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• The Missing Mass Problem:
• Dynamics of stars, galaxies, and clusters
• Rotation curves, gas density, gravitational 

lensing
• Large Scale Structure formation

• Wealth of evidence for a particle solution
• MOND has problems with Bullet Cluster 
• Microlensing (MACHOs) mostly ruled out

• Non-baryonic    
• Height of acoustic peaks in the CMB (Ωb, Ωm)
• Power spectrum of density fluctuations (Ωm)
• Primordial Nucleosynthesis (Ωb)

• And STILL HERE!
• Stable, neutral, non-relativistic
• Interacts via gravity and (maybe) other 

mediator(s) with standard model particles

The Dark Matter Problem

Planck 2013

Sun

Klypin+ 2002
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The CDMS-II Experiment

• Z-sensitive Ionization and Phonon mediated
• 230 g Ge or 106 g Si crystals 

(1 cm thick, 7.5 cm diameter)
• Photolithographically patterned to collect 

athermal phonons and ionization signals
• Direct xy-position imaging
• Surface (z) event rejection from pulse shapes 

and timing
• 30 detectors stacked into 

5 towers of 6 detectors

3” (7.6 cm)

1 cm

• Oct. 2003 - Aug. 2004
• 42.7 kg-days in 4 Si detectors

• Oct. 2006 - July 2007
• 55.9 kg-days in 6 Si detectors

• July 2007 - Sep. 2008
• 140.23 kg-days in 8 Si detectors

ZIP Detectors

CDMS-II Exposure
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CDMS II Surface Background Rejection
• Most backgrounds (e, γ) produce 

electron recoils
• WIMPs and neutrons produce nuclear 

recoils.
• Ionization yield (ionization energy per 

unit recoil energy) strongly depends on 
recoil type.
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• Particles that interact in the “surface dead 
layer” result in reduced ionization yield.

Bulk
Surface

• These surface events can be rejected 
through a pulse shape rise time cut.
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FIG. 1: The power of the primary background discrimina-
tion parameters, ionization yield and timing, is illustrated for
a typical detector using in situ calibration sources. Shown
are bulk electron recoils (red points), surface electron events
(black crosses) and nuclear recoils (blue circles) with recoil
energy between 10 and 100 keV. Top: Ionization yield ver-
sus recoil energy. The solid red lines define bands that are
2� from the mean electron- and nuclear-recoil yields. The
sloping magenta line indicates the ionization energy thresh-
old while the vertical dashed line is the recoil energy analysis
threshold. The region enclosed by the black dotted lines de-
fines the sample of events that are used to develop surface
event cuts. Bottom: Normalized ionization yield (number of
standard deviations from mean of nuclear recoil band) versus
normalized timing parameter (timing relative to acceptance
region) is shown for the same data. Events to the left of the
vertical red dashed line pass the surface-event rejection cut for
this detector. The solid red box is the WIMP signal region.
(Color online.)

