
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

TAUP 2019

Journal of Physics: Conference Series 1468 (2020) 012043

IOP Publishing

doi:10.1088/1742-6596/1468/1/012043

1

PICO-60 Results and PICO-40L Status

C. B. Krauss1 for the PICO Collaboration
1Department of Physics, University of Alberta, Edmonton, T6G 2E1, Canada

E-mail: analysis@picoexperiment.com

Abstract. PICO-60 and PICO-40L are bubble chambers for dark matter searches that are
using C3F8 as active liquid. PICO-60 was operated successfully at SNOLAB until 2017 and
PICO-40L is now operating in the same location. PICO-40L follows a new detector concept
that holds promise for future increases of sensitivity. We present the projected sensitivity of
PICO-40L for the WIMP-proton cross section.

1. PICO-60 Results
The PICO experimental programme for dark matter search with superheated Freon has led
to large improvements in sensitivity over the past 7 years, since the PICO collaboration was
formed. The PICO-60 detector was operated with 52 kg of active C3F8 from 2016 to 2017. We
have recently reported the analysis results of the complete exposure of the PICO-60 data, that
combines the data from the first month of blind data taking at 3.3 keV threshold [1] with the
data from the second month of data taking with a threshold of 2.45 keV. These two data sets
were analyzed with the most recent threshold data extracted from PICO calibration runs [2] to
give a new world leading result for spin dependent WIMP proton interactions shown in figure 1.
The improvements compared to the first PICO-60 paper [1] are from the lower threshold data
and show the potential of the bubble chamber technique at lower thresholds. The full discussion
of the new results can be found in [3].

2. PICO-40L Status
PICO-60 was decommissioned after the data taking was complete in 2017 to make room for the
PICO-40L experiment that eliminates the buffer liquid from direct contact with the clean active
liquid. This change in the detector operation requires several changes in the way the detector
is designed:

(i) The active liquid needs to be kept in a synthetic quartz jar, just as before. But the seals
with the stainless steel bellows will be required to be kept below the boiling point of the
active liquid so that spurious boiling at the seals is prevented.

(ii) In order to keep the cold liquid at the seals from mixing with the superheated liquid, the
seals need to be at the bottom of the active liquid, requiring the detector to be turned
upside down with respect to the previous detector generation. We refer to this detector
geometry as “right-side-up”, shown in figure 2. The performance of this type of chamber
was recently verified in [4].

(iii) The bellows that allows the pressure differential between the surrounding hydraulic liquid
and the active liquid to be kept small is a source of steel particulate matter. The right side
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masses. The two-dimensional WIMP detection efficiency
space is divided into bins and within each bin the maximum
likelihood set of efficiency curves that fall within that bin is
found. The likelihood surface thus created retains any
covariance between the efficiency at the two thresholds
from the neutron calibration.
The standard halo parametrization [27] is used, with

the following parameters: local dark matter density ρD ¼
0.3 GeVc−2 cm−3, galactic escape velocity vesc¼544 km=s,
velocity of the earth with respect to the halo vEarth¼
232 km=s, and characteristic WIMP velocity with respect
the halo v0¼ 220 km=s. The effective field theory treat-
ment and nuclear form factors described in Refs. [28–31]
are used to determine sensitivity to both spin-dependent
and spin-independent dark matter interactions. The M
response of Table 1 in Ref. [28] is used for SI interactions,
and the sum of the Σ0 and Σ00 terms from the same table is

used for SD interactions. To implement these interactions
and form factors, the publicly available dmdd code package
[31,32] is used. Figure 6 shows examples of the WIMP
detection efficiency likelihood surfaces used for 5 GeV
WIMPs with SI coupling and 19 GeV WIMPs with SD-
proton coupling. The likelihood surfaces are marginalized
over as nuisance parameters within the PLR, after being
convolved with a two-dimensional Gaussian function
reflecting experimental uncertainty in the PICO-60 thermo-
dynamic thresholds.
To develop a frequentist WIMP exclusion curve, toy

datasets are generated at each point in a grid of WIMP
masses and cross sections. A grid point is then excluded
if the observed PLR test statistic for that point is > 90% of
toy dataset test statistics at that point. A conservative choice
is made to generate the toy datasets with no background
contribution, but the 90% exclusion curve is subsequently
confirmed to be valid over the range of background rates
consistent with the data. The calculated exclusion curves
at 90% C.L. for spin-dependent WIMP-proton and spin-
independent WIMP-nucleon elastic scattering cross sec-
tions, as a function of WIMP mass, are shown in Figs. 7
and 8. The already world-leading limits in the spin-
dependent WIMP-proton sector are improved, particularly
for WIMP masses in the 3–5 GeV range.

