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Roadmap	
•  Mo;va;on	

–  WIMP	hun;ng	with	elements	besides	xenon	

•  Bubble	Chamber	Basics	
–  Background	discrimina;on	in	

superheated	fluids	

•  PICO	Progress	
–  Backgrounds	discovered,	

backgrounds	eliminated	

•  New	Developments	in	
Bubble	Chambers	
–  Future	PICO	detectors	
–  Liquid-noble	bubble	chambers	
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State-of-the-art	WIMP	Hun;ng	
•  Signal:	
WIMP-nucleus	
elas;c	scaWering	

•  Irreducible	
Background:	
ν-nucleus	elas;c	
scaWering,	a.k.a.	
“neutrino	floor”	
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χ χ

Mχ ≈ GeV	–	TeV	

Er	≈ 10 keV	
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TABLE IV. Eleven background types considered in the PLR
analysis, along with the systematic uncertainties on their nor-
malizations, included as nuisance parameters in the PLR.

Background �/N
222Rn (ER) 10%

pp+7Be+14N ⌫ (ER) 2%
220Rn (ER) 10%

136Xe 2⌫�� (ER) 50%
Det. + Env. (ER) 20%

85Kr (ER) 20%
8B solar ⌫ (NR) 15%

Det. + Env. (NR) 20%
Atmospheric ⌫ (NR) 25%

hep ⌫ (NR) 15%
DSN ⌫ (NR) 50%

low number of background counts expected in LZ. No
other nuisance terms are included in the sensitivity cal-
culation presented here.

The signal spectrum for WIMP recoils is calculated
using the standard halo model following the formal-
ism of [74], with �0 = 220 km/s; �esc = 544 km/s;
�e = 230 km/s and ⇢0 = 0.3 GeV/c

2. For SI scattering
the Helm form factor [75] is used as in [76], while for SD
scattering structure functions are taken from [77]. Signal
and background PDFs in S1c and S2c are created using
NEST and the parameterization of detector response de-
scribed in Sec. III and shown in Table II. The power of the
PLR technique arises from an optimal weighting of the
background-free and background-rich regions, and for all
WIMP masses considered background rejection exceeds
99.5% for a signal acceptance of 50%. Figure 7 demon-
strates the separation in (S1c,S2c) of a 40 GeV/c

2 WIMP

FIG. 7. LZ simulated data set for a background-only 1000 live
day run and a 5.6 tonne fiducial mass. ER and NR bands are
indicated in blue and red, respectively (solid: mean; dashed:
10% and 90%). The 1� and 2� contours for the low-energy
8B and hep NR backgrounds, and a 40 GeV/c2 WIMP are
shown as shaded regions.
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FIG. 8. LZ projected sensitivity to SI WIMP-nucleon elas-
tic scattering for 1000 live days and a 5.6 tonne fiducial mass.
The best sensitivity of 1.6⇥10�48 cm2 is achieved at a WIMP
mass of 40 GeV/c2. The �2� expected region is omitted
based on the expectation that the limit will be power con-
strained [78]. Results from other LXe experiments are also
shown [7–9]. The lower shaded region and dashed line indi-
cate the emergence of backgrounds from coherent scattering
of neutrinos [51, 79] and the gray contoured regions show the
favored regions from recent pMSSM11 model scans [80].

signal from the LZ backgrounds expected in a 1000 day
run.

A. Spin-independent scattering

The LZ projected sensitivity to SI WIMP-nucleon scat-
tering is shown in Fig. 8. A minimum sensitivity of
1.6 ⇥ 10�48 cm2 is expected for 40 GeV/c

2 WIMPs, an
order of magnitude below the projected sensitivities of
all running LXe experiments. With this sensitivity LZ
will probe a significant fraction of the parameter space
remaining above the irreducible background from coher-
ent scattering of neutrinos from astrophysical sources,
intersecting several favored model regions on its way.

The higher light collection e�ciency compared to the
baseline presented in the TDR [22] (from 7.5% to 11.9%)
leads to an improvement at all WIMP masses. The lower
energy threshold leads to a significant expected rate of co-
herent neutrino-nucleus scattering from 8B and hep neu-
trinos, with 35 and 1 counts expected in the full exposure,
respectively. These events are not a background at most
WIMP masses but are interesting in their own right and
would constitute the first observation of coherent nuclear
scattering from astrophysical neutrinos.

