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Generic 1st Generation WIMP Detection Experiment
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• 	  WIMP	  spectrum	  in	  a	  detector	  is	  
obtained	  by	  convolu,on	  of	  
monoenerge,c	  detector	  response	  with	  
modeled	  dark	  ma'er	  velocity	  
distribu,on.	  
• 	  Standard	  dark	  ma'er	  density	  is	  0.3	  
GeV/cm3	  	  
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• 	  O_en	  in	  this	  field	  backgrounds	  cannot	  be	  accurately	  modeled	  and	  subtracted.	  
• 	  For	  any	  possible	  WIMP	  mass,	  the	  data	  allow	  a	  maximum	  possible	  signal	  amplitude,	  
• 	  Excluded	  region	  in	  Mass	  *	  Cross	  Sec,on	  plane	  is	  the	  envelope	  of	  these	  amplitudes.	  
• 	  Figures	  below	  illustrate	  trivial	  case	  where	  spectrum	  is	  known	  with	  high	  sta,s,cal	  accuracy.	  

Other	  techniques	  have	  been	  developed	  for	  the	  case	  of	  a	  sparse	  spectrum.	  
	  

Construc,on	  of	  Sensi,vity	  Plots	  

Assume	  local	  WIMP	  density	  0.3	  GeV/cm3	  



Backgrounds	  from	  Radioac,vity	  and	  Cosmic	  Rays	  	  

( figure from Brodzinski et al, Journal of Radioanalytical 
and Nuclear Chemistry, 193 (1) 1995 pp. 61-70) 

Gammas	  &	  betas	  
From	  primordial,	  cosmogenic,	  and	  manmade	  
nuclei:	   	   	  (not	  an	  exhaus,ve	  list!)	  
	  238U,	  232Th	  +	  daughters	  (incl.	  222Rn)	  
40K,	  14C	  
	  85Kr,	  137Cs,	  3H	  -‐	  nuclear	  tests	  
68Ge,	  60Co	  -‐	  cosmogenic	  in	  detector	  setups	  
	  
	  Cosmic	  Rays	  (p,	  π	  ,	  µ,	  e…)	  
Can	  be	  reduced	  by	  going	  underground.	  
The	  µ’s	  penetrate	  to	  great	  depth.	  
	  
Neutrons	  
From	  µ	  spalla,on	  or	  (α,	  n)	  reac,ons	  
in	  rocks,	  with	  alphas	  from	  U/Th	  chains.	  Can	  
be	  shielded	  with	  moderator	  at	  low	  energies.	  

• 	  A	  long	  history	  of	  successful	  a'empts	  to	  
reduce	  by	  choosing	  special	  materials	  and	  
shielding.	  



WIMP Dark Matter Searches: Experimental Challenge 

•   Energy transferred by WIMP to a target nucleus is low. 
§  ~10 keV, similar to an X-ray 
§  Recoil track has a length of only ~100 nm in a solid material 
 

•  Event rate is extremely low. 
§   < 1 event per ton of target per day 
 

•  Backgrounds from environmental radioactivity are high. 
•  ~105 events/ton-day after careful radiation shielding, 

limited by trace environmental radioisotopes. 
§  Most of these events are due to scattering on electrons 

(Compton, photoelectric scattering), while the signal is 
a nuclear recoil. 

We need a technology which is scalable to large target 
mass and has good background rejection for 
electron-like events. 

 
 
 



Coherence	  and	  Couplings	  

•  WIMP	  interac,ons	  are	  coherent	  over	  target	  nucleus	  due	  to	  long	  
wavelength	  

	  

•  For	  “spin-‐independent”	  couplings,	  this	  typically	  causes	  enhancement	  of	  
cross	  sec,on	  by	  A2	  (A=	  atomic	  number)	  due	  to	  summing	  over	  nucleons.	  
Strongly	  favors	  detec,on	  on	  high-‐A	  targets	  (Germanium,	  Xenon,…).	  

	  	  
•  	  For	  “Spin-‐dependent”	  couplings,	  opposite	  spin	  pairs	  interfere	  with	  net	  

coupling	  only	  to	  any	  remaining	  unpaired	  nucleon–	  either	  proton	  or	  
neutron.	  	  

	  



Post	  Discovery	  Measurements	  
•  If	  we	  see	  a	  signal,	  WIMP	  mass	  and	  cross	  sec,on	  for	  non-‐rela,vis,c	  sca'ering	  on	  

nucleons	  may	  be	  measured,	  with	  some	  degeneracies.	  
• 	  When	  	  Mχ>> ΜΝ, spectrum	  becomes	  flat	  in	  energy	  and	  nearly	  independent	  of	  WIMP	  
mass.	  	  
• 	  Rate	  decreases	  as ρ/Mχ	  making	  heavy	  WIMP	  look	  like	  light	  WIMP	  with	  smaller	  cross	  
sec,on.	  
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Jackson,	  Gaitskell	  and	  Schnee,	  TASI	  2009	  	  

10	  Events	  on	  Ge	  Target	   1000	  Events	  on	  Ge	  

How	  Many	  Events	  Needed	  to	  Measure	  Mass?	  
• 	  For	  ∼ 10	  events,	  measurements	  only	  possible	  below	  50	  GeV	  (lower	  limit	  only	  
above	  50	  GeV).	  
• 	  For	  ∼1000	  events,	  measurements	  up	  to	  300	  GeV.	  
• 	  Medium-‐	  mass	  nuclei	  (Ge)	  a	  bit	  be'er	  than	  heavy	  (Xe)	  due	  to	  form	  factors.	  





