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Overview
• The PICO-60 C3F8 detector 

• Results from first physics run  (28 Nov 2016 – 13 Jan 2017) 
accepted for publication in Phys. Rev. Lett.  (arXiv:1702.07666) 

• Energy threshold constraints and gamma background 

• Second physics run, with lowered energy threshold 

• Potential physics reach; impact on future chambers
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The PICO-60 detector
• Deployed 2 km underground at SNOLAB 

• C3F8 target: 52 kg total 
(45.7 ± 0.5 kg fiducial, 87.7%)  

• Synthetic fused silica inner vessel, stainless steel 
pressure vessel, water tank, muon veto 

• Bellows allow expansion to superheated state with 
typical per-event cycle of 800s, >80% live-fraction 

• Four cameras monitor for bubble  
nucleation using LED illumination 

• Eight piezoelectric acoustic sensors  
monitor sound of bubble nucleation 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Target: superheated liquid
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compressed	

expanded	

superheated	

(plots by Eric Dahl)

Lower pressure in the target liquid until it is in metastable superheated state  
Energy deposition nucleates small bubble that grows  to visible size 
Cameras watch for visible bubble and issue the primary trigger



Acoustic discrimination
• Acoustic discrimination against alphas discovered 

by PICASSO  
(Aubin et al., New J. Phys.10:103017, 2008) 

• Alphas deposit their energy over tens of μm 

• Nuclear recoils deposit energy over tens of nm 

• In PICO, alphas are several times louder than recoils 

• For a WIMP-search run, the acoustic signals are 
blinded in order to set an unbiased cut on this 
“acoustic parameter” (“AP”)

Daughter heavy nucleus
(~100 keV)

Helium nucleus
(~5 MeV)

~40 μm

~50 nm

Observable bubble ~mm
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T (�C) P (psia) Seitz threshold, ET (keV) Livetime (d) WIMP exposure (kg-d) No. of candidate events
14.2 31.1 3.2± 0.2(exp)± 0.2(th) 32.2 74.8 9
12.2 31.1 4.4± 0.3(exp)± 0.3(th) 7.5 16.8 0
11.6 36.1 6.1± 0.3(exp)± 0.3(th) 39.7 82.2 3
11.6 41.1 8.1± 0.5(exp)± 0.4(th) 18.2 37.8 0

TABLE I: Table describing the four operating conditions and their associated exposures. The experimental uncertainty on the
threshold comes from uncertainties on the temperature (0.3�C) and pressure (0.7 psi), while the theoretical uncertainty comes
from the thermodynamic properties of C3F8 (primarily the surface tension).
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FIG. 2: (Color online) AP distributions for neutron calibra-
tion data (black) and WIMP search data (red) at 4.4 keV
threshold. Note that the x-axis shows ln(AP ). As discussed
in the text, alphas from the 222Rn decay chain can be iden-
tified by their time signature and populate the two peaks in
the WIMP search data at high AP , with higher energy alphas
from 214Po producing larger acoustic signals.

ble, and events in which the optical reconstruction algo-
rithm failed to converge. The total e�ciency of the data
quality cuts is 0.961 ± 0.003. The total acceptance for
neutron-induced, single nuclear recoils including fiducial,
acoustic and data quality cuts is 0.80±0.02 for data with
the trigger delay and the pressure-rise based fiducial cut,
decreasing to 0.72± 0.02 for the optical fiducial cut.

One of the main strengths of the superheated fluid de-
tectors is their insensitivity to electronic recoils. The
PICO-2L chamber was exposed to a 1 mCi 133Ba source
to confirm this behavior in C3F8. With no candidate
events observed during the gamma exposure at 3.2 keV,
the probability for a gamma interaction to nucleate a
bubble was determined to be less than 3.5 ⇥ 10�10 at
90% C.L. by performing a Geant4 [13] Monte Carlo of the
source and counting the total number of above-threshold
interactions of any kind in the active target. Combining
these results with a dedicated NaI measurement of the
gamma flux at the location of the chamber in the ab-
sence of any sources [14], we expect electronic recoils to
produce fewer than 0.05 events in the PICO-2L WIMP
search data.

