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Figure 2
The comoving number density Y (left) and resulting thermal relic density (right) of a 100-GeV, P-wave
annihilating dark matter particle as a function of temperature T (bottom) and time t (top). The solid gray
contour is for an annihilation cross section that yields the correct relic density, and the shaded regions are for
cross sections that differ by 10, 102, and 103 from this value. The dashed gray contour is the number density
of a particle that remains in thermal equilibrium.

X: General dark
matter candidate

the number of dark matter particles become negligible, but interactions that mediate energy
exchange between dark matter and other particles may remain efficient.

This process is described quantitatively by the Boltzmann equation

dn
dt

= −3H n − ⟨σAv⟩(n2 − n2
eq), (5)

where n is the number density of the dark matter particle X, H is the Hubble parameter, ⟨σAv⟩
is the thermally averaged annihilation cross section, and neq is the dark matter number density in
thermal equilibrium. On the right-hand side of Equation 5, the first term accounts for dilution
from expansion. The n2 term arises from processes XX → SM SM that destroy X particles, where
SM denotes SM particles, and the n2

eq term arises from the reverse process SM SM → XX, which
creates X particles.

The thermal relic density is determined by solving the Boltzmann equation numerically. A
rough analysis is highly instructive, however. Defining freeze out to be the time when n⟨σAv⟩ = H ,
we have

n f ∼ (mX T f )3/2e−mX /T f ∼
T 2

f

M Pl⟨σAv⟩
, (6)

where the subscripts f denote quantities at freeze out. The ratio x f ≡ mX /T f appears in the ex-
ponential. It is, therefore, highly insensitive to the dark matter’s properties and may be considered
a constant; a typical value is xf ∼ 20. The thermal relic density is, then,

"X = mX n0

ρc
= mX T 3

0

ρc

n0

T 3
0

∼ mX T 3
0

ρc

n f

T 3
f

∼ x f T 3
0

ρc M Pl
⟨σAv⟩−1, (7)
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correct relic density
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• New particle that is:

• stable

• electrically neutral

• weakly and gravitationally 

interacting

• Produced thermally in the early 

universe

• “WIMP miracle”
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FIG. 2. From left to right, the plots show vrms/vesc (from fitted profiles), fitted v0, and fitted p respectively, as functions of r/rs,
for simulated dark matter halos of three samples. The red sample consists of halos of ∼ 1013M⊙ in the Bolshoi simulation,
the green sample consists of halos of ∼ 1014M⊙ in the Bolshoi simulation, and the blue sample consists of all halos in the
Rhapsody simulation (∼ 1014.7M⊙). The errorbars show the 90% halo-to-halo scatter of each sample.

zero momentum transfer σ0 = 1.9 × 10−41 cm2, as in-
spired by the recent results from the CDMS-II experi-
ment [9]. Note that this mass and cross section are also
consistent with the recent CoGENT analysis [32].
For Exp. X we consider Xenon as the target nucleus,

with a nuclear recoil energy threshold of 6 keV, and an
exposure of 6000 kg-days. For Exp. S we consider Silicon
as the target nucleus, with a recoil energy threshold of
7 keV, and an effective exposure of 7.1 kg-day, chosen
to obtain a mean event count of 3 in the case of the
SHM. In both experiments, to highlight the theoretical
impact of the VDF we assume a sharp energy cutoff at
the threshold energy, and both perfect energy response
efficiency and energy resolution. We fix the local dark
matter density to be ρ0 = 0.3 GeV/cm3, and assume
equal WIMP coupling to the neutron and proton. We
set the Galactic escape velocity to be 544 km/s, and take
average speed of the Earth in the Galactic frame to be
232 km/s.
Given the parameters stated above, we can then cal-

culate the predicted event rate R, which is the integral
of the differential event rate per unit detector mass over
the recoil energy Q,

R =

∫

Qthres

dR

dQ
dQ, (3)

and

dR

dQ

∣

∣

∣

∣

Q

=
ρ0σ0

2µ2mdm
A2 |F (Q)|2

∫

vmin(Q)
d3v

f(v + ve)

v
.

(4)
Here µ is the WIMP-nucleon reduced mass, A is the
atomic number of the nucleus, |F (Q)|2 is the nuclear form
factor [33], vmin = (QmN/2µ2)1/2 for an elastic collision,
f is the VDF in the Galactic rest frame, and ve is the
velocity of Earth in the Galactic rest frame.
The question we address in this demonstration is how

the probability of a certain experiment observing N col-
lision events (assuming all the events are real WIMP-
nucleus collisions) varies with different models for the
VDF. We define PX to be the probability that Exp. X
observes no events, and PS the probability that Exp. S
observes three events. We calculate the probabilities as-
suming that WIMP-nucleon collision events follow a Pois-
son process,

P (N |λ) =
λN

N !
e−λ, (5)

where N is the number of events, which equals 0 for PX

and 3 for PS , and λ is a dimensionless parameter that
equals the predicted rate times the exposure of the ex-
periment. Note that λ changes with the WIMP model,
the experimental setup, and the VDF. In the demonstra-
tion we always fix the WIMP model and the settings of
each of the two experiments, and only change the VDF
to see its effect.
Assuming the SHM, we obtain PX = 4.65× 10−7 and

