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WIMP Dark Matter Detector Wish List 
•  Zero background. 
 
•  Large target mass (>1 ton for next generation) 

•  Low energy threshold. (~ 10 keV for standard WIMPs, ~ 
2 keV for current light WIMP models) 

•  Multiple target nuclei-  test expected cross section 
dependences on atomic number and nuclear spin.  

 
•  Measure nuclear recoil energies.  

•  Measure nuclear recoil direction.  
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•  Zero background? TBD. See rest of talk 

•  Large target mass (>1 ton for next generation)  ✔

•  Low energy threshold. ✔

•  Multiple target nuclei-  test expected cross section 

dependences on atomic number and nuclear spin. ✔ 
Fluorine, Iodine, Chlorine, Xenon, Argon, Bromine, Hydrogen… 

•  Measure nuclear recoil energies. Yes, by varying threshold 
  
•  Measure nuclear recoil direction. Sorry  
 
 

Bubble	  Chambers?	  
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Gamma Insensitivity: Current Data 
Bubble	  nucleaKon	  probability	  for	  a	  gamma	  interacKon	  in	  C3F8	  or	  CF3I	  
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Acoustic Discrimination: Alphas vs Nuclear Recoils 
• 	  Bubble	  nucleaKon	  detected	  acousKcally	  with	  piezoelectric	  sensors.	  	  
• 	  Surprise	  discovery	  in	  PICASSO	  superheated	  droplet	  detectors:	  
alphas	  louder	  than	  nuclear	  recoils!	  	  (PICASSO,	  2008)	  
• 	  Followup	  measurement	  in	  COUPP	  bubble	  chambers	  showed	  same	  
effect,	  with	  much	  be,er	  separaKon	  of	  alpha	  and	  recoil	  populaKons.	  	  

alphas	  

neutrons	  
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PICASSO	  (2008)	   COUPP	  (2012)	  
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PICO-‐60	  

PICO-‐2L	  
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PICO-‐2L	  (2	  Liters)	  
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PICO-‐60	  (40	  Liters)	  



PICO-‐60	  2013-‐2014	  Physics	  Run	  
•  Target:	  37	  kg	  CF3I.	  SensiKvity	  to	  spin-‐independent	  
WIMP-‐nucleon	  couplings	  on	  Iodine;	  spin-‐
dependent	  on	  Fluorine.	  

•  93	  live	  day	  effecKve	  exposure	  beginning	  June	  
2013.	  

•  Different	  operaKng	  modes	  explored:	  fixed	  
threshold	  points	  (temperature,	  pressure),	  
threshold	  scans	  from	  7	  keV	  to	  30	  keV.	  

•  Extensive	  neutron	  calibraKon	  data.	  
•  Run	  was	  ended	  in	  May	  ’14	  to	  allow	  inspecKon	  of	  
detector	  and	  fluids	  for	  parKculate	  contaminaKon.	  
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PublicaKon:	  ArXiv:1510.07754	  



	  AcousKc	  DistribuKon	  in	  PICO-‐60	  
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Recoil-‐	  like	  background	  

AcousKc	  Power	  Parameter	  

CalibraKon	  neutrons	  

Alpha	  background	  

20%	  excess	  acousKc	  power	  
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Anomalous	  Background	  Events	  

•  ∼20%	  excess	  acousKc	  power	  
•  Non-‐uniform	  spaKal	  
distribuKon,	  with	  highest	  rates	  
near	  top	  and	  walls	  of	  chamber.	  	  

•  FluctuaKng	  rate	  from	  	  ∼10-‐100	  
counts	  per	  day	  (2111	  events	  
total).	  

•  Highest	  rates	  during	  periods	  of	  
temperature	  instability.	  

•  Highest	  rates	  at	  beginning	  of	  
bubble	  chamber	  expansion	  
cycle.	  

	  
12	  



Expansion	  Time	  Dependence	  
8
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FIG. 8. (Color online) Event rate of the non-alpha back-
ground events (black) and alpha events (red) as a function of
the length of time the chamber was in an expanded state. The
rate is calculated for intervals of expansion time indicated by
the horizontal error bars; the rates measured in neighboring
bins are uncorrelated. A dark matter signal would be flat;
by contrast, the background events cluster at early expansion
times. Although a fraction of alpha decays do have timing
correlations relevant on these scales (the 218Po decays), the
total alpha distribution is dominated by the uncorrelated de-
cays, nearly flat in expansion time, and can be viewed as a
rough proxy for a dark matter signal. We include the alpha
distribution here to show that systematic e↵ects cannot ac-
count for the distribution of the background events.

