p— s 4 "\.
' vE RSITY 0|=”




- Approximately 100 collaborators
DEAP-3600 Collaboration - Canada, UK, Germany, Mexico, Italy, USA, Russia,
Spain, Poland
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DEAP-3600 Detector

Cooling Coil

- 3.3 tons of liquid argon

- 2 km underground at SNOLAB (Sudbury, ON)

Liquid Argon Scintillation:

Acrylic Neck (Flow Guides)

Wavelength Shifter (TPB)

Gaseous Argon (GAr)
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Acrylic Vessel (AV)

Liquid Argon (LAr)

Acrylic Light Guides (LGs)

Photomultiplier Tubes (PMTs)

C. Mielnichuk - University of Alberta

Pulse Shape Discrimination: Particle Type | F_ o
LAr Alpha 0.75
/ gh
Foromot = M — Nuclear Recoil 0.7
PP Total PE \ (WIMPs)
2 /L\'L__\ Beta/Gamma 0.3
Time
GAr Alpha 0.12

Full PSD model published in Eur. PHys. J. C 81,823 (2021)
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https://link.springer.com/article/10.1140/epjc/s10052-021-09514-w

WIMP Dark Matter Search

: . : 1.00 ' T ’ 10
- 231live day exposure recorded during first year of ugo.ss < 5
operation 099 .

0.85 1H 10

- No candidate signal events in WIMP-search region 0.80 |

of interest b 1
070 &

- Leading limit on the WIMP-nucleon spin-independent  oss

cross section on a LAr target i
- 3.9x10%cm? for a 100 GeV/c? WIMP mass at 90% C.L

(\
Counts/(1 PE bin)(0.005 F

150 200 250 300
Photoelectrons detected

- Full results published in Phys. Rev. D. 100, 022004. %10»
- Current cumulative background model for WIMP A
, B
search includes: 10
- Cherenkov in acrylic 5
- Radiogenic & cosmogenic neutrons _§1°
- Surface alpha’s F10%
- Neck alpha decays §10” J
- Dust alpha decays in LAr Z 10° 10° 10*

WIMP mass [GeV/c?]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.022004

Dark Matter Interaction - Astrophysical Parameters
Courtesy of A. Zufiga-Reyes

dR(t Po dor(v, Er)
WIMP-nucleus scattering rate: ( ) = Np— / f(V + VE( )) ( ,
dEY‘ mX V>Vgnin
Maxwell Boltzmann Distribution DM velocity distribution with substructure
Velocity distribution 1 |v|2
function: F(v) = ——eap (_ : ) =) fou(®) = (1 1) f2®) + 1y feu(®)
vV 2o 20

- fy velocity distribution of a nearly round dark halo - SHM (Maxwell Boltzmann distribution
- F_,: velocity distribution of the substructure (3D Gaussian distribution)
-y relative DM density in substructure (0-30% for streams and ICs, 0-70% for Gaia Sausage)
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https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Dark Matter Interaction - Particle/Nuclear Physics Parameters
Courtesy of A. Zufiga-Reyes

dR(t) Po dor(v, Ey)
WIMP-nucleus scattering rate: = Np— f(v+vg(t)) ’ d®
dE, Moy Jusvo., dE
Spin-independent cross-section NREFT cross-section
Differential A2gST dor(w, )  dn
Cross Section: ~ dor(v, E;) _ ™N ar(v, - .
| dE, zupvzp FE) ) aE 3y 27;1;;1}% e %’(C Wew

- R: DM response function (contains the coupling strengths)
- W: nuclear response function (depends on the target used)
- K-index: represents 6 interactions (M, ¢”, $”’M are the non-zero terms for “°Ar)
- M describes the nucleon density inside the nucleus
¢” related to the angular momentum and spin of nuclei. It favours heavier elements with large,
not fully occupied orbitals
- ¢”M interference term, product of ¢” and M

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022


https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Simultaneous Effects of all Model Variables

Courtesy of A. Zufiga-Reyes

- Reinterpret 231-day null result of DEAP-3600 data with NREFT framework
and potential dark matter substructures in the local halo

(')1 (‘.’3 (‘)8 (‘)5 _77(?7177A O3y ﬁj';, ) (‘)3 (?5 (‘)1 (‘)] (')8 (')5
6s *F ~% N W T 1 s [I]i ]i ]1 [1;1 ;i G5 a@n i ul uu i
> wh ] F B & ] it é

