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Evidence	for	
Dark	Ma\er	



Relics	and	Miracles	

•  Suppose	Dark	Ma\er	
is:	
–  Stable	ParHcle	(LSP…)	
–  Thermal	Relic	of	Big	
Bang	

•  Weak-scale	
interacHon	gives	
required	density	for	
dark	ma\er	
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SLAC	Summer	InsHtute	 4	E.	Kolb	and	M.	Turner,	The	Early	Universe.	

Redwood	City:	Addison-Wesley,	1989.	



WIMP	Direct	DetecHon	

•  WIMP	signal:	
Coherent	elasHc	
sca\ering	on	nucleus	
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χ χ
Mχ ≈ GeV	–	TeV	

Er	≈ 10 keV	



WIMP	Direct	DetecHon	

•  Spin-Independent:	
–  Prefer	Big	nuclei	

•  Spin-Dependent:	
–  Prefer	Lots	of	nuclei	(with	spin)	
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χ χ
Mχ ≈ GeV	–	TeV	

Er	≈ 10 keV	



Different Responses Favor 
Different Elements!
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•  Even	for	xenon	(A=128–136),	detecHon	
may	come	via	SD	interacHon	

•  	Xenon	alone	cannot	
disHnguish	SD	from	SI	

PICO-250L DOE G2 Proposal  
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environment called for it (e.g., to follow up a signal in a large xenon detector). In addition, the use of 

multiple mass targets will be needed to characterize the WIMP mass and velocity distribution in the event 
of a discovery [21][22]. 

 
Figure 2: Comparison of SD-proton vs. SI cross sections for a set of dark matter models, showing the 

complementary and necessary reach of both channels to explore possible parameter space (from [17]). 
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Throughout this section, we refer to several existing bubble chambers. COUPP-4 is a 2-liter chamber that 
was filled with CF3I at Fermilab and then at SNOLAB, producing excellent physics results [9][10]. 

COUPP-60 has been running with 37 kg of CF3I at SNOLAB since June 2013.  PICO-2L is a 2-liter 

chamber that has replaced COUPP-4 at SNOLAB; commissioned in October 2013, it represents the first 

large-scale bubble chamber to be filled with C3F8 and also the first joint effort of the combined PICO 
collaboration.   

 

The strengths of the bubble chamber technology for dark matter searches can be summarized as follows: 

!"#$%&'()&#$'*")*(+#(+*%*,*%-)

A principal strength of the bubble chamber technology for a dark matter search application is the 
extraordinary insensitivity (~10-10) to electron recoil backgrounds.  The ability of the bubble chamber to 

attain this large background rejection factor while maintaining high efficiency for detecting nuclear 

recoils arises naturally from the physics of bubble nucleation in a superheated liquid, which requires a 

critical energy deposition within a small volume to nucleate the bubble.  The bubble formation scale and 
energy threshold are classical thermodynamic properties determined by the temperature and pressure of 

the superheated fluid [23][24][25].  These can be adjusted to cleanly discriminate between the nuclear 

oughly scan the parameter spaces, we adopted the
Bayesian method that is the foundation of the Markov
chain Monte Carlo approach. The DM models can have
distinct phenomenological predictions. We showed that the
DM model possibilities can be narrowed by measurements
of both SI and SD elastic scattering. The direct signals for
DM in recoil and neutrino telescope experiments are com-
plementary to LHC experiments in distinguishing the be-
yond the standard model physics scenarios [135].

We summarize below the model predictions for the DM
cross sections; the posterior distributions are summarized
in Fig. 12.

(i) In mSUGRA, the FP region provides the largest SI
and SD cross sections. This is due to the mixed
Higgsino nature of the lightest neutralino; the neu-
tralino couplings to the Higgs and Z bosons are large.
The Bino nature of the lightest neutralino in the CA
and AF regions causes these scenarios to have sub-
stantially smaller cross sections.

(ii) The tadpole nMSSMmodel has large SD scattering,
of order 10!3 pb, and a wide range of SI cross

section. This is a consequence of the DM annihila-
tion occurring through the Z boson. To counter the
small annihilation rate in the early universe (due to
the small neutralino mass in the model), the neu-
tralino pair is required to have a larger Z boson
coupling, resulting in a large SD cross section.

(iii) In the singlet extended SM, the DM candidate is
spin-0, which gives a vanishing SD cross section.
The SI cross section is generally small, below
"10!8 pb, and occurs through Higgs boson ex-
change. If SD scattering of DM is observed, the
class of models with spin-0 DM would be imme-
diately excluded as being the sole origin of the DM
in the Universe.

(iv) For stable Dirac neutrino DM, the Z boson domi-
nates in the calculation of both the relic density and
elastic scattering cross section and makes the SI and
SD cross sections tightly correlated and large.

(v) In mUED, a sweet spot of !SD "Oð10!6Þ pb exists
for which the DM relic density is reproduced. The
relic density is strongly dependent on the curvature
parameter and fixes its value. The KK quarks have
approximately the same mass as the inverse curva-
ture and the SD cross section is thus closely tied to
the relic density. On the other hand, the !SI cross
section is more dispersed due to the larger variation
of the Higgs boson mass.