AP, position and expansion time; for example, events
that occur at long expansion times tend to have higher
AP values and be located at higher Z. The background
event rate is also sensitive to rapid changes in the tem-
perature of the active fluid.

Combinations of cuts on AP
high

, expansion time, dis-
tance to the CF

3

I surface, and distance to the jar wall
can be used to e�ciently remove background events while
retaining a large fraction of the WIMP exposure. A cut
optimization method, used previously in [14] and based
closely on the optimum interval method [33], is used to
provide an unbiased upper limit on the rate of dark mat-
ter interactions in the detector. This method provides
a statistical framework for optimizing a set of free cut
parameters on the dark-matter search data to derive the
most stringent upper limit. It allows for background re-
jection without an explicit model for the background and
is appropriate in cases where the cut variables provide
discrimination against poorly known backgrounds, as is
the case for PICO-60. The method is described in detail
in the Appendix.

After performing the cut optimization, the final cuts
on the four discriminating variables are as follows:

• 0.7 < AP
high

< 1.020

• Expansion time > 45.7 s

• Distance to the surface, Zsurf > 67.8 mm (Z <

118.2 mm)

FIG. 9. (Color online) Two-dimensional histogram of bubble
location (R2/R

jar

vs Z). The left-hand plot shows all alpha
events while the right-hand plot shows the background events.
A dark matter signal would be isotropic in these units. As a
proxy for a dark matter signal, the alphas are more uniformly
distributed in the jar than the background events, which are
concentrated along the walls and near the interface.

• Distance to jar wall, Dwall > 5.4 mm (R2/R
jar

<

133.4 mm in the cylindrical part of the jar)

C. Final Cut Acceptance

The final cut optimization depends on understanding
the signal acceptance. The acceptances of the fiducial
volume and expansion time cuts are easily derived (as a
WIMP signal would populate those variables uniformly),
but the AP

high

cut acceptance has a larger uncertainty.
The AP acceptance uncertainty depends on the quality
of the calibration data, especially as the acoustic condi-
tions vary with time and expansion pressure. In previous
analyses, the acoustic cut was set far from the median of
the AP distribution [10, 14], but this analysis requires
an acoustic cut set close to the median, rendering the re-
sult more susceptible to drifts in the normalization. The
largest systematic comes from time variations of 3% in
the median of AP

high

, leading to an uncertainty on the
cut acceptance of 12%. This variation is observed in both
the calibration data and in the two peaks in the WIMP
search data (alphas and background events).
There are two other leading sources of error. The first

is uncertainty on the position corrections used to cal-
culate AP

high

, as the neutron source does not produce
a spatially uniform distribution of events. The second is
background contamination in the calibration data. These
e↵ects add about 7% to the uncertainty of the accep-
tance. Changes in acceptance as a function of pressure

•  Probability	  of	  seeing	  a	  background	  event	  decreases	  the	  longer	  
the	  chamber	  is	  expanded.	  
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OpKmizaKon	  of	  Cuts	  

0 50 100 150
−150

−100

−50

0

50

100

150

200

R2/R
jar

 [mm]

Z
 [

m
m

]

A	  background	  free	  region	  with	  48%	  signal	  acceptance	  
by	  cuing	  on	  AP,	  expansion	  Kme,	  and	  Z	  	  

•  Combined	  cuts	  on	  posiKon,	  expansion	  Kme	  and	  acousKc	  
amplitude	  yield	  background	  free	  region.	  

•  Monte	  Carlo	  methods	  used	  to	  esKmate	  sensiKvity.	  See	  arXiv:
1510.07754	  
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Looking	  for	  Dust	  with	  Microscopes	  
•  Temporal	  and	  spaKal	  distribuKon	  of	  

background	  suggests	  parKculate	  origin.	  
•  To	  test:	  Liquids	  passed	  through	  Teflon	  

filters	  with	  200	  nm	  pore	  size.	  
•  Studied	  using	  opKcal	  and	  electron	  

microscopy,	  X-‐ray	  fluorescence,	  Alpha	  
spectroscopy,	  mass	  spectroscopy	  at	  PNNL	  
and	  University	  of	  Alberta.	  

•  Result:	  majority	  of	  contaminaKon	  from	  
quartz	  and	  stainless	  steel	  materials	  used	  
in	  chamber	  construcKon.	  

