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• The PICO bubble chamber programme:  
     dark matter direct detection with superheated fluids 

• PICO-60 C3F8 — final WIMP-search results, enabled by: 

• Stable low-event-rate operation at high degrees of superheat 

• Low-energy nuclear recoil calibrations to characterize details of 
threshold for bubble nucleation 

• Successor chambers:  
     PICO-40L — commissioning now, data in May; demonstrator for— 
     PICO-500 — fully funded tonne-scale detector



pico programme overview
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PICO	

PICO-2L 
C3F8

PICO-60 
CF3I, C3F8
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• PICO (not an acronym) — 2012 merger of the  
PICASSO and COUPP collaborations 

• Small surface test chambers at Université de 
Montréal, Queen’s University, Northwestern, 
Drexel, NEIU (for threshold calibration, etc.) 

• PICO-2L C3F8 (2014–17) 
  C. Amole et al., PRL 114, 231302 (2015) 
  C. Amole et al., PRD 93, 061101 (2016) 

• PICO-60 CF3I (2013)  
   C. Amole et al., PRD 93, 061101 (2016) 
 
PICO-60 C3F8 (2016–17) 
  C. Amole et al., PRL 118, 251301 (2017) 
  C. Amole et al., arXiv:1902.04031 (2019) 

• PICO-40L (2018–20) 

• PICO-500 (~2019+) 

(this result)

PICO-40L
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target: superheated fluid
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compressed	

expanded	

superheated	

(plot credit: Eric Dahl)

1. Lower pressure in target liquid until it is in metastable superheated state  
2. Sufficiently dense energy deposition nucleates small bubble that grows to visible size  
 

3. Cameras watch for visible bubble(s) and issue the primary trigger, begin recompression



acoustic discrimination
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• Acoustic discrimination against alpha decays 
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

Multiple radiating bubbles

neutrons alphas
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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 vo = 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 an and ap 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 an � ap plane is shown for a 50 GeV c�2 WIMP in
Fig. 5. We find that PICO-60 C3F8 improves the con-
straints on an and ap, 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
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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.
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due to electron recoils in the WIMP search exposure. The
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curves for fluorine and carbon nuclear recoils as found in
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vEarth = 232 km/s, and vo = 220 km/s. We use the e↵ec-
tive field theory treatment and nuclear form factors de-
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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-
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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 an and ap 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 an � ap plane is shown for a 50 GeV c�2 WIMP in
Fig. 5. We find that PICO-60 C3F8 improves the con-
straints on an and ap, 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



backgrounds summary

• Gammas/betas: 


• dE/dx threshold in superheated detectors affords “intrinsic”  
rejection ~10-10 for typical PICO energy thresholds in C3F8 

• Alpha decays (U/Th chain):


• large acoustic signals enable discrimination at >99.4% (stats. limited) 

• Neutrons:


• reject multiple scatters visually, veto detector-adjacent cosmogenics, 
minimize other sources (extensive material screening, shielding)
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pico-60 apparatus
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pico-60 initial physics data

• 30 live-day run at 3.3 keV: 
background-free 1167 kg-day blind 
WIMP-search exposure  

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

• Saw 3 multi-bubble events: 
signature of neutron background  

• Further exposure at 3.3 keV 
expected to be background limited, 
but before decommissioning for 
PICO-40L, reduce threshold…
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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 vo = 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 an and ap 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 an � ap plane is shown for a 50 GeV c�2 WIMP in
Fig. 5. We find that PICO-60 C3F8 improves the con-
straints on an and ap, 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
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*C. Amole et al., Phys. Rev. Lett. 118, 251301 (2017)
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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.
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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 vo = 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-
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results.
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Fig. 5. We find that PICO-60 C3F8 improves the con-
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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 an and ap 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 an � ap plane is shown for a 50 GeV c�2 WIMP in
Fig. 5. We find that PICO-60 C3F8 improves the con-
straints on an and ap, 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

0 candidates



pico-60 low-threshold
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T (�C) P (psia) Seitz threshold, ET (keV) Livetime (d) Exposure (kg-d)
19.9 25.5 1.20± 0.1(exp)± 0.1(th) 0.21 8.2
19.9 34.3 1.58± 0.1(exp)± 0.1(th) 1.29 50.3
15.9 21.7 1.81± 0.1(exp)± 0.2(th) 7.04 311

15.9 30.5 2.45± 0.1(exp)± 0.2(th) 29.95 1404
13.9 30.2 3.29± 0.1(exp)± 0.2(th) 29.96 1167 [14]

TABLE I. Details of the four new operating conditions and their associated exposures, as well as the original set of condi-
tions used in [14]. The two blind exposures are grouped in the lower rows. The experimental uncertainty on the threshold
comes from uncertainties on the temperature (0.1 �C) and pressure (0.3 psi), while the theoretical uncertainty comes from the
thermodynamic properties of C3F8 including the surface tension, and dominated by uncertainty in the Tolman length [35].

