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PICO fast compression bubble chamberBubble&chamber&operation&

Water&
(buffer)&

Propylene&Glycol&
(hydraulic&fluid)&

CF3I&
(target)&

to&piston&/&pump&

�!Expand!the!chamber!
to!the!superheated!
state!(10sec).!
!
�Cameras!see!the!
bubble!

�Trigger!
�Stereoscopic!
position!
information!
!

�Recompress!the!
chamber!(100msec)!
and!wait!30sec!after!
every!bubble.!

Synthetic&
silica&jar&

February&2nd,&2013& 9&Russell&Neilson&

• Pressure expansion creates 
superheated fluid, CF3I or 
C3F8 

• I for spin-independent 

• F for spin-dependent

• Particle interactions nucleate 
bubbles

• Cameras see bubbles

• Recompress chamber to 
reset
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Xenon TPCs - 
Charge to light

Argon - Pulse 
shape discrimination

• A lot of effort in dark matter experiments goes into discriminating 
electronic recoils (gammas) vs. nuclear recoils(WIMPs)

Why bubble chambers?
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Why bubble chambers?

• By choosing superheat parameters appropriately 
(temperature and pressure), bubble chambers are blind 
to electronic recoils (10-10 or better)

• To form a bubble requires two things

• Enough energy

• Enough energy density - length scale must be 
comparable to the critical bubble size
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Why bubble chambers?

• By choosing superheat parameters appropriately 
(temperature and pressure), bubble chambers are blind 
to electronic recoils (10-10 or better)

• To form a bubble requires two things

• Enough energy

• Enough energy density - length scale must be 
comparable to the critical bubble size
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• Electronic recoils never cross the second threshold!



• Easy to identify multiple scattering events               Neutron 
backgrounds

Why bubble chambers?

7
How	many	bubbles	can	you	count?

• Direct measurement of 
neutron backgrounds by 
measuring multiple scatters



• Easy DAQ and analysis chain

• Cameras

• Piezos

• No PMTs, no cryogenics

Why bubble chambers?
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• Fluorine gives unique sensitivity to spin dependent proton couplings

• (Pseudo) Interchangeable targets in same detector can pin down dark 
matter characteristics

Different Responses Favor 
Different Elements!
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Why bubble chambers?



Why not bubble chambers?

• Threshold detectors - no energy resolution

• Harder to distinguish some backgrounds, less information 
about any potential signal

• Energy threshold calibrations are hard and important

• Bubble chambers are slow - ~60 s of deadtime for every 
event

• Overall rate must be low
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Acoustic discrimination

• Discovery that alphas were louder than nuclear recoils by 
PICASSO (Aubin et al, New J. Phys 10:103017, 2008), and 
then confirmed by COUPP

• Alphas deposit energy over tens of microns

• Nuclear recoils deposit theirs in tens of nanometers
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Acoustic discrimination

• Acoustic Parameter (AP) - measurement of the acoustic 
power of an event
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COUPP-4
CF3I	Target

• Three populations

• Neutrons (normalized 
to AP =1)

• Alphas (louder)

• Recoil-like 
background…



Anomalous background
• Recoil-like sounding events that otherwise do not have the characteristics of 

dark matter

• Spatially and temporally inhomogeneous
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• PICO2L Run1

• 9 events in 32 days

• Inconsistent with known 
backgrounds and dark matter

• Cleaned detector of particle 
contamination 

• PICO2L Run2

• 1 candidate event in 66 days

• Consistent with neutron 
expectations

observed rate of both single- and multiple-bubble nuclear-
recoil events is consistent with the expected background
from neutrons. No neutron background subtraction is
attempted, and the WIMP scattering cross-section upper
limits reported here are simply calculated as the cross
sections for which the probability of observing one or fewer
signal events in the full 129 kg-day exposure is 10%.
The same conservative nucleation efficiency curves

