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XENON10 Detector

15 cm drift (z) defined by SS mesh grids
20 cm ∅ defined by Teflon Can

(max 13.5 kg LXe)

89 Hamamatsu R8520-AL PMTs (1” square)
48 Top Array

41 Bottom Array

Liquid Xe maintained at 
T=180 K and p=2.2 atm.

12 kV cathode   
Ed = 0.73 kV/cm (drift)
Egas = ~ 9 kV/cm (S2)

J. Angle (UFL)

First results on WIMP-nucleon interactions from the  
XENON10 Experiment at the Gran Sasso 
Underground Laboratory
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Dark Matter in the Universe
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Dark Matter in the Milky Way

data

dark halo

disk 

bulge

total
 
Mtot ,lum ≈ 9 ×1010M



 
Mvirial ≈ 1...2 ×10

12M


(8/16)

Der Bulge

Der Bulge im Nahen Infrarot (2Mass, 2 m):`Peanut-Form´ deutet einen Balken an

Der Bulge ist eine unabhängige Komponente, nicht nur eine dickere, 
zentrale Scheibe. Skalenhöhe ~1500Ly , Masse ~ 1010 M!.

Aus Form und Kinematik: Der Bulge ist nicht sphärisch, sondern ein 
Balken mit einem Verhältnis von großer zu kleiner Halbachse von ~0.6, 
Radius 4000 Ly.

Auch hier ist die Milchstraße typisch: ~2/3 aller Galaxien haben zumindest 
einen kleinen, zentralen Balken (siehe NGC 1232)

Variation im Alter von sehr alt bis sehr jung?
Vielleicht verschiedene Komponenten: Eine könnte mit dem sich bildenden 
Halo als ältester Teil der Galaxis kollabiert sein, ein anderer könnte aus 
einem viel späteren Ausbruch von Sternentstehung stammen. 
Im Inneren, scheibennahen Teil des Balkens gibt es sehr viel molekulares 
Gas und aktive Sternentstehung (Balken transportieren Gas nach innen!)

! Das Himmelsbild bekommt auch eine zeitliche Dimension, Fragen nach
der Evolution der Milchstraße und ihrer Entstehung stellen sich

(Klypin, Zhao & Somerville 2002)

 
ρdark  0.3− 0.6 GeV ⋅ cm−3

Sun
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• if a massive, weakly interacting particle (WIMP) existed in the early Universe

• it was in equilibrium as long as the reaction rate was larger than the expansion rate

• after Γ drops below H ⇒ “freeze-out”, we are left with a relic density

⇒ the relic density and mass point to the weak scale
⇒ the new physics responsible for EWSB likely gives rise to a dark matter candidate
⇒ examples: LSP (neutralino), LKP (KK-partner of photon, or KK-partner of Z-boson)

Cold Thermal Relics and the Weak Scale

χ + χ ↔ X + X

 Γ  H

 

Ωχ  0.2 ⇒ σ Av  1 pb

σA 
α 2

m2 ⇒m  100 GeV
Ωχh

2 =
mχnχ

ρc
≈
3×10−27cm3s−1

σ Av
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Approaches to WIMP Dark Matter Detection
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Direct WIMP Detection Experiments

ER

LightCharge

Phonons

ZEPLIN, XENON,
WARP, ArDM

CRESST
ROSEBUD

CDMS 
EDELWEISS

DAMA, LIBRA, 
XMASS, CLEAN,
KIMSHDMS, DRIFT,

GERDA

COUPP, 
PICASSO
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Experiments and SUSY Predictions

1 event/kg/yr

1 event/t/yr

CDMS-II, XENON10, COUPP, 
CRESST-II, EDELWEISS-II, ZEPLIN-III,...

SuperCDMS1t, WARP1t, ArDM  
XENON1t, EURECA, ELIXIR, XMASS, ...

