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above step in a nuclear state. This step introduces a form-factor suppression (or “coherence loss”) 

analogous to that in low-energy electromagnetic scattering of electrons from nuclei, which reduces 

the cross section for heavy WIMPS and heavy nuclei. It also means that results can depend upon 

complicated calculations of nuclear wave functions, another source of uncertainty. For a more 

complete discussion of the nuclear physics of dark-matter detection, see Ref. [23]. 

An important simplification in these calculations occurs because the elastic scattering of 

dark-matter WIMPS takes place in the extreme nonrelativistic limit. In particular, the axial-vector 

current becomes an interaction between the quark spin and the WIMP spin, while the vector and 

tensor currents assume the same form as the scalar interaction. Furthermore, neutralinos do not 

have vector interactions since they are Majorana fermions. So generically, only two cases need to 

be considered: the spin-spin interaction and the scalar interaction. In the case of the spin-spin 

interaction, the WIMP couples to the spin of the nucleus; in the case of the scalar interaction, the 

WIMP couples to the mass of the nucleus. This division was recognized early by Goodman and 

Witten [9] in their seminal paper on direct detection. Since then, much work has been done, and 

several new contributions to the cross section have been found, but it is still only these two cases 

which are important. For the neutralino, both scalar and spin interactions contribute and the two 

cases will be considered separately. The complete elastic-scattering cross section is the sum of these 

two pieces. 

In the following, we will examine each type of interaction, noting the results of the microscopic 

calculations and the results of the translation to an interaction with nuclei. 

7.2. Axial-vector (spin) interaction 

The Feynman diagrams which give rise to the WIMP-nucleus axial-vector interaction are 

shown in Fig. 19. The microscopic axial-vector interaction of a neutralino with a quark q is given 

by 

-%A = d,XY%xaww > (7.1) 

where d, is a coupling which can be written in terms of the fundamental couplings of the theory as 

[9, 23, 130, 131,268, 2691 

(7.2) 

Fig. 19. Feynman diagrams contributing to the spin-dependent elastic scattering of neutralinos from quarks. 

Spin dependent
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Particle Detection with Bubble 
Chambers

• A bubble chamber is filled with a superheated fluid in meta-stable state

• Energy deposition greater than Eth in radius larger than rc from particle 
interaction will result in expanding bubble  (Seitz “Hot-Spike” Model)

• A smaller or more diffuse energy deposit will create a bubble that immediately 
collapses

• Classical Thermodynamics says:

Surface energy Latent heat
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Dark Matter Bubble Chamber
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• optical system with 
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piston, temperature 
control

Image from Wikipedia: “Bubble Chamber”
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PICO uses acoustic background discrimination



Acoustic Discrimination
• Alphas deposit their energy 

over tens of microns 

• Nuclear recoils deposit theirs 
over tens of nanometers

Daughter heavy nucleus 
(~100 keV)

Helium nucleus 
(~5 MeV)

~40 μm

~50 nm

Observable bubble ~mm
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• Radioactive particulates were suspected to be part 
of the problem after run I ended. Careful assays of 
the liquids after the end of the fill revealed 
contamination with mostly steel and silica 
particulates 

• The radioactivity of the material is not sufficient to 
explain the backgrounds observed

After Run I -
Assay



Bubble Nucleation by 
Surface Tension

• Merging of two water droplets 
releases O(1 keV) of surface 
tension energy 

• The water lowers the bubble 
nucleation threshold, so the 
released energy can nucleate 
bubbles at PICO operating 
thresholds of a few keV 

• The merging water droplets could 
be attached to solid particulate



Run II of PICO 60
• New active liquid: C3F8 

• New water system and cooler 

• New vessel, new geometry with both flange and 
vessel from synthetic quartz 

• extensive QC of cleanliness during installation 

• Four cameras, allows operation with 52kg of target 
volume



Switch to C3F8

• Probability of detecting gamma interactions in CF3I 
and in C3F8 
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• A pump-filter-heater assembly 
was constructed for detector 
cleaning 