A second key method for background rejection in su-
perheated detectors is the acoustic rejection of alpha de-
cays [7, 8, 10, 15]. PICO-2L observed a rate of high-AP
events at 4.4 keV threshold immediately after the initial

fill that decayed with a half-life consistent with that of
222Rn to a steady state of about 4 events/day. None of
the high acoustic power events leak into the nuclear recoil
acceptance band in that data set, confirming that acous-
tic alpha rejection is present in the C3F8 target. The 4.4
keV data provide a statistics-limited, 90% lower limit on
the alpha-rejection in PICO-2L of 98.2%.

In addition to the acoustic discrimination, PICO-2L
data show a dependence of AP on alpha energy that was
not previously observed in CF3I. At low threshold, two
distinct peaks appear at high AP (see Fig. 2). The time
structure of the high-AP peaks is consistent with that
of the fast radon chain (222Rn, 218Po, and 214Po decays
having energies of 5.5 MeV, 6.0 MeV, and 7.7 MeV, re-
spectively). The events in the louder peak come primarily
from the third event in the chain, the high energy 214Po
decay. To our knowledge, this constitutes a first instance
of particle energy spectroscopy using acoustic methods.

Background neutrons produced primarily by (↵,n) and
spontaneous fission from nearby 238U and 232Th can pro-
duce both single and multiple bubble events. We per-
form a detailed Monte Carlo simulation of the detector
to model the neutron backgrounds, predicting 0.9(1.6)
single(multiple) bubble events in the entire data set, for
an event rate of 0.004(0.006) cts/kg/day, with a total un-
certainty of 50%. There were no multiple bubble events
observed in the WIMP search data, providing a 90% C.L.
upper limit of 0.008 cts/kg/day, consistent with the back-
ground model.

The sensitivity of the experiment to dark matter de-
pends crucially on the e�ciency with which nuclear re-
coils at a given energy produce bubbles. The classical
Seitz model [16] indicates that nuclear recoils of energy
greater than ET will create bubbles with 100% e�ciency,
but past results show that the model does not accurately
describe the e�ciency for detecting low energy carbon
and fluorine recoils in CF3I [7, 17]. This breakdown is
attributed to the relatively large size of carbon and fluo-
rine recoil tracks in CF3I, as bubble nucleation only oc-
curs if the energy deposition is contained within a criti-
cal bubble size. Iodine recoils in CF3I have much shorter
tracks and have been shown to more closely match the
Seitz model predictions [12]. Simulations of nuclear re-
coil track geometries using the Stopping Range of Ions in
Matter (SRIM) package [18] as well as measurements in

222Rn   218Po   214Po 
       5.5      6.0    7.7 MeV

“acoustic spectroscopy”

Multiple radiating bubbles



Additional data stream: optics
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Four views of a neutron event from an AmBe source

Multiply-scattering neutrons won’t be mistaken for WIMPs either (3:1)
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Figure 2: The rise in differenced-frame image entropy for a typical bubble, exceeding threshold
on frame 48. Frame 50 indicates the time that the master trigger response from the main DAQ
was received.

3.1 Motivation

The first ⇡ 5.25 s after initiating expansion to 30 psi have enough visible motion to trigger
the cameras, so the video trigger is not live during this period. With elevated rates during
calibration, this 5.25 s period is long enough for the cameras to regularly miss bubbles, leading
to reduced stability. By masking off the moving parts of the images, we intend to keep the
camera trigger live for the entire expansion.

4 Mask definition
Masks are defined to prevent triggering on parts that move during expansion, while still catching
all bubbles with minimal delay, ideally 10ms or less.

