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The detector

* DEAP-3600 1s the largest running liquid argon detector designed for the dark matter search

* 3279 = 96 kg of Liquid Argon » Temperature: 86.8 K

* Pressure < 0.946 bar
* Density: 1.4 g/cm3

* Scintillation light yield in DEAP:
7.1 photoelectrons (PE)/keVee

Advantages with Liquid argon
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* Discrimination between nuclear recoils and
electron recoils according to the prompt

RN * High scintillation yield (40 ph/keV)
N * Transparent to i1ts own scintillation light
S

scintillation light Astroparticle Physics 108 (2019) 1-23
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https://www.sciencedirect.com/science/article/pii/S0927650518300914

T'he target

© oo O

D

DD I
O O OO
by . S .

OCOONOOTMONT, O
eleleleolcleleoleol®le)

(Al
()]
— o + B T R TTITT T T ____JQ\\«\QN._._._._._._._.1_.11-_._.1_.:._.11_._._._._._.2]
- 2 mu..% _ = 2220 " 15 _m..
S O + ..w thu )
ol BEg SE | o E
X A% E».£E - m >
T3S33EES
= i H R/ 8
i s o
B “w
- |
W o
NI
<| e <
1 o
1
_ Q.w Sy N
| S |y
_ /T %
~
Sy
1<
= 2 N
~ ~
— w —
< |
& 1 S
M S
/” T _______ L1 _______ 1 _______ 1 _______ |- ____ _________ ________ ___._____ M
| N © To) < ™ m % m % m _
| £ [EdlAsuey o
1 N . p/(p-w)
oo
~
O l
N~ )
M =
e~
___ _— __ __ _— __ __ _— __ __ _— __ __ _—. .::_::_::_::__:_—::_::_::_::_:: m
G . !
oz ol
ks 52
= =
2 =
S I~8
3 e .4 1°L
o) [ ...... J -
Q 4 | &
Sl= © 2
m Qo 1o
O 1 L.
5 S .
G .
in o |
= 2 |w
- e
= 8 |
< S | =
O o o
> o |
O .
QO .
v .
o0 =X 1M
— N | O
= =
o <
O O . |
a O/ __ __ __ __ __ __ __ __ __ __ __ __ __ _ __________.____:______—___________:____________ 2
M -
Vg
°

/ 0—12
/ 0—14

|
)

VdN

Eur. Phys. J. C 80, 303 (2020)

Eur. Phys. J. C 81,823 (2021)
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https://link.springer.com/article/10.1140/epjc/s10052-021-09514-w
https://epjc.epj.org/articles/epjc/abs/2020/04/10052_2020_Article_7789/10052_2020_Article_7789.html
https://link.springer.com/article/10.1140/epjc/s10052-021-09514-w

Dark matter production

t[s]
10728 10710 10# 10-5 102 103 1013 -
* WIMPs: thermal relics coming from freeze-out in a radiation- EW phase QCD phase
dominated epoch before the Big Bang Nucleosynthesis transition transition
Baryogenesis WIMP Big Bang
: . , Dark Matter freeze-out Nucleosynthesis
* Still, a Early Matter Dominated Epoch might have

happened allowing for dark matter particles heavier than : :
0(100) TeV TR
: 32 & i
Y S
: e
waves —i | .
A A A 3
VvV VY 3
durin '
decay. ra(;Jialtign
domination - —
durin 100 10 10 1071 10-* 107° 1071
maticr .. T'|GeV]
domination

freeze in

* A BSM field could indeed decouple, grow up and then decay,

P oo giving a second, late reheating before the BBN

gravitational

phase transition * If dark matter particles are produced by these decay, they must
during vacuum compensate the time delay with a much heavier mass

energy domination

arXiv: 2203.06508
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https://arxiv.org/abs/2203.06508

Heavy dark matter production

Ultra High energy cosmic rays, above E ~ 5 X 10'°GeV
can result from the decay of very heavy dark matter
particles, produced by oscillations of the inflaton, a scalar
massive field (m ~ 10'°GeV), or of moduli

Phys. Rev. D 59, 123006 (1999).

