

Physical Review D, 100, 022004 (2019) arXiv:1902.04048
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Further Constraints on Dark Matter

« Results are reinterpreted with a more general non-relativistic EFT framework,
and exploring how possible substructures in DM halo affect these constraints
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Further Constraints on Dark Matter

« Results are reinterpreted with a more general non-relativistic EFT framework,
and exploring how possible substructures in DM halo affect these constraints

Different DM halo structures result in variations DEAP-3600 has world-leading sensitivity
from Standard Halo Model (SHM) benchmark for a range of isospin-violating DM couplings
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Further Constraints on Dark Matter

« Results are reinterpreted with a more general non-relativistic EFT framework,
and exploring how possible substructures in DM halo affect these constraints

Example retrograde stellar stream, e.g. S1 Example prograde stellar stream, e.g. Nyx

10_32- sub 10_32'

-0.8} ‘ ‘ ‘ 0.41 ‘ . :
10! 102 103 104 101 102 103 104

m, [GeV/c?] m, [GeV/c?]
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WIMP Search: Next steps

Published DM search from first-year dataset November 2016 — October 2017
« Working on profile-likelihood ratio analysis to extract full sensitivity on this dataset

Main effort: Analyze full second-fill dataset to March 28", 2020

To improve sensitivity: three MVA algorithms trained against alpha backgrounds
« Random Forest, Boosted Decision Trees, Neural Network (shown here)

« Now developing new observables, validating background models,
and re-optimizing our DM candidate event selection

DEAP DEAP

Neck-alpha events

[ Ar-39 simulated events
104 [ Nuclear recoils

e Ar-39 real events

Good performance
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WORK'IN
Other Searches

Multiply-interacting massive particles | Neutrino absorption search

 Distinct signature consistent with multiple » Look for ®B solar neutrinos produced by
recoils in succession
8 8
- Pulse-shape inconsistent with B —>5°Be+et + U,

coincidence backgrounds
» Detected via

DEAP
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Detected photoelectrons/10 ns
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« Coincidence ROI: look for y emission
from 4°K with mean lifetime 480 ns
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* High-energy ROI: look in ER spectrum
oo [100 above neutron capture gammas

0 | A 1 L 1 L1}
4000 2000 0 2000 4000 6000 8000

 Expecting 17 £ 5 signal events in full
« Size of DEAP-3600 gives great sensitivity dataset (before event selection)

- Search recently unblinded! - 30 expected sensitivity overall
Now writing up manuscript
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Summary: DEAP-3600 Physics Programme

* Measurements

Pulse-shape [2001.09855], Pulse-shape discrimination [2103.12202]
¥Ar specific activity

3Ar half-life

Electromagnetic backgrounds and 4?K activity [1905.05811]

Muon flux at SNOLAB

« WIMP dark matter search

Published search with 231 live-days [1902.04048]
- Constraints on DM halo substructures and non-relativistic EFT [2005.14667]
- Profile likelihood ratio analysis

Analysis in progress with 840 live-days
- Limiting backgrounds: neck alphas, dust alphas

Background mitigation in hardware, data-taking to resume in 2022 [next slide]

e Other searches

5.5 MeV solar axions
Multiply-interacting massive particles (MIMP search)

Neutrino absorption (inverse beta decay) 4
7



« Hardware upgrade program

« Main objective: Mitigate limiting background sources

 Current status

* Detector now empty of LAr

Next Steps: DEAP-3600 Hardware Upgrades

Neck seal replacement, allowing a complete fill with LAr

Pyrene: slow wavelength shifter on neck flowguides,
to remove neck alpha background with PSD

Alternate cooling system, to filter out dust

Also perform maintenance on cryogenic systems

- Still taking data in GAr and vacuum, with calibration sources

« COVID delays: Plan to complete upgrades in the next 6 months

« New DM search data in upgraded detector expected in 2022

 Expecting improved sensitivity

» Inform design of next-generation liquid argon dark matter experiments
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Next-Generation Liquid Argon Dark Matter Detectors

* To maximize sensitivity with next-generation experiments: THINK BIG

 Global Argon Dark Matter Collaboration formed!
H|I| “'Ill ([

* Next objective: DarkSide-20k with underground argon

» Objective: Neutrino floor sensitivity to spin-independent “IU"
dark matter nucleon interactions with ARGO,
a multi-hundred tonnes liquid argon detector i
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DarkSide-20k

Technical Design Report,
in preparation
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Conclusion

* Looking for dark matter with DEAP-3600

« Excellent detector performance!
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- Pulse-shape discrimination
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- Event reconstruction
- Background rejection
- Sensitivity to new physics

« Stable data-taking continues

- 80% blind since January 1%, 2018
- DM search data closed March 28™, 2020

« Work in progress:
- Multivariate analysis to improve signal acceptance
- New searches and measurements: stay tuned!
- Hardware upgrade

* Instrumentation research and development for future particle detectors
» Design and simulation for DarkSide-20k and ARGO

» Silicon photomultipliers
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