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Today’s topic: 
A gravitational mystery...

...brought to you by precision astronomy

Abell 1703
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Seven Decades of “Excess Gravitation”

Rotation Curves Gravitational Lensing

CMB Power Spectrum

Rotation Curves

Baryon Acoustic 
Oscillations

Cluster Collisions

Simulations of 
Structure FormationAnd many others!
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The Dark Matter Hypothesis

Rotation Curves

A substantial fraction of the matter in the 

universe is in a form that does not interact with 

photons, rendering it invisible (“dark”) to direct 

electromagnetic observation.
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Dark Matter Candidates

Rotation Curves

• Light neutrinos: 

small fraction, too “hot” to be all of DM

• Weakly-Interacting Massive Particles

• Gravitinos

• Axions

• Sterile Neutrinos

• MACHOs

• ...
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Dark Matter is Everywhere
Suppose you decide to search for “terrestrial” dark matter.  

What do you know?

6



Dark Matter is Everywhere
Suppose you decide to search for “terrestrial” dark matter.  

What do you know?
If you explain the astronomy data with dark matter, then you 
know are reasonably certain that:

6



Dark Matter is Everywhere
Suppose you decide to search for “terrestrial” dark matter.  

What do you know?
If you explain the astronomy data with dark matter, then you 
know are reasonably certain that:

• Cross-sections for interaction between dark matter and 
itself/other particles are very small.
(or we would have seen it already)

6



Dark Matter is Everywhere
Suppose you decide to search for “terrestrial” dark matter.  

What do you know?
If you explain the astronomy data with dark matter, then you 
know are reasonably certain that:

• Cross-sections for interaction between dark matter and 
itself/other particles are very small.
(or we would have seen it already)

• Local density near Earth is around 0.3 GeV/cm3

(within a factor of 2 or 3)

6



Dark Matter is Everywhere
Suppose you decide to search for “terrestrial” dark matter.  

What do you know?
If you explain the astronomy data with dark matter, then you 
know are reasonably certain that:

• Cross-sections for interaction between dark matter and 
itself/other particles are very small.
(or we would have seen it already)

• Local density near Earth is around 0.3 GeV/cm3

(within a factor of 2 or 3)

• There is a ~230km/sec “WIMP wind” coming from the 
direction of Cygnus modulated by the yearly variation in 
the Earth’s orbital velocity around the Sun.
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Direct Dark Matter Searches
(“looking for your lost keys under the street light”)
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Direct Dark Matter Searches
(“looking for your lost keys under the street light”)

1. Anomalous nuclear recoils
(WIMP scattering)

2. Primakoff interactions
(axion-photon coupling)

3. Periodicity/Directionality
(the 21st century search for the “aether wind”)

4. [Insert your clever idea here]
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Direct Dark Matter Searches
(“looking for your lost keys under the street light”)

1. Anomalous nuclear recoils
(WIMP scattering)

2. Primakoff interactions
(axion-photon coupling)

3. Periodicity/Directionality
(the 21st century search for the “aether wind”)

4. [Insert your clever idea here]

XENON, CDMS, CoGeNT, DEAP/
CLEAN, LUX, PICASSO, COUPP, 
CRESST, XMASS, EDELWEISS, ...

ADMX, CAST, ...

DAMA/LIBRA, DRIFT, DMTPC, ...
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Hunting for WIMPs
The expected properties of weakly interactive massive 
particles dictate the search methodology.

Low momentum transfer:
• High atomic mass target material to maximize coherent 

enhancement of nuclear recoil cross section.
• Sensitivity to low energy recoil events, with thresholds as 

low as a few keV of detectable energy.
Extremely low cross-sections: 

• Large mass of target material.
• Low background detector construction.
• Underground operation to shield cosmic rays.
• Excellent particle ID to allow rejection of background 

events, especially α, β, γ decays and neutrons. 
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Elena Aprile Dark Matter Detection and the XENON Experiment

Figure 1: Event rates for a 100 GeV/c2
WIMP with spin-independent WIMP-nucleon

cross-section of 10
−44

cm
2

for different target materials.