Factors	  Leading	  to	  Increased	  Sensi,vity	  

•  Low	  backgrounds!	  
•  Higher	  detector	  material	  radiopurity.	  
•  Improvements	  in	  background	  discrimina,on	  
mechanisms.	  

•  Increased	  target	  mass.	  Up	  to	  20	  tons	  for	  experiments	  being	  
planned	  now.	  

•  Lower	  energy	  thresholds.	  
•  More	  op,mal	  target	  nuclei	  

•  Higher	  A2	  for	  spin-‐independent	  
•  Be'er	  nuclear	  form	  factors	  for	  spin-‐dependent	  
•  Lighter	  nuclei	  for	  lighter	  WIMPs.	  

	  



Background	  Discrimina,on:	  Possible	  Observables	  

• 	  Pulse	  shape	  differences	  in	  scin,lla,on	  light	  in	  noble	  liquids	  or	  
crystals.	  DarkSide,	  DEAP,	  KIMS,	  DAMA.	  

• 	  Ra,o	  of	  ioniza,on	  to	  scin,lla,on	  in	  liquid	  noble	  gases.	  LUX,	  LZ,	  
Xenon,	  PANDA-‐X	  

• 	  Ra,o	  of	  ioniza,on	  or	  scin,lla,on	  to	  total	  deposited	  heat	  energy	  
in	  cryogenic	  calorimeter.	  CDMS,	  EDELWEISS,	  CRESST.	  

• 	  Efficiency	  for	  bubble	  forma,on	  in	  superheated	  liquids.	  COUPP,	  
PICO,	  PICASSO,	  SIMPLE.	  

• Annual	  modula,on	  in	  spectrum	  due	  to	  mo,on	  of	  Earth	  around	  
the	  Sun.	  DAMA	  

• 	  Track	  ion	  charge	  density	  in	  gas	  dri_	  chamber.	  Daily	  modula,on	  
in	  direc,on	  of	  ion	  tracks.	  DMTPC,	  DRIFT	  



SNOWMASS	  2013	  



Liquified	  Nobles	  Gases	  
•  Available	  in	  large	  quan,,es	  with	  extremely	  high	  purity.	  
•  High	  density-‐	  	  good	  self-‐	  shielding	  proper,es	  in	  large	  
homogeneous	  volumes	  

•  High	  scin,lla,on	  light	  yields	  
•  High	  ioniza,on	  charge	  yield.	  
•  High	  mobility	  and	  long	  dri_	  length	  for	  charge	  

Liquified Noble Gases: Basic Properties

LHe

LNe

LAr

LKr

LXe

Liquid
 density
(g/cc)

0.145

1.2

1.4

2.4

3.0

Boiling point
at 1 bar 

(K)

4.2

27.1

87.3

120

165

Electron
mobility
(cm2/Vs)

low

low

400

1200

2200

Dense and homogeneous
Do not attach electrons, heavier noble gases give high electron mobility

Easy to purify (especially lighter noble gases)
Inert, not flammable, very good dielectrics

Bright scintillators

Scintillation
wavelength 

(nm)

80

78

125

150

175

Scintillation 
yield

(photons/MeV)

19,000

30,000

40,000

25,000

42,000

Long-lived 
radioactive
isotopes

none

none

39Ar, 42Ar

81Kr, 85Kr

136Xe

Triplet molecule
lifetime 

(µs)

13,000,000

15

1.6

0.09

0.03

8/29/13" D."McKinsey""""""TeVPA" 3"

Table	  from	  McKinsey,	  2013	  



Single	  Phase	  Noble	  Liquid	  Detectors	  

U-‐chain	  gamma	  rays	  

Takeda,	  IDM2006	  

XMASS	  

•  Simple	  concept:	  surround	  volume	  of	  high	  purity	  Xenon	  or	  Argon	  
with	  photomul,plier	  tubes-‐	  similar	  to	  solar	  neutrino	  detectors-‐	  
SNO,	  Borexino,	  Kamland.	  

•  Event	  posi,on	  reconstructed	  from	  photomul,plier	  hit	  pa'ern.	  
•  Spherical	  	  geometry	  with	  4*Pi	  photocathode	  coverage	  is	  op,mal	  

for	  collec,on	  of	  scin,lla,on	  light.	  



Dual	  Phase	  Noble	  Gas	  TPCs	  
•  Allows	  simultaneous	  measurements	  of	  charge	  and	  light	  yields	  
in	  a	  large,	  homogeneous	  liquid	  volume	  of	  xenon	  or	  argon.	  

•  Background	  discrimina,on	  from	  charge/	  light	  ra,o.	  