Necb f o @ m. . . { o I | o i 1 1 1 a 3

Gs. " B ) BiE ] = = B ™ | mll ll il |Il f.l Gs. ” ll I| Il nli 'i]
v ] ) | ra ra f tiare ¥
OHare [ | = s | = 1 g 5 a A Ohare 1 1 ) n 3.

vt | | E E | = [ . P [l r L 3 n x» | | | [ & | 4

Gl n} e E B O . ] r r (3 = Gl w | I | B 3
o | » | . L | | B D s 5 [ 1 W 0 ,
xpF —FL_Q—_z [} [ 3] 5 8§ | U U 3 E B » i i i 1 i

G2 w ] " = K 7 0 . ‘ll rl }] 3] G2 w 1 | Il ul nu )
5 L K Ll ¥ J 3 1 5 i
xef i i i [ i 1 1 t i i ® i i i i i

G3w 1 1 1 n n I 3 I I 1 G3w I I i i I
st 0 I I O T 1 | N Nl I 1 s ' I 1' |' || l
xpr 1 1 i 1 i i i i [ [] w

G4 w 1 i} 1 0 i} 1 1 [ 1 1 G4 w [ I I I |
I I i I 1 3 AN X 7 s | [ lI |I |l :
xef 1 1 1 ] i i 1 1 ] [ »

G5 w} ] ] 1 ] 1] ] 1 1 1 ] G5 v | ! | I 1
N I I i ‘ I N 1 n ; - X L 1". 'n' 'u' .
xpF 1 1 ] 1 i i 1 i ] 0 !

G6 v+ n 1] 1 n n G6 wh L ] 1 ] 1 0 G6 w: 1 1 il 1] ]
st ] YO Y R N B i L] st B, 0 N A | , - e L0 | ¢l wl nl w1 |

1074 107%2 10"% 10~*¥ 10~* 10" 107% 10-%  10-%2 10-% 10-3¥ 10-3% 10-3% 10-% 10™% " 107%  107%: 107°% 0™ 1077 107%
ap [em?) o, [em?) op [em?)
(a) my=40GeV /c? (b) my=100GeV /c? () my=3TeV/c*

Full results published in Phys. Rev. D 102, 082001 (2020)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.082001
https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Multiple Scatter Signals from Supermassive Dark Matter

Courtesy of M. Lai

- Production mechanisms:

- Inflation decays/gravity during inflation, thermal
production in dark sectors, primordial black hole

radiation

- Supermassive dark matter:
- o _=10?°cm? and m 210”GeV

- DM paxfticle loses a negligible amount of energy

Detected photoelectrons/10 ns

60
m,=10"® GeV/c?

50 (- oy, =20x10% om? z
Photoelectrons: 4184 PE
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Photoelectrons detected

traveling through Earth and can reach £ B oot 8
a gl ! o E
underground detectors i = RS I
- Signal is multiply scattering particle depositing energy X oot | O ost- " {2 acpeptace
in LAr 0. T W o, =20x10%" cm? § z:’: ROI3
. . . . . . 0.3 | o E
- Multiple-scattering interactions create distinct 02 | o
photoelectron time distribution ; o O S
0 50 100 150 200 250 300 350 400 102 1022 102!
Photoelectrons detected Oy [em?]
Possible backgrounds: ROl PE range Energy [MeV] ~ Npeaks  Fpiompt
. . 1 400020 000 0.52.9 7 0.10
- Pile-up of smgle scatter events 5 9000030 000 9.9-4.4 5 0.10
- Muons passing through LAr 3 3000070 000 4.4-10.4 4 0.10
4 700004 x 105 10.4-60000 0 0.05

C. Mielnichuk - University of Alberta
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Results of Blind Analysis of 813 Day Livetime with DEAP-3600

Courtesy of M. Lai

No candidate signals observed — full results published in Phys. Rev. Lett. 128, 011801

da-TX dO'nX 2
X = F:
Model 1 B d.ERI ()]
&_.10 "N
13
2

10* 10" 10? 10"

10!6

10" 10°
m, [GeV/c?)