are used as in Ref. [8], with sensitivity to fluorine and
carbon recoils above 5.5 keV. The standard halo para-
metrization [23] is adopted, with ρD ¼ 0.3 GeV c−2 cm−3,
vesc ¼ 544 km=s, vEarth ¼ 232 km=s, vo ¼ 220 km=s, and
the spin-dependent parameters are taken from Ref. [24].
Limits at the 90% C.L. for the spin-dependent WIMP-
proton and spin-independent WIMP-nucleon elastic scat-
tering cross sections are calculated as a function of WIMP
mass and are shown in Figs. 3 and 4. These limits indicate
an improved sensitivity to the dark matter signal compared
to the previous PICO-2L run and are currently the world-
leading constraints on spin-dependent WIMP-proton cou-
plings for WIMP masses < 50 GeV=c2. For WIMP masses
higher than 50 GeV=c2, only the constraints from PICO-60
[9] are stronger.

VIII. DISCUSSION

These data demonstrate the excellent performance of the
PICO detector technology and provide strong evidence that
particulate contamination suspended in the superheated
fluid is the cause of the anomalous background events
observed in the first run of this bubble chamber.
Preliminary indications suggest that the radioactivity
present in the particulate may be insufficient to account
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FIG. 2. Spatial distribution of bubble events in the 3.3 keV
WIMP search data for Run-1 [8] (left, 32.2 live-days) and Run-2
(right, 66.3 live-days). Z is the reconstructed vertical position of
the bubble, R is the distance from the center axis and Rjar is the
nominal inner radius of the silica jar (72.5 mm). Red filled circles
are WIMP-candidate events in the fiducial bulk volume, blue
open circles are alpha-induced bulk events, and black dots are
nonbulk events. The rate of pressure rise, measured by an AC-
coupled transducer, was used for the fiducial volume cut in
Ref. [8]. An identical transducer installed for Run-2 failed during
commissioning, and the Run-2 fiducial volume cut is entirely
based on the improved optical reconstruction.
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICO-60 (brown), COUPP-4 (light
blue region), PICASSO (dark blue), SIMPLE (thin green),
XENON100 (orange), IceCube (dashed and solid pink), SuperK
(dashed and solid black) and CMS (dashed orange)
[9,10,12,13,25–29]. For the IceCube and SuperK results, the
dashed lines assume annihilation to W pairs while the solid lines
assume annihilation to b quarks. Comparable limits assuming
these and other annihilation channels are set by the ANTARES,
Baikal and Baksan neutrino telescopes [30–32]. The CMS limit is
from a monojet search and assumes an effective field theory, valid
only for a heavy mediator [33,34]. Comparable limits are set by
ATLAS [35,36]. The purple region represents the parameter
space of the constrained minimal supersymmetric standard model
of Ref. [37].
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FIG. 4. The 90% C.L. limit on the SI WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICASSO (blue), LUX (black),
CDMSlite and SuperCDMS (dashed purple) [12,38–40]. Similar
limits that are not shown for clarity are set by XENON10,
XENON100 and CRESST-II [41–43]. Allowed regions from
DAMA (hashed brown), CoGeNT (solid orange), and CDMS-II
Si (hashed pink) are also shown [44–46].

C. AMOLE et al. PHYSICAL REVIEW D 93, 061101(R) (2016)
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Anomalous background
• Our hypothesis - particulate and buffer fluid (water) can lead to bubble 

nucleation

• Surface effects

• We need to get more serious about cleanliness
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PICO Timeline
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PICO Timeline
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Background	
Discovered

COUPP4 (2011-2012)
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PICO-2L (2014)
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PICO-60 (2014)
CF3I

Try changing fluids

Try scaling up



PICO Timeline
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PICO Timeline
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PICO Timeline
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PICO Timeline
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PICO Timeline
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PICO-60 (Run 2)
• Four cameras to observe 

bubbles over larger target

• Eight piezo to listen to 
bubble growth

• Five died early in the run

Preliminary
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• Inner vessel and all plumbing cleaned to 
IEST-STD-1246 Level 50