194.1 kg-days.147

Neutrons with energies of several MeV can gener-148

ate nuclear recoils that are indistinguishable from pos-149

sible dark matter interactions. Sources of neutron back-150

grounds include cosmic-ray muons interacting near the151

experimental apparatus (outside the veto), radioactive152

contamination of materials, and environmental radioac-153

tivity. Monte Carlo simulations of the muon-induced par-154

ticle showers and subsequent neutron production have155

been conducted with GEANT4 [15, 16] and FLUKA [17,156

18]. The cosmogenic background is estimated by mul-157

tiplying the observed number of vetoed single nuclear158

recoils in the data by the ratio of unvetoed to vetoed159

events as determined by cosmogenic simulation. This160

technique resulted in 0.04+0.04
�0.03(stat.) predicted events in161

this WIMP-search exposure.162

Samples of our shielding and detector materials were163

screened for U and Th daughters using high purity ger-164

manium counters. In addition, a global gamma Monte165

Carlo was performed and compared to the electromag-166

netic spectrum measured by our detectors. The contam-167

ination levels thus determined were used as input to a168

GEANT4 simulation to calculate the number of neutrons169

produced from spontaneous fission and (�, n) processes,170

assuming secular equilibrium. The estimated background171

is between 0.03 and 0.06 events. It is dominated by U172

spontaneous fission in the copper cans of the cryostat for173

which the screening and gamma simulation gave similar174

results.175

Two independent populations of surface events, nat-176

urally present in the WIMP-search data, provided two177

methods to estimate the expected number of misiden-178

tified surface events background. In the first method,179

the number of misidentified surface events was calculated180

by multiplying the fraction of multiple-scatter events in181

the WIMP-search data passing the timing cut (“pass-182

ing fraction”) and residing inside the 2⇥ nuclear-recoil183

band with the number of expected single-scatter events184

inside this band. The second method estimated the pass-185

ing fraction from multiple-scatter events surrounding the186

nuclear-recoil band (“wide-band events”). This method187

requires substantial corrections, however. Events on the188

ionization and phonon sides have di�erent yield distri-189

butions and timing cut passage fractions. Using a wider190

range of yield makes an estimate sensitive to these di�er-191

ences. Additionally, the wide-band events have a di�er-192

ent energy distribution from nuclear-recoil band events.193

We correct for these e�ects by using the face and energy194

distributions of the observed single-scatter nuclear-recoil195

events from previous analyses. A third, independent esti-196

mate was made using low-yield multiple scatter events in197

133Ba calibration data, again adjusting for di�erences in198

energy and detector-face di�erences.” All three estimates199

were consistent with each other and were thus combined200

to obtain an estimate of 0.6± 0.1(stat) events misidenti-201

fied as surface-events prior to unblinding.202

Upon unblinding, we observed two events in the WIMP203

acceptance region at recoil energies of 12.3 keV and 15.5204

keV. These events are shown in Figs. 2 and 3.205

The candidate events occurred during periods of nearly206

ideal experimental performance, are separated in time by207

several months, and occur in di�erent towers. However,208

detailed study revealed a reconstruction remnant that de-209

grades timing-cut rejection of surface events with ioniza-210

tion energy below 5 keV. Such events are more prevalent211

in WIMP-search data than in the data sets used to gener-212

Surface
Events

Nuclear
Recoils

Bulk
Gammas
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Background Estimate
• Neutrons

• Indistinguishable from WIMPs!

• Cosmogenic: active veto

• Radiogenic: passive shielding & 
materials screening 

• < 0.13 expected events

• Surface events

• Discriminate using phonon 
timing

• Optimize in 3 energy bins 

• 7-20, 20-30, 30-100 keV

• 0.47 expected events 
estimated before unblinding.

SLAC,  Dec. 17, 2009
Jodi Cooley, SMU, CDMS Collaboration

Peeling the Shielding Onion

Active Muon Veto:  
rejects events from cosmic rays

27
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Exposure vs. Recoil Energy
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Unblinding Results - before timing cut
Shades of blue indicate the three separate timing cut energy ranges.
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Unblinding Results - after timing cut

Candidate 1
Candidate 2
Candidate 3

Shades of blue indicate the three separate timing cut energy ranges.
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Distribution
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Distribution
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Shades of blue indicate the three separate timing cut energy ranges.
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Three Events!

Surface Event 
Distribution

Neutron 
Distribution

Surface Event 
Distribution
Neutron 
Distribution
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Candidate 1

Detector Recoil 
Energy Yield Charge Signal 

to Noise
Single Scatter 

Probability Date

T4Z3 9.51 keV 0.27 4.87 σ 96.1% July 1, 2008
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Raw charge traces, ZIP 433, 180701_1326, Event 70474
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Candidate 2

Detector Recoil 
Energy Yield Charge Signal 

to Noise
Single Scatter 

Probability Date

T4Z3 12.29 keV 0.23 5.11 σ 99.7% Sep 6, 2008
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Raw charge traces, ZIP 433, 180906_1139, Event 80120
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Candidate 3

Detector Recoil 
Energy Yield Charge Signal 

to Noise
Single Scatter 

Probability Date

T5Z3 8.20 keV 0.32 6.66 σ 99.7% March 14, 
2008
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Raw charge traces, ZIP 443, 180314_1555, Event 60048
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Post-Unblinding Checks

• After unblinding, the data quality was re-
checked. 