(vi) In the LHT model, the SD interaction occurs
through T-odd quarks which have a small hyper-
charge. Therefore, the SD cross section in this
model is typically very small. In contrast, the SI
scattering proceeds through the Higgs and T-odd
quarks, giving experimentally accessible SI cross
section values.

We provide a summary of the SI and SD cross sections
by the box and whisker plots in Fig. 13. The boxes repre-
sents the coverage of the middle 50-percentile. We sum-
marize the forecast for observing a signal in neutrino
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FIG. 11 (color online). The expected numbers of events and the statistical significance of DM signals for 3 and 5 years running of the
IceCube neutrino telescope. Only the FP region in mSUGRA and a portion of the mUED parameter space give a significance>5! for
5 years of running.
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SPIN DEPENDENCE OF DARK MATTER SCATTERING PHYSICAL REVIEW D 78, 056007 (2008)

056007-13

Barger	et	al.,	PRD	78,	056007	(2008)		

SI	 SD	



Different Responses Favor 
Different Elements!
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•  Even	for	xenon	(A=128–136),	detecHon	
may	come	via	SD	interacHon	

•  	Xenon	alone	cannot	
disHnguish	SD	from	SI	

Riffard	et	al.,	PRD	93,	035022	(2016)		

SI	 SD	

(Scan	of	MSSM)	
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WIMP	DetecHon	–	Neutrino	Floor	

•  ElasHc	neutrino-nucleus	sca\ering	is	an	SI	process	
•  Can	suppress	neutrino	floor	using	targets	with	low	SI	
sensiHvity	
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WIMP	DetecHon	–	Neutrino	Floor	

•  ElasHc	neutrino-nucleus	sca\ering	is	an	SI	process	
•  Can	suppress	neutrino	floor	using	targets	with	low	SI	
sensiHvity	



Basic	low-background	
pracHces	are	
necessary	…	

•  Go	underground	
•  Shield	external	
gammas	and	
neutrons	

•  Screen	and	purify	
detector	elements	

…	but	not	sufficient	

WIMP	DetecHon	
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Must	be	able	to	
discriminate	against	
all	of	these	
backgrounds…	
	
…as	well	as	against	
backgrounds	we	
haven’t	run	into	
yet…	

WIMP	DetecHon	
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Background?		Or	Signal?	

•  Every	detecHon	technique	has	the	potenHal	for	anomalous	backgrounds:	
–  Ways	discriminaHon	may	be	systemaHcally	fooled	
–  Backgrounds	we	weren’t	creaHve	enough	to	think	of	a	priori…	

•  The	dark	ma\er	signal	might	not	be	what	we	expect!	
•  ConfirmaHon	from	a	different	technology,	with	different	anomalous	

backgrounds,	will	be	crucial	
Dahl	-	August	16,	2017																						
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Electron	recoil?	
Dust?	
InelasHc	dark	ma\er?	
Something	else?	

XENON1T,	arXiv:1705.06655	



Bubble	Chambers	
•  Superheated	Target	
–  CF3I,	C3F8,	…	

•  ParHcle	interacHons	
nucleate	bubbles	

•  Cameras	and	acousHc	
sensors	capture	
bubbles	

•  Chamber	recompresses	
amer	each	event	

Dahl	-	August	16,	2017																						
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2.1  Bubble Chamber Overview 

The PICO Collaboration, product of the recent merger between COUPP and PICASSO, uses superheated 
fluids to search for WIMP dark matter.  The baseline PICO detector is a bubble chamber filled with a 

target liquid (C3F8 or CF3I) and run in a moderately superheated state where it is sensitive to the low 

energy nuclear recoils from WIMP scatters but completely insensitive to recoiling electrons and minimum 

ionizing particles, eliminating the gamma and beta backgrounds that plague most dark matter direct 
detection experiments.  A WIMP scatter creating a nuclear recoil over the energy threshold set by the 

temperature and pressure of the chamber creates a single macroscopic bubble. 

Figure 2 shows a schematic of the typical COUPP or PICO bubble chamber.  The superheated fluid is 
contained in a synthetic silica bell jar.  This jar plus the attached bellows assembly form a clean, sealed 

inner volume, with a buffer fluid (typically water) filling the space above the superheated target.  The 

inner vessel is immersed in a pressure vessel filled with hydraulic fluid.  The bellows on the inner vessel 
serve to balance the pressure between the inner vessel fluids and the hydraulic fluid, preventing any 

differential pressure from building across the wall of the silica vessel. 

Cameras mounted outside the pressure vessel continuously capture stereo images of the target fluid, 

providing both the primary trigger on bubble nucleation and the 3-D position of the event.  On this trigger 
acoustic transducers record the ultrasonic emission from the bubble formation, and the chamber rapidly 

compresses to a non-superheated state, re-condensing the bubble vapor.  Following a ~30 second settling 

time the chamber re-expands to the superheated state, arming for the next event.  Despite this reset period, 
the currently operating COUPP-60 experiment is live >85% of the time when taking physics data. 

Although beta-decays and gamma-interactions will not nucleate bubbles in the superheated fluid, an 

alpha-decay in the fluid will create a single bubble.  This bubble, however, has ~4x greater acoustic 
emission than a bubble nucleated by a nuclear recoil (see Fig. 3).  This effect was first seen by the 

PICASSO Collaboration in superheated droplets [23], and has since been confirmed in COUPP bubble 

chambers [24][8].  The discovery of acoustic alpha discrimination has transformed the bubble chamber 

into a potentially background-free technology for dark matter detection. 