Gas	  region	  with	  high	  E	  field,	  
Propor,onal	  scin,lla,on	  

Liquid	  target	  region	  

Experiments:	  
	  LUX/	  LZ	  

Xenon-‐100/	  1T	  
Panda-‐X	  
	  DarkSide	  
ArDM	  
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Signal production in liquid Xe
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XENON1T: (Very Near) Future

Guillaume Plante - XENON Dark Matter 2014 - UCLA - February 20, 2014 4 / 18

XENON1T: Cryostat, TPC

Guillaume Plante - XENON Dark Matter 2014 - UCLA - February 20, 2014 10 / 18

• Double-wall vacuum insulated cryostat, con-
structed from selected low-activity stainless
steel

• Outer vessel 2.4m high, 1.6m diameter, inner
vessel ∼2m high, 1.1m diameter

• 3.3 tons LXe, ∼1m3 TPC, fiducial mass be-
tween 1 and 1.5 tons

• 248 3” PMTs Hamamatsu R11410-21, 36%
average QE, < 1mBq/PMT in U/Th

• Background ×100 lower than XENON100

• Custom low-activity high voltage feedthrough

Xenon-‐1Ton	  Nearing	  Comple,on	  
at	  Gran	  Sasso	  

•  Scheduled	  to	  turn	  on	  this	  year.	  
•  3.3	  Tons	  of	  	  Xenon	  (2	  tons	  fiducial)	  
•  Will	  scale	  to	  7	  tons	  beyond	  2018	  
	  



Liquid	  Argon	  Dark	  Ma'er	  Detectors	  
•  Single	  and	  dual	  phase	  opera,ons	  possible,	  as	  for	  xenon	  
•  Argon	  has	  a	  long-‐lived	  radioisotope,	  39Ar,	  with	  an	  ac,vity	  of	  105	  counts/kg-‐day	  and	  

269	  y	  half	  life.	  Produced	  by	  cosmic	  rays	  in	  atmosphere.	  
•  Large	  scin,lla,on	  pulse	  shape	  differences	  for	  electron	  recoils	  vs	  nuclear	  recoils.	  

Pulse Shape Discrimination

8

Electron Recoil

Nuclear Recoil

Electron and nuclear recoils produce different excitation densities in the argon, 
leading to different ratios of singlet and triplet excitation states

Electron Recoil 
Discrimination

Averaged Wave forms 

�singlet ~ 7 ns 
�triplet ~ 1500 ns PSD parameter 

F90: Ratio of detected light in the first 
90 ns, compared to the total signal 

~ Fraction of singlet states
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in the nuclear recoil region.

measured the triplet lifetime in DEAP-1 over the course
of the run to check that impurities did not build up in
the detector over time.

We use 22Na calibration data to measure the triplet
lifetime. For each calibration run, we find all events that
pass the data cleaning cuts and contain over 200 photo-
electrons. The raw traces for these events are aligned ac-
cording to the measured trigger positions and summed.
We then fit the following model to the average trace be-
tween 500 and 3000 ns from the trigger:

f(t) = A exp(−t/τ3) + B, (3)

where A is a normalization factor, τ3 is the triplet life-
time and B is a constant baseline term.

As a consistency check, we measured τ3 for photo-
electron bins of size 200 between 200 and 1600 photo-
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FIG. 10: High-Fprompt background event rate versus time.
The average background rate is 4.6 ± 0.2 mHz.

electrons and did not observe any systematic effect from
the signal size. There are systematic errors associated
with both the fit window and the linear baseline correc-
tion discussed in Section III C. We estimated the size of
the error associated with the fit window to be 40 ns by
changing the start and end times of the fit by 500 ns.
We performed the fit for both corrected and uncorrected
traces and estimated the size of the error associated with
the baseline to be 50 ns. We added the two estimated
systematic errors to determine a combined systematic
error of 60 ns.

The measured lifetimes over the course of the run
for traces without the baseline correction are shown in
Fig. 12, in which the error bars shown are statistical only.
We observe no significant increase in the impurity level
throughout the run, and we measure the long time con-
stant to be 1.46±0.06 (sys) µs, consistent with previous
measurements [5, 13, 14]. Further analysis of systematic
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measured the triplet lifetime in DEAP-1 over the course
of the run to check that impurities did not build up in
the detector over time.

We use 22Na calibration data to measure the triplet
lifetime. For each calibration run, we find all events that
pass the data cleaning cuts and contain over 200 photo-
electrons. The raw traces for these events are aligned ac-
cording to the measured trigger positions and summed.
We then fit the following model to the average trace be-
tween 500 and 3000 ns from the trigger:

f(t) = A exp(−t/τ3) + B, (3)

where A is a normalization factor, τ3 is the triplet life-
time and B is a constant baseline term.

As a consistency check, we measured τ3 for photo-
electron bins of size 200 between 200 and 1600 photo-
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electrons and did not observe any systematic effect from
the signal size. There are systematic errors associated
with both the fit window and the linear baseline correc-
tion discussed in Section III C. We estimated the size of
the error associated with the fit window to be 40 ns by
changing the start and end times of the fit by 500 ns.
We performed the fit for both corrected and uncorrected
traces and estimated the size of the error associated with
the baseline to be 50 ns. We added the two estimated
systematic errors to determine a combined systematic
error of 60 ns.

The measured lifetimes over the course of the run
for traces without the baseline correction are shown in
Fig. 12, in which the error bars shown are statistical only.
We observe no significant increase in the impurity level
throughout the run, and we measure the long time con-
stant to be 1.46±0.06 (sys) µs, consistent with previous
measurements [5, 13, 14]. Further analysis of systematic

6

Boulay	  et	  al.,	  
0904.2930	  

neutrons	  

gammas	  

Wada,	  TeVPA15	   Prompt	  Light	  Frac,on	  

gammas	   neutrons	  
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such as supersymmetry (SUSY). The two leading SUSY
models, the cMSSM and NUHM, fit all of the cur-
rently available data including indirect searches, Planck
results, recent SUSY searches and the Higgs discov-
ery at the LHC as well as dark matter exclusions from
direct detection experiments, with the leading upper
limit from LUX [5]. To accommodate the global data,
these models predict relatively heavy WIMPs, with
central values between a few hundred GeV and about
1 TeV [6, 7, 8, 9].