95%
68%

excluded by CDMS-II
(situation before 2007)

Particle µ < 0 µ > 0

(TeV) 68% 95% 68% 95%

h0 (0.1180, 0.1211) (0.1151, 0.1223) (0.1154, 0.1204) (0.1125, 0.1219)

H0, A0,H± (1.2, 3.1) (0.91, 3.8) (0.36, 2.5) (0.21, 3.6)

χ0
1 (0.23, 0.67) (0.11, 0.82) (0.16, 0.49) (0.06, 0.69)

χ±

1 (0.3, 1.2) (0.15, 1.4) (0.25, 0.76) (0.11, 1.2)

g̃ (1.4, 3.4) (0.77, 4.0) (1.0, 2.6) (0.41, 3.5)

ẽR (1.8, 3.8) (0.37, 4.0) (1.5, 3.6) (0.5, 4.0)

ν̃ (1.9, 3.8) (0.58, 4.0) (1.6, 3.6) (0.65, 4.0)

τ̃1 (1.4, 3.3) (0.34, 3.8) (0.80, 2.8) (0.28, 3.7)

q̃R (2.9, 4.3) (1.6, 4.9) (1.9, 4.0) (1.3, 4.7)

t̃1 (1.9, 3.1) (1.1, 3.6) (1.3, 2.6) (0.86, 3.3)

b̃1 (2.3, 3.5) (1.4, 4.1) (1.4, 3.1) (1.0, 3.8)

Table 4: Higgs boson and selected superpartner mass ranges (in TeV) containing 68% and 95%
of posterior probability (with all other parameters marginalized over) for both signs of µ. Masses
above 1 TeV have been rounded up to 1 significant digit.
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Figure 11: The 2-dim relative probability density for σSI
p vs. the neutralino mass mχ for µ < 0

(left panel) and µ > 0 (right panel). The inner (outer) solid contours delimit the regions of 68%
and 95% total probability, respectively. Some current experimental upper bounds are also shown.

number. In contrast, for the SD interactions, the cross section for a WIMP scattering off a

proton, σSD
p , does not necessarily have to be the same as the one from a neutron [40, 41].

In fig. 11 we show the Bayesian posterior relative probability distribution in the usual

plane of σSI
p and the DM neutralino mass mχ for µ < 0 (left panel) and µ > 0 (right

panel). Starting with µ > 0, we can see a big concentration of probability density at rather

high values of σSI
p ∼ 10−8 pb, characteristic of the FP region of large m0 [42], which is

favored by the current theoretical evaluation of BR(B → Xsγ), as we have seen above. In

– 20 –
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http://xxx.lanl.gov/abs/0705.2012
CMSSM in 2007
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The XENON10 Experiment at the Gran Sasso Lab

•• Max thickness of the rock Max thickness of the rock 
shie lding: 1400 m (3800 m.w .e .)shie lding: 1400 m (3800 m.w .e .)

•• Cosmic ray flux at Earth surface: Cosmic ray flux at Earth surface: 
100 muons /m100 muons /m22 s; inside lab: 1 s; inside lab: 1 
muon /mmuon /m22 h (Eh (Emm >  1.4 TeV)>  1.4 TeV)

The muon flux at Gran SassoThe muon flux at Gran Sasso
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Noble Liquid Element Detectors

• Good Nuclear versus Electron Recoil discrimination

• pulse shape of scintillation signal

• ratio of ionization to scintillation signals

• High Scintillation Light Yields; transparent to their own light

• low energy thresholds can be achieved

• Large Detector Masses are feasible

• self-shielding => low-activity of inner fiducial volumes

• good position-resolution in TPC operation mode (use ionization signal)

• Ionization Drift >> 1 m achieved

•  corresponding to << ppm electronegative impurities

• Competitive Costs and Practicality of large instruments 
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Charge and Light in Noble Liquids

ER Ionization

Excitation

Xe+

+Xe

Xe2+

+e-

Xe**+XeXe*

+Xe

Xe2*

2Xe 2Xetriplet singlet

hνhν

Excitation/Ionization depends on dE/dx!

=> discrimination of signal (WIMPs=>NR) 
and (most of the) background (gammas=>ER)!

68

3.3 Scintillation properties

Scintillation light from liquid xenon represents another very useful signal

for particle detection in liquid xenon. The light can be used as a trigger.

Sufficient light detection with optimized detector geometry and readout will

give additional information and can be used for particle identification and

improvement of detector performance.

3.3.1 Scintillation mechanism in liquid xenon

The excitation states of rare gas atoms will return to the ground state by

emitting a photon, which gives scintillation light. The recombination of

electron-ion pair from the ionization process will also produce excitation

states, leading to scintillation photons. The two processes can be illustrated

as following for the case of scintillation in liquid xenon (Doke et al., 2002).