   
Figure 2:  (Left) Schematic of a typical COUPP or PICO bubble chamber showing the target fluid (C3F8 
or CF3I), buffer fluid (water) and hydraulic fluid volumes.  (Right) Stereo images taken from the 

COUPP–60 data, showing the 18-liter CF3I target and a neutron-induced 5-bubble event from an AmBe 

calibration source. 



Bubble	Chambers	
•  Superheated	Target	
–  CF3I,	C3F8,	…	

•  ParHcle	interacHons	
nucleate	bubbles	

•  Cameras	and	acousHc	
sensors	capture	
bubbles	

•  Chamber	recompresses	
amer	each	event	
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Bubble	Chamber	Thermodynamics	

•  What	is	a	meta-stable	state?	

Dahl	-	August	16,	2017																						
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Superheated	Liquid	



Bubble	Chamber	Thermodynamics	

•  Consider	a	bubble	with	
– Tl	=	Tb	(thermal	equilibrium)	
– µl	=	µb	(chemical	equilibrium)	

•  Then	Pb	is	(approx)	the	vapor	
pressure	at	temperature	T	

•  Pb	>	Pl	,	so	bubble	should	
grow…		un7l	we	consider	surface	tension	

Dahl	-	August	16,	2017																						
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Bubble	Chamber	Thermodynamics	

•  Inward	pressure	from	surface	tension!	
–  Ps	=	2σ/r	

•  Bubble	will	grow	if	

	Pb	>	Pl	+	Ps		

r	>	rc	=	2σ	/	(Pb	–	Pl)	
																										

•  Bubbles	with	r	<	rc		
collapse	and	re-condense	

Dahl	-	August	16,	2017																						
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Bubble	Chamber	Thermodynamics	

•  What	does	it	take	to	produce	criHcal	bubble?	

Dahl	-	August	16,	2017																						
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Pl=30	psia,	Tl=14oC	

Pb=	89.7	
					psia	

C3F8	
rc=23.7nm	

1.81	keV	

-0.15	keV	

1.53	keV	

Surface	energy,	Bulk	energy,	Reversible	Work	
=	3.19	keV	total	



Bubble	Chamber	DiscriminaHon	
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3.2 keV efficiency curve
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Neutron	CalibraHons	in	C3F8	@	ET	=	3.2	keV		



from the uncertainty in temperature (0.3 °C) and pressure
(0.7 psi) and the theoretical uncertainty attributed to the
thermodynamic properties of C3F8. The Run-2 thermody-
namic threshold is equivalent to the lowest threshold reported
inRef. [8] but at a higher temperature andpressure. The gross
activity of the chamber in Run-2, measured by the number of
expansions and the mean superheat time per expansion was
comparable to Ref. [8].
A total of 66.3 live-days of WIMP search data was

collected at the 3.3 keV thermodynamic threshold between
June 12 and September 25, 2015. During this time, the
detector was twice exposed to an AmBe calibration source
to monitor the response to nuclear recoils from neutrons,
and twice to a 133Ba source to evaluate the response to
gamma-induced electron recoils. Data collected within
24 hours after any technical interruption were not included
in the WIMP search.

V. ANALYSIS

The data analysis presented here uses techniques similar
to those described in Ref. [8]. All the neutron calibration
data were scanned by eye to check the bubble multiplicities
and the identified single-bubble events were used to
evaluate the efficiency of the data analysis cuts.
A set of data quality cuts was applied to remove events

with failed optical reconstruction (bubble position and/or
multiplicity), excessive acoustic noise, or poor agreement
in the evaluated time of the bubble nucleation from the six
acoustic transducers. The combined efficiency of the data
quality cuts was 0.85! 0.02. The acoustic analysis was
performed using a procedure described in Ref. [10], and the
same acoustic parameter (AP) cut range of 0.7 < AP < 1.3
as in Refs. [8,10,11] was adopted. The AP distributions for
WIMP search and calibration data are shown in Fig. 1. The

AP cut has an acceptance of 0.94! 0.02 for neutron-
induced single-bubble events and an alpha rejection of
> 98.8% (90% C.L.). An optical-based fiducial volume cut
was derived such that less than 1% of the events originating
at the interfaces (between C3F8, water buffer and glass
walls) were accepted to be in the fiducial bulk volume and
had an efficiency of 0.84! 0.01.
The total acceptance for single-bubble nuclear-recoil

events including data quality, AP, and fiducial cuts in this
run was 0.67! 0.03, resulting in a total exposure after
cuts of 129 kg-days. The position and acoustic resolution
were significantly improved for Run-2, resulting in higher
fiducial and AP cut efficiencies. However, the acceptance
of the data quality cuts, and the total acceptance, was lower
than in Ref. [8] due to water droplets on the inside wall of
the inner vessel compromising the optical reconstruction of
a fraction of the events, and additional transient acous-
tic noise.
To search for neutron-induced multiple-bubble events in

the WIMP search data, all events for which more than one
bubble is reconstructed in one or both of the camera images
were manually scanned. The acceptance of this selection
criterion was determined using the neutron calibration data
to be 0.93! 0.01. This is substantially higher than the
acceptance for single nuclear-recoil events since no acous-
tic or fiducial cuts are needed to identify multiple-bubble
events.