•  PICO-‐60	  sample:	  
–  7	  µg	  quartz	  parKcles	  
–  240	  µg	  stainless	  steel	  and	  iron	  oxide	  	  
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Figure 2: (Top) A part of the PICO-2L filter as imaged by a Keyance optical
microscope at x1000. (Above) A histogram of the particulates by size.

4

OpKcal	  microscopy–	  stainless	  
steel	  and	  quartz	  parKcles,	  5	  µm	  
resoluKon	  

Figure 10: (Left) A flake of gold, mixed with silver imaged at PNNL. (Right)
A similar flake, imaged at the University of Alberta

Figure 11: A silica piece from COUPP-60. Note the scale on the image - the
piece is only a micron in size

2.2.3 Radiacwash Blank

Very few particulates were observed on this filter. Most of the particulates
were at the 10 µm scale, likely introduced during handling. Identification of
individual particulates will be presented in later updates of this document.

11

Electron	  micrograph	  of	  quartz	  parKcle	  
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PICO-‐2L	  2013-‐2014	  Run	  
•  Smaller	  PICO-‐2L	  chamber	  running	  

with	  C3F8	  and	  low	  threshold	  (3.2	  
keV).	  

•  Be,er	  sensiKvity	  to	  lighter	  
WIMPs.	  

•  Lower	  backgrounds:	  9	  background	  
events	  in	  32	  live	  days	  at	  3.2	  keV.	  

•  Time	  correlaKons	  with	  previous	  
expansions.	  
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Run-1 Results

• 9 background events seen in 
signal region after AP cut 

• Time correlations with previous 
expansions: not neutrons, and 
not DM, so what is the source? 

• Particulate radioactivity? –  
Found steel and quartz by  
SEM/EDX, but not enough U/Th 
in ICP-MS to fully account for 
these events

11
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events are not treated as evidence for a dark matter sig-
nal but instead as an unknown background. Studies are
now underway to test hypotheses for the source of these
events.
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FIG. 5: (Color Online) The cumulative distribution func-
tion (CDF) of the time-to-previous-non-timeout (TPNT) for
events with random timing (simulated WIMP-like events) and
the 3.2 keV candidate events. The two distributions are not
consistent with each other.

The correlation of the candidate events with previ-
ous bubbles can be used to set a stronger constraint on
WIMP-nucleon scattering by applying a cut on TPNT.
Since there is no valid basis for setting the cut value a

priori, a method based closely on the optimum interval
method [22] is used to provide a true upper limit with
TPNT cuts for each WIMP mass optimized simultane-
ously over all four operating thresholds. The optimum
cuts remove all 12 candidate events at each WIMP mass,
while retaining 49–63% of the e�ciency weighted expo-
sure, with the range due to changes in the relative weight-
ing of the four threshold conditions for di↵erent WIMP
masses. If the optimum cuts had simply been set a pos-

teriori, without applying the tuning penalty inherent in
the optimization method, the cross section limits would
be a factor of 1.2–2.4 lower than reported here, with the
bigger factor applying to higher WIMP masses.

The limit calculations assume the standard halo pa-
rameterization [23], with ⇢D = 0.3 GeV c�2 cm�3,
vesc = 544 km/s, vEarth = 232 km/s, v0 = 220 km/s,
and the spin-dependent parameters from [24], and the re-
sulting 90% C.L. limit plots for spin-independent WIMP-
nucleon and spin-dependent WIMP-proton cross-sections
are presented in Figs. 7 and 6. Using the same pa-
rameters as in [23] would yield approximately 5 � 20%
stronger limits depending on the WIMP mass. The re-
sults shown here represent the most stringent constraint
on SD WIMP-proton scattering from a direct detection
experiment and the first time supersymmetric parameter
space has been probed by direct detection in the SD-
proton channel (e.g. the purple region, taken from [30]).

