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By that same 
consensus, we only 
understand 5% of it

There is pretty strong 
consensus regarding how 
much stuff there is in the 
universe



Dark matter - evidence?

• Galaxy rotation curves

• Galaxy clusters

• Gravitational lensing

• Large Scale Structure

• Cosmic microwave 
background



So what is it?

• We know it interacts gravitationally

• It is “dark” - should not interact with light or 
electromagnetism

• Nearly collisionless

• Slow

Axions

MACHOs

Champs

WIMPs, WIMPzillas,
 Light WIMPS

Kaluza-Klein particles

Many more



So what is it?

• We know it interacts gravitationally

• It is “dark” - should not interact with light or 
electromagnetism

• Nearly collisionless

• Slow

Beyond the Standard Model!



WIMPs

• Most discussed candidate is Weakly Interacting Massive Particle

• Produced during big bang

• Decouples from ordinary 
matter as the universe 
expands and cools

• Still around today with 
densities of about a few per 
liter

• Supersymmetry produces a theoretical candidate (LSP), but others 
exist (e.g. Kaluza-Klein particles, ...)



WIMPs not necessarily related to  
supersymmetry

• Dark sector could be as complicated as standard model 

• Searches not limited by expectations from SUSY models
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How do we find it?

Fermi-LAT gamma ray excess at center of galaxy
Daylan, Hooper et al., 1402.6703

• Indirect - detect annihilation products from regions of high density 
like the sun or the center of the galaxy

• Accelerators - create a WIMP at the LHC

• Missing ET and monojet searches

• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-
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How do we find it?

• Indirect - detect annihilation products from regions of high density 
like the sun or the center of the galaxy

• Accelerators - create a WIMP at the LHC

• Missing ET and monojet searches

• Direct detection - WIMPs can scatter elastically with nuclei and the 
recoil can be detected 



Direct Detection

• Calculate rate based on assumptions 
about the dark matter distribution 
and interaction

• Historically two interactions are 
considered (by DM experimentalists)

• Spin independent (SI) - couples to 
all nucleons 

• Enhancement for large nuclei

• Spin dependent (SD) - couples to the spin of the nucleus (unpaired 
spin of one nucleon)

Detection

Colliders
Produce it
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Particle annihilates in galaxy
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Direct Detection
DM particle scatters off nuclei inside detector!

Measure recoil spectrum
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Rate calculation
I The differential cross section (for spin-independent interactions)

in events/kg/keV mass per unit recoil energy is

dR
dQ

=
⇢0

m�
⇥ �0A2

2µ2
p

⇥ F 2(Q)⇥
Z

vm

f (v)
v

dv (3)

I Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

I The unknown particle physics component �0 (where
µp = mpm�/(mp + m�) is the reduced mass of the proton)

I Proportional to A2 for most models

I The nuclear part, approximately given by F 2(Q) / e�Q/Q0 where
Q0 ⇠ 80

A5/3 MeV

I The velocity distribution of dark matter in the galaxy - of order
30% uncertainty (not-statistical), and vm =

p
QmN/2m2

r (here
mr = mNm�/(mN + m�) is the reduced mass of the nucleus)
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The energy scale
• Energy of recoils is tens of keV

• Entirely driven by kinematics, elastic scattering of things with 
approximately similar masses (100 GeV) and v ~ 0.001c 

The energy scale

I Energy of recoils - ⇤ 10 � 100 keV

I Entirely driven by kinematics - elastic scattering of particles with
approximately similar masses (100 GeV) and v ⇤ 0.001c (270
km/s)

1
2

mNv2
N =

1
2
⇥ 100 GeV ⇥ 10�6 = 50 keV (2)
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How do we find it?

• Very low rate process (~events/year)

• Rate depends crucially on WIMP mass and threshold
Enectali Figueroa-Feliciano / Fermilab Seminar / 2013
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Knowing your energy scale 
and efficiency at threshold 
are crucial!
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• Rate depends crucially on WIMP mass and threshold



The canonical plot

• Limited at low mass by detector threshold

• Limited at high mass by density

Phys. Rev. Lett. 109, 181301 (2012)
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FIG. 3: Result on spin-independent WIMP-nucleon scatter-
ing from XENON100: The expected sensitivity of this run is
shown by the green/yellow band (1�/2�) and the resulting
exclusion limit (90% CL) in blue. For comparison, other ex-
perimental limits (90% CL) and detection claims (2�) are also
shown [19–22], together with the regions (1�/2�) preferred by
supersymmetric (CMSSM) models [18].