4.1 Mask generation

The masks are generated in a multi-step process using OpenCV:

1. Absolute difference images from fully-compressed 190 psi state and fully-expanded 30 psi
state.

2. Maximize dynamic range, etc.

3. Shift gamma
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• Primary trigger: “image entropy” 
 

• Calculate absolute difference of 
successive frames, searching for 
changes in information content 

• Images initially acquired at 200 Hz 
– increased to hardware maximum 
340 Hz for low threshold run – fast 
trigger ensures stable operations 
at very low pressures

Fast camera trigger
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PICO-60 Camera Trigger

Scott Fallows, Pitam Mitra

December 15, 2016

Abstract

[note: this is not a general abstract yet, discusses masked trigger only] The first ⇡ 5 s
after initiating expansion to 30 psi have enough visible motion to trigger the cameras.

With elevated rates during calibration, this 5 s period without a live video trigger is long

enough for the cameras to regularly miss bubbles, leading to reduced stability. By masking

off the moving parts of the images, we should be able to keep the camera trigger live for

the entire expansion.

1 Camera Trigger Overview
Two cameras on each of two “cam-slave” servers monitor their view of the chamber, acquiring
frames at 200 Hz. On each camera, every even-numbered frame is compared to the previous
even-numbered frame to check for bubbles or other visual events at 100 Hz.

The quantity used to define the trigger is the image entropy SI [1] of the absolute difference
of the two frames under comparison, where

SI = �
X

i

Pi log2 Pi. (1)

An image histogram is constructed from the difference-images with 16 intensity bins running
over the full 8-bit dynamic range from 0 to 255. The values Pi are the probabilities for the
intensity of any pixel in the image to fall into intensity bin i, so the histogram is normalized by
the number of entries (pixels). The quantity SI for this diff-image is then calculated by running
the sum in Eq. 1 over the 16 bins of the normalized image histogram.

The quantity SI is then compared to each camera’s predefined threshold, tuned to be just
high enough to avoid generating spurious triggers on pixel noise:

Camera Diff-entropy threshold
0 0.00035
1 0.0003
2 0.0003
3 0.0003

If any diff-image’s SI exceeds that camera’s threshold, the cameraDAQ code sets the video
trigger TTL line True for that camera server (conversely, if neither camera’s threshold is ex-
ceeded, it is kept False, or switched to False if the previous state was True). The main DAQ
responds to this by issuing a master trigger, compressing the chamber and signaling that the
cameraDAQ should stop image acquisition and begin saving images from the ring buffer and
other outputs to disk.

1

typical single 
bubble event

trigger 
frame



First physics run
• 30 live-day run at 3.3 keV 

threshold, accepted for pub. in 
PRL: a background-free 1167 
kg-day WIMP-search exposure  

• Factor of 17 improvement in 
upper limit on spin-dep. WIMP-
proton cross-section 

• See session R3-3 (Thurs. 14:00), 
talk by G. Giroux, for details 

• Can we probe lower masses?
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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. Bottom: AP and NN score for the same
dataset. The acceptance region for nuclear recoil candidates,
defined before WIMP search acoustic data unmasking using
neutron calibration data, are displayed with dashed lines and
reveal no candidate events in the WIMP search data. Alphas
from the 222Rn decay chain can be identified by their time sig-
nature and populate the two peaks in the WIMP search data
at high AP. Higher energy alphas from 214Po are producing
larger acoustic signals.

to be 0.25 ± 0.09 (0.96 ± 0.34) single(multiple)-bubble
events. PICO-60 was exposed to a 1 mCi 133Ba source
both before and after the WIMP search data, which,
compared against a Geant4 [21] Monte Carlo simulation,
gives a measured nucleation e�ciency for electron recoil
events above 3.3 keV of (1.80 ± 0.38)⇥10�10. Combin-
ing this with a Monte Carlo simulation of the external
gamma flux from [16, 22], we predict 0.026 ± 0.007 events
due to electron recoils in the WIMP search exposure. The
background from coherent scattering of 8B solar neutri-
nos is calculated to be 0.055 ± 0.007 events.