The best-fit WIMP parameters in the cMSSM
and NUHM models are within sensitivity of the
upcoming class of experiments (DEAP-3600 and
XENON1T [10]), while possibly evading detection at
the LHC, even for the future 14 TeV run because of
the very high allowed superparticle masses. A num-
ber of more general models, e.g. p9MSSM [11], lead
to similar conclusions, although the best-fit parameters
can vary.

2. The DEAP-3600 detector

DEAP-3600, located at SNOLAB, will perform a
dark matter particle search on liquid argon with sen-
sitivity to the spin-independent WIMP-nucleon cross-
section of 10�46 cm2, a factor of approximately 20 in-
crease over current experiments, as shown in Fig. 1.
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Figure 1: Dark matter sensitivity of liquid argon expressed as a
limit on spin-independent WIMP-nucleon scattering cross-section.
Shown are the current experimental limits from the CDMS-II [12],
XENON100 [13], and LUX [5] detectors, and the expected sensitivity
for 3 tonne-years of natural liquid argon with a 15 keVee threshold,
and with a 12 keVee threshold for low-radioactivity argon (LRA) that
has been depleted in 39Ar by a factor of 100.

Figure 2: The DEAP-3600 detector. The acrylic vessel has an inner
radius of 85 cm and holds 3600 kg of liquid argon, which is viewed
by 255 8-inch diameter high quantum e�ciency Hamamatsu R5912-
HQE PMTs through 50-cm long lightguides.

The detector (Fig. 2) is comprised of a large spheri-
cal volume of natural liquid argon contained in a trans-
parent acrylic vessel (AV) and viewed by 255 pho-
tomultiplier tubes (PMT) that detect scintillation light
generated in the argon target mass. The inner AV
surface must be coated with a thin layer of wave-
length shifter, 1,1,4,4-tetraphenyl-1,3-butadiene (TPB),
to convert 128 nm argon scintillation light into visible
blue light, which is then e�ciently transmitted through
acrylic lightguides to the PMTs. A custom, large-
area vacuum-deposition source [14], developed by the
DEAP collaboration, is used to deposit TPB uniformly
over the approximately 10 m2 acrylic surface before the
detector is filled with cryogen. The lightguides and
polyethylene filler blocks provide neutron shielding and
thermal insulation between the cryogenic acrylic ves-
sel and the much warmer PMTs. The inner detector is
housed in a large stainless-steel spherical shell, which
itself is immersed in an 8 meter diameter ultrapure wa-
ter tank and instrumented with PMTs, serving as a radi-

DEAP-‐3600:	  Liquid	  Argon	  Single	  Phase	  	  
	  
•  Acrylic	  vessel-‐based	  design	  descended	  

from	  Sudbury	  Neutrino	  Observatory.	  
•  Nearing	  comple,on	  at	  SNOLAB.	  
•  Data	  expected	  in	  2016.	  



DarkSide 50
Radon-free (Rn levels < 5 mBq/m3) 

Clean Room

1,000-tonne Water-based 
Cherenkov Cosmic Ray Veto

30-tonne Liquid Scintillator 
Neutron and γ’s Veto

Inner detector TPC

4 Wada,	  TeVPA	  2015	  
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Underground Ar
1. Extraction at Colorado (CO2 Well) 
Extract a crude argon gas mixture (Ar, N2, 

and He)

Plant at Colorado

Distillation Column at 
Fermilab

2. Purification at Fermilab 
Separate Ar from He and N2

3. Arrived at LNGS 
Ready to fill into DS-50

UAr bottles at LNGS

DarkSide	  Underground	  Argon	  

Fermilab	  Cryo	  Dis,lla,on	  System	  Arxiv	  1510.00702	  

•  155	  kg	  of	  argon	  extracted	  from	  CO2	  gas	  well	  in	  Colorado.	  
•  Depleted	  in	  39Ar	  by	  a	  factor	  of	  1400	  with	  respect	  to	  atmospheric	  argon.	  

atmospheric	  

underground	  
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•  2616	  Kg-‐	  days	  
exposure	  with	  
underground	  Argon.	  

•  No	  background	  
events.	  

•  3rd	  best	  spin-‐
independent	  limit,	  
behind	  only	  LXe	  TPCs.	  

Arxiv	  1510.00702	  

LUX	  2
013	  



Expected sensitivity
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Argon	  TPC	  Future–	  Scaling	  to	  Kiloton	  Exposures	  

Argo	  200	  Tons	  fidu
cial	  

x	  5	  years	  



Bubble	  Chambers:	  The	  COUPP/	  PICO	  
Program	  



WIMP Dark Matter Detector Wish List 
•  Large target mass (>1 ton for next generation) 

•  Low energy threshold. (~ 10 keV for standard WIMPs, ~ 
2 keV for current light WIMP models) 

•  Multiple target nuclei-  test expected cross section 
dependences on atomic number and nuclear spin.  

•  Zero backgrounds from environmental radioactivity. 
 
•  Measure nuclear recoil energies.  

•  Measure nuclear recoil direction.  



WIMP	  Dark	  Ma'er	  Detector	  Wishlist	  

•  Large target mass (>1 ton for next generation)  ✔

•  Low energy threshold. (~ 10 keV for standard WIMPs, ~ 

2 keV for current light WIMP models) ✔

•  Multiple target nuclei-  test expected cross section 

dependences on atomic number and nuclear spin. ✔ 
 

•  Zero backgrounds from environmental radioactivity.TBD. 
 
