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Direct Searches for WIMPs

Goal:

Detecting nuclear recoils from Weakly Interacting Massive Particles (WIMPs)

elastic scattering

Challenges:
Small nuclear recoil energy (1-100 keV)
Small scattering cross-section

Requirements:
Low threshold
Large exposure
Low background

e

Nuclear
Recoil

Detector Material

WIMP

Guillaume Giroux - CAP Congress - May 1t 2017 - Queen’s University



Dark Matter Direct Detection
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WIMP-Matter Couplings

Unknown how WIMPs couple with
Spin-dependent vs. Spin-Independent Interactions

matter:
— mSUGRA
. ity UED
e Spin-Independent V= s

Enhancement with nucleus A?: Argon
Germanium, Xenon

-4
|

109100sD
-6

e Spin-Dependent
Enhancement with nuclear spin: "F,

129Xe 131)(e

. Searches with multiple targets are essential !
| : . logg0s
. to covering the available parameter space |
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Superheated Liquid Detectors

Phase diagram
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Superheated Liquid Detectors

Phase diagram
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Superheated Liquid Detectors

Phase diagram
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Background Control

e Gammal/beta radiation
o S.H. liquid detector have intrinsic electron-recoi
rejection (dE/dx threshold)
o At 3.2 keV nuclear-recoil energy threshold:
< 10" efficiency for electron-recoils

104:

E
e Alpha decays S
o Acoustic discrimination of nuclear recoils: Q2
multiple nucleation sites on longer alpha particl %
tracks %
o Alpha calorimetry (**’Rn chain decay ID) :
1,
e Fast neutrons | g ~ CFJ, T=40°C
o Unambiguous multiple scattering signature 10° | 5 ol o
. _ 10° 10’ 10° 10° 10*
o Shielding: underground laboratory, radio-pure energy (keV)
construction material, additional water/PE
shielding
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Background Control

e Gammal/beta radiation B 7 _Derk matter search data
o S.H. liquid detector have intrinsic electron-recoil - ~~-Acoustic cut
rejection (dE/dx threshold) o 222Rn 218pg,
o At 3.2 keV nuclear-recoil energy threshold: ‘530_ i
< 10" efficiency for electron-recoils o
e Alpha decays . 214p
o Acoustic discrimination of nuclear recoils: r ’ﬂﬂ_L rufijﬂ-m
multiple nucleation sites on longer alpha particle o ; Gz
tracks 09AP)
o  Alpha calorimetry (*?Rn chain decay ID) \y
e Fast neutrons i >
o Unambiguous multiple scattering signature ~s0nm 4 - L —
o Shielding: underground laboratory, radio-pure
construction material, additional water/PE Da”ghts;ggi‘;‘\’,;'“de“s He'éfmzs')eus
shielding
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Background control

e Gammalbeta radiation
o S.H. liquid detector have intrinsic electron-recoil
rejection (dE/dx threshold)
o At 3.2 keV nuclear-recoil energy threshold:
< 10" efficiency for electron-recoils

e Alpha decays
o Acoustic discrimination of nuclear recoils:
multiple nucleation sites on longer alpha particle
tracks
o  Alpha calorimetry (**?Rn chain decay ID)

e Fast neutrons
o Unambiguous multiple scattering signature
o Shielding: underground laboratory, radio-pure
construction material, additional water/PE
shielding

Guillaume Giroux - CAP Congress - May 1t 2017 - Queen’s University



Cleanroom environment 2 km (6800 ft.)

underground

(6000 m water equivalent)

Cosmic ray shielding: 1 muon per m?

every 3 days

(5 X 107 reduction)

PICO bubble chambers operating since

2010
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Previous Results

- Stainless steel frame

PICASSO-32 PICO-2L COUPP-60 — PICO-60
C,F., C,Fg CF,|

Barnabé-Heider et al., Phys. Lett. B624 (2005) C. Amole et al., Phys. Rev. Lett. 114, 231302 (2015) C. Amole et al., Phys. Rev. D 93, 052014 (2016)
S. Archambault et al., Phys. Lett. B682, (2009)

Final results: Behnke E. et al., Astropart. Phys. 90 (2017) O Amole étal., Phys. Rev. D 93, 061101 (2016)
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Previous Results

e Anomalous nuclear-recoil-like surplus
of events in first run of PICO-2L (C,F,)
and PICO-60 (CF,I)

e Post-run assays indicate the presence 407
of a particulate matter contamination 20
(stainless steel, quartz)

Z (mm)
o

-20f

b 3 oy A © 250,00 um/div

[ 32.2 live-days RS Wa

40 60 80 i -
RYR. (mm) Filter sample from PICO-2L
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Previous Results

e Anomalous nuclear-recoil-like surplus
of events in first run of PICO-2L (C,F,)
and PICO-60 (CF,I)

e Post-run assays indicate the presence
of a particulate matter contamination
(stainless steel, quartz)

Z (mm)

e Focus on particulate mitigation
eradicated the anomalous

background in the second run of I " RUN-11 08 o * RUN-2 |
PICO-2L 80,-‘-”‘--" 32.2 live-days _eo ™ - [66.3 live-days
70 20, 40 60 80 0 20, 40 60 80
R ,*'Fljar (mm) R z’Fiiar (mm)
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Surface Tension Effects

000

500

400 -

Z2 [ x]

3

Queen’s test Chamber BT R Quartz particulates stay
(10 ml bubble chamber) “Collar” (meniscus) activity in the water buffer
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Bubble Chamber

Stainless steel bellows

Piezoelectric acoustic
sensors

Synthetic Silica Jar

4-camera photographic

Z system (250 fps)

