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The PICO Program
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• PICO is not an acronym, merger of two collaborations:

Project In CAnada to Search 

for Supersymmetric Objects

PICASSO

Chicagoland Observatory for 

Underground Particle Physics

COUPP

• Fully liquid target
(similar to PICO)

• Superheated CF3I
• Operated at Fermilab

and SNOLAB
(2011-2012)

• Target droplets 
suspended in 
polyacrylamide gel.

• Superheated C4F10

• Operated at SNOLAB
(2012-2014)

PICO



The PICO Program
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PICO-2L PICO-60 PICO-40L PICO-500



The PICO Program
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How do Bubble Chambers Work?

• System begins in “compressed” liquid state.
*Plots from E. Dahl
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How do Bubble Chambers Work?

• System begins in “compressed” liquid state.
• As pressure decreases, minimum free energy at vapor state μv .

➢Energy barrier keeps system at metastable liquid state μl – liquid is “superheated”.

*Plots from E. Dahl
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• System begins in “compressed” liquid state.
• As pressure decreases, minimum free energy at vapor state μv .

➢Energy barrier keeps system at metastable liquid state μl – liquid is “superheated”.

• Sufficient energy deposition within a small radius can overcome the energy barrier and 
form a bubble.

How do Bubble Chambers Work?

*Plots from E. Dahl
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• System begins in “compressed” liquid state.
• As pressure decreases, minimum free energy at vapor state μv .

➢Energy barrier keeps system at metastable liquid state μl – liquid is “superheated”.

• 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.

How do Bubble Chambers Work?

*Plots from E. Dahl
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The Bubble Chamber Advantage – Passive ER Rejection

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

• Chamber is effectively blind to electron recoil interactions (suppression factor                 ).

Electron 
Recoil

Nuclear 
Recoil
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χ χ

γ γ

Source: P. Mitra (2018)

https://era.library.ualberta.ca/items/fcc7c55d-ff44-47dd-8fc3-3be856013c4e


Previous Chamber - PICO-60
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• Operated from 2013 to 2017.

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

• Target fluid CF3I (Run 1) for spin-
independent and spin-dependent 
sensitivity, and C3F8 (Run 2-3) to 
maximize WIMP-proton sensitivity.

• World Leading WIMP-proton cross-
section limits in 2019. 

https://arxiv.org/abs/1902.04031


Challenges with PICO-60
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• Excess events at water-target interface.

• Water-target mixing observed.

• Any particulate contamination sinks 
through the target fluid, potentially creating backgrounds.

Source: PICO Collaboration (2017)

Quartz Stainless 
Steel

https://arxiv.org/abs/1702.07666


The Solution – PICO-40L
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• Flip inner assembly over, so that the bellows is 
below the target fluid. The so-called “Right-Side 
Up” design.

• Replace water buffer with a second smaller, 
moving quartz jar.

• Set up a warm region for the target fluid, and 
cold region for bellows and other plumbing.

➢ Particulates will sink to the cold, non-
superheated region of the detector.

➢ Eliminate need for buffer fluid, so no target-
buffer mixing or excess events at interface.
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Operational Setpoints and Threshold

• Most energy comes from bubble growth after 
reaching rc → calorimetry not possible.

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

Surface Energy Latent Heat Reversible Work

For PICO chambers…

Seitz “Hot Spike” Model

Source: C. Moore (2024)

https://qspace.library.queensu.ca/items/1ef21fe6-0744-4c87-8b65-0e339976ea00


Some Pictures
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• Detector fully assembled and operational, 
water shielding in place.

• Stable long term event rates.

• Exquisite thermal stability and control during 
operation.
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*Plot by C. Moore

PICO-40L So Far



• Detector fully assembled and operational, 
water shielding in place.

• Stable long term event rates.

• Exquisite thermal stability and control during 
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• Detector fully assembled and operational, 
water shielding in place.

• Stable long term event rates.

• Exquisite thermal stability and control during 
operation.
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*Plot by C. Moore

PICO-40L So Far



18

PICO-40L

Four cameras: 
For bubble localization.

Ten piezoelectric transducers:
For particle identification.

Two fast pressure transducers:
For nucleation-type discrimination.



Position Reconstruction – Bubble Localization
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Four 
Cameras

Basler acA1920-155um

LED rings illuminate chamber



Position Reconstruction – Ray Tracing
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CCD

lens

sight window

Mineral Oil C3F8

Quartz
Bubble 
Location!

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

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



Position Reconstruction – Performance
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• Aside from a few artifacts, reconstruction works well.

• Resolution on the order of a few mm.

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

*Plot by M. Bai



Alpha Discrimination with Piezoelectric Transducers
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Ten 
Piezos

• 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.



Acoustic Analysis – AP
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1 if band is “good”
0 otherwise

A band is good if there is good 
separation between NR/ER events 
and other (i.e. alpha) events.

• Excellent rejection of alphas in background and 
calibration data.

SS Neutrons
(252Cf)

222Rn
& 218Po 214Po

Bubble Pre-Bubble 
Noise



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. 



Two 
Dytrans

Dytran 2005V
Dynamic 
Pressure Sensor

• 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.

Another Handle on Wall Events – Fast Pressure Analysis



Fast Pressure Analysis – Wall Discrimiation
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• Bulk events have a very 
consistent growth 
parameter.

• Dytrans provide very good 
separation between walls 
and bulks.



Neutron Suppression and Rejection

• 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.
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n
n

Triplet Event



Fast Pressure Analysis – Multiples Scatters
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• 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.



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

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

• Analysis for background discrimination and 
candidate isolation in place.

• Expect a factor of ~3-5 increase in sensitivity 
compared to PICO-60.

• PICO-40L additionally validates the right-
side-up design in anticipation of larger 
detectors
➢ PICO-500! See talk by C. Krauss this 

afternoon.

Source: C. Amole et al. (2019)

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.

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

• Fluorine is an excellent nucleus to have in a 
WIMP-proton spin-dependent search.

Source: R. Schnee (2011)

https://arxiv.org/pdf/1101.5205


BACKUP – Collider Limits
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Source: CMS Exotica Summary Plots

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV#ICHEP


BACKUP – ER Nucleation Model
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Slide by O. Harris (TeVPA 2024)



BACKUP – Alpha Bubble Model
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Adapted from A. Robinson (CAP 2014)



BACKUP – Nucleation Efficiency
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Source: B. Ali (2022)

https://arxiv.org/pdf/2205.05771