•  Measure nuclear recoil energies. By varying threshold  
•  Measure nuclear recoil direction. No 
 

BUBBLE	  CHAMBERS	  

Target	  diversity	  



Bubble	  Nuclea5on	  by	  Radia5on 
(Seitz, “Thermal Spike Model”, 1957)

Rc

Pvapor

Pexternal

Surface tension σ

•  Pressure inside bubble is equilibrium vapor pressure.
•  At critical radius Rc surface tension balances pressure.
 

 

•  Bubbles bigger than the critical radius Rc will grow, 
while smaller bubbles will shrink to zero.
•  Boiling occurs when energy loss of throughgoing
 particle is enough to produce a bubble with radius > Rc

Rc 100 nm Radius

W
ork

€ 

RC =
2σ

vaporP − externalP

10	  keV	  



Large Bubble Chamber WIMP Detector Cartoon 

CF3I

WATER 
HIGH SPEED 
HYDRAULIC 
PRESSURE 

CONTROLLER 

SHIELDING WATER @ 40 Deg C 

GLYCOL HYDRAULIC FLUID 

WATER 
SHIELDING 
TANK 

STAINLESS STEEL PRESSURE VESSEL 

FUSED 
SILICA 
INNER 
VESSEL 

PMTs (Water 
Cerenkov Muon 
Veto) 



Tuning the dE/dX Threshold for Bubble Nucleation  

•  The bubble chamber operator chooses a pressure and temperature, fixing 
the minimum size of bubbles that are allowed to grow against surface tension. 
•   This simultaneously determines minimum deposited energy and 
energy loss density (dE/dX) that will nucleate bubbles. 
•  Example below: superheated CF3I at fixed temperature, two 
operating pressures. 

dE/dX threshold 
at 15 psi and 65 psi 

Energy Thresholds  



Electron recoil rejection 
Bubble	  nuclea,on	  probability	  from	  gamma	  interac,ons	  in	  C3F8	  and	  CF3I	  



 Background Discrimination with Acoustic 
Signals 

36 

Anomalous time- 
dependent background. 
Particulate contamination of 
fluids? 

Acoustic Power Parameter 

Calibration neutrons 

Alpha events 
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Space and Time Distribution of Recoil-Like Events 

37 

Time 

•  Acoustically identified recoil-like 
events have anomalous spatial and 
time distributions. 

•  Correlation with temperature changes. 
•  This cannot be dark matter. 



Current PICO Results 
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FIG. 10. (Color online) A two-dimensional histogram of
AP

high

and expansion time after applying the optimum fidu-
cial cuts, divided into bins of equal exposure to dark matter
(i.e. a dark matter signal would appear uniform in the his-
togram). All the background events populate the left and top
of the histogram. The optimum cuts are represented by the
red rectangle.

10
1

10
2

10
3

10
−45

10
−44

10
−43

10
−42

PIC
O−60

WIMP mass [GeV/c2]

S
I 

W
IM

P
−

n
u

c
le

o
n

 c
ro

s
s
 s

e
c
ti
o

n
 [

c
m

2
]

FIG. 11. (Color online) The 90% C.L. limit on the SI
WIMP-nucleon cross section from PICO-60 is plotted in blue,
along with limits from COUPP (light blue), LUX (black),
XENON100 (orange), DarkSide-50 (green), and the reanaly-
sis of CDMS-II (magenta) [10, 40–43].

form factors described in [35–38] to determine sensitiv-
ity to both spin-dependent and spin-independent dark
matter interactions. For the SI case, we use the M re-
sponse of Table 1 in [35], and for SD interactions, we
use the sum of the ⌃0 and ⌃00 terms from the same ta-
ble. To implement these interactions and form factors,
we use the publicly available dmdd code package [38, 39].
The resulting 90% C.L. limit plots for spin-independent
WIMP-nucleon and spin-dependent WIMP-proton cross-
sections are presented in Figs. 11 and 12.
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FIG. 12. (Color online) The 90% C.L. limit on the SD WIMP-
proton cross section from PICO-60 is plotted in blue, along
with limits from PICO-2L (red), COUPP (light blue region),
PICASSO (dark blue), SIMPLE (green), XENON100 (or-
ange), IceCube (dashed and solid pink), SuperK (dashed and
solid black) and CMS (dashed orange), [10, 12, 13, 44–48].
For the IceCube and SuperK results, the dashed lines assume
annihilation to W -pairs while the solid lines assume annihila-
tion to b-quarks. Comparable limits assuming these and other
annihilation channels are set by the ANTARES, Baikal and
Baksan neutrino telescopes [49–51]. The CMS limit is from
a mono-jet search and assumes an e↵ective field theory, valid
only for a heavy mediator [52, 53]. Comparable limits are set
by ATLAS [54, 55]. The purple region represents parameter
space of the CMSSM model of [56].

VII. DISCUSSION

Despite the presence of a population of unknown ori-
gin in the dataset, the combination of the discriminat-
ing variables results in a large total exposure with zero
dark matter candidates. The SD-proton reach of bubble
chambers remains unmatched in the field of direct detec-
tion, significantly constraining CMSSM model parameter
space.

