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Outline

• Quick review of motivation for Weakly Interacting Massive Particle 
dark matter

• CDMS approach to WIMP detection

• Recent analysis/results

• New detector design and the future
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Why Dark Matter?

• A host of astronomical and cosmological 
observations indicate:
• Total energy density = 

critical density !crit needed 
for spatially flat universe
(within errors)

• The bulk is in the form 
of dark energy, a fluid 
that has negative 
pressure (causes the 
universe’s expansion to 
accelerate) and does not 
clump gravitationally, 
"DE = !DE/!crit = 0.726±0.015

• Most of the matter is in the form of 
dark matter, matter that interacts gravitationally but not electromagnetically, 
"DM = !DM/!crit = 0.228±0.013

• The remaining matter is in the form of baryons, "B = !B/!crit = 0.0456±0.0015 
(though much of this has not yet been directly observed!)
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Required Dark Matter Characteristics

• Dark matter must be:
• Cold/warm (not hot):

• nonrelativistic at matter-
radiation equality (z ~ 3500) 
to seed LSS.   M < keV 
(e.g., !) too hot.

• Nonbaryonic

• Light element abundances 
+ Big Bang Nucleosynthesis 
measure baryon density: too 
low.

• Baryonic matter could not 
collapse until recombination 
(z ~ 1100): too late to seed 
LSS

• Locally, we know
• density ~ 0.1-0.7 GeV/cm3: 

~1 proton/3 cm3, ~1 WIMP/coffee cup

• velocity: simplest (not necessarily most accurate!) assumption is truncated 
Maxwell-Boltzmann distribution with "v # 270 km/s, vesc = 544 km/sec

4
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• Neutrinos
• massive neutrinos can be cold or 

warm;  low-mass neutrinos are hot 

• Axions
• Form as Bose condensate in early

universe: cold in spite of low mass

• Weakly Interacting 
Massive Particles (WIMPs)
• new massive (~100 GeV) particle 

with EW scale interactions 

• SUSY neutralino

• Lightest Kaluza-Klein particle in
universal extra dimensions

• SUSY gravitinos (SuperWIMPs), axinos

• “Data-Driven” candidates: Inelastic dark matter, excited dark matter

• Others:
• WIMPzillas, SIMPzillas, primordial black holes, Q-balls, strange quark nuggets, mirror 

particles, CHArged Massive Particles, self interacting dark matter, D-matter, cryptons, 
brane world dark matter...

The Particle Dark Matter Zoo
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Figure 20: The locus of various dark matter candidate particles on a mass versus interaction cross-

section plot
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• A WIMP $ is like a massive neutrino: produced when T >> m$ via pair annihilation/

creation.  Reaction maintains thermal equilibrium.

• If interaction rates high enough, comoving density drops as exp(!m$ / T) as T drops 
below m$ : annihilation continues, production becomes suppressed.

• But, weakly interacting # will 

“freeze out” before total annihilation if

i.e., if annihilation too slow to keep
up with Hubble expansion

• Leaves a relic abundance:

for m$ = O(100 GeV)

# if m$ and $ann determined by

new weak-scale physics, then "$ is O(1)

WIMPs
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freeze out

canonical Kolb and Turner
freeze-out plot
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Supersymmetric WIMPs

• Supersymmetry:
• solves gauge hierarchy problem

• improves coupling unification

• Neutralino LSP $
• mixture of bino, wino, higgsinos; 

spin 1/2 Majorana particle

• Allowed regions

• bulk: $ annih. via t-ch. 
slepton exchange, light h, 
high BR(b#s%) and (g-2)µ; 
good DD rates

• stau coann: $ and stau nearly 
degenerate, enhances annih.,
low DD rates

• focus point: less fine-tuning 
of REWSB, $ acquires higgsino
component, increases annih. to W, Z,
good DD rates

• A-funnel: at high tan &, resonant 
s-ch. annih. via A, low DD rates
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'2 of fit to BR(b#s%), muon g-2, and relic density
(dominated by relic density: avoid overclosure)
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Universal Extra Dimensions WIMPs

• Kaluza-Klein tower of partners due to curled-up extra dimension of radius R

• n = quantum number for extra dim., mn
2 ~ n2/R2, conserved due to mom. cons. in extra dim.

• compactification of extra dim reduces mom. cons. to discrete parity cons.

• KK parity PKK = (-1)n implies lightest KK partner (n = 1) is stable

• B(1), n = 1 partner of B gauge boson, is lightest KK partner in simple cases

• Cross-section on quarks depends on fractional mass difference between B(1) and 1st 
KK partner of quarks, q(1)

8

CDMS & Universal Extra Dimensions

The lightest Kaluza-Klein 

particle => most likely the !(1) 
(in fact the B(1))

1st KK-mode spectrum from Cheng, 
Matchev, Schmalz, PRD66 (2002) 

LKP

B(1) B(1)

q q

q(1)

B(1) B(1)

q q

H
Relic density calculations in:
Kong, Matchev, JHEP 0601 (2006)
Burnell, Kribs, PRD73 (2006)
Servant, Tait, Nucl.Phys. B650 (2003)

mH=120GeV, 1/R=500GeV

spin-independent exclusion limits
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FIG. 10: Combined plot of the direct detection limit on the spin-independent cross section, the
limit from the relic abundance and the LHC reach for (a) γ1 and (b) Z1, in the parameter plane

of the LKP mass and the mass splitting ∆q1. The remaining KK masses have been fixed as in
Fig. 1 and the SM Higgs mass is mh = 120GeV. The black solid line accounts for all of the
dark matter (100%) and the two black dotted lines show 10% and 1%, respectively. The green

band shows the WMAP range, 0.1037 < ΩCDMh2 < 0.1161. The blue (red) solid line labelled
by CDMS (XENON10) shows the current limit of the experiment whereas the dashed and dotted

lines represent projected limits of future experiments as shown in Fig. 8. In the case of γ1 LKP,
a ton-scale experiment will rule out most of the parameter space while there is little parameter
space left in the case of Z1 LKP. The yellow region in the case of γ1 LKP shows parameter space

that could be covered by the collider search in the 4" + /ET channel at the LHC with a luminosity
of 100 fb−1 [45].

This signature results from the pair production (direct or indirect) of SU(2)W -doublet KK

quarks, which subsequently decay to Z1’s and jets. The leptons (electrons or muons) arise

from the Z1 → !+!−γ1 decay, whose branching fraction is approximately 1/3 [45]. Requiring

a 5σ excess at a luminosity of 100 fb−1, the LHC reach extends up to R−1 ≈ mγ1 ∼ 1.5 TeV,

which is shown as the right-most boundary of the (yellow) shaded region in Fig. 10a. The

slope of that boundary is due to the fact that as ∆q1 increases, so do the KK quark masses,

and their production cross sections are correspondingly getting suppressed, diminishing the

reach. We account for the loss in cross section according to the results from Ref. [75],

assuming also that, as expected, the level-2 KK particles are about two times heavier than

those at level 1. Points which are well inside the (yellow) shaded region, of course, would be

discovered much earlier at the LHC. Notice, however, that the LHC reach in this channel

completely disappears for ∆q1 less than about 8%. This is where the KK quarks become

31
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Direct Detection of WIMPs

Exponential spectrum 
of (E) ~ 30 keV 
nuclear recoils, 

! 1/kg/day

Diagram crossing # detectability?

