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A brief History of the PICO collaboration
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*PICO
In the beginning,
there was PICASSO in Canada
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'PICO
In the beginning, Then along came COUPP in USA
there was PICASSO in Canada
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'PICO
In the beginning, Then along came COUPP in USA
there was PICASSO in Canada
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'PICO
In the beginning, Then along came COUPP in USA
there was PICASSO in Canada
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'PICO
In the beginning, Then along came COUPP in USA
there was PICASSO in Canada
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'PICO
In the beginning, Then along came COUPP in USA
there was PICASSO in Canada
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"PICO
In 2012: Decide to form International Collaboration of Plcasso and COupp
with a goal of working together to eventually produce a tonne scale bubble

detector
PICO
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from a European Group.
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Early Results from PICO
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- With 2 different targets:
T C4F4in PICO 2L and, CF4l in PICO 60
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PICO

Early Results from PICO

" With 2 different targets:
| C4F,in PICO 2L and, CFl in PICO 60

103 =

2017: PICO 60 with C,F,

I ] ~ 100,000 times
WIMP Mass [GeV/c?] |mprov_er_nent since 2005
combining best of two

technologies.
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Queenrs

The Collaboration
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PICO

The Collaboration

e 5 Canadian Institutions: (Alberta, Laurentian, Montreal, Queen’s, SNOLAB)

« 8 USA Institutions: (Chicago, Drexel, Fermilab, Indiana SB, Northeastern Il,
Northwest, PNNL, Virginia Tech)

 India: Saha Institute of Nuclear Physics

« Czech Republic: Czech Technical University in Prague
« Spain: Valencia

* Mexico: UNAM
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'PICO

The Collaboration

e 5 Canadian Institutions: (Alberta, Laurentian, Montreal, Queen’s, SNOLAB)
« 8 USA Institutions: (Chicago, Drexel, Fermilab, Indiana SB, Northeastern Il,

| orthuesl BNMLAigiaiaTech)
* India: Saha Institute of Nuclear Physics

« Czech Republic: Czech Technical University in Prague
« Spain: Valencia
* Mexico: UNAM
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PICO

The Collaboration

e 5 Canadian Institutions: (Alberta, Laurentian, Montreal, Queen’s, SNOLAB)

« 8 USA Institutions: (Chicago, Drexel, Fermilab, Indiana SB, Northeastern Il,
Northwest, PNNL, Virginia Tech

 India: Saha Institute of Nuclear Physics

« Czech Republic: Czech Technical University in Prague
« Spain: Valencia

* Mexico: UNAM

Canadian Leadership, on large international experiment,
at SNOLAB, building on the goals of CPARC. Has proven
track record.
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PICO

How does the PICO Detector Work?

The Bubble Chamber Technology

At the right temperature and pressure, the fluid can become
superheated in a metastable state

« WIMP interactions in the fluid should create recoiling nuclei

* The kinetic energy from the recoiling nuclei triggers the rapid
phase transition and the fluid begins to boil.

Future Directions: PICO 5"@/



Bubble Chamber Operation

Phase diagram Gibbs free energy
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_ Gaslike  liquidlike
Temperature Density
(entropy) (enthalpy)

When on the saturation curve, liquid and At equilibrium, the potential has two
gas are in equilibrium. (Same pressure, minima (one dominantly gas like and one
temperature and chemical potential). liquid dominated)
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Bubble Chamber Operation

Phase diagram Gibbs free energy

Pressure

Fixed P, T

Superheated
Liquid

Gibbs potential

vapour
g1 (P.T)

Temperature Dgy@ity

This distorts the potential, leading to a
meta-stable superheated liquid state.
Unless sufficient energy is added, it will

stay in meta-stable state.
Future Directions: PICO 5'@/

We now lower the pressure of the
chamber carefully....starting from the
pure liquid phase.