The PICO Collaboration would like to thank SNO-
LAB and its sta↵ for providing an exceptional under-
ground laboratory space and invaluable technical sup-
port. This material is based upon work supported by
the U.S. Department of Energy, O�ce of Science, O�ce
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FIG. 6: (Color online) The 90% C.L. limit on the SD
WIMP-proton cross section from PICO-2L is plotted in red,
along with limits from COUPP (light blue region), PICASSO
(dark blue), SIMPLE (green), XENON100 (orange), Ice-
Cube (dashed and solid pink), SuperK (dashed and solid
black), CMS (dashed orange), and ATLAS (dashed pur-
ple) [7, 9, 10, 25–29]. For the IceCube and SuperK results, the
dashed lines assume annihilation to W-pairs while the solid
lines assume annihilation to b-quarks. Comparable limits as-
suming these and other annihilation channels are set by the
ANTARES, Baikal and Baksan neutrino telescopes [31–33].
The CMS and ATLAS limits assume an e↵ective field the-
ory, valid for a heavy mediator. The purple region represents
parameter space of the CMSSM model of [30].
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FIG. 7: (Color online) The 90% C.L. limit on the SI WIMP-
nucleon cross section from PICO-2L is plotted in red, along
with limits from PICASSO (blue), LUX (black), CDMS-lite
and SuperCDMS (dashed purple) [9, 34–36]. Similar lim-
its that are not shown for clarity are set by XENON10,
XENON100 and CRESST-II [37–39]. Allowed regions from
DAMA (hashed brown), CoGeNT (solid green), and CDMS-
Si (hashed pink) are also shown [40–42].

3

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

Time	  Since	  Previous	  Bubble	  [s]	  



New:	  PICO-‐2L	  2015	  Run	  
•  Improved	  cleaning	  and	  assembly	  

procedures.	  
•  Higher	  purity	  quartz	  inner	  

vessel.	  
•  One	  recoil-‐like	  event	  in	  66	  live	  

days	  at	  3.2	  keV	  threshold,	  
consistent	  with	  es+mated	  
neutron	  rate.	  

•  	  Anomalous	  background	  
reduced	  by	  at	  least	  an	  order	  of	  
magnitude	  with	  respect	  to	  
previous	  run	  at	  same	  threshold.	  
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PICO-‐	  Spin	  Dependent	  SensiKvity	  

18	  

! 3!

!
Figure! 1.! Limits! on! spin&dependent! WIMP&proton! cross! sections! for! recent!
runs!of!PICO&2L![1]!and!PICO&60![2].!The!green!line!labeled!“PICO62L!Run62”!is!a!
preliminary,!unpublished!result!from!a!June!6!September,!2015!run.!The!blue!dashed!
line! shows! a! sensitivity! projection! for! the! 201662017! PICO660! run! (8000! kg6days!
exposure).! For! the! IceCube! and! SuperK! results,! the! limits! shown! assume!
annihilation!to!W!–pairs.!The!CMS!limit! is! from!a!mono6jet!search!and!assumes!an!
effective!field!theory!valid!only!for!a!heavy!mediator.!!

Figure 2. Published spin-independent limits from PICO-2L (left)at low mass and 
PICO-60 (right) at high mass.  

101 102 103 10410−41

10−40

10−39

10−38

10−37

COUPP−4 (2012)

cMSSM

Ice
Cu

be

Super−K

CMS

SIMPLE

XENON100PICASSO (2012)

PICO−60
PICO−2L Run−1

PICO−2L Run−2

PICO−60 C3F8

WIMP mass [GeV/c2]

SD
 W

IM
P−

pr
ot

on
 c

ro
ss

 s
ec

tio
n 

[c
m

2 ]

9

0 10 20 30 40 50
0

10

20

30

40

50

Expansion time bin (equal exposure)

A
P

 b
in

 (
e

q
u

a
l e

xp
o

su
re

)

 

 

0

5

10

15

20

25

30

FIG. 10. (Color online) A two-dimensional histogram of
AP

high

and expansion time after applying the optimum fidu-
cial cuts, divided into bins of equal exposure to dark matter
(i.e. a dark matter signal would appear uniform in the his-
togram). All the background events populate the left and top
of the histogram. The optimum cuts are represented by the
red rectangle.
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FIG. 11. (Color online) The 90% C.L. limit on the SI
WIMP-nucleon cross section from PICO-60 is plotted in blue,
along with limits from COUPP (light blue), LUX (black),
XENON100 (orange), DarkSide-50 (green), and the reanaly-
sis of CDMS-II (magenta) [10, 40–43].

form factors described in [35–38] to determine sensitiv-
ity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M re-
sponse of Table 1 in [35], and for SD interactions, we
use the sum of the ⌃0 and ⌃00 terms from the same ta-
ble. To implement these interactions and form factors,
we use the publicly available dmdd code package [38, 39].
The resulting 90% C.L. limit plots for spin-independent
WIMP-nucleon and spin-dependent WIMP-proton cross-
sections are presented in Figs. 11 and 12.
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FIG. 12. (Color online) The 90% C.L. limit on the SD WIMP-
proton cross section from PICO-60 is plotted in blue, along
with limits from PICO-2L (red), COUPP (light blue region),
PICASSO (dark blue), SIMPLE (green), XENON100 (or-
ange), IceCube (dashed and solid pink), SuperK (dashed and
solid black) and CMS (dashed orange), [10, 12, 13, 44–48].
For the IceCube and SuperK results, the dashed lines assume
annihilation to W -pairs while the solid lines assume annihila-
tion to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
Baksan neutrino telescopes [49–51]. The CMS limit is from
a mono-jet search and assumes an e↵ective field theory, valid
only for a heavy mediator [52, 53]. Comparable limits are set
by ATLAS [54, 55]. The purple region represents parameter
space of the CMSSM model of [56].