PS = 0.224. With these assumptions (including the
sharp energy cutoff), given the low PX , Exp. X rejects
the WIMP model at a high confidence level. So if Exp. S
does indeed observe WIMP events, it implies a strong
tension between these two experiments. Note that when
the SHM is assumed, this conflict remains for any es-
cape velocity larger than 515 km/s. However, the results
change dramatically if a different VDF model is assumed.
Assuming the VDF in Eq. (1) with a range of parame-
ters motivated from cosmological simulations, we calcu-
late PX and PS and show the results in Figure 3.
The uncertainties in the VDF can have distinct effects

on the different experiments. Figure 3 shows that PX

is a strong function of p, while PS only mildly depends
on vrms and is insensitive to p. Because different exper-
iments have different responses to changes in the VDF,
a given VDF can reconcile two experiments that are in-

= measurement

= particle physics

= nuclear physics

= WIMP velocity

   distribution function
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• Featureless exponential signal at 
low recoil energy


• Annual modulation in recoil rate 
due to earth’s rotation
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FIG. 2. From left to right, the plots show vrms/vesc (from fitted profiles), fitted v0, and fitted p respectively, as functions of r/rs,
for simulated dark matter halos of three samples. The red sample consists of halos of ∼ 1013M⊙ in the Bolshoi simulation,
the green sample consists of halos of ∼ 1014M⊙ in the Bolshoi simulation, and the blue sample consists of all halos in the
Rhapsody simulation (∼ 1014.7M⊙). The errorbars show the 90% halo-to-halo scatter of each sample.
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sharp energy cutoff), given the low PX , Exp. X rejects
the WIMP model at a high confidence level. So if Exp. S
does indeed observe WIMP events, it implies a strong
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Direct Detection Approaches
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What can we say about low-mass dark matter “hints”?
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FIG. 10. The extracted WIMP and background signals com-
pared to the CoGeNT data in both energy and time. The
comparison in time is in 30 day bins. This fit was performed
with the WIMP oscillation amplitude, phase, and period all
allowed to float.

signal. For the data before the Soudan fire the extracted
phase is 114 ± 28 days, and for after the fire it was 174
± 91 days. The overall extracted number of WIMP type
events before the Soudan fire is 171 ± 74, and after it is
81 ± 48. While the two numbers are consistent given the
large statistical uncertainty, we note that this difference
is even larger when considering that the livetime for the
data set after the fire is larger than for the data before
the fire by ∼ 50%. The statistical uncertainty on these
results does not allow us to rule out the possibility of the
modulation having a WIMP origin.

C. Summary of extraction results

Table I summarizes the signal extraction results for all
the extractions attempted.

As a check of the validity of the signal extraction we
compare the extracted neutron background with the mea-
surement of the veto-germanium coincident rate. The
signal extraction gives a neutron rate of (0.64 ± 0.13)
cpd, which is in excellent agreement with the veto-
coincident rate of (0.67 ± 0.12) cpd.

D. Allowed regions and WIMP sensitivity

We generate likelihood contours from the maximum
likelihood signal extraction with free osillation parame-
ters and time-varying backgrounds. To take into account
the systematic uncertainty due to our understanding of
the surface events we also determined a contour with the
shape of the surface event energy distribution allowed to
float in the likelihood signal extraction. Figure 11 shows
our 90% C.L. contours compared to recent CDMS re-
sults and the previous CoGeNT result. The same figure
shows the WIMP sensitivity curves (2 σ upper limits)
derived from the likelihood analysis. The more conserva-
tive exclusion limit is determined from fixing the neutron
component in the likelihood extraction to 0. In this case,
there are more extracted WIMP events to compensate for
the events that would be normally classified as neutrons,
therefore resulting in worse sensitivity. The lower exclu-
sion curve in figure 11 is the result of allowing the neutron
component in the likelihood extraction to be completely
free. This produces better sensitivity limits, especially
at low masses, since it allows for more neutron events,
and thus less WIMP events, if favored by the likelihood
minimization.
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FIG. 11. The 90% C.L. contours derived from the maximum
likelihood signal extraction with a fixed surface event back-
ground energy distribution (red solid) and where the shape
of the surface background energy distribution was allowed to
float in the extraction (red dashed). Shown also are the 68%
C.L. and 90% contours from the CDMS silicon result [5]. Also
shown are the exclusion limits for various assumptions about
the neutron component (see text).
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signal. For the data before the Soudan fire the extracted
phase is 114 ± 28 days, and for after the fire it was 174
± 91 days. The overall extracted number of WIMP type
events before the Soudan fire is 171 ± 74, and after it is
81 ± 48. While the two numbers are consistent given the
large statistical uncertainty, we note that this difference
is even larger when considering that the livetime for the
data set after the fire is larger than for the data before
the fire by ∼ 50%. The statistical uncertainty on these
results does not allow us to rule out the possibility of the
modulation having a WIMP origin.

C. Summary of extraction results

Table I summarizes the signal extraction results for all
the extractions attempted.