Principle of Operation: Bubble Chamber

2307 (@) | (b) ! (©) C(d)

Buffer fluid \ | o aae
190 ! [ y i |
Synthetic (water) ©  |.AMear expansion tirme, 39.0°C>E ¥
A 2150} ' | st B
silica jar 7. . . 362°C Lt
5”0'2\ | 33.5°C}
1 m I I I : : I
Hydraulic Target fluid o 70_I< \ I Max expansion time; :: N 1 |
i (CF31/C4F) : 5 | x |
fluid . . | v )
30, \l - L
0 3.5 30 500 530

Elapséd Time (seconds, linear in each region)
\ J
H_J v W_J
1. Lower the pressure to a /

superheated state.

to hydraulic controller

2. See the bubble:
* Cameras trigger. record position, multiplicity: See
* Microphones record acoustic trace. Hear
* Fast pressure transducer recording. Feel

3. Raise pressure to stop bubble growth

(100ms), reset chamber (30sec)
Future Directions: PICO 5"@/




| COUPP Event Display

Windows

Run: 20131108_7 Event: 10 Event Time: Fri Nov 8 14:15:00 2013 Current Time: Tue Jun 10 11:25:53 2014 ]

Acoustic Transducers

100fps stereo images

-

WI(IWWM

piezo 1 TO

e G D &~ aiog = d - -

Fast Pressure Transduce

60 -40 -20 0 20 5 40
msecs
Time Pressure [PSIA] Pressure Ramp Temperature [degC] Event Timing [s] Frame Timing [ms] Pixels Misc.

run start: Fri Nov 8 13:49:15 2013 PTO: 32.66 T0:14.26 Time between frames [ms] # hit pixels trigger type: main=0, ctic=12, plc=1, slow=0

this event: Fri Nov 8 14:15:00 2013 PT1:194.37 Ti:14.4 expanded time: 106 1-02-13-243546-576 87 98 01234 5§ 6 7 8 9 run type: 1(neutron calib)
msec time: 3301294483 PT2:31.64 T2:12.83 live time: 114.08 camD: 11 10 9 10 11 10 10 9 10 cam0: 0 0 0 0 25 116 167 236 390 854
PT3: 30.01 T3:12.68 cami: 11 10 9 10 11 10 10 9 10 caml: 0 0 0 0 44 158 253 414 523 584

PT4:31.28 caml frame0 - cam0 frame0: 0 —
# skipped frames cam0: 0 cam1:0
setpoint: 30 data series: 2I-13
DAQ version: PICO2L:1.0

Bubble Recon Dytran Analysis Acoustics Trigger Times Misc
Bubble frame (cam0,cam1): (4,4) dytran2_type: 0(wall/other) Acoustic Parameter: 2.480 TO Piezo 1: -0.0258744 analysis version: R3-13
Bubble count (cam0,cam1): (2,2) dytran2_bubnum: 2.38 Acoustic Parameter (3 band): 2.872 TO Piezo 2: -0.0255704 recon event type: spurious video
I Bub 1: (i0,j0): (290.5,160.5) _ ;i] J]):_j_%ﬂ_ﬁ_.I ,166 ) Quadratic it  Cubic Fit__ ...:gl_a.rlvyglg_l_lsed: (1,23 TO Piezo 3: -0.0256452 e
ubble frame (cam0,cam1): (4,4) dytranz_type: 0(wall/other) Acoustic Parameter: 2.480 TO Piezo 1: -0.0258744 analysis version: R3-13 Bubble frame (cam0,cam1):
3ubble count {cam0,cam1): (2,2) dytran2_bubnum: 2.38 Acoustic Parameter (3 band): 2.872 TO Piezo 2: -0.0255704 recon event type: spurious video Bubble count (cam0,cam1):

Screen Display during operations
Queens Future Directions: PICO 5'*@/
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'PICO

How well do we control Backgrounds?

Future Directions: PICO



Gamma/Beta Background Rejection

Gamma Rejection by Chamber

10_2 I I I
PICO-0.1 1
10'3 3 U Chicago |+
COUPP-1L | -
-4 ! ==
10 "¢ Queen's =
0 COUPP-4 |1
5[ PICO-2L |
10 PICO-60 |

S10109319Q ODId ShoLeA

Probability of Nucleation
|_\
o

T | | |

0 2 4 6 8 10 12
Threshold (keV) (set by adjusting T,P)

« Excellent electron/gamma rejection has been demonstrated.

« C,F4 can reach lower thresholds than CF;l for same rejection.