Recoil energy
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coherent A2 enhancement 
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scattering
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s-wave scattering
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Challenges

Very low energy thresholds (~10 keV)

 Large exposures (large active mass, long-term stability)

 Stringent background control (cosmogenic, radioactive)
 Cleanliness

 Shielding (passive, active, deep site)
 Discrimination power 

Direct Detection of WIMPs

Nuclear recoils Annual flux 
modulation

Diurnal direction 
modulation

No multiplicity

EVENT-BY-EVENT STATISTICAL

S
IG

N
A

T
U

R
E

S
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Exponential spectrum 
of (E) ~ 30 keV 
nuclear recoils, 

! 1/kg/day
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The Cryogenic Dark Matter Search (CDMS): The Big Picture

v~10-3c

Use shielding and nuclear recoil discrimination 
in low temperature semiconducting detectors 

to obtain sensitivity to WIMPs while 
expecting < 1 misidentified background event 
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Shielding
• passive: Pb photon shielding, 

polyethylene neutron moderator, 
depth

• active: muon veto

Discrimination
• Phonons

• energy measurement

• pulse shape

• Ionization

• dE/dx discrimination ', n

QER

~1/3 QER

%, &

ER
 b

ac
kg

ro
un

d

NR sign
al

Ephonon

E
io

n
iz

at
io

n

v~0.3c

v~10-3c



CDMS II/SuperCDMS/GEODM  Sunil Golwala

Z-sensitive Ionization- and Phonon-
mediated detectors: Phonon signal 
measured using photolithographed 
superconducting phonon absorbers 
and transition-edge sensors.

        CDMS ZIP Detectors
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propagate 
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TES = transition
edge sensor
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Z-sensitive Ionization- and Phonon-
mediated detectors: Phonon signal 
measured using photolithographed 
superconducting phonon absorbers 
and transition-edge sensors.
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Z-sensitive Ionization- and Phonon-
mediated detectors: Phonon signal 
measured using photolithographed 
superconducting phonon absorbers 
and transition-edge sensors.
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Ionization measurement

Inner electrode
(85%)

Outer
electrode
(15%)

Two ionization channels:
! Inner fiducial volume
! Outer electrode where field 
lines are not uniform

!
!

"#$%$&'()*+$

%,#$%$-.-/0'(+-

e- and h+ drift to surfaces in 3 
or 4 V/cm applied field 

FET amp

Ionization measurement

Inner electrode
(85%)

Outer
electrode
(15%)

Two ionization channels:
! Inner fiducial volume
! Outer electrode where field 
lines are not uniform

!
!

"#$%$&'()*+$

%,#$%$-.-/0'(+-

e- and h+ drift to surfaces in 3 
or 4 V/cm applied field 

FET amp
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ZIP Detectors
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Position Reconstruction

CD-AB phonon delay [µs]
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CD-AB phonon partition

A
D

-B
C

 p
h
o
n
o
n
 p

ar
ti
ti
o
n

Collimated 109Cd sources (%, 22 keV &)

Data from UC Berkeley calibration of T2Z5, née G31
V. Mandic et al., NIM A 520, 171 (2004)

Phonon Energy Partition Phonon Timing

Crucial to 
correct for position dependence
of athermal phonon signals
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Backgrounds in the CDMS II Experiment

15

Photons (%)

primarily Compton scattering
of broad spectrum up to 2.5 MeV

small amount of photoelectric effect 
from low energy gammas

Neutrons (n)

radiogenic: arising from fission and (*,n) 
reactions in surrounding materials 
(cryostat, shield, cavern)

cosmogenic: created by spallation of 
nuclei in surround materials by high-
energy cosmic ray muons.

Surface events (“&”)

radiogenic: electrons/photons emitted in 
low-energy beta decays of 210Pb or 
other surface contaminants

photon-induced: interactions of photons 
or photo-ejected electrons in dead layer

%

%

%

&

n
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•  Recoil energy
• Phonon (acoustic vibrations, 

heat) measurements give 
full recoil energy

• Ionization yield
• ionization/recoil energy 

strongly dependent on 
type of recoil (Lindhard)

• Excellent yield-based 
discrimination for photons
• 2 x 10-4 misid

• Ionization dead layer:
• low-energy electron singles 

(all surface ER): 0.2 misid

• 1.2 x 10-3 of photons are surface single scatters, 0.2 of those misid’d (+ 2 x 10-4)

• also, radiogenic low-energy electrons

Nuclear Recoil Discrimination in CDMS II

16

• bulk electron recoils (gamma source)

• bulk nuclear recoils (neutron source)
X surface electron recoils (NND selection)

Recoil Energy [keV]
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• Surface events produce faster phonon pulses
(test sample: nearest neighbor low-yield doubles 
(NNDs)): provides discrimination

1:1 scale: 3 in. x 1 cm, 1 mm separation

ZIP z Position Sensitivity
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Surface Electron 
Recoils

Accept as WIMP candidates

Bulk  Electron 
Recoils

surface 

nuclear 
recoil

rising edge slope
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• Photon rejection
• Bulk photon rate (bulk ER) 

= 300/kg/day.  
Single-scatters = 90/kg/day

• Single-scatter surface ERs
= 0.3/kg/day

• Surface ER singles/
bulk ER singles = 4 x 10-3

• Surface ER singles misid’d as
nuclear recoils (NRs)
/surface ER singles = 0.2
(ionization dead layer)

• Phonon timing rejects surface 
events: 0.006 misid. prob.

• Overall misid probability: 
2 x 10-6 for bulk ER, 
6 x 10-6 for single-scatter bulk ER

• Beta rejection
• Comparable single-scatter ER rate of low-energy beta emitters (mainly 210Pb)

• 0.2 misid by yield and 0.006 misid by timing: 1 x 10-3 misid probability

CDMS II Background Discrimination

18

Dan Bauer, Fermilab April 30, 2009 

Current results from CDMS II 

Photons 

Surface events 

No WIMPS found in this  

signal ‘box’ 

4 x 10-3

0.2
nuclear recoil (WIMP) 

acceptance region0.006

6 x10-6

1 x 10-3

single 
scatters
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Depth of 2000 
meters water 

equivalent reduces 
neutron 

background to 
~1 / kg / year;
veto down to 

0.008 sgl / kg / yr
1 per 
minute 
in 4 m2 shield
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2002–2008: CDMS II at Soudan
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Soudan Installation

outer
polyethylene

lead

ancient
lead

inner
polyethylene

detector cold volume (“icebox”)Oxford 
Instruments

400 µW 
dilution 

refrigerator

Plastic
scintillator

RF shielded 
class 10,000 
clean room

T1 T2

T3T5T4

detectors operate @ 40 mK
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CDMS II: The Story So Far

STANFORD TUNNEL

! 6 detectors @ shallow site
PRD 68 (2003) 082002

SOUDAN UNDERGROUND LAB

! 6 detectors, 53 kg-days
PRL 93 (2004) 211301
! 12 detectors, 93 kg-days
PRL 96 (2005) 011302

Extensive cryo upgrades...

! 30 detectors, 398 kg-days
PRL 102 (2009) 011301
0 candidates observed

Combined: World leading 
SI result above ~ MZ/2
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! 30 detectors, 398 kg-days
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! 12 detectors, 93 kg-days
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Extensive cryo upgrades...

! 30 detectors, 398 kg-days
PRL 102 (2009) 011301
0 candidates observed

Combined: World leading 
SI result above ~ MZ/2
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Testing Alternate Interpretations

• Standard WIMP

• Low-mass WIMP 
w/channeling

• Axion-like

• Other EM 
conversion

• Inelastic Dark 
Matter

• Excited Dark
Matter

24

Table 6: Scenarios and parameters values used in Fig. 21; they have been chosen
among the many possible ones [4, 5, 6, 7, 8, 9, 10, 11]. In the fourth column the
considered Set – as in ref. [4] – of nuclear form factors and/or of nuclear quenching
factors is reported. Here: i) σSI is the spin independent point-like cross section; ii)
σSD is the spin dependent point-like cross section; iii) θ is an angle defined in the
[0,π) interval, whose tangent is the ratio between the WIMP-neutron and the WIMP-
proton effective SD coupling strengths, respectively [4]; iv) mH is the mass of the
LDM particle; v) ∆ is the mass splitting [11]; vi) gaee is the bosonic axion-like particle
coupling to electrons. For the cross sections of the LDM particle see ref. [11] and for
the channeling effect see ref. [9].