As a check of the validity of the signal extraction we
compare the extracted neutron background with the mea-
surement of the veto-germanium coincident rate. The
signal extraction gives a neutron rate of (0.64 ± 0.13)
cpd, which is in excellent agreement with the veto-
coincident rate of (0.67 ± 0.12) cpd.

D. Allowed regions and WIMP sensitivity

We generate likelihood contours from the maximum
likelihood signal extraction with free osillation parame-
ters and time-varying backgrounds. To take into account
the systematic uncertainty due to our understanding of
the surface events we also determined a contour with the
shape of the surface event energy distribution allowed to
float in the likelihood signal extraction. Figure 11 shows
our 90% C.L. contours compared to recent CDMS re-
sults and the previous CoGeNT result. The same figure
shows the WIMP sensitivity curves (2 σ upper limits)
derived from the likelihood analysis. The more conserva-
tive exclusion limit is determined from fixing the neutron
component in the likelihood extraction to 0. In this case,
there are more extracted WIMP events to compensate for
the events that would be normally classified as neutrons,
therefore resulting in worse sensitivity. The lower exclu-
sion curve in figure 11 is the result of allowing the neutron
component in the likelihood extraction to be completely
free. This produces better sensitivity limits, especially
at low masses, since it allows for more neutron events,
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• High-purity Ge detector


• Excellent energy resolution due to 
low detector capacitance


• Limited background discrimination 
(surface events)


• Several analyses have indicated 
2-3σ excess in annual modulation 
and recoil 
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FIG. 2. Ionization yield versus recoil energy in all detectors
included in this analysis for events passing all signal criteria
except (top) and including (bottom) the phonon timing crite-
rion. The curved black lines indicate the signal region (-1.8�
and +1.2� from the mean nuclear recoil yield) between 7 and
100 keV recoil energies for detector 3 in Tower 4, while the
gray band shows the range of charge thresholds across de-
tectors. Electron recoils in the detector bulk have yield near
unity. The data are colored to indicate recoil energy ranges
(dark to light) of 7–20, 20–30, and 30–100 keV to aid the
interpretation of Fig. 3.

of data taking (⇠24 hours ).
In yield, events were required to be within +1.2� and

�1.8� from the mean of the nuclear recoil yield. Can-
didate events were also required to have phonon pulse
timing consistent with a nuclear recoil. In order to take
advantage of the fact that the timing parameters are
better measured at high energies, the phonon timing
data-selection cut was optimized in three energy bins:
7–20 keV, 20–30 keV, and 30–100 keV [23]. Fig. 1 shows
the nuclear-recoil e�ciency i.e., the estimated fraction of
nuclear recoils at a given energy that would be accepted
by these signal criteria, measured using nuclear recoils
from 252Cf calibration. The abrupt changes in e�ciency
are due to the di↵erent detector thresholds and changes
to the timing cuts in the three energy bins. Signal ac-
ceptance was measured using nuclear recoils from 252Cf
calibration. After applying all selection criteria, the ex-
posure of this analysis is equivalent to 23.4 kg-days over
a recoil energy range of 7–100 keV for a WIMP of mass
10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [24] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons for this exposure with all e�ciencies included.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may su↵er from re-
duced ionization yield and thus contribute events to the
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data; both are normalized to have the same
arbitrary peak value.

WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields consis-
tent with nuclear recoils from a previously unblinded Si
dataset [25] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[25] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[21, 25]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected

3
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from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data; both are normalized to have the same
arbitrary peak value.

WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields consis-
tent with nuclear recoils from a previously unblinded Si
dataset [25] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[25] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[21, 25]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected

9

• Powerful background rejection using 
ionization yield and phonon risetime 
information


• 7 keVnr threshold, but efficiency rapidly 
dropping below 20 keVnr


• 3 events observed, 0.41 expected


• WIMP+background hypothesis favored 
over background-only with p-value of 
0.19%



SuperCDMS
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SuperCDMS Overview

0.6 kg Ge crystals
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• Upgrade to CDMS II experiment


• Cryogenic Ge detectors measure both 
ionization and phonons
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• Detectors operate at 50 mK in 3He/4He 
dilution fridge


• Continuous operation since spring 2012 
(cold for over 2 years!)
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• Upgrade to CDMS II experiment


• Cryogenic Ge detectors measure both 
ionization and phonons



SuperCDMS Overview

• 15 detectors x 0.6 kg = 9 kg target mass

• Detectors operate at 50 mK in 3He/4He 
dilution fridge


• Continuous operation since spring 2012 
(cold for over 2 years!)
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• Upgrade to CDMS II experiment


• Cryogenic Ge detectors measure both 
ionization and phonons



SuperCDMS Overview

• 15 detectors x 0.6 kg = 9 kg target mass

• Active and passive shielding surround 
detectors

muon veto

poly and lead shielding

• Detectors operate at 50 mK in 3He/4He 
dilution fridge


• Continuous operation since spring 2012 
(cold for over 2 years!)