For a recent review of the field we refer to the report by the DUSEL S1 Dark

Matter Working Group ([4], and references therein). Covering the bulk of the SUSY

parameter space for WIMPs will require a sizable increase in sensitivity from the

current best experimental limits [7, 6]. An increase in detector mass and exposure, in

addition to a reduction in and/or improved rejection of radioactive and cosmogenic

backgrounds is necessary.

The predicted event rates for a WIMP mass of 100 GeV/c2
and a spin-independent

WIMP-nucleon cross-section of 10
−44

cm
2

are shown in Fig. 1 for Ge, Xe and Ar

targets. The fast fall of the event rate with increasing recoil energy demands a very

low energy threshold, around 10 keV. At this energy, the event rate for a Xe target is

about 30% higher than for a Ge target, due to the Xe larger atomic number. Cryogenic

solid state detectors, based on Ge and Si crystals, have for a long time dominated the

field of dark matter direct detection, showing the best background discrimination and

reporting stringent spin-independent WIMP-nucleon cross-section (4.6×10
−44

cm
2

at

a WIMP mass of 60GeV/c2 [7]).

In recent years, however, the application of cryogenic noble liquids in dark mat-

ter searches, has gained new momentum due to their promise for large target mass

detectors with possibly as powerful background discrimination as cryogenic crystals.

LXe and LAr are especially attractive as they are known to be good scintillators and

ionizers, as established in many works. The scintillation mechanism in these liquids

is well known [8]. Both excitation and electron-ion pairs recombination produce ex-

185

Hunting for WIMPs

E. Aprile, http://www.slac.stanford.edu/econf/C080625/pdf/0018.pdf

100 GeV WIMP
cross section per nucleon 

= 10-44 cm2
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Background Discrimination

Scintillation Ionization

Heat

DEAP/CLEAN, 
XMASS, 

DAMA/LIBRA

XENON, LUX, WARP, 
ArDM

COUPP, PICASSO

CDMS, EDELWEISSCRESST, ROSEBUD

DRIFT, DMTPC,
CoGeNT
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Experimental Results:
How are we doing so far?
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Null Results
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Figure 1: Experimental model-independent residual rate of the single-hit scintillation
events, measured by DAMA/LIBRA,1,2,3,4,5,6 in the (2 – 4), (2 – 5) and (2 – 6)
keV energy intervals as a function of the time. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment [15]. The
experimental points present the errors as vertical bars and the associated time bin
width as horizontal bars. The superimposed curves are the cosinusoidal functions
behaviors A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained
by best fit over the whole data including also the exposure previously collected by
the former DAMA/NaI experiment: cumulative exposure is 1.17 ton × yr (see also
ref. [15] and refs. therein). The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond to
the minimum. See text.
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DAMA/LIBRA: Data

As of 2010, an annual 
modulation in the 2-6 keV 
energy window has been 

observed in NaI detectors 
underground at Gran Sasso 

with 8.9σ C.L. over 13 
annual cycles.

But, is it dark matter?

arXiv:1002.1028
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DAMA/LIBRA Interpretation

• Due to presence of backgrounds, cannot identify 
dark matter in the NaI detectors on an event by 
event basis.

• Annual modulation is predicted in detector rates 
due to relative motion of Earth through local dark 
matter cloud.

• Modulation period of 1 year could be result of 
many things.

• Need confirmation with another target!
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CoGeNT: Data 3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

Extremely low threshold 
germanium detectors in 
the Soudan Mine see a 
slight excess of events 

(90% C.L.) below 3.2 keV 
that could be “light 

WIMPs”, in the ~10 GeV 
mass range.