» A lower threshold extends the sensitivity to lower mass WIMPs.
Queens Future Directions: PICO




Alpha Acoustic Discrimination

120 . :
»  Discovery by PICASSO of acoustic i TTies data sample
discrimination against alphas 1008 . '
— Nuclear recoils deposit their energy over tens of 2. 8ot +i :; E i:ut, ;%L:.E ‘
nanometers. 0 : i '-= , acceptance
— Alphas deposit their energy over tens of microns. < eot Lo : :
* In bubble chambers alphas are several times ~ & R
- - (@] i P i
louder due to the number of nucleation sites i+ 1120 recoil- :ﬁ .
and the difference in the expansion of the 200 /Eg"ke svents
bubble. Y
E]1 0 1 2 3
Observable bubble ~mm IN(AP)

N




Neutron Backgrounds

Preferentially Multiple-scatter

— Allows us to measure
background rate directly

« Simulation tells us to expect 3:1
multiples to singles ratio in PICO
60

« With water tank to shield external
sources, residual background
dominated by detector materials

N

ans Future Directions: PICO s'@/



Anomalous Particulate Background Suppression

« PICO-2L Runl

— 9 candidate events in 32 live- 80 . efo re . 100 | After
days at 3.2keV R Wﬁl e
— Inconsistent with known 60, o P Co [‘i%g 80 i 8 g
radioactive backgrounds %7 % &g g%@ -. 60 %@6@%%@00 oo
AND dark matter 40¢ N . o 9% 8%}@ ?{@%@%O%C@Oo
b g0 ° o o 0BT, %)8 o
. PICO-2L Run2 LR TN
- lcandidateeventin66live- £ | Tooc on. (BT € 20 -%@@%550@
d 3.2keV = “bo.o 8, °© Fol = T[S0
ays at 3.2ke N °© % e . o,p@@-c N goo% @ S
— Consistent with neutron —20f "o e o o oERe 0;53@030 8% go
expectations T A% S o %0 55 €
~40°¢ weplqd ot . ] —20 2870 "%,
 Between runs, the detector 0o To T 0T P T o
was cleaned of particulate 60, g . ] g
. . L 32.2 live-days —60 " 66.3 live—-days
contamination -80 : ~ :
0 20 40 60 80 0 20 40 60 80
R%R__ (mm) R%R__ (mm)
jar jar

C. Amole et al. Phys. Rev. D 93, 061101(R) (2016)

Hypothesis: combination of particulate matter and water
leads to anomalous nucleation mechanism

Queens Future Directions: PICO Sh@/
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The most recent PICO 60 result

Future Directions: PICO



What did we measure?

« Camera images (primary trigger)
— How many bubbles were there?  Neutron Rejection

— What was the bubble’s position?  Surface Rejection

« Temperature

Threshgld |
 Pressure (secondary trigger) Petermination
 Acoustic signal Alpha Rejection

Future Directions: PICO 5"@/




What did we measure?

« Camera images (primary trigger)
— How many bubbles were there?  Neutron Rejection

— What was the bubble’s position?  Surface Rejection

« Temperature
Threshold

 Pressure (secondary trigger) Determination

M
Qggéns Future Directions: PICO 5"@4‘5



PICO-60 Cleaning

« Every component touching the
Inner volume was cleaned against
MIL-STD-1246C level 50

Post-Filtration Particulate Size Distribution

————— Mil-Std 1246C level 100
————— Mil-Std 1246C level 50 (Goal)
————— Mil-Std 1246C level 25

*  Filter Sample Normalized by
Flow

particles/litre

107

HH
L

102

| | +

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

10

IIII| T IIIIIII|
——
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Commissioning

WP
ALY

Filled with 40L C;F4 on June 30, 2016
First physics run Nov. 2016 — Jan. 2017

Future Directions: PICO




PICO 60 Before Opening the Box

« 106 bulk singles in WIMP search

dataset 500 . C-Amole etal.,
— Acoustics Blind IRl

500 fP . (L

— Consistent with Rn decay rate in
pre-WIMP search unblinded data 400 f

« Neutron Background

) L € 300
— Not blinded to multiplicity £ 200
— 3 multiple bubble events inthe  |N
physics data 100
— Multiples to singles ratio Is 0!
approximately 3:1 from
calibration and simulation -100 '

» Conclusion: 0-3 bulk singles oo W0
would be consistent with R'/R ,, [mm]
neutrons and no anomalous
background

Future Directions: PICO



After Opening the Box

60
NoO events

in signal g 40
region!

