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How it works
Radiation induced boiling of superheated fluid.
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How it works

Fast Pressure Transducer

Acoustic Transducers

100fps stereo images

Pressure and Temp monitoring



Why Bubble Chambers?
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Why Bubble Chambers?

Impressive Background Rejection

Gamma
Interaction
Insensitivity

Multiple Neutron 
Scattering

Acoustic Alpha 
Discrimination
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FIG. 7. Left: simulated deposited-energy spectrum for the 61 keV beam experiment (2013) simulation showing the separate contributions of
scatters off off uorine and carbon. Right: simulated deposited-energy spectra for the 97 keV (2013), 61 keV (2013), and 50 keV (2014) beam
experiments, as well as the SbBe and AmBe experiments. The dominance of scattering off off uorine or carbon atoms is indicated by solid or
hollow lines respectively. For both the left and right sub-panels, the spectra are normalized to the total number scatters in each simulation off
of either target species.

FIG. 8. Experimental setup at the Université de Montréal for mea-
suring the neutron f ux. Two 3He counters were used: one directly
below the vanadium disk and one in front of the beamline.

FIG. 9. 51Cr Activation measurement and results.

Neutrons produced during activation run at 50 keV
Calculation method Neutrons produced (× 108)

3He plus MCNP simulation 9.18± 0.52
51Cr activity 9.52± 0.51

Ratio 1.04± 0.08

TABLE III. Neutrons produced during activation with 51Cr γ source
measurement and 3He counter with Monte Carlo simulation.

The results can be expressed as:345

A(t0) =
C(t0)
εγ·Br

(6)

where A(t0) is activity at the end of activation, C(t0) is the ex-346

trapolated count rate, εγ is the Ge-detector eff ciency, and Br347

= 0.0994 is the branching ratio for EC in 51V. Finally, the un-348

certainty of neutron f ux can be obtained by the comparison349

with the simulated data of 3He counters. Table III presents350

the results obtained. Both results show the reliability of the351
3He counters simulation and indicate that the neutron f ux un-352

certainties are based on statistical uncertainties along with un-353

certainties in the total active 3He volume. These uncertainties354

are treated as nuisance parameters in the analysis described in355

section III.356

E. Data quality and preparation357

For each calibration, a series of quality cuts were applied to358

prepare the data for analysis. In addition, the background of359

the detector has been measured without any neutrons sources360

in the same conf guration and then subtracted to each calibra-361

tion data. All events are triggered by the camera and the im-362
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FIG. 14. The sampled chi-square distribution for the carbon 20% ef-
f ciency parameter for a thermodynamic threshold of 2.45 keV, show-
ing the progressive sampling of the distribution over many epochs
(blue) with the events selected to start the next epoch shown in red.
The total number of steps taken up to each frame is indicated.

For both phases of the MCMC exploration, the convergence547

criteria used were based on both the maximum likelihood548

reached and the “volume” of the likelihood function within549

1σ of the current best-f t after each epoch. Specif cally, the550

volume considered is the 34-dimensional volume subtended551

by all MCMC samples within 0.5 of the current maximum552

log-likelihood value, serving as a measure of the stability of553

the boundary of the likelihood function. Both these criteria554

proved useful, as often the MCMCs progress would halt tem-555

porarily for one quantity but not the other. The progression556

is shown in Fig. 15. The convergence criteria, checked after557

each epoch, was that there be 25 consecutive epochs with less558

than a 0.1% change in log-likelihood or 1σ volume. As an559

additional measure, it was required that the f rst (resp. sec-560

ond) phase reaches at least 150 (resp. 300) epochs. While561

it cannot be known with absolute certainty if this criterion is562

suff cient to guarantee a converged f t to the data, f ts of simu-563

lated datasets often satisf ed the convergence criteria long be-564

fore the mandated 150 and 300 epochs for the two stages of565

the f t, suggesting that this is indeed suff ciently stringent.566

The computational resources required to carry out this pro-567

cedure can be substantial. Fortunately, because the fast burn-568

in method results in large numbers (usually hundreds to thou-569

sands) of MCMC walkers running at once, the process can570

be greatly sped up by parallelization. For this analysis, the571

“Cedar” cluster operated by Compute Canada was used, us-572

ing at least 8 cores in parallel. Even so, typical run-times for573

the fast burn-in code for this analysis are 4-6 weeks (5 to 8574

thousand CPU hours).575
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FIG. 15. Progression of the maximum log-likelihood and “1σ” vol-
ume of the likelihood function.