• All plumbing in contract with 
inner vessel fluid was also 
cleaned with the system 

• All parts met MIL-STD1246C-
level 50

Detector Cleaning
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Data Taking
• Very smooth operation  at 3.3 keV threshold 

before and after the run type was switched 
to “blind running” (November 28 2016), 
acquiring a total exposure of 1167 kg days 

• Three multi bubble events were collected 
during the blind run 

• This shows that the detector materials 
are not permitting a longer run with this 
detector, unfortunately. We need a better 
setup with reduced neutron background



Acoustic Data

• Blind data talking, acoustic data was removed from data stream  

• Zero events in the nuclear recoil parameter space 

3

Dataset Efficiency (%) 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 effi-
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
coordinates are discarded. The same procedure is found
to keep 98.7 ± 0.7% of fiducial-bulk singles in the neutron
calibration data. The final efficiencies and exposure are
summarized in Table I. A total of 106 single bulk bubbles,
shown in Fig. 1, are found in the blinded WIMP search
data.

Neutrons produced by (α,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
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WIMP - Proton Exclusion
The 90% C.L. limit on 
the SD WIMP-proton 
cross section from 
PICO-60 C3F8 blue, 
along with limits from 
PICO-60 CF3I (red), 
PICO-2L (purple), 
PICASSO (green), 
SIMPLE (orange), 
PandaX-II (cyan), 
IceCube (dashed and 
dotted pink), and Su- 
perK (dashed and 
dotted black) 
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not apply acoustic or fiducial cuts, resulting in the larger
exposure shown in Table I. Instead, given 99.5 ± 0.1% ef-
ficiency to reconstruct at least one bubble in the bulk for
a multiple-bubble event, every passing event is scanned
for multiplicity. This scan reveals 3 multiple-bubble
events in the WIMP search dataset. Based on a detailed
Monte Carlo simulation, the background from neutrons is
predicted 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 [20] Monte Carlo sim-
ulation, gives a measured nucleation efficiency for elec-
tron recoil events above 3.3 keV of (1.80 ± 0.38)×10−10.
Combining this with a Monte Carlo simulation of the ex-
ternal gamma flux from [15, 21], we predict 0.026 ± 0.007
events due to electron recoils in the WIMP search expo-
sure. The background from coherent scattering of 8B
solar neutrinos is calculated to be 0.055 ± 0.007 events.
The unmasking of the acoustic data, performed after

completion of the WIMP search run, reveals that none of
the 106 single bulk bubbles are consistent with the nu-
clear recoil hypothesis defined by AP and the NN score,
as shown in Fig. 2.
We use the same procedure and calibration data de-

scribed in Ref. [8] to evaluate nucleation efficiency curves
for fluorine and carbon recoils. We adopt the standard
halo parametrization [22], with ρD=0.3 GeV c−2 cm−3,
vesc = 544 km/s, vEarth = 232 km/s, and vo = 220 km/s.
We use the effective field theory treatment and nuclear
form factors described in Refs. [23–26] to determine sensi-
tivity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M
response of Table 1 in Ref. [23], and for SD interac-
tions, we use the sum of the Σ′ and Σ′′ terms from the
same table. To implement these interactions and form
factors, we use the publicly available dmdd code pack-
age [26, 27]. The calculated limits at the 90% C.L. for
the spin-dependent WIMP-proton and spin-independent
WIMP-nucleon elastic scattering cross-sections, with no
background subtraction, as a function of WIMP mass,
are shown in Fig. 3 and 4. These limits are currently
the world-leading constraints 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.
Constraints on the effective spin-dependent WIMP-