PICO-60 Run 2 Cleaning

24

Post-Filtration	Particulate	Size	Distribution

Particulate	Size	Bin<5µm <15µm <25µm <50µm <100µm

-----Mil-Std 1246C	level	100
-----Mil-Std 1246C	level	50	(Goal)
-----Mil-Std 1246C	level	25
* Filter	Sample	Normalized	 by	Flow
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• Filled with 40 liters of C3F8 on June 30, 2016

• First physics run Nov 2016-Jan 2017



PICO-60 Blinding Strategy
“Deafening”

• Alpha events create single bulk bubbles that look like nuclear 
recoils except for acoustics

• Go deaf by not analyzing acoustic information for physics run

• Neutron calibrations to define nuclear recoil acceptance cuts

• All data to define fiducial volume/data cleaning/etc
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Pre-unblinding

• 106 bulk singles in WIMP search 
dataset

• Consistent with Rn decay rate in 
pre-WIMP search data

• <20 microBq (<500 nBq/kg)

• Neutron backgrounds

• Not blinded to multiplicity, 
observe 3 multiples

• Multiple to single ratio is 3:1 
(simulation and calibration)

29
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Post-unblinding

• No signal events!

30

C.	Amole	et	al.,	arXiv:1702.07666



PICO-60 Results

• Multiples efficiency is higher because there are no acoustic cuts

• We simulate and measure a 3:1 ratio of multiples to singles in 
neutron calibration data

• Of the 106 fiducial-bulk singles, none are consistent with nuclear 
recoil hypothesis

• No dark matter

• No anomalous background

31

C.	Amole	et	al.,	arXiv:1702.07666
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Dataset E�ciency (%) Fiducial Mass (kg) Exposure (kg-days) No. of events

Singles 85.1 ± 1.8 45.7 ± 0.5 1167 ± 28 0

Multiples 99.4 ± 0.1 52.2 ± 0.5 1555 ± 15 3

TABLE I. Summary of the final number of events and exposure determination for singles and multiples in the 30.0 live-day
WIMP search dataset of PICO-60 C3F8 at 3.3 keV thermodynamic threshold.

The fiducial volume is determined by setting cut values
on isolated wall and surface event distributions in the
source calibration and pre-physics background datasets,
as shown in Fig. 1. These cuts remove events on or near
the surface or within 6 mm of the nominal wall location.
For regions of the detector where the optics are worse,
such as the transition to the lower hemisphere, the outer
13 mm are removed. The fiducial cuts accept a mass of
45.7 ± 0.5 kg, or 87.7% of the total C3F8 mass.

The first step in the WIMP candidate selection re-
moves events that are written improperly on disk, events
that were not triggered by the cameras, and events for
which the pressure was more than 1 psi from the target
pressure. The signal acceptance for these cuts is greater
than 99.9%. Only events that are optically reconstructed
as a single bubble are selected as WIMP candidates. This
cut removes neutron-induced multiple bubble events and
events for which the optical reconstruction failed. The
acceptance of this cut is 98.0 ± 0.5%. In addition to
the optical reconstruction fiducial cut, fiducial-bulk can-
didates are selected based on a rate-of-pressure-rise mea-
surement, which is found to accept all optically recon-
structed fiducial single bubbles in the source calibration
data.

The acoustic analysis is similar to the procedure de-
scribed in [11] to calculate the Acoustic Parameter (AP),
a measurement of the bubble’s nucleation acoustic en-
ergy. As AP is used to discriminate alpha particles from
nuclear recoils, events with high pre-trigger acoustic noise
or an incorrectly reconstructed signal start time are re-
moved from the WIMP candidates selection. The e�-
ciency for these cuts is 99.6 ± 0.2%. For this analy-
sis, based on the pre-physics background and calibration
data, AP is found to optimally discriminate alpha parti-
cles from nuclear recoils using the signals of two out of
the three working acoustic transducers in the 55 kHz to
120 kHz frequency range. The AP distribution for nu-
clear recoil events is normalized to 1 based on AmBe and
252Cf nuclear recoil calibration data.