- Scattering cross section at zero momentum transfer, q, is the
geometric size of the dark matter, regardless of target nucleus

- Strongly interacting dark matter

C. Mielnichuk - University of Alberta
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May arise from nuclear dark matter models with N
nucleons, each with mass m_ and radius r resulting in a
total mass of m){zNDmD



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.011801

Constraining Neck Alpha Backgrounds

. . X Preliminary PEAD
Condensing 4.9 g/s LAr in neck region g ETT ' ' ' :
. . 3200 | F———— Data
— model as 50 micron LAr film C1go [y === Dust AlphaModel
160 E B Inner Flowguide Inner Surface
140 _ —— Inner Flowguide Outer Surface
Preliminary DEAP i20 B Outer Flowguide Inner Surface

sl b b b b b by bawa bana buay

8000 x10°
x [mm] 1 2 3 4 5 6
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Simulating Dust Alpha Backgrounds

- Alpha decay embedded in dust particulate
will have reduced energy deposition in LAr
and isotropic photon emission

Preliminary PEAD L
1074 g T T T T T 3 ‘§§
E 3 SSS
F —Data - 1-5 um diameter , B 7 s\§7
- e A — 10-15 um 2/ ndf = 30.18 /26 | =
------- 15-20 um weeeee 20-25 um 4 )
-5 | __ =_} Q W
10 E 25-30 um e 30-35 um E \\\\\\\\\\\\ O\\\\\\
= E oo 35-40pum e 40-45 um ] &
o [ e 45-50ym  —— Sum MC Model - -+ S
o
O 406 |- il
g10° ¢ ".
s f )
N f Pl
1077
-8 3 1 "["'-.---4'"".': 1 1 L 1 " 1 1 1 1 IE L 1 1 L 1 1 L L 1 L
6000 0 10000 12000 14000 16000 18000 20000 22000

Photoelectrons detected

Lake Louise Winter Institute 2022




Detector Hardware Upgrades

Objectives:

1. Tag/remove neck alpha backgrounds
2. Filter LAr to remove dust particles

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022



Slow WLS Acrylic Flow Guide Coating

Pulse shape ]: | Pulse shape contributions: - ShiftF_ .. of alpha decays occurring in
B ¢ TR the neck region out of the WIMP region of
Non-Coated J | nte re St

- Specific PSD variables can be tuned to tag
neck alpha decays and verify the existing
background model and surface activities

PMTs

Pulse shape Pulse shape contributions:
— * Liquid Argon (t,= 6 ns, v; = 1300 New flow guide construction:
\ 7 * Pyrenein PS (T, = ~280 ns, t, = ~250 ns)
Coated \ \.'\
y \ ‘I,.
PMTs

- WLS characterization published in JINST
- Technical paper on slow WLS coating for
background rejection in LAr submitted to NIMA

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022


https://iopscience.iop.org/article/10.1088/1748-0221/16/12/P12029/meta
https://arxiv.org/abs/2109.06819

External Cooling/Dust Removal System

- Vacuum deployment system Dust removal pipe  LAr fill pipe :e:inng deployment
used to insert pipes through the y

existing neck/glove box

- Dust removal pipe:
- extract argon in a liquid state and
ability to filter liquid argon through
existing purification system

- Alternate LAr delivery pipe:

- internal cooling coil disabled
achieving subsequent warming of
the neck region.

- Warm neck region = no LAr film on
flow guide surfaces

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022




Summary

- DEAP-3600 recorded LAr physics data from November 2016 to March 2020

- 231 live day WIMP search
- Constraints using NREFT and halo substructure (231 live day dataset)
- Search for multi-scattering dark matter (831 live day dataset, blind analysis)
- More analyses coming soon...
- Full 802 live day WIMP search (blind analysis)

- Detector Hardware Upgrades underway
- Fix of internal neck seal to allow full fill with 3600 kg LAr
- Slow WLS coating of acrylic flow guides to tag/remove neck alpha backgrounds
- External cooling and filtration system
- remove dust particulates from LAr
- operation with warm neck region

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022






Extra Slide - Multiply Interacting Dark Matter (Analysis)

Courtesy of M. Lai

- Excluded data:
- (3* 3) ps/trigger for signal spanning two events
- 9 days to test selection cuts
- 6 days from the muon coincidence sideband

- Low level cuts
- <5 % PE in the brightest channel (acceptance of 87%)
- <5% PE in GAr PMTs (acceptance of 99%)