Inflational gravitational production, in quantum field
theories 1n a curved spacetime, of dark matter up to Hubble
inflation scale and beyond that, with higher spin dark matter.

=8 ,rXiv:1808.08236

ki X . ’
- l' . . i u
’ v 4
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Thermally produced 1n a secluded sector, where DM 1s a degenerate

state of N particles,
Xi+SM <y, +SM v = SM + SM
These DM particles can reach Planck scale masses.

X1 X2 X2 X3 XN—1 XN
\Tsm
L O G
SIm S sSm SIm Sm SIm
PRL 123, 191801 (2019)

Virtual o/"
. particle :

Primordial black holes 3 cyenthorizon  ~—® oairs

M S 5X 108g) can produce > =S Hawking
heavy dark matter candidates /7% SIn falling iy, ooaten
(mpy % 10°GeV) by IEEES N

Hawking evaporation.

J. High Energ. Phys. 2019.1(2019).



https://link.springer.com/article/10.1007/JHEP08(2019)001#citeas
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.123.191801
https://arxiv.org/abs/1808.08236
https://arxiv.org/abs/1808.08236

Multi-scattering search

At such high masses, constrains are limited by the dark
matter abundance rather than the cross-section, so a large
detector is needed

o)
-
(-

...................................................................................................

ff35 Our candidates

...........................................................................................................................................................................................................

-
-
-

)
<400 VSRS ESSUI: WSS IR SIS m— l .....................................
- - - = =10"° GeV/c 2
Experimentally allowed cross-sections are high enough to ?)1 | | LL oy SV/C
produce multiple scatters 1n the detector S 200f— T T i O, =2.0x1 0% cm?
g OOO .................................. PhOtoeleCtronS: 175954 PE
Dark matter (DM) candidates above 6,-n = 10-25cm? and D | Forompt = 0.032
O | ”
m,= 1012 GeV can reach underground detectors © 800 1 1} Nooaks = 1
o :a
e,
L
O
e
D
O

N
-
-

Multi-scattering particle
along a collinear track
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1 1 1 | | 1 | I 1 | 1

—49000 -2000 O 2000 4000 6000 8000 10000 12000
Photoelectron detection time [ns]

.....
o EE T e
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Simulation of the signal

* The detector response 1s calibrated with (n, y) lines from

24l1AmBe source at (4.6 = 0.7) kHz up to 10 MeVee.

Npeaks: number of significant peaks on the discrete
derivative w’(t) of the binned summed waveform.

18
16

l l

Gy =20 %10 em?2..

Npeaks

T

oooooo

14

= -22 2
Oy = 1.5x10" cm

10[
10

o -22 2
Ty = 2.6 x10““ cm*“..

or, =2.0x107 cm?

-
i
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i

|

-
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Photoelectrons detected
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Background below 10 MeV