VI. BACKGROUNDS

A constant rate (4 cts=day) of AP-tagged alpha decay
events was observed, similar to Ref. [8]. Based on detailed
Monte Carlo simulations, the background contribution
from ðα; nÞ and spontaneous fission neutrons was predicted
to be 0.008ð0.010Þ counts=kg=day for single(multiple)-
bubble events, with a total uncertainty of 50%. This is
higher than the estimate from Ref. [8], due to the addition to
our simulation of ðα; nÞ reactions on 14N from radon-chain
decays in air within the neutron shielding. The background
model predicts 1.0(1.8) single(multiple)-bubble events
from neutrons after all cuts. Fewer than 0.02 electron-
recoil events were expected, based on a measurement of 4
candidate events during 12.2 live-days of exposure to a
1 mCi 133Ba source coupled with a Monte Carlo simulation
in GEANT4 [20] of the natural gamma flux at the location of
the chamber [21,22]. The 133Ba calibration result corre-
sponds to a measured efficiency of ð2.2! 1.2Þ × 10−11 for
electron recoils in C3F8 at a 3.3 keV thermodynamic
threshold.

VII. RESULTS

A total of 1(3) single(multiple)-bubble nuclear-recoil
events were observed in the 129 kg-day exposure. These
data show the absence of the anomalous background events
observed in the first run [8] of PICO-2L (Fig. 2). The
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FIG. 1. AP distributions (in log scale) of the single-bubble
events originating within the optical fiducial volume for neutron
calibration data (black) and WIMP search data (red). The signal
region in AP for single nuclear recoils is indicated between the
dashed blue lines. In both the calibration and WIMP search data,
the two peaks at higher AP are from 222Rn chain alphas, with
higher-energy alphas from 214Po decay producing larger acoustic
signals [8,9]. The observed rate of alpha decays is consistent
between WIMP search and neutron calibration data.

IMPROVED DARK MATTER SEARCH RESULTS FROM … PHYSICAL REVIEW D 93, 061101(R) (2016)

061101-3

RAPID COMMUNICATIONS

Alpha-Decay	DiscriminaHon	
•  All	bubbles	look	the	same!	
–  1-mm	diameter	bubble	has	drawn	
10	PeV	from	superheated	fluid	

– Nuclear	recoil	visually	
indisHnguishable	from	alpha-decay	
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214Po	
			(7.7	MeV)	

222Rn,	218Po	
	(5.5,	6.0	MeV)	

Nuclear	
Recoils	
(3-500	keV)	•  ~1-MeV	energy	

resoluHon	in	
acousHc	channel	

10	keV	 6	MeV	



Sudbury,	Ontario	
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SNOLAB	



PICO-60	
•  SNOLAB	Run	1	completed	
(June	2013	–	May	2014)	

•  35-kg	CF3I,	upgradable	to	80-kg	

•  >80%	liveHme	(>90%	by	end	of	run)	

•  3,415	kg-days	exposure	
at	7—20	keV	thresholds	

•  One	mulH-bubble	event	
(consistent	with	expected	
neutron	rate)	

•  AcousHc	discriminaHon	in	
large	chamber	confirmed	
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2,111 WIMP-like	events	

NOT	WIMPS	
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from neutron generation by cosmic rays interacting in the steel of the Outer Vessel and 1.7 
events per year from radioactivity in inner detector components. The muons producing 
neutrons in the Outer Vessel will be detected with high efficiency in the water Cerenkov 
muon veto and will not appear as a background source.  
 
 Anomalous events in 2013-2014 run of COUPP-60. An anomalous population 
of background events, with acoustic amplitude intermediate between those seen for 
calibration nuclear recoils and alpha particles, was discovered in the 2012 run of COUPP-
4 [1]. Similar events have now been seen in the 2013-2014 runs of COUPP-60 and PICO-
2L [2]. In COUPP-60, the large number of events, amounting to between 10 and 100 per 
live day, (with large rate fluctuations during the run) has allowed systematic studies of the 
distributions in time, position, pressure, temperature and acoustic amplitude, all of which 
differ from what would be expected from a dark matter signal. Some of these results are 
shown in Figure 6. 
 The anomalous events are highly non-uninform in their spatial distribution, 
tending to occur close to the silica walls and target/ water interface at the top of the 
chamber. The distribution is seen to move higher in the chamber as the duration of the 
bubble chamber expansion period increases. The distribution in acoustic amplitude shows 
about 20% more power on average than seen in nuclear recoil calibration events and the 
gap between the two populations increases with expansion time. A high degree of 
background separation is possible by combining cuts on spatial distribution, acoustic 
amplitude and expansion time. This analysis technique was used to derive the WIMP 
model exclusion curve of Figure 1, which results from cuts that eliminated all background 
events and had an efficiency of 20% for WIMP signal events. 