But it also could be noise 
or other backgrounds...

arXiv:1002.4703v2
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CRESST

http://indico.in2p3.fr/contributionDisplay.py?sessionId=9&contribId=195&confId=1565

CaWO4 crystals held 
near the superconducting 

transition (~15 mK) 
observe 32 oxygen 

recoils with an estimated 
background of 8.7±1.4 

events.
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Tension with Null Results

Direct detection data and possible hints for low-mass WIMPs Thomas Schwetz

The dark matter direct detection experiments DAMA, CoGeNT, and maybe also CRESST
report some anomalies which can be interpreted in terms of spin-independent (SI) scattering of
WIMP dark matter particles with a mass around 10 GeV and a WIMP–nucleon scattering cross
section of order 10−40cm2. This interpretation is challenged by constraints mainly from from the
CDMS and XENON experiments. The situation is summarized in Fig. 1.
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"
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CoGeNT
DAMA
CRESST
XENON100 (mean Leff)
XENON10 S2 analysis
P. Sorensen, talk @ IDM2010
CDMS Si (2005)
CDMS Ge low thr (2010)

Figure 1: Hints from DAMA, CoGeNT, and CRESST at 90% CL and 3" compared to the constraints from
CDMS and XENON at 90% CL for elastic spin-independent scattering.

The hints. The DAMA experiment reports evidence at about 8.9" for an annual modulation of
their scintillation signal from NaI crystals in the low energy region of the energy window, between
2 and 6 keVee [1]. The phase of the modulation is in agreement with the expectation from WIMP
scattering due to the motion of the earth around the sun. Following [2], we assume that channeling
is negligible for nuclear recoils, which implies that quenching has to be taken into account, i.e.
only a certain fraction of the recoil energy is deposited in scintillation light. The default values
are qNa = 0.3 and qI = 0.09 for sodium and iodine recoils, respectively. The DAMA signal can
be explained in terms of SI scattering on either Na or I. However, the scattering on iodine requires
WIMP masses of order 70 GeV and cross sections excluded by CDMS and XENON by more than
two orders of magnitude. Therefore, we focus here on scattering on Na, which, due to its smaller
nuclear mass is sensitive to lighter WIMPs, in the 10 GeV region. The corresponding parameter
region is shown by the orange contours in Fig. 1.

CoGeNT is a Ge detector with a very low threshold of 0.4 keVee and excellent energy resolu-
tion. In [3] they report an event excess between the threshold and 3.2 keVee with an exponential
shape, which cannot be explained by known background sources and has a shape consistent with a
signal from WIMPs with a mass around 10 GeV. The CoGeNT region shown in Fig. 1 has been ob-
tained under the assumption that in the signal region only identified peaks and a flat background are
present, apart from the WIMP signal. In particular, it has been assumed that there is no background
component with exponential shape.

The CRESST-II experiment searches for WIMP recoils in a CaWO4 target [4]. Using the
relative signal in light and phonons it is possible to distinguish nuclear recoil events from W and O
as well as # or $ background events. At this conference an unexplained excess of events in the O
band has been reported [4]. A total of 32 events has been observed with an expected background

2

arXiv:1011.5432
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Current state of play:

Existing positive results are both in 
tension with each other and with the 
null results of other experiments.

Clearly, more data would be useful....

18



DEAP/CLEAN: 
A Highly Scalable Search for Dark 

Matter with Argon and Neon

19



Scintillation in Noble Liquids

Energy deposition in noble liquids 
produces short lived excited diatomic 
molecules in singlet and triplet states.

20



Pulse Shape Analysis

Electronic recoil

Nuclear Recoil

Triplet state highly suppressed!

Singlet Triplet

He ~10ns 13 s

Ne <18.2 ns 14.9 μs

Ar 7 ns 1.60 μs

Xe 4.3 ns 22 ns
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Rejecting Electron-like Events 
in Argon

Discriminate with ratio 
of prompt to total light

Reject beta and gamma 
backgrounds with greater 

than 108 efficiency

22
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FIG. 8: (Color online) Scintillation efficiency as a function of
energy from 10 to 250 keVr. The weighted mean (red line)
is generated from the data above 20 keVr and puts the mean
scintillation efficiency at 0.25. The value measured by WARP
is 0.28 at 65 keVr [3].

