>

'

ueen’s

UNIVERSITY

The PICO-40L Direct
Detection Experiment

Derek Cranshaw
On behalf of the PICO collaboration
UCLA Dark Matter 2025
March 26, 2025



The PICO Program

PICO is not an acronym, merger of two collaborations:

Project In CAnada to Search

for Supersymmetric Objects
PICASSO

Target droplets
suspended in
polyacrylamide gel.
Superheated C,F,,
Operated at SNOLAB
(2012-2014)

Chicagoland Observatory for

Underground Particle Physics
COUPP
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* Fully liquid target
(similar to PICO)

* Superheated CF,l

* Operated at Fermilab
and SNOLAB
(2011-2012)



The PICO Program

PICO-2L PICO-60 PICO-40L PICO-500
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How do Bubble Chambers Work?

Target \/ \

Bellows —,

e System begins in “compressed” liquid state.

Gibbs potential—

Fixed P, T

Density—

*Plots from E. Dahl
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e System begins in “compressed” liquid state.

Gibbs potential—
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* As pressure decreases, minimum free energy at vapor state p, .
» Energy barrier keeps system at metastable liquid state y, — liquid is “superheated”.
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How do Bubble Chambers Work?

Target \/ \ /@

Bellows—,
(Expansion) \ %

e System begins in “compressed” liquid state.

Gibbs potential—

Fixed\P, T
\

superheated

Density—

* As pressure decreases, minimum free energy at vapor state p, .
» Energy barrier keeps system at metastable liquid state y, — liquid is “superheated”.

*Plots from E. Dahl

e Sufficient energy deposition within a small radius can overcome the energy barrier and

form a bubble.



How do Bubble Chambers Work?

Fixed P, T

Target \/ \

Bellows —, %
(Compression) I

System begins in “compressed” liquid state.

Gibbs potential—

superheated

Density—

As pressure decreases, minimum free energy at vapor state u, .
» Energy barrier keeps system at metastable liquid state y, — liquid is “superheated”.

*Plots from E. Dahl

Sufficient energy deposition within a small radius can overcome the energy barrier and

form a bubble.

After bubble forms, target is rapidly recompressed in preparation for next event. @



The Bubble Chamber Advantage — Passive ER Rejection
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Source: P. Mitra (2018)

* Energy depositions from electron recoils insufficiently localized to form a bubble.

* Chamber is effectively blind to electron recoil interactions (suppression factor @(107%) ).
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https://era.library.ualberta.ca/items/fcc7c55d-ff44-47dd-8fc3-3be856013c4e

Previous Chamber - PICO-60

Water (Buffer)

C3F8 (Target)

Propylene Glycol
(hydraulic fluid)

Bellows

Acoustic Sensors

(Piezos)

Operated from 2013 to 2017.

Bellows above the active fluid.
Protected from nucleation by
“buffer fluid” (Ultra Pure Water).

Target fluid CF;l (Run 1) for spin-
independent and spin-dependent
sensitivity, and C;Fg (Run 2-3) to
maximize WIMP-proton sensitivity.

World Leading WIMP-proton cross-
section limits in 2019.
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https://arxiv.org/abs/1902.04031
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Source: PICO Collaboration (2017)

* Excess events at water-target interface.

* Water-target mixing observed.

Stainless
Stee]Il

|
* Any particulate contamination sinks Quartz
through the target fluid, potentially creating backgrounds.


https://arxiv.org/abs/1702.07666

The Solution — PICO-40L

Top Instrumentation Flange—. &g [ * Flip inner assembly over, so that the bellows is
N — below the target fluid. The so-called “Right-Side
rce » .
Cooling Coil 2 Up” design.
1 Reto-Reflector M« Replace water buffer with a second smaller,
Cameras Mineral o1 § moving quartz jar.
G ot Piezo Electric A . -
. Transducers * Set up a warm region for the target fluid, and
Heating Plate rIDPE Sheets 3 cold region for bellows and other plumbing.
Cooling Coil <
Bellows HDPE Blocks § > Particulates will sink to the cold, non-
Z

superheated region of the detector.