 
Figure 6: Anomalous background event distributions. (a) Spatial distribution in r2 and 
z (b) Acoustic amplitude discrimination parameter (AP) of anomalous events (red) 
compared to neutron calibration data (blue). 
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PICO-60	Background	CharacterisHcs	
•  Mostly	at	top,	edges	of	detector	
•  Higher	AP	than	nuclear	recoils	
•  Not	uniform	in	Hme	
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PICO-2L	•  Run	1	complete:	
Sept	2013	–	May	2014	

•  3-kg	C3F8,	
3—8		keV	thresholds	

•  211.6	kg-day	exposure	
•  No	mulH-bubble	events	
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12	WIMP-like	events	

ALSO	NOT	WIMPS	



The	Culprit:		ParHculate	

•  ParHculate	mostly	from	we\ed	materials	
•  Rebuilt	PICO-2L	in	2015	with	new	cleanliness,	assembly,	

and	operaHng	procedures	designed	to	minimize	parHculate	
producHon		
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Silica	 Stainless	Steel	



ParHculate	MiHgaHon	in	PICO-2L	
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Alpha-decay	 WIMP	candidate	

observed rate of both single- and multiple-bubble nuclear-
recoil events is consistent with the expected background
from neutrons. No neutron background subtraction is
attempted, and the WIMP scattering cross-section upper
limits reported here are simply calculated as the cross
sections for which the probability of observing one or fewer
signal events in the full 129 kg-day exposure is 10%.
The same conservative nucleation efficiency curves

are used as in Ref. [8], with sensitivity to fluorine and
carbon recoils above 5.5 keV. The standard halo para-
metrization [23] is adopted, with ρD ¼ 0.3 GeV c−2 cm−3,
vesc ¼ 544 km=s, vEarth ¼ 232 km=s, vo ¼ 220 km=s, and
the spin-dependent parameters are taken from Ref. [24].
Limits at the 90% C.L. for the spin-dependent WIMP-
proton and spin-independent WIMP-nucleon elastic scat-
tering cross sections are calculated as a function of WIMP
mass and are shown in Figs. 3 and 4. These limits indicate
an improved sensitivity to the dark matter signal compared
to the previous PICO-2L run and are currently the world-
leading constraints on spin-dependent WIMP-proton cou-
plings for WIMP masses < 50 GeV=c2. For WIMP masses
higher than 50 GeV=c2, only the constraints from PICO-60
[9] are stronger.

VIII. DISCUSSION

These data demonstrate the excellent performance of the
PICO detector technology and provide strong evidence that
particulate contamination suspended in the superheated
fluid is the cause of the anomalous background events
observed in the first run of this bubble chamber.
Preliminary indications suggest that the radioactivity
present in the particulate may be insufficient to account

0 20 40 60 80
−80

−60

−40

−20

0

20

40

60

80

R2/R
jar

 (mm)

Z
 (

m
m

)

32.2 live−days

0 20 40 60 80
−60

−40

−20

0

20

40

60

80

100

R2/R
jar

 (mm)

Z
 (

m
m

)

66.3 live−days

FIG. 2. Spatial distribution of bubble events in the 3.3 keV
WIMP search data for Run-1 [8] (left, 32.2 live-days) and Run-2
(right, 66.3 live-days). Z is the reconstructed vertical position of
the bubble, R is the distance from the center axis and Rjar is the
nominal inner radius of the silica jar (72.5 mm). Red filled circles
are WIMP-candidate events in the fiducial bulk volume, blue
open circles are alpha-induced bulk events, and black dots are
nonbulk events. The rate of pressure rise, measured by an AC-
coupled transducer, was used for the fiducial volume cut in
Ref. [8]. An identical transducer installed for Run-2 failed during
commissioning, and the Run-2 fiducial volume cut is entirely
based on the improved optical reconstruction.
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICO-60 (brown), COUPP-4 (light
blue region), PICASSO (dark blue), SIMPLE (thin green),
XENON100 (orange), IceCube (dashed and solid pink), SuperK
(dashed and solid black) and CMS (dashed orange)
[9,10,12,13,25–29]. 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 assuming
these and other annihilation channels are set by the ANTARES,
Baikal and Baksan neutrino telescopes [30–32]. The CMS limit is
from a monojet search and assumes an effective field theory, valid
only for a heavy mediator [33,34]. Comparable limits are set by
ATLAS [35,36]. The purple region represents the parameter
space of the constrained minimal supersymmetric standard model
of Ref. [37].
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FIG. 4. The 90% C.L. limit on the SI WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICASSO (blue), LUX (black),
CDMSlite and SuperCDMS (dashed purple) [12,38–40]. Similar
limits that are not shown for clarity are set by XENON10,
XENON100 and CRESST-II [41–43]. Allowed regions from
DAMA (hashed brown), CoGeNT (solid orange), and CDMS-II
Si (hashed pink) are also shown [44–46].
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PICO-60	C3F8	
•  Goal:		Eliminate	
parHculate	
backgrounds	in	
40-liters	C3F8	
	
–  Cleaning/assaying	
to	MIL-STD1246C	
Level	50	

–  Somer	metal-
quartz	seal	design	

–  In-situ	buffer	
filtraHon	
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Commissioning	

30	

•  Filled	with	40L	C3F8	on	June	30,	2016	
•  First	physics	run	began	Nov	28,	2016	
Dahl	-	August	16,	2017																						
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Before	Opening	the	Box	
•  30.0	live-day	Blinded	Dataset	