The observed rate of events from 8B and hep neutri-
nos as well as sensitivity to low mass WIMPs will depend
strongly on the low energy nuclear recoil e�ciency (see
Fig. 3). Recent results from LUX and XENON1T ap-
propriately assume a cuto↵ in signal below 1.1 keV to
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Where	LXe	TPC’s	can’t	go…	
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Spin-Independent:	 Spin-Dependent:	

H2	p:	~10-51	
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Riffard	et	al.,	PRD	93,	035022	(2016)		

•  Even	in	xenon	(A=128–
136)	detec;on	may	
come	via	SD	channel	

•  	Xenon	is	sensi;ve	to	
both	SI	and	SD	
couplings…	

•  But	other	target	nuclei	
needed	to	determine	
which	coupling	maWers	
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Different Responses Favor 
Different Elements!

F

Na

Si

Ge

I

Xe

Mn Sn'' Sn' Fn'' Fn' Dn

0

0.2

0.4

0.6

0.8

1.0

-6-4-20246

F

Na

Si

Ge

I

Xe

Mp Sp'' Sp' Fp'' Fp' Dp

0

0.2

0.4

0.6

0.8

1.0

-6-4-20246

Protons Neutrons

A.	Liam	Fitzpatrick,	INT-14-57w	Workshop	

Proton	Coupling Neutron	Coupling

SI	 SD	



Signal?		Or	Anomalous	Background?	
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•  Every	detec;on	technique	has	the	poten;al	for	anomalous	backgrounds:	
–  Ways	discrimina;on	may	be	systema;cally	fooled	
–  Backgrounds	we	weren’t	crea;ve	enough	to	think	of	a	priori…	

•  The	dark	maWer	signal	might	not	be	what	we	expect!	
•  Confirma;on	from	a	different	technology,	with	different	anomalous	

backgrounds,	will	be	crucial	
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age events for each energy bin in the analysis of the WIMP-
search data is currently limited by available calibration
statistics. Based on the analysis of multiple-scatter events,
no neutron induced recoil events are expected in the single-
scatter WIMP-search data set. To set conservative limits on
the WIMP-nucleon spin-independent cross section, we
consider all ten observed events, with no background sub-
traction. Figure 4 shows the 90% C.L. upper limit on
WIMP-nucleon cross sections as a function of WIMP
mass, calculated for a constant 19% Leff , the standard
assumptions for the galactic halo [25], and using the
‘‘maximum gap’’ method in [26]. For a WIMP mass of
100 GeV=c2, the upper limit is 8:8! 10"44 cm2, a factor
of 2.3 lower than the previously best published limit [27].
For a WIMP mass of 30 GeV=c2, the limit is 4:5!

10"44 cm2. Energy resolution has been taken into account
in the calculation. The largest systematic uncertainty is
attributed to the limited knowledge of Leff at low
nuclear-recoil energies. Our own measurements of this
quantity [21] did not extend below 10.8 keVr, yielding a
value of #13:0$ 2:4%% at this energy. More recent mea-
surements by Chepel et al. [22] have yielded a value of
34% at 5 keVr, with a large error.

A comparison between the XENON10 neutron calibra-
tion data and Monte Carlo simulated data, including the
effects of detector resolution and energy dependence of
Leff , provides an effective constraint on the variation of
Leff for all energies in the analysis range [28]. The constant
Leff assumption used to calculate the limits above shows
reasonable agreement at the 10% level between the
Monte Carlo predicted spectrum and the measured energy
dependence and intensity of the single-scatter nuclear-
recoil spectrum. The Leff assumption which gives the
best agreement implies a slightly more sensitive exclusion
limit and is not quoted. A conservative exclusion limit was
calculated by including estimates of possible systematic
uncertainty in the signal acceptance near threshold. Also
included was an estimate of the uncertainty in the energy
dependence of the neutron scattering cross sections used in
the Monte Carlo simulations. The Leff assumption which
gives poorest sensitivity, while remaining consistent at the
1% level with the neutron calibration data, corresponds to
exclusion limits as high as 10:4! 10"44 cm2 (5:2!
10"44 cm2) for a WIMP mass of 100 GeV=c2

(30 GeV=c2).
Although we treated all ten events as WIMP candidates

in calculating the limit, none of the events are likely WIMP
interactions. !log10#S2=S1% values for 5 events (compared

FIG. 3 (color online). Results from 58.6 live days of WIMP
search in the 5.4 kg LXe target. The WIMP-signal region was
defined between the two vertical lines (4.5 to 26.9 keV nuclear-
recoil equivalent energy) and the two zigzag lines (about 50%
nuclear-recoil acceptance).
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FIG. 4 (color online). Spin-independent WIMP-nucleon cross
section upper limits (90% C.L.) versus WIMP mass. Curves are
shown for the previous best published limit [upper (blue)] [27]
and the current work [lower (red)], assuming a constant 19%
Leff . The shaded area is for parameters in the constrained
minimal supersymmetric models [6,29].

