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from 

• Big Bang 

nucleosynthesis

• cosmic microwave 

background

• structure formation

• galaxy clusters

• rotation curves of 

galaxies

• …

we know:

Most Matter is Dark Matter

WMAP5
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most of the matter in the Universe is not Baryons,

but some new stuff

arXiv:1001.4744
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• Production

• Annihilation

How to Search a Thermal Relic

Collider Searches

Indirect Searches
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• Production

• Annihilation

• Scattering

How to Search a Thermal Relic

Collider Searches

Indirect Searches

Direct Searches



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100 5

this is where we would expect the usual new

physics (MSSM etc.) to show up

Expectations in -m -Space

B
a
lt

z
&

G
o
n

d
o
lo

P
R

D
 6
7

0
6
3
5
0
3
 (
2
0
0
3
)

R
o
s
z
k
o
w

s
k
i
e
t 

a
l.
 J

H
E

P
0
7

0
7
5
 (
2
0
0
7
)

K
a
d
a
s
ti

k
e
t 

a
l.
 P

R
L
 1
0
4

2
0
1
3
0
1
 (
2
0
1
0
)

B
u

c
h

m
u

e
ll
e
r

e
t 

a
l.
 a

rX
iv

:1
1
0
2
.4

5
8
5



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100 6

Direct Scattering Theory On One Slide

• Maximum Recoil Energy

• Rate

low energy detector

heavy target material• Coherent Scattering

• Spectrum

large detector, long exposure

shielding, discrimination, multi target
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• isothermal halo

• local density

•

• coherent scattering

• Helm form factor

Expected WIMP Spectrum
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Recoil Energy / keV

m = 1000 GeV

m = 100 GeV

m = 10 GeV
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electronic recoils 

• are most common background

• scintillate and ionize more (for given energy)

→ discriminate between the two

e.g. measure both energy and some additional parameter  

(ionization yield, scintillation yield, ratio ionization/ 

scintillation, pulse decay times, acoustic signal)

The Power of Discrimination
e-/ : electronic recoil n/WIMPs: nuclear recoil



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100 9

Direct Detection Status

DAMA
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The XENON Collaboration

~60 scientists from 14 institutions:

University of California Los Angeles

Rice University Houston

Columbia University New York

Universidade de Coimbra

Subatech Nantes

NIKHEF Amsterdam

Willhelms Universität Münster

J. Gutenberg-Universität Mainz

Max-Planck-Institut Heidelberg

Universität Zürich

Laboratori Nazionali del Gran Sasso

INFN e Università di Bologna

Weizman Institute Rehovot

Jiao Tong University Shanghai



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100

Advantages of Our Technology

11

• TPC with small surface/volume ratio

• large mass (           ) for spin-independent interactions

• 50% odd nucleons for spin-dependent interactions

• high scintillation yield: low thresholds

• high density (              ): self-shielding

• no long-lived Xe isotopes

• good nuclear/electron recoil discrimination

• relatively cheap target (                     )

• easy “cryogenics”,

• fast scintillator: little dead time

• transparent to own light (                ): large targets

• compact detector: easy shielding design
• scaleable to larger targets: the bigger, the better

• no safety hazards

• mature technology

• curious? mail me! :-)
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Gran Sasso Underground Lab

Gran Sasso mountain range

highway

lab

cable car

to ski resort hiking path

tunnel

Assergi
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Dual-Phase Xenon TPC

bottom

PMT array

top

PMT array

gas xenon

liquid xenon

+

-cathode

anode

S1 S2

e-
e-

e-

drift time

3D position information

S2 hit pattern:

drift time:
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Recoil Discrimination > 99%
e-/ : electronic recoil n/WIMPs: nuclear recoil

lots of information for each event

S1 S2 S1 S2
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XENON100

80 PMT

bottom array

98 PMT

top array
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XENON100

80 PMT

bottom array

98 PMT

top array

veto PMT

bell

160kg

liquid xenon
PTFE TPC, 

field shaping

veto PMT

-16000V

+4500V
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XENON100 Shield

20cm H2O, 15cm Pb,  5cm French Pb,  20cm PE,  5cm Cu 



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100 18

dedicated HPGe

setup @ LNGS

Screening & Simulation

simulation agrees with data
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PRD 83, 082001 (2011)

arXiv:1103.2125

a
rX

iv
:1

1
0
3
.5

8
0
1



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100 19

Inelastic Scatters & Fiducialization
e
v
e
n

ts
 /

 k
g

energy / keVee

full volume    30kg fiducial

Electronic recoils during 241Am/Be calibration:
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Position Dependent Corrections
S1 light collection S2 electron lifetime