An additional metric, NN score, is constructed from
the piezo traces using a neural network [19] trained to
distinguish pure alpha events (NN score = 1) from pure
nuclear or electron recoil events (NN score = 0). The two-
layer feedforward network takes as an input the bubble’s
3D position, and the noise-subtracted acoustic energy of
each of three working acoustic transducers in 8 frequency
bands ranging from 1 kHz to 300 kHz. The network is
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FIG. 2. Top: AP distributions for AmBe and 252Cf neu-
tron calibration data (black) and WIMP search data (red) at
3.3 keV threshold. Alphas from the 222Rn decay chain can be
identified by their time signature and populate the two peaks
in the WIMP search data at high AP. Higher energy alphas
from 214Po are producing larger acoustic signals. Bottom: AP
and NN score for the same dataset. The cuts for the nuclear
recoil candidates, defined before WIMP search acoustic data
unmasking, are displayed with dashed lines.

trained and validated with source calibration data and
the pre-physics background data. A nuclear recoil candi-
date is defined as having an AP between 0.5 to 1.5 and
a NN score less than 0.05. These combined acoustic cuts
are determined to have an acceptance of 88.5 ± 1.6%
based on neutron calibration fiducial-bulk singles.

In the WIMP search data, before unmasking the AP
and NN score, all events passing cuts are identified and
manually scanned. Any events with mismatched pixel co-
ordinates are discarded. The same procedure is found to
keep 98.7 ± 0.7% of fiducial-bulk singles in the neutron
calibration data. The final e�ciencies and exposure are
summarized in Table I. A total of 106 single bulk bub-
bles, shown in Fig. 1, are found in the blinded WIMP
search data.

Neutrons produced by (↵,n) and spontaneous fission
from 238U and 232Th characteristically scatter multiple
times in the detector, resulting in multiple-bubble events
75% of the time for a chamber of this size. The multiple-
bubble events are an unambiguous signature and provide
a measurement of the neutron background. To isolate
multiple-bubble events in the WIMP search data, we do

C.	Amole	et	al.,	arXiv:1702.07666



PICO-60 Results
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Comparison to Collider
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C.	Amole	et	al.,	arXiv:1702.07666

• Sensitivity to common model



PICO-60 Since January
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C.	Amole	et	al.,	arXiv:1702.07666• Calibration runs at variety of thresholds

• Scanning gamma sensitivity

• 30 days of blind running at lower threshold

• Still “deaf” to acoustics

• Updating optical reconstruction algorithms to improve efficiency 
before opening the box



PICO-60 Decommissioning
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• Emptied and removed from water tank end of June

• Making room for PICO-40L



PICO-40L
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• We’ve shown that particulate contamination can create bulk 
bubbles

• Mechanism remains uncertain, but we believe it is the interaction 
of the particulate with the buffer fluid

PICO-60
PICO-40L

 (Right-side up)Buffer fluid isolates 
active target from 

plumbing 
(nucleation sites)

Same results can 
be accomplished 

with thermal 
gradient - 

Eliminates buffer!

T
herm
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PICO-40L
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• PICO-40L is first large scale RSU device

• Northwestern xenon bubble chamber

• Drexel C3F8 chamber

• Re-using PICO-60 water tank

T
herm

al gradient

• Increased physics reach

• Expected improvements in stability 
allow for lower threshold running

• Larger pressure vessel allows major 
neutron sources to be moved out - 
reduction by factor ~5

• Commissioning this winter



PICO-40L
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C.	Amole	et	al.,	arXiv:1702.07666

PICO-40L timeline
• Pressure vessel arrived to 

SNOLAB surface 18 May 2017 

• Clean surface commissioning 
ongoing presently 

• Full detector assembly to be 
shipped underground to 
SNOLAB Dec 2017 

• First data January 2018 

• End of physics data in 2019

18



PICO-40L

39
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C.	Amole	et	al.,	arXiv:1702.07666• Pressure vessel arrived 
in May

• Cleaning of assembly 
on surface now ongoing

• Shipping underground 
this winter

• First data in January
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 Scaling to PICO-500
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• Background free at ~50 kg scale