The leading hypothesis for the source of the back-
ground events is particulate contamination. An alpha
decay from an atom embedded in a small dust particle
can result in a partial alpha track into the fluid with the
daughter nucleus remaining in the particle, and such a
track could provide the acoustic signature observed in the
background events [26]. The timing and spatial distribu-
tions suggest convection currents as a potential source of
particle movement, and particulate spike runs in a test
chamber have shown that particulates do collect on the
interfaces. Additionally, assays of the fluids taken after
the run discovered many particulates with composition
matching the wetted surfaces of the inner volume, as well
as elevated levels of thorium in the chamber. A future run
of PICO-60 with C

3

F
8

will include upgrades to allow for
improved cleaning of the glass and metal surfaces before

5

ter signal but instead as an unknown background. Stud-
ies are now underway to test hypotheses for the source
of these events.
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FIG. 5: The CDF of the time to previous non-timeout
(TPNT) for events with random timing (simulated WIMP-
like events) and the 3.2 keV candidate events. The two dis-
tributions are not consistent with each other.

The correlation of the candidate events with previ-
ous bubbles can be used to set a stronger constraint on
WIMP-nucleon scattering by applying a cut on TPNT.
Since there is no valid basis for setting the cut value a

priori, a method based closely on the optimum interval
method [22] is used to provide a true upper limit with
TPNT cuts for each WIMP mass optimized simultane-
ously over all four operating thresholds. The optimum
cuts remove all 12 candidate events at each WIMP mass,
while retaining 49–63% of the e�ciency weighted expo-
sure, with the range due to changes in the relative weight-
ing of the four threshold conditions for di↵erent WIMP
masses. If the optimum cuts had simply been set a pos-

teriori, without applying the tuning penalty inherent in
the optimization method, the cross section limits would
be a factor of 1.2–2.4 lower than reported here, with the
bigger factor applying to higher WIMP masses.

The limit calculations assume the standard halo
parametrization [23], with ⇢D = 0.3 GeV c�2 cm�3,
vesc = 544 km/s, vEarth = 232 km/s, v0 = 220 km/s,
and the spin-dependent parameters from [24], and the re-
sulting 90% C.L. limit plots for spin-independent WIMP-
nucleon and spin-dependent WIMP-proton cross sections
are presented in Figs. 7 and 6. Using the same pa-
rameters as in [23] would yield approximately 5 � 20%
stronger limits depending on the WIMP mass. The re-
sults shown here represent the most stringent constraint
on SD WIMP-proton scattering from a direct detection
experiment and the first time supersymmetric parameter
space has been probed by direct detection in the SD-
proton channel (e.g. the purple region, taken from [30]).

The PICO Collaboration would like to thank SNO-
LAB and its sta↵ for providing an exceptional under-
ground laboratory space and invaluable technical sup-
port. This material is based upon work supported by
the U.S. Department of Energy, O�ce of Science, O�ce
of High Energy Physics under award DE-SC-0012161.
Fermi National Accelerator Laboratory is operated by
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FIG. 6: The 90% C.L. limit on the SD WIMP-proton cross
section from PICO-2L is plotted in red, along with limits from
COUPP (light blue region), PICASSO (dark blue), SIMPLE
(green), XENON100 (orange), IceCube (dashed and solid
pink), SuperK (dashed and solid black), CMS (dashed or-
ange), and ATLAS (dashed purple) [7, 9, 10, 25–29]. For the
IceCube and SuperK results, the dashed lines assume anni-
hilation 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 [31–33]. The CMS and ATLAS
limits assume an e↵ective field theory, valid for a heavy me-
diator. The purple region represents parameter space of the
CMSSM model of [30].
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FIG. 7: The 90% C.L. limit on the SI WIMP-nucleon cross
section from PICO-2L is plotted in red, along with limits from
PICASSO (blue), LUX (black), CDMS-lite and SuperCDMS
(dashed purple) [9, 34–36]. Similar limits that are not shown
for clarity are set by XENON10, XENON100 and CRESST-
II [37–39]. Allowed regions from DAMA (hashed brown),
CoGeNT (solid green), and CDMS-Si (hashed pink) are also
shown [40–42].
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Spin-dependent 

Spin-independent 

•  World’s best spin-dependent direct 
detection limits (Fluorine target with 
spin carried by proton) 

•  Competitive for spin-independent, 
especially at low mass. 



Cryogenic Detectors: SuperCDMS 
•  Germanium and Silicon semiconductors 

operated at ~50 milliKelvin. 
•  Readout of ionization and phonons in 

multiple channels using thin film sensors. 
•  Many background discrimination 

handles:   
•  Ionization/ phonon ratio 
•  Phonon pulse shapes 
•  Partition of phonons and ionization 

between sensors. 
•  Time delays between signals. 

•  Energy thresholds now down below 100 
eV for some versions of this technology. 
In principle can go even below 1 eV. 

electrons 

Nuclear recoils 

Surface events 



iZIP: A new detector design 

e- 

h+ 

e- e- h+ 
h
+ 

h+ 
h+ h+ 

e- 
e- e- 

+ g + g 

•  Interleaved electrodes (1 mm pitch)  on both sides 
•  Alternating +V  & ground (i.e. phonon sensors) on one side -V  & ground on the 
other side. 
•  Bulk events see the average Voltage on each side: Uniform Field in the bulk. 
•  In contrast the problematic Near-surface events sense the big transverse field at 
the surface.  