FIG. 1. The PICO-60 detector as configured for its operation
with C3F8. The full volume of target fluid is stereoscopically
imaged by two columns of two cameras each.

pre-physics background data were used to finalize cuts126

and e�ciencies for bulk single recoil event candidates in127

an unbiased way. After this analysis was frozen, acous-128

tic information for the physics dataset was processed and129

the acceptance region was examined.130

For the three lowest thresholds (1.20, 1.58, 1.81 keV),131

acoustic information was never blinded, and a full anal-132

ysis not performed, as these datasets were always ex-133

pected to contain many gamma-induced recoils indistin-134

guishable from nuclear recoils by their acoustic signals.135

Furthermore, these lowest thresholds are not supported136

by comprehensive nuclear recoil calibrations in C3F8 as137

introduced for the thresholds of the blind exposures in138

Sec. III. These datasets thus act primarily as a confirma-139

tion of the ability to operate a bubble chamber stably at140

very low thresholds, maintaining the superheated state141

for periods on the order of minutes, and are not included142

in the WIMP-search analysis.143

III. BUBBLE NUCLEATION THRESHOLD144

The e�ciency with which nuclear recoils nucleate bub-145

bles is measured with a suite of neutron calibration ex-146

periments, to which fluorine and carbon e�ciency curves147

at each threshold are fit to monotonically increasing,148

piecewise linear functions. Well-defined resonances in149

the 51V(p,n)51Cr reaction are used to produce monoen-150

ergetic 50, 61, and 97 keV neutrons directed at a ⇠30-ml151

C3F8 bubble chamber at the Tandem Van de Graa↵ fa-152

cility at the Université de Montréal. An SbBe neutron153

source is also deployed adjacent to the ⇠30-ml bubble154

chamber, and an AmBe neutron source adjacent to the155

PICO-2L chamber [9]. The initial C3F8 calibration pre-156

sented in Ref. [9] and used for the first PICO-60 C3F8 re-157

sult [14] is refined in this analysis with additional calibra-158

tion data. Datasets have been extended for 61 and 97 keV159

neutron beams and the 50 keV neutron beam dataset is160

entirely new, as is the SbBe source, a gamma-induced161

neutron source that primarily produces monoenergetic162

24 keV neutrons. Calibrations were performed at a va-163

riety of thermodynamic thresholds, with selected results164

shown in Figure 2, along with the prediction for the best-165

fit e�ciency model.166

Each of the neutron calibration experiments is simu-167

lated in MCNP [25] or Geant4 [26], using di↵erential cross168

sections for elastic scattering on fluorine from Ref. [27].169

The calibration data is fit using the emcee [28] Markov170

Chain Monte Carlo (MCMC) python code package. The171

output of the fitting is a distribution of sets of four e�-172

ciency curves (fluorine and carbon curves at each of the173

2.45 and 3.29 keV thresholds) with associated likelihoods174

(Fig. 3). The addition of the new lower-energy neutron175

datasets supports tighter constraints on the low-energy176

part of the e�ciency curves than previously reported, re-177

sulting in increased sensitivity to low-mass WIMPs. A178

Non-WIMP-search 
never blinded; used to study sensitivity to gamma-induced events*

Combined blinded WIMP-search 
second blind run at 2.45 keV initiated when low background rate observed

*see D. Baxter, IDM 2018

(new)

(PRL 2017)



pre-unblinding event selection

• Data quality cuts: 99.9% efficient 

• Single-bubble selection: 98.7% efficient 

• AP cut: 97.4% efficient on bulk single-
bubble γ/nuclear recoil calibration 
events 

• No neural network acoustic cut used 
here (unlike PRL 2017), but methods in 
development* for future detectors 

• Increase in acoustic selection acceptance 
contributes 12% exposure increase
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*B. Matusch et al., arXiv:1811.11308 

Neutron and γ calibration data at 2.45 keV

https://arxiv.org/abs/1811.11308


blind acoustics
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Neutron and γ calibration data at 2.45 keV

defined AP acceptance window: (µ - 3σ, µ + 2σ)



post-unblinding acoustics
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fiducial volume increase

More advanced optical reconstruction: 