2 3 4

Acoustic Power

I I I

Neutron
WIMP search

C. Amole et al.,
W 1702.07666

« Of the 106 fiducial-bulk singles, none are consistent with nuclear
recoil hypothesis (all are consistent with radon chain alphas)

» No background events observed !

« Blind analysis

Future Directions: PICO



Spin-Dependent WIMP-Proton Coupling
Recent Limits from PICO-60
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» PICO-60 — Blind analysis, 0 events observed, x17 improvement to set world

m  best limit on spin dependent proton coupling
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PICO

Whither Next?

 PICO 40 - “Right side up” — Now
* PICO 500 — with C3F8 — over next few years
« Extended PICO 500 Program — longer term program

Future Directions: PICO



PICO-40L

Eliminate buffer fluid

Purpose of PICO-

buffer liquid
IS to isolate 40L

the active

—]
-
liquid from (D
the stainless §
arts
" D
Thermal
gradient can g?
ensure that Q
PICO-60 target fluid Q.
near D
stainlgss ,:_3,_
parts is not
active

Future Directions: PICO SN@/



PICO 40 Physics reach

Added stability could allow us to push down in threshold
(lower WIMP mass sensitivity) until we hit electron-recoil
backgrounds

Reduced neutron backgrounds, allowing us to push down in
cross-section and improve on current limits

Informs design of future tonne scale detector: PICO 500

Ability to explore new target fluids optimized for different
WIMP masses

PICO 40 is on track to begin operations in early 2018

Future Directions: PICO 5“@/



PICO-40L

Clean Bellows
at SNOLAB

Trial Assembly

Future Directions: PICO 5"@/



PICO

Whither Next?

* PICO 40 — “Right side up” — Now
* PICO 500 — with C,;Fg — over next few years
« Extended PICO 500 Program — longer term program

Future Directions: PICO



Slightly out of date ... Sl from Snowmass... but makes the point
10—39 . . .

CoGeNT

Current suite of

| experiments making

good progress towards

1 ruling out initial sweet
spot. Neutrino floor is

10740t
10-411
10-42|
10-43] T
:
10~
1074

\
Neutnnos
%

L1 Asymmetric DM ‘\.
|:| Magnetic DM \
|:| Extra dimensions

[ ] sUSY MSSM

10—46_

10—47 L

WIMP-nucleon cross section [cm?]

10—48_
10—49 i

10 50 . . " nn ol . " nnnnnnd . e coarstfl] . e
1 10 100 1000 10%
WIMP Mass [GeV/c?]

Terra incognito
Expectation from “WIMP miracle”

< >

Lee-Weinberg Window: GeV <m, <TeV
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Spin-Dependent Future

Spin-Dependent Region « PICO program has
-38 - - i -
TN Ve o — significant reach in
10 J — | parallel to G2
= a \\1Y -
5 1040 ReeE=—""|  experiments
B i . :
SN —1C060 O ) « Lower neutrino floor
%) : co- :
S 3 e opens unique phase to
c 10—42 eu“o )
8 1262\ PICO
g -43| 1Y ssn ”
i 10 “‘ _--"‘,ié:x:t\:"“ FloOf |
2 Y R Lt X | Factor O(30) improvement
~ ’ s | anticipated for PICO 500.
% 10-45. “e““\n_g_\‘_‘ﬁ?f-_. | Assuming 1 year at a threshold
- _f}fﬁ--""' of 10 keV, 6 months at 3 keV,
46 ST Cadnl A B
107% 1o 50 100 500 1000 8n7d5a neutron background of
Dark Matter Mass [GeV/c?] -[o peryear.
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PICO-500
« Engineering work ongoing as part of R&D program

 Proposal for full detector (~$5M CAD) recently adjudicated by CFl,
decision June 2017. Official announcements soon.

 Construction envisioned for mid 2018. Sequencing of PICO 40 and
500 being established.
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PICO

Whither Next?