40 3/27/2014 N.Mirabolfathi-Texas A&M 
Phsyics 



Mahapatra, Berkeley Workshop on Dark Matter Detection, June 2015 



4
2	  

5	  Super	  Towers	  of	  Ge	  iZIPs	  (9	  kg	  total)	  
Fully	  opera,onal	  since	  early	  2012	  

SuperCDMS	  Soudan	  

WIMP-‐search	  strategies	  
CDMSlite	  (No	  discrimina,on)	  

Special	  bias	  configura,on	  &	  readout	  
Light	  WIMP	  masses:	  	  <	  10	  GeV/c2	  
	  

Low-‐threshold	  (LT)	  analysis	  (with	  discrimina,on)	  
Subset	  of	  array	  w/	  best	  trigger	  thresholds	  
Light	  WIMP	  masses:	  	  <	  20	  GeV/c2	  
	  

High-‐threshold	  Near-‐zero	  background	  analysis	  	  	  
Full	  detector	  array	  &	  exposure	  
Higher	  thresholds	  to	  prevent	  background	  

from	  resolu,on	  effects	  
Heavier	  WIMP	  masses:	  	  >	  10	  GeV/c2	  

Tower	  3	  
Sources	  

Mohapatra,	  2015	  



CDMSlite (This result)
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Voltage	  Assisted	  Ioniza5on	  Detec5on	  
  Detectors operated for two weeks at 30 V/cm 
  World leading limits below 5 GeV 
  In principle, increase bias to reach Poisson limit 
  In practice, breakdown in Ge limited the bias V 
  Huge progress in detector R&D (Berkeley + 

TAMU) shows promising resolution to few eV! 
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A	  signal	  gain	  of	  24	  was	  demonstrated	  using	  
SuperCDMS	  iZIPs	  with	  alterna5ve	  electronics.	  	  
This	  allowed	  a	  lower	  threshold	  of	  160	  eVee.	  

arXiv:1309.3259;	  Phys.	  Rev.	  Le'.	  112,	  041302	  (2014)	  

Phonon	  noise	  doesn’t	  scale	  with	  ioniza5on	  bias	  
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Low	  Threshold	  Semiconductors-‐	  
DAMIC	  

•  Charge noise scales with device 
size (capacitance) 

•  Array of very small devices such as 
CCD can have readout  noise 
approaching ~1 electron. 

 (0.2 electrons for new 
proposals!) 
•  Low threshold comes at expense of 

low target mass & background 
discrimination power. 

•  But imaging allows rejection of many 
backgrounds. 
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Figure 1. Cross-sectional diagram of the CCD described in this work.

2. FULLY-DEPLETED CCD PHYSICS AND OPERATION

Figure 1 shows a cross-sectional diagram of the fully-depleted, back-illuminated CCD. A conventionally-processed,
three-phase CCD is fabricated on a high-resistivity, n-type silicon substrate. We have fabricated CCD’s on both
100 mm and 150 mm diameter high-resistivity silicon substrates. The resistivity of 100 mm wafers is as high as
10,000–12,000 �-cm, while the initial work on 150 mm wafers has been on 4,000–8,000 �-cm silicon.

The thickness of the CCD results in improved near-infrared sensitivity when compared to conventional thinned
CCD’s.1 This is due to the strong dependence of absorption length on wavelength at photon energies approaching
the silicon bandgap.4 Figure 2 shows measured quantum e�ciency (QE) versus wavelength for a fully-depleted,
back-illuminated CCD operated at �130�C. The QE is especially high at near-infrared wavelengths. The CCD
shown in Figure 2 has a two-layer anti-reflection (AR) coating tuned for good red response. It consists of 60 nm
of indium tin oxide (ITO) and 100 nm of silicon dioxide (SiO2).

Thick, fully-depleted CCD’s also greatly reduce the problem of “fringing” at near-infrared wavelengths.5

Fringing occurs when the absorption depth of the incident light exceeds the CCD thickness. Multiple reflections
result in fringing patterns that are especially a problem in 10–20 µm thick CCD’s used in spectrographs.

A unique feature of the CCD shown in Figure 1 is the use of a substrate bias to fully deplete the substrate.
For a thick CCD fabricated on high-resistivity silicon the channel potential is to first order independent of the
substrate bias.1 This is because for typical substrate thicknesses and doping densities considered here only
a small fraction of the electric field lines from the depleted channel terminate in the fully-depleted substrate.
Hence the vertical clock levels can be set to optimize operating features such as well capacity and CTE while
the substrate bias is used to deplete the substrate.

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6

�od �

�

2
kT

q

yD
2

(Vsub � VJ )
(1)

where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, yD is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and VJ is an average potential near the
CCD potential wells due to the channel potentials. Vsub � VJ is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to yD,

�
T , and 1/

�
(Vsub � VJ ). The PSF for a CCD of this type can be

improved by reducing the substrate thickness and operating the CCD at high substrate bias. PSF measurements
are described in more detail in Section 5.
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Figure 1. a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated CCD.
The thickness of the gate structure and the backside ohmic contact are 2 µm. The transparent rear window,
essential for astronomy applications, has been eliminated in the DAMIC CCDs. b) Dark matter detection in
a CCD. A WIMP scatters with a silicon nucleus producing ionization in the CCD bulk. The charge carriers
are then drifted along the z-direction and collected at the CCD gates.
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Figure 2. a) 50⇥50 pixel portion of a CCD image, taken when the detector was at ground level. Different
kinds of particles are recognizable (see text). For better contrast, only pixels with deposited energy >0.1 keV
are represented in color. b) Event with two nearby clusters detected after illuminating the CCD with a 55Fe
source. The 1.7 keV cluster is a photoelectron (pe) from the absorption of a Si fluorescence X-ray, emitted
following photoelectric absorption of the incident 5.9 keV Mn Ka X-ray in a nearby site.