DM particle elastic scattering on nuclei, spin-independent (SI) and spin-dependent (SD) couplings,
local velocity = 170 km/s and nuclear cross section scaling laws as in [4]

Curve Halo model Local density Set as DM particle ξσSI ξσSD θ Channeling
label (see ref. [4, 34]) (GeV/cm3) in [4] mass (pb) (pb) (rad) [9]

a A5 (NFW) 0.2 A 15 GeV 3.1 × 10−4 0 – no
b A5 (NFW) 0.2 A 15 GeV 1.3 × 10−5 0 – yes
c A5 (NFW) 0.2 B 60 GeV 5.5 × 10−6 0 – no
d B3 (Evans 0.17 B 100 GeV 6.5 × 10−6 0 – no

power law)
e B3 (Evans 0.17 A 120 GeV 1.3 × 10−5 0 – no

power law)
f A5 (NFW) 0.2 A 15 GeV 10−7 2.6 2.435 no
g A5 (NFW) 0.2 A 15 GeV 1.4 × 10−4 1.4 2.435 no
h A5 (NFW) 0.2 B 60 GeV 10−7 1.4 2.435 no
i A5 (NFW) 0.2 B 60 GeV 8.7 × 10−6 8.7 × 10−2 2.435 no
j B3 (Evans 0.17 A 100 GeV 10−7 1.7 2.435 no

power law)
k B3 (Evans 0.17 A 100 GeV 1.1 × 10−5 0.11 2.435 no

power law)

Light Dark Matter (LDM) inelastic scattering and bosonic axion-like interaction as in [6, 11],
A5 (NFW) halo model as in [4, 34], local density = 0.17 GeV/cm3, local velocity = 170 km/s

Curve DM particle Interaction Set as mH ∆ Cross Channeling
label in [4] section (pb) [9]

l LDM coherent A 30 MeV 18 MeV ξσcoh
m = 1.8 × 10−6 yes

on nuclei
m LDM coherent A 100 MeV 55 MeV ξσcoh

m = 2.8 × 10−6 yes
on nuclei

n LDM incoherent A 30 MeV 3 MeV ξσinc
m = 2.2 × 10−2 yes

on nuclei
o LDM incoherent A 100 MeV 55 MeV ξσinc

m = 4.6 × 10−2 yes
on nuclei

p LDM coherent A 28 MeV 28 MeV ξσcoh
m = 1.6 × 10−6 yes

on nuclei
q LDM incoherent A 88 MeV 88 MeV ξσinc

m = 4.1 × 10−2 yes
on nuclei

r LDM on electrons – 60 keV 60 keV ξσe
m = 0.3 × 10−6 –

r pseudoscalar see ref. [6] – Mass = 3.2 keV gaee = 3.9 × 10−11 –
axion-like
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Axion Search

• Look for two phenomena:
• Solar axion to photon conversion (a + % , %),

with Bragg enhancement as a function of 
solar direction

• Galactic halo axion axio-electric coupling 
(a + e! , e-)

• Both yield electron recoils, which we look
for on top of our electron-recoil background
• yes, background subtraction
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FIG. 4: Comparison of the 95% C.L. upper limit on
gaγγ achieved in this analysis (red/solid) with other
crystal search experiments (SOLAX/COSME [15, 16]
(black/solid) and DAMA (upper black/dashed) [17]) and he-
lioscopes (Tokyo heslioscope (magenta/solid) [18] and CAST
(blue/solid) [11]). The constraint from Horizontal Branch
stars (lower black/dashed) is also shown [19].

by a Gaussian distribution function representing a spec-
tral line at a given energy or axion mass. We find no
statistically significant excess of event rate above back-
ground. Lacking a direct constraint on a possible 55Fe
contribution to the spectrum, we set a conservative up-
per limit, shown in Fig. 5, on the total counting rate in
this energy range without any attempt to subtract a pos-
sible background contribution. This result excludes sig-
nificant new Galactic axion parameter space in the mass
range between 1.4 and 9 keV/c2, and is inconsistent with
the interpretation of the DAMA signature due to axions
[25].

In summary, the solar axion search sets an upper limit
on the Primakov coupling gaγγ of 2.4×10−9 GeV−1 at
the 95% confidence level for an axion mass less than
∼0.1 keV/c2. This limit is the first one based on accu-
rate measurements of crystal orientations. The system-
atic error on the limit is estimated to be 7.9%, which
arises from the remaining uncertainty in the alignment
of the detector towers’ major axes to the central cryo-
genic axis. The local Galactic axion search analysis sets
a world-leading experimental upper limit on the axio-
electric coupling gaēe of 1.4×10−12 at the 90% confidence
level for an axion mass of 2.5 keV/c2, and excludes the
axion interpretation of the DAMA signature in the mass
range of 1.4 keV/c2 to 9 keV/c2.

This experiment would not have been possible without
the contributions of numerous engineers and technicians;
we would like to especially thank Larry Novak, Richard
Schmitt and Astrid Tomada. We thank the CAST and
Tokyo helioscope collaborations for providing us with
their axion limits. The direction measurement of the true
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FIG. 5: The allowed region (green/filled) from a Galactic
axion interpretation of the annual modulation signature ob-
served by the DAMA experiment [20] is shown. The 90% C.L.
upper limits on the gaēe coupling constant from this work
(red/solid) and the CoGeNT experiment (blue/solid) [23]
completely exclude the DAMA allowed region. The indirect
constraints from astrophysical bounds (black/dashed) are also
shown [24].

north in the Soudan Underground Laboratory relied on
the help from the Fermilab Alignment Group. Special
thanks to Virgil Bocean. This work is supported in part
by the National Science Foundation (Grant Nos. AST-
9978911, PHY-0542066, PHY-0503729, PHY-0503629,
PHY-0503641, PHY-0504224 and PHY-0705052), by the
Department of Energy (Contracts DE-AC03-76SF00098,
DE-FG02-91ER40688, DE-FG02-92ER40701, DE-FG03-
90ER40569, and DE-FG03-91ER40618), by the Swiss
National Foundation (SNF Grant No. 20-118119), and
by NSERC Canada (Grant SAPIN 341314-07).
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FIG. 2: Detection efficiency as a function of energy.

decay of 71Ge, produced by neutron capture on 70Ge
during 252Cf calibration of the detectors. The excess in
event rate around 6.5 keV (inset) is likely caused by rem-
nant 55Fe decays from cosmogenic activation. The de-
excitation of 55Mn following the electron-capture decay
of 55Fe yields a total of 6.54 keV of electron-recoil events.
We interpolate the energy resolution of the 10.36 keV line
(typically better than 3%) to the noise level to obtain the
energy-dependent resolution of each detector. The anal-
ysis window, defined from 2 to 8.5 keV, is determined by
the expected axion flux, background rate, and detection
efficiency.

