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WIMP Direct Searches

• Fundamental goal: See a very small WIMP signal in presence of many 
other particles interacting in detectors (photons, electrons, alpha 
particles, neutrons)

• Many different techniques:
• Reduce backgrounds

• HDMS/GENIUS, IGEX: Ge ! spectrometers

• Reduce backgrounds + annual modulation

• DAMA: NaI scintillator

• Statistical nuclear recoil discrimination

• DAMA, UKDMC: pulse-shape analysis in NaI, LXe

• Event-by-event nuclear recoil discrimination

• phonons + ionization/scintillation: EDELWEISS, CRESST, CDMS

• LNobles: direct electronic excitation + ionization: XENON, ZEPLIN, WArP, etc.

• SIMPLE, PICASSO: superheated droplets: bgnd-insensitive threshold detectors

• DRIFT: (CS2) high-pressure negative-ion TPC

• Diurnal modulation

• DRIFT
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Dec 2

June 2motion of Sun Earth’s orbit
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• WIMP wind ~ isotropic in 
halo frame, vrms ~ 270 km/s

• Sun travels through this 
cloud at 232 km/s

• Earth adds or subtracts 15 
km/s (= 30 km/s X cos 600) 
to solar velocity

• Expect ± 1-few % 
modulation in rate, energy 
deposition, depending on 
target and threshold

• DAMA: possible signal?  
Now running LIBRA
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Diurnal Modulation

• Because of motion of solar system 
through galaxy, WIMPs are very 
directional in terrestrial frame 
(from Cygnus)

• Direction of WIMP wind varies 
diurnally due to Earth’s rotation

• Recoiling nucleus will to a large 
extent preserve this directionality

• Large modulation (~ DC signal) 
possible in theory

• Backgrounds will be unmodulated

• Demonstrator experiment running 
(DRIFT), large masses still a 
challenge
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Nuclear Recoil Discrimination
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Phonons + Ionization/Scintillation

•  Nuclear recoils arise from
• WIMPs

• Neutrons

• Electron recoils arise from 
• photons

• electrons

• alphas

(dominant background) 

•  Ionization yield
• ionization/recoil energy 

strongly dependent on type 
of recoil (Lindhard)

•  Recoil energy
• Phonon (acoustic vibration, heat) measurements give full recoil energy

• Intrinsic event-by-event discrimination

1334 Photons (external source)

616 Neutrons(external source)

Ionization Threshold
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• DRIFT collaboration:
• e- + CS2 ! CS2

-: drifting of heavy ion suppresses charge diffusion

• 1 m3 40 Torr CS2 gas (0.17 kg)

• underground in Boulby (UK)

DRIFT Time Projection Chamber
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DRIFT Time Projection Chamber

40 keV nuclear recoils
500 electron-ion pairs

15 keV #s
500 electron-ion pairs

13 keV e-

500 electron-ion pairs

Nuclear Recoils

… Maybe even the direction of the recoil can be reconstructed 
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DRIFT Time Projection Chamber

40 keV nuclear recoils
500 electron-ion pairs

15 keV #s
500 electron-ion pairs

13 keV e-

500 electron-ion pairs

Nuclear Recoils

… Maybe even the direction of the recoil can be reconstructed 
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• Recoils produce scintillation and 
ionization signal via production of 
excited states in Xe

• Can measure ionization directly by 
drifting it out and multiplying in 
gas or by awaiting 
recombination to 
get secondary 
scintillation

• For NRs, ionization 
is depleted by 
prompt 
recombination 
due to high 
ionization density

Liquid Xenon
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XENON Approach 

Animation: Gaitskell (Brown)/XENON3
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FIG. 1: Columbia detector response to AmBe neutron (top)
and 137Cs gamma sources (bottom), at 2 kV/cm drift field.

FIG. 2: Case detector response to 252Cf neutron (top) and
133Ba gamma sources (bottom) at 1.0 kV/cm drift field.

FIG. 3: Energy dependence of nuclear recoil ionization yield
at different drift fields.
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FIG. 4: Top: Field dependence of scintillation and ionization
yield in liquid xenon for 122 keV electron recoils (ER), 56
keVr nuclear recoils (NR) and alphas. Bottom: Ionization
yields scaled by their 4.5 kV/cm values.

affect the relative charge yield (Fig. 4). Lindhard does
predict a slight decrease in charge yield with decreasing
energy, the opposite of what we see. Therefore we expect
recombination and its dependence on track density and
shape to explain the above phenomena.

Recombination is primarily a function of electric field
and ionization density, with stronger recombination at
low fields and in denser tracks. Ionization density along
a track corresponds roughly to electronic stopping power,
plotted in Fig. 5 for alphas, electrons, and Xe nuclei in
LXe, as given by ASTAR, ESTAR, and SRIM [21], re-
spectively . Also shown is the total energy lost to elec-
tronic excitation per path-length for Xe nuclei, which
differs from the electronic stopping power in that it in-
cludes energy lost via electronic stopping of secondary
recoils [22].