–  “Blind”	for	PICO	means	deaf,	
i.e.	no	acousHc	informaHon	

–  EffecHvely	salts	data	with	3	bulk	
singles	per	day	(alpha-decays)	

–  106	bulk-single	bubbles	observed	
•  Neutron	Background	

–  Not	blinded	to	images	
–  3	mulHple-bubble	events	

in	the	physics	data	
–  MulHples	to	singles	raHo	is	

approximately	3:1	from	calibraHon	
and	simulaHon	

•  Conclusion:	0-3	bulk	singles	would	
be	consistent	with	neutrons	and	no	
anomalous	background	

31	

C.	Amole	et	al.,	PRL	118,	251301	(2017)	
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Amer	Opening	the	Box	

32	

C.	Amole	et	al.,	arXiv:1702.07666		

No	events	in	
signal	region!	

(	~	AcousXc	Power)	
3

Dataset E�ciency (%) 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 e�-
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 co-
ordinates are discarded. The same procedure is found to
keep 98.7 ± 0.7% of fiducial-bulk singles in the neutron
calibration data. The final e�ciencies and exposure are
summarized in Table I. A total of 106 single bulk bub-
bles, shown in Fig. 1, are found in the blinded WIMP
search data.

Neutrons produced by (↵,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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Spin-dependent	Limits	

33	
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PICO-60 C3F8

Factor	of	17	
improvement!	

PICAS
SO	

IceCube	
SuperK	
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Nucleon	Coupling	Limits	

34	

Consider	spin-dependent	coupling	to	proton	and	neutron	

See	Tovey	for	details:	
D.R.	Tovey,	et	al.,	Phys.	Le\.	B	488,	17	(2000)	

LUX	

PandaX-II	

PICO-60	CF3I	PICO-2L	C3F8	

PICO-60	C3F8	
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Spin-independent	Limits	
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PICO-60 C3F8

•  Light	nuclear	
targets	give	
sensiHvity	to	low-
mass	WIMPs	

•  A	second	live-
month	exposure	
at	2.4	keV	in	hand	
(sHll	blinded)	
aiming	at	~GeV	
WIMPs	

PICO
-60	CF

3 I	

PICO
-2L	C

3 F
8 	
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Comparison	to	Collider	

36	

For	direct	detecHon,	this	simplified	model	boils	down	to	
EFT	at	all	mediator	masses	(trivial	scaling	with	g’s)	

C.	Amole	et	al.,	arXiv:1702.07666		
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The	Future	of	PICO	

•  We’ve	shown	we	can	miHgate	our	background	
and	set	new	limits…	

•  But	this	is	not	yet	a	discovery	machine	

•  We	must	either	discriminate	against	this	
background,	or	prove	that	we	have	eliminated	
it	enHrely.		(Or	both…)	
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•  Alpha	decays	from	
parHculate,	failed	
acousHcs	

	
	
•  Merging	buffer	fluid	
droplets,	cavitaHon	

How	to	get	Bubbles	from	ParHculate	
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ParHculate	MiHgaHon	in	PICO-2L	
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Alpha-decay	 WIMP	candidate	

observed rate of both single- and multiple-bubble nuclear-
recoil events is consistent with the expected background
from neutrons. No neutron background subtraction is
attempted, and the WIMP scattering cross-section upper
limits reported here are simply calculated as the cross
sections for which the probability of observing one or fewer
signal events in the full 129 kg-day exposure is 10%.
The same conservative nucleation efficiency curves

are used as in Ref. [8], with sensitivity to fluorine and
carbon recoils above 5.5 keV. The standard halo para-
metrization [23] is adopted, with ρD ¼ 0.3 GeV c−2 cm−3,
vesc ¼ 544 km=s, vEarth ¼ 232 km=s, vo ¼ 220 km=s, and
the spin-dependent parameters are taken from Ref. [24].
Limits at the 90% C.L. for the spin-dependent WIMP-
proton and spin-independent WIMP-nucleon elastic scat-
tering cross sections are calculated as a function of WIMP
mass and are shown in Figs. 3 and 4. These limits indicate
an improved sensitivity to the dark matter signal compared
to the previous PICO-2L run and are currently the world-
leading constraints on spin-dependent WIMP-proton cou-
plings for WIMP masses < 50 GeV=c2. For WIMP masses
higher than 50 GeV=c2, only the constraints from PICO-60
[9] are stronger.