We carried out a profile likelihood analysis to deter-
mine the best fit value of gaγγ . We express the event rate
per unit measured energy (E), per unit time (t), and per
detector (d) of a solar axion signal with background as

R(E, t, d) = ε(E, d) [λR(E, t, d) + B(E, d)] , (3)

where ε(E, d) is the detection efficiency, R(E, t, d) is
the expected event rate for a coupling constant gaγγ =
10−8 GeV−1, and λ = (gaγγ ·108 GeV)4 is the scale factor
for the actual value of gaγγ . B(E, d) is the background
described by

B(E, d) ≡ C(d) + D(d)E + H(d)/E

+
η6.54√
2πσ6.54

e

„

− (E−6.54keV)2

2σ2
6.54

«

, (4)

where C(d), D(d), and H(d) are free parameters. The
Gaussian term describes a contribution from 55Fe decays
at an energy of 6.54 keV and unknown total rate η6.54.
The fitting is done by maximizing the unbinned log like-
lihood function with respect to λ and the background
parameters, for individual events i:

log(L) = −RT +
∑

i,j
log(R(Ei, ti, dj)), (5)

where RT is the total sum of the event rate (R) over en-
ergy, time, and detectors. The scaling factor from the
maximization λ = (1 ± 1.5) × 10−3 is compatible with
zero. No indication of solar axion conversion to photons
is observed. Given a null observation, we set an upper
limit on the coupling constant gaγγ, where the scaling fac-
tor λ is obtained by integrating the profile likelihood in
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FIG. 3: Co-added, efficiency corrected low energy spectrum of
the Ge detectors considered in this analysis. The inset shows
an enlargement of the spectrum in the analysis window, taken
to be 2 to 8.5 keV.

the physically allowed region (λ > 0). The upper limit on
the axion-photon coupling, gaγγ < 2.4×10−9 GeV−1 at a
95% C.L. is the only laboratory bound based on the accu-
rate measurement of all crystal orientations of the detec-
tors. None of the previous solar axion search experiments
(SOLAX/COSME/DAMA) measured their crystal orien-
tations [15, 16, 17], and thus their limits are penalized by
picking the least sensitive direction for their solar axion
bound. The result of this analysis is compared to other
experimental constraints in Fig. 4. Improvement towards
the next order of sensitivity requires improvements in
both detector exposure and gamma background level. A
100-kg SuperCDMS experiment, with substantially re-
duced gamma background level (∼0.1 cpd kg−1 keV−1)
would improve the sensitivity to gaγγ < 10−9 GeV−1.

In addition to restricting solar axions, the CDMS mea-
surement can be used to limit Galactic axions. The
annual modulation signature observed by DAMA may
be interpreted as a detection of axions distributed in
the local Galactic halo [20, 21]. If present, these non-
relativistic axions would materialize in our detectors via
an axio-electric coupling (gaēe). Assuming a local Galac-
tic dark matter mass density of 0.3GeV/c2/cm3, the ex-
pected event rate [22] is given by:

R [cpd kg−1] = 1.2 × 1043A−1g2
aēemaσp.e, (6)

where ma is the axion mass in keV/c2, A=73 for ger-
manium, and σp.e is the photoelectric cross section in
cm2 per atom. We analyzed the energy spectrum using
the same electron-recoil data samples used in the solar
axion search, as shown in Fig. 3. We carried out a pro-
file likelihood calculation to search for an excess of event
rate above background. The same formalism described
in equations (3) to (5) was used, with the term for the ex-
pected conversion rate of solar axions R(E, t, d) replaced
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FIG. 4: Comparison of the 95% C.L. upper limit on
gaγγ achieved in this analysis (red/solid) with other
crystal search experiments (SOLAX/COSME [15, 16]
(black/solid) and DAMA (upper black/dashed) [17]) and he-
lioscopes (Tokyo heslioscope (magenta/solid) [18] and CAST
(blue/solid) [11]). The constraint from Horizontal Branch
stars (lower black/dashed) is also shown [19].

by a Gaussian distribution function representing a spec-
tral line at a given energy or axion mass. We find no
statistically significant excess of event rate above back-
ground. Lacking a direct constraint on a possible 55Fe
contribution to the spectrum, we set a conservative up-
per limit, shown in Fig. 5, on the total counting rate in
this energy range without any attempt to subtract a pos-
sible background contribution. This result excludes sig-
nificant new Galactic axion parameter space in the mass
range between 1.4 and 9 keV/c2, and is inconsistent with
the interpretation of the DAMA signature due to axions
[25].

In summary, the solar axion search sets an upper limit
on the Primakov coupling gaγγ of 2.4×10−9 GeV−1 at
the 95% confidence level for an axion mass less than
∼0.1 keV/c2. This limit is the first one based on accu-
rate measurements of crystal orientations. The system-
atic error on the limit is estimated to be 7.9%, which
arises from the remaining uncertainty in the alignment
of the detector towers’ major axes to the central cryo-
genic axis. The local Galactic axion search analysis sets
a world-leading experimental upper limit on the axio-
electric coupling gaēe of 1.4×10−12 at the 90% confidence
level for an axion mass of 2.5 keV/c2, and excludes the
axion interpretation of the DAMA signature in the mass
range of 1.4 keV/c2 to 9 keV/c2.

This experiment would not have been possible without
the contributions of numerous engineers and technicians;
we would like to especially thank Larry Novak, Richard
Schmitt and Astrid Tomada. We thank the CAST and
Tokyo helioscope collaborations for providing us with
their axion limits. The direction measurement of the true
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FIG. 5: The allowed region (green/filled) from a Galactic
axion interpretation of the annual modulation signature ob-
served by the DAMA experiment [20] is shown. The 90% C.L.
upper limits on the gaēe coupling constant from this work
(red/solid) and the CoGeNT experiment (blue/solid) [23]
completely exclude the DAMA allowed region. The indirect
constraints from astrophysical bounds (black/dashed) are also
shown [24].
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Search (CDMS) experiment, but would be rejected in our
standard search for nuclear recoils [4]. The possibility
of an electron-recoil signal from axion-like dark matter
particles has recently been investigated [10–12]. In this
paper, we present a general analysis of our low-energy
electron-recoil spectrum, provide details on the observed
counting rate in this energy range, and comment on the
implications of these results on possible interpretations of
the energy spectrum and the modulation signal observed
by DAMA.

The CDMS collaboration operates a total of 19 Ge and
11 Si crystal detectors, each having a mass of ∼250 g and
∼100 g, respectively, at a temperature of ∼ 40mK in the
Soudan Underground Laboratory [13, 14]. The ionization
and phonon energy of every event is read out simultane-
ously. The recoil energy is reconstructed from them. The
ratio of ionization to recoil energy, the ionization yield,
discriminates nuclear- from electron-recoil events.

In this analysis we consider data with a total exposure
of 443.2 kg-days before cuts, which has been acquired
in two run periods between October 2006 and July 2007
(designated as R123 and R124) and is the same dataset
used for an axion search analysis [12]. Three of the 19 Ge
detectors were excluded because of readout failures and
another one due to reduced trigger performance at low
energies. From the remaining 15 Ge detectors one suf-
fered from reduced trigger performance in R123 and two
from incomplete neutralization in R124 which have also
been left out of the analysis. The silicon detectors were
not considered. We required that an event had to pass
several cuts. The events needed to have an ionization
energy at least 3σ above the mean noise and be recorded
in only one detector. All 30 detectors were used to se-
lect these single-scatter events. Moreover, we demanded
that there was no signal in the scintillator veto shield
surrounding the detectors. The length of the veto coin-
cidence window was set to 50 µs. In order to explore the
low-energy electron-recoil spectrum we selected events in-
side the 2σ electron-recoil band in ionization yield [4].
The fiducial volume was measured using nuclear-recoil
events from calibrations with a 252Cf source because of
the uniform distribution of neutrons throughout the de-
tector. We excluded all datasets taken within 3 days af-
ter a neutron calibration to avoid high gamma rates due
to neutron activation of the detectors’ supporting struc-
ture made predominantly of copper. The remnant rate of
64Cu contributes less than 2% to the mean counting rate
at low energies and decreases with a half life of 12.7 h.