FIG. 2 (color online). Position distribution of events in the 4.5
to 26.9 keV nuclear-recoil energy window, from the 58.6 live
days of WIMP-search data. (small dots) All events. (&) Events
in the WIMP-signal region before the software cuts. (') Events
remaining in the WIMP-signal region after the software cuts.
The solid lines indicate the fiducial volume, corresponding to a
mass of 5.4 kg.
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“gamma-X”	

?	
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Bubble	Chambers	
•  Superheated	Target	

–  CF3I,	C3F8,	…	

•  Par;cle	interac;ons	
nucleate	bubbles	

•  Cameras	and	acous;c	
sensors	capture	bubbles	

•  Chamber	recompresses	
aner	each	event	

3 

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. 
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•  Superheated	Target	
–  CF3I,	C3F8,	…	

•  Par;cle	interac;ons	
nucleate	bubbles	

•  Cameras	and	acous;c	
sensors	capture	bubbles	

•  Chamber	recompresses	
aner	each	event	
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Bubble	Chamber	Thermodynamics	
•  What	does	it	take	to	nucleate	a	bubble?	
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Pl	<	Pvap,	Tl	

Pb	≈	Pvap	
		Tb	=	Tl	

C3F8	
Pσ=	2σ/r	
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“Cri2cal	Radius”	



Bubble	Chamber	Thermodynamics	
•  What	does	it	take	to	nucleate	a	bubble?	

INT-18-2a	Workshop																										
Dahl,	6/27/2018	 12	

Pl=2.1	bara,	Tl=14oC	

Pb=	6.2	
					bara	

C3F8	
rc=23.7nm	

1.81	keV	

-0.15	keV	

1.53	keV	

“Thermodynamic	
Threshold”	

=	3.19	keV	
“Cri2cal	Radius”	
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Nuclear	Recoil	Response	
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Thermodynamic	
threshold	

Calibrated	
fluorine	recoil	

detec;on	efficiency	

Mul;ple	neutron	
sources	used	to	
constrain	recoil	

detec;on	efficiency	
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Alpha-Decay	Discrimina;on	
•  All	bubbles	look	the	same!	

–  1-mm	diameter	bubble	has	drawn	
10	PeV	from	superheated	fluid	

–  Nuclear	recoil	visually	indis;nguishable	
from	alpha-decay	10	keV	

6	MeV	
vs	



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.
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•  SNOLAB	Run	1	completed	
(June	2013	–	May	2014)	

•  35-kg	CF3I,	upgradable	to	80-kg	

•  >80%	live;me	(>90%	by	end	of	run)	

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

•  One	mul;-bubble	event	
(consistent	with	expected	
neutron	rate)	
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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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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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PICO-60	C3F8	(2017)	
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•  Goal:		Eliminate	par;culate	
backgrounds	in	40-liters	C3F8	
	
–  Cleaning/assaying	to	MIL-
STD1246C	Level	50	

–  Soner	metal-quartz	seal	design	
–  In-situ	buffer	filtra;on	
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•  1167	kg-day	exposure	
•  3.3	keV	threshold	
•  106	bulk	single	bubbles	

(3	mul;-bubble	events)	

•  “Deaf”	Analysis	
(acous;cs	blinded)	

20	

0	–	3	neutron	single-bubble	
events	expected,	based	on	
mulT-bubble	event	rate	
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(3	mul;-bubble	events)	

•  NO	WIMP	CANDIDATES	

log(AP)	 20	



UCLA DM 2018

PICO-60 Results

10

Phys. Rev. Lett. 118, 251301 (2017)

• 30 live-days at 3.3 keV 
• Additional data acquired, but background limited
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PICO-60,	Coming	Results	
•  Since	first	result	was	
already	nearly	neutron-
limited,	PICO-60	shined	to	
low-threshold	(low-WIMP-
mass)	search	

•  Analysis	of	low-threshold	
calibra;ons	ongoing	

•  PICO-60	decommissioned	
in	2017	INT-18-2a	Workshop																										
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• Stable operation 
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follow soon
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The	Future	of	PICO	
•  We’ve	shown	we	can	mi;gate	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	en;rely.		(Or	
both…)	
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How	to	get	Bubbles	from	Par;culate	

•  Alpha	decays	from	
par;culate,	failed	
acous;cs	

•  Merging	buffer	fluid	
droplets,	cavita;on	
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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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The	no-buffer-fluid	solu;on:		PICO-40L	
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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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• Currently all major 
components being tested 
above ground at SNOLAB 