65

60

70

65                           70                           75                           80

FIG. 6. Contour plot of integrated efficiency Φ at 2.45 and
3.29 keV with red dot representing best-fit result. Contour layers
have been color coded to represent the difference in χ2 with
respect to the minimum. Details in the outer boundary of the plot
are subject to statistical fluctuations.
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FIG. 7. The 90% C.L. limit on the SD WIMP-proton cross
section from the profile likelihood analysis of the PICO-60 C3F8
combined blind exposure plotted in thick maroon, along with
limits from the first blind exposure of PICO-60 C3F8(thick blue)
[6], as well as limits from PICO-60 CF3I (thick red) [7], PICO-2L
(thick purple) [33], PICASSO (green band) [34], SIMPLE
(orange) [35], XENON1T (gray) [36], PandaX-II (cyan) [37],
IceCube (dashed and dotted pink) [38], and SuperK (dashed and
dotted black) [39,40]. The indirect limits from IceCube and
SuperK assume annihilation to τ leptons (dashed) and b quarks
(dotted). Additional limits, not shown for clarity, are set by LUX
[41] (comparable to PandaX-II) and by ANTARES [42,43]
(comparable to IceCube).
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Figure 1. Updated exclusion limit from PICO-60 as reported in [3]. The lowest line shows the
limit PICO-60 was able to exclude at 90% C.L. using the complete exposure. The 90% C.L. limit
on the SD WIMP-proton cross section from the profile likelihood analysis of the PICO-60 C3F8

combined blind exposure plotted in thick maroon, along with limits from the first blind exposure
of PICO-60 C3F8 (thick blue) [1], as well as limits from PICO-60 CF3I (thick red) [5], PICO-
2L (thick purple) [6], PICASSO (green band) [7], SIMPLE (orange) [8], XENON1T (gray) [9],
PandaX-II (cyan) [10], IceCube (dashed and dotted pink) [11], and SuperK (dashed and dotted
black) [12, 13]. The indirect limits from IceCube and SuperK assume annihilation to τ leptons
(dashed) and b quarks (dotted).
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Figure 2. left side: schematic view of the PICO-40L detector. The HDPE thermal insulation
between the pressure vessel and the inner detector assembly is visible in white. Cooling coils are
outside and inside the quartz jars nested inside another. Right side: view of the inner detector
during assembly.
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PICO-40L

• Since last EAC 
much work has 
gone into assembly

• The active fluid 
was filled 

• And (briefly) 
superheated

Figure 3. Left side: View from the top showing the assembled inner vessel section of the
PICO-40L experiment. Right side: one of the first bubbles recorded with PICO-40L, bubble
highlighted by a red circle.

up detector geometry helps to deal with these particulates by allowing them to permanently
settle in the cold, inactive region of the detector.

The full geometry of the PICO-40L detector is shown in figure 2. The size and design
of the quartz vessel is identical to one used in the previous PICO-60 detector, but the
bellows component is now below the active mass and thermally isolated from the superheated
temperature (usually between 14 ◦C and 16 ◦C in C3F8). The new detector also has a much
improved clearance between the central quartz vessel and the stainless steel pressure vessel
surrounding it. PICO-60 was ultimately limited by the backgrounds created from the steel
pressure vessel and therefore could not be operated at lower thresholds or for longer times.
PICO-40L addresses this limitation by increasing the amount of hydraulic fluid that also serves
as neutron shield separating the active liquid from the mechanical and optical components of
the detector.

In order to operate PICO-40L stably the area around the glass to steel seals is kept below
–35 ◦C while the detector itself is kept warm. This requires a new thermal control system that
chills the hydraulic liquid at the bottom and a system of heaters that warm up the active part
of the detector. All components of the new detector were cleaned, assembled and the detector
was filled with active and hydraulic liquid in spring 2019. Currently the detector is undergoing
commissioning to determine the most stable operational set points and optimal trigger and
running conditions. The first bubbles have been observed, but it is too soon to make statements
about the radon induced alpha background level and surface event rates at this point.

PICO-40L will ultimately reach the sensitivity for spin dependent WIMP proton interactions
after a year of running, as shown in figure 4. Note that this is exploring parameter space that
is below the WIMP neutrino elastic scattering background level from coherent solar neutrino-
nucleus interactions on xenon.