• Events occurred during high-quality 
data series

• Events were well-reconstructed

• Checked energy in other detectors to 
verify events were single scatters

• Surface event background estimated 
from the tails of three different NR 
sideband distributions to be:

• Checked for the possibility of 206Pb 
recoils from 210Po decay, and limited this 
to be <0.08 events. 0 0.5 1 1.50

1
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Fs

 

 
Stat only
Stat + syst0.41 events

3 4 5 6 7 8

2.5

3

3.5

4

4.5

5

5.5

Phonon Delay (µs)

Ph
on

on
 R

is
et

im
e 

(µ
s)

252Cf neutrons
WIMP search events below a band
Candidate events

Candidate 1
Candidate 2
Candidate 3

0.41+0.20
�0.08(stat.)

+0.28
�0.24(syst.)

15



Enectali Figueroa-Feliciano / U.Mich. Light Dark Matter 2013

Profile Likelihood Analysis

• Incorporated data-driven background 
models into a WIMP+background 
likelihood analysis.

• Monte Carlo simulations of the 
background-only model indicate the 
probability of a statistical fluctuation 
producing three or more events 
anywhere in our signal region is 5.4%.

WIMP model

Surface Leakage

Neutrons Pb recoils

Note: these are the 
Normalized 

Distributions!

0.7 expected events
Surface + n + Pb

Tower 4, Detector 3
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Profile Likelihood Analysis - cont.

• A likelihood ratio test favors a 
WIMP+background hypothesis 
over the known background 
estimate as the source of our 
signal at the 99.81% confidence 
level (p-value:0.19%, ~3σ).

• The maximum likelihood occurs at 
a WIMP mass of 8.6 GeV/c2 and 
WIMP-nucleon cross section of 
1.9x10-41 cm2.

Testing our known background estimate against a 
WIMP+background hypothesis
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Profile Likelihood Goodness of Fit

• Its very important to check 
if the WIMP+background 
actually fits the data well.

• The goodness of fit of the 
known-background-only 
hypothesis is 4.2%

• The goodness of fit of the 
WIMP+background 
hypothesis is 68.6%
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Profile Likelihood Confidence Intervals
• A profile likelihood analysis favors 

a WIMP+background hypothesis 
over the known background 
estimate as the source of our 
signal at the 99.81% confidence 
level (~3σ, p-value: 0.19%).

• We do not believe this result rises 
to the level of a discovery, but 
does call for further investigation.

• The maximum likelihood occurs at 
a WIMP mass of 8.6 GeV/c2 and 
WIMP-nucleon cross section of 
1.9x10-41cm2.

CDMSII c34+c58 Si
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Next Steps: SuperCDMS Soudan!

*
CDM

S-II G
e

SuperCDMS Low Theshold
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Conclusions
• Analysis of a 140.23 kg-day exposure of the 

CDMS-II Si detectors has been performed.

• Three events were seen in the signal region with a 
total expected background of <0.7 events.

• An optimal gap analysis sets a limit for the spin-
independent WIMP-nucleon cross section of 
2.4x10-41cm2 for a WIMP mass of 10 GeV/c2. 

• Monte Carlo simulations of the background-only 
model indicate that the probability of a statistical 
fluctuation producing three or more events 
anywhere in our signal region is 5.4%.

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our signal at 
the 99.81% confidence level (~3σ, p-value: 0.19%).

• We do not believe this result rises to the level of a 
discovery, but does call for further investigation.

• The maximum likelihood occurs at a WIMP mass of 
8.6 GeV/c2 and WIMP-nucleon cross section of 
1.9x10-41cm2.

CDMSII c34+c58 Si
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