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Dark	
  ma-er	
  direct	
  detecBon	
  

	
  

•  InteracBon	
  rate	
  depends	
  on	
  how	
  the	
  dark	
  
ma-er	
  couples	
  to	
  quarks/gluons	
  in	
  target	
  nuclei	
  
– Z,	
  higgs,	
  squark	
  exchange,	
  ...	
  	
  

•  Model	
  dependent	
  
– Eg	
  SUSY:	
  is	
  lightest	
  neutralino	
  more	
  bino-­‐like,	
  
higgsino-­‐like,	
  what	
  is	
  the	
  sparBcle	
  spectrum,	
  etc	
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Dark	
  ma-er	
  parBcle	
  

Recoiling	
  nucleus	
  

ElasBc	
  sca-er	
  



Dark	
  ma-er	
  direct	
  detecBon	
  

•  WIMP-­‐nucleus	
  interacBon	
  could	
  be	
  
– Spin-­‐Independent	
  (SI)	
  	
  	
  (scalar/vector	
  coupling)	
  

•  Coherent	
  sca-ering	
  	
  
à	
  enhancement	
  for	
  heavy	
  nuclei:	
  Ge,	
  Xe,	
  I,	
  ...	
  
à	
  higher	
  sensiBvity	
  to	
  WIMP-­‐nucleon	
  cross-­‐secBon	
  
•  Nonetheless	
  depending	
  on	
  the	
  model	
  the	
  SI	
  cross-­‐
secBon	
  could	
  be	
  small	
  and	
  another	
  type	
  of	
  coupling	
  
could	
  dominate...	
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Dark	
  ma-er	
  direct	
  detecBon	
  

•  WIMP-­‐nucleus	
  interacBon	
  could	
  be	
  
– Spin-­‐Dependent	
  (SD)	
  	
  	
  (axial-­‐vector	
  coupling)	
  

•  Couples	
  to	
  nuclear	
  spin	
  
à	
  requires	
  unpaired	
  nucleon,	
  enhancement	
  depends	
  
	
   	
   	
   	
   	
   	
   	
   	
  on	
  nuclear	
  shell	
  structure	
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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	
  

Fluorine	
  is	
  ideal	
  

(Well,	
  mulBple	
  targets	
  is	
  ideal!)	
  



PICO-­‐2L	
  
In	
  the	
  first	
  joint	
  COUPP/
PICASSO	
  collaboraBon	
  
meeBng	
  in	
  February	
  
2013	
  we	
  decided	
  to	
  
deploy	
  a	
  2	
  liter	
  C3F8	
  
detector	
  to	
  replace	
  
COUPP-­‐4	
  (CF3I).	
  	
  
	
  
•  Twice	
  the	
  F	
  density	
  
•  Lower	
  threshold	
  
•  Improved	
  efficiency	
  
•  Lower	
  background	
  
hardware	
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New	
  two-­‐bellows	
  design	
  inner	
  
vessel	
  assembly.	
  Silica	
  jar	
  is	
  an	
  
exact	
  replica	
  of	
  COUPP-­‐4	
  jar.	
  

Simplified	
  pressure	
  vessel	
  –	
  ¼	
  
the	
  mass	
  of	
  steel	
  as	
  COUPP-­‐4.	
  



Threshold	
  and	
  efficiency	
  

•  Threshold	
  based	
  on	
  theory	
  of	
  Seitz,	
  Phys.	
  of	
  Fluids	
  I,	
  2	
  (1958)	
  
•  Energy	
  deposiBon	
  Eth	
  within	
  length	
  Rc	
  will	
  nucleate	
  a	
  bubble	
  
•  Seitz	
  model	
  assumes	
  step	
  funcBon	
  above	
  threshold,	
  but	
  the	
  track	
  

dependence	
  is	
  not	
  fully	
  specified	
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Surface	
  energy	
   Latent	
  heat	
  



Understanding	
  efficiency	
  of	
  F,	
  C	
  recoils	
  

UCLA	
  February	
  2014	
   Russell	
  Neilson,	
  University	
  of	
  Chicago	
   7	
  

SRIM	
  simulaBon	
  of	
  15keV	
  F	
  recoils.	
  	