• PICO sensitivity (spin-dependent, proton) complementary to other 
areas of DM program

• At multi-tonne scale, fluorine better at SD coupling than than heavy 
nuclei 

• Coherent neutrino scattering scales like N^2, while SD sensitivity is 
“flat”

PICO-500L

•> 1010 �/� insensitivity

•> 99.3% acoustic ↵
discrimination

•Multi-target capability
SD- and SI-coupling
High- and low-mass WIMPs

• Easily scalable,
inexpensive to replicate

• Probed technology:
PICO-2L, PICO-60

• Two possible detector
configurations: PICO-40L (RSU)

Installation begins 2018

Data taking by 2019

Eric Vázquez-Jáuregui Sudbury Canada; July 25, 2017 16



 Scaling to PICO-500
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• PICO-500 is proposal for ton-scale device to be built at SNOLAB

• Proposed project start in 2018

• Simulations and background control protocols are well underway

• Final detector design will depend on PICO-40L results
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 Scaling to PICO-500
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PICO-500L expected sensitivity at SNOLAB

One year at a threshold of 10 keV, 6 months at 3 keV,
and a neutron background of 0.75 per year

Eric Vázquez-Jáuregui Sudbury Canada; July 25, 2017 26



Conclusion
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• PICO bubble chambers at the 40 liter/50 kg scale can be made 
background-free

• PICO setting world-leading constraints on spin-dependent WIMP 
proton coupling

• Moving on to the next phase of the program

−0.12 −0.1 −0.08 −0.06 −0.04 −0.02 0 0.02 0.04 0.06 0.08
−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

0.08

0.1
201306231/7, Piezo 2, AP = 1.2

Thanks for your 
attention!



−0.12 −0.1 −0.08 −0.06 −0.04 −0.02 0 0.02 0.04 0.06 0.08
−0.08

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

0.08

0.1
201306231/7, Piezo 2, AP = 1.2

Thanks for 
your attention!

44



Extra

45



SI vs. SD (vs. nuclear physics)

• Spin-independent historically dominates the news because of the 
rate enhancement (x16000 for an atom like xenon)

• True interaction is still unknown
PICO-250L DOE G2 Proposal  

 

 5 

environment called for it (e.g., to follow up a signal in a large xenon detector). In addition, the use of 
multiple mass targets will be needed to characterize the WIMP mass and velocity distribution in the event 
of a discovery [21][22]. 

 
Figure 2: Comparison of SD-proton vs. SI cross sections for a set of dark matter models, showing the 
complementary and necessary reach of both channels to explore possible parameter space (from [17]). 

 

b)(Description(of(Experimental(Method;(Performance(Requirements(

The(Case(for(Bubble(Chambers(as(Dark(Matter(Detectors(
Throughout this section, we refer to several existing bubble chambers. COUPP-4 is a 2-liter chamber that 
was filled with CF3I at Fermilab and then at SNOLAB, producing excellent physics results [9][10]. 
COUPP-60 has been running with 37 kg of CF3I at SNOLAB since June 2013.  PICO-2L is a 2-liter 
chamber that has replaced COUPP-4 at SNOLAB; commissioned in October 2013, it represents the first 
large-scale bubble chamber to be filled with C3F8 and also the first joint effort of the combined PICO 
collaboration.   

 

The strengths of the bubble chamber technology for dark matter searches can be summarized as follows: 

Electron)recoil)insensitivity)
A principal strength of the bubble chamber technology for a dark matter search application is the 
extraordinary insensitivity (~10-10) to electron recoil backgrounds.  The ability of the bubble chamber to 
attain this large background rejection factor while maintaining high efficiency for detecting nuclear 
recoils arises naturally from the physics of bubble nucleation in a superheated liquid, which requires a 
critical energy deposition within a small volume to nucleate the bubble.  The bubble formation scale and 
energy threshold are classical thermodynamic properties determined by the temperature and pressure of 
the superheated fluid [23][24][25].  These can be adjusted to cleanly discriminate between the nuclear 

oughly scan the parameter spaces, we adopted the
Bayesian method that is the foundation of the Markov
chain Monte Carlo approach. The DM models can have
distinct phenomenological predictions. We showed that the
DM model possibilities can be narrowed by measurements
of both SI and SD elastic scattering. The direct signals for
DM in recoil and neutrino telescope experiments are com-
plementary to LHC experiments in distinguishing the be-
yond the standard model physics scenarios [135].