We use the same shapes of the nucleation e�ciency
curves for fluorine and carbon nuclear recoils as found in
Ref. [8], rescaled upwards in recoil energy to account for
the 2% di↵erence in thermodynamic threshold. We adopt
the standard halo parametrization [23], with the follow-
ing parameters: ⇢

D

=0.3 GeV c�2 cm�3, vesc = 544 km/s,
vEarth = 232 km/s, and v

o

= 220 km/s. We use the e↵ec-
tive field theory treatment and nuclear form factors de-
scribed in Refs. [24–27] to determine sensitivity to both
spin-dependent and spin-independent dark matter inter-
actions. For the SI case, we use the M response of Table
1 in Ref. [24], and for SD interactions, we use the sum
of the ⌃0 and ⌃00 terms from the same table. To im-
plement these interactions and form factors, we use the
publicly available dmdd code package [27, 28]. The calcu-
lated Poisson upper limits at the 90% C.L. for the spin-
dependent WIMP-proton and spin-independent WIMP-
nucleon elastic scattering cross-sections, as a function of
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in thick blue, along
with limits from PICO-60 CF3I (thick red) [10], PICO-2L
(thick purple) [9], PICASSO (green band) [14], SIMPLE (or-
ange) [15], PandaX-II (cyan) [35], IceCube (dashed and dot-
ted pink) [36], and SuperK (dashed and dotted black) [37, 38].
The indirect limits from IceCube and SuperK assume anni-
hilation to ⌧ leptons (dashed) and b quarks (dotted). The
purple region represents parameter space of the constrained
minimal supersymmetric model of [39]. Additional limits, not
shown for clarity, are set by LUX [40] and XENON100 [41]
(comparable to PandaX-II) and by ANTARES [42, 43] (com-
parable to IceCube).

WIMP mass, are shown in Fig. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 ⇥ 10�41 cm2 for a
30 GeV c�2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with
neutron-only SD limits set by other dark matter search
experiments is achieved by setting constraints on the
e↵ective spin-dependent WIMP-neutron and WIMP-
proton couplings a

n

and a
p

that are calculated according
to the method proposed in Ref. [29]. The expectation
values for the proton and neutron spins for the 19F nu-
cleus are taken from Ref. [24]. The allowed region in
the a

n

� a
p

plane is shown for a 50 GeV c�2 WIMP in
Fig. 5. We find that PICO-60 C3F8 improves the con-
straints on a

n

and a
p

, in complementarity with other
dark matter search experiments that are more sensitive
to the WIMP-neutron coupling.

The LHC has significant sensitivity to dark matter,
but to interpret LHC searches, one must assume a spe-
cific model to generate the signal that is then looked for
in the data. Despite this subtlety, the convention has
been to show LHC limits alongside more general direct

17x
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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. Bottom: AP and NN score for the same
dataset. The acceptance region for nuclear recoil candidates,
defined before WIMP search acoustic data unmasking using
neutron calibration data, are displayed with dashed lines and
reveal no candidate events in the WIMP search data. Alphas
from the 222Rn decay chain can be identified by their time sig-
nature and populate the two peaks in the WIMP search data
at high AP. Higher energy alphas from 214Po are producing
larger acoustic signals.

to be 0.25 ± 0.09 (0.96 ± 0.34) single(multiple)-bubble
events. PICO-60 was exposed to a 1 mCi 133Ba source
both before and after the WIMP search data, which,
compared against a Geant4 [21] Monte Carlo simulation,
gives a measured nucleation e�ciency for electron recoil
events above 3.3 keV of (1.80 ± 0.38)⇥10�10. Combin-
ing this with a Monte Carlo simulation of the external
gamma flux from [16, 22], we predict 0.026 ± 0.007 events
due to electron recoils in the WIMP search exposure. The
background from coherent scattering of 8B solar neutri-
nos is calculated to be 0.055 ± 0.007 events.