VIII. DISCUSSION

These data demonstrate the excellent performance of the
PICO detector technology and provide strong evidence that
particulate contamination suspended in the superheated
fluid is the cause of the anomalous background events
observed in the first run of this bubble chamber.
Preliminary indications suggest that the radioactivity
present in the particulate may be insufficient to account
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FIG. 2. Spatial distribution of bubble events in the 3.3 keV
WIMP search data for Run-1 [8] (left, 32.2 live-days) and Run-2
(right, 66.3 live-days). Z is the reconstructed vertical position of
the bubble, R is the distance from the center axis and Rjar is the
nominal inner radius of the silica jar (72.5 mm). Red filled circles
are WIMP-candidate events in the fiducial bulk volume, blue
open circles are alpha-induced bulk events, and black dots are
nonbulk events. The rate of pressure rise, measured by an AC-
coupled transducer, was used for the fiducial volume cut in
Ref. [8]. An identical transducer installed for Run-2 failed during
commissioning, and the Run-2 fiducial volume cut is entirely
based on the improved optical reconstruction.
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FIG. 3. The 90% C.L. limit on the SD WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICO-60 (brown), COUPP-4 (light
blue region), PICASSO (dark blue), SIMPLE (thin green),
XENON100 (orange), IceCube (dashed and solid pink), SuperK
(dashed and solid black) and CMS (dashed orange)
[9,10,12,13,25–29]. 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 assuming
these and other annihilation channels are set by the ANTARES,
Baikal and Baksan neutrino telescopes [30–32]. The CMS limit is
from a monojet search and assumes an effective field theory, valid
only for a heavy mediator [33,34]. Comparable limits are set by
ATLAS [35,36]. The purple region represents the parameter
space of the constrained minimal supersymmetric standard model
of Ref. [37].
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FIG. 4. The 90% C.L. limit on the SI WIMP-proton cross
section from Run-2 (Run-1 [8]) of PICO-2L is plotted in green
(red), along with limits from PICASSO (blue), LUX (black),
CDMSlite and SuperCDMS (dashed purple) [12,38–40]. Similar
limits that are not shown for clarity are set by XENON10,
XENON100 and CRESST-II [41–43]. Allowed regions from
DAMA (hashed brown), CoGeNT (solid orange), and CDMS-II
Si (hashed pink) are also shown [44–46].
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SoluHon:		PICO-40L	
no-buffer-fluid	bubble	chamber	
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employ different targets [7–14]. Located in the SNOLAB
underground laboratory [15] at an approximate depth of
6000 meters water equivalent, the PICO-60 bubble cham-
ber is the largest bubble chamber to search for dark matter
to date. We report results from the first run of PICO-60,
with a dark matter exposure of 3415 kg days taken at
SNOLAB between June 2013 and May 2014.

II. EXPERIMENTAL METHOD

The PICO-60 bubble chamber consists of a 30-cm-
diameter by 1-m-long synthetic fused silica bell jar sealed
to a flexible stainless-steel bellows and immersed in
hydraulic fluid, all contained within a stainless-steel pres-
sure vessel. The pressure vessel is 60 cm in diameter and
167 cm tall. The hydraulic fluid in PICO-60 is propylene
glycol, and the pressure in the system is controlled by an
external hydraulic cart via a 3.8-cm-inner-diameter
hydraulic hose. The stainless-steel bellows balances the
pressure between the hydraulic volume and the bubble
chamber fluid. For this run, the chamber was filled with
36.8! 0.2 kg of CF3I (18.4 l with density 2.05 kg=l at
22 °C and atmospheric pressure). A buffer layer of ultrapure
water sits on top of the CF3I to isolate the active fluid from
contact with stainless-steel surfaces. A schematic of the
detector is shown in Fig. 1.
Parts per million of free iodine molecules in CF3I are

known to absorb visible light. To prevent any discoloration,
the buffer water contains 5 mmol=l of sodium sulfite,
which reacts at the water/CF3I interface with any iodine
in the organic phase to form colorless iodide (I−) that is
then extracted into the aqueous phase. This reaction is
known in chemistry as the iodine clock reaction, and it
efficiently removes any traces of free iodine from the CF3I.
No discoloration of the fluids was observed during the run.
The pressure vessel is located in a 2.9-m-diameter by

3.7-m-tall water tank in the Ladder Labs area of SNOLAB
[15]. The water tank provides shielding from external

sources of radiation as well as temperature control. The
water bath temperature is regulated by the combination of
circulation through an external heater and a second heating
wire located inside the tank for fine control. The water tank,
pressure vessel, hydraulic fluid, and bubble chamber are all
in thermal contact. The temperature is monitored by eight
resistive temperature detectors (RTDs) in the water bath
and four RTDs in the pressure vessel, bracketing the bubble
chamber volume.
Transducers monitoring the pressure are connected to the

inner volume, the pressure vessel, and the hydraulic cart.
An additional fast ac-coupled pressure transducer monitors
the pressure rise in the chamber during bubble growth [16].
Gross pressure control is accomplished using a piston with
a 1∶4 area ratio connected to a pressure-regulated air
reservoir. A stepper motor controlling a hydraulic pump
provides fine pressure control.
Two 1088 × 1700 CMOS cameras are used to photo-

graph the chamber at a stereo angle of 60° at a rate of 50
frames per second. A set of LEDs mounted next to the
cameras flash at the same rate as the camera shutter, and a
sheet of retroreflector mounted inside the pressure vessel
behind the jar reflects the LED light back to the cameras,
effectively backlighting the chamber. The stereo images
from the cameras are used to identify bubbles and recon-
struct their spatial coordinates within the chamber. Figure 2
shows images of a seven-bubble event produced during a
neutron calibration run.
Thirteen piezoelectric acoustic transducers were syn-

thesized from low radioactivity, lead-zirconate-titanate-
based ceramics in an ultrahigh purity environment to
prevent any contamination during mixing, calcination,
and sintering. The transducers are epoxied to the exterior

FIG. 1. A schematic of the PICO-60 bubble chamber.