S2 x-y-

dependence
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Nuclear Recoil Equivalent Energy

Nuclear Recoil Energy:

Ly(122keVee)

See= 0.58

Snr= 0.95
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New Measurement at Columbia

DD neutron

generator

liquid

scintillator

dedicated setup optimized 

for this task: 

• 6 1” Hamamatsu 

R8520-406-SEL PMTs

• highest light yield 

achieved so far: 

25PE/keVee

• little dead materials: 

reduce double 

scatters

• PTR cooling: stable & 

long data taking

data points as low as 3keVr!arXiv:1104.2587 
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Nuclear Recoil Equivalent Energy

Nuclear Recoil Energy:

Ly(122keVee)

See= 0.58

Snr= 0.95

: use fit

and take

systematics

into account
arXiv:1104.2587 
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• reject PMT single PE: require two-fold coincident S1

• reject double scatters: require one S2>300PE and one 

S1, all other peaks as well as veto consistent with 

single scatter in the TPC

• reject high energy events and no obvious noise

• reject events not from

• fiducial volume:

S2 width consistent

with drift time

• PMT hit patterns

of S1 and S2

consistent with

single scatters

Data Quality Cuts
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Cut Acceptance
analysis tuned to discover rare events:

keep acceptance as high as possible

no discrimination cut

energy / keVnr
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S1 / PE
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instead of build

• use all observed events

(full discrimination and energy distribution)

• incorporate calibration measurements

(data + simulation)

• incorporate systematic uncertainties

(Leff, vesc, …)

• calculate only one true 90% confidence limit

• natural transition into discovery claim

Profile Likelihood Approach

arXiv:1103.0303

Yellin-based limit

based on events in a box

likelihood ratio 

using all data
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likelihood analysis: no observation of a signal

energy / keVnr

27

Discrimination
100.9 live days, 48kg fiducial:
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electronic
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(background)
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Projection along Energy

observed events

expected background + 100GeV/c2 WIMP with =10-44cm2

(90%CL excluded, 13 events)
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DAMA

CoGeNT

29

strongest limit to date

excludes SUSY parameter space

excludes iDM scattering off I as explanation for DAMA

XENON100 Limit 2011

CDMS
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1.8 0.6 events expected, 3 observed

30

Benchmark Region
Classical analysis (Yellin) restricted to WIMP search box

with 99.75% ER rejection:
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Candidate Event: Waveform

S1

S2

drift 74μs ~ 12.6cm

x
e
1
0
0
_
1
0
0
6
0
3
_
1
6
2
0
_
0
0
0
0
3
8
-6

3



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100 32

6.4 S1 PE detected

(from ~200 S1 

photons)

Candidate Event: S1 and S2

1044 S2 PE detected

(from ~50 ionization electrons

which generated ~5000 S2 photons)

S2S1 x5
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Candidate Event: S2 PMT Pattern

excellent positioning (                 ) even near threshold
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background for this run dominated by 85Kr

Event Distribution in TPC
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• 81Kr: 281keV electron capture, long 

decay, abundance 81Kr/Kr ~ 10-13

→ irrelevant

• but 85Kr beta decays (687keV), 

natural abundance 85Kr/Kr ~ 10-11

• used dedicated distillation column

• data taking continues with

re-reduced Kr at ~100ppt

The Other Noble Gas in Xenon
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Calibration with 83mKr

83Kr

83Rb
QEC=910 keV

92%

86 d

1.842 h

147 ns

stable

83mKr

drift

decay
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• fiducial mass 1t liquid xenon, 

about 2.5t total

• Gran Sasso underground lab

• 975m3 water tank

• in technical design phase

• construction 2012

Next Step: XENON1T

ICARUS

XENON1T

WARP



Rafael F. Lang (Columbia): Fishing for WIMPs with XENON100 38

Before this Decade is Out…

XENON1T covers most of the expected parameter space
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• matter in the Universe: mostly Dark

• direct scattering: low rates,

exponentially falling spectrum

• XENON100: liquid xenon TPC

• new data and new analysis:

control of systematics

• strongest limit so far

with ~5 ton days gross exposure

• XENON1T: pretty conclusive

within a few years

Fishing for WIMPs with XENON
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