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By that same 
consensus, we only 
understand 4% of it

There is pretty strong 
consensus regarding how 
much stuff there is in the 
universe
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Dark matter - evidence?

• Galaxy rotation curves

• Galaxy clusters

• Gravitational lensing

• Cosmic microwave 
background

• Galactic collisions
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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
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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 in the lightest 
supersymmetric partner, but others exist
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How do we find it?

Fermi bubbles, courtesy of NASA

• 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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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 

Rate calculation
� The differential cross section (for spin-independent interactions)

per kilogram of target mass per unit recoil energy is

dR
dQ

=
ρ0

mχ
× σ0A2

2µ2
p

× F 2(Q)×
�

vm

f (v)
v

dv (1)

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

� The unknown particle physics component, hopefully determined
by experiment

� Proportional to A2 for most models

� The nuclear part, approximately given by F 2(Q) ∝ e−Q/Q0 where
Q0 ∼ 80

A5/3 MeV

� The velocity distribution of dark matter in the galaxy - of order
30% uncertainty, and vm =

�
Q/2m2

r
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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 (270 km/s)

The energy scale

� Energy of recoils - ∼ 10 − 100 keV

� 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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Rate calculation
� Integrated rate above threshold, 100 GeV WIMP, σ0 = 10−45 cm2

I =
�

Qthresh

dQ dR/dQ =

�

Qthresh

dQ
ρ0

mχ

σ0A2

2µ2
p

F 2(Q)

�

vm

f (v)
v

dv
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� Looking for a handful of events
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The canonical plot

• Limited at low mass by detector threshold

• Limited at high mass by density
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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
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Backgrounds!
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Background sources

• Cosmic rays are constantly streaming through

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

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding

• The detector itself - steel, glass, detector components

• Discrimination - can you tell signal from background using 
some microscopic physics that distinguishes the two?

Bubble Chambers!
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Chicagoland Observatory for 
Underground Particle Physics (COUPP)

[Some debate over the pronunciation (should the Ps be silent?)]
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COUPP bubble chamber

• Pressure expansion creates 
superheated fluid, CF3I

• F for spin-dependent

• I for spin-independent 

• Alternatives - e.g. C3F8 

• Particle interactions nucleate 
bubbles

• Cameras see bubbles

• Recompress chamber to reset

Propylene glycol
(hydraulic fluid)Water 

(buffer)

CF3I
target
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Why bubble chambers?

• To form a bubble requires two things

• Enough energy

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

• By choosing superheat parameters appropriately 
(temperature and pressure), bubble chambers are blind 
to electronic recoils
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Why bubble chambers?
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Why bubble chambers

• Easy to identify multiple scattering events               Neutron 
backgrounds

• Easy DAQ and analysis chain

• Cameras

• Piezos

• No PMTs, no cryogenics
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We take pictures
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Why not bubble chambers?

• Threshold detectors - no energy resolution

• Harder to distinguish some backgrounds

• Alphas were a big concern

• Energy threshold calibrations are hard and important

• Bubble chambers are slow - about 30 s of deadtime for every 
event

• Overall rate must be low
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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 COUPP bubble chambers, alphas are several times louder
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The COUPP program
• COUPP4: A 2-liter chamber operating at SNOLAB since 2010

• COUPP60: Up to 40 liters, commissioning at SNOLAB now

• COUPP500: Ton scale detector, funded by NSF and DOE, at SNOLAB in 
2015?
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!  150 mm diameter fused silica jar 
!  Closed by a flexible stainless steel 

pressure balancing bellows 
!  Instrumented with 

"  Temperature, Pressure Transducers 
"  Fast Transient Pressure Transducer 
"  Piezo Electric Acoustic Transducers 

!  Immersed in hydraulic fluid within 
a stainless steel pressure vessel 

!  Hydraulic pressure controls the 
superheated fluid pressure 

!  Viewed by machine vision 
cameras 

The Bubble Chamber 

26 July 2012 8 M.B. Crisler IDM 2012 

COUPP-4
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COUPP4: First run 2010-2011
• 17.4 live days at 8 keV threshold