* PICO 40 — “Right side up” — Now
* PICO 500 — with C3F8 — over next few years
« Extended PICO 500 Program — longer term program

Future Directions: PICO 5"@/



PICO

We envision PICO 500 serving as a detector facility that will
explore DM in a variety of ways:

« With background free operations, the experiment will continue to
probe the canonical WIMP to even lower cross-sections, not
limited by the neutrino floor for the foreseeable future.

« Our current limitation to even lower thresholds is being explored.
We are designing cleaner detectors to knock down gamma/beta
background sources (this has not been the primary focus so far),
we are looking into electron recoil discrimination.

* \We can also more easily swap fluids to explore lower mass DM
scenarios, or Spin-Independent interactions.

Future Directions: PICO 5“@/




PICO

We envision PICO 500 serving as a detector facility
explore DM in a variety of ways:

For example: We have running prototypes of right-s

* Including a Liquid Xenon bubble chamber with s
as well..... Exciting

that will

Ide-up chambers

cintillation light

250 W
__200 ¥
2
= 150
E 150
n- -
P il
8 | e L gX ek
8 50[...-=""e - ,:f.’,ﬁﬁ ------
s : - "o:.‘ .--'.'_‘--
7 | “HEESS
0; _______ j
At =16 ps + (z x 2.4 us/mm) = 25 us
-5 10 20 30
Bubble Z pos (mm)
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"PICO

We envision PICO 500 serving as a detector facility that will
explore DM in a variety of ways:

For example: We have running prototypes of right-side-up chambers

* Now being prepared for running of liquid Argon.

* Also testing hydrogen rich fluids, eg. C,H,F, at the University of
Montreal ..... Excellent for sub keV thresholds.

Future Directions: PICO 5"@/



PICO
What is required to get there?

« Astrong international collaboration and investment from

our funding agencies. 4

« Demonstrated technology and background free v
capability.

« Strong engagement with SNOLAB to provide the v
location and operational support

* Increasing support from the community. This Is being
accomplished through CPARC v

Future Directions: PICO 5"@/



Canadian Particle Astrophysics Research Centre
(CPARC)

A Canada First Research Excellence Fund (CFREF)
Award of $64 M$

Hosted at Queen’s University with support to the
Canadian community

Director: Tony Noble,
Queen’s University

Future Directions: PICO



Canadian Particle Astrophysics Research Centre
CPARC

To ensure the highest level of international excellence,
CPARC will:

 Build scientific and technical capacity and broaden the scope of scientific
community within Canada

 Create scientific capacity and wherewithal to ensure we are positioned to
lead in a next generation, truly global scale project.

« Help position ourselves for the future by delivering on the existing
programs.

SNOLAB will:

Create the environment where international collaborations see SNOLAB as
the place to go to enable the science. Not just in depth and cleanliness, but in
demonstrated ability to engage with experiments to enable science delivery
safely and expeditiously

k-

Queens Future Directions: PICO Sh@/



Canadian Particle Astrophysics Research Centre

CPARC

As an example. Through CPARC, 15 new faculty level positions are being
created across Canada. Eleven of these have already been filled, and four of
the Candidates have indicated a research program that will include PICO

Ken Clark: Queen’s University
Guillaume Giroux: Queen’s University
Marie Cecil Piro: University of Alberta
Alan Robinson: Université de Montréal

CPARC will also provide research funds, postdoctoral and graduate student
support to these individuals, helping to enable PICO (and other Canadian
programs in Particle Astrophysics)

Future Directions: PICO 5“@/



Summary

« PICO bubble chambers at the 40L scale can be built background-free

« PICO dominates the search for spin-dependent WIMP-proton
couplings with world leading results

« PICO 40 is well underway

» The design of PICO 500 is very advanced. Final technology choice
for inner vessel to be made based on PICO 40 experience.

« The PICO 500 program looks to have lots of potential as a platform
for ongoing research into the nature of Dark Matter

« This is made possible by the support and synergies developed
through the international collaborations, funding agencies, SNOLAB,
and CPARC |

Latest PhD recipient
Chanpreet Amole l
August 16, 2017

Cupens Future Directions: PICO