• Shipping underground in 
March 2018 

• Final assembly and 
commissioning to June 
2018 

• Data taking for ~a year
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The Further Future - PICO 500

18

PICO-40L	Mission:	
•  Demonstrate	right-side-up	

geometry	at	large	scale	

•  Address	PICO-60	neutron	
background	
–  1-year	physics	exposure	planned,	

beginning	Fall	2018	

•  Dry-run	for	PICO-500*	
–  *now	funded	by	Canadian	

Founda;on	for	Innova;on	
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•  Superheated	Target	
–  CF3I,	C3F8,	…	

•  Par;cle	interac;ons	
nucleate	bubbles	

•  Cameras	and	acous;c	
sensors	capture	bubbles	

•  Chamber	recompresses	
aner	each	event	

Bubble	Chambers	
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•  Superheated	Scin;llator	
–  Xe,	Ar,	C6F6,	…	

•  Par;cle	interac;ons	
nucleate	bubbles	
and	produce	scin;lla;on	

•  Cameras	and	acous;c	
sensors	capture	bubbles	
and	photo-detectors	collect	
scin;lla;on	light	

•  Chamber	recompresses	
aner	each	event	

Scin;lla;ng	Bubble	Chambers	
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•  Cameras	and	acous;c	
sensors	capture	bubbles	
and	photo-detectors	collect	
scin;lla;on	light	

•  Chamber	recompresses	
aner	each	event	
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Elimina;ng	Backgrounds	via	
Scin;lla;on	

•  ALL	of	these	are	trivially	iden;fied	with	scin;lla;on	signal	

•  More	informa;on	always	key	to	background	discrimina;on	
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Why	Liquid-noble	Bubble	Chambers	
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3 

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. 
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Scin;lla;ng	Bubble	Chamber	History	
(Why	they	might	not	work…)	

•  Glaser	built	a	xenon	bubble	
chamber	in	1956	and	found:	

–  No	bubbles	in	pure	xenon	
even	at	~1	keV	threshold	
(with	gamma	source)	

–  Normal	bubble	nuclea;on	in	
98%	xenon	+	2%	ethylene	
(scin;lla;on	completely	
quenched)	
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FIG. 1. Tracks of electrons produced by gamma rays from a
100-mC radium beryllium source placed 8 in. from the center of
a bubble chamber 1 in. in diameter filled with liquid ethylene at—1.8'C. The density of the liquid is about 0.5 gjcm'. The dura-
tion of the light flash is 5 msec and the flash occurred 3 msec
after the expansion was initiated.

escaping in optical radiation, we dissolved some ethylene
in the liquid xenon in the hope that it would "quench"
the scintillation eRect by coll.isions of the second kind.
With less than 2% by weight of ethylene, the bubble
chamber became radiation sensitive and produced.
copious tracks of electrons when exposed to a 25-mC
radium beryllium source of gamma rays as shown in
Fig. 2. A large number of pictures have been taken of
this xenon chamber and indicate that the track forma-
tion is reasonably insensitive to the temperature and
to the proportion of ethylene.
As a particle detector the xenon bubble chamber

has properties similar to those of nuclear emulsion. The
density of the liquid is 2.3 g/crn, the radiation length
is 3.1 cm, and the Coulomb scattering constant is about
the same as that of emulsion. Since the accuracy of
scattering measurements increases as I.', if I is the
length of track measured, the xenon bubble chamber
should yield useful scattering measurements because
of the long track lengths possible, even though the
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FIG. 2. Tracks of electrons produced by gamma rays from a
25-mC radium beryllium source placed 8 in. from the center of
the same chamber filled with liquid xenon containing 2% by
weight of ethylene and operated at —19'C. The density of the
liquid is about 2.3 g/cm' and the lighting conditions are the same
as in Fig. 1.

accuracy of determining coordinates of points on. a
track is less by at least a factor ten than for emulsions.
There is no basic limit on the possible size of xenon
bubble chambers for use with pulsed accelerators. It
competes in cost with large emulsion stacks because the
liquid can be used indefinitely for many experiments.
The main advantages of the xenon bubble chamber
are that scanning of the photographs is easy and gamma
rays can be detected efficiently by their production of
Compton electrons at low gamma energies and electron
pairs at high energies. Association of these gamma rays
with their parent events should be easy because of the
very low background of events per picture in bubble
chambers, and the very rapid bubble growth which
allows simultaneity of events to be estimated by
bubble size to less than a millisecond. It therefore
should be possible, using a xenon bubble chamber, to
study directly those decay modes of unstable particles
involving gamma rays and neutral pions, which decay
rapidly in flight into gamma rays, and other nuclear
processes in which gamma rays are emitted. It should
be possible to determine the energies of gamma rays by
multiple scattering measurements of the electron pairs.
We would like to thank Dr. Cyril Dodd and C.