D. Results576

The best f t nucleation eff ciency curves and their 1σ er-577

ror bands are shown in Fig. 16. In the plot, the Seitz thresh-578

olds are shown in green with corresponding error bars due to579

the systematic uncertainties listed in Table V, along with blue580

lines representing f uorine nucleation eff ciency and magenta581

lines representing carbon nucleation eff ciency. The error bars582

were def ned to be the bounds of the parameter space where583

logL ≥max{logL}− 1
2 . Notably, the nucleation eff ciency584

curves obtained do deviate signif cantly from the Seitz thresh-585

old and have non-trivial shapes that are not readily compara-586

ble to standard functional forms such as a sigmoid function or587

Gaussian step function. Another important observation that588

can be made is that the f uorine eff ciency curves tend to have589

smaller uncertainty bands because a greater proportion of the590

bubbles produced in the various experiments are created from591

recoils with f uorine. The f t results for the nuisance param-592

eters of the model are shown in Fig. 17. All of these agreed593

with their nominal ranges within 1σ .594
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FIG. 16. Best-f t and 1σ error envelopes for the nucleation eff ciency
curves off uorine (blue) and carbon (magenta), for both thermody-
namic threshold fence posts. The corresponding Seitz thresholds and
error bars are shown as well (green).

Calibration paper
PRD 106 122003 (2022)
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Why Bubble Chambers?

Spin-dependent & Low-ish mass
Ability to change target fluid
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Recent Limits

101 102 103

10 5

10 4

10 3

10 2

10 1

c A
[G
eV

2 ]
Anapole XENON-1T

DEAP-3600
PICO-60 C3F8

101 102 103

10 10

10 9

10 8

10 7

10 6

[e
]

Millicharge XENON-1T
DEAP-3600
PICO-60 C3F8

101 102 103

m [GeV/c2]

10 9

10 8

10 7

10 6

[G
eV

1 ]

Magnetic moment XENON-1T
DEAP-3600
PICO-60 C3F8

101 102 103

m [GeV/c2]

10 10

10 9

10 8

10 7

10 6

d
[G
eV

1 ]

Electric moment XENON-1T
DEAP-3600
PICO-60 C3F8

F IG. 2: Exclusion limits at 90% C.L. for the anapolemoment (upper left), millicharge (upper right), magnetic dipole
moment (lower left), and electric dipole moment (lower right) couplings. T he limits are derived from the profl e
likelihood analysis of the PICO-60 C3F 8 (red) combined blind exposure. Limits from XENON-1T (dashed blue) [65]
and DEAP-3600 (dotted green) [66] using xenon and argon, respectively, are also shown.

[67–69]. A millicharged DM particle would carry a frac-
tion of the electron charge and many searches have been
performed [65, 70–78]. Considering a Dirac fermion, the
interaction Lagrangian of the millicharged DM is given
by:

LM = e χAµ χ̄γµ ,χ (7)

where Aµ is the SM photon and χ is the millicharge (a
fraction of the electron charge e) . T he non-relativistic
millicharge operator, OM , is only a function of the O1
operator but with a q2 dependence:

OM = e2 χ
1

q2
O1. (8)

F ig. 2 (upper right) presents the 90% C.L. limits on
the coupling for millicharged DM.

C ONC LUSIONS

The results presented in this work show the excellent
physics reach of the bubble chamber technology using
f uorine targets. World-leading limits for the coupling
of photon-mediated DM interactions for masses from 2.7
GeV /c2 and up to 24 GeV /c2 are reported. T he analy-
sis was performed using a non-relativistic ef ective f eld
theory to determine the coupling strength of the ef ec-
tive contact interaction operators. Assuming DM is a
fermion with electromagnetic moments, the lowest or-
der electromagnetic interaction is through the magnetic
or electric dipole moments. Analysis from the PICO-60
bubblechamber sets leading limits for thesecouplings, as
low as 2.1 × 10−9 GeV−1 for masses between 2.7 GeV /c2

Photon-mediated dark matter
PRD 106 042004 (2022)

DM mass (GeV)
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Recent Limits

Inelastic dark matter arXiv 2301.08993
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Going bigger
● PICO-500:

complementary reach 
to G2 experiments

● Lower neutrino floor 
than for LXe

● Projection using

► 0.5 live-year at 3.2 keV Seitz

► 1 live-year at 10 keV Seitz

► 250 L fiducial volume

► 0.75 singles/year background, mostly 
from muon spallation
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Particulates
● Metal oxide and silica particulates

► Trapped then dislodged from freon/water
interface

COUPP-60

H
2
OParticle H

2
O

Particle

Gas bubble
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● Mitigation
►Cleaning in PICO-2L run 2, PICO-60 C3F8

►Eliminate water in PICO-40L RSU

Particulates
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PICO-40L

IV Assembled on surface and shipped
Late 2018
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PICO-40L