0
corr
0 5000 1000 15000 20000 25000 30000
. . 1011 B T ' ..... S (B U S AR SO I8 UM OO SN OV (N U0 SR SO B OGSO O SOV S 0, O I 6
Single scatter events removed by asking Npeaks > 1 wf | |WWDss " T —uCSur T bk~ — SAr K ofebuk [ 8 10
10 | =—?2RnLArbukk = **Rn LAr bulk i “PbLArsurf  —— *Ra AV buk 10°
g 10° | = *Th AV bulk “*Th LG bulk =~ ThFBbuk ——"KPMTal  |=T 10
. s 226 — 232 B 328 -
Left backgroundS. plle_up events % 100 = - 2‘SQRa PMT all Th PMT all 0 Co SSS bulk Ra SSIE bulk |.= 100 5
ADVCHE: e w— ““Th SSS bulkk == neutron PMTglass _ ...~ | = X
S 10 o i 102 2
. . . . ) L. T X
The number of pulses 1 a pile-up 1s given by Npeaks. > L : >
DEAP @ £
Preliminary | S =
0 A S B B B B B RS B S B B B E EE R B S R - S 8
o 200 :— _:
2480 =
A 1
8 160 |- ]
s f Z 3
fol 140 — o
- % 1Y)
8120 - =
8] B = —
g B 2 O
o 100 O = =
" ] S o9 Eo A S S S (N .
80 [~ - *(-“. 1 1 1 1 l 1 1 1 | l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 [ 1 1 1 1 [ 1 1 1 1
B g =] 0 500 1000 1500 2000 2500 8000 3500 4000  §4500
60 — ~ - 68.2% 95.4% - 99.7% (systematics on energ:r scale and resolution not included) :] E [keV]
40 | -~ ,
N 1 ¢ Single scatter background already modeled
' R ]

-4000 ~2000 | 0 2000 | 14000 6000 8000 10000 12000 ® Assumed Poissonian statistics fOI’ the number Of pUISGS iIl d pile—up

Time [ns]
PE range Energy [MeV] Saki . : Do o0/ :
1000-20 000 0520 . Agreement between data and simulation within 5 % 1n two test dataset
20 000-30 000 2.9-4.4 5 . . .
30 000-70 000 4.4-10.4 A * For each energy range it follows the selection cut in Npeaks
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Background above 10 MeV

ROI 1

..............................

Total acceptance

* No calibration available @ 1
o . . . S 09F
* simulations at very high cross-section candidates could not be 2 ost
performed due to computational limats. 8 Tk
S 0.7k
* A conservative acceptance of 35 % assumed according to the % 0.6
time-of-flight across the inner vessel 7 3
* 17 muons per day in the water tank 0.4
03 E_.. .................
* Removal of any event within [-10, 90]us from the muon veto trigger 0.2
* Upper selection cut at Fprompt < 0.05 from the muon coincidence sideband OJ?
T0E
ROI PE range Energy [MeV] g:;j;kb S Sfompl [Lb
1 400020 000 0.5-2.9 7 0.10 (4+3)x 10~
2 20 00030 000 2.9-4.4 5 0.10 (6+1)x 101
3 30 00070 000 4.4-10.4 4 0.10 (6+2) x 107
4 700004 x 10® 10.4-60 000 0 0.05 (10£3) % 10~°
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= | A?o-—21
Oy [cmz]

Total lifetime (813 £ 8) days

Total background level = 0.05 £ 0.03
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Results

* No event found in any of the ROIs!

* Exclusion limits at 90 % C.L. set for any DM model
predicting at least 2.3 events across all the ROls.

* Expected number of event:

r p N N
Hy = TJO«BV dA—=|v| f)e(v, o1, m,)

) m,

* Model 1: dark matter candidate opaque to the nucleus

* Scattering cross-section at =0 corresponds to the geometric
size of the DM

* Limits on strongly interacting, composite dark matter
candidates.
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Model |

10° 10" 102 10% 10° 10" 10%

2
dGT% d%( : m, [GeV/c]
= | Fr(q) |
dE, dEjp
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Results

* No event found in any of the ROIs!

* Exclusion limits at 90 % C.L. set for any DM model
predicting at least 2.3 events across all the ROls.

* Expected number of event:

o

U, = TJ'd3v

p

dA—2 [v]fWelv, or,,m,)

m,

* Model 2: nuclear dark matter models, with Np nucleons,
cach with mass mp and radius rp,

daT%
dEy

dn
= N)—= | F{(q) |’ A*|F (q) |

D dE,

» To keep s-wave approximation ( oy, < 0,
Rp >> 1 fm we can find potentials resultmg in | F(q) \

dop,

do,
— N2 F.(q)|* A*
DdER ‘ T(Q)‘

), for dark nuclel
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daT)(
dEp
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do
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dEy

10'° l

Model ||

10" 10%
m, [GeV/c]
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Results

* No event found in any of the ROIs!

* Exclusion limits at 90 % C.L. set for any DM model
predicting at least 2.3 events across all the ROls.

* Expected number of event:

r p N N
Hy = TJO«BV dA—=|v|f(v)e(v, o7, m,)

m,

* Model 2: nuclear dark matter models, with Np nucleons,
cach with mass mp and radius rp,

daT% do
= N2 Bq) [PAY | F
i, D, | Fr(@)|°A* | F ()|
» To keep s-wave approximation ( oy, < 0,,, ), for dark nuclel
Rp >> 1 fm we can find potentials resultmg in | F(q) * ~

dop,

do,
— N2 F.(q)|* A*
dE, D dER ‘ T(Q)‘
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o

107

107>

Phys. Rev. Lett. 128, 011801 (2022)
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dE,
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Model ||

10" 10%
m, [GeV/c]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.011801

Impact of the research

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Snowmass2021 Cosmic Frontier White Paper:

Ultraheavy particle dark matter
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https://inspirehep.net/files/d345fc357e8f58b79478aede20a2654e
https://qspace.library.queensu.ca/handle/1974/29884?show=full
https://inspirehep.net/files/65b637fd3e91aa2f64db8ec3efd3d459
https://inspirehep.net/files/65b637fd3e91aa2f64db8ec3efd3d459
https://arxiv.org/pdf/2108.10889.pdf

Outline

* Dark matter particles are expected even at Planck scale masses

* Underground detectors designed for the WIMP search are also sensitive to
them

* Due to the large cross-sectional area of DEAP-3600 these candidates give a
multi-scatter signature

* A custom developed analysis brought to 4 ROIs with a background level << 1
* No event was found after the unblinding of three years of data

* World-leading exclusion limits were set for two different models of composite
dark matter
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Heavy
&

Multi-

scatter!
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The detector
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Backgrounds

Electron recoil background fully modeled up to 10 MeV

Measured “2Ar/42K activity =40.4 + 5.9uBg/kg
Phys. Rev. D 100, 072009 (2019)

i
- ] ‘ f ."

100 mm |
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..........................

* Surface alphas removed

With ﬁdllCial CUtS, r < 630 10005.... ......................................
mim "
. 950:_m. -~ T - .
S ¥
E |
N Lo
000/ - AL B
® NeCk alphas removed ] 00 CCNI AU S  ——
with:

100 150

X [mm]

-100

-50

@) Fprompt upper cut
Inner flowguide

(inner surface LAr)

o Early pulses in Gas Argon
PMTs

Inner flowguide
(outer surface LAr)
Piston ring

Outer flowguide
(inner surface LAr)

o Charge fraction 1n top 2
PMT rings

o MVA selection cuts
~ (ongoing)

UV Scintillation
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072009

Exclusion limits

* Stringent exclusion limits for the WIMP spin-independent

Interaction are set.

* The next WIMP search, with about three more years of
data taking and improved selection cuts, will scan lower
cross-sections.

Energy [keVm]

100: I ]él | I I l I I I I l 1 1 1 ! | 1 | | E-l 1 | | 'f

90 ;_ ........... ............. | o8 FpromptCUt(hlghUpperbOUHd)_;

80 ;_ ........... .......................... ....................... FpromptCUt(OsneCk(XeventS) ..... _g
'o\_o' 70 ;._ ........... ............................. ............ :
® 60 AR ......................... ............................. ............................. .......................... 3
= ’ 5 5 s s ; :
% 50 __ ........... s ............................. ............................ .......................... _
Q 40b S Background:rejection cuts (in fid: mass) ..
3:3 30 B/ ............ A ..... “:A'A": ..... Fiducfél-Eﬁts-(82-4£525--k§)f ...... E
20 E — = Fpror;pt_'_backgrc)undrejectioncuts_;
10 /- ........... ............................. .......................... —;