The summed background spectrum of all considered
detectors, taking into account the detection efficiency
[12], is shown in Fig. 1. For reference, the corresponding
counting rates are also given in Table I. In this analysis
we consider the electron-equivalent energy range between
2 and 8.5 keV based on the ionization signal, in which
the mean background rate is ∼1.5 events/kg/day/keV.
Fig. 1 also illustrates a simple fit to the observed electron-
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FIG. 1: Fit (red line) to the efficiency corrected low-energy
spectrum consisting of a background model (gray/dashed)
and three Gaussian distribution functions describing the
10.36 keV line from 71Ge (black), the 8.98 keV line from 65Zn
(blue) and a line at the energy of 55Mn (green, see text). The
total counting rate of the latter two lines is given in the figure.

recoil spectrum. The fit incorporates known spectral
lines at 10.36 keV and 8.98 keV, both outside of our anal-
ysis window. The former is caused by X-rays and Auger-
electrons from the decay of 71Ge, a product of neutron
capture on 70Ge during neutron calibrations. The lat-
ter originates in the decay of remnant 65Zn from cosmo-
genic activation of the detectors. We also fit for a spec-
tral line corresponding to an excess of events observed
near 6.5 keV, which is likely caused by the de-excitation
of 55Mn; this feature is discussed further below. Each
peak is fit by a Gaussian distribution function with width
fixed at CDMS’s measured energy resolution [12]. The
detector-averaged r.m.s. energy resolution σ(E) below
10 keV is given by:

σ(E) =
√

(0.293)2 + (0.056)2 E [keV] , (1)

where E is the measured energy in keV.
55Mn can be produced from electron capture of rem-

nant 55Fe from cosmogenic activation. The de-excitation
of 55Mn results in a spectral line at 6.54 keV, matching
exactly the energy of the corresponding peak in our spec-
trum. While at the surface the detectors were exposed

Energy Rate Energy Rate Energy Rate
2.0 1.93±0.24 4.25 1.52±0.15 6.5 1.70±0.15
2.25 1.96±0.22 4.5 1.50±0.15 6.75 1.84±0.16
2.5 1.63±0.19 4.75 1.55±0.15 7.0 1.43±0.14
2.75 1.73±0.18 5.0 1.52±0.15 7.25 1.47±0.14
3.0 2.04±0.19 5.25 1.43±0.14 7.5 1.26±0.13
3.25 1.40±0.15 5.5 1.32±0.13 7.75 1.03±0.12
3.5 1.70±0.17 5.75 1.19±0.13 8.0 1.29±0.13
3.75 1.65±0.16 6.0 1.75±0.15 8.25 1.31±0.13
4.0 1.41±0.15 6.25 1.73±0.15 8.5 1.40±0.13

TABLE I: Rate [events/kg/day/keV] in the 2 - 8.5 keV energy
range.
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to fast neutrons from cosmic-ray showers. Gamma-rays
from isotopes produced in Ge by these fast cosmic-ray
neutrons have been observed in the CoGeNT experiment,
which uses a p-type contact germanium detector provid-
ing an excellent energy resolution [11]. The most dom-
inant lines in their spectrum are from 65Zn with an en-
ergy of 8.98 keV and 68,71Ge with an energy of 10.36 keV,
which are both also visible in our spectrum. Calculations
of the production rate of cosmogenic isotopes show that
55Fe is produced in Ge [15]. The long halflife of 55Fe of
2.73 y allows a remaining activity of this isotope in the
detectors. Since the activation stopped when the detec-
tors were moved underground, the time evolution of this
counting rate would enable us to determine if it is caused
by 55Fe isotopes. However, the uncertainties in the pro-
duction rate and in the time the detectors spent at the
surface are too large to give a reliable constraint on the
total rate expected from the de-excitation of 55Mn.

We carried out a profile likelihood analysis in order to
search for an excess of event rate above background [16].
The event rate per unit measured energy (E) and per
detector (d) including background was written as:

R(E, d) = B(E, d) + A(E, d) . (2)

The background B(E, d) is assumed to be of the form

B(E, d) = ε(E, d) ·
[
C(d) + D(d)E +

H(d)
E

]

+ η · ε(E, d) · λ6.54√
2πσ6.54(d)

e
−

“
E−6.54√
2σ6.54(d)

”2

,(3)

where C(d), D(d) and H(d) are free parameters de-
termined by the fit routine and ε(E, d) is the energy-
dependent detection efficiency. The Gaussian represents
a contribution from 55Fe decays at an energy of 6.54 keV.
A(E, d) represents a spectral line at a given energy E0.
Thus, we used a Gaussian distribution function multi-
plied with the efficiency:

A(E, d) = ε(E, d) · λ0√
2πσ0(d)

e
−

“
E−E0√
2σ0(d)

”2

. (4)

Since we have no constraint on the 55Fe contribution to
the spectrum we do not subtract a possible background
contribution. The reason for introducing the additional
factor η in (3) is that, while scanning over the recoil en-
ergy and approaching the 6.54 keV background peak, the
fit function actually consists of a sum of two Gaussians at
the same energy. Thus, it serves as a weight suppressing
the importance of the 55Fe rate in the background model
B(E, d). We varied η in steps of 0.1 between 0 and 1
and took the most conservative of these limits for each
energy.

The fit was performed by a maximization of the un-
binned log-likelihood function

log(L) = −RT +
∑

i,j

log R(Ei, dj) , (5)
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FIG. 2: Fit (red) to the published DAMA/LIBRA low-energy
spectrum [3], consisting of a background model (grey/dashed)
and a Gaussian distribution function (green). The parameters
of the Gaussian are given in the figure.

where the sum goes over events (i) and detectors (j), with
respect to λ0 and the background parameters. RT de-
notes the total sum of the event rate (R) over energy and
all detectors. We find no statistically significant excess of
the event rate above background. We set a Bayesian 90%
confidence level (CL) upper limit on the total counting
rate λ0 by integrating the profile likelihood function in
the physically allowed region (λ0 > 0).

The annual modulation signature observed by DAMA
[3] may be interpreted as the conversion of a dark mat-
ter particle into electromagnetic energy in the detec-
tor. In this case it should be possible to observe the
corresponding signal in the electron-recoil spectrum of
CDMS. The upper limits on an excess rate presented
in this paper should thus help to identify or constrain
possible models which can explain the annual modula-
tion signature observed by DAMA. The total counting
rate above background observed by DAMA/LIBRA in
the claimed signal region has been obtained from a fit
to their spectrum consisting of a Gaussian and a back-
ground model shown in Fig. 2 giving a rate above back-
ground of 0.698± 0.051 events/kg/day. A direct com-
parison between the 90% CL upper limits from this anal-
ysis (black/solid) and the rate observed by DAMA (black
data point with 2σ error bars in the figure) is shown in
Fig. 3. At the energy of the DAMA peak (3.15 keV) the
observed rate is inconsistent with the upper limit on the
rate in CDMS of 0.246 events/kg/day. Assuming the
peak in Fig. 2 is entirely signal, there is an almost 9
standard deviation discrepancy between the DAMA and
CDMS results, but very likely background reduces that
difference. The peak of Fig. 2 may contain a contribution
from the decay of 40K and the subsequent de-excitation
of 40Ar resulting in a spectral line at 3.2 keV, but no
information is supplied on the actual rate of such a back-
ground [17]. Thus, no subtraction, which would reduce

CDMS

DAMA

Generic Electron Recoil Search

• Direct conversion of DM to EM energy

• Model background and look for peak
• yes, also a background subtraction

• Assuming Z2 scaling on I, compare to 
• rate implied by 3.15 keV peak in DAMA DC 

background spectrum

• DC rate consistent with annual modulation signal, 
assuming 6% flux modulation of DM flux only

• Excludes both substantially
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the difference between the upper limit from CDMS and
the excess rate in DAMA, is performed.

Currently there are two studies on the 40K background
contribution to the total rate in the DAMA spectrum.
The DAMA collaboration performed an analysis, show-
ing that the 40K rate is a dominant component [18]. This
leads to high ratios of the modulated to unmodulated
signal counting rate which are inconsistent with the ex-
pected ratio in a standard halo model. On the other
hand, an independent Monte Carlo based analysis of the
DAMA spectrum claims that the 40K contamination of
the crystals [17] are too small, to account for the ex-
cess rate observed in the unmodulated spectrum [19]. In
order to account for this background contribution these
discrepancies need to be resolved.

The event rates in the CDMS and DAMA detection
media may differ depending on the coupling of the dark
matter particle. Thus, the upper limits in Ge have to be
scaled to the expected rate in NaI in order to perform
a comparison in a particular model. For an electromag-
netic conversion of a dark matter particle, the particle
velocity is essentially irrelevant (in contrast to the calcu-
lation for nuclear recoils, where the energy threshold pro-
vides a minimum velocity for the phase space integral).
Thus, the annual modulation signature is only caused by
a change in the particle flux over the course of the year.
The total counting rates per unit mass of such a conver-
sion in the case of a Ge and a NaI target are related by
the following condition:

RNaI

RGe
=

AGe

AI + ANa
· σI + σNa

σGe
, (6)

where Ai is the atomic mass of the nuclei, and σi is the
total cross section per atom of the interaction. The de-
tection efficiencies in both materials should be very close
to 100% at these low energies; thus, effects of a material
and detector geometry dependent detection efficiency are
neglected in the following.

The total cross section will depend on the coupling of
the dark matter particle to the detection media. For an
electromagnetic conversion a Z2 (where Z is the atomic
number) scaling of the cross section is natural and is thus
considered in the comparison of the rate limits in Ge from
this analysis with the rate observed by DAMA. Another
scaling can be trivially considered. This is a more general
comparison than the one considered in our axion search
paper [12]. The scaled rate limits in NaI at a 90% CL
are given in Fig. 3 (blue/dashed line). The total counting
rate observed by DAMA/LIBRA remains greater than
the upper limit at 3.15 keV.

Under standard halo assumptions a conservative upper
limit on the modulation amplitude is ±6% if the modu-
lation is caused by a change in the particle flux only [20].
Note, that if the conversion cross section is inversely pro-
portional to the dark matter particle velocity (as inelas-
tic cross sections tend to be [21]) the annual modulation
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FIG. 3: 90% CL upper limit on the total counting rate in
Ge from this analysis (black/solid). The corresponding upper
limit on the total counting rate in NaI under the assump-
tion of a Z2 scaling of the conversion cross section (see text)
is also shown (blue/dashed). The black data point with 2σ
error bars gives the total counting rate of the 3.15 keV peak
of DAMA/LIBRA derived from a fit to their spectrum (see
Fig. 2). The insert compares the upper limit on the mod-
ulation amplitude assumed to be 6% of the unscaled up-
per limit (black/solid) and the Z2 scaled upper limit in NaI
(blue/dashed) with the 2σ regions of the annual modulation
amplitude observed by DAMA (NaI+LIBRA) in the 2 - 4 keV
(red/filled) and 2 - 6 keV (green/hatched) energy range.

amplitude is highly suppressed. The insert in Fig. 3 com-
pares the unscaled upper limit (black/solid) and the Z2

scaled upper limit in NaI (blue/dashed) on the modula-
tion amplitude with the 2σ regions of the annual mod-
ulation amplitude observed by DAMA (NaI+LIBRA) in
the 2 - 4 keV (red/filled) and 2 - 6 keV (green/hatched)
energy range [3]. The upper limits on the modulation
amplitudes are a factor of ∼2 lower than observed by
DAMA.

In this paper we reported on our analysis of the low-
energy electron-recoil spectrum of the CDMS experi-
ment, providing the observed rate in the 2 - 8.5 keV range
and the identification of possible background sources.
The analysis found no significant excess in the counting
rate above background. Considering the conversion of a
dark matter particle into electromagnetic energy the 90%
CL upper limit on the total counting rate from CDMS
at 3.15 keV is below the excess rate observed by DAMA
in a direct comparison and under the assumption of a Z2

scaling of the cross section. This comparison neglects a
possible background contribution from 40K in the DAMA
data, since the knowledge of the actual rate is manda-
tory to perform a quantitative comparison. A detailed
analysis of the DAMA data should provide this informa-
tion. We note that the actual scaling between Ge and
NaI has to be provided by a specific model, but stress

red: 
DAMA AC 
2-4 keV

green: 
DAMA AC
2-6 keV

3.15 keV 
DC peak
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CDMSLite

• Another approach to getting
low-energy ER data: apply 
high-voltage (J. Hall, FNAL)
• use phonon signal to measure 

ionization energy

• eliminates NR discrimination

• CDMSlite data in hand
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Low-Mass WIMP Searches

• We usually set an analysis threshold of 7 to 10 keV
• Nuclear recoil discrimination degrades at low energy

• Hard to calibrate backgrounds, leakage at low energy

• Would spend most of our time understanding low-energy systematics, not 
important for >50 GeV WIMP masses

• But our detectors are pretty clean, we can do a background-limited
analysis at low energy
• Old 2003 SUF data still being analyzed

• Low-energy-optimized analysis of Soudan 5-tower data set likely
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Low-Mass WIMP w/Channeling

• DAMA channeling idea
• channeling of ion recoils would make them appear 

electron-recoil-like and unquenched (full recoil
energy appears)

• channeling much more probable at lower energies

• Are experiments with NR discrimination 
discarding these low-energy channeled events
because they are ER-like and below analysis 
threshold?

• crystalline detectors could be

• don’t understand how liquid detectors
could be suffering this problem

• Our current limits are not substantially affected
because channeling would not be important at
the recoil energies we have considered.

• But a low-energy analysis that reaches to lower
WIMP mass would be, so we would need to
accept an efficiency hit with this.

29

Figure 1: Simplified schema of the channeling effect in the NaI(Tl) lattice. The axial
channeling occurs when the angle of the motion direction of an ion with the respect
to the crystallographic axis is less than a characteristic angle, Ψc, depicted there (see
for details Sec. 2). Two examples for channeled and unchanneled ions are also shown
(dashed lines).

For example, already on 1957, a penetration of 134Cs+ ions into a Ge crystal was
observed to a depth of about 1000 Å [4], larger than that expected in the case the ions
would cross amorphous Ge (! 50 Å). Afterwards, high intensities of H+ ions at 75
keV transmitted through thick (3000-4000 Å) single-crystal gold films in the < 110 >
directions were detected [2]. Other examples for keV range ions have been shown in
ref. [5] where 3 keV P+ ions moving into layers of 500 Å of various crystals were
studied.

The channeling effect is also exploited in high energy Physics e.g. to extract high
energy ions from a beam by means of bent crystals or to study diffractive Physics by
analysing scattered ions along the beam direction (see e.g. ref. [6]).

Recently [7] it has been pointed out the possible role which this effect can play
in the evaluation of the detected energy of recoiling nuclei in crystals, such as the
NaI(Tl)2.