VII. DISCUSSION

Despite the presence of a population of unknown ori-
gin in the dataset, the combination of the discriminat-
ing variables results in a large total exposure with zero
dark matter candidates. The SD-proton reach of bubble
chambers remains unmatched in the field of direct detec-
tion, significantly constraining CMSSM model parameter
space.

The leading hypothesis for the source of the back-
ground events is particulate contamination. An alpha
decay from an atom embedded in a small dust particle
can result in a partial alpha track into the fluid with the
daughter nucleus remaining in the particle, and such a
track could provide the acoustic signature observed in the
background events [26]. The timing and spatial distribu-
tions suggest convection currents as a potential source of
particle movement, and particulate spike runs in a test
chamber have shown that particulates do collect on the
interfaces. Additionally, assays of the fluids taken after
the run discovered many particulates with composition
matching the wetted surfaces of the inner volume, as well
as elevated levels of thorium in the chamber. A future run
of PICO-60 with C

3

F
8

will include upgrades to allow for
improved cleaning of the glass and metal surfaces before

5

ter signal but instead as an unknown background. Stud-
ies are now underway to test hypotheses for the source
of these events.
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FIG. 5: The CDF of the time to previous non-timeout
(TPNT) for events with random timing (simulated WIMP-
like events) and the 3.2 keV candidate events. The two dis-
tributions are not consistent with each other.

The correlation of the candidate events with previ-
ous bubbles can be used to set a stronger constraint on
WIMP-nucleon scattering by applying a cut on TPNT.
Since there is no valid basis for setting the cut value a

priori, a method based closely on the optimum interval
method [22] is used to provide a true upper limit with
TPNT cuts for each WIMP mass optimized simultane-
ously over all four operating thresholds. The optimum
cuts remove all 12 candidate events at each WIMP mass,
while retaining 49–63% of the e�ciency weighted expo-
sure, with the range due to changes in the relative weight-
ing of the four threshold conditions for di↵erent WIMP
masses. If the optimum cuts had simply been set a pos-

teriori, without applying the tuning penalty inherent in
the optimization method, the cross section limits would
be a factor of 1.2–2.4 lower than reported here, with the
bigger factor applying to higher WIMP masses.

The limit calculations assume the standard halo
parametrization [23], with ⇢D = 0.3 GeV c�2 cm�3,
vesc = 544 km/s, vEarth = 232 km/s, v0 = 220 km/s,
and the spin-dependent parameters from [24], and the re-
sulting 90% C.L. limit plots for spin-independent WIMP-
nucleon and spin-dependent WIMP-proton cross sections
are presented in Figs. 7 and 6. Using the same pa-
rameters as in [23] would yield approximately 5 � 20%
stronger limits depending on the WIMP mass. The re-
sults shown here represent the most stringent constraint
on SD WIMP-proton scattering from a direct detection
experiment and the first time supersymmetric parameter
space has been probed by direct detection in the SD-
proton channel (e.g. the purple region, taken from [30]).

The PICO Collaboration would like to thank SNO-
LAB and its sta↵ for providing an exceptional under-
ground laboratory space and invaluable technical sup-
port. This material is based upon work supported by
the U.S. Department of Energy, O�ce of Science, O�ce
of High Energy Physics under award DE-SC-0012161.
Fermi National Accelerator Laboratory is operated by
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FIG. 6: The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-2L is plotted in red, along with limits from
COUPP (light blue region), PICASSO (dark blue), SIMPLE
(green), XENON100 (orange), IceCube (dashed and solid
pink), SuperK (dashed and solid black), CMS (dashed or-
ange), and ATLAS (dashed purple) [7, 9, 10, 25–29]. For the
IceCube and SuperK results, the dashed lines assume anni-
hilation to W -pairs while the solid lines assume annihilation
to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
Baksan neutrino telescopes [31–33]. The CMS and ATLAS
limits assume an e↵ective field theory, valid for a heavy me-
diator. The purple region represents parameter space of the
CMSSM model of [30].
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FIG. 7: The 90% C.L. limit on the SI WIMP-nucleon cross
section from PICO-2L is plotted in red, along with limits from
PICASSO (blue), LUX (black), CDMS-lite and SuperCDMS
(dashed purple) [9, 34–36]. Similar limits that are not shown
for clarity are set by XENON10, XENON100 and CRESST-
II [37–39]. Allowed regions from DAMA (hashed brown),
CoGeNT (solid green), and CDMS-Si (hashed pink) are also
shown [40–42].
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! 3!