» Eliminate need for buffer fluid, so no target-
buffer mixing or excess events at interface.

Accumulators

12



Operational Setpoints and Threshold

‘ do 4 4
2 3 3
Eth = 4:?1'?‘{: ({T — Tﬁ) + EﬁTpr(hb — h;) — gﬂT{:(Pb — P;) - SeitZ llHOt Spiken MOdeI
\ ] | ] | J
| | |
Surface Energy Latent Heat Reversible Work

* Most energy comes from bubble growth after ., ., ., . |
reaching r, - calorimetry not possible. s e Sy :

* |Instead, tune nucleation threshold based on
thermodynamic setpoints (P and T).

-- Max water tank temperature ¥~‘<

Pressure (psia)
W
(=]
[=)

For PICO chambers... SRS -j
7/————---5 —————————————— Min pressure for bellows temp-—————-——-i————--—————— ——-E
T ~ 13°C = /S i ?

P = 27 psia

L n 1‘8 i
Eth ~ 3 kev Temperature (°C)
Source: C. Moore (2024)
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https://qspace.library.queensu.ca/items/1ef21fe6-0744-4c87-8b65-0e339976ea00
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PICO-40L So Far

71.6 days
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* Detector fully assembled and operational,

water shielding in place.

e Stable long term event rates.

» Exquisite thermal stability and control during

operation.

10

|
=
o

—20

—— Inner heater plate
Outer heater plate
Inner cooling coil
Outer cooling coil
— PV wall (oil side)
- PV wall (oil side)
PV wall (oil side)

W
'\’1«_90 'Q«‘.QQ .\,’ch
S S Y

Timestamp

D QO "
S S
‘O’,_QQ ‘\:1’,90
S KX



PICO-40L So Far

] 71.6 days
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PICO-40L So Far
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PICO-40L

Two fast pressure transducers:
For nucleation-type discrimination.

Four cameras: ’\

For bubble localization.

Ten piezoelectric transducers:
For particle identification.
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Position Reconstruction — Bubble Localization

Four
Cameras o, “Hif

LED rings illuminate chamber



Position Reconstruction — Ray Tracing

lens

sight window

Mineral Oil

Quartz

N

CsFs

Bubble
Location!

* Detector geometry
implemented in python-
based ray tracing software.

* Pixel-ray mapping stored in
lookup table, enables 3D
position reconstruction.

20



Position Reconstruction — Performance

Aside from a few artifacts, reconstruction works well.

150 4

100 -

Resolution on the order of a few mm.

50

Important for fiducialization, as well as position-
dependent corrections to other instrument responses.

—100 -

o ' Events per 2 mm *Plot by M. Bai
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Alpha Discrimination with Piezoelectric Transducers

Piezo Traces

—— Alpha (20230304 _0 27)
Neutron (20230305 1 14)

éﬁﬁ ‘ . ' "

Ten
Piezos

Time since trigger

* Bulk bubble nucleation from alpha decay of 222Rn (& daughters) optically identical to
nuclear recoil.
* 10 piezoelectric sensors read out during bubble formation.
» Alpha-induced bubbles several times louder than neutron-induced bubbles.
* Discrimination achieved using Acoustic Parameter (AP) — a measure of acoustic power.



Jo,2
Spp =Y psd; X fi,
1=fp.1
Rpab — Sp,b T Np,b , 160 4
/ \ 140
Bubble Pre-Bubble
Noise 1201

2, X GOR,,

AP 8
> 2=0 G(b)

G(b) = 1 if band 'is “good” 20
O otherwise 0

A band is good if there is good

Acoustic Analysis — AP

SS Neutrons 222Rn
(252cf) & 218p0 214|;)O
A A
) [ |
Background & Calibration Data
-0.5 0.0 0.5 1.0 1.5 2.0 2.5
log(AP)

separation between NR/ER events

and other (i.e. alpha) events.

Excellent rejection of alphas in background and
calibration data.
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Wall Events and Bulk Events

Bulk Event Wall Event

* Dark matter expected to scatter in target bulk, but imperfections in vessel can trigger
bubble nucleation on the walls.
* One of the main contributors to detector deadtime.
» Distinguishable by eye from bulk events — can remove wall events one by one by
visual inspection.