- Background below 10 MeV
- Pile-up event
- Simulation of pile-up (assume Poissonian statistics for the number of pulses)
- Agreement between data and simulation within 5%
- Background above 10 MeV
- Muon flux ¥ 17 muons per day at SNOLAB
- Removal of any event within [-10,90]us from muon veto trigger
- >99% of muons triggered in coincidence are rejected
- Muonsremoved by F__<0.05

In all the ROI’s the background level is 0.05 + 0.03

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022



Extra Slide - Multiply Interacting Dark Matter Exclusion

Boundaries

Courtesy of M. Lai

- Lower and upper exclusion boundaries

are flat because the cross section —10"
sensitivity is only dependent on the %
, . c10"
detector’s multi-scatter acceptance
- Right-hand boundary is nearly vertical 10"k

due to the drop in DM flux with
increasing m, (above the notch is the

region where the Earth overburden is o
dominated by the crust
- Left-hand boundary o, e m due to B, aa A AR e e g

L 4
attenuation in the overburden m, [GeVic’)

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022



Extra Slide - Effective Operators for NREFT

Slide Credit: A. Zufiiga-Reyes

Effective operators for 40 Ar Interaction Lagrangian (L, _): @ sum over i effective

operators, where ¢ is the coupling constant
associated with the O. operator

O; = I.S:A,\' e (% X F.L)‘
N Lint = E ¢;0;
i

C)l - lll\

s 7
Os =i I'(—X1L>.
L. NN Photon mediated operators can also be
Op =Sy -1, parametrized as a linear combination of NREFT
operators
Anapole Millicharge Electric dipole
Oa=ca ) (QnOs+gn0Os) Om =¢€%e 9 Osp =2ed Ou
Neh s X ,l‘z © X (/2

Magnetic dipole
S : DM spin, S, : nuclear spin, g: momentum .
X P N . X q Omp = 2€e iy Z [Q.\' myO; +4QxN m'\,.:l'\ O5 +2gn m, (O-i = 1.,(’)1;)]
transfer, v, : velocity perpendicular to g e q*

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022


https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Extra Slide - Dark matter velocity distributions

Slide Credit: A. Zufiiga-Reyes
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https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Extra Slide - Constraints for effective operators

Slide Credit: A. Zufiiga-Reyes

Phys.Rev.D 102 (2020) 8, 082001
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Effective DM-proton cross section

(cf pp)*

Op =
. 3

Isoscalar (IS) - c,/c, = 1

Isovector (IV) — ¢,/c, = -1 Isospin-violating

scenarios

Xenonphobic (XP) - ¢ /c, =-0.7

Traditional SHM parameters used:

* Local DM density (p,) : 0.3 GeV/cm?

« Circular speed (vo) :220 km/s

+ Escape speed (vysc) : 544 km/s

* Velocity distribution  : Maxwell-Boltzmann
(boosted to the Earth reference frame).



https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Extra Slide - Effect on different sub-structures
Slide Credit: A. Zufiiga-Reyes
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https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Extra Slide - Limits on specific interactions for NREFT

Slide Credit: A. Zufiiga-Reyes

Specific Interactions Xenonphobic Dark Matter
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https://arxiv.org/search/astro-ph?searchtype=author&query=Zu%C3%B1iga-Reyes%2C+A

Extra Slide - Flow guide machining

Center for Particle Physics - DEAP-3600 - Dark Matter
Experiment using Argon Pulseshape discrimination

FlowGuide component machined in a low-radon environment

University of Alberta - Physics Machine Shop - Low-Radon Cleanroom - Tony.Vinagreiro@uaberta.ca 2014/2020
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Extra Slide - Alternative Cooling Deployment System

- Designed to deploy stainless steel tubes through the neck of the existing detector
-  Deployment will be done under vacuum in a metal sealed system that goes through
the existing DEAP glovebox to prevent radon from entering the detector

1. Install lower small-diameter-deployment-device (SDDD) on top of glovebox

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022



Extra Slide - Alternative Cooling Deployment System

2. Assemble upper SDDD and installation tower (contains LAr-fill or dust pipe)

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022



Extra Slide - Alternative Cooling Deployment System

3. Lower dust or fill pipe into inner detector

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022



Extra Slide - Alternative Cooling Deployment System

3. Lower dust or fill pipe into inner detector

C. Mielnichuk - University of Alberta Lake Louise Winter Institute 2022


https://docs.google.com/file/d/1g1fMJApPDQBUjuL67xQ0dYejfi10bIfK/preview