• 21.9 live days at 11 keV threshold

• 97.3 live days at 16 keV threshold

• 79% acceptance for nuclear recoils after all cuts (including fiducial)
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• Better than 99.3% rejection against alphas at 16 keV threshold

• Limited by statistics, and backgrounds

COUPP4: Acoustic discrimination
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This is what dark matter would 
sound like
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This is what dark matter would 
sound like
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This is what an alpha sounds like
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This is what an alpha sounds like
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Both together, just to hear the 
difference
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• 20 WIMP candidates (8 at 8 keV, 
6 at 11 keV, 8 at 16 keV)

• 3 multiple bubble events imply 
neutrons

• U, Th in the piezo-acoustic 
sensors and the viewports

• Remaining excess of singles at 
low threshold

• Time clustering

• Correlated with activity at 
water-CF3I interface

COUPP4: Results and sensitivity
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• Given uncertainties on backgrounds, no background 
subtraction:  PRD 86:052001 (2012)

COUPP4: Results and sensitivity
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• Given uncertainties on backgrounds, no background 
subtraction:  PRD 86:052001 (2012)

COUPP4: Results and sensitivity

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini
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• Removed known neutron sources and improved fluid 
purification 

• Second run ended last November

COUPP4: Results and sensitivity
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Threshold and efficiency
• Threshold determined from Seitz, Phys. of Fluids 1, 2 

(1958) 
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• Calibration required to validate this model

• Complicated by three different types of recoils in CF3I

Monday, March 4, 2013



Carbon and fluorine
• Use neutron calibration sources at SNOLAB

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

• Data show a shortfall of events compared to simulation of the 
Seitz Model- i.e. the threshold is not a step function
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What about iodine?
• Main sensitivity to spin independent dark matter from iodine

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

• Heavy radon nuclei are a proxy, but we’d like a direct 
calibration

•Why does the nucleus matter? Recall that the recoil track length 
L must be comparable to the bubble radius RC
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COUPP Iodine Recoil Threshold Experiment

• Bubble chambers are insensitive to MIPs

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

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

they are insensitive to MIPs
� 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)

Measuring Threshold and Efficiency with Measuring Threshold and Efficiency with !!--  Elastic ScatteringElastic Scattering
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I
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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
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• Provides event by event energy information bubble 
chambers normally can’t provide

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

they are insensitive to MIPs
� 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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COUPP Iodine Recoil Threshold Experiment
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• Test beam at Fermilab with a silicon pixel telescope

• Designed a new test tube sized bubble chamber

COUPP Iodine Recoil Threshold Experiment

Piezo-acoustic 
sensor

Water bath

Beam tube

Hydraulic
 “top hat”

Hydraulics

Piezo-acoustic
sensor

Beam tube

Water bath
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COUPP Iodine Recoil Threshold Experiment

• 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
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• Limited by resolution (MCS) and statistics

COUPP Iodine Recoil Threshold Experiment
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COUPP60
• Engineering run at shallow site in 2010 

• Low backgrounds and acoustic 
discrimination

• Fluid darkening due to 
photodissociation of iodine

• Excessive surface rate

• Solutions tested in second run 
November, 2011

• Commissioning at SNOLAB

Preliminary
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COUPP60
• Engineering run at shallow site in 2010 

• Low backgrounds and acoustic 
discrimination

• Fluid darkening due to 
photodissociation of iodine

• Excessive surface rate

• Solutions tested in second run 
November, 2011

• Moving to SNOLAB since last summer

Preliminary
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Running by 
end of month?
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COUPP500
• Funded by NSF and DOE (not 

construction)

• Engineering well underway

• Merger with PICASSO collaboration 
for ton scale experiment

• Construction 2014-2015?
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COUPP4 redux

• Alternate fluid - C3F8

• Lower threshold (down to 3 keV in test stand)

• Improved sensitivity at low WIMP mass

• Improved SD sensitivity

• First effort in concert with the PICASSO 
collaboration

• Possible use in COUPP500 chamber
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Bubble chambers are fun!
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Dark matter controversies

DAMA - 
positive claim 
for 10 years!
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