  



23	
  bubble	
  AmBe	
  neutron	
  event	
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High	
  mulBplicity	
  is	
  a	
  result	
  of	
  high	
  bubble	
  nucleaBon	
  efficiency;	
  60%	
  of	
  neutron	
  	
  
calibraBon	
  events	
  are	
  mulBples	
  (compared	
  to	
  25%	
  in	
  CF3I).	
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  SensiBvity	
  CalibraBons	
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In	
  addiBon	
  to	
  in-­‐situ	
  AmBe	
  we	
  
calibrate	
  the	
  nuclear	
  recoil	
  
response	
  of	
  C3F8	
  with	
  61	
  &	
  97	
  
keV	
  neutrons	
  at	
  U.	
  of	
  Montreal	
  	
  
à	
  probe	
  very	
  low	
  energy	
  recoils	
  	
  
(12	
  &	
  20	
  keV	
  max)	
  

Preliminary	
   Preliminary	
  

The	
  shape	
  of	
  the	
  efficiency	
  curve	
  is	
  
constrained	
  at	
  low	
  energy,	
  with	
  
agreement	
  across	
  calibraBons.	
  
ConservaBve	
  approach:	
  choose	
  
least	
  sensiBve	
  pair	
  of	
  eff	
  curves	
  1σ	
  
consistent	
  with	
  calibraBons	
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AmBe Neutron source
WIMP search data
Acoustic Cut

−1 −0.5 0 0.5 1 1.5 2 2.5 3
0

1

2

3

4

5

6

7

ln(AP)
 

 

First Alpha
Second Alpha
Third Alpha

PICO-­‐2L	
  
AcousBc	
  discriminaBon	
  

•  Two	
  disBnct	
  alpha	
  peaks,	
  clearly	
  
separated	
  from	
  nuclear	
  recoils	
  

•  Timing	
  of	
  events	
  in	
  high	
  AP	
  peaks	
  
consistent	
  with	
  radon	
  chain	
  alphas,	
  
and	
  indicate	
  that	
  the	
  higher	
  energy	
  
214Po	
  alphas	
  are	
  significantly	
  louder	
  	
  
(a	
  new	
  effect	
  not	
  seen	
  in	
  CF3I)	
  	
  
(“AcousIc	
  calorimetry”)	
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Preliminary	
  

“Clean”	
  alpha	
  triplets	
  

Preliminary	
  
222Rn	
  
α(5.6	
  MeV)	
  

218Po	
  
α(6.1	
  MeV)	
  

214Po	
  
α(7.9	
  MeV)	
  

3	
  minutes	
   55	
  minutes	
  

3	
  keV	
  threshold	
  

Radon	
  chain	
  alphas	
  



PICO-­‐2L	
  results	
  

	
  
•  12	
  candidate	
  events	
  in	
  211.6	
  kg-­‐days	
  of	
  exposure	
  

	
  
	
  
•  Expected	
  ~1	
  background	
  event	
  (neutrons)	
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•  However:	
  
–  Post-­‐run	
  samples	
  show	
  evidence	
  of	
  parBculate	
  
contaminaBon	
  (see	
  previous	
  talk)	
  

–  Candidate	
  events	
  have	
  Bming	
  correlaBons	
  inconsistent	
  
with	
  WIMPs	
  or	
  neutrons	
  

–  Timing	
  becomes	
  a	
  cut	
  variable,	
  method	
  similar	
  to	
  opBmum	
  
interval	
  of	
  Yellin,	
  PRD	
  66.032005	
  (2002)	
  

PICO-­‐2L	
  results	
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PICO-­‐2L	
  limits	
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PICO-­‐2L	
  limits	
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Summary	
  
•  PICO-­‐2L	
  is	
  the	
  first	
  experiment	
  for	
  the	
  new	
  PICO	
  collaboraBon,	
  

formed	
  from	
  the	
  merger	
  of	
  COUPP	
  and	
  PICASSO.	
  With	
  a	
  brand	
  
new	
  target	
  fluid	
  (C3F8)	
  PICO-­‐2L	
  has	
  demonstrated:	
  
–  Successful	
  operaBon	
  at	
  3keV	
  nuclear	
  recoil	
  threshold	
  
–  No	
  neutron	
  background	
  observed	
  	
  
–  Good	
  acousBc	
  rejecBon	
  of	
  alphas	
  
–  Detailed	
  Fuorine	
  and	
  Carbon-­‐recoil	
  efficiency	
  calibraBons	
  
–  PICO-­‐2L	
  has	
  a	
  new	
  world-­‐best	
  SD	
  WIMP-­‐proton	
  limit	
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BACKUP	
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Projected	
  limits	
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SI	
  projecBons	
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Background	
  RejecBon	
  

August	
  18,	
  2014	
   SNOLAB	
  EAC	
  MeeBng	
   20	
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2.1  Bubble Chamber Overview 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

calibration source. 