Xe∗ + Xe → Xe∗2 (3.1)

Xe∗2 → 2Xe + hν (3.2)

Xe+ + Xe → Xe+
2 (3.3)

Xe+
2 + e− → Xe∗∗ + Xe (3.4)

Xe∗∗ → Xe∗ + heat (3.5)

Xe∗ + Xe → Xe∗2 (3.6)

Xe∗2 → 2Xe + hν (3.7)
wavelength depends on gas 
(85 nm Ne, 128 nm Ar, 175 nm Xe)

time constants depend on gas 
( few ns/15.4μs Ne, 10ns/1.5μs Ar, 3/27 ns Xe)
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Two-Phase (Liquid/Gas) Detection Principle

• Prompt (S1) light signal after interaction in active volume; charge is drifted, 
extracted into the gas phase and detected directly, or as proportional light (S2)

• Challenge: ultra-pure liquid + high drift field; efficient extraction + detection of e-

hν

e- Ed

Eg
Liquid

Gas

PMT array

PMT array

ER

hν
hν

hν

PMT array

PMT array

drift time

WIMP

S1 S2

drift time

Gamma

S1 S2

 

S2
S1

⎛
⎝⎜

⎞
⎠⎟WIMP

   S2
S1

⎛
⎝⎜

⎞
⎠⎟ gamma

WIMP

gamma

electron
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XENON10 Goal

• Detect galactic WIMPs by their elastic collision with Xe nuclei:

➡Achieve sub-10 keV recoil energy threshold

➡Achieve a WIMP-nucleon σ sensitivity of ~ 2×10-44 to 2×10-45 cm2

• ××

Recoil energy [keVr]

Di
ff.

 ra
te

 [e
ve

nt
s/

(k
g 

d 
ke

V)
]

ER

WIMP

WIMP

Xe

Eth = 5 keVr

MWIMP = 100 GeV
σWN=4×10-43 cm2
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Timeline of XENON10 (past - present)

• December 05 - February 06: detector was built and assembled at the Nevis 
Laboratory/Columbia University

• March 2006: equipment was shipped to LNGS; first tests underground (in 
preliminary XENON box in interferometer tunnel); at the same time electrical work in 
LUNA1 box assigned for XENON10

• April-July 2006: tests and calibration measurements with gamma sources, 
optimization of detector response

• December 05 - July 06: shield was designed and commissioned at LNGS

• July-August 2006: XENON10 was moved into the shield in LUNA1 box, all lines for 
subsystems (cryogenics, gas, electrical, emergency LN, radon purge, etc) were 
installed

• August 24, 2006 - February 14, 2007: WIMP search run

• December 1, 2006: calibration with AmBe neutron source

• May 2007 - present: Background and Calibration data with upgraded detector

13



The XENON10 Detector

• 22 kg of liquid xenon

➡15 kg active volume

➡20 cm diameter, 15 cm drift

• Hamamatsu R8520 1’’×3.5 cm PMTs

bialkali-photocathode Rb-Cs-Sb,

Quartz window; ok at -100ºC and 5 bar

Quantum efficiency > 20% @ 178 nm

• 48 PMTs top, 41 PMTs bottom array

➡x-y position from PMT hit pattern; σx-y≈ 1 mm

➡z-position from ∆tdrift (vd,e- ≈ 2mm/µs), σZ≈0.3 mm

• Cooling: Pulse Tube Refrigerator (PTR), 

90W, coupled via cold finger (LN2 for emergency)

➡LXe maintained at T = 180 K and P=2.2 atm

• 12 kV cathode: Ed=0.73 kV/cm (drift), Egas=9kV/cm (S2)
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XENON10 at the Gran Sasso Laboratory

• since March 2006, in ex-LUNA box

• ~3100 m.w.e; muon flux ≈ 1 m-2 h-1
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Kamioka

Gran Sasso
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Muon flux vs overburden

NUSL - Homestake

 Proposed NUSL Homestake
 Current Laboratories
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XENON10 at the Gran Sasso Laboratory

• March 06: detector first installed/tested outside the shield 

• July 06: inserted into shield (20 cm Pb, 20 cm HDPE, Rn purge)

• August 24, 06: start WIMP search run

!"#$ %&'()*+, $ -.#/0')*#1223 4*&5+#/0')*&6#78*9(,)+#:5);&'<)=>

?4@A@#B8CD#E+'FG#H#1223
?4@A@#B8CD#E+'FG#-26#1223

July 2006
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The XENON10 Collaboration