In fact, the channeling effect can occur in crystalline materials due to correlated
collisions of ions with target atoms. In particular, the ions through the open channels
have ranges much larger than the maximum range they would have if their motion
would be either in other directions or in amorphous materials. Moreover, when a
low-energy ion goes into a channel, its energy losses are mainly due to the electronic
contributions. This implies that a channeled ion transfers its energy mainly to electrons
rather than to the nuclei in the lattice and, thus, its quenching factor (namely the ratio
between the detected energy in keV electron equivalent [keVee] and the kinetic energy
of the recoiling nucleus in keV) approaches the unity.

It is worth to note that this fact can have a role in corollary analyses in the Dark

2For completeness, it is worth to note that luminescent response for channeling in NaI(Tl) was
already studied in ref. [8] for MeV-range ions.
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High-Energy Analysis

• Higher recoil energy analysis would be sensitive to inelastic DM 
deexcitation from excited DM states (E ~ 100 keV to 1 MeV)

• The problems: 
• detectors go nonlinear at higher energy

• not enough NRs; risk activation if neutron exposure increased substantially

• Seem to have largely excluded inelastic DM interpretation already; XENON100 
will exclude full region if no background problems.
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Five Tower Runs (2006-9)

30 ZIPs (5 Towers) installed in Soudan 
icebox:  4.75 kg Ge, 1.1 kg Si

• Runs 123 - 124

• Acquired: Oct06-Mar07, Apr07-Jul07

• Exposure: ~400 kg-d (Ge “raw”)

• Runs 125 - 128

• Acquired: Jul07-Jan08, Jan08-Apr08, 
May08-Aug08, Aug08-Sep08

• Exposure: ~600 kg-d (Ge “raw”)

• Run 129 (Nov08-Mar09)

• Engineering run, some detector problems

THIS WORK 

Some analysis upgrades

• New ROOT-based data reduction 
package on FNAL computer farm

• Increased analysis automation

• Data quality checks

• Data calibration and correction

• Improved event reconstruction near 
detector rim

• New optimization algorithms for surface 
event rejection

• Improved background modeling

• Improved estimates of detector masses 
(~9% lower)
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Blind Analysis

Quarantined events 

32

• Quarantined signal-like events 
during data reduction
• Single-scatter

• No activity in veto shield

• Ionization yield near nuclear recoil 
band

• These events have no effect on 
the definition of our signal 
criteria

• Quarantine broken only when all 
cuts are finalized: “unblinding”

• Avoids statistical bias: cut on 
independent event distributions, 
not observed candidate events
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Blind Analysis

Quarantined events 

32

• Quarantined signal-like events 
during data reduction
• Single-scatter

• No activity in veto shield

• Ionization yield near nuclear recoil 
band

• These events have no effect on 
the definition of our signal 
criteria

• Quarantine broken only when all 
cuts are finalized: “unblinding”

• Avoids statistical bias: cut on 
independent event distributions, 
not observed candidate events
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Data Quality
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This work

 Automated monitoring using KS tests and similar metrics
excludes bad time periods on some detectors

Tests for goodness-of-fit, overlapping pulses, etc. exclude individual 
reconstruction failures

2009 PRL

Data recorded

Some detectors excluded for 
poor performance

Periods of poor data 
quality removed

612 “raw” kg-days
(before physics cuts)
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Choosing our Misidentified Background

2005 analysis!

C
u
t 

p
o
si

ti
o
n

34

• Goal: Select surface event cut 
position to maximize expected 
sensitivity / discovery potential
• Strongest expected upper limit

• Greatest significance of a few 
observed events

• Usually a broad optimum near 
~0.5 expected events
• Each analysis employs tighter cuts

• Improved analysis limits loss in 
signal acceptance

• Choose cut based on surface 
event background model
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Surface Event Misidentified Background

Npassing cut
x Nfailing cut

data

Nfailing cut
sidebandExpected surface leakage =

• 133Ba

• 252Cf

WIMP Search Data

3 independent sidebands for estimating the passing/failing ratio

sideband

Multiple-scatter Single-scatter 133Ba

Nearby NR band

Inside NR band

#2 #2 #3

#1 ? #3

WIMP-Search Calibration

Correct #2, #3 (best statistics) for systematic 
differences in energy and detector face distributions

All three consistent:
0.6 ± 0.1 (stat.)
(... plus systematic error)
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Neutron Background

Estimate U/Th content of nearby materials 
with HPGe and fit to observed gammas

Simulate fission/'-n, propagate in GEANT

RADIOGENICS

COSMOGENICS

U/Th (ppb) Mass (kg)

Electronics

Cu

Poly

Pb

1.2 15

0.4 260

0.24 120

<0.05 14000

x N
vetoed, single NR

data
N

unvetoed, single NR

MC

N
vetoed, single NR

MC

From GEANT4 
and FLUKA 
simulations

x (
neutron 

0.03 - 0.06 events expected

= 0.04+0.04
-0.03 (stat.) 

events expected

3 vetoed, single 
NRs observed

Correct for 
efficiency, 
exposure
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Blind Analysis Summary

Surface background
Leakage computation based on 
signal region multiple scatters
0.6 ± 0.1 (stat.)
(... plus systematic error)

612 raw kg-d
194 kg-d WIMP equiv. @ 
60 GeV/c2

Neutron background
Radiogenic: 0.03-0.06

Poly, Cu (',n): <0.03
Pb (fission): <0.1

Cosmogenic: <0.1 (MC 0.03-0.05)
3 vetoed neutron singles seen

• Veto-anticoincidence cut
• Single-scatter cut

• Qinner (fiducial volume) cut

• Ionization yield cut
• Phonon timing cut
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Blind Analysis Summary

Surface background
Leakage computation based on 
signal region multiple scatters
0.6 ± 0.1 (stat.)
(... plus systematic error)

612 raw kg-d
194 kg-d WIMP equiv. @ 
60 GeV/c2

Neutron background
Radiogenic: 0.03-0.06

Poly, Cu (',n): <0.03
Pb (fission): <0.1

Cosmogenic: <0.1 (MC 0.03-0.05)
3 vetoed neutron singles seen

• Veto-anticoincidence cut
• Single-scatter cut

• Qinner (fiducial volume) cut

• Ionization yield cut
• Phonon timing cut
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Opening the Box

Box opened Thursday, November 5 for 14 Ge ZIPs

3$ region masked

# Hide unvetoed singles
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Opening the Box

Box opened Thursday, November 5 for 14 Ge ZIPs

3$ region masked

# Hide unvetoed singles

Lift the mask, see 150 
singles failing timing cut
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Opening the Box

Box opened Thursday, November 5 for 14 Ge ZIPs

3$ region masked

# Hide unvetoed singles

Lift the mask, see 150 
singles failing timing cut

Apply the timing cut, 
count the candidates
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Opening the Box

Box opened Thursday, November 5 for 14 Ge ZIPs

3$ region masked

# Hide unvetoed singles

Lift the mask, see 150 
singles failing timing cut

Apply the timing cut, 
count the candidates

Two events observed

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy (keV)

Io
n

iz
a

ti
o

n
 Y

ie
ld

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy (keV)

Io
n

iz
a

ti
o

n
 Y

ie
ld

0 10 20 30 40 50 60 70 80 90 100
0

0.5

1

1.5

Recoil Energy (keV)

Io
n

iz
a

ti
o

n
 Y

ie
ld

38



CDMS II/SuperCDMS/GEODM  Sunil Golwala

Opening the Box

Box opened Thursday, November 5 for 14 Ge ZIPs

3$ region masked

# Hide unvetoed singles

Lift the mask, see 150 
singles failing timing cut

Apply the timing cut, 
count the candidates

Two events observed
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#1: T1Z5, Oct. 27, 2007

#2: T3Z4, Aug. 5, 2007
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Spin-Independent Limits
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Expected Sensitivity

Combined CDMS II data:

•Yellin’s Optimum Interval method 
(no bkg. subt.)