Base Flange assembled
IV installed
February



16/24

PICO-40L

Insulation & instrumentation installed
PV in place
April



PICO-40L Timeline

2019: Assembly and system tests

May 2020: Commissioning begins with all systems
active

September 2020: Commissioning halted due to chiller
failure

May 2021: Leak appears internal to detector;
disassembly begins

2021-2022: Fix leak, upgrades to address shortcomings
of thermal system

2022: Reassembly

December 2022-Q1 2023: Recommissioning

Imminent: Start of physics run


COVID

Colin Moore (Queen’s University) PICO dark matter detectors March 31, 2023 10 / 24
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PICO-40L
● Thermal control problems

● Reassembly with new
thermal paths

►Cannot rely on convection of mineral oil
►Design problem masked by chiller failure.



Position Reconstruction

Stereoscopic images allow for 3D position

Improved position reconstruction, with 2 mm spatial resolution

R2 vs. Z X vs. Y

Colin Moore (Queen’s University) PICO dark matter detectors March 31, 2023 12 / 24



20/24

PICO-500 construction
● Highest-risk components in delivery

Full TDR this fall 
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Neutron Sensitivity
● Ongoing evaluation & mitigation of neutron 

backgrounds.  e.g.
►Custom fabricated piezoelectric tranducers
►Maximizing pressure vessel size to move sources 

away
►Minimize radon daughter deposition

Prototype COUPP-4 2L & 60 Run 2 PICO-40L PICO-500

α-decay X solved - - - -
Neutrons - X ■ ■ ■ ■

Particulates - unidentified X ■ solved -
γ/β solved - - - ■ ■
ν/μ - - - - - ■



22/24

Freon mixtures

Figure 4.2. Figures of the logarithm of the likelihood function of the threshold energy
assuming the ef ciency curve shown in 2.7 at 30 psi and a step function at 49.44 psi and
53.5 psi.

Pressure (psi) Seitz threshold [keV]
(hot spike)

Seitz threshold [keV]
(mass transport equi-
librium)

Measured threshold (keV)

30 3.6 ± 0.1 3.0 ± 0.1 4.08 ± 0.19

49.44 10.2 ± 0.4 8.3 ± 0.3 13.2 ± 0.4

53.5 13.6 ± 0.6 10.6 ± 0.4 13.8 ± 1.1
Table 4.3. Table of the theoretical threshold of the hot spike, at equilibrium of mass trans-
port and measured for each set pressure used. Uncertainties in temperature (0.2◦C) and
pressure (0.5 psi) are propagated in the theoretical Seitz thresholds.

will be able to operate PICO-500 at higher thresholds in order to avoid to be sensitive to
solar neutrinos.

49

Use of freon mixtures provides
fine control of operating
temperature.

Recent calibration shows that 
mixed C3F8 / C4F10 have similar, 
and calculable, NR sensitivity to 
pure fluids.

J. Savoie
MSc thesis U de Montréal (2022)
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Development
● Replacement of silica glass
►Limited by both size of vessel and radiopurity

● Hydrogenated targets
►Proton recoils seen

in C2H2F4.
▻ F. Tardif MSc thesis, UdeM 2018

● Scintillating Bubble Chamber
►Separate collaboration using liquid Xe, Ar, Ne
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How it works
Alphas discrimination demonstrated in MD 

simulations.
Kozynets, Fallows, and Krauss, PRD 100 052001 (2019)
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How it works
Alphas discrimination demonstrated in MD simulations 

and data.
Kozynets, Fallows, and Krauss, PRD 100 052001 (2019)
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PICO-60 C
3
F
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PICO-60 Run 2
0 candidate events in 1167 kg-day
3.29 keV Seitz threshold
PRL 251301 (2017)

PICO-60 Complete exposure
3 candidate events in 1404 kg-day
2.45 keV Seitz threshold
Accepted to PRD, arXiv 1902.04031
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PICO-60 Run 2
0 candidate events in 1167 kg-day
3.29 keV Seitz threshold
PRL 251301 (2017)

PICO-60 Complete exposure
3 candidate events in 1404 kg-day
2.45 keV Seitz threshold
Accepted to PRD, arXiv 1902.04031
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γ & β Rejection
● New analysis of ER sensitivity
►Bubble formed by either semi-adiabatic expansion 

or Auger cascades of high-Z contaminants
►arXiv: 1905.12522
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γ & β Rejection
● New analysis of ER sensitivity
►We can lower NR threshold without additional 

sensitivity to ER

PICO-40L projection

16.4 tonne-day @ 2.8 keV

PICO-60
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