3 PE. The PL analysis yields a p-value of ⇥ 5% for all
WIMP masses for the background-only hypothesis indi-
cating that there is no excess due to a dark matter sig-
nal. The probability that the expected background in
the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections ⇥� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of �� = 0.3GeV/cm3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le� parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1⇥/2⇥) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
⇥ = 2.0 � 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg�days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di�er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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The canonical plot

• What happened to “weakly” interacting? 

• Mediation via Z was excluded long ago (~10-39 cm2), but only 
now are we probing Higgs exchange
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SI vs. SD (vs. nuclear physics)

• Spin-independent historically dominates the news because of the 
rate enhancement (x16000 for an atom like xenon)

• True interaction is still unknown
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]). 

 

b)(Description(of(Experimental(Method;(Performance(Requirements(

The(Case(for(Bubble(Chambers(as(Dark(Matter(Detectors(
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: 

Electron)recoil)insensitivity)
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.

SI vs. SD
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Different Responses Favor 
Different Elements!
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various nuclear targets 

(from L. Fitzpatrick at INT Workshop, 2014)



So we look for WIMPs

• A few hundred just passed through us, and we might expect a 
handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!



So we look for WIMPs

• A few hundred just passed through us, and we might expect a 
handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!

100 events/second/kg =
3,000,000,000,000 events/year 

in a ton-scale experiment



Backgrounds!



Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification, everything must be clean

• The detector itself - steel, glass, detector components

• Discrimination - can you tell signal from background via 
some tag in the event itself?
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• The detector itself - steel, glass, detector components

• Self-shielding to leave a clean inner region

• Discrimination - can you tell signal from background (gamma 
rays, alphas, neutrons, etc)?

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

Bubble Chambers!

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding

• The detector itself - steel, glass, detector components

• Self-shielding to leave a clean inner region

• Discrimination - can you tell signal from background (gamma 
rays, alphas, neutrons, etc)?



PICO Collaboration
(portmanteau of PICASSO and COUPP, themselves clunky acronyms)



Bubble Chamber Operation Cycle 

21 August 2013 15 
M.B. Crisler SNOLAB Future Projects 

Workshop 

PICO fast compression bubble chamber

• Pressure expansion creates 
superheated fluid, CF3I or C3F8

• I for spin-independent 

• F for spin-dependent

• Particle interactions nucleate 
bubbles

• Cameras see bubbles

• Recompress chamber to reset

Bubble&chamber&operation&

Water&
(buffer)&

Propylene&Glycol&
(hydraulic&fluid)&

CF3I&
(target)&

to&piston&/&pump&

�!Expand!the!chamber!
to!the!superheated!
state!(10sec).!
!
�Cameras!see!the!
bubble!

�Trigger!
�Stereoscopic!
position!
information!
!

�Recompress!the!
chamber!(100msec)!
and!wait!30sec!after!
every!bubble.!

Synthetic&
silica&jar&

February&2nd,&2013& 9&Russell&Neilson&



We take pictures



• By choosing superheat parameters appropriately (temperature 
and pressure), bubble chambers are blind to electronic recoils 
(10-10 or better)

• The probability for gamma interaction to produce a bubble:

• To form a bubble requires two things

• Enough energy

• Enough energy density - length scale must be comparable 
to the critical bubble size

Why bubble chambers?
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Why bubble chambers?

• By choosing superheat parameters appropriately 
(temperature and pressure), bubble chambers are blind 
to electronic recoils (10-10 or better)

• To form a bubble requires two things

• Enough energy

• Enough energy density - length scale must be 
comparable to the critical bubble size



Why bubble chambers?

• By choosing superheat parameters appropriately 
(temperature and pressure), bubble chambers are blind 
to electronic recoils (10-10 or better)

• To form a bubble requires two things

• Enough energy

• Enough energy density - length scale must be 
comparable to the critical bubble size

Electron energy deposition is too diffuse to 
nucleate a bubble!