Graves and L. O. Roellig for help in making some of
the early runs. The Linde Air Products Company gener-
ously donated to the University of Michigan the xenon
used in our experiments.
Tote.—After our experiments were completed, we

learned in a telephone conversation with Dr. Keith
Boyer of the Cyclotron Group at the Los Alamos
Scienti6c Laboratory that the high speed and scintilla-
tion efFiciency of xenon gas depends only very slightly
on pressure from a few millimeters of mercury up to 3
atmospheres. A small admixture of a few tenths of a
percent. of gaseous hydrocarbon, however, is found
to practically destroy the scintillation eRects. If the
same mechanism is at work in the scintillation
"quenching" as in the xenon bubble chamber, we might
expect the large scintillation efFiciency of xenon to
extend to the liquid state at —20'C and 20 atmos-
pheres of pressure.
It seems rather remarkable that the same eRect

should be found under such different thermodynamic
conditions. Perhaps it will be possible to adjust the
percentage of hydrocarbon admixture so that the liquid
xenon retains some of its scintillating efficiency and
also produces bubble tracks. Then one might be able
to observe spatial as well as temporal data for each
nuclear process of interest. Thus decay times of par-
ticles, for example, could be associated with their
identity as revealed by their daughter particles, etc.
*This work was supported partly by the National Science

Foundation and the U. S. Atomic Energy Commission.' D. A. Glaser, Proceedings of the Fifth Artnttol Rochester Con
ference on High Energy Physics (Interscience Publishers, Inc. ,
New York, 1955).

2 D. A. Glaser and D. C. Rahm, Phys. Rev. 97, 474 (1955).
3 R. Eisberg (private communication).' D. A. Glaser and L. Q. Roellig (to be published).

Phys.Rev.	102,	586	(1956)	



Scin;lla;ng	Bubble	Chamber	History	
(…or	why	they	might	work	really	well)	
•  Scin;lla;on	suppresses	bubble	

nuclea;on?	

–  Electrons	should	be	even	less	
likely	to	make	bubbles	than	in	
freon	chambers	

–  Greater	superheat	(lower	
thresholds)	possible	

–  Nuclear	Recoils	should	be	
largely	unaffected,	thanks	to	
Lindhard	Effect	
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FIG. 1. Tracks of electrons produced by gamma rays from a
100-mC radium beryllium source placed 8 in. from the center of
a bubble chamber 1 in. in diameter filled with liquid ethylene at—1.8'C. The density of the liquid is about 0.5 gjcm'. The dura-
tion of the light flash is 5 msec and the flash occurred 3 msec
after the expansion was initiated.

escaping in optical radiation, we dissolved some ethylene
in the liquid xenon in the hope that it would "quench"
the scintillation eRect by coll.isions of the second kind.
With less than 2% by weight of ethylene, the bubble
chamber became radiation sensitive and produced.
copious tracks of electrons when exposed to a 25-mC
radium beryllium source of gamma rays as shown in
Fig. 2. A large number of pictures have been taken of
this xenon chamber and indicate that the track forma-
tion is reasonably insensitive to the temperature and
to the proportion of ethylene.
As a particle detector the xenon bubble chamber

has properties similar to those of nuclear emulsion. The
density of the liquid is 2.3 g/crn, the radiation length
is 3.1 cm, and the Coulomb scattering constant is about
the same as that of emulsion. Since the accuracy of
scattering measurements increases as I.', if I is the
length of track measured, the xenon bubble chamber
should yield useful scattering measurements because
of the long track lengths possible, even though the
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FIG. 2. Tracks of electrons produced by gamma rays from a
25-mC radium beryllium source placed 8 in. from the center of
the same chamber filled with liquid xenon containing 2% by
weight of ethylene and operated at —19'C. The density of the
liquid is about 2.3 g/cm' and the lighting conditions are the same
as in Fig. 1.

accuracy of determining coordinates of points on. a
track is less by at least a factor ten than for emulsions.
There is no basic limit on the possible size of xenon
bubble chambers for use with pulsed accelerators. It
competes in cost with large emulsion stacks because the
liquid can be used indefinitely for many experiments.
The main advantages of the xenon bubble chamber
are that scanning of the photographs is easy and gamma
rays can be detected efficiently by their production of
Compton electrons at low gamma energies and electron
pairs at high energies. Association of these gamma rays
with their parent events should be easy because of the
very low background of events per picture in bubble
chambers, and the very rapid bubble growth which
allows simultaneity of events to be estimated by
bubble size to less than a millisecond. It therefore
should be possible, using a xenon bubble chamber, to
study directly those decay modes of unstable particles
involving gamma rays and neutral pions, which decay
rapidly in flight into gamma rays, and other nuclear
processes in which gamma rays are emitted. It should
be possible to determine the energies of gamma rays by
multiple scattering measurements of the electron pairs.
We would like to thank Dr. Cyril Dodd and C.