11

• Upgrade to CDMS II experiment


• Cryogenic Ge detectors measure both 
ionization and phonons
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Charge/Phonon sensors

Charge/Phonon sensors

iZIP Detectors
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iZIP Detectors
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e-e-

h+

E fieldprompt phonons

Phonon energy = Erecoil + ELuke

iZIP Detectors

Charge/Phonon sensors

Charge/Phonon sensors
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iZIP Detectors: Electron Recoil Discrimination

Electron recoil / nuclear recoil discrimination possible with 
simultaneous measurement of ionization and phonons
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iZIP Detectors: Ionization Fiducialization
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Thursday, March 28, 13

Figure 11-15: Side 1 of the iZIP4. Here, Al is blue, W is purple, and ↵-Si is green.
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iZIP Detectors: Phonon Fiducialization

Figure 11-15: Side 1 of the iZIP4. Here, Al is blue, W is purple, and ↵-Si is green.
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Surface Event Rejection

Appl. Phys. Lett. 103, 164105 (2013)

210Pb

210Po

206Pb

210Bi

22.3 y

5.01 d

138.4 d

84%: β 17.0 keV

16%: β 63.5 keV

100%: β 1161.5 keV

100%: α 5.3 MeV

60.3%: conv. e 30.2 keV
14.3%: conv. e 42.5 keV
23.6%: γ’s 9.4-15.7 keV
4.3%: γ 46.5 keV

103 keV 18

• Measured surface event rejection with 210Pb 
source on detector in Soudan


• Background fraction < 2.9 × 10-5 (90% C.L.) 
at 60% NR acceptance in 8-115 keVr



How can we do better?

lower recoil energy

=


sensitivity to lighter WIMPs

W
IM

P 
sc

at
te

rs
 / 

kg
 / 

d 
in

 G
e

19



How can we do better?

20

1.) Lower energy threshold: CDMSlite



CDMSlite: “low ionization threshold experiment”
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charge propagation

recoil phonons

Luke phonons

Etotal = Erecoil + Eluke

= Erecoil + EQΔV1
3 eV

• Measure charge with phonons, and increase 
voltage to amplify signal


• Lose background discrimination, but achieve 
lower ionization energy threshold

max. amplification

set by breakdown
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CDMSlite
3

one side of a two-sided detector. There was an ∼ 8% vari-
ation over time, which is believed to be due to humidity-
dependent leakage currents in the CDMSlite electronics
(an offline test confirmed that changing humidity leads to
significant changes in leakage currents). The 10.36 keVee

line was used to correct for the gain variation and to set
the overall energy scale. Time periods when this line was
not intense enough to monitor the gain, because of the
length of time since the last neutron activation, were re-
moved from this analysis, removing 3.2 days of live time.
Immediately after biasing the detector, exponentially de-
caying leakage currents were observed, with time con-
stants that varied from a few minutes to tens of minutes.
Time periods up of to four of these time constants were
excluded, costing 2.2 days of live time. After applying
these data-selection criteria, the remaining WIMP-search
exposure was 10.3 live days.
A number of event-selection criteria were applied to

these data. Events with time-coincident signals in the
muon veto detectors were removed in this analysis.
Multiple-scatter events, for which at least one other Su-
perCDMS detector had reconstructed energy more than
3 σ above noise, were rejected. Electronic glitches, the
majority of which cause multiple detectors to trigger,
were removed. A class of small electronic glitches that
triggered only single detectors was observed. These glitch
pulses are sharper than phonon pulses originating from
particle interactions in the detector, so events matching
a glitch pulse-shape template were also rejected. Events
in which low-frequency noise triggered were removed by
requiring the pulse rise time to be consistent with those
measured during calibration with ionizing radiation. The
combined WIMP detection efficiency for these criteria,
calculated from pulse-shape Monte Carlo simulations,
133Ba calibration data, and randomly triggered events
spread uniformly throughout the physics run, is 98.5%
for phonon pulses above 110 eVee.
The trigger efficiency was measured using low-energy

events that passed these event-selection cuts. The effi-
ciency was calculated with 133Ba calibration events trig-
gered by another detector and verified with similar events
from the WIMP-search data. Because of the larger
available counts, the calibration data were used to de-
rive the final trigger efficiency. In this measurement,
50% efficiency was reached at 108 eVee. Low-frequency
noise dominated the trigger rate below ∼ 100 eVee, well
above the 14 eVee baseline resolution limit. The analysis
threshold was set to 170 eVee, and the trigger efficiency
is 100% at, and above, this energy. Figure 1 displays the
measured spectrum up to 12 keVee. The inset in Fig. 1
shows the combined veto, event-selection, and trigger
efficiencies, with the energy spectrum of WIMP-search
events from 0.1 to 1.6 keVee. The spectrum shows two
main activation lines at 1.29 and 10.36 keVee, along with
lines corresponding to cosmogenic activation: 8.98 keVee

(68Ga) and 9.66 keVee (68Zn). No other significant lines
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FIG. 1. Recoil energy spectrum of WIMP-search events, after
application of event-selection cuts. Inset: Low-energy spec-
trum in terms of raw counts (blue); also shown is the analysis
efficiency. Both are expressed in keVee. The analysis thresh-
old of 170 eVee is indicated by the vertical dot-dashed line.
The resolution of the 1.3 keV line is 43 eVee (1σ).

were found [35]. Furthermore, the rate under 1 keVee did
not increase significantly after neutron calibration. The
spectrum is relatively flat at low energies; however the
average level is different above and below the 1.29 keVee

line. The average rate is 5.2 ± 1 counts/keVee/kg-day
between 0.2 and 1 keVee, and 2.9 ± 0.3 counts/keVee/kg-
day between 2 and 7 keVee. Further precise statements
about the energy spectrum are limited by the low number
of counts in the data presented here.
To use the energy spectrum shown in Fig. 1 to search

for WIMPs, it must be converted to a nuclear-recoil-
equivalent energy scale, with units denoted as keVnr.
We do so assuming 100% charge collection for every
event. The number of charges created by nuclear recoils
is smaller than that for equivalent-energy electron recoils.
This “quenching” can be parametrized as a reduction in
the number of charges produced as Neh = EnrY (Enr)/εγ ,
where Y is the ionization yield, which measures the ion-
ization energy per recoil energy, and is defined to be unity
for electron recoils. The phonon energy can be converted
to a nuclear-recoil-equivalent energy scale (Enr) using the
equation

Enr = Eee

(1 + eVb

εγ
)

(1 + eVb

εγ
Y (Enr))

(3)

The ionization yield is not measured in this experiment,
so a theoretical model is used. The most commonly used
yield model is from Lindhard [3, 36], given by the follow-
ing formula for a nucleus with Z protons and with atomic
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• Tested several detectors in CDMSlite 
mode


• Acquired 6 kg-d of exposure on 
detector with best combination of 
breakdown voltage and threshold


• Ionization energy calibration with EC 
lines at 1.3 keVee and 10.4 keVee


• Operated stably at 69V or 24x 
amplification (only 12x due to 
electronics limitations)


• 860 eVee => 170 eVee threshold



CDMSlite
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CDMS-Si: m = 8.6 GeV/c2, σSI = 1.9 ×10−41 cm2

CoGeNT: m = 8.2 GeV/c2, σSI = 3.2 ×10−41 cm2

FIG. 2. The efficiency-corrected WIMP-search energy spec-
trum is shown in keVnr, and compared with expected rates for
WIMPs with the most likely masses and cross sections sug-
gested by the analysis of CoGeNT [8] and CDMS II Si [10]
data (dashed curves). Note that the k = 0.157 Lindhard yield
model was used to convert from an electron-equivalent to a
nuclear-recoil-equivalent energy scale. The 170 eVee ioniza-
tion threshold translates to 841 eVnr (amber dot-dashed line).
The 1.3 keVee activation line appears at ∼ 5.3 keVnr.

mass A:

Y (Enr(keV)) = k
g(ε)

1 + kg(ε)
, (4)

with g(ε) = 3ε0.15 + 0.7ε0.6 + ε, ε = 11.5Enr(keV)Z−7/3

and k = 0.133Z2/3A−1/2. This gives k = 0.157 for a
germanium target. The constant k is sometimes ad-
justed by experimenters to fit measurements. Though
other yield models, including simple power-law fits to
data, have been used elsewhere [8, 37], we have carried
out our conversion to nuclear-recoil equivalent using the
standard Lindhard model, as recommended by Barker
and Mei [22]. Under this assumption, the threshold is
841 eVnr, with less than a 1.5% change from the ∼ 8%
gain drift. The resulting spectrum is shown in Fig. 2 with
examples of expected rates from two WIMP models.
The region of interest used for limiting possible signal
events from light WIMP scatters is between the 170 eVee

analysis threshold and 7 keVee. A 90% C.L. upper limit
on the spin-independent WIMP-nucleon cross section as
a function of WIMP mass is calculated using the “opti-
mum interval” method [38], using standard assumptions
of a WIMP mass density of 0.3 GeV/c2/cm3, a most
probable WIMP velocity with respect to the galaxy of
220 km/s, a mean circular velocity of the Earth with re-
spect to the galactic center of 232 km/s, a galactic escape
velocity of 544 km/s, and the Helm form factor [3].
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FIG. 3. The 90% upper confidence limit from the data pre-
sented here are shown with exclusion limits from other ex-
periments. These are grouped as Ge bolometers in blue:
CDMS II Ge regular (dot-dash) [39], CDMS II Ge low thresh-
old (solid) [40], EDELWEISS II low threshold (dash) [37];
point-contact Ge detectors in purple: TEXONO (dash) [41],
CDEX (dot-dash) [42]; liquid Xenon in red: XENON100 (dot-
dash) [44], XENON10 S2 only (dash) [45], LUX (solid) [43];
and other technologies in magenta: Low threshold reanaly-
sis of CRESST II data (dot-dash) [46], PICASSO (dash) [47].
The contours are from CDMS II Si (light and dark gray corre-
spond to 68% and 90% CL regions respectively) [10], CRESST
II (blue) [9], DAMA (orange) [6, 7], CoGeNT (pink) [8].

As shown in Fig. 3, this analysis limits new WIMP
parameter space for WIMP masses < 6 GeV/c2 and rules
out portions of both the CDMS II Si [10] and CoGeNT [8]
contours. The CDMS II Si results had 3WIMP candidate
events in ∼140 kg-days, with an expected background of
∼ 0.5 events. CoGeNT had an exposure of ∼ 269 kg-days
and performed a background subtraction for their results.
These CDMSlite limits were obtained with a small net
exposure of ∼ 6 kg-days, minimal efficiency corrections,
and no background subtraction.

It is important to understand the systematic effect on
our results due to possible inaccuracy in the assumed
Lindhard ionization-yield model. The choice of a differ-
ent yield model systematically changes the nuclear-recoil
energy scale, and therefore the interpretation of the data
as a limit on the WIMP-nucleon scattering cross section.
Figure 4 shows the limits recomputed for four different
yield models that bracket the measured data for germa-
nium [22]. A low-ionization Lindhard-like model with
k = 0.1 and a high-yield model with k = 0.2 are shown,
along with the functional form used by the CoGeNT col-
laboration [8], to demonstrate the effect of this system-
atic. The effect of the different yield models is mostly a
shift of the limit curve along the WIMP-mass axis. Thus,
for masses above 6 GeV/c2, where the curve is relatively

800 eVnr threshold

(because of quenching, 15-20% of energy measured in ionization)

1.3 keVee EC line

from 71Ge, 68Ge
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CDMSlite Constraints

LUX 

CDMS II Si 

CDMSlite


PRL 112, 041302 (2014)

XENON10 S2

EDELWEISS (LT)
CDMS II Ge

CRESST II

DAMA/LIBRA
CDMS II Ge

CoGeNT
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How can we do better?

2.) Improve exposure and background ID: 
Low-energy analysis of SuperCDMS data

25

1.) Lower energy threshold: CDMSlite



Low-energy Analysis

26

• Use 7 detectors with lowest trigger thresholds (~1.6 keV - 5 keV)


• 577 kg-d of exposure (Oct. 2012 - July 2013)


• Background discrimination still possible near threshold!! 

• Blind analysis optimized for exclusion

sidebands

background

simulation BDT

data

upper limit



Calibration and Energy Scale
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3 eV

• Since signal-to-noise is poor, fit mean 
ionization energy for nuclear recoils


• Systematic uncertainties propagated 
into final limit


• Most detectors consistent with or 
slightly below Lindhard
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charge propagation

recoil phonons

Luke phonons4V



Dominant Backgrounds at Low Energy
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External gammas Internal activation lines210Pb “surface events”

• from radioactivity in shielding and 
cryostat

• L-shell capture from 68,71Ge, 65Zn, 
68Ga

• betas and 206Pb nuclei from 210Pb 
decay chain


• events are located on detector 
face and sidewall surfaces from 
222Rn contamination
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Dominant Backgrounds at Low Energy
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External gammas Internal activation lines210Pb “surface events”

• from radioactivity in shielding and 
cryostat

• L-shell capture from 68,71Ge, 65Zn, 
68Ga

• betas and 206Pb nuclei from 210Pb 
decay chain


• events are located on detector 
face and sidewall surfaces from 
222Rn contamination
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Dominant Backgrounds at Low Energy
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External gammas Internal activation lines210Pb “surface events”

• from radioactivity in shielding and 
cryostat

• L-shell capture from 68,71Ge, 65Zn, 
68Ga

• betas and 206Pb nuclei from 210Pb 
decay chain


• events are located on detector 
face and sidewall surfaces from 
222Rn contamination
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Detector Pulse Simulation
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Discriminators
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Boosted Decision Tree
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BDT inputs

Background model: pulse simulation

Signal model: 252Cf NR events reweighted 
to match 5, 7, 10, and 15 GeV WIMP

BDT output

10 GeV WIMP

σ = 6 x 10-42 cm2

summed over detectors

Construction: 1 BDT per 
detector

Optimization: set cuts 
simultaneously to minimize 
expected 90% CL upper limit 
on WIMP-nucleon cross 
section

WIMP (10 GeV)
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BDT score cut
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Cut Optimization

• 1 BDT classifier per detector


• Each detector has a BDT cut that has 
to be optimized


• Set detector BDT cuts simultaneously 
to minimize expected 90% CL upper 
limit on WIMP nucleon cross section


• Final cut is the logical OR of all the 
BDT cuts optimized for WIMPs of 5, 7, 
10, and 15 GeV

range of 10 GeV BDT cut

WIMP (10 GeV)
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Selection Criteria and Efficiencies
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Quality
+ Thresholds

+ Preselection

+ BDT

• Remove periods of poor detector performance

• Remove misreconstructed and noisy pulses

• Measure efficiency with pulse Monte Carlo

Quality

Thresholds

Preselection

BDT

• Trigger and analysis thresholds 1.6-5 keVnr

• Measure efficiency using 133Ba calibration data

• Ionization consistent with nuclear recoils

• Ionization-based fiducialization

• Remove multiple-detector hits

• Remove events coincident with muon veto

• Optimized cut on energy and phonon position 
estimators


• Estimate BDT+preselection efficiency using 
fraction of 252Cf passing 

Includes ~20% correction, from Geant4 simulation, 
for multiple scattering in single detector



Unblinding: Before BDT
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Unblinding: After BDT
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Post-Unblinding Comparison

• Background model accurate in 
full preselection region 

• Background consistent with 
expectations overall and on most 
individual detectors 

• Shorted ionization guard on T5Z3 
may have affected background 
model performance—further 
study ongoing 

• Poisson p-value for T5Z3 is 
0.04%, and even lower 
considering only high event 
energies
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Limit

LUX 

CDMS II Si 

CDMSlite

XENON10 S2

EDELWEISS (LT)

CDMS II Ge

CRESST II

DAMA/LIBRA

CDMS II Ge CoGeNT

set 90% CL upper limit with optimal interval method (no background subtraction)
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this work

expected sensitivity

arXiv:1402.7137

difference due to 
high-energy events 

on T5Z3

band includes systematics from 
efficiency, energy scale, trigger efficiency



Future Perspectives: SuperCDMS @ SNOLAB

38

• Larger detectors: 1.4 kg 100 mm 
diameter crystals


• More detectors: 110 kg array        
(92+6 kg Ge + 11+1 kg Si)


• Deeper location: move to SNOLAB


• Cleaner: intensive materials screening 
program and active neutron veto 

• Lower threshold: lower Tc of transition-
edge sensors improves baseline noise


• Smarter analysis: exploit lessons 
learned Soudan analyses

100 mm diameter
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• Larger detectors: 1.4 kg 100 mm 
diameter crystals


• More detectors: 110 kg array        
(92+6 kg Ge + 11+1 kg Si)


• Deeper location: move to SNOLAB


• Cleaner: intensive materials screening 
program and active neutron veto 

• Lower threshold: lower Tc of transition-
edge sensors improves baseline noise


• Smarter analysis: exploit lessons 
learned Soudan analyses
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SNOLAB



Future Perspectives: SuperCDMS @ SNOLAB

38
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• More detectors: 110 kg array        
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• Deeper location: move to SNOLAB


• Cleaner: intensive materials screening 
program and active neutron veto 

• Lower threshold: lower Tc of transition-
edge sensors improves baseline noise


• Smarter analysis: exploit lessons 
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Figure 14: Conceptual design of the SuperCDMS SNOLAB cryogenics and shielding system. The dilution refriger-
ator on the left side of the diagram provides the cooling for the thermal cans surrounding the detectors (center). A
vacuum bulkhead and heat sinking vessel (E-tank) is shown on the right. An active neutron veto detector lies inside
the lead shielding, which is surrounded by a massive polyethylene and water shield.

properties that allow construction of such large cans. The inner four cans are removable as a unit,
to allow detector installation to occur in an ultra-clean, radon-reduced environment. The outermost
can defines the vacuum space, and rests upon the base shielding layers.

The next layer outwards is planned to be an active scintillator neutron veto detector, described
in more detail in Section 4.4. If further R&D proves that this system is either unnecessary or
impractical, it will be replaced by high-density polyethylene to provide moderation of any neutrons
resulting from residual radioactivity in the cryostat or inner shielding.

Surrounding the scintillator is a layer of ⇠23 cm thickness consisting of lead, in interleaved
castings of a size suitable to be brought into SNOLAB. The lead will come from known sources that
have low U/Th contamination. Its purpose is to reduce the flux of gamma rays entering the setup
from external sources to an acceptable level.

The lead shield will be surrounded by a thin metal sheet, which is impervious to radon di↵usion.
The area within will be constantly purged with dry nitrogen to prevent radon daughter deposition
on surfaces that could be seen by the detectors.

Finally, an outer layer of ⇠60 cm of high density polyethylene and water, will reduce the neutron
flux from the external sources. Polyethylene is the traditional choice, because it is easy to work
with and provides mechanical support. We will almost certainly use it as the base shielding that
supports the SNOBOX. However, water shielding is more economical for the top and sides of the
outer shield. Plastic water tanks suitable for shielding are available from a commercial firm and
have already been used at SNOLAB.
4.4 Active Shielding
Although our current best estimate of the neutron-induced event rate at SNOLAB indicates that
SuperCDMS can run nearly background-free with only passive shielding for a period of several
years, it will not be possible to screen every component of the detector system su�ciently to ensure
that the necessary radiopurity levels are achieved. An active veto with a high e�ciency for tagging

21
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• Larger detectors: 1.4 kg 100 mm 
diameter crystals


• More detectors: 110 kg array        
(92+6 kg Ge + 11+1 kg Si)


• Deeper location: move to SNOLAB
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program and active neutron veto 

• Lower threshold: lower Tc of transition-
edge sensors improves baseline noise
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• Larger detectors: 1.4 kg 100 mm 
diameter crystals


• More detectors: 110 kg array        
(92+6 kg Ge + 11+1 kg Si)


• Deeper location: move to SNOLAB


• Cleaner: intensive materials screening 
program and active neutron veto 

• Lower threshold: lower Tc of transition-
edge sensors improves baseline noise


• Smarter analysis: exploit lessons 
learned Soudan analyses

Chandler Schlupf (MIT)



Future Perspectives: Applications to Neutrinos
• Unique sensitivity to coherent neutrino 

scattering: very low thresholds, no quenching


• Discovery possible at reactor, with strong 
constraints on nonstandard neutrino interactions


• Larger experiments with intense neutrino 
sources can probe sterile neutrino oscillations

!"

Ν

$ $

Ν

39
0 200 400 600 80010-46

10-45

10-44

10-43

10-42

Recoil energy @eVnrD

ds
êdT
@cm

2
eV
nr
-
1 D

Differential cross section for 3 MeV n

Argon
Germanium
Silicon

]
nr

recoil energy [eV
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

10
 e

V

210

310

Germanium + 235U

Silicon + 235U

Germanium + 239Pu

Silicon + 239Pu

5 kg-year, 5.5 MW (thermal), 4 m

Work in progress



Future Perspectives: Applications to Neutrinos
• Unique sensitivity to coherent neutrino 

scattering: very low thresholds, no quenching


• Discovery possible at reactor, with strong 
constraints on nonstandard neutrino interactions


• Larger experiments with intense neutrino 
sources can probe sterile neutrino oscillations
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FIG. 4: Sensitivity to the LSND 90% CL allowed parameter
space with a germanium-based detector under the baseline
physics run scenario.
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FIG. 5: Sensitivity to the LSND 90% CL allowed parameter
space with a germanium-based detector under the dedicated
physics run scenario.

which would be accessible in charged current searches,
sin2 2✓ee = 4|Ue4|2(1�|Ue4|2) and sin2 2✓µµ = 4|Uµ4|2(1�
|Uµ4|2) overlaid with the region allowed by LSND at
90% CL, assuming the LSND best-fit �m2 = 1.2 eV2.
The curves are obtained using a one-sided raster scan
in sin2 2✓ee with the ��2

cut values defined above. The
figure also shows the approximate region of sin2 2✓ee val-
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FIG. 6: Sensitivity to the LSND 90% CL allowed parameter
space with an argon-based detector under the baseline physics
run scenario.

ues allowed at 90% CL by fits to the reactor anomaly
and gallium experiment calibration data sets in Ref. [23].
The “reactor” allowed contour is for �m2 &1.5 eV2 and
is relatively independent of �m2 in this region. As a
reference, limits on sin2 2✓µµ from the MINOS neutral-
current oscillation search correspond to sin2 2✓µµ < 0.1
at 90% CL, for �m2 = 1.2 eV2 [28].

Figures 4 and 6 show that, despite the di↵erence in
fiducial mass, the 100 kg germanium detector performs
slightly better than the 456 kg liquid argon one. The
di↵erence is in part due to the di↵erence in nuclear re-
coil energy threshold; 10 keV for germanium, 30 keV
for argon. This emphasizes the fact that a low detec-
tor energy threshold is important for obtaining a high-
statistics sample of coherent neutrino scattering events
as the rate is dominated by events with very low energy
recoils (.10 keV).

In a baseline physics run scenario, an experiment fea-
turing a germanium- or argon-based detector can exclude
the LSND best-fit mass splitting (�m2 = 1.2 eV2) at
3.8� or 3.4�, respectively. The LSND best-fit mass split-
ting is excluded at 4.8� in the dedicated, germanium-
based physics run scenario considered. For sensitivity in
terms of sin2 2✓ee and sin2 2✓µµ, a germanium-based ex-
periment in the baseline scenario could exclude nearly all
of the available 90% CL LSND parameter space at the 3�
level and large portions of the available reactor anomaly
allowed region, assuming �m2 ⇠ 1.2 eV2.

100 kg Ge at stopped pion source

PRD 86, 013004 (2012)
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The Current Landscape
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Coherent Neutrino Scattering “Floor”
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CDMSlite: Effect of Nuclear Recoil Energy Scale
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FIG. 4. The effect of the choice of the yield model on the
90% confidence level upper limit is shown. For the Lind-
hard model, the 0.170 keVee analysis threshold corresponds
to 0.84 keVnr (k = 0.157), 1.1 keVnr (k = 0.1), 0.73 keVnr

(k = 0.2). For the power-law model used by CoGeNT, the
analysis threshold corresponds to 0.75 keVnr .

flat, the effect is rather small. For lighter WIMP masses,
the systematic uncertainty in yield does produce a no-
ticeable effect on the derived limits.

In conclusion, a very low ionization threshold of
170 eVee was achieved with voltage-assisted calorimet-
ric ionization detection, which resulted in sensitivity to
light WIMPs. With a small exposure of 6.3 kg-days, and
without any background subtraction, new constraints on
low-mass WIMPs were obtained. Further exposure will
provide more information on the backgrounds, which may
allow background subtraction and improve the WIMP
sensitivity. The substantial reduction in background lev-
els planned for the SuperCDMS SNOLAB [24] experi-
ment would dramatically increase the sensitivity of this
experimental mode for low-mass WIMPs.
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BDT Distributions
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