We use the same shapes of the nucleation e�ciency
curves for fluorine and carbon nuclear recoils as found in
Ref. [8], rescaled upwards in recoil energy to account for
the 2% di↵erence in thermodynamic threshold. We adopt
the standard halo parametrization [23], with the follow-
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scribed in Refs. [24–27] to determine sensitivity to both
spin-dependent and spin-independent dark matter inter-
actions. For the SI case, we use the M response of Table
1 in Ref. [24], and for SD interactions, we use the sum
of the ⌃0 and ⌃00 terms from the same table. To im-
plement these interactions and form factors, we use the
publicly available dmdd code package [27, 28]. The calcu-
lated Poisson upper limits at the 90% C.L. for the spin-
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nucleon elastic scattering cross-sections, as a function of
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in thick blue, along
with limits from PICO-60 CF3I (thick red) [10], PICO-2L
(thick purple) [9], PICASSO (green band) [14], SIMPLE (or-
ange) [15], PandaX-II (cyan) [35], IceCube (dashed and dot-
ted pink) [36], and SuperK (dashed and dotted black) [37, 38].
The indirect limits from IceCube and SuperK assume anni-
hilation to ⌧ leptons (dashed) and b quarks (dotted). The
purple region represents parameter space of the constrained
minimal supersymmetric model of [39]. Additional limits, not
shown for clarity, are set by LUX [40] and XENON100 [41]
(comparable to PandaX-II) and by ANTARES [42, 43] (com-
parable to IceCube).

WIMP mass, are shown in Fig. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 ⇥ 10�41 cm2 for a
30 GeV c�2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with
neutron-only SD limits set by other dark matter search
experiments is achieved by setting constraints on the
e↵ective spin-dependent WIMP-neutron and WIMP-
proton couplings a
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and a
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that are calculated according
to the method proposed in Ref. [29]. The expectation
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cific model to generate the signal that is then looked for
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been to show LHC limits alongside more general direct
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3.3 keV threshold. Bottom: AP and NN score for the same
dataset. The acceptance region for nuclear recoil candidates,
defined before WIMP search acoustic data unmasking using
neutron calibration data, are displayed with dashed lines and
reveal no candidate events in the WIMP search data. Alphas
from the 222Rn decay chain can be identified by their time sig-
nature and populate the two peaks in the WIMP search data
at high AP. Higher energy alphas from 214Po are producing
larger acoustic signals.
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ing this with a Monte Carlo simulation of the external
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nos is calculated to be 0.055 ± 0.007 events.
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curves for fluorine and carbon nuclear recoils as found in
Ref. [8], rescaled upwards in recoil energy to account for
the 2% di↵erence in thermodynamic threshold. We adopt
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actions. For the SI case, we use the M response of Table
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of the ⌃0 and ⌃00 terms from the same table. To im-
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in thick blue, along
with limits from PICO-60 CF3I (thick red) [10], PICO-2L
(thick purple) [9], PICASSO (green band) [14], SIMPLE (or-
ange) [15], PandaX-II (cyan) [35], IceCube (dashed and dot-
ted pink) [36], and SuperK (dashed and dotted black) [37, 38].
The indirect limits from IceCube and SuperK assume anni-
hilation to ⌧ leptons (dashed) and b quarks (dotted). The
purple region represents parameter space of the constrained
minimal supersymmetric model of [39]. Additional limits, not
shown for clarity, are set by LUX [40] and XENON100 [41]
(comparable to PandaX-II) and by ANTARES [42, 43] (com-
parable to IceCube).

WIMP mass, are shown in Fig. 3 and 4. These limits,
corresponding to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 ⇥ 10�41 cm2 for a
30 GeV c�2 WIMP, are currently the world-leading con-
straints in the WIMP-proton spin-dependent sector and
indicate an improved sensitivity to the dark matter signal
of a factor of 17, compared to previously reported PICO
results.

A comparison of our proton-only SD limits with
neutron-only SD limits set by other dark matter search
experiments is achieved by setting constraints on the
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Fig. 5. We find that PICO-60 C3F8 improves the con-
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and a
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dark matter search experiments that are more sensitive
to the WIMP-neutron coupling.