• Easy to identify multiple scattering events               Neutron 
backgrounds

• Easy DAQ and analysis chain

• Cameras

• Piezos

• No PMTs, no cryogenics

Why bubble chambers?



Why not bubble chambers?

• Threshold detectors - no energy resolution

• Harder to distinguish some backgrounds, less information 
about any potential signal

• Alphas (several MeV) were a big concern

• Energy threshold calibrations are hard and important



About those alphas

• Discovery of acoustic discrimination against alphas by 
PICASSO (Aubin et al, New J. Phys 10:103017, 2008)

• Alphas deposit energy over tens of microns

• Nuclear recoils deposit theirs in tens of nanometers

• In bubble chambers, alphas are several times louder



• From COUPP4 chamber with CF3I at SNOLAB

• Better than 99.3% rejection against alphas at 16 keV threshold

• Behnke et al, Phys. Rev. D86, 052001 (2012)

Acoustic rejection
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This is what dark matter would 
sound like



This is what dark matter would 
sound like



This is what an alpha sounds like



This is what an alpha sounds like



Both together, just to hear the 
difference



The PICO program
• PICO60: Up to 40 liters, operated with CF3I at SNOLAB from June 2013 

to May 2014 

• PICO-2L: 2 liter chamber, filled with C3F8 at SNOLAB from  October 2013 
to May 2014 

• PICO-250L: Proposed ton scale detector 



• Test runs at Fermilab from 2010-2011 

• Started the move to SNOLAB beginning 
summer of 2012

PICO60

Preliminary











• Filled with 36.8 kg of CF3I at end of April, 2013

• Collected ~6000 kg-days from June, 2013 to May, 2014

PICO60



PICO60 - the good news
• Very low neutron background rate! 

• One clear multiple (5!) bubble event, likely cosmic in origin

•Alpha discrimination very strong in the large chamber!

0 2 4 6 8 100

0.2

0.4

0.6

0.8

1

AP2

 

 

Neutron data
WIMP search data

Alphas





• Large population of events that sound similar to (but slightly louder 
than) nuclear recoils

• We’ve seen this before with very low statistics in COUPP4

PICO60 - the bad news
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• Large population of events that sound similar to (but slightly louder 
than) nuclear recoils

• We’ve seen this before with very low statistics in COUPP4

PICO60 - the bad news

• Silver lining: statistics - we can actually study them in detail
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• Temperature dependence - more 
specifically, a dT/dt dependence

PICO60 anomalous events

Singles'Recoil6like'rate'in'bulk'vs'Fme'
during'first'period'at'low'pressure'
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(not'to'scale)' Both'WIMP'
and'gamma'
'runs'are''
included'
here,'since'
no'gamma''
turn6on'was''
seen'

• Spatial dependence



PICO60 anomalous events
• Correlation of acoustic power with expansion time
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PICO60 anomalous events
• Discrimination is possible with these variables



PICO60 anomalous events
• Discrimination is possible with these variables



PICO60 anomalous events
• Discrimination is possible with these variables

• Not blind...



PICO-2L 

• First test of C3F8 as 
target fluid

• Run from Oct. 2013 
to May 2014
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PICO-2L 

• Switch target fluid to C3F8 for several reasons

• Very low operating threshold

• Twice the fluorine density

• Improved efficiency for nucleation (could be a 
completely separate talk)
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PICO-2L 

• Switch target fluid to C3F8 for several reasons

• Very low operating threshold

• Twice the fluorine density

• Improved efficiency for nucleation (could be a 
completely separate talk)

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

0.0147&n&3/2&131Xe&

0.0026&p&5/2&127I&

0.084&n&1/2&29Si&

0.0026&n&9/2&73Ge&

0.011&p&3/2&23Na&
0.863&p&1/2&19F&
0.11&p&3/2&7Li&

λ2&Unpaired&Spin&Isotope&



PICO-2L 

• Switch target fluid to C3F8 for several reasons

• Very low operating threshold

• Twice the fluorine density

• Improved efficiency for bubble nucleation (could 
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PICO-2L 