100 120 140 160 180 200
Photoelectrons detected
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do m
= zﬂ;‘v - (6S'F(E) + 63PF2,(E))
A
py
087 = apﬁ[pr + (A — Z)f”]2
P

Phys. Rev. D 100, 022004
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.022004

WIMP ROI

* Surface alphas: most of the energy lost in TPB and/or acylic,
giving a lower energy deposit in LAr. Might fall in WIMP

ROL.

* Fiducialization volume cut at r < 630 mm

— —

= o
N a -
I I LI L L
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Leakage probability
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I I
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Background sources

* Bulk alphas: energy fully deposited in LAr, much above

— — —
- o o
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—
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Counts/(36 keV bin)
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Phys. Rev. D 100, 022004
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Background sources

1000

210 Po releases alphas 1n the acrylic of the flowguides =
E
* Alphas scintillate in the LAr film on the flowguides "
* Their light 1s shadowed by the flowguide geometry and might enter the 350
WIMP ROL.
Energy [keVm] . )25[?11m]
60 80 100 120 140 . | -— Inner flowguide
1 e L e e e . ey e - (inner surface LAr)
'————— Inner flowguide
a (outer surface LAr)
— Piston ring
. { ey - p— Outer flowguide
0.6 ; : | ' ' (inner surface LAr)
B 0 o e e ] T NRbaNd, 50% acceptance _— - s
u_% - g 1% NR aécceptance loss —ER band, 50"/‘;» acceptance 3 ) Re]ectlon technlques. gScintnlation Phys. Rev. D 100, 022004
04 Foenene .................................... B Neck o band,so%acceptance—E Fprompt upper Cut
0.3 E : T T p— B R e sl (] Early pulses 1n Gas Argon PMTS
0.2 ;'_ ........... .................................... .................................... ~ ................................ _; ® Charge fraction in top 2 PMT rings
0.1 z_ ........... .................................... .................................... ................................ _z e Near future: multivariate analysis Wlth hlgh efﬁCIGHCY

in vetoing neck alphas

100 150 200 250 300
Photoelectrons detected
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.022004

Simulation of the signal

The dark matter particle 1s generated at 80 km from Earth Surface. If w’(t) >3 ADC/ns from baseline, a peak is triggered

It 1s propagated via Monte Carlo method through the overburden. @ |
Then, if it enters the detector, its response to this signal is simulated o 60 ¢ |
in Geant4 . & f | 'm,=10"° GeV/c?
dE, SO T I or,=20x10% em?
— — — F 5
Y Z n(r)o;,, < kg >; v | Photoelectrons: 4184 PE
S i i :8‘ 40 t — Fprompt = 0.054
. 'S_ 30 — i banKs
80 km ¥y o | |
O 20 [t 1
4 "&; L |
.“' \ D : I
[ s 1 ] ) B & et S
: |
~ 2 O b ' iy, I
& -4000 -2000 O 2000 4000 6000 8000 10000 12000
Photoelectron detection time [ns]

"‘.'The next peak 1s triggered only if ’significant”, so if

w(t3) > 5 ADC + w(t)

As the cross-section increases, the significance of the peaks along the waveform
decreases, bringing to a decrease of Npeaks.
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Unblinding!

The unblinding was performed for each single ROI.

November 4, 2016 - March 8, 2020
Excluded data:

* (3 £ 3)us/trigger for signal falling in two events
* 9 days to test the selection cuts

* 6 days from the muon coincidence sideband

Two low level cuts applied

* <5 % PE must be in the brightest channel, acceptance of 87 %

* < 5% PE must be in PMTs in gaseous argon, acceptance of 99 %

10° 10" 102 10% 10" 10"™ 10%
m, [GeV/c?]
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