Neutron	
  Gamma/Beta	
  

4 

  
Figure 3:  (Right) Sensitivity of CF3I and C3F8 bubble chambers to gamma interactions.  Data come from 

a variety of gamma sources and chambers operating both on the surface and underground.  Dark matter 
search data is taken at thresholds giving at 10-8 to 10-9 gamma efficiency.  (Left) Acoustic discrimination 

in the COUPP 4 detector at SNOLAB at 15 keV threshold [9].  The Acoustic Parameter (AP) is a 

position-corrected measure of the intensity of the ultra-sonic emission from a growing bubble.  The blue 

histogram shows the nuclear recoil acoustic response from neutron calibration data, with 96% acceptance 
between dashed lines.  The red histogram shows background (WIMP search) data, dominated by the alpha 

decays of 222Rn and its daughters.  The WIMP search data at 15 keV include 1733 alpha-decay and 8 

WIMP-candidate events.  These background events in the nuclear recoil region are believed to be due to a 
neutron background, rather than either a WIMP signal or failure of the acoustic discrimination.  Even if 

this background were due entirely to alpha-decays, it would indicate an acoustic rejection of better than 

99.3%. 

Current COUPP / PICO Status 

The first deep-underground bubble chamber data came from the COUPP-4 experiment at SNOLAB (6800 

feet below ground) [25].  This chamber had an active mass of 4.0 kg and its first physics run, from 

November 2010 to June 2011, accumulated a net exposure of 437 kg-days at 8-, 10-, and 15-keV 
thresholds.  The resulting spin-dependent WIMP-proton cross-section limits are the most stringent to-date 

from a direct detection experiment (Fig. 1), and the data demonstrated >99.3% acoustic alpha rejection 

(Fig. 3) [9].  These results were limited by a neutron background, evidenced by the presence of three 
multiple-bubble events in the physics data – only neutrons can produce multiple bubbles in the COUPP/ 

PICO bubble chambers, and roughly 1 in 4 neutron events in COUPP-4 does have multiple bubbles. 

The COUPP-4 experiment was followed by COUPP-60, which is currently operating at SNOLAB with a 
35-kg CF3I target (Fig. 2).  The first 1,000 kg-day dataset from COUPP-60 has been taken, and the 

absence of multi-bubble events confirms that the steps taken since COUPP-4 to improve screening of 

detector components for neutron emitters have been successful.  However, COUPP-60 is not background 

free.  We have confirmed the presence of a non-WIMP background, hinted at in the low-threshold 
COUPP-4 data, that shows several anomalous characteristics, including a slightly (20%) elevated acoustic 

signal relative to nuclear recoils and a markedly increased rate during periods of thermal instability.  The 

current hypothesis is that these events are coming from chemically reactive flakes carried by convection 
currents in the target fluid.  The flakes react with the CF3I producing a non-condensable gas (e.g. C2F6) 

which is trapped on the flake, forming a nano-bubble that eventually becomes a nucleation site for CF3I 

boiling.  This background is still under investigaton in COUPP-60. 

The new PICO collaboration has also recently launched the PICO-2L experiment at SNOLAB, a 2-liter 
C3F8 chamber that began taking dark matter data on Oct. 28, 2013, operating in the same location as the 

CF3I	
  

Alpha-­‐decay	
  
>99.3%	
  RejecBon	
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COUPP/PICO	
  fast	
  compression	
  bubble	
  chambers	
  

•  Pressure	
  expansion	
  puts	
  fluid	
  
(CF3I	
  or	
  C3F8)	
  in	
  superheated	
  state	
  
–  I	
  for	
  spin-­‐independent	
  
–  F	
  for	
  spin-­‐dependent	
  

(many	
  fluids	
  possible)	
  

•  ParBcle	
  interacBons	
  nucleate	
  
bubbles	
  

•  Cameras	
  see	
  bubbles,	
  trigger	
  
–  Stereo	
  reconstrucBon	
  of	
  bubble	
  

posiBon,	
  mulBplicity	
  
–  AcousBcs	
  used	
  to	
  idenBfy	
  alphas	
  

•  Recompress	
  to	
  reset	
  chamber	
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Buffer	
  fluid	
  
(water)	
  

Hydraulic	
  
fluid	
  

Target	
  fluid	
  
(CF3I/C3F8)	
  

to	
  hydraulic	
  controller	
  

Synthetic	
  
silica	
  jar	
  