•!SI > 3.8 x 10-44 cm2 
(>38 zeptobarn) at 90% C.L. for 
MWIMP = 70 GeV/c2.

•World-leading result above ~MZ/2

Note: All CDMS curves are adjusted 
for ~9% lower detector mass estimates
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KK/SUSY theory

Other searches

CDMS II results
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Some Other Interpretations
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Inelastic Dark Matter

Disfavor all DAMA/LIBRA allowed regions except 
for M~100 GeV, mass splitting of ~80-140 keV

Only regions incompatible with DAMA/LIBRA at the 
90% C.L. are shown

Spin-Dependent WIMP Couplings

Competitive limits on SD-neutron couplings, but no 
new parameter space excluded
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The Two Candidates
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•  #1 - T1Z5: October 27, 2007 - 12.3 keV
•  #2 - T3Z4: August 5, 2007 - 15.5 keV

#2
: T

3Z
4
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Varying the Surface-Event Cut
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 Our result is not overly sensitive to the cut position
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To exclude both 
candidates, we must 
reduce the expected 
background by ~1/2 and 
the exposure by 28%

To admit a third 
candidate, we must 
increase the expected 
background to 1.7 
events.
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Operating Conditions

Special data conditions? No

Issues noted by operator? No

Activity in mine? No (weekend)

NuMI / MINOS ) beam? Off

Noise levels Typical

Charge collection Typical

KS tests Normal

Background rates (ER/surface) Typical

Muon veto performance Good

Single-scatter identification Good

Radial position Well-contained
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 Candidates were observed during ideal running conditions, 
several months apart, in different interior detectors
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Pulse Reconstruction

Event #1 (T1Z5) shows no 
reconstruction issues

Event #2 (T3Z4) has a 
misreconstructed start time

A full reprocessing is needed to 
study this definitively

Closeup of 
template fit to 
ionization pulse 
for T1Z5 event

time [ADC sample number, 0.8 µs each]

si
gn

al
 v

o
lt
ag

e 
[A

D
C
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o
u
n
ts

]

'
2
 o

f 
th

e 
fi
t

template start time [ADC sample number, 0.8 µs each]

Our reconstruction technique misestimates 
the ionization start time for a small fraction 
of events with <6 keV of ionization energy.

This issue does not affect the T1Z5 candidate.

With a better estimator, the T3Z4 candidate 
may fail the timing cut (other candidates might 
appear)
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actual 
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time?
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Our results cannot be interpreted as significant evidence for 
WIMP interactions.

However, we cannot reject the signal hypothesis for
either event.

Background Estimate Redux

A refined estimate of the surface background accounting for this effect yields

Surface background
0.8 ± 0.1 (stat.) ± 0.2 (syst.)

With this revised estimate (and including neutron backgrounds), 
the probability for observing at least 2 events is ~23%.
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From CDMS II to SuperCDMS and GEODM
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Staged three-prong program to
explore MSSM or study a signal:
• decreased backgrounds

• improved background rejection

• increase in mass/detector and decrease in
cost/detector

< 1 event misid’d bgnd at each stage

CDMS II

"7.5cm x 1cm ZIP
0.25 kg/detector

16 detectors = 4 kg
2 yr, 1700 kg-d

SuperCDMS Soudan

"7.5cm x 2.5cm mZIP
0.64 kg/detector

25 detectors = 15 kg
2 yr, 8000 kg-d

SuperCDMS
SNOLAB

"10cm x 3.5cm iZIP
1.5 kg/detector

70 detectors = 105 kg
3 yr = 100,000 kg-d

GEODM DUSEL

"15cm x 5cm iZIP
5.1 kg/detector

300 detectors = 1.5 T
2 yr, 1.5 M kg-d

x5

x12

x15
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Improving Background Rejection

• Interdigitated ZIP (iZIP) design meets needs for 
SuperCDMS SNOLAB and GEODM

• Interleaved ionization electrodes cause ionization 
to partition differently for surface and bulk events

• High field near surface increases ionization yield 
for surface events

• Top/bottom phonon sensors (ground rails) 
provide simpler, more direct z information
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Improving Background Rejection

• Interdigitated ZIP (iZIP) design appears to meet needs of SuperCDMS 
SNOLAB and GEODM
• Surface events 

share charge 
differently than 
bulk events:
< 10-3 misid

• High field at
surfaces increases
ionization yield:
0.2 misid #
< 3 x 10-4 misid

• Phonon partition 
and timing 
z position:
< 10-3 misid

• All measurements limited by neutron background in surface test facilities

• Ionization yield and Q/P asymmetry likely uncorrelated; if true, then 
overall misid 10-4 # < 3 x 10-7, far better than needed for GEODM
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• Microwave kinetic inductance detectors (MKIDs, Zmuidzinas et al) can detect phonon energy: 
meV phonons break Cooper pairs, change L of superconductor

• Multiplexable: Form LC resonator w/single superconducting 
film.  Readout like FM/AM radio with digital signal generation 
and demodulation.

• Recent development of lumped-element designs having 
low susceptibility to dielectric constant fluctuation noise
and using large penetration depth materials enables 
large-area resonators for phonon sensing
(Day, Gao, LeDuc, Noroozian, Zmuidzinas)

• Single film, 5 µm features would simplify GEODM detector fab

• Finer pixellization of phonon sensor provides
additional surface event rejection

Surface event:

Bulk event:

E
n
ergy (eV

)
E
n
ergy (eV

)

Phonon Detection Using MKIDs
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Figures by D. Moore
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• Phonon-mediated 6 keV X-rays observed with ~100 *s lifetimes in mm2 resonators:
 

• Using measured noise and responsivities, calculate a noise-equivalent power (NEP)

• Converting to an energy resolution gives: $E  = 46 eV for A = 1.5 mm2 and 
$E  = 14 eV for A = 0.64 mm2 (single-resonator resolution)

• Numbers agree with measured resolution 
for 5 eV photons in ~0.1 mm2 resonators, 
scaled by responsivity  

• An MKID-based detector with 500 one mm2 
resonators would have similar energy 
resolution as current designs, but would be 
much easier to fabricate and read out

• 12 mm x 16 mm array of 20 resonators 
soon to be tested with collimated source
to demonstrate position reconstruction!

Expected Sensitivity
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Project(s) Status

• SuperCDMS Soudan
• Fully approved (review Aug 2009); preparing final project execution plan

• First detectors running underground since mid-2009, installing new detectors this 
year/next year, interesting exposure by end 2011

• SuperCDMS SNOLAB
• iZIP + 100 kg total mass received substantial endorsement from PASAG

• SLAC has joined experiment

• requesting R&D funds this year, project proposal next year, hope for FY13 
construction start

• SNOLAB test facility being assembled to demo iZIP rejection underground ASAP

• GEODM DUSEL
• iZIP + 15 cm x 5 cm to provide 1.5 T detector mass

• “S4” DUSEL engineering study proposal funded

• Working on production of large crystals and automation of fab using evolution of 
current detector design

• Caltech working on simplified phonon sensors using MKIDs

• SNOLAB test facility will provide underground demonstration of rejection
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• Remarkable 
progress
• 2 orders of mag

in ~10 yrs

• Predictions for
larger gains in
next decade

• LHC data soon!
• perhaps a 

prediction based 
on detecting SUSY; 
perhaps a 
confirmation of a 
DD signal

Exciting Times!
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