Another Handle on Wall Events — Fast Pressure Analysis

Two

Dytrans Wall

—— Bulk

0.05 -

0.04 4

Dytran 2005V
Dynamic
Pressure Sensor

0.03 -

Pressure (a.u.)

0.01 -

0.00 ~

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Time since trigger (ms)

* Bubbles grow explosively on the wall - much faster pressure rise than in
the bulk fluid.

* Timing different between signals reaching the pressure transducers and
the piezos is different between walls and bulks.



Dytran-Piezo time delay (tgis)

0.020 -

0.015 A

0.010 -

0.005 -

0.000 -

—0.005 -

—0.010 A

Fast Pressure Analysis — Wall Discrimiation

Bulk Events
Wall Events

20 40 60 80 100

Pressure Growth Parameter (a)

e Bulk events have a very
consistent growth
parameter.

* Dytrans provide very good

separation between walls
and bulks.
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Neutron Suppression and Rejection

T

oo
o I
_.\A_\.'n_~
X

Triplet Event

Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
|§.

* Single scatter neutrons indistinguishable from WIMPs.
» Large water shielding tank and careful material selection minimizes neutron
background from external and internal sources, respectively.

* Neutrons likely to scatter multiple times in PICO-40L, leading to a multi-bubble event.
» Ratio of multiples to singles (~2:1) allows estimate of neutron contribution to signal.
» Less than 1.0 single bubble event from neutrons per year expected.

27



Fast Pressure Analysis — Multiples Scatters

0.05

S; | Bl Singles
— JIhgles 100 Bl Doubles
0.04 - —— Doubles B Triples+

—— Triples+

0.03

0.02 A

Pressure (a.u.)

o
o
—

0.00

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04 0.05 0

Time since trigger (ms) Pressure Growth Parameter (a)

10

 The same pressure growth parameter (a) can be used to distinguish single scatter
neutrons from multiple scatter neutrons.

* Can also perform event-by-event visual inspection, as in the case of wall events.
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Current Status of PICO-40L

1076,

PICO-40L has completed a period of stable
operation lasting several months.

b
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Suffered equipment failure that prevented
stable operation in 2024, but we are
resuming commissioning as of this week.

XENONIT

~ L
— -

SD WIMP-proton cross section [cmz]
o

Analysis for background discrimination and \ O N i

candidate isolation in place. 107 \\ Xenon WIMP-neutron ‘
Expect a factor of ~3-5 increase in sensitivity \\\ /
compared to PICO-60. 10'442 " e T e
PICO-40L additionally validates the right- WIMP mass [GeV/c”]

side-up design in anticipation of larger source: C. Amole et al. (2019)

detectors

» PICO-500! See talk by C. Krauss this
afternoon. N


https://arxiv.org/abs/1905.12522

Summary and Outlook

* Superheated bubble chambers are a viable dark
matter search technology, benefitting from passive
Electron Recoil rejection and low background rates.

* The Right-Side-Up design of PICO-40L is
operationally feasible and will continue to operate
as a dark matter search experiment, as well as a

learning experience for informing the operation of
PICO-500.

e Stay tuned for results from PICO!
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BACKUP - The Spin-Dependent Space

32

Spin Dependent: agD =
Odd 4(Sp)2(J+1)  4(Sn)2(J+1)
Nucleus Z  Nuc. J (Sp) (Sn) 3J 3J
Cor) o p 1/2 0477 -0.004 9.1x10~! 6.4x10—9
25Na 11 p 3/2  0.248  0.020 1.3x10~! 8.9x104
2TAl 13 p 5/2 -0.343  0.030 2.2x10~1 1.7x10~3
298i 14 n 1/2  -0.002  0.130 1.6x107° 6.8x102
35Cl1 17 p 3/2 -0.083  0.004 1.5x10~2 3.6x10—9
39K 19 p 3/2  -0.180  0.050 7.2x10~2 5.6x103
BGe 32 n 9/2  0.030 0.378 1.5x1073 2.3%x101
BNb 41 p 9/2  0.460  0.080 3.4x1071 1.0x10~2
125Te 52 n 1/2  0.001  0.287 4.0x10-6 3.3x10~1
1271 53 p 5/2 0309  0.075 1.8x101! 1.0x10-2
129Xe 54 n 1/2  0.028  0.359 3.1x10~3 5.2x10~1
131Xe 54 n 3/2  -0.009 -0.227 1.8x10~4 1.2x10~1!