!
Figure! 1.! Limits! on! spin&dependent! WIMP&proton! cross! sections! for! recent!
runs!of!PICO&2L![1]!and!PICO&60![2].!The!green!line!labeled!“PICO62L!Run62”!is!a!
preliminary,!unpublished!result!from!a!June!6!September,!2015!run.!The!blue!dashed!
line! shows! a! sensitivity! projection! for! the! 201662017! PICO660! run! (8000! kg6days!
exposure).! For! the! IceCube! and! SuperK! results,! the! limits! shown! assume!
annihilation!to!W!–pairs.!The!CMS!limit! is! from!a!mono6jet!search!and!assumes!an!
effective!field!theory!valid!only!for!a!heavy!mediator.!!

Figure 2. Published spin-independent limits from PICO-2L (left)at low mass and 
PICO-60 (right) at high mass.  

101 102 103 10410−41

10−40

10−39

10−38

10−37

COUPP−4 (2012)

cMSSM

Ice
Cu

be

Super−K

CMS

SIMPLE

XENON100PICASSO (2012)

PICO−60
PICO−2L Run−1

PICO−2L Run−2

PICO−60 C3F8

WIMP mass [GeV/c2]

SD
 W

IM
P−

pr
ot

on
 c

ro
ss

 s
ec

tio
n 

[c
m

2 ]

9

0 10 20 30 40 50
0

10

20

30

40

50

Expansion time bin (equal exposure)

A
P

 b
in

 (
e

q
u

a
l e

xp
o

su
re

)

 

 

0

5

10

15

20

25

30

FIG. 10. (Color online) A two-dimensional histogram of
AP

high

and expansion time after applying the optimum fidu-
cial cuts, divided into bins of equal exposure to dark matter
(i.e. a dark matter signal would appear uniform in the his-
togram). All the background events populate the left and top
of the histogram. The optimum cuts are represented by the
red rectangle.
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FIG. 11. (Color online) The 90% C.L. limit on the SI
WIMP-nucleon cross section from PICO-60 is plotted in blue,
along with limits from COUPP (light blue), LUX (black),
XENON100 (orange), DarkSide-50 (green), and the reanaly-
sis of CDMS-II (magenta) [10, 40–43].

form factors described in [35–38] to determine sensitiv-
ity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M re-
sponse of Table 1 in [35], and for SD interactions, we
use the sum of the ⌃0 and ⌃00 terms from the same ta-
ble. To implement these interactions and form factors,
we use the publicly available dmdd code package [38, 39].
The resulting 90% C.L. limit plots for spin-independent
WIMP-nucleon and spin-dependent WIMP-proton cross-
sections are presented in Figs. 11 and 12.

10
1

10
2

10
3

10
4

10
−41

10
−40

10
−39

10
−38

10
−37

PIC
O−60

PICO−2L

WIMP mass [GeV/c2]

S
D

 W
IM

P
−

p
ro

to
n
 c

ro
ss

 s
e
ct

io
n
 [
cm

2
]

FIG. 12. (Color online) The 90% C.L. limit on the SD WIMP-
proton cross section from PICO-60 is plotted in blue, along
with limits from PICO-2L (red), COUPP (light blue region),
PICASSO (dark blue), SIMPLE (green), XENON100 (or-
ange), IceCube (dashed and solid pink), SuperK (dashed and
solid black) and CMS (dashed orange), [10, 12, 13, 44–48].
For the IceCube and SuperK results, the dashed lines assume
annihilation to W -pairs while the solid lines assume annihila-
tion to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
Baksan neutrino telescopes [49–51]. The CMS limit is from
a mono-jet search and assumes an e↵ective field theory, valid
only for a heavy mediator [52, 53]. Comparable limits are set
by ATLAS [54, 55]. The purple region represents parameter
space of the CMSSM model of [56].