neutron and WIMP-proton couplings an and ap are cal-
culated according to the method proposed in Ref. [28].
The expectation values for the proton and neutron spins
for the 19F nucleus are taken from Ref. [23]. 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 constraints on an and ap, in complementarity with
other dark matter search experiments that are more sen-
sitive to the WIMP-neutron coupling.
The LHC has significant sensitivity to dark matter,
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-60 C3F8 plotted in blue, along with lim-
its from PICO-60 CF3I (red) [10], PICO-2L (purple) [9],
PICASSO (green) [14], SIMPLE (orange) [33], PandaX-II
(cyan) [34], IceCube (dashed and dotted pink) [35], and Su-
perK (dashed and dotted black) [36, 37]. The indirect limits
from IceCube and SuperK assume annihilation to τ leptons
(dashed) and b quarks (dotted). The purple region represents
parameter space of the constrained minimal supersymmetric
model of [38]. Additional limits, not shown for clarity, are set
by LUX [39] and XENON100 [40] (comparable to PandaX-II)
and by ANTARES [41, 42] (comparable to IceCube).
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FIG. 4. The 90% C.L. limit on the SI WIMP-nucleon
cross-section from PICO-60 C3F8 plotted in blue, along
with limits from PICO-60 CF3I (red) [10], PICO-2L (pur-
ple) [9], LUX (yellow) [43], PandaX-II (cyan) [44], CRESST-
II (magenta) [45], and CDMS-lite (black) [46]. While we
choose to highlight this result, LUX sets the strongest lim-
its on WIMP masses greater than 6 GeV/c2. Additional
limits, not shown for clarity, are set by PICASSO [14],
XENON100 [40], DarkSide-50 [47], SuperCDMS [48], CDMS-
II [49], and Edelweiss-III [50].

C.	Amole	et	al.,	Phys.	Rev.	Lett.	118,	251301



Spin Independent
The 90% C.L. limit on 
the SI WIMP-nucleon 
cross-section from 
PICO-60 C3F8 plotted 
in blue, along with 
limits from PICO-60 
CF3I (red), PICO-2L 
(purple), LUX 
(yellow), PandaX-II 
(cyan), CRESST- II 
(magenta), and 
CDMS-lite (black).  
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not apply acoustic or fiducial cuts, resulting in the larger
exposure shown in Table I. Instead, given 99.5 ± 0.1% ef-
ficiency to reconstruct at least one bubble in the bulk for
a multiple-bubble event, every passing event is scanned
for multiplicity. This scan reveals 3 multiple-bubble
events in the WIMP search dataset. Based on a detailed
Monte Carlo simulation, the background from neutrons is
predicted to be 0.25± 0.09 (0.96± 0.34) single(multiple)-
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FIG. 4. The 90% C.L. limit on the SI WIMP-nucleon
cross-section from PICO-60 C3F8 plotted in blue, along
with limits from PICO-60 CF3I (red) [10], PICO-2L (pur-
ple) [9], LUX (yellow) [43], PandaX-II (cyan) [44], CRESST-
II (magenta) [45], and CDMS-lite (black) [46]. While we
choose to highlight this result, LUX sets the strongest lim-
its on WIMP masses greater than 6 GeV/c2. Additional
limits, not shown for clarity, are set by PICASSO [14],
XENON100 [40], DarkSide-50 [47], SuperCDMS [48], CDMS-
II [49], and Edelweiss-III [50].
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Results

Left: WIMP mass exclusion limits in comparison with accelerator results 

Right: PICO-60 constraints (blue) on the effective spin- dependent WIMP-
proton and WIMP-neutron couplings, ap and an, for a 50 GeV/c2 WIMP mass 
Also shown are results from PANDAX-II (cyan), LUX (yellow), PICO-2L 
(purple), and PICO-60 C3FI (red)
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FIG. 5. PICO-60 constraints (blue) on the effective spin-
dependent WIMP-proton and WIMP-neutron couplings, ap

and an, for a 50 GeV/c2 WIMP mass. Also shown are results
from PANDAX-II (cyan) [34], LUX (yellow) [39], PICO-2L
(purple) [9], and PICO-60 C3FI (red) [10].