At lower energies, the stopping power for Xe nuclei de-
creases, indicating lower recombination and higher ion-
ization yield, as observed. The stopping power, including
daughter recoils for Xe nuclei at 56 keV is higher than
that of alphas at 5.5 MeV. This is in conflict with what
we observe in the relative ionization yields, indicating
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Liquid Xenon

• Serious experiments are beginning
• XENON (Columbia, Brown, CWRU, 

Florida, LLNL, Rice, Yale)

• much prototyping/basic 
measurement work done

• quenching: 10-25% primary light 
scintillation efficiency for NRs
relative to ERs

• ionization efficiency: 
5 e-/keVr at 20 keVr
3 e-/keVr at 100 keVr

• 10 kg experiment being deployed
at LNGS

• ZEPLIN II and III

• II: 2-phase, like XENON, ~10 kg 
deployed at Boulby

• III: 2-phase with better light collection,
~10 kg, tested above ground, soon to 
enter Boulby
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FIG. 1: Columbia detector response to AmBe neutron (top)
and 137Cs gamma sources (bottom), at 2 kV/cm drift field.

FIG. 2: Case detector response to 252Cf neutron (top) and
133Ba gamma sources (bottom) at 1.0 kV/cm drift field.

FIG. 3: Energy dependence of nuclear recoil ionization yield
at different drift fields.
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FIG. 4: Top: Field dependence of scintillation and ionization
yield in liquid xenon for 122 keV electron recoils (ER), 56
keVr nuclear recoils (NR) and alphas. Bottom: Ionization
yields scaled by their 4.5 kV/cm values.

affect the relative charge yield (Fig. 4). Lindhard does
predict a slight decrease in charge yield with decreasing
energy, the opposite of what we see. Therefore we expect
recombination and its dependence on track density and
shape to explain the above phenomena.

Recombination is primarily a function of electric field
and ionization density, with stronger recombination at
low fields and in denser tracks. Ionization density along
a track corresponds roughly to electronic stopping power,
plotted in Fig. 5 for alphas, electrons, and Xe nuclei in
LXe, as given by ASTAR, ESTAR, and SRIM [21], re-
spectively . Also shown is the total energy lost to elec-
tronic excitation per path-length for Xe nuclei, which
differs from the electronic stopping power in that it in-
cludes energy lost via electronic stopping of secondary
recoils [22].

At lower energies, the stopping power for Xe nuclei de-
creases, indicating lower recombination and higher ion-
ization yield, as observed. The stopping power, including
daughter recoils for Xe nuclei at 56 keV is higher than
that of alphas at 5.5 MeV. This is in conflict with what
we observe in the relative ionization yields, indicating

immersed in LXe, under prolonged neutron irradiation.
The figure also shows the scintillation yield measured
with the same detector under 5.5 MeV alpha particles
irradiation and under 122 keV gamma-rays irradiation.
The ionization yield for alpha particles is shown as well.
As previously measured in LXe [22,23], the strong recom-
bination rate along alpha particle tracks is such that only
about 6% of the liberated charges are collected even at
5 kV/cm, whereas more than 90% are collected for 1 MeV
electrons at the same field.

IV. INTERPRETATION OF RESULTS

For recoils with energy in the range of 10.4 to 56. keV,
we find the relative scintillation efficiency to be in the
range 0.13 to 0.23. For the lowest recoil energies, our
data are the first reported, to our knowledge. Compared
to the scintillation yield due to electron or alpha particle
excitation, the scintillation yield due to nuclear recoil
excitation is significantly reduced. Our results are shown
in Fig. 8, along with previous measurements by other
groups [13–16]. The predicted curves from theoretical
models from Lindhard [24] and Hitachi[25] are also shown
as solid and dotted lines, respectively. The scintillation
efficiency of LXe is about 15% less than the Lindhard
prediction. Hitachi explains this difference by estimating
the additional loss in scintillation yield that results from the
higher excitation density of nuclear recoils.

Rapid recombination in LXe under high Linear Energy
Transfer (LET) excitation[12,26] provides a mechanism
for reducing the scintillation yield of nuclear recoils in

addition to that of nuclear quenching treated by
Lindhard. In order to estimate the total scintillation yield,
Hitachi considers biexcitonic collisions, or collisions be-
tween two ‘‘free’’ excitons that emit an electron with a
kinetic energy close to the difference between twice the
excitation energy Eex and the band-gap energy Eg (i.e.
2Eex–Eg):

Ê Xe! " Xe! ! Xe" Xe" " e#

The electron then loses its kinetic energy very rapidly
before recombination. This process reduces the number
of excitons available for VUV photons since it requires
two excitons to eventually produce one photon. It is there-
fore considered the main mechanism responsible for the
reduction of the total scintillation yield in LXe under
irradiation by nuclear recoils. As shown in Fig. 8, our
data are in good agreement with the Hitachi prediction.

Simultaneous measurements of scintillation and ioniza-
tion signals from nuclear and electron recoils in LXe are
expected to provide a powerful background discrimination
for a LXe dark matter detector such as XENON. Charge
collection by an external field is expected to be difficult for
nuclear recoils in LXe, since the initial radial distribution
of excited species in a Xe recoil track is estimated to be
similar to the track core of an alpha particle [12]. This
similarity is also implied by our data on the electric field
dependence of the scintillation yield for 56.5 keV Xe
recoil, which is not very different than that of alpha parti-
cles in LXe (see Fig. 7). Even at the highest field of 4 kV/
cm, recombination is very strong and the light yield is
suppressed by less than 5%. No satisfactory theory exists
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FIG. 8. The relative scintillation efficiency for nuclear recoils
as a function of the Xe recoil energy in LXe. The full circles are
the data from this experiment. The uncertainties include both
statistical and systematic uncertainties. Also shown are measure-
ments by other groups: open circles, squares, and diamonds show
the data from Akimov et al.[13], Arneodo et al. [15], and
Bernabei et al. [14] respectively. The solid line is from
Lindhard [24] and the dotted line is from Hitachi’s [25] theo-
retical model.
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FIG. 7. The LXe scintillation efficiency (squares) for 56.5 keV
nuclear recoils, as a function of applied electric field, relative to
the zero field efficiency. The uncertainty on the zero field data
point is the statistical uncertainty on the location of the peak in
the nuclear recoil spectrum, while the uncertainty on the data
points with an applied field is dominated by the uncertainty in
the gain of the photomultipliers. For comparison, we also show
scintillation data obtained with the same detector for 5.5 MeV
alpha particles (circles) and for 122 keV gamma-rays (triangles).
We also show ionization data for alpha particles (stars).

E. APRILE et al. PHYSICAL REVIEW D 72, 072006 (2005)
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Liquid Argon

• You might think this is a bad idea...
• 39Ar: 565 keV beta, 0.8 Bq/kg natural: Need 107 rejection for 100 kg experiment to 

reach even 1/kg/day WIMP sensitivity; best sensitivities now are 0.1/kg/day

• But: 
• 2 independent rejection methods: S2/S1 (like LXe) and S1 rise time

• No quenching of NRs relative to ERs, confirmed by D. McKinsey (CLEAN)
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Two Independent Discrimination Methods
Argon recoil(B) S2

S1

S1

Electron(A) S2
S1

S1

Drift time

Events are characterized by:
the ratio S2/S1 between the primary (S1) and secondary (S2)
the rising time of the S1 signal

Minimum ionizing particles: high S2/S1 ratio (~100) and by slow S1 signal

Alfa particles and Ar recoils: low (<5) S2/S1 ratio and fast S1 signal

Galbiati, CryoDet 06
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Liquid Argon

24

Neutron-Induced Recoils
50-100 keV

WIMP Search 40 kg*day
50-100 keV   >106 events

103

105

G
al

b
ia

ti
, C

ry
o
D

et
 0

6



Seearching for WIMPs  Sunil Golwala

Liquid Argon

• WArP 2.3 L (3.2 kg) prototype: 
• INFN Pavia (incl. Rubbia), 

INFN Napoli, LNGS, 
Princeton (Calaprice, Galbiati)

• 8 events 12-40 keVr in 34.3 kg-d,
no events above 40 keVr

• lower limit on rejection: 
107 for > 40 keVr
108 for 60-120 keVr 

• 140 kg experiment to be
deployed at LNGS in coming
year

• Could be a spoiler but:
• Need to determine ultimate 

limit of rejection (108 gets you
to current best limit)

• 39Ar removal?

25

WARP 100-liter (140-kg) detector

• The WARP 100-liter 
detector will be installed 
and commissioned at 
LNGS in 2006

• 4 pi active neutron veto 
(8 tons Liquid Argon, 
400 PMTs)

• 3D Event localization 
and definition of fiducial 
volume for surface 
background rejection

• Complete neutron shield
Passive neutron and gamma shield

Active Veto

100 liters 
Chamber
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• Superheated liquid

• Energy density effect: 
ER energy deposition 
density too small to 
nucleate bubbles

• Excellent rejection of ER
backgrounds (lower limit 
of 109 demonstrated))

• Threshold detector, 
controlled by 
temperature & pressure

• Spin-independent (I and Br) and spin-dependent (F) targets work

• Scalable

• Many inexpensive modules to do energy scan

• COUPP: Collar (Chicago), Sonnenschein, Crisler, et al (FNAL)
SIMPLE, PICASSO

NR Discrimination in Bubble Chambers
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NR Discrimination in Bubble Chambers

Collar group, Chicago
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NR Discrimination in Bubble Chambers

28

• COUPP 1 kg prototype experiment being deployed in shallow site at 
FNAL (MINOS near detector hall) Collar group, Chicago