Graves and L. O. Roellig for help in making some of
the early runs. The Linde Air Products Company gener-
ously donated to the University of Michigan the xenon
used in our experiments.
Tote.—After our experiments were completed, we

learned in a telephone conversation with Dr. Keith
Boyer of the Cyclotron Group at the Los Alamos
Scienti6c Laboratory that the high speed and scintilla-
tion efFiciency of xenon gas depends only very slightly
on pressure from a few millimeters of mercury up to 3
atmospheres. A small admixture of a few tenths of a
percent. of gaseous hydrocarbon, however, is found
to practically destroy the scintillation eRects. If the
same mechanism is at work in the scintillation
"quenching" as in the xenon bubble chamber, we might
expect the large scintillation efFiciency of xenon to
extend to the liquid state at —20'C and 20 atmos-
pheres of pressure.
It seems rather remarkable that the same eRect

should be found under such different thermodynamic
conditions. Perhaps it will be possible to adjust the
percentage of hydrocarbon admixture so that the liquid
xenon retains some of its scintillating efficiency and
also produces bubble tracks. Then one might be able
to observe spatial as well as temporal data for each
nuclear process of interest. Thus decay times of par-
ticles, for example, could be associated with their
identity as revealed by their daughter particles, etc.
*This work was supported partly by the National Science

Foundation and the U. S. Atomic Energy Commission.' D. A. Glaser, Proceedings of the Fifth Artnttol Rochester Con
ference on High Energy Physics (Interscience Publishers, Inc. ,
New York, 1955).

2 D. A. Glaser and D. C. Rahm, Phys. Rev. 97, 474 (1955).
3 R. Eisberg (private communication).' D. A. Glaser and L. Q. Roellig (to be published).

Phys.Rev.	102,	586	(1956)	



NU	Xenon	Bubble	Chamber	
–  30-gram	xenon	target	
–  25-psia,	–38oC	
ET	=	0.5	keV	

–  Single	fluid	(no	buffer)	
–  IR	illumina;on	for	
cameras	

–  IR-blind	PMT	(R6834)	for	
175nm	scin;lla;on	
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Nuclear	Recoil	Event	
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Acous;c	–	Scin;lla;on	Coincidence	
•  < 1%	accidental	
coincidence	rate	
in	calibra;on	
data	

•  Slope	=	speed	of	
sound	in	xenon	
(to	20%)	
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Scin;lla;on	Spectra	

•  Scin;lla;on	unaffected	by	superheated	state	
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Electron	Recoil	Discrimina;on	
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•  No	observa;on	
of	bubbles	
nucleated	by	
gamma-rays	at	
any	threshold!	

•  Rebuilding	
chamber	to	
explore	lower	
thresholds	

Xe	

Feb	2017	



Electron	Recoil	Discrimina;on	
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•  No	observa;on	
of	bubbles	
nucleated	by	
gamma-rays	at	
thresholds	down	
to	900	eV!	

•  Rebuilding	
chamber	to	
explore	lower	
thresholds	
(higher	
superheat)	

Xe	

Oct	2017	



Be(γ,n)	Calibra;ons	(ongoing)	
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•  88Y-Be(γ,n):	152	keV	
neutrons	
– Max	4.7	keV	xenon	
recoil	

–  Bubble	nuclea;on	by	
ET	=	2	keV	

•  207Bi-Be(γ,n):	94	keV	
neutrons	
– Max	2.9	keV	xenon	
recoil	

–  Bubble	nuclea;on	by	
ET	=	1	keV	



How	low	can	we	go?	
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•  Why	aren’t	ER’s	making	bubbles?	
–  Local	heat	in	a	mono-atomic	liquid	means	center-of-mass	mo;on	of	

atoms	–	No	molecular	bonds!	
–  Very	hard	for	electrons	to	shove	atoms	around	

•  If	ER’s	don’t	make	bubbles	at	all,	what	sets	ul;mate	threshold?	
–  Thermal	fluctua;ons:		1	bubble	/	ton-year	at	