We summarize below the model predictions for the DM
cross sections; the posterior distributions are summarized
in Fig. 12.

(i) In mSUGRA, the FP region provides the largest SI
and SD cross sections. This is due to the mixed
Higgsino nature of the lightest neutralino; the neu-
tralino couplings to the Higgs and Z bosons are large.
The Bino nature of the lightest neutralino in the CA
and AF regions causes these scenarios to have sub-
stantially smaller cross sections.

(ii) The tadpole nMSSMmodel has large SD scattering,
of order 10!3 pb, and a wide range of SI cross

section. This is a consequence of the DM annihila-
tion occurring through the Z boson. To counter the
small annihilation rate in the early universe (due to
the small neutralino mass in the model), the neu-
tralino pair is required to have a larger Z boson
coupling, resulting in a large SD cross section.

(iii) In the singlet extended SM, the DM candidate is
spin-0, which gives a vanishing SD cross section.
The SI cross section is generally small, below
"10!8 pb, and occurs through Higgs boson ex-
change. If SD scattering of DM is observed, the
class of models with spin-0 DM would be imme-
diately excluded as being the sole origin of the DM
in the Universe.

(iv) For stable Dirac neutrino DM, the Z boson domi-
nates in the calculation of both the relic density and
elastic scattering cross section and makes the SI and
SD cross sections tightly correlated and large.

(v) In mUED, a sweet spot of !SD "Oð10!6Þ pb exists
for which the DM relic density is reproduced. The
relic density is strongly dependent on the curvature
parameter and fixes its value. The KK quarks have
approximately the same mass as the inverse curva-
ture and the SD cross section is thus closely tied to
the relic density. On the other hand, the !SI cross
section is more dispersed due to the larger variation
of the Higgs boson mass.

(vi) In the LHT model, the SD interaction occurs
through T-odd quarks which have a small hyper-
charge. Therefore, the SD cross section in this
model is typically very small. In contrast, the SI
scattering proceeds through the Higgs and T-odd
quarks, giving experimentally accessible SI cross
section values.

We provide a summary of the SI and SD cross sections
by the box and whisker plots in Fig. 13. The boxes repre-
sents the coverage of the middle 50-percentile. We sum-
marize the forecast for observing a signal in neutrino

IceCube muon rate

MDM

lo
g 1

0N
µ

0 200 400 600 800 1000

−4
−3

−2
−1

0
1

2 mSUGRA
UED
LHT
xSM
RHN

IceCube signal significance

MDM

lo
g 1

0σ

0 200 400 600 800 1000

−4
−3

−2
−1

0
1

2 mSUGRA
UED
LHT
xSM
RHNDiscovery

Evidence

FIG. 11 (color online). The expected numbers of events and the statistical significance of DM signals for 3 and 5 years running of the
IceCube neutrino telescope. Only the FP region in mSUGRA and a portion of the mUED parameter space give a significance>5! for
5 years of running.
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FIG. 12 (color online). The posterior distributions of !DM!p
SI

and !DM!p
SD for six models.
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SD vs. SI cross section predictions for different 
models (Barger, PRD, 78 056007)

Sensitivity of different p-coupling operators to 
various nuclear targets 

(from L. Fitzpatrick at INT Workshop, 2014)



Why bubble chambers?
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Detour: Threshold and efficiency

• Threshold determined from Seitz, Phys. of Fluids 1, 2 
(1958) 
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• Energy deposition Eth within length Rc will nucleate a bubble 
(Hot Spike model)

• Theory assumes a step function above threshold
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