dow and fit range effects. The uncertainties from the
sources discussed in this section are all combined and
the final resulting uncertainty for each scattering angle
can be found in Table. I.
The first group of considered uncertainties deals

with the data taking and stability of the neutron and
57Co data runs. Since the 57Co runs are used to cali-
brate the light yield of the detector, the fit error of the
57Co peak and its stability over time directly affect the
measured scintillation efficiency. These are estimated to
be 2% and 1.6% respectively. There is a second uncer-
tainty in the angle of the organic scintillator relative to
the neutron generato that in turn introduces an uncer-
tainty in the corresponding energy via Eq. 1. We have
determined the uncertainty of the angular position of the
organic scintillator to be 1.3◦ at each position.
We examined the effects of the trigger efficiency, specif-

ically looking to address the upturn observed at low ener-
gies which could be explained by a bias introduced by the
trigger level. We took data for the 22◦ run at three dif-
ferent hardware triggers and the 26◦ run at two different
hardware triggers, and we examined the effect of hard-
ware and software triggers on both the asymmetry cut
and the final scintillation efficiency values. In all cases,
the scintillation efficiency distributions did not system-
atically change by varying the cuts and hardware thresh-
old. We also performed a toy Monte Carlo using the
time dependence of the scintillation light [10] and the ob-
served single photoelectron distribution to estimate pos-
sible threshold effects. This study found the effect of
any threshold bias given our hardware trigger level to be
less than 1%, much smaller than the other errors in the
measurement. Therefore, we conclude that the triggering
threshold does not explain the upturn at low energies.
A third source of uncertainty arises because the Monte

Carlo simulation does not exactly reproduce the observed
background shape, as is evident from comparing the

dashed and solid red lines in the large angle scattering
spectra of Fig. 7. To account for this inconsistency, the
data for each recoil energy were reanalyzed under the
assumption that the size of the multiple scattering back-
ground in the histograms used to perform the fits varied
by ±50% relative to that predicted by the Monte Carlo.
The variations observed in this reanalysis are included in
the errors listed in Table I.
To determine the uncertainty due to the TOF cuts, the

TOF window was expanded separately up and down in
time by 50%. This allows for recoil neutrons with smaller
TOFs to be included when the window is expanded down-
ward and larger TOF neutrons when expanded upward.
The effect of this variation was mostly in the lowest three
data points and allowed them to move downwards in scin-
tillation efficiency by about 0.04.
There is an uncertainty associated with fitting the data

in a limited range around the predicted single-scattered
neutron peak position. To estimate this uncertainty, we
expand the fit range to include ±5 sigma around the cen-
troid of the single-scattered neutrons, instead of the 3-
sigma range used in the standard fit. The result of the
wider fit range is to systematically push the determined
scintillation efficiency up for energies between 20 keVr
and 120 keVr. This effect appears to be caused by a
disagreement in the high energy tails of the data and
Monte Carlo, similar to the disagreement observed be-
tween Monte Carlo and data at lower energies for the
high recoil angles. Changing the fit range adds a corre-
lated error of +0.01 to the measured mean scintillation
efficiency in Fig. 8.

VII. RESULTS

The scintillation efficiency for nuclear recoils in liq-
uid argon has been measured relative to electronic re-
coils for nuclear recoil energies from 10 keVr to 250
keVr. The scintillation efficiency values found at each
of the recoil angles can be found in Table I and are
plotted in Fig. 8. The ratio of the nuclear recoil scin-
tillation response to the electronic recoil response is
0.25 ± 0.02 + 0.01(correlated) for recoils above 20 keVr.
An observed upturn in the scintillation efficiency below
20 keVr is currently unexplained.

VIII. ACKNOWLEDGEMENTS

Computer resources were supplied by Yale University
Biomedical High Performance Computing Center and
NIH grant: RR19895 and in part by the facilities and staff
of the Yale University Faculty of Arts and Sciences High
Performance Computing Center. We are also grateful
for the support of the U.S. Department of Energy. This
work was supported by the David and Lucille Packard
Foundation.

Quenching

Nuclear recoils produce less light per keV than electrons.

arXiv:1004.0373
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Almost everything absorbs 128 nm light!

TPB can wavelength shift EUV up to 440 nm with high efficiency.
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Single Phase Ar/Ne Detectors
Advantages:

• Target material is very inexpensive.
• No need for electric fields to drift charge.

• Simpler detector design
• Able to use a spherical geometry
• Does not require 39Ar-depleted argon for large detectors

• Neon is clean enough to use for pp solar neutrinos
Disadvantages:

• Lower A2 than Xe or Ge reduces coherent scattering 
enhancement

• Self-shielding from external backgrounds not as good as some 
other materials

• Atmospheric argon contains a high rate beta decay isotope, 
39Ar (1 Bq/kg, 270 year half-life)

25



The DEAP and CLEAN Family of 
Detectors

DEAP-0:
Initial R&D detector

DEAP-1:
7 kg LAr
2 warm PMTs
At SNOLab 2008

picoCLEAN:
Initial R&D detector

microCLEAN:
4 kg LAr or LNe
2 cold PMTs
surface tests at Yale

MiniCLEAN:
500 kg LAr or LNe (150 kg fiducial mass)
92 cold PMTs
At SNOLAB 2011/2012DEAP-3600:

3600 kg LAr (1000 kg fiducial mass)
266 warm PMTs
At SNOLAB 2012

50-tonne LNe/LAr Detector:
pp-solar ν, supernova ν, dark matter <10-46 cm2

~2016?

10-44 cm2

10-45 cm2

10-46 cm2

WIMP σ 
Sensitivity

26



MiniCLEAN Goals
• Demonstrate the technical features of a 4π single-

phase detector using both liquid argon and neon.

• Characterize detector response to produce signal 
and background distributions using combination of 
calibration and Monte Carlo.  Leverage this 
knowledge in our analysis.

• Perform a WIMP dark matter search competitive 
with and complementary to next generation 
experiments with O(100 kg) fiducial mass.

• Develop the experience and verified simulation tools 
to design a 50 ton full-size CLEAN experiment.

27



Simplified View

Liquid Ar/Ne
Target

Liquid Ar/Ne
Shielding

Acrylic

UV fluor
(TPB)

PMTs
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A Less Simple View

Courtesy J. Griego

Inner 
Vessel

PMT

Outer
Vessel

LAr/
LNe

92 8” PMTs

TPB @ R=43 cm

PMTs @ R=81 cm
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Inner Vessel
Cassettes are inserted 
through “portholes” in 
spherical inner vessel.

Modular design allows 
components closest to the 

fiducial volume to be assembled 
in a glove box and stored in 

vacuum until installationCourtesy J. Griego
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Optical Cassettes

PMT

Acrylic
Face

Light
Guide

Top Hat

Courtesy J. Griego
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Water Shielding

Courtesy J. Griego

Inner
Vessel

Outer
Vessel

Water
Shield
Tank

Deck

Veto PMTs
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SNOLAB

Surface
Facility

2 km of rock
(6000 mwe)

Underground
Laboratory

Sudbury, Ontario, Canada
33



SNOLAB Facility

Personnel 
facilities 

SNO 
Cavern 

Ladder Labs 

Cube Hall 

Cryopit 

Utility 
Area 

South 
Drift 

Phase III 
Stub 

Utility 
Drift 
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Courtesy F. Duncan

Construction Progress: 
Cube Hall

Insert 
MiniCLEAN 

here
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Courtesy F. Lopez

Construction Progress: 
Outer Vessel
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Construction Progress: 
Inner Vessel

Courtesy F. Lopez
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MiniCLEAN WIMP Analysis
Perform a blind analysis with signal box in three 
reconstructed observables:

En
er

gy

Radius

F p
ro

m
pt

Use calibration data, simulation, and systematic 
uncertainties to optimize the final box.
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Simulation
We are using our simulation and analysis tool, RAT, to:

• Optimize design of cassettes
• Develop position reconstruction algorithms
• Test cuts for different classes of backgrounds
• Stress-test the data acquisition software
• Analyze microCLEAN data!

Sections of inner vessel from RAT
39



MicroCLEAN Comparison
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Backgrounds
Major:

• 39Ar: 1 Bq per kg of atmospheric argon

• PMT Neutrons

• Rn daughters on surfaces

Sub-dominant:

• External gammas from steel and rock

• External neutrons from rock and cosmic ray spallation

41



Mitigating Backgrounds

• 39Ar: Cut with Fprompt

• PMT Neutrons: Low activity glass, pull PMTs back from 
fiducial volume, acrylic shielding, position reconstruction, 
timing distribution 

• Rn daughters on surfaces: Modular design to assemble 
cassettes in gloveboxes, position reconstruction

• External gammas from steel and rock: Low activity steel, 
water shield, cut with Fprompt

• External neutrons from rock and cosmic ray spallation: 
Water shield, active cosmic ray veto in water shield.

42



Fprompt
• Designed to be the simplest possible pulse shape 

discriminant.
• Fprompt = Charge in prompt window (~100 ns) divided by 

total charge.  Ranges from 0 to 1.
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FIG. 7: Fprompt versus energy distribution for neutrons and
γ rays from an Am-Be calibration source. The upper band
is from neutron-induced nuclear recoils in argon, the lower-
band is from background γ-ray interactions.
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from the Am-Be calibration, between 120 and 240 photoelec-
trons (approximately 43–86 keVee). No γ-ray events are seen
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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(labeled Surface backgrounds). Also shown, for reference, is
the distribution of high-Fprompt background events with the
detector operating underground at SNOLAB.

Days since Aug. 19, 2007
0 10 20 30 40 50 60

 b
g.

 ra
te

 (m
H

z)
pr

om
pt

H
ig

h 
F

0

2

4

6

8

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

6

M.G. Boulay et al. arXiv:0904.2930
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Reconstructed Energy (MeV)
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Position Reconstruction

No photon in MiniCLEAN can travel 
directly from the event vertex to a PMT!

45



Position Reconstruction
• We use a hybrid analytic/Monte Carlo based maximum 

likelihood position reconstruction called ShellFit.
• Sum over possible photon histories to produce probability 

distributions for number of detected photons at each PMT.
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Position Reconstruction

20 keVee electrons

47



Calibration

• 39Ar: Constant rate source, always present!

• 57Co: External source of 122 & 136 keV gammas

• 83Krm: Distributed source of 32.1 + 9.4 keV internal 
conversion electrons

• d-d neutron generator: Pulsed neutron source

• UV and Visible pulsed LEDs: Low activity steel, water 
shield, cut with Fprompt

• 39Ar spike: Introduce up to 10x the natural activity of 39Ar 
at end of argon run to test particle ID
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39Ar is a curse and a blessing!

A uniformly distributed 
calibration source of betas with a 

well-understood spectrum.

49



83Krm in MicroCLEAN

Background-subtracted data
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WIMP Discovery Flowchart
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WIMP Sensitivity
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Neutrino Background to WIMPs

Neutrino Coherent Scattering Rates at Direct Dark Matter Detectors 7

Figure 3. Number of events above a threshold recoil kinetic energy for six target
nuclei. For both the diffuse supernova and atmospheric event rates, the sum of all
contributing neutrino flavors are shown.

Monroe & Fisher, arXiv:0706.3019
Strigari, arXiv:0903.3630

One physicist’s 
signal is another’s 

background.

Coherent neutrino 
scattering will 
interfere with 

WIMP sensitivity 
below 10-48 cm2/

nucleon
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Conclusion

• Something is out there, and it might be dark matter!

• We’ve seen hints of direct detection, but you should 
continue to be skeptical.

• Single phase noble liquid detectors offer a highly scalable 
option for dark matter and neutrino detection.

• MiniCLEAN extends the DEAP/CLEAN series of 
detectors to 150 kg fiducial volume with liquid argon and 
neon.

• Construction is underway, with detector commissioning 
scheduled for late 2011, followed by two years of argon 
running.
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radiation of a great thickness of hydrogen’.19 Indicating his uncertainty concerning
the origin of the line, he referred to ‘the D line of hydrogen (?)’.20

By that time Lockyer had teamed up with Edward Frankland, professor at the
RoyalCollege ofChemistry inLondon andoneofBritain’smost distinguished chemists
in the Victorian era. Importantly, Frankland had considerable experience with
chemical spectroscopy, an area of research which was new to Lockyer. The astronomer
and the chemist collaborated in comparing solar lines with lines produced in the
laboratory of gases under varying pressure and temperature. One of the solar lines
under examination was D3, although this was only a minor part of their work. They
confirmed that ‘there is a line near D visible in the chromosphere to which there is no
corresponding Fraunhofer line’ and that the new D line was unlikely to belong to the
hydrogen spectrum, still poorly understood at the time. It appears that Frankland was
lesswilling thanLockyer to exclude theD3 line as being of hydrogenic origin. ‘I thinkwe
ought not so easily to give up all efforts to get it [D3] from terrestrial hydrogen’, hewrote
in a letter of 7 April 1869. More than three years later he wrote in another letter to
Lockyer about the assumption that D3 belonged to an element unknown on Earth: ‘I
remember always protesting in our conversations about the yellow line, against making
this assumption, until we had exhausted every effort to get the line out of hydrogen’.21

Figure 1. Emission spectrum of D lines from sunspot, showing the D3 or helium line. The
two stronger lines to the left are the sodium lines. From Kayser (note 30), p. 188.

19 J.N. Lockyer, ‘Spectroscopic Observations of the Sun, II’, Philosophical Transactions of the Royal
Society, 159 (1869), 425!44, and ‘Spectroscopic Observations of the Sun, III’, Proceedings of the Royal
Society of London, 17 (1869), 350!56. Quotations from Lockyer 1874 (note 15), p. 459 and p. 478. The
symbols C, F and D refer to the place of the lines in the Fraunhofer absorption spectrum.

20 J.N. Lockyer, ‘Spectroscopic Observations of the Sun, III’ (note 19), and Lockyer 1874 (note 15), p.
486. The first part of the series on ‘Spectroscopic Observations of the Sun’ appeared in 1866, an account of
the new metod of observing solar prominences. As a further indication of Lockyer’s uncertainty with
respect to the nature of the D3 line, in a table of bright lines in the chromosphere he added in a footnote to
the D3 line the single word ‘Hydrogen’, italicized and followed by a question mark (ibid. p. 495).

21 Letters of 7 April 1869 and 9 September 1872, quoted in Meadows 1972 (note 14), 59!60. See also
Colin A. Russell, Edward Frankland. Chemistry, Controversy and Conspiracy in Victorian England
(Cambridge: Cambridge University Press, 1996), p. 436. Frankland proposed to use exceedingly long
hydrogen tubes to see if the mysterious line would be produced in this way, but apparently these tubes were
never constructed. See Lockyer and Lockyer 1928 (note 14), p. 42.
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Lockyer about the assumption that D3 belonged to an element unknown on Earth: ‘I
remember always protesting in our conversations about the yellow line, against making
this assumption, until we had exhausted every effort to get the line out of hydrogen’.21

Figure 1. Emission spectrum of D lines from sunspot, showing the D3 or helium line. The
two stronger lines to the left are the sodium lines. From Kayser (note 30), p. 188.

19 J.N. Lockyer, ‘Spectroscopic Observations of the Sun, II’, Philosophical Transactions of the Royal
Society, 159 (1869), 425!44, and ‘Spectroscopic Observations of the Sun, III’, Proceedings of the Royal
Society of London, 17 (1869), 350!56. Quotations from Lockyer 1874 (note 15), p. 459 and p. 478. The
symbols C, F and D refer to the place of the lines in the Fraunhofer absorption spectrum.

20 J.N. Lockyer, ‘Spectroscopic Observations of the Sun, III’ (note 19), and Lockyer 1874 (note 15), p.
486. The first part of the series on ‘Spectroscopic Observations of the Sun’ appeared in 1866, an account of
the new metod of observing solar prominences. As a further indication of Lockyer’s uncertainty with
respect to the nature of the D3 line, in a table of bright lines in the chromosphere he added in a footnote to
the D3 line the single word ‘Hydrogen’, italicized and followed by a question mark (ibid. p. 495).

21 Letters of 7 April 1869 and 9 September 1872, quoted in Meadows 1972 (note 14), 59!60. See also
Colin A. Russell, Edward Frankland. Chemistry, Controversy and Conspiracy in Victorian England
(Cambridge: Cambridge University Press, 1996), p. 436. Frankland proposed to use exceedingly long
hydrogen tubes to see if the mysterious line would be produced in this way, but apparently these tubes were
never constructed. See Lockyer and Lockyer 1928 (note 14), p. 42.

163Reconsideration of Helium’s Early History

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
P
e
n
n
s
y
l
v
a
n
i
a
]
 
A
t
:
 
2
0
:
3
8
 
2
2
 
S
e
p
t
e
m
b
e
r
 
2
0
1
0

We’ve Been Here Before...

Frankland

Ramsay

Lockyer

57



radiation of a great thickness of hydrogen’.19 Indicating his uncertainty concerning
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in the Victorian era. Importantly, Frankland had considerable experience with
chemical spectroscopy, an area of research which was new to Lockyer. The astronomer
and the chemist collaborated in comparing solar lines with lines produced in the
laboratory of gases under varying pressure and temperature. One of the solar lines
under examination was D3, although this was only a minor part of their work. They
confirmed that ‘there is a line near D visible in the chromosphere to which there is no
corresponding Fraunhofer line’ and that the new D line was unlikely to belong to the
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ought not so easily to give up all efforts to get it [D3] from terrestrial hydrogen’, hewrote
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Lockyer about the assumption that D3 belonged to an element unknown on Earth: ‘I
remember always protesting in our conversations about the yellow line, against making
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two stronger lines to the left are the sodium lines. From Kayser (note 30), p. 188.

19 J.N. Lockyer, ‘Spectroscopic Observations of the Sun, II’, Philosophical Transactions of the Royal
Society, 159 (1869), 425!44, and ‘Spectroscopic Observations of the Sun, III’, Proceedings of the Royal
Society of London, 17 (1869), 350!56. Quotations from Lockyer 1874 (note 15), p. 459 and p. 478. The
symbols C, F and D refer to the place of the lines in the Fraunhofer absorption spectrum.

20 J.N. Lockyer, ‘Spectroscopic Observations of the Sun, III’ (note 19), and Lockyer 1874 (note 15), p.
486. The first part of the series on ‘Spectroscopic Observations of the Sun’ appeared in 1866, an account of
the new metod of observing solar prominences. As a further indication of Lockyer’s uncertainty with
respect to the nature of the D3 line, in a table of bright lines in the chromosphere he added in a footnote to
the D3 line the single word ‘Hydrogen’, italicized and followed by a question mark (ibid. p. 495).
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(Cambridge: Cambridge University Press, 1996), p. 436. Frankland proposed to use exceedingly long
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Fprompt
• Designed to be the simplest possible pulse shape 

discriminant.
• Fprompt = Charge in prompt window (150 ns) divided by 

total charge.  Ranges from 0 to 1.

M.G. Boulay et al. arXiv:0904.2930
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Position Reconstruction
• No photon in MiniCLEAN can travel from event vertex to 

a PMT!
• We have developed a hybrid analytic/Monte Carlo based 

maximum likelihood position reconstruction called ShellFit.
• Includes all major optical effects.
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Controlling Radon

15 

•! Radon exposure limits can be placed to achieve a desired surface 

activity. 1 m-2 day-1 is the MiniCLEAN spec, equal to the surface activity 

achieved in the SNO neutral current detectors. 

–! i.e. Exposure limits for class 3000 clean room at 25 C and 20% RH 

Radon Daughter Deposition 

27 July 2010 D. McKinsey,    MiniCLEAN Review 

• Goal of 1 decay per m2 per day on the TPB surface.

• Creating a model of Rn deposition to understand how to 
achieve this goal during assembly.
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Neutron Cross-Sections
• Modeling of neutrons is important for detector design and 

optimization

• Carefully studying GEANT4 neutron simulations in argon/
neon and making new measurements.
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Conclusions
•Optical model has been shown to work 
very well for medium mass and heavy 
nuclei (Hodgson, Nuclear Reactions and 
Nuclear Structure)
•Depends strongly on (N-Z)/A
•Na-22 approximates Ne-20 for now
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