ing of the 3-phase gates (“parallel clocks”), while higher frequency clocks (“serial clocks”) move
the charge of the last row horizontally to a charge-to-voltage amplifier (“output node”). The in-
efficiency of charge transfer from pixel to pixel is as low as 10�6 and the readout noise for the
charge collected in a pixel is ⇠2 e� [2]. Since on average 3.6 eV is required to ionize an electron
in silicon, the readout noise corresponds to an uncertainty of ⇠7 eV in deposited energy. The im-
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2. FULLY-DEPLETED CCD PHYSICS AND OPERATION

Figure 1 shows a cross-sectional diagram of the fully-depleted, back-illuminated CCD. A conventionally-processed,
three-phase CCD is fabricated on a high-resistivity, n-type silicon substrate. We have fabricated CCD’s on both
100 mm and 150 mm diameter high-resistivity silicon substrates. The resistivity of 100 mm wafers is as high as
10,000–12,000 �-cm, while the initial work on 150 mm wafers has been on 4,000–8,000 �-cm silicon.

The thickness of the CCD results in improved near-infrared sensitivity when compared to conventional thinned
CCD’s.1 This is due to the strong dependence of absorption length on wavelength at photon energies approaching
the silicon bandgap.4 Figure 2 shows measured quantum e�ciency (QE) versus wavelength for a fully-depleted,
back-illuminated CCD operated at �130�C. The QE is especially high at near-infrared wavelengths. The CCD
shown in Figure 2 has a two-layer anti-reflection (AR) coating tuned for good red response. It consists of 60 nm
of indium tin oxide (ITO) and 100 nm of silicon dioxide (SiO2).

Thick, fully-depleted CCD’s also greatly reduce the problem of “fringing” at near-infrared wavelengths.5

Fringing occurs when the absorption depth of the incident light exceeds the CCD thickness. Multiple reflections
result in fringing patterns that are especially a problem in 10–20 µm thick CCD’s used in spectrographs.

A unique feature of the CCD shown in Figure 1 is the use of a substrate bias to fully deplete the substrate.
For a thick CCD fabricated on high-resistivity silicon the channel potential is to first order independent of the
substrate bias.1 This is because for typical substrate thicknesses and doping densities considered here only
a small fraction of the electric field lines from the depleted channel terminate in the fully-depleted substrate.
Hence the vertical clock levels can be set to optimize operating features such as well capacity and CTE while
the substrate bias is used to deplete the substrate.

The substrate bias also plays a role in the point-spread function of the CCD. For light absorbed near the
back surface of the CCD the lateral charge spreading during transit of the photogenerated charges through the
fully-depleted substrate to the CCD collection wells is described by an rms standard deviation given by1, 6
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where k is Boltzmann’s constant, T is absolute temperature, q is the electron charge, yD is the thickness of
the depleted substrate, Vsub is the applied substrate bias voltage, and VJ is an average potential near the
CCD potential wells due to the channel potentials. Vsub � VJ is the voltage drop across the region where
the photogenerated holes are drifted by the electric field. This result is a simplified asymptotic form that is
independent of the substrate doping and is valid for high electric fields in the substrate. Therefore in this case
the PSF is directly proportional to yD,
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T , and 1/
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(Vsub � VJ ). The PSF for a CCD of this type can be

improved by reducing the substrate thickness and operating the CCD at high substrate bias. PSF measurements
are described in more detail in Section 5.
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Figure 1. a) Cross-sectional diagram of a 15 µm ⇥ 15 µm pixel in a fully depleted, back-illuminated CCD.
The thickness of the gate structure and the backside ohmic contact are 2 µm. The transparent rear window,
essential for astronomy applications, has been eliminated in the DAMIC CCDs. b) Dark matter detection in
a CCD. A WIMP scatters with a silicon nucleus producing ionization in the CCD bulk. The charge carriers
are then drifted along the z-direction and collected at the CCD gates.
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Figure 2. a) 50⇥50 pixel portion of a CCD image, taken when the detector was at ground level. Different
kinds of particles are recognizable (see text). For better contrast, only pixels with deposited energy >0.1 keV
are represented in color. b) Event with two nearby clusters detected after illuminating the CCD with a 55Fe
source. The 1.7 keV cluster is a photoelectron (pe) from the absorption of a Si fluorescence X-ray, emitted
following photoelectric absorption of the incident 5.9 keV Mn Ka X-ray in a nearby site.

ing of the 3-phase gates (“parallel clocks”), while higher frequency clocks (“serial clocks”) move
the charge of the last row horizontally to a charge-to-voltage amplifier (“output node”). The in-
efficiency of charge transfer from pixel to pixel is as low as 10�6 and the readout noise for the
charge collected in a pixel is ⇠2 e� [2]. Since on average 3.6 eV is required to ionize an electron
in silicon, the readout noise corresponds to an uncertainty of ⇠7 eV in deposited energy. The im-
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Summary	  
•  Extraordinarily rapid progress 

pushing towards “neutrino floor” 
•  Success of liquid xenon  TPC 

technology driving the field over 
last ~ 5 years. 

•  Major recent success with argon 
TPCs. Could scale to 100s of 
tons. 

•  Bubble chambers provide target 
diversity, may scale to multi ton 
targets. 

•  Cryogenic detectors and 
semiconductors compete at low 
mass. 

Coherent Neutrino Scattering
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