VII. DISCUSSION

Despite the presence of a population of unknown ori-
gin in the dataset, the combination of the discriminat-
ing variables results in a large total exposure with zero
dark matter candidates. The SD-proton reach of bubble
chambers remains unmatched in the field of direct detec-
tion, significantly constraining CMSSM model parameter
space.

The leading hypothesis for the source of the back-
ground events is particulate contamination. An alpha
decay from an atom embedded in a small dust particle
can result in a partial alpha track into the fluid with the
daughter nucleus remaining in the particle, and such a
track could provide the acoustic signature observed in the
background events [26]. The timing and spatial distribu-
tions suggest convection currents as a potential source of
particle movement, and particulate spike runs in a test
chamber have shown that particulates do collect on the
interfaces. Additionally, assays of the fluids taken after
the run discovered many particulates with composition
matching the wetted surfaces of the inner volume, as well
as elevated levels of thorium in the chamber. A future run
of PICO-60 with C

3

F
8

will include upgrades to allow for
improved cleaning of the glass and metal surfaces before

5

ter signal but instead as an unknown background. Stud-
ies are now underway to test hypotheses for the source
of these events.
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FIG. 5: The CDF of the time to previous non-timeout
(TPNT) for events with random timing (simulated WIMP-
like events) and the 3.2 keV candidate events. The two dis-
tributions are not consistent with each other.

The correlation of the candidate events with previ-
ous bubbles can be used to set a stronger constraint on
WIMP-nucleon scattering by applying a cut on TPNT.
Since there is no valid basis for setting the cut value a

priori, a method based closely on the optimum interval
method [22] is used to provide a true upper limit with
TPNT cuts for each WIMP mass optimized simultane-
ously over all four operating thresholds. The optimum
cuts remove all 12 candidate events at each WIMP mass,
while retaining 49–63% of the e�ciency weighted expo-
sure, with the range due to changes in the relative weight-
ing of the four threshold conditions for di↵erent WIMP
masses. If the optimum cuts had simply been set a pos-

teriori, without applying the tuning penalty inherent in
the optimization method, the cross section limits would
be a factor of 1.2–2.4 lower than reported here, with the
bigger factor applying to higher WIMP masses.

The limit calculations assume the standard halo
parametrization [23], with ⇢D = 0.3 GeV c�2 cm�3,
vesc = 544 km/s, vEarth = 232 km/s, v0 = 220 km/s,
and the spin-dependent parameters from [24], and the re-
sulting 90% C.L. limit plots for spin-independent WIMP-
nucleon and spin-dependent WIMP-proton cross sections
are presented in Figs. 7 and 6. Using the same pa-
rameters as in [23] would yield approximately 5 � 20%
stronger limits depending on the WIMP mass. The re-
sults shown here represent the most stringent constraint
on SD WIMP-proton scattering from a direct detection
experiment and the first time supersymmetric parameter
space has been probed by direct detection in the SD-
proton channel (e.g. the purple region, taken from [30]).

The PICO Collaboration would like to thank SNO-
LAB and its sta↵ for providing an exceptional under-
ground laboratory space and invaluable technical sup-
port. This material is based upon work supported by
the U.S. Department of Energy, O�ce of Science, O�ce
of High Energy Physics under award DE-SC-0012161.
Fermi National Accelerator Laboratory is operated by
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FIG. 6: The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-2L is plotted in red, along with limits from
COUPP (light blue region), PICASSO (dark blue), SIMPLE
(green), XENON100 (orange), IceCube (dashed and solid
pink), SuperK (dashed and solid black), CMS (dashed or-
ange), and ATLAS (dashed purple) [7, 9, 10, 25–29]. For the
IceCube and SuperK results, the dashed lines assume anni-
hilation to W -pairs while the solid lines assume annihilation
to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
Baksan neutrino telescopes [31–33]. The CMS and ATLAS
limits assume an e↵ective field theory, valid for a heavy me-
diator. The purple region represents parameter space of the
CMSSM model of [30].
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FIG. 7: The 90% C.L. limit on the SI WIMP-nucleon cross
section from PICO-2L is plotted in red, along with limits from
PICASSO (blue), LUX (black), CDMS-lite and SuperCDMS
(dashed purple) [9, 34–36]. Similar limits that are not shown
for clarity are set by XENON10, XENON100 and CRESST-
II [37–39]. Allowed regions from DAMA (hashed brown),
CoGeNT (solid green), and CDMS-Si (hashed pink) are also
shown [40–42].
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Low	  Mass	  (PICO-‐2L)	   High	  Mass	  (PICO-‐	  60)	  

•  Most	  compeKKve	  at	  low	  mass	  due	  to	  light	  target	  
(Fluorine)	  and	  low	  thresholds	  in	  PICO-‐2L.	  