FIG. 2. Images of a multiple scattering neutron event from the
two PICO-60 cameras. Reflection of the LED rings used for
illumination are clearly visible on the front and back of the jar.
The two vertical strings of acoustic sensors are visible running up
the sides of the jar.
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PICO-40L:		“Right-side-up”	
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•  Replace	buffer	fluid	
with	thermal	
gradient	

•  Larger	diameter	
pressure	vessel	to	
reduce	neutron	
background	

•  Parts	now	arriving	
at	SNOLAB,	physics	
in	2018	



PICO-40L:		“Right-side-up”	
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•  Replace	buffer	fluid	
with	thermal	
gradient	

•  Larger	diameter	
pressure	vessel	to	
reduce	neutron	
background	

•  Parts	now	arriving	
at	SNOLAB,	physics	
in	2018	



Bubble	Chambers	
•  Superheated	Target	
–  CF3I,	C3F8,	…	

•  ParHcle	interacHons	
nucleate	bubbles	

•  Cameras	and	acousHc	
sensors	capture	
bubbles	

•  Chamber	recompresses	
amer	each	event	
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ScinHllaHng	Bubble	
Chambers	

•  Superheated	ScinHllator	
–  Xe,	Ar,	CF4,	…	

•  ParHcle	interacHons	
nucleate	bubbles	
and	produce	scinHllaHon	

•  Cameras	and	acousHc	
sensors	capture	bubbles	
and	photodetectors	collect	
scinHllaHon	light	

•  Chamber	recompresses	
amer	each	event	
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Bubble	Chamber	Backgrounds	
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•  ALL	of	these	are	trivially	idenHfied	with	scinHllaHon	signal	

•  More	informaHon	always	key	to	background	
discriminaHon	

1	MeV	 100	eV	6	MeV	



•  Now	demonstrated	in	
superheated	xenon	
–  30-gram	right-side-up	
prototype	at	Northwestern	
arXiv:1702.08861	[PRL	118,	231301]	

•  PotenHal	for	sub-keV	
thresholds	and	mulHple	
targets	(Xe,	Ar,	CF4,	…)	
–  Be\er	low-threshold	
electron	discriminaHon	
than	freon	chambers	

–  Low-energy	NR	
calibraHons	underway	
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ScinHllaHng	
Bubble	Chamber	
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PICO-500	
•  Ton-scale	detector,	$3M	proposal	to	CFI	(Canadian	
FoundaHon	for	InnovaHon)	

•  Right-side-up	design,	straight-forward	scale-up	of	
PICO-40L	

•  On	track	to	turn	on	in	2019	
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Summary	•  PICO-60	result:	
Background-free	

•  PICO	technology	sHll	
ge{ng	be\er	
–  PICO-40L	(right-side-up)	
–  ScinHllaHng	Bubble	
Chambers	

•  PICO-500	underway,	
could	make	WIMP	
discovery	

•  Bubble	chambers	are	
key	exploring	SD	space…	
	
…and	to	characterizing	a	
future	WIMP	signal!	
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•  PICO-60	result:	
Background-free	

•  PICO	technology	sHll	
ge{ng	be\er	
–  PICO-40L	(right-side-up)	
–  ScinHllaHng	Bubble	
Chambers	

•  PICO-500	underway,	
could	make	WIMP	
discovery	

•  Bubble	chambers	are	
key	exploring	SD	space…	
	
…and	to	characterizing	a	
future	WIMP	signal!	



Backup	
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–65	to	–50	°C	
superheated	

–105	°C	
normal	

Mirrors	

To	hydraulic	controller	

PMT	

Camera	

LXe	

IR	illum
ina@on	

Vacuum	Cryostat	

Piezo	 Scin@lla@on	&	
Bubble		

Muon	paddle	
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ScinHllaHng	
Bubble	Chamber	

43	

•  Concept:	
Coincident	scinHllaHon	
and	bubble	nucleaHon	by	
nuclear	recoils	

–  Extreme	electron	recoil	
discriminaHon	as	in	freon	
bubble	chambers	

–  Event-by-event	energy	
from	scinHllaHon	signal	

–  Now	demonstrated	in	
liquid	xenon	
		
arXiv:1702.08861	
[PRL	118,	231301]	
	

Xenon	Bubble	Chamber	Prototype	
(Northwestern	University)	



Sample	Nuclear	Recoil	Event	
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AcousHc	–	ScinHllaHon	Coincidence	

•  < 1%	accidental	
coincidence	rate	
in	calibraHon	data	

•  Slope	=	speed	of	
sound	in	xenon	
(to	20%)	
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Gamma	DiscriminaHon	

•  Without	scinHllaHon,	we	would	expect	
poorer	discriminaHon	in	xenon	than	CF3I	Dahl	-	August	16,	2017																						
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Xenon	(90%	CL,	no	bubbles	from	gammas	so	far)	



ScinHllaHon	Spectrum	for	Bubble	Events	
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ET	=	8.2	–	8.6	keV	
ET	=	8.6	–	15	keV	

*SimulaHon	assumes	
15-keV	threshold	for	
bubble	nucleaHon	 Bubbles	with	no	PMT	Trigger	

No	ET	dependence		
observed	in	
other	bins	

*	