• Switch target fluid to C3F8 for several reasons

• Very low operating threshold

• Twice the fluorine density

• Improved efficiency for bubble nucleation (could 
be a completely separate talk)

Great for SD-proton interactions 
no other direct detection target comes close

Great for light WIMPs

1 event/day from CDMS-Si result 



Detour: Threshold and efficiency

• Threshold based on theory of Seitz, Phys. of Fluids 1, 2 (1958) 

9"

Bubble&chamber&nucleation&
threshold&
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• Energy deposition Eth within length Rc will nucleate a bubble 
(“Hot Spike” or “Seitz” model)

• Seitz model assumes a step function above threshold, but the 
track dependence is not fully specified



Detour: Threshold and efficiency
• Complicated by molecule, CF3I or C3F8

• The recoil track length, L, must be comparable to the 
bubble radius RC
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• Easy to imagine difference in behavior between C, F and I



Detour: Threshold and efficiency

Rate =

�
WIMP recoil spectrum � Bubble nucleation efficiency (3)
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We need to calibrate!



• Use AmBe broad spectrum neutron calibration sources at 
SNOLAB to measure response of carbon and fluorine

• Compare MCNP-predicted rates of single, double, triple and 
quadruple bubble events with observation

• Rates in CF3I are 50% lower than simulations with a step function 

Is Seitz model adequate?
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• Use AmBe broad spectrum neutron calibration sources at 
SNOLAB to measure response of carbon and fluorine

• Compare MCNP-predicted rates of single, double, triple and 
quadruple bubble events with observation

• Rates in CF3I are 50% lower than simulations with a step function 

Is Seitz model adequate?

Not for C and F in CF3I!
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• Response is much better in C3F8 (C,F recoils lose energy 
more efficiently in non-iodinated fluid)

• The same AmBe data-MC comparison is perfect with the new 
target - much closer to the Seitz model
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C3F8CF3I

Maybe in C3F8!
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• This is important - we need to get it right

• Low energy neutron beam at University of Montreal allows us to 
probe very low energy recoils

• The result agrees with the AmBe calibrations, and constrains the 
shape of the efficiency curve at low energy!

Threshold and efficiency
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Calibration Data at ET=3.2 keV
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61 keV neutron source
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F, C response in CF3I
Very soft turn on
Large uncertainty

New calibration on C3F8

Much faster turn on! 
Much better constrained!

Preliminary

Threshold and efficiency
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• 23 bubble event from AmBe neutron source! 

Threshold and efficiency



PICO-2L Results
• Two distinct alpha peaks, well 

separated from neutron data

• Timing of events is consistent with 
Rn decay, and higher energy alphas 
are louder

• “Acoustic calorimetry”
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AmBe Neutron source
WIMP search data
Acoustic Cut
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AmBe Neutron source
WIMP search data
Acoustic Cut

5.5 MeV

6.0 MeV 7.7
MeV



• 12 candidate events in 211.6 kg-days of exposure

3

T (�C) P (psia) Seitz threshold, ET (keV) Livetime (d) WIMP exposure (kg-d) No. of candidate events
14.2 31.1 3.2± 0.2(exp)± 0.2(th) 32.2 74.8 9
12.2 31.1 4.4± 0.3(exp)± 0.3(th) 7.5 16.8 0
11.6 36.1 6.1± 0.3(exp)± 0.3(th) 39.7 82.2 3
11.6 41.1 8.1± 0.5(exp)± 0.4(th) 18.2 37.8 0

TABLE I: Table describing the four operating conditions and their associated exposures. The experimental uncertainty on the
threshold comes from uncertainties on the temperature (0.3�C) and pressure (0.7 psi), while the theoretical uncertainty comes
from the thermodynamic properties of C3F8 (primarily the surface tension).