Columbia University Elena Aprile, Bin Choi, Karl-Ludwig Giboni, Sharmila Kamat, Yun 
Lin, Maria Elena Monzani, Guillaume Plante, Roberto Santorelli and Masaki Yamashita
Brown University Richard Gaitskell, Simon Fiorucci, Peter Sorensen and Luiz DeViveiros
RWTH Aachen University Laura Baudis, Jesse Angle, Ali Askin, Martin Bissok, Alfredo 
Ferella, Marijke Haffke, Alexander Kish, Aaron Manalaysay, Stephan Schulte, Eirini Tziaferi
Lawrence Livermore  National Laboratory Adam Bernstein, Chris Hagmann, Norm 
Madden and Celeste Winant
Case Western Reserve  University Tom Shutt, Peter Brusov, Eric Dahl, John Kwong 
and Alexander Bolozdynya
Rice University  Uwe Oberlack, Roman Gomez, Christopher Olsen and Peter Shagin
Yale University Daniel McKinsey, Louis Kastens, Angel Manzur and Kaixuan Ni
LNGS Francesco Arneodo and  Serena Fattori
Coimbra University Jose Matias Lopes, Luis Coelho, Luis Fernandes and Joaquin Santos
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The XENON10 Collaboration

Gran Sasso Lab, May 2006 (not all members in this picture)

10 young postdocs, 13 graduate students, many at LNGS
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XENON10 Live-Time and Run Stability

Calibration + WIMP Search Data

Not 
Blind 
WIMP 
Search 
Data

High
Stats
Gamma
Calib.

Blind
WIMP
Search
Data

Neutron
(AmBe)
Calib.

APS_2007 Elena Aprile

XENON10 Live-Time / Dark Matter Run Stability

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

-+"./%0123%&4(56$%7('(%8

345"9/"6%*(+",

:;<%=">4

0123%&4(56$ 7('(

0123%&4(56$ 7('(

?4@'59.

*(+",)

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

19



XENON10 Performance at LNGS

• Stable pressure, temperature, PMT gain, liquid level, cryostat vacuum, HV...

➡over many months (continuously monitored with ‘slow control system’)

Pressure: ∆P < ±0.006 atm

Temperature: ∆T < ±0.005 ºC

PMT gain < ±2%

Start of WIMP Search Run December 8, 06
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Typical XENON10 Low-Energy Event

• 4 keVee event; S1: 8 p.e => 2 p.e./keV

S1

S2

S1 S2

Hit pattern of top PMTs

8 p.e. 3k p.e.
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XENON10 Gamma Calibrations

• Gamma Sources: 57Co, 137Cs; determine energy scale and resolution; position 
reconstruction; uniformity of detector response, position of gamma band, electron 
lifetime: (1.8±0.4) ms =>  << 1ppb (O2 equiv.) purity

reconstructed source position (137Cs)

Energy scale from Energy scale from 137137Cs and Cs and 5757CoCo

light yie ld from light yie ld from 137137Cs: 2.25 p.e . /keVCs: 2.25 p.e . /keVlight yield from 137Cs: 2.25 p.e./keV

energy scale (S1 in p.e) 
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XENON10 Gamma CalibrationsThe gamma calibrationsThe gamma calibrations

Position reconstruction 

for XENON10: a 122 

keV gamma event from 

side (data)

Some of the parameters derived from gamma ca librations are:
• the energy sca le (for S1 and S2 signa ls)
• the energy resolution (for S1 and S2)
• the determination of the gamma-band for

dark matter search ana lysis
• the efficiency and resolution of the position 

reconstruction methods
• uniformity of detector response in a ll the 

volume (137Cs only)
• multiple scatter event studies (mostly 137Cs)
• e lectron livetime studies (mostly 57Co) 
• stability over time of the detector response

5757Co: detector Co: detector 

stability stability 

!! the 37 keV the 37 keV 

characteristic characteristic 

XX--rayray

5757Co: detector Co: detector 

stability stability 

!! the 37 keV the 37 keV 

characteristic characteristic 

XX--rayray

reconstructed source position (57Co) detector stability test: the 37 keV X-ray

normalized 37 keV X-ray peak
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XENON10 Calibration with Activated Xenon

• Neutron activated Xenon => 2 meta-stable states, 131mXe (164 keV gamma, 
T1/2=11.8 d), 129mXe (236 keV gamma, T1/2 = 8.9 d)

• Uniform position and energy calibration of detector => validate position 
reconstruction of events in full volume

Combined energy spectrumAnti-correlation of charge/light signals

164 keV 

236 keV

24



XENON10 Neutron Calibration

Nuclear recoil spectrum

Data

MC

Data and Monