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Goal of Direct Detection Experiments

• Detect new, yet undiscovered particles, which may be responsible for the dark matter in the MW 

• Here focus on WIMPs = heavy (few GeV - few TeV), color and electrically neutral particles; in 
thermal equilibrium with the rest of the particles in the early universe, freeze out when MW>>TF

• Such particles are predicted by most attempts to understand the weak mass scale

• We are interested in the local distribution of WIMPs (density and phase-space)

Sun

(MWIMP = 100 GeV)
 ρχ  3000 WIMPs ⋅m−3
 ρχ  0.3 GeVcm−3

(Klypin, Zhao & Somerville 2002)

(J. Diemand et all,  Nature 454, 2008, 735-738)

 

Mtot ,lum ≈ 9 ×1010M

Mvirial ≈ 1...2 ×10
12M

WIMP flux on 
Earth: ~ 105 
cm-2s-1 (100 GeV 
WIMP)

=> even though WIMPs 
are weakly interacting, 
this flux is large enough 
so that a potentially 
measurable fraction will 
elastically scatter off 
nuclei

ρhalo = 0.1− 0.7 GeVcm−3

ρdisk = 2 − 7 GeVcm−3

2Saturday, June 12, 2010



Laura Baudis, University of Zurich, Physics at the LHC, June 12, 2010

Strategy for WIMP Direct Detection

• Collisions with atomic nuclei

• Rates depend on: [mχ, σ], [f(v), ρ0], [N, F2(ER), Eth] ...

• Recoil spectrum featureless

• With WIMP-nucleon cross sections 
< 10-7 pb,  the expected rates are 

< 1 event/100kg/day

• Energy of recoiling nuclei 
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(Standard halo model with ρ= 0.3 GeV/cm3)
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Direct Detection Techniques

Phonons

Charge

NaI: DAMA/LIBRA 
NaI: ANAIS
CsI: KIMS

Light

LXe: XMASS
LAr, LNe: 
DEAP/CLEAN

LXe: XENON 
LXe: LUX
LXe: ZEPLIN
LAr: WARP 
LAr: ArDM

Ge, Si: CDMS
Ge: EDELWEISS

CaWO4,  Al2O3: 
CRESST

C, F, I, Br: 
PICASSO, COUPP
Ge: Texono, CoGeNT
CS2,CF4, 3He: DRIFT 
DMTPC, MIMAC 
Ar+C2H6: Newage

Al2O3: CRESST-I

WIMP WIMP

Basic Principles of mK Cryogenic Detectors

• A deposited energy E will produce a temperature rise !T given by:

!T =
E

C(T )
e
"
t

# ,       # =
C(T )

G(T )

C(T) = heat capacity of absorber

G(T)=thermal conductance of the link 

between the absorber and the 

reservoir at temperature T0

Normal metals: the electronic part 

of C(T) ! T, and dominates the heat capacity  

at low temperatures

Superconductors: the electronic part is 

proportional to exp(-Tc/T)

Tc = superconducting transition temperature

and is negligible compared to lattice 

contributions  for T<<Tc

"

E

"

T0

T-sensor
Absorber

C(T)

G(T)

24

Room Temperature Scintillation Experiments

• To enhance the probability of visible light emission: add impurities = “activators”

• NaI (Tl): 20 eV to create e--hole pair, scintillation efficiency ~ 12%

!1 MeV yields 4 x 104 photons, with average energy of 3 eV

!dominant decay time of the scintillation pulse: 230 ns, !max = 415 nm

• No discrimination between electron- and nuclear recoils on event-by-event basis

• Experiments: DAMA-LIBRA/Italy, NAIAD/UK, ANAIS/Spain, KIMS/Korea 

band

gap

conduction band

valence band

scintillation

photon activator

ground state

activator 

excited states

electron

11

• Electron-hole pairs in a semiconductor

• 2.96 eV/e--h pair at 77 K

• motion of e--h in Efield => signal

!  relatively slow detectors (µs)

!  energy thresholds: ~ 2-10 keVee

• In general operated in vacuum-tight cryostats to suppress                                                                      

thermal conductivity between the crystal and the surrounding air

!  typical energy resolutions: 1 keV at 10 keV, 2-3 keV at 1 MeV

!  about 1/3 of energy of a nuclear recoil goes into ionization 

Germanium Ionization Experiments

valence band

Egap ! 0.7eV

Electron

energy
semiconductor

conduction band

n-type, coaxial HPGe-detector

Q(t) = Q
!
(t) +Q

+
(t)

6
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Signals and Backgrounds

Sun

Earth

230 km/s
60º

30 km/s
WIMP windv0 solar motion

N

Signals
Χ

Χ

Nuclear recoils
Single scatters Annual rate variation

~  few % effect
Diurnal directional modulation:

~ 50% effect

Backgrounds

v/c ≈ 7 x 10-4

ER ≈ 10 keV

electron

v/c ≈ 0.3

gamma, betas: ER vs NR discrimination and self-
shielding 

muons: go deep underground, add muon veto 

neutrons: NRs, but also capture and multiple 
scatters

alphas: much higher energy depositions, but 
recoiling nuclei a problem if α energy not seen in 
active detector volume
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Experimental Results 
by the end of 2009

XENON10: 2007

CRESST: 2008

CMSSM2008 
(Roszkowski, Ruiz, Trotta)

WIMP Mass [GeV]

W
IM

P-
nu

cl
eo

n 
σ S

I [c
m

2 ]

Spin-independent cross section 
(normalized to nucleons)

EDELWEISS: 2005

WARP: 2007

ZEPLIN III: 2008

CDMS: 2008

S
p

in-d
ep

end
ent 

CMSSM

XENON10: 129Xe

CDMS-II 73Ge

KIMS: CsI

DAMA: NaI

DAMA/
LIBRA

Behnke, Collar et al., 
Science 319 (2008)
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“Evidences” for WIMPs?
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modulation amplitude co-added over detectors

DAMA/LIBRA: 1998-2008, 0.82 ton x year

CoGeNT: 2010; 0.33 kg x 8 weeks 
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arXiv: 1006.0972; C. Savage, G. Gelmini, P. Gondolo, K. Freese

arXiv: 1002.4703; C. E. Aalseth et all
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In severe conflict with other experiments!
New XENON100 results (more later!)
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FIG. 4. Comparison of 90% C.L. upper limits from these
data, alone (dashed) and in combination with previous CDMS
II Si data from Soudan [21] (solid), with those from previous
CDMS II Si (dotted), CDMS II Ge [10] (dash-dot), XENON10
[22] (�), and CoGeNT [15] (+). The filled regions identify
possible signal regions associated with data from the Co-
GeNT (light, 90% C.L.) and DAMA/LIBRA [16, 23] (dark,
99.7% C.L.) experiments. Also shown is the effect on the
DAMA/LIBRA allowed region from one model of ion chan-
neling [23, 24] (gray dotted outline).

surface events, but have been treated as candidates in the204

computation of these upper limits. They have little effect205

on the limit at low WIMP masses due to their relatively206

high recoil energies, but they render the combined limit207

somewhat weaker at high WIMP masses than the limit208

from these data alone.209

Fig. 4 also compares these results to two recent re-210

sults that have been interpreted as evidence for WIMP211

interactions. The CoGeNT experiment [15] has recently212

observed an excess of events at low recoil energies simi-213

lar to that expected from a low-mass WIMP. The back-214

ground of the CoGeNT detectors is not well understood215

at these energies, but we can nonetheless consider the216

possibility that the observed events are WIMP-induced.217

The present null result disfavors the best-fit region sug-218

gested by the authors under this assumption. These data219

also disfavor an interpretation of the DAMA/LIBRA an-220

nual modulation signal [16] in terms of spin-independent221

scattering [23]. This tension could be relieved if ion chan-222

neling has a large effect on the scintillation response of223

NaI at keV energies [24–26]. The effects of channeling in224

this energy regime are not well-understood theoretically225

or experimentally, however; the true DAMA/LIBRA sig-226

nal region is likely to lie between the channeled and un-227

channeled regions indicated in Fig. 4. Recent studies228

[26, 27] have also found these data to be incompatible229

with the suggested signal region under standard assump-230

tions, though this tension can be reduced slightly by al-231

tering parameters of the halo model or by postulating232

a WIMP with dissimilar couplings to protons and neu-233

trons. During the preparation of this manuscript the234

XENON100 collaboration has also claimed to exclude235

this parameter space [28], though some controversy re-236

mains concerning the response of liquid Xe to low-energy237

nuclear recoils [29].238
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Other interpretations?

• Particle with EM-interaction (sterile neutrino decaying to light ν + X-ray, something else?)?
• Experiments with particle ID can also analyze their ER spectrum
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DAMA/LIBRA rate excess                                                                                                                          

The DAMA/LIBRA result confirmed the DAMA/NaI observation of an annual 
modulation of the counting rate at low energies (8.2!) .

The WIMP interpretation is excluded by experiments sensitive to nuclear 
recoils (except for light masses < 10 GeV).

So what if the signal is caused 
by an electromagnetic 
interaction (neglecting 
detector systematics) ?

In addition to the 
modulation in the 2-4 keV 
range they observe an 
excess in rate at 3.15 keV.

Doktorandenseminar 2009, ETH Zürich               Tobias Bruch        University of Zürich                       19

Tuesday, June 2, 2009

DAMA/LIBRA
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Fit to the CDMS low energy spectrum                                                                                                                         

If the signal is of EM origin it should in general also be visible in the CDMS low 
energy electron recoil spectrum.

Bullseye match to the de-
exitation Energy of 55Mn 
(6.54 kev).

Model assumption: dark 
matter decays to an X-Ray.
So far not a well motivated 
assumption. 

Set limits on an excess in rate with the same procedure used in the search for 
relict axions.

Doktorandenseminar 2009, ETH Zürich               Tobias Bruch        University of Zürich                       20

Tuesday, June 2, 2009

CDMS

Upper limit on the 
total counting rate in Ge
- direct (solid)
- Z2-scaling (dashed)

CDMS

6.5 keV: 55Mn X-ray

DAMA: 
modulation 
at 2-4 keV and
excess of events 
at 3.15 keV

CDMS ER spectrum at low-energies
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CDMS vs DAMA                                                                                                                              

Upper limits set by CDMS are inconsistent with the rate observed by DAMA, 
for the total rate as well as for a 6% modulation amplitude (inset).

Direct comparison is shown as 
the black line.

Z2 scaling of the dark matter 
interaction cross section 
comparison is shown as blue/
dashed line. 

More or less arbitrary choice 
of scaling, need real particle 
model to provide actual scaling.

Does such a model exist? We are not aware of such an model!

Doktorandenseminar 2009, ETH Zürich               Tobias Bruch        University of Zürich                       21

Tuesday, June 2, 2009

CDMS Collaboration 
PRD 81, 042002 (2010)
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Other interpretations? iDM...

• Inelastic dark matter: 2 states with a mass splitting around 100 keV: by “coincidence” equal 
to the kinetic energy of WIMPs in the halo

➡ WIMP-nucleus scattering occurs  through a transition to a WIMP excited state
➡ probes high end of the WIMP velocity distribution

allowed by DAMA

excluded by CDMS

can be 
probed by 
XENON

δ = mχ* − mχ ~ β 2mχ ~ 100 keV S. Chang et al., 
Phys.Rev.D79:043513,2009

Science, 1186112 (2010)
CDMS Collaboration
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The CDMS Experiment at the Soudan Mine

PRL102, 
(2009)

Enectali Figueroa-Feliciano - SUSY09

Spin-Independent Exclusion Limit

Projected 
CDMS II

4.75 kg Ge, 1.1 kg Si

First 5-Tower results - published PRL 102 p. 011301 (Jan 2009) 

5 towers:
30 Ge
and  Si 

detectors
at 

2000 mwe

Science, 1186112 
(2010)
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• Ratio of the charge/phonon-signal and time difference between charge and phonon 
signals => distinguish signal (WIMPs) from background of electromagnetic origin

                  acceptance region

γ (133Ba)

β (133Ba)

n (252Cf)

• 133Ba

•  252Cf

CDMS: Signal versus Background

Neutrons/WIMPs

Gammas

Surface events

Gammas

Neutrons/WIMPs
12Saturday, June 12, 2010



bulk electron 
recoils

signal region
1 

2

tim
in

g 
cu

t

All (10-100 keV) 
WIMP search data

Final CDMS WIMP Search Runs: 191 kg days

Two events passing all cuts (which were set based on calibration 
and background data outside the WS region)
Background estimate: 0.8 ± 0.1 (stat) ± 0.2 (syst)
Probability to observe 2 or more background events is 23%

Event 1:            
Tower 1, ZIP 5 (T1Z5)           
Sat. Oct. 27, 2007
2:41pm CDT

Event 2:            
Tower 3, ZIP 4 (T3Z4)           
Sun. Aug. 5, 2007
8:48 pm CDT

Gamma-Background

[µs]
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bulk electron 
recoils
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Final CDMS WIMP Search Runs: 191 kg days

Two events passing all cuts (which were set based on calibration 
and background data outside the WS region)
Background estimate: 0.8 ± 0.1 (stat) ± 0.2 (syst)
Probability to observe 2 or more background events is 23%

Event 1:            
Tower 1, ZIP 5 (T1Z5)           
Sat. Oct. 27, 2007
2:41pm CDT

Event 2:            
Tower 3, ZIP 4 (T3Z4)           
Sun. Aug. 5, 2007
8:48 pm CDT

Gamma-Background

[µs]
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The Two CDMS Candidate Events
4
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FIG. 2: Ionization yield versus recoil energy for events pass-
ing all cuts, excluding yield and timing. The top (bottom)
plot shows events for detector T1Z5(T3Z4). The solid red
lines indicate the 2σ electron and nuclear recoil bands. The
vertical dashed line represents the recoil energy threshold and
the sloping magenta dashed line is the ionization threshold.
Events that pass the timing cut are shown with round mark-
ers. The candidate events are the round markers inside the
nuclear-recoil bands. (Color online.)

ate the pre-blinding misidentified surface event estimate.213

Therefore, a refined calculation, which accounts for this214

effect, produced a revised surface event leakage estimate215

of 0.8 ± 0.1(stat) ± 0.2(syst) events. Based on this re-216

vised estimate, the probability to have observed two or217

more surface events in this exposure is 20.4%. Inclusion218

of the neutron background estimate increases the prob-219

ability to have observed two or more background events220

to 23.3%. These values indicate that the results of this221

analysis cannot be interpreted as significant evidence for222

WIMP interactions. We nonetheless note that we lack223

sufficient additional information to definitively reject ei-224

ther event as a signal event.225

To better quantify the consistency of the candidate226

events with the nuclear recoil and surface event hypothe-227

ses, we performed a likelihood ratio analysis using dis-228

tributions for yield and timing of these two event classes229

from calibration and WIMP-search multiple-scatter data230

to calculate the likelihoods. We found that, in the case231

of T1Z5 (T3Z4), 2.5% (0.01%) of surface events have a232

likelihood ratio less consistent with the ionization-side233

surface event hypothesis and 0.24% (0.02%) of surface234
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FIG. 3: Normalized ionization yield (number of standard de-
viations from mean of nuclear recoil band) versus normalized
timing parameter (timing relative to acceptance region) for
events passing all cuts, excluding yield and timing. The top
(bottom) plot shows events for detector T1Z5(T3Z4). Events
that pass the phonon timing cut are shown with round mark-
ers. The solid red box indicates the signal region for that
detector. The candidate events are the round markers inside
the signal regions. (Color online.)

events have a likelihood ratio less consistent with the235

phonon-side surface event hypothesis. Similarly, ∼75%236

of neutron events have likelihood ratios more consistent237

with the neutron hypothesis. A correction for the afore-238

mentioned timing reconstruction remnant, which has not239

been made for the likelihood ratio analysis, would in-240

crease the consistency of the T3Z4 event with the surface-241

event hypothesis.242

To quantify the proximity of these events to the243

surface-event rejection threshold, we varied the timing244

cut threshold of the analysis. We would have had to re-245

duce our exposure to WIMPs by 28% in order to achieve246

zero events in the signal region, corresponding to an ex-247

pected leakage of 0.4 surface events.248

We calculate an upper limit on the WIMP-nucleon249

elastic scattering cross-section based on standard galac-250

tic halo assumptions [10] in the presence of two events at251

the observed energies, without background subtraction,252

using the Optimum Interval Method [22]. The result-253

ing limit shown in Fig. 4 has a minimum cross section254

of 7.0 x 10−44 cm2 (3.8 x 10−44 cm2 when combined255

with our previous results) for a WIMP of mass 70 GeV.256
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plot shows events for detector T1Z5(T3Z4). The solid red
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vertical dashed line represents the recoil energy threshold and
the sloping magenta dashed line is the ionization threshold.
Events that pass the timing cut are shown with round mark-
ers. The candidate events are the round markers inside the
nuclear-recoil bands. (Color online.)

ate the pre-blinding misidentified surface event estimate.213

Therefore, a refined calculation, which accounts for this214

effect, produced a revised surface event leakage estimate215

of 0.8 ± 0.1(stat) ± 0.2(syst) events. Based on this re-216

vised estimate, the probability to have observed two or217

more surface events in this exposure is 20.4%. Inclusion218

of the neutron background estimate increases the prob-219

ability to have observed two or more background events220

to 23.3%. These values indicate that the results of this221

analysis cannot be interpreted as significant evidence for222

WIMP interactions. We nonetheless note that we lack223

sufficient additional information to definitively reject ei-224

ther event as a signal event.225

To better quantify the consistency of the candidate226

events with the nuclear recoil and surface event hypothe-227

ses, we performed a likelihood ratio analysis using dis-228

tributions for yield and timing of these two event classes229

from calibration and WIMP-search multiple-scatter data230

to calculate the likelihoods. We found that, in the case231

of T1Z5 (T3Z4), 2.5% (0.01%) of surface events have a232

likelihood ratio less consistent with the ionization-side233

surface event hypothesis and 0.24% (0.02%) of surface234
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FIG. 3: Normalized ionization yield (number of standard de-
viations from mean of nuclear recoil band) versus normalized
timing parameter (timing relative to acceptance region) for
events passing all cuts, excluding yield and timing. The top
(bottom) plot shows events for detector T1Z5(T3Z4). Events
that pass the phonon timing cut are shown with round mark-
ers. The solid red box indicates the signal region for that
detector. The candidate events are the round markers inside
the signal regions. (Color online.)

events have a likelihood ratio less consistent with the235

phonon-side surface event hypothesis. Similarly, ∼75%236

of neutron events have likelihood ratios more consistent237

with the neutron hypothesis. A correction for the afore-238

mentioned timing reconstruction remnant, which has not239

been made for the likelihood ratio analysis, would in-240

crease the consistency of the T3Z4 event with the surface-241

event hypothesis.242

To quantify the proximity of these events to the243

surface-event rejection threshold, we varied the timing244

cut threshold of the analysis. We would have had to re-245

duce our exposure to WIMPs by 28% in order to achieve246

zero events in the signal region, corresponding to an ex-247

pected leakage of 0.4 surface events.248

We calculate an upper limit on the WIMP-nucleon249

elastic scattering cross-section based on standard galac-250

tic halo assumptions [10] in the presence of two events at251

the observed energies, without background subtraction,252

using the Optimum Interval Method [22]. The result-253

ing limit shown in Fig. 4 has a minimum cross section254

of 7.0 x 10−44 cm2 (3.8 x 10−44 cm2 when combined255

with our previous results) for a WIMP of mass 70 GeV.256

T1Z5

T3Z4

Properties of the candidate events                             

20/01/2010 , Seminar, University of Zurich                       Tobias Bruch, University of Zürich                                                                27 14Saturday, June 12, 2010



The CDMS 90% Confidence Upper Limit

• 30 Ge (4.75 kg) and Si (1.1 kg) detectors 
below 40 mK in 5 towers

• For 2 events (no background 
subtraction)

• CDMS combined Soudan data: 

➡ at a WIMP mass of 70 GeV, the limit 
on the spin-independent WIMP-
nucleon cross section is: 3.8 x 10-44 
cm2 (90% C.L.)

• Background estimate:

• 0.8±0.1(stat.)±0.2(sys.) surface events  

  
0.04             cosmogenic neutrons  

0.04 − 0.06  radiogenic neutrons

+ 0.04       
-  0.03

Science, 1186112 (2010)
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Cryogenic mK Experiments: Near Future

Goal: 10 kg array of 33 CaWO4 
detectors 
- new 66 SQUID channel array
- new run in progress at LNGS,
with 10 detector modules

New results in 2010
Run with detectors with 
new charge electrodes 
(removed surface event 
problem)
- 300 kg d under analysis
- data taking in progress

Detectors: 1ʼʼ thick ZIPs, each 650 g of Ge
First SuperTower run at Soudan has been 
completed
Data is now being analyzed for surface 
background characterization

First goal: 5 x 10-45 cm2 with 15 kg Ge at  
the Soudan Underground Laboratory

CRESST at LNGS EDELWEISS at LSM CDMS/SuperCDMS at Soudan

EURECA: joint effort for 100 kg -1t experiment in Europe
(ULISSE laboratory = Modane extension)
Operation: by 2015 (150 kg version) 2017 (1 ton version)

Goal: 100 kg Ge at SNOLAB
            1.t tons of Ge at DUSEL

(MoU signed with EURECA)

x15

PhysLett B 687 (2010) 294
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Laura Baudis, University of Zurich, Physics at the LHC, June 12, 2010

Noble Liquids Time Projection Chambers

• Dense, homogeneous targets/detectors; high light and charge yields
• Prompt (S1) light signal after interaction in active volume; charge is drifted, extracted into the gas 

phase and detected as proportional light (S2)

WIMP (here neutron)

S2
S1

S1

S2

gamma

drift time

drift time

hν

e-

Ed

Eext

Liquid

Gas

ER

hν

hν

hν

tdrift

Ar (A = 40); λ = 128 nm
Xe (A=131); λ = 175 nm

- S2/S1 depends on dE/dx 
- good 3D position resolution

=> particle identification}
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The XENON Program

XENON R&D

XENON10

XENON100

XENON1t

ongoing

2005-2007

2008-2010
taking science data

2011-2015
studies in progress
technical proposal 
submitted to LNGS 
end of April, 2010

The XENON Dark Matter Search 

3

XENON10
Achieved (2007) !SI=8.8 x10-44 cm2

XENON100 
Projected (2010) !SI~2x10-45 cm2

past
(2005 - 2007)

current 
(2008-2010)

future
(before 2015)

XENON1T
Goal: !SI <10-47 cm2

Columbia, Zürich, Coimbra, Rice (Mainz), LNGS, Münster, 
MPIK, Subatech, SJTU, UCLA, Bologna, Torino, Nikhef
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The XENON100 Experiment at LNGS

• 161 kg ultra-pure LXe: 62 kg in the active target surrounded by 99 kg LXe as scintillator veto

• 30 cm drift gap TPC with two PMT arrays to detect both charge and light signals

• 242 1-inch square PMTs with < 1 mBq/PMT in 238U/232Th and high QE (25-33%) at 178 nm

• 3D event localization with few mm x-y-z resolution

The XENON100 
detector in its 
low-background 
shield at LNGS
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XENON100 Neutron Calibrations

• AmBe (~ MeV neutrons) data to map the nuclear recoil band, 220 n/s

• Inelastic n-scattering on Xe: 129,131Xe + n → 129,131Xe + n + γ (40 keV, 80 keV)
Some Results from Calibration Sources for XENON100

8

Light

C
ha

rg
e

XENON100: Neutron Calibration

13

Tuesday, March 23, 2010

662 keV 137Cs
Sum of Charge and Light: 
2.2 % energy resolution

 XENON100: Energy Resolution

Xenon10Xenon100

40 keV 129Xe 80 keV 131Xe

110 keV 19f

164 keV 131mXe

190 keV 19F

236 keV 129Xe

Tuesday, March 23, 2010

Gammas from inelastic scatters used to 
check/correct signal dependency with position
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XENON100 Backgrounds: Data and Predictions

• Preliminary: data and MC  (no MC tuning) - before the active LXe veto cut!

• More detailed studies are in progress (include cosmogenics)
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XENON100 Backgrounds: Low-Energy Region

• The background meets the design specifications: 100 times lower than in XENON10 (and 
than in any other direct dark matter detection experiment)

22Saturday, June 12, 2010



3

scintillation efficiency of nuclear recoils relative to that

of 122 keVee γ-rays at zero field, and See and Snr are the

electric field scintillation quenching factors for electronic

and nuclear recoils, respectively with measured values of

0.58 and 0.95 [6]. Since 122 keVee γ-rays cannot pene-

trate far in the sensitive volume, their light yield Ly at

530 V/cm is calculated from a fit to all γ-ray lines men-

tioned above, Ly(122 keVee) = (2.20 ± 0.09) PE/keVee.

Leff data measured at fixed neutron energies [7–9], shown

in Fig. 1, have less systematic uncertainty than those in-

ferred from a comparison of neutron calibration spectra

with Monte Carlo simulations. Therefore, the energy de-

pendence of Leff and its uncertainty is determined here

through a global cubic-spline fit to all data shown in

Fig. 1. The spline knots are fixed in the energy range

with at least two measurements at 5, 10, 25, 50 and

100 keVnr. Below 5 keVnr, a constant extrapolation of

the global fit is used following the trend seen in Aprile

et al. [7] and Sorensen et al. [10]. A logarithmic extrap-

olation from the lower 90% confidence contour to zero

scintillation near 1 keVnr, following the trend in Manzur

et al. [8], is also shown in Fig. 1.

]nrNuclear Recoil Equivalent Energy [keV
0 5 10 15 20 25 30 35 40

(S
2/

S1
)

10
lo

g

1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3
0 5 10 15 20 25 30 35 40

(S
2/

S1
)

10
lo

g

1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3

FIG. 2: Electronic (top) and nuclear (bottom) recoil bands
from 60Co and 241AmBe calibration data, respectively, using
the discrimination parameter log10(S2/S1) as a function of
nuclear recoil equivalent energy (keVnr). Colored lines cor-
respond to the median log10(S2/S1) values of the electronic
(blue) and nuclear (red) recoil bands. The WIMP search win-
dow 8.7 − 32.6 keVnr (vertical dashed lines) and S2 software
threshold of 300PE (long dashed line) are also shown.

Data selection criteria are motivated by the physical

properties of xenon scintillation light, the characteristics

of proportional light signals, and the expected WIMP-

induced single-scatter nuclear-recoil signature. Cuts were

developed and tested on calibration data, specifically on

low energy electronic recoils from Compton scattered
60Co γ-rays and nuclear recoils from 241AmBe. In par-

ticular, a two-fold PMT coincidence is required in a 20 ns

window for the S1 signal and events which contain more

than a single S1-like pulse are discarded. This allows

true low energy events to be distinguished from events

with random single photoelectrons from PMTs or acci-

dental coincidences. For the S2 signal, a lower threshold

of 300PE is set, corresponding to about 15 ionization

electrons, and events are required to contain only one

S2 pulse above this threshold. This rejects events with

multiple scatters at different z positions. In addition,

the width of the S2 pulse is required to be consistent

with what is expected from the inferred drift time due

to diffusion of the electron cloud [11]. Events that de-

posit energy in the veto volume in coincidence with the

S1 signal in the TPC are also discarded. The regions

of the digitized waveform away from S1 or S2 pulses are

required to be free of extraneous PMT signals or noise.

Finally, events outside the pre-defined fiducial volume are

rejected.
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FIG. 3: Cut acceptance (top) and log10(S2/S1) (bottom) as
functions of nuclear recoil energy for events observed in the 40
kg fiducial volume during 11.17 live days. Lines as in figure 2.

Background rejection in XENON100 is achieved

through a combination of volume fiducialization and the

identification of recoil species based on the ratio S2/S1

for electronic and nuclear recoils. Accurate knowledge

of the response to both types of recoils is essential to

define the signal region, to determine the signal accep-

tance, and to predict the expected leakage into the sig-

nal region. Statistics for the low energy electronic recoil

calibration are accumulated at regular intervals with a

1 kBq 60Co source. The response of XENON100 to elas-

tic nuclear recoils was obtained by irradiating the detec-

tor with a 220 n/s 241AmBe source for 72 h. Fig. 2 shows

the log10(S2/S1) distribution of single scatter electronic

and nuclear recoils as a function of nuclear recoil energy.

The energy window for the WIMP search is chosen be-

tween 8.7 − 32.6 keVnr (4 − 20 PE). The upper end is

taken to correspond approximately to the one used for

the XENON10 blind analysis [3], after recomputing the

corresponding nuclear recoil equivalent energy using the

new Leff parametrization from the global fit, shown in

Fig. 1. The lower bound is motivated by the fact that

the acceptance of the S1 two-fold coincidence require-

ment is > 90% above 4 PE. The log10(S2/S1) upper and

Analysis of XENON100 “non-blinded” data

Exposure ≈ 170 kg days  = 11.2 live days × 40 kg × 0.76 (ε) × 0.50 (50% NR acceptance)
(data taken between Oct - Nov 2009) 4
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 7.4−29.1 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

the one used for the XENON10 blind analysis [3], after
recomputing the corresponding nuclear recoil equivalent
energy using the new Leff parametrization from the global
fit, shown in Fig. 1. The lower bound is motivated by the
fact that the acceptance of the S1 two-fold coincidence
requirement is > 90% above 4PE. The log10(S2/S1) up-
per and lower bounds of the signal region are respectively
chosen as the median of the nuclear recoil band and the
300 PE S2 threshold. No signal candidate event is ob-
served as shown in Fig. 3. The cumulative software cut
acceptance for single scatter nuclear recoils is conserva-
tively estimated to vary between 60% (at 7.4 keVnr) and
85% (at 29.1 keVnr) by considering all events removed by
only a single cut to be valid events (Fig. 3). At 50%
nuclear recoil acceptance, the electronic recoil discrimi-
nation based on log10(S2/S1) is above 99%, predicting
< 0.2 background events in the pre-defined WIMP signal
region. The observed rate, spectrum, and spatial distri-
bution (Fig. 4) agree well with a GEANT4 Monte Carlo
simulation of the entire detector.
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FIG. 5: 90% confidence limit on the spin-independent elas-
tic WIMP-nucleon cross section (solid line), together with
the best limit to date from CDMS (dashed) [12], expecta-
tions from a theoretical model [13], and the areas favored by
CoGeNT (green) [14] and DAMA (blue/red) (3σ, 90%) [15].

An upper limit on the WIMP-nucleon elastic scatter-

ing cross section is derived based on the standard halo
assumptions [16], taking into account an S1 resolution
dominated by Poisson fluctuations, and with Leff from
the global fit, assumed constant below 5 keVnr. Fig. 5
shows the resulting 90% confidence upper limit. This
limit has a minimum at a cross section of 3×10−44 cm2 for
a WIMP mass of 50GeV/c2, using a spectrum-averaged
exposure of 161 kg · days. The interpretation of the
CoGeNT [14] and DAMA [15] signals as being due to light
mass WIMPs is difficult to reconcile with our data. Even
with the 90% confidence lower contour for Leff in Fig. 1
(which raises our a priori chosen threshold of 4 PE from
7.4 keVnr to 9.1 keVnr), most of the CoGeNT favored pa-
rameter space is excluded. However, our data extends
below 4 PE, although at reduced acceptance. For a 7
GeV/c2 WIMP, at the lower edge of the CoGeNT region,
with a cross section of 5×10−41 cm2, we would expect to
find 3.6 events above 3 PE (7.1 keVnr). No events are ob-
served, leading to a rejection of the light WIMP hypoth-
esis with >90% confidence even in this case. This initial
result, based on only 11.17 live days of data, demon-
strates the high potential of this low-background detector
to discover Galactic WIMP dark matter.
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Signal region:
no events are observed in 
the given exposure

Fiducial mass region:
40 kg of liquid xenon
22 events (all gamma background)
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XENON100: First Spin-Independent Results

• New upper limit: based on zero events 
in the pre-defined signal region

➡ at a WIMP mass of 55 GeV, the limit on 
the spin-independent WIMP-nucleon 
cross section is: 3.4 x 10-44 cm2 (90% 
C.L.)

• WIMP search run started on         
January 13, 2010

➡ science data throughout 2010

➡ annual modulation analysis

➡ analysis of the ER spectrum

➡ analysis of the large (masked) data set

2

resolution < 2mm. The outermost LXe volume is used

as an active veto, instrumented with 64 PMTs. The en-

ergy threshold of the veto has been measured to be bet-

ter than 200 keVee (keV electron-equivalent). The signals

from all 242 PMTs are digitized at 100MS/s and 40MHz

bandwidth. The trigger is provided by the summed signal

of 84 central PMTs, low-pass filtered with 1MHz. Given

the strong amplification in the gas proportional region,

at low energies the trigger is given by the S2 pulse, with

an efficiency > 99% above 300 photoelectrons (PE).

The detector has been deployed underground at the

Laboratori Nazionali del Gran Sasso (LNGS), where the

muon flux is reduced by a factor 10
6
, thanks to the av-

erage 3600 m water equivalent of rock overburden. The

LXe is contained in a double walled, vacuum insulated,

stainless steel cryostat. A 200W pulse tube refrigerator

(PTR) continuously liquifies the gas circulated through a

hot getter and maintains the liquid at −91
◦
C. The PTR

system is installed outside a passive shield to achieve a

lower radioactive background in the target. This shield

consists of a 20 cm thick layer of lead and a 20 cm thick

layer of polyethylene within, to attenuate the background

from external γ-rays and neutrons, respectively. The

shield structure rests on a 25 cm thick slab of polyethy-

lene and is surrounded on the top and three sides by

a 20 cm thick water layer to lower the background con-

tribution from neutrons from the cavern rock. A 5 cm

thick layer of copper covers the inner surface of the

polyethylene to attenuate the gamma background due to

its radioactivity. Calibration sources (
57
Co,

60
Co,

137
Cs,

241
AmBe) are inserted through a copper tube which pen-

etrates the shield and circles around the detector in the

middle of the drift region.

The gas used for this experiment has been processed

through a distillation column to reduce the
85
Kr back-

ground to 33 µBq/kg, as measured with delayed β-γ co-

incidences [5]. With an isotopic abundance of 10
−11

,

this
85
Kr contamination corresponds to 143

+130
−90 ppt

(mol/mol), at 90% confidence, of natural Kr.

PMT gains are measured in the single PE regime using

light emitting diodes (LEDs) outside the detector vessel,

connected to optical fibers which illuminate the TPC and

veto volumes. The PMT gains, equalized to 1.9× 10
6
at

the beginning of the run, are regularly monitored and are

stable within ±2% (σ/µ).
Event positions are calculated using three independent

algorithms, based on χ2
minimization, Support Vector

Machine (SVM) regression, and a Neural Network (NN).

We take the PMT gains into account and correct for non-

uniformities of the drift field as inferred from a finite

element simulation. The three algorithms give consistent

results for radii r < 14 cm with an (x, y) resolution better

than 3mm, as measured with a collimated
57
Co source.

This motivated the choice, for the present analysis, of a

40 kg fiducial volume as a cylinder of radius 13.5 cm and

height 24.3 cm.

Corrections for the spatial dependence of the S1 light

collection in the TPC are obtained by irradiating the

detector at different azimuthal positions with an external
137

Cs source and computing the average light yield in

1 cm × 2.5 cm (r, z) cells. The average light yield of the

whole TPC for
137

Cs 662 keVee γ-rays is 1.57PE/keVee at

a field of 530V/cm. The spatial correction is also inferred

using 40 keVee γ-rays produced during the calibration of

the detector with an external
241

AmBe source, via the

inelastic reaction
129

Xe (n, n�γ)129 Xe. These γ-rays are

more uniformly distributed in the sensitive volume due to

the larger neutron mean free path. In addition, 164 keVee

γ-rays from the decay of metastable
131m

Xe, following the

same neutron calibration, are used to infer the spatial

dependence of S1 signals. The corrections inferred from

these independent calibrations differ by less than 3% and

improve the energy resolution (σ/E) at 662 keVee from

24% to 13% using the scintillation signal alone.

Calibrations with
137

Cs were taken daily during the

data taking presented here, to infer the electron lifetime

and to subsequently correct the S2 signal for its drift time

dependence. The electron lifetime increased from 154µs
to 192µs, corresponding to an average S2 z-correction of

75% to 60%, respectively. The S2 signal is also corrected

for its (x, y) variation, mostly due to light collection ef-

fects near the edge of the TPC. This dependence is de-

termined using the 40 keVee inelastic reaction calibration

data and computing the proportional scintillation light

yield in 2 cm×2 cm (x, y) cells. No significant differences
(< 2%) were observed between corrections obtained us-

ing other calibration datasets of various γ-ray energies

(164 keVee, 662 keVee). The energy resolution (σ/E) at

662 keVee using the S2 signal alone is improved from 7.3%
to 6.5% after applying the S2 spatial corrections.
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FIG. 1: Global fit to all Leff measurements between 5 keVnr

and 100 keVnr, together with 90% confidence contours (solid
lines) and extrapolations to lower energies (dashed lines).

The nuclear-recoil equivalent energy, Enr, in LXe is

conventionally computed from the scintillation signal,

S1, using Enr = S1/Ly · 1/Leff · See/Snr, where Leff

is the scintillation efficiency of nuclear recoils relative

to that of 122 keVee γ-rays at zero field, and See and

Snr are the electric field scintillation quenching factors

for electronic and nuclear recoils, respectively with mea-

sured values of 0.58 and 0.95 [6]. Since 122 keVee γ-rays
cannot penetrate far in the sensitive volume, their light

yield Ly at 530V/cm is calculated from a fit to the mea-

XENON100 collaboration
arXiv:1005.0380v2
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Let’s dream for a moment...

• What if the two CDMS events are WIMPs?... What would XENON100 see?

• Assumptions:

➡ 50 kg x 40 days x 50% signal acceptance = 1000 kg days exposure

➡ 30 kg x 200 days x 50% signal acceptance = 3000 kg days exposure (lower background)
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XENON1T: Detector Overview

30

Ti Vessels

3” QUPID (121)  

PTFE

2400 kg of LXe

to Cooling tower and 
heat exchanger

cabling conduit

3” QUPID (121)

! Baseline design similar to XENON100 with 
improvements in different areas 

 
" lower radioactivity cryostat (Ti and Cu)

" lower radioactivity PMTs (QUPIDs)

" high efficiency heat exchanger: >98% 
achieved with Columbia setup 

" filling & recovery  in liquid phase 

! Design has been validated with detailed MC 
studies of internal/external background sources

! Capital cost ~ 8M$ shared equally between US 
and foreign groups

Tuesday, March 23, 2010

Next Step: XENON1T
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XENON1T

Solid shield (55 cm Poly, 20 cm Pb, 15 cm Poly, 2 cm ancient Pb) plus >99 % muon veto 

Tuesday, March 23, 2010

3.2 Cryostat and Cryogenics 3

Figure 3: Overview of the installation of XENON1T in the North side of Hall B

Figure 4: 3-D view of the HallB showing the installation of the XENON1T detector.

water in all directions, so limiting the exposure of the inner detector to spurious radiation to the extremely low

levels required by the experiment. We propose to install XENON1T in a space presently available underground:

the area between ICARUS and WARP . The installation will comprise also a control room and the facilities

needed for the purification of the liquid Xenon and for the cooling of the detector. The overall footprint of the

installation will be of about 150m2. Views of the installation are shown in Fig. 3 and Fig. 4 As it can be seen,

the installation will take advantage of the existing staircase of the ICARUS T600 detector.

3.2 Cryostat and Cryogenics

3.3 TPC Design

The XENON1T TPC consists of an inner target volume surrounded by LXe self-shield. Target and LXe self-

shield are contained in a double-wall vacuum insulated low radioactivity titanium cryostat. The total xenon

mass is 2120 kg [Check!], of which 1070 kg [Check!] are the fiducial mass. The Xenon1T TPC design is

shown in figure 5.

The light readout is based on the new extremely low radioactive background Quartz Photon Intensifying

Detectors (QUPID), three inch in diameter with high quantum efficiency (30% QE). The target volume is

viewed by a 121 QUPIDs array on the top and another 121 QUPIDs array on the bottom.

Quartz

Photo Cathode
(-6 kV)

APD (0 V)

Quartz

Quartz

Al coating

APD (0 V)

Photo Cathode
(-6 kV)

QUPID (QUartz Photon Intensifying Detector)

Tuesday, March 23, 2010

Hybrid 
photo-
sensors

LNGS option (Hall B)

LSM option

Construction starting in 2011
Dark matter run in 2013
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Two-phase Argon Detectors

WARP at LNGS ArDM at CERN

WIMP target: 140 kg LAr 
- S1 and S2 read-out with 41 x 3ʼʼ PMTs
- active LAr shield: ~ 8t, viewed by 300 PMTs 

Detector had been installed in December 08
Some technical problems with HV
Now again under commissioning at LNGS

WIMP target: ~1 ton LAr
- S1 read-out with 14 x 8ʼʼ PMTs 
- direct electron readout via LEMs 
   (thick macroscopic GEM)

Detector is being commissioned at CERN
Underground operation: LSC or SunLab

27Saturday, June 12, 2010



Laura Baudis, University of Zurich, Physics at the LHC, June 12, 2010

• Design study for next-generation noble liquid facility in Europe 

• Approved by ASPERA (AStroParticle ERAnet) in late 2009

• Goals: 
➡ unify and coordinate extensive existing expertise in Europe (XENON, WARP, ArDM plus new 

groups, including US groups from XENON and WARP)
➡ study both argon and xenon as WIMP target media and provide recommendation for facility (full 

technical design report) in 2-3 years from now
➡ submit full proposal in response to second ASPERA call

• Possible locations: LNGS (Italy) or ULISSE (Modane extension, France)

• The outcome of the collaborative work will be:

➡  a technical design report for the construction of a ton-scale LXe and multi-ton scale LAr 
experiment (the DARWIN facility), with the goal of reaching below 10-47cm2 in sensitivity for the 
WIMP-nucleon cross section, which is three orders of magnitude below the current best results.

DARWIN 
(DARk matter WImp search with Noble liquids)
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DARWIN Institutions and Connections

Groups from: 

ArDM and WARP for LAr
XENON for LXe

Europe: UZH, INFN, ETHZ, 
Subatech, MPIK, Münster, 
Nikhef, KIT, IFJPAN

USA: Columbia, Princeton, 
Rice (-> Mainz), UCLA
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Complementarity 
between LAr and LXe

101 102 103
10 10

10 9

10 8

Mass [GeV/c2]

SI
 [p

b]

 

 
5 ton years Xenon (50%)
10 ton years Argon (80%)
5 ton years Xenon (50%) + 10 ton years Argon (80%)

M = 50 GeV
Ar: 119 events
Xe: 348 events

M = 100 GeV
Ar: 141 events
Xe: 310 events

M = 500 GeV
Ar: 51 events
Xe: 85 events

WIMP-nucleon 
cross section = 10-9 pb
1-sigma contours

M = 200 GeV
Ar: 102 events
Xe: 191 events
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International Competition

• To XENON100:

• LUX in the US 

➡ 350 kg LXe TPC, 100 kg fiducial

➡ to be operated above ground at 
Homestake in 2010

• XMASS in Japan

➡ 800 kg single phase detector (642 
PMTs), 100 kg fiducial, 10x10 m 
water shield

➡ under construction at Kamioka

➡ to start science run in summer 
2010

• To XENON1t and DARWIN:

• MAX in the US 

➡ engineering study for 5t LAr and 2.4t LXe TPCs 
at DUSEL (ISE); 3.5 Mio US $

➡ DarkSide + XENON + new groups

• LZS in the US

➡ engineering study for 1.5 ton LXe experiment for 
the ISE at DUSEL; 3.5 Mio US $

➡ LUX+ZEPLIN-III+ new groups

Masaki Yamashita

lower half

!"#$%&'()*$

upper and lower half
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Summary/Outlook (I)

• A variety of techniques/targets are being employed to search for dark matter particles
• Steady progress in the last ~ 10 years: > factor 100 increase in sensitivity!
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Theory (SUSY): Balz, Baer, Bednyakov, Bottino, Cirelli, 
Chattopadhyay,  Ellis, Fornengo, Giudice, Gondolo, 
Massiero, Olive, Profumo, Roszkowski, Ruiz, Santoso, 
Spanos, Strumia, Tata, Trotta ...+ many others

Heidelberg -Moscow 1998

Best current limits
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Summary/Outlook (II)
• Good news: experiments are probing some of the theory regions 
• Next generation projects should reach the ≲ 10-10 pb level 
• What will they see? (nobody has been there before!)

Theory (SUSY): Balz, Baer, Bednyakov, Bottino, Cirelli, 
Chattopadhyay,  Ellis, Fornengo, Giudice, Gondolo, 
Massiero, Olive, Profumo, Roszkowski, Ruiz, Santoso, 
Spanos, Strumia, Tata, Trotta ...+ many others

Heidelberg -Moscow 1998

SuperCDMS1t, WARP1t, ArDM, LUX, 
XENON1t, EURECA, XMASS, DARWIN,...

?

Best current limits
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6th Patras Workshop on Axions, WIMPs and 
WISPs: University of Zurich, axion-wimp.desy.de
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End
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New measurements of the Light Yield in LXe

• Columbia + Zurich: at RaRAF (Nevis Labs), 1 MeV n-beam
• Detector: XeCube,  6 R8520 PMTs, 2.5 cm3 LXe, zero field
• New experiment for charge/light yield under preparation at 

UZH (using D-D neutron generator) and at Columbia

UZH system

Chepel et al

Aprile05 et al

E. Aprile, LB, B. Choi et al, PRC 2009

this work

Bernabei et al

solid line: best fit from XENON10 AmBe data vs. MC 

dashed: XENON10 limit 
with new light yield
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DAMA/LIBRA 2008

• Modulation of observed event rate confirmed in 2008
• 25 NaI detectors a 9.7 kg; each viewed by 2 PMTs (5.5-7.5 p.e./keVee) 
• 4 years of data taking: 192 x 103 kg days

dR
dE

E,t( ) ≈ S0 (E) + Sm (E)cosω (t − t0 )

Sm = (0.0215 ± 0.0026) counts/(day kg keV)

t0 = 144 ± 8 days 

T = 0.998±0.003 year

residuals from average rate
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Other interpretations?

• Inelastic dark matter: 2 states with a mass splitting around 100 keV: by “coincidence” equal 
to the kinetic energy of WIMPs in the halo

➡ WIMP-nucleus scattering occurs  through a transition to a WIMP excited state
➡ (elastic scattering  χ+ N →χ + N is forbidden, inelastic scattering χ + N →χ* + N  is allowed)
➡ only WIMPs with sufficient kinetic energy to up-scatter into the heavier state will scatter off nuclei 

• Consequences for experiments:
➡ suppression of signals on lighter vs heavier target
➡ enhancement of the modulated vs unmodulated signal (20-30%)
➡ elimination of low energy events; signal peaks at ≈ 70 keV for Ge, 35 keV for I/Xe, 25 keV for W

δ = mχ* − mχ ~ β 2mχ ~ 100 keV

visible to DAMA
visible to DAMA

 and CDMSf(v)

Neil Weiner, IDM08

Model still in agreement with current results 
Upcoming data from Ge, Xe, I and W should test this explanation for 
the DAMA signal very soon

βmin =
1

2mNER

mNER

µ
+ δ

⎛
⎝⎜

⎞
⎠⎟

S. Chang et al., 
Phys.Rev.D79:043513,2009
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How well would we determine the WIMP mass?

Preliminary study: 
Tobias Bruch, Zurich

30 events in 12’250 (raw) kg days 8 events in 3’500 (raw) kg days

assumed 
detection 
efficiency
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• From ΛCDM numerical simulations which include the influence of baryons on the dark matter          
[J. I. Read, G. Lake, O. Agertz, V. P. Debattista, MNRAS 389, 1041, 2008]

• The stars and gas significantly alter the local phase space density of dark matter
➡  stars and gas settle onto the disk early on (z=1), affecting how smaller dark matter halos are accreted

➡  the largest satellites are preferentially dragged towards the disk by dynamical friction, then torn apart

➡  the material from the satellites settles into a thick disk of stars, and dark matter

➡  the dark matter density in the disk is constrained to about (0.20 - 2.00) x halo density

A Dark Matter Disk in The Milky Way

halo
dark disk

in Earth frame

thin disk

thick 
stelar  
disk

Read, Lake, Agertz, Debattista, 

MNRAS 389, 1041, 2008
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A Dark Matter Disk in The Milky Way

• The solar system is embedded into the macroscopic structure of the dark disk
• the local density is constrained to 

• the velocities and dispersions are taken as

➡ the dark disk increases the rates at low recoil energies and modifies the shape of the recoil 
spectrum, depending on the WIMP mass

δ =
ρDisk

ρSHM
≤ 2

vdisk = [0,50,0] km ⋅ s−1;   σ disk = 50 km ⋅ s−1

Recoil energy below which the signal is 
dominated by the dark disk

XENON10 threshold

Xenon

Germanium

T. Bruch, J. Read, LB, G. Lake, APJ  696 (2009)
XENON10 threshold CDMS threshold

CDMS threshold
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WIMP hypothesis: severe tension with other 
experiments

Spin-dependent

Spin-independent

arXiv:0808.0704v1

M. Fairbairn, T. Schwetz

Ion channeling effect: scattered ion parallel to 
crystal axis will undergo small-angle scattering 
which will channel it along the gaps in the lattice; 
such an ion has lower dE/dx, yielding increased 
light , effectively reducing the energy threshold 
for low-energy nuclear recoils

Channeling: has not yet been demonstrated for 
low-energy nuclear recoils starting from a lattice 
site, only for incident ion beams; should be tested 
in dedicated experiment!

DAMA

with 
channeling

with 
channeling

DAMA

arXiv:0808.3607v1
Savage, Gelmini, Gondolo, Freese

+ many other papers....
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