	ET	=	75	eV	(xenon)	
	ET	=	40	eV	(argon)	

–  Nuclear	recoil	threshold	is	s;ll	2x-3x	ET	

•  Precision	calibra;ons	and	higher	superheat	on	the	way…	



Physics	with	an	Argon	Bubble	Chamber	
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If these thresholds can indeed be achieved while maintaining insensitivity to backgrounds, the 
impact on both WIMP and CEvNS detection would be enormous. A 100-eV argon recoil 
detection threshold extends WIMP sensitivity to masses an order of magnitude lower than xenon 
TPCs (LZ), while the scalability and discrimination of the bubble chamber technique enables 
much larger background-free exposures than SuperCDMS-HV. The WIMP sensitivity of a 5-liter 
chamber (the proposed size for this LDRD) with a 1-year exposure and only the coherent 
neutrino scattering background is shown in Fig. 2, along with the reach of a ton-year exposure in 
a PICO-500 scale device. Sub-keV thresholds in argon and xenon also allow detection of CEvNS 
from reactor neutrinos, also shown in Fig. 2. In fact this is the only scalable, discriminating 
nuclear recoil detection technology proposed with the potential for CEvNS detection at a reactor. 

The detector proposed below is capable of running with either an argon or xenon target, with no 
change besides fluid choice and operating temperature. This is important both for WIMP 
searches (argon gives better sensitivity at low WIMP mass, xenon is better at high mass and has 
spin-dependent reach as well) and for CEvNS measurements, where the ratios of cross sections 
on different targets put powerful constraints on the NSI parameter space. For similar reasons, we 
also consider CF4 as a target. While we do not expect the same low threshold performance in CF4 
as in liquid nobles, CF4 does scintillate (weakly) and the fluorine nucleus gives enhanced 
sensitivity both to spin-dependent WIMP scattering and to axial vector NSI. With scintillation 
wavelengths similar to xenon and a vapor pressure between that of argon and xenon, a CF4 target 
is a natural extension to the program described below. 

 
Figure 2: (Left) Sensitivity to spin-independent WIMP coupling of an argon bubble chamber with 100-
eV nuclear recoil detection threshold, showing 5-kg-year and 1-ton-year exposures with only coherent 
neutrino scattering as a background. Figure taken from [12]. (Right) Event rates from CEvNS in xenon 
and argon at the sites of the CONNIE [13] and PROSPECT [14] experiments. 

Research Plan 
Our objective is to design, construct, commission, and calibrate a 5-liter liquid argon bubble 
chamber. In doing so we will (1) demonstrate a scalable technical design for larger scale 
scintillating bubble chambers and (2) test the hypothesis that liquid nobles can be superheated to 
near the thermodynamic limit without encountering bubble nucleation by electron recoils. 

5	kg-year	

1	ton-year	Ar,	100	eV	

–  Neutrino	floor	(1	–	7	GeV)	
–  O(106)	CEvNS	events	/	ton-year	@	reactor	
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Our objective is to design, construct, commission, and calibrate a 5-liter liquid argon bubble 
chamber. In doing so we will (1) demonstrate a scalable technical design for larger scale 
scintillating bubble chambers and (2) test the hypothesis that liquid nobles can be superheated to 
near the thermodynamic limit without encountering bubble nucleation by electron recoils. 

5	kg-year	

1	ton-year	Ar,	100	eV	
Ba

W
ag
lie
ri,
	e
t	a

l.	
ar
Xi
v:
17
07
.0
45
91
	



Scin;lla;ng	Bubble	Chamber	
(Fermilab	LDRD	Project)	

INT-18-2a	Workshop																										
Dahl,	6/27/2018	 41	

–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	

–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	

Piezo	
IR	LED	
VUV	SiPM	

Ar	+		
10ppm	Xe	

CF4	 130	K	

90	K	

PTFE	(VUV	
Reflector	/	
IR	Diffuser)	

10-kg	Argon	bubble	
chamber	
–  Technical	design	
underway	

–  Commissioning	at	
Fermilab	in	FY19,	
FY20	

–  Exploring	poten;al	
physics	sites	at	
SNOLAB	and	ORNL	
(SNS,	HFIR)	