but to interpret LHC searches, one must assume a spe-
cific model to generate the signal that is then looked for
in the data. This can make it difficult to compare LHC
results with direct detection experiments, as the latter
tend to be more general. The LHC Dark Matter Work-
ing Group (LHCDMWG) has made recommendations on
a set of simplified models to be used in LHC searches
and the best way to present such results [29–31]. For a
given simplified model involving a mediator exchanged
via the s-channel, there are four free parameters: the
dark matter mass mDM, the mediator mass mmed, the
universal mediator coupling to quarks gq, and the me-
diator coupling to dark matter gDM. The LHCDMWG
recommends that results of simplified model searches be
presented by plotting confidence level limits as a function
of the two mass parameters mDM and mmed for a fixed
set of couplings gq and gDM. Here, we follow the example
set by the LHCDMWG to make a direct comparison of
the sensitivity of PICO to that of CMS [32] by applying
our results to the specific case of a simplified dark mat-
ter model involving an axial-vector s-channel mediator.
Following Eq. 4.7-4.10 of Ref. [31], we find an expres-
sion for the spin-dependent cross section as a function of
those free parameters, and we invert this expression to
find mmed as a function of cross section. For this com-
parison, we assume gq = 0.25 and gDM = 1. With this
simple translation, we can plot our limits on the same
mDM −mmed plane, and the results are shown in Fig. 6.
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but to interpret LHC searches, one must assume a spe-
cific model to generate the signal that is then looked for
in the data. This can make it difficult to compare LHC
results with direct detection experiments, as the latter
tend to be more general. The LHC Dark Matter Work-
ing Group (LHCDMWG) has made recommendations on
a set of simplified models to be used in LHC searches
and the best way to present such results [29–31]. For a
given simplified model involving a mediator exchanged
via the s-channel, there are four free parameters: the
dark matter mass mDM, the mediator mass mmed, the
universal mediator coupling to quarks gq, and the me-
diator coupling to dark matter gDM. The LHCDMWG
recommends that results of simplified model searches be
presented by plotting confidence level limits as a function
of the two mass parameters mDM and mmed for a fixed
set of couplings gq and gDM. Here, we follow the example
set by the LHCDMWG to make a direct comparison of
the sensitivity of PICO to that of CMS [32] by applying
our results to the specific case of a simplified dark mat-
ter model involving an axial-vector s-channel mediator.
Following Eq. 4.7-4.10 of Ref. [31], we find an expres-
sion for the spin-dependent cross section as a function of
those free parameters, and we invert this expression to
find mmed as a function of cross section. For this com-
parison, we assume gq = 0.25 and gDM = 1. With this
simple translation, we can plot our limits on the same
mDM −mmed plane, and the results are shown in Fig. 6.

The PICO collaboration wishes to thank SNOLAB and
its staff for support through underground space, logisti-
cal and technical services. SNOLAB operations are sup-
ported by the Canada Foundation for Innovation and the
Province of Ontario Ministry of Research and Innova-
tion, with underground access provided by Vale at the
Creighton mine site. We are grateful to Kristian Hahn
and Stanislava Sevova of Northwestern University and
Björn Penning of the University of Bristol for their assis-

0 500 1000 1500 2000
Mediator mass [GeV/c2]

0

200

400

600

800

1000

W
IM

P 
m

as
s 

[G
eV

/c
2 ]

Axial-vector mediator, Dirac DM 
gq=0.25 , gDM=1

PICO-60 C3F8
CMS DM+J/V

FIG. 6. Exclusion limits at 95% C.L. in the mDM − mmed

plane. PICO-60 constraints (blue) are compared against col-
lider constraints from CMS (red) [32] for an axial-vector me-
diator using the monojet and mono-V channels.