Source: R. Schnee (2011)

 Fluorine is an excellent nucleus to have in a

WIMP-proton spin-dependent search.

P

Dark Matter—nucleon ogp [cmz]

Dark Matter-nucleon ogp, [sz*]
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https://arxiv.org/pdf/1101.5205

BACKUP — Collider Limits

CMS Preliminary

C\.I'_‘ 10_35 T IIIIIII II\II\I
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c
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‘€ 104 \
- _42
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3
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—45
'6\9 10
S 10*
10747
10—48 1 1 IIIIIlI 1 1 IIIIIII 1 1 II\II\I
1 1 102 10°
Dark matter mass m,, [GeV]

Source: CMS Exotica Summary Plots

CMS observed exclusion 90% CL
Vector med., Dirac DM; gq =0.25, om = 1.0

Boosted dijet (77 fb™)
Phys. Rev. D 100 (2019) 112007

Dijet+ISR ] (18.3 fb™)

Phys. Lett. B 805 (2020) 135448
b-tagged dijet (19.7 fb™)

Phys. Rev. Lett. 120 (2018) 201801
Dijet (137 1b™)

JHEP 05 (2020) 033

DM +Z, (137 b™)

Eur. Phys. J. C 81 (2021) 13

DM + v (35.9 b

JHEP 02 (2019) 074

DM + /¥, (137 1)

JHEP 11 (2021) 153

DD observed exclusion 90% CL
CRESST-II

Phys. Rev. D 100 (2019) 102002
DarkSide-50

Phys. Rev. D 107 (2023) 063001
PandaX-4T

Phys. Rev. Lett. 130 (2023) 021802
XENONNT

Phys. Rev. Lett. 131 (2023) 041003

Lz
Phys. Rev. Lett. 131 (2023) 041002

90% CL upper limit on o3y 10, [6M?]

CMS
10°% I
1078
10°%

1074

Preliminary

107
Dark matter mass m,,

10°
[GeV]

CMS observed exclusion 90% CL
Axial-vector med., Dirac DM; 9,= 0.259,,=10

Boosted dijet (77 fo™)

Phys. Rev. D 100 (2019) 112007
Dijet+ISR j (18.3 fb™)

Phys. Lett. B 805 (2020) 135448
b-tagged dijet (19.7 fb™

Phys. Rev. Lett. 120 (2018) 201801
Dijet (137 fb™)

JHEP 05 (2020) 033

DM + 2, (137 fo™)

Eur. Phys. J. C 81 (2021) 13

DM + y (359 fb)
JHEP 02 (2019) 074

DM +jV, (137 fo’)
JHEP 11 (2021) 153

DD/ID observed exclusion 90% CL

PICASSO
Astropart. Phys. 90 (2017) 85

PICO-60
Phys. Rev. Lett. 118 (2017) 251301

IceCube (tf)
JCAP 04 (2016) 022
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#ICHEP

BACKUP — ER Nucleation Model

Gamma rejection: model comparison

P — Ae—Bf{P,T}
Seitz: f(P, T) = Qseirz Baxter: f(P, T) = Eion/nipy

New model accounts for the production of delta electrons: nucleation probability per
energy deposition per unit length (not per incident # of photons)

* With the new model, all gamma calibration data with pure C;Fg line up well.

* The different response of CF;l is understood due to the production of Auger electrons
on the higher Z nucleus, .
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Slide by O. Harris (TeVPA 2024)
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BACKUP — Alpha Bubble Model

Observable bubble ~mm

Adapted from A. Robinson (CAP 2014)
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BACKUP — Nucleation Efficiency
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= Fluorine
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Source: B. Ali (2022)
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https://arxiv.org/pdf/2205.05771