3. Summary
In summary PICO-40L and PICO-60 have been milestones in the development of dark matter
detection with superheated liquids. The most recent PICO-60 data at 3.3 keV was background
free and PICO-40L is designed to be background free for a yearlong exposure. Next, the PICO
collaboration is pursuing the PICO-500 experiment that will push the sensitivity level of dark
matter experiments with fluorine as target by another order of magnitude to reach a sensitivity
that allows the observation of the coherent neutrino nucleus scattering also with fluorine.
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nucleation mechanism through Auger cascades. Even
residual contamination of high-Z elements will produce
Auger cascades that have a substantially larger effective
stopping power, and are thus more efficient than ionization
nucleation at creating bubbles. Auger cascade nucleation is
driven by heat, thus explaining the effectiveness of the old
nucleation model when applied to CF3I. This nucleation
channel can be eliminated in future detectors by limiting
their exposure to contaminants containing high-Z elements,
like iodine. The absence of this mechanism in C3F8
explains (for the first time) the lower achievable WIMP
thresholds compared to CF3I detectors.
The combination of these two models is able to simulta-

neously explain all existing PICO C3F8 calibration data,
despite nucleation probabilities spanning almost 10 orders
of magnitude. Measurements of ambient electron recoil
backgrounds in PICO dark matter detectors at SNOLAB
are consistent with this model when external gammas are
assumed to be the primary contribution to electron recoil
backgrounds. We apply this background model to the
predicted external gamma backgrounds in PICO-40L for
various thresholds. We choose the optimal target run
conditions of 25 psia and 13.5 °C to project limits for
the PICO-40L detector with 1.64 × 104 kg-days of expo-
sure at 2.8 keV and two background events. By exploiting
the different nucleation mechanisms of electron and nuclear

recoils, bubble chambers are thus able to maximize
sensitivity to dark matter through lower thresholds while
maintaining the excellent electron recoil rejection pre-
viously shown in PICO dark matter detectors.
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FIG. 11. Projected 90% C.L. spin-dependent WIMP-proton
exclusion (dashed blue line) for two expected background events
in PICO-40L at a 2.8 keV threshold with 1.64 × 104 kg-days of
exposure, as compared against existing limits from PICO-60
(solid blue line) [1,18], XENON1T (orange line) [58], LUX
(yellow line) [59], PandaX-II (cyan line) [60], and PICASSO
(green line) [61]. Indirect limits from IceCube (magenta) [62] and
SuperK (black) [63] are also shown assuming annihilation to τ
leptons (dotted lines) and b quarks (dashed-dotted lines). The
coherent elastic neutrino-nucleus scattering floors for xenon
(spin-dependent neutron, gray shaded) and C3F8 (no energy
resolution, orange shaded) are determined in [64]. Additional
limits from SIMPLE [65] and ANTARES [66,67] are not shown
for clarity.

FIG. 12. Projected 90% C.L. spin-independent WIMP-nucleon
exclusion (dashed blue line) for two expected background events
in PICO-40L at a 2.8 keV threshold with 1.64 × 104 kg-days of
exposure, as compared against existing limits from PICO-60
(solid blue line) [1,18], XENON1T (orange line) [68], LUX
(yellow line) [69], PandaX-II (cyan line) [60], Darkside-50 (light
green line) [70,71], DEAP-3600 (dark green line) [5], CDMSlite
(black line) [72], SuperCDMS (gray line) [73], CRESST-III
(magenta line) [4], and DAMIC-100 (red line) [7]. The coherent
elastic neutrino-nucleus scattering floors for xenon (gray shaded)
and C3F8 (no energy resolution, orange shaded) are determined in
[64]. Additional limits from PICASSO [61], Edelweiss-III [74],
and NEWS-G [6] are not shown for clarity.
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Figure 4. Projected 90% C.L. spin-dependent WIMP-proton exclusion [14] (dashed blue line)
for two expected background events in PICO-40L at a 2.8 keV threshold with 1.64 ×104 kg-
days of exposure, as compared against existing limits from PICO-60 (solid blue line) [1, 3],
XENON1T (orange line) [9], LUX (yellow line) [17], PandaX-II (cyan line) [10], and PICASSO
(green line) [7]. Indirect limits from IceCube (magenta) [11] and SuperK (black) [13] are also
shown assuming annihilation to τ leptons (dotted lines) and b quarks (dashed-dotted lines).
The coherent elastic neutrino-nucleus scattering floors for xenon (spin-dependent neutron, gray
shaded) and C3F8 (no energy resolution, orange shaded) are determined in [25].
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