INT-18-2a	Workshop																										
Dahl,	6/27/2018	 69	

M. Ardid, M. Bou-Cabo, I. Felis 

K. Clark, G. Giroux, 
A. Noble C. Cowles, C.M. Jackson, 

B. Loer, K. Wierman 

D. Baxter, C.E. Dahl, M. Jin, 
J. Zhang 

E. Behnke, I. Levine, T. Nania 

M. Das, S. Dutta, 
S. Sahoo, S. Seth 

P.S. Cooper, M. Crisler, 
W.H. Lippincott, A. Sonnenschein 

J.I. Collar 

S. Chen, M. Laurin,  
J.-P. Martin, A. Plante, 
A.E. Robinson, N. Starinski, 
F. Tardif, D. Tiwari, V. Zacek, 
C. Wen Chao,  

R. Filgas, I. Stekl 

C. Coutu, S. Fallows, C. 
Krauss, C. Ng, M.-C. Piro 

I. Lawson 

D. Maurya, S. Priya 

R. Neilson 

E. Vázquez-Jáuregui 

J. Farine, A. Le Blanc, C. Licciardi, 
O. Scallon, U. Wichoski 

O. Harris 



	Funding:	
–  Department	of	Energy	Award	DE-SC0012161	
	Key	Pubs:	
–  PRL	118,	251301	(2017),	arXiv:1702.07666	(PICO-60)	
–  PRL	118,	231301	(2017),	arXiv:1702.08861	(XeBC)	

PICO:		Dan	Baxter	(GS),	Miao;anzi	Jin	(GS)	
LZ:		Dylan	Temples	(GS)	
ScinTllaTng	Bubble	Chamber:		Jianjie	Zhang	(PD),	Jon	
Chen	(UG),	Trent	Cwiok	(UG),	Jared	Gupta	(UG),	Ricky	
Puig	(UG),	Allison	Grimsted	(HS),	John	Gresl	(MS),	Theo	
Baker	(UG),	Jason	Phelan	(UG)	INT-18-2a	Workshop																										

Dahl,	6/27/2018	 43	



Summary	
•  Bubble	chamber	capability	s;ll	growing!	

–  	Anomalous	background	mi;gated	in	
PICO-60,	annihilated	in	future	chambers	

–  New	PICO-40L,	PICO-500	detectors	
extend	WIMP-SD	sensi;vity	

–  Scin;lla;ng	bubble	chambers	
demonstrated	

–  New	opportuni;es	at	low-threshold	with	
liquid-noble	bubble	chambers	
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If these thresholds can indeed be achieved while maintaining insensitivity to backgrounds, the 
impact on both WIMP and CEvNS detection would be enormous. A 100-eV argon recoil 
detection threshold extends WIMP sensitivity to masses an order of magnitude lower than xenon 
TPCs (LZ), while the scalability and discrimination of the bubble chamber technique enables 
much larger background-free exposures than SuperCDMS-HV. The WIMP sensitivity of a 5-liter 
chamber (the proposed size for this LDRD) with a 1-year exposure and only the coherent 
neutrino scattering background is shown in Fig. 2, along with the reach of a ton-year exposure in 
a PICO-500 scale device. Sub-keV thresholds in argon and xenon also allow detection of CEvNS 
from reactor neutrinos, also shown in Fig. 2. In fact this is the only scalable, discriminating 
nuclear recoil detection technology proposed with the potential for CEvNS detection at a reactor. 

The detector proposed below is capable of running with either an argon or xenon target, with no 
change besides fluid choice and operating temperature. This is important both for WIMP 
searches (argon gives better sensitivity at low WIMP mass, xenon is better at high mass and has 
spin-dependent reach as well) and for CEvNS measurements, where the ratios of cross sections 
on different targets put powerful constraints on the NSI parameter space. For similar reasons, we 
also consider CF4 as a target. While we do not expect the same low threshold performance in CF4 
as in liquid nobles, CF4 does scintillate (weakly) and the fluorine nucleus gives enhanced 
sensitivity both to spin-dependent WIMP scattering and to axial vector NSI. With scintillation 
wavelengths similar to xenon and a vapor pressure between that of argon and xenon, a CF4 target 
is a natural extension to the program described below. 

 
Figure 2: (Left) Sensitivity to spin-independent WIMP coupling of an argon bubble chamber with 100-
eV nuclear recoil detection threshold, showing 5-kg-year and 1-ton-year exposures with only coherent 
neutrino scattering as a background. Figure taken from [12]. (Right) Event rates from CEvNS in xenon 
and argon at the sites of the CONNIE [13] and PROSPECT [14] experiments. 

Research Plan 
Our objective is to design, construct, commission, and calibrate a 5-liter liquid argon bubble 
chamber. In doing so we will (1) demonstrate a scalable technical design for larger scale 
scintillating bubble chambers and (2) test the hypothesis that liquid nobles can be superheated to 
near the thermodynamic limit without encountering bubble nucleation by electron recoils. 
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