Stainless steel pressure
vessel

52 kg C,F, active target
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Bubble Chamber

Inner volume components cleaned to MIL-STD-1246C level 50

Particulate size distribution

5 I Mil-Std 1246C level 100
i 0t —--- Mil-Std 1246C level 50 (Goal)
%‘ = | |- Mil-Std 1246C level 25
- *  Filter Sample Normalized by Flow
10° =
¢ @
10?2 =
10 = |
= | | t

<5um <15um <25um <50um <100um  particulate Size Bin

The “dish-washer”

Guillaume Giroux - CAP Congress - May 1t 2017 - Queen’s University



4-Camera Photographic System PICO

17-bubble neutron multiple-scattering event
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Blind (Deaf) Analysis

e Blinded acoustics analysis: alpha decays
indistinguishable from nuclear recoils

e 45.7 kg fiducial mass

e 30 days live-time

e 85.1% WIMP selection efficiency

e 3 multiple-bubble events 0 50 100 150 200
o R?/R. [mm]

e 1.3 ton-days efficiency-corrected exposure I

e All single bubbles

e Good fiducial single bubbles

C. Amole et al., arXiv:1702.07666 [astro-ph.CO] 2017
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Blind (Deaf) Analysis

Blinded acoustics analysis: alpha
decays indistinguishable from nuclear
recoils

106 events considered after all cuts
3 multiple-bubble events

1.3 ton-days efficiency-corrected
exposure

Unmasking reveals

no nuclear-recoil candidates

60

Counts
—_

NN score
[an]
o

40

20
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| | m—— \WIMP search
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| A s
| | py
[ L§ & "
_——Iﬁm. .‘.ﬁ,.—" "'l'.d—L.—|———1_——_l'—'
-1 0 1 2 3 4
log(AP)

C. Amole et al., arXiv:1702.07666 [astro-ph.CO] 2017
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Spin-Dependent Coupling
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C. Amole et al., arXiv:1702.07666 [astro-ph.CO] 2017
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Comparison with LHC Searches

LHC Dark Matter Working Group recommendations on simplified models

10% ¢ A . For a mediator exchanged in the s-channel: 4 free
E e - . —CMS DM+JV  ° rameters:
o : gx;ag;;cgr n:dlator, Dirac DM ——CMS DM+photon para eters
O 3 a > “om C=PICO-60 CF
= 107 ¢ 38
8 : e Dark matter mass: m,
= e Mediator mass: m__,
? 107 ¢ ] _ " Mnea
g ‘ e Universal mediator coupling to quarks: g,
o e Mediator coupling to dark matter: g,
=10¢ :
= We present constraints on m,, and m__ for
0 — — . .
10 g,= 0.25 and g, = 1 for an axial-vector mediator

_ o exchanged in the s-channel
Mediator mass [GeV/c“]

C. Amole et al., arXiv:1702.07666 [astro-ph.CO] 2017
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Future Chambers:

40-liter chamber “Right-Side-Up”
A
e New pressure vessel and detector WARM
assembly to replace PICO-60 at (superheated)
SNOLAB
e Buffer liquid-free bubble chamber
o Background control F 4 COLD
o Target fluid flexibility (liquid)
........... =N v

e Construction beginning this summer
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Future Chambers:

s W

.7 S
i
|

New pressure vessel has arrived at SNOLAB surface labs Inner volume assembly tests at Fermilab
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Future Chambers:

e Funding requested in Canada
for the construction of a
500-liter bubble chamber

e Choice of bubble chamber
configuration after PICO-40L
demonstration

zau "1al

e Construction starting 2018

s

Guillaume Giroux - CAP Congress - May 1t 2017 - Queen’s University



Future Prospects

2 50 GeV WIMP constraints
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WIMP-proton couplings can be probed longer with fluorine targets before hitting the neutrino floor
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Extra Slides



Nuclear-Recoil Nucleation Efficiency

e Measured in C,F, with PICO-2L detector 10” , I ‘
AmBe neutron calibration and with 30 ml test = . | Systematic uncertainty
. . | 1 on neutron flux
detector quasi-mono-energetic neutron T R T e B e e
beam calibration at U. of Montreal Tandem

o ) L 61keV | 97keV = AmBe | « Observed Rate
e Seitz “hot-spike model” gives 100% n.r. 100} f o | Simulated rate wit
. . ) & ! ~ best_fit offici
nucleation efficiency above thermodynamic £ =
threshold g
g i |
2
©
o

Bubble Multiplicity

—y

Van de Graaff facility 5
:g 0.8
e Conservative approach: for a given WIMP o
. . . 2™
mass and coupling, we select the efficiency g WNE_T=32:0.3keV
. g04 __ Best fit efficiency
curves for F and C that give the worst 2 curves (F, C)
. it . . 202 C ed in5 GeV
efficiency within 1-sigma of the best fit & W /i S1WIMP search (F, C)
0

4 B 8 10
Recoil energy (keV)
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Spin-Independent Coupling
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Constraints on the Effective WIMP Couplings a -a PICO

Constraints on the effective WIMP-proton (a_) and WIMP-neutron (a_) couplings
p n

are calculated according to the method proposed in
D. R. Tovey et al., Phys.Lett. B488 (2000) 17-26

0.2

PICO-2L

o 0 -
04| PICOGOCFE, ||
\\ 50 GeV/c?
_0.2 L ! i‘;:}, 1
-0.4 -0.2 0 0.2 0.4

C. Amole et al., arXiv:1702.07666 [astro-ph.CO] 2017
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