tance and useful discussion. We wish to acknowledge
the support of the National Sciences and Engineering
Research Council of Canada (NSERC) and the Canada
Foundation for Innovation (CFI) for funding. We ac-
knowledge the support from National Science Foundation
(NSF) (Grant 0919526, 1506337, 1242637 and 1205987).
We acknowledge that this work is supported by the U.S.
Department of Energy (DOE) Office of Science, Office of
High Energy Physics (under award DE-SC-0012161), by
the DOE Office of Science Graduate Student Research
(SCGSR) award, by DGAPA-UNAM through grant PA-
PIIT No. IA100316 and CONACyT (Mexico) through
grant No. 252167, by the Department of Atomic Energy
(DAE), the Government of India, under the Center of
AstroParticle Physics II project (CAPP-II) at SAHA In-
stitute of nuclear Physics (SINP), the Czech Ministry
of Education, Youth and Sports (Grant LM2015072)
and the the Spanish Ministerio de Economı́a y Competi-
tividad, Consolider MultiDark (Grant CSD2009-00064).
This work is partially supported by the Kavli Institute
for Cosmological Physics at the University of Chicago
through NSF grant 1125897, and an endowment from the
Kavli Foundation and its founder Fred Kavli. We also
wish to acknowledge the support from Fermi National
Accelerator Laboratory under Contract No. De-AC02-
07CH11359, and Pacific Northwest National Laboratory,
which is operated by Battelle for the U.S. Department of
Energy under Contract No. DE-AC05-76RL01830.

∗ danielbaxter2013@u.northwestern.edu
† ggiroux@owl.phy.queensu.ca

[1] K.A. Olive et al. (Particle Data Group), Chinese Phys.
C38, 090001 (2014).

[2] E. Komatsu et al., Astroph. J. Suppl. 180, 330 (2009)
and refs. therein.

[3] G. Jungman, M. Kamionkowski, and K. Griest, Phys.

C.	Amole	et	al.,	Phys.	Rev.	Lett.	118,	251301



Post PRL Work
• PICO 60 ran from February to June to develop faster 

frame acquisition (see talk by P. Mitra from yesterday) and 

• The detector was operated at lower thresholds (with fast 
camera operation) between March and June. Another 
month of blind data was taken at 2.3 keV threshold. The 
analysis of this data set is not complete. Expect another 
PICO result soon 

• The new analysis is aiming to include improved fiducial 
volume, improved threshold curves from calibration work 
and the low threshold data set  
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PICO 40L - “Right Side Up”
• To eliminate the water as source of 

background events, an inverted 
chamber without any buffer liquid was 
developed 

• This chamber will be deployed at 
SNOLAB in 2017 to explore the ultimate 
sensitivity of a 40 litre chamber  

• This design also incorporates various  
improvements based on the PICO 60 
operational experience
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• PICO 40L parts are arriving at SNOLAB  

• The detector is expected to be 
operational by the end of the year 2017 

• The system is expected to 
demonstrate better operational 
stability due to the absence of water 

• The neutron background will be 
significantly reduced due to the 
larger new pressure vessel 

• PICO 40L is expected to run for 
about two years at SNOLAB
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• PICO 40L parts are arriving at SNOLAB  

• The detector is expected to be 
operational by the end of the year 2017 

• The system is expected to 
demonstrate better operational 
stability due to the absence of water 

• The neutron background will be 
significantly reduced due to the 
larger new pressure vessel 

• PICO 40L is expected to run for 
about two years at SNOLAB

For details see talk by S. Fallows from yesterday



Next Up: PICO 500
• PICO 500 will explore the ultimate sensitivity of a low background 

bubble chamber 

• It will be located at SNOLAB 

• Development on the engineering  
of this detector has started
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Summary 
• PICO 60 stopped data taking four weeks ago 

• The system performed exceptionally well 

• Blind analysis for this data set puts PICO results at a fundamentally different 
level of significance compared to previous work 

• The stable operation of the detector at at a threshold as low as 1.1 keV is a 
significant step forward. The analysis of the final data is going on, expect 
another PICO publication soon  

• PICO 40L will be installed in the coming months  

• Lower backgrounds will push the SD limit even lower with a year of exposure 

• This detector will serve as verification of the “right-side-up” detector and as 
testbed for PICO 500 

• We are getting ready for PICO 500, construction should start in 2018
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