•  Iodine	  in	  CF3I	  (PICO-‐60)	  efficient	  for	  heavy	  WIMPs,	  
but	  less	  exposure,	  higher	  backgrounds	  than	  in	  LUX	  
&	  Xenon-‐100	  	  



The	  Future	  of	  PICO	  
•  Near	  term	  goal:	  background	  free	  run	  of	  PICO-‐60	  with	  55	  kg	  of	  C3F8	  

target	  liquid.	  
–  Higher	  quality	  iniKal	  cleaning	  of	  inner	  vessel.	  
–  On-‐line	  filtraKon	  	  and	  parKculate	  monitoring	  of	  inner	  vessel	  liquids.	  
–  Run	  will	  start	  this	  Spring.	  

•  Medium	  term:	   	  R&D	  on	  improved	  bubble	  chambers	  designs	  to	  
reduce	  parKculate	  load.	  Eliminate	  problemaKc	  water/	  target	  liquid	  
interface.	  

•  Longer	  term:	  larger	  bubble	  chamber(s)	  
–  ∼Ton	  scale	  target	  mass.	  
– Maintain	  capability	  to	  run	  mulKple	  target	  liquids,	  covering	  
spin	  dependent,	  spin-‐independent,	  low-‐	  mass,	  high-‐	  mass,	  
exoKc	  couplings…	  	  

–  Proposal	  for	  larger	  scale	  device	  to	  be	  submi,ed	  this	  year	  in	  
Canada	  (CFI)	  .	  
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R&D: Eliminate Target Liquid/ Water Interface

21

SyntheKc	  Fused	  Silica	  
Bubble	  Chamber	  Body	  
Immersed	  in	  Thermal	  Bath	  
at	  Superheated	  OperaKng	  
Temperature	  

Pressure	  Balancing	  
Bellows	  Assembly	  
Immersed	  in	  Thermal	  Bath	  
at	  Cooler,	  Normal	  Liquid	  
Temperature	  

PICO-‐60	  SyntheKc	  Silica	  Vessel	  
(12	  inch	  Diameter)	  

Nested	  Silica	  Vessel	  

Bellows	  Assembly	  

Thermal	  Control	  Plane	  

•  Exploit	  thermal	  gradients	  to	  avoid	  need	  for	  2nd	  liquid	  
(water)	  in	  inner	  vessel.	  Aka	  “Rightside	  Up	  Chamber”	  

Hot:	  
Target	  	  

Cold:	  
Buffer	  

M.	  Crisler	  design	  



Tuning the dE/dX Threshold for Bubble Nucleation  
•  The bubble chamber operator chooses a pressure and temperature, fixing 
the minimum size of bubbles that are allowed to grow against surface tension. 
•   This simultaneously determines minimum deposited energy and 
energy loss density (dE/dX) that will nucleate bubbles. 
•  Example below: superheated CF3I at fixed temperature, two 
operating pressures. 

dE/dX threshold 
at 15 psi and 65 psi 

Energy Thresholds  
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Possible	  Mechanism	  for	  GeneraKng	  
Events-‐	  Embedded	  Alpha	  Emi,ers	  

•  When	  an	  alpha	  decay	  occurs	  in	  liquid,	  alpha	  
parKcle	  and	  daughter	  nucleus	  recoil	  contribute	  
about	  equally	  to	  amplitude	  of	  acousKc	  signal	  
à	  alpha	  decay	  acousKc	  amplitude	  
approximately	  2	  x	  nuclear	  recoil	  from	  a	  
neutron	  or	  WIMP.	  

•  If	  the	  alpha-‐emiing	  isotope	  is	  embedded	  in	  
solid	  material	  <10	  microns	  thick,	  alpha	  parKcle	  
can	  escape	  to	  make	  a	  bubble,	  but	  nuclear	  
recoil	  is	  hidden	  in	  the	  solid.	  AcousKc	  amplitude	  
similar	  to	  nuclear	  recoil.	  

•  Ongoing	  R&D:	  We	  are	  a,empKng	  to	  
demonstrate	  suppressed	  acousKc	  signal	  from	  
alpha	  acKvity	  in	  parKculates	  with	  test	  
chambers	  at	  Northwestern,	  Queen’s	  
University.	  

A
lpha Track 

40 µm 

10 µm dust particle 
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