Seitz threshold, ET (keV) Livetime (d) WIMP exposure (kg-d) Candidates
3.2± 0.2(exp)± 0.2(th) 32.2 74.8 9
4.4± 0.3(exp)± 0.3(th) 7.5 16.8 0
6.1± 0.3(exp)± 0.3(th) 39.7 82.2 3
8.1± 0.5(exp)± 0.4(th) 18.2 37.8 0

TABLE II: Table describing the four operating conditions and their associated exposures. The experimental uncertainty on the
threshold comes from uncertainties on the temperature (0.3�C) and pressure (0.7 psi), while the theoretical uncertainty comes
from the thermodynamic properties of C3F8 (primarily the surface tension).
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AmBe source
WIMP search data
Acoustic cut

FIG. 1: (Color online) AP distributions for neutron calibra-
tion data (black) and WIMP search data (red) at 4.4 keV
threshold. As discussed in the text, alphas from radon decay
can be identified by their time signature and populate the
two peaks in the WIMP search data at high AP , with higher
energy alpha decays producing larger acoustic signals.

events observed during the gamma exposure at 3.2 keV,
the probability for a gamma interaction to nucleate a
bubble was determined to be less than 3.5 ⇥ 10�10 at
90% C.L. With these results and a dedicated NaI mea-
surement of the gamma flux in the PICO-2L shield [13],
electronic recoils should produce fewer than 0.05 events
in the PICO-2L WIMP search data.

A second key method for background rejection in su-
perheated detectors is the acoustic rejection of alpha de-
cays [7, 8, 10, 14]. PICO-2L observed a rate of high-AP
events at 4.4 keV threshold immediately after the initial
fill that decayed with a half-life consistent with that of
222Rn to a steady state of about 4 events/day. None of
the high acoustic power events leak into the nuclear recoil
acceptance band in that data set, confirming that acous-
tic alpha rejection is present in the C3F8 target. The 4.4
keV data provide a statistics-limited, 90% lower limit on
the alpha-rejection in PICO-2L of 98.2%.

In addition to the acoustic discrimination, PICO-2L
data show a dependence of AP on alpha energy that was
not previously observed in CF3I. At low threshold, two
distinct peaks appear at high AP (see Fig. 1). The time
structure of the high-AP peaks is consistent with that
of the fast radon chain (222Rn, 218Po, and 214Po decays
having energies of 5.5 MeV, 6.0 MeV, and 7.7 MeV, re-
spectively). The events in the louder peak come primar-
ily from the third event in the chain, the high energy
214Po. To our knowledge, this constitutes a first instance
of particle energy spectroscopy using acoustic methods.
Background neutrons produced primarily by (↵,n) and

spontaneous fission from nearby 238U and 232Th can pro-
duce both single and multiple bubble events. Most of
the detector components were counted before installa-
tion to assess the U and Th levels, with the results in-
corporated into a complete detector simulation to cal-
culate the neutron-induced background rate in the de-
tector. This simulation predicts 0.9(1.6) single(multiple)
bubble events in the entire data set, for an event rate
of 0.004(0.006) cts/kg/day, with a total uncertainty of
about 50%. There were no multiple bubble events ob-
served in the WIMP search data, providing a 90% C.L.
upper limit of 0.008 cts/kg/day, consistent with the back-
ground model.
The sensitivity of the experiment to dark matter de-

pends crucially on the e�ciency with which nuclear re-
coils at a given energy produce bubbles. The classical
Seitz model [15] indicates that nuclear recoils of energy
greater than ET will create bubbles with 100% e�ciency,
but past results show that the model does not accurately
describe the e�ciency for detecting low energy carbon
and fluorine recoils in CF3I [7, 16]. This breakdown is
attributed to the relatively large size of carbon and fluo-
rine recoil tracks in CF3I, as bubble nucleation only oc-
curs if the energy deposition is contained within a criti-
cal bubble size. Iodine recoils in CF3I have much shorter

• Expected ~1 background event (neutrons)

PICO-2L Results
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• These events have timing correlations inconsistent 
with WIMPs (sounds familiar)

102 103 1040

0.2

0.4

0.6

0.8

1

Time−to−previous−non−timeout, TPNT (s)

Pr
ob

ab
ilit

y

 

 

CDF of WIMP−like events
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• This becomes a cut variable (method similar to optimum 
interval of Yellin, PRD 66,032005 (2002))

PICO-2L Results
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• Leading hypothesis - particulate contamination

• In the middle of large assay program 

• XRF identified several contaminants in filters (SS, quartz, gold)

• ICPMS has found enough thorium to explain PICO-2L rate

Background sources

Filter sample from PICO-2L SEM image of particulate



• Is it particulates (or some other contaminant)?

• Test chambers, particulate spikes

• What is the source? Internal or external?

• Post-mortem of previous chambers

• Can we prevent it from getting in to the target?

• Improved cleaning processes and QA (new run of PICO-2L 
about to begin)

• Exploring small design modifications to isolate active fluid

• Can we filter it out of the target? 

• In-situ filtration in PICO60

• Eliminating buffer fluid would make filtration easier...

Understanding our backgrounds
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PICO-250L

• Begin with C3F8 to maximize discovery 
potential (SD and low masses)

• Retain flexibility to respond to developments 
in the field - switch targets!

PICO-250L DOE G2 Proposal  
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superheated is accomplished by small proportional valves that can open the chamber to the reservoir tanks 
to tweak the pressure up or down as needed under servo control.  Schematically, the system is very 
similar to the hydraulic control system of a forklift truck or a lift gate, and it can be entirely constructed 
from commercial hydraulic components. 

   
Figure 13: Pressure Vessel shown with integral fast compression units (left). Site rendering showing the 

Pressure Vessel in the water tank viewed from the top by the PMTs of the veto system (right). 

 
In our earlier chambers, the hydraulic control unit was an integrated package connected to the bubble 
chamber by piping.  For a large chamber, this piping connection would present a significant seismic risk 
because the pipe could be sheared in a seismic incident.  A significant design innovation planned from the 
PICO-250L hydraulic controls is to mount the fast compression units directly on the pressure vessel body, 
as shown in Figure 13. Because the fast compression connection dominates the fluid flow requirements, 
this geometry allows us to eliminate the large piping connection to the chamber.  The fluid flow during 
expansion is 0.1% of the flow during fast compression.  Therefore, a thin, flexible pressure-rated hose can 
accommodate the flow required for expansion and for recharging the fast compression accumulators.  
This hose would connect to a manifold on the chamber body protected by check valves so that a failure 
would not result in a loss of chamber pressure. 

It is possible to engineer the volumes of the pressure reservoirs so that the bubble chamber will be safe 
against any failure or incorrect configuration of valves or failure of the pump. 

 

The PICO-250L pressure controller will be managed using a National Instruments Compact RIO 
controller.  This system provides for significant instrument readout, data processing, and vetting of 
process control data at the FPGA level within the backplane of the device.  The FPGA passes processed 
data to a real-time controller that provides higher-level control functions and passes the data on to the 
LabVIEW based Data Acquisition System. This system has been successfully implemented in 
COUPP/PICO calibration and prototype chambers. 

• Straightforward scale up of existing PICO-2L and PICO60 detectors



• PICO is producing the best direct detection limits on spin-dependent 
dark matter, with competitive sensitivity in SI channels

• The dark matter field (including PICO) makes orders of magnitude 
gains every few years, but we still don’t know the answer

• PICO should play a unique role in the hunt for dark matter, but we 
have work to do before we are ready for the next stage 

Conclusion



End



Why bubble chambers?
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PICO-250L

• Funded by NSF and DOE as part of G2 
Dark Matter but not ultimately chosen

• Engineering well underway

PICO-250L DOE G2 Proposal  
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Figure 12: The PICO-250L outer vessel (left) with the inner vessel and bellows inside (right). 

The procurement of a suitable pressure vessel does not present any major challenges.  We have identified 
vendors familiar with screened materials and controlled welding with non-thoriated electrodes.  We have 
identified a vendor who also has significant expertise in the design of pressure vessel sight glass windows 
for bubble chambers.  The procurement process requires the creation of a technical specification that 
identifies the gross dimensions, the nozzle positions and orientations, and the pressure ratings.  The 
specification will state that the vessel must be designed, fabricated, and tested in compliance with both 
US and Ontario Canadian codes.  The entire process of designing and fabricating the vessel is entirely the 
responsibility of the vendor.  As was done for COUPP-60, to ensure radio-purity we will procure the raw 
stainless steel from a Swedish supplier that is reliably low background.  We will hold the steel while it is 
sampled and measured for radioactivity.  The successfully screened material will then be released to the 
vendor for fabrication. 

WBS)2.3:)Hydraulic)Pressure)Controls)
The pressure control unit is responsible for expanding and recompressing the chamber, regulating 
chamber pressure in the expanded and compressed states, and maintaining the chamber in a safe state in 
the face of subsystem failures. The system developed for our most recent set of test chambers has 
simplified the design and led to better performance and a more robust and fault-tolerant system.  

 

The basic design concept is simple.  A high-pressure reservoir in the form of an accumulator tank 
connects to the bubble chamber through a fast, large-bore solenoid valve.  Opening this valve 
accomplishes fast compression and closing it prepares the chamber for expansion.  A second, smaller 
solenoid connects the chamber to a low-pressure accumulator tank.  Opening the smaller valve 
accomplishes the expansion of the chamber.  Regulation of the pressure when the chamber is active and 

PICO-250L DOE G2 Proposal  
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superheated is accomplished by small proportional valves that can open the chamber to the reservoir tanks 
to tweak the pressure up or down as needed under servo control.  Schematically, the system is very 
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In our earlier chambers, the hydraulic control unit was an integrated package connected to the bubble 
chamber by piping.  For a large chamber, this piping connection would present a significant seismic risk 
because the pipe could be sheared in a seismic incident.  A significant design innovation planned from the 
PICO-250L hydraulic controls is to mount the fast compression units directly on the pressure vessel body, 
as shown in Figure 13. Because the fast compression connection dominates the fluid flow requirements, 
this geometry allows us to eliminate the large piping connection to the chamber.  The fluid flow during 
expansion is 0.1% of the flow during fast compression.  Therefore, a thin, flexible pressure-rated hose can 
accommodate the flow required for expansion and for recharging the fast compression accumulators.  
This hose would connect to a manifold on the chamber body protected by check valves so that a failure 
would not result in a loss of chamber pressure. 

It is possible to engineer the volumes of the pressure reservoirs so that the bubble chamber will be safe 
against any failure or incorrect configuration of valves or failure of the pump. 

 

The PICO-250L pressure controller will be managed using a National Instruments Compact RIO 
controller.  This system provides for significant instrument readout, data processing, and vetting of 
process control data at the FPGA level within the backplane of the device.  The FPGA passes processed 
data to a real-time controller that provides higher-level control functions and passes the data on to the 
LabVIEW based Data Acquisition System. This system has been successfully implemented in 
COUPP/PICO calibration and prototype chambers. 
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Figure 1: Spin-dependent and -independent expected sensitivities for PICO-250L, corresponding to exposures 
of one live-year at 10 keV threshold with an expected 0.26 events from neutrons, 80 live-days at 5 keV with 
one solar neutrino event, and 40 live-days at 3 keV with one solar neutrino event. The supersymmetric 
parameter space probed through SD and SI couplings can be significantly decoupled (see for instance, Fig. 1 
in [4]), resulting in a true chance at discovery through SD-sensitive searches. Adopting the probabilistic 
treatment in [15], PICO-250L has the potential to explore the vast majority of supersymmetric WIMP 
parameter space. 

 
Historically, the field of direct detection of dark matter has focused on SI channels, primarily motivated 
by the idea that experiments could explore smaller cross sections due to the assumed A2 enhancement of 
most SI dark matter models. However, many WIMP models have orders of magnitude larger SD 
couplings than SI (see Figure 2), giving PICO-250L sensitivity to a complementary set of WIMP models 
that will be invisible to the next generation of SI detectors (e.g. [16][17] for SUSY, [4] for Kaluza-Klein). 
An extensive exploration of the SD parameter space in both SD proton and SD neutron couplings is 
therefore a critical component to any global dark matter strategy. As available supersymmetric parameter 
space becomes more constrained by direct detection experiments and the LHC, other theoretical models 
that can explain dark matter become more interesting. For example, recent developments in Asymmetric 
Dark Matter or hidden sector models have generated a great deal of theoretical interest ([18][19][20] and 
references therein). The prediction of a light dark matter particle is a common feature of many of these 
models, increasing the desirability for a complete exploration of all potential dark matter masses. With 
this in mind, the physics reach of PICO-250L is an excellent complement to that of large xenon detectors 
like LUX/LZ and Xenon1T. Xenon provides sensitivity to traditional heavy mass SI dark matter in 
addition to SD neutron couplings. PICO-250L has unmatched sensitivity to SD proton couplings and can 
more effectively probe light dark matter models than xenon by taking advantage of the more favorable 
kinematics of scattering on a light target like fluorine. Furthermore, PICO-250L will have a very different 
set of systematics than xenon detectors, without any of the concerns regarding quenching factors for 
example (particularly relevant for light dark matter).  

 

In the search for very light dark matter, PICO-250L will come up against the 8B solar neutrino coherent 
scattering signal relatively soon in its initial run (~1 event per 40 live-days at 3 keV threshold) [36][37]. 
Once observed, the solar neutrino signal can be avoided by raising the operating threshold as reflected by 
the operations plan in Section IV subsection d) Span of Operations. 

 

A final advantage to the bubble chamber technology, one that is again complementary to other dark 
matter searches, is the potential for target exchange in the same detector; a target such as CF3I with 
improved sensitivity in the SI channel to heavier WIMPs could be used after the C3F8 run if the physics 
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Neutron beam calibration

● Neutrons at 61 & 97 keV → 12 & 20 keV E
r,max

● Material between source and C
3
F

8
 minimized.
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Neutron Beam Calibration

● Results normalized to 
He-3 at 90° to beam end.

● Cross-calibrated with 2nd 
He-3 in forward direction.

● Detailed neutron 
propagation simulations 
find < 10% total rate 
uncertainty.



What about iodine?
• Main sensitivity to spin independent dark matter from iodine

• 85% of neutron source interactions are with C and F

•Heavy radon daughter nuclei are a proxy and are step-like
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Alpha data
Radon model prediction, with range of alpha contribution

• We really need a direct calibration



• Bubble chambers are insensitive to MIPs

• Elastic scattering of charged particles can be tracked with 
very high precision

Alternate approach
I Superheated fluids are unique among dark matter detectors-

they are insensitive to MIPs
I Allows for elastic scattering of high momentum charged particles -

can be tracked with very high precision

! Consider a p=10GeV/c !- elastic scatter off a heavy nucleus

KE goes like momentum transfer (P=p"):   T = P2/2M

Independent of projectile mass: e.g. !- p=10 GeV/c 10mrad ! P=100 MeV/c, T
I
= 10 KeV

Limited by Multiple Coloumb scattering T
I
>2.5 KeV  for 3"MCS

! Tracking with conventional MWPC spectrometer in test beam.  Trigger on every track.

Point to the bubble,  Measure fraction of bubbles/scatter vs T(")

~3/4 of all scatters are from elastic I scattering

Shape of dN/dT gives gives efficiency, #I(T).

Empty / dummy target scattering data require to remove non CF3I scatters; normalization

!This was all done in FNAL-E69 25 years ago. 70 GeV/c !!-- Sn elastic measured.  PRD 21,3010 (1980)
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• Provides event by event energy information bubble 
chambers normally can’t provide

• 75% of elastic scattering events with 12 GeV pions at 
energies relevant to dark matter involve iodine

Alternate approach
I Superheated fluids are unique among dark matter detectors-

they are insensitive to MIPs
I Allows for elastic scattering of high momentum charged particles -

can be tracked with very high precision
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• Test beam at Fermilab with a silicon pixel telescope

• Designed a new test tube sized bubble chamber

Piezo-acoustic 
sensor

Water bath

Beam tube

Hydraulic
 “top hat”

Hydraulics

Piezo-acoustic
sensor

Beam tube

Water bath

COUPP Iodine Recoil Threshold Experiment



Position'correlations'

October(15,(2012( Russell(Neilson( 38(

Observed(bubbles(are(correlated(with(pion(track(scatters(in(position.(

• Beam run at Fermilab in March, 2012
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• Analysis shows that iodine threshold is very close to a step 
function at the predicted energy (PRC 88:021101, 2013)

• Limited by resolution (MCS) and statistics

COUPP Iodine Recoil Threshold Experiment



• XRF has identified many 
components chemically

• Stainless steel

• Quartz

• Gold (from seal)

• Silver (VCR parts?)

Background sources