The LHC has significant sensitivity to dark matter,
but to interpret LHC searches, one must assume a spe-
cific model to generate the signal that is then looked for
in the data. Despite this subtlety, the convention has
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We can set the threshold 
on dE/dx  (ET/rc)

Gamma rejection

10

0 2 4 6 8 10 12
Threshold (keV)

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

Pr
ob

ab
ilit

y 
of

 N
uc

le
at

io
n

Gamma Rejection by Chamber
PICO-0.1
U Chicago
COUPP-1L
Queen's
COUPP-4
PICO-2L
PICO-60

C3F8	
CF3I	

PICO-60	

Various	PICO
	Detectors	

(Dan Baxter, Conference on Science at SURF, May 14, 2017)

Hard background turns on  
very quickly at low energy



Decreasing pressure scan 
• Following the blind physics run at 3.3 keV (14ºC, 30 psi), 

raised temperature to 16ºC, scanned in pressure (to 21 psi) 

• Goals:  
1. Measure background appearance at low threshold 
2. Test detector stability at much lower pressures
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minimum: 1.8 keV



Decreasing pressure scan 
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Incidental benefit: improved acoustic signal-to-noise 
→ potential for more powerful discrimination

(plots by Guillaume Giroux)



Gamma rejection
• PICO-60 at 3.3 keV exposed to 1 mCi 133Ba source + Geant4 

Monte Carlo yields rejection factor: (1.80 ± 0.38) x 10-10 

• Combining MC with estimate of local gamma flux, expect  
0.026 electron recoil events in Run-1 (90% CL upper limit) 

• Extrapolating nucleation probability down to 1.8 keV  
expected: 27 gamma events per day  
observed: <5 per day (90% CL) over 7.5 live-days  

• Revised estimate suggests physics reach available at 
thresholds below 3.3 keV

13



Gamma rejection

Measured event rates with 60Co gamma source
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Low threshold physics run
• Second physics run prompted by observation of far fewer 

recoil events than expected at lower thresholds 

• Decided on a threshold of 2.4 keV, where backgrounds are 
projected to produce <5 events over a 30 live-day exposure

15

3.3 keV blind run 
(PRL)

2.4 keV blind run… 
(ongoing)



Potential reach: spin-dep. p

16

PICASSO (2016)

PRELIMINARY

Ultimate plan: use data at 1.8 keV, 2.4 keV, and 3.3 keV to produce combined limit

0-background  
event case

4-background 
event case



Outlook
• Next chamber already on the way: PICO-40L in early 

commissioning; tonne-scale PICO-500 proposed 

• Ability to run stably at much lower pressures, thresholds 
now demonstrated 

• Gamma backgrounds measured to be significantly lower 
than initially predicted 

• Opens up possibility to run background-free at lower 
energy thresholds with PICO-40L and/or PICO-500, for 
significantly improved sensitivity to low-mass WIMPs
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Extra slides



Setting the threshold

20

Choose thermodynamic parameters for  
sensitivity to nuclear recoils, and not electron recoils



Backgrounds: Neutrons
• Single-scatter neutrons are indistinguishable from WIMPs in these 

detectors 

• Can’t discriminate against them, so minimize them  

• Two neutron sources for PICO-60: 

• Cosmogenic: spallation in rock near detector by high energy cosmic 
ray muons (veto present for C3F8 Run-1, saw no muons) 

• Radiogenic: natural radioactivity in rock and detector apparatus 
(alpha-n and spontaneous fission) 

• Total neutron background estimate for C3F8 Run-1:  
0.25 ± 0.09 (0.96 ± 0.34) single- (multiple)-bubble events
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Event cycle

Expand to target pressure, begin counting live-time after 25s stability  
Primary trigger: changes in image information content (bubble appearance)  
Time-out trigger set to 2000s – regular cycling improves detector stability
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Trigger

(plot by Dan Baxter)

Live-time begins