• Bubble tracking for up to 30 ms after 
appearance allows accurate wall-
event tagging by track zenith angle 

• Finer sub-pixel resolution in lookup 
table from ray-tracing 

• Automatic inner vessel motion 
correction added 

Enables a ~7% increase in fiducial mass 
from 45.7 kg to 48.8 kg (88 to 94%)
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camera timing agreement cut  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Grey: wall/surface 
Red: fiducial alphas 
Blue: WIMP candidates

(fixed while still blinded)



efficiency-corrected exposure
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3.3 keV: 1167 kg-days    [C. Amole et al., PRL 118, 251301 (2017)]

2.45 keV: 1404 kg-days    [+20%, this result, arXiv:1902.04031]

Dataset Efficiency (%) Fiducial Mass (kg) Exposure (kg-days) # 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

Dataset Efficiency (%) Fiducial Mass (kg) Exposure (kg-days) # events

Singles 95.9 ± 2.6 48.8 ± 0.8 1404 ± 62 3

Multiples 99.9 ± 0.1 52.0 ± 0.1 1556 ± 4 2

https://arxiv.org/abs/1902.04031


bubble nucleation efficiency
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current data only weakly constrain  
sensitivity below ~4 keV 

MCMC fit using multiplicity in surface (UdeM) mono-energetic neutron calibration data



exclusion limit: sd wimp-proton
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exclusion limit: si wimp-nucleon
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current chamber: pico-40l

• Similar to PICO-60, but inverted orientation 

• Larger pressure vessel – reduced neutron backgrounds 

• No water buffer – two quartz jars attached to bellows 
to control pressure 

• Thermal gradient maintained with heaters, cooling 
coils, and HDPE insulation 

• Active recirculation/purification of the C3F8 target 

• Designed to allow for one year of background-free 
running: order of mag. improvement on PICO-60 

• Commissioning now; data-taking summer 2019
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next chamber: pico-500
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*T. Kozynets et al., Astroparticle Phys. 105 (2019) 25–30 

• Fully funded tonne-scale chamber — 
with funding now accessible 

• Currently in design and early 
procurement phases 

• Work underground at SNOLAB is 
scheduled to start at the end of 2019 

• WIMP sensitivity at another order of 
magnitude beyond PICO-40L  

• Big enough to see 10 kpc SN neutrinos*

SNOLAB Cube Hall,  
next to DEAP-3600

https://arxiv.org/abs/1806.01417


next chamber: pico-500
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• Fully funded tonne-scale chamber — 
with funding now accessible 

• Currently in design and early 
procurement phases 

• Work underground at SNOLAB is 
scheduled to start at the end of 2019 

• WIMP sensitivity at another order of 
magnitude beyond PICO-40L  

• Big enough to see 10 kpc SN neutrinos*

*T. Kozynets et al., Astroparticle Phys. 105 (2019) 25–30 

https://arxiv.org/abs/1806.01417


pico-500 wimp-search reach
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• Designed for at least an 
additional order of magnitude 
sensitivity beyond PICO-40L 

• Initially planned/budgeted to run 
C3F8 – but can maintain flexibility 
to future target changes (i.e. CF3I 
or hydrocarbons like C2H2F4) to 
probe higher/lower mass or 
reduce a WIMP signal in a 
predictable way 

• Begin to see a possible path from 
setting limits toward discovery 10 1 10 2 10 3
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pico-500 reach in context
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SD WIMP-proton/-neutron combined projections

PRL

complementarity 
with xenon

lots of room left above 
the C3F8 neutrino floor



conclusions and outlook

• PICO-60’s complete exposure, while just background-limited, sets 
the best SD WIMP-proton limit from direct detection to date 

• Low-threshold stability demonstrates potential for future 
chambers to run at lower thresholds, probe lower WIMP masses  

• New calibration data at lower thresholds/nuclear recoil 
energies are required to fully exploit this sensitivity 

• PICO-40L to begin taking data this summer 

• PICO-500 installation to begin end of 2019
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Extra slides
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background estimates
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Seitz threshold Neutron Gamma CEνNS Total

2.45 keV (0.8 ± 0.4) (0.12 ± 0.02) (0.10 ± 0.02) (1.0 ± 0.4)



gamma rejection
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Choose thermodynamic parameters for  
sensitivity to nuclear recoils, but not electron recoils



gamma rejection (old model)
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We can set the threshold 
on dE/dx  (ET/rc)
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(Dan Baxter, Conference on Science at SURF, May 14, 2017)

Aim for this level for 1-year exposure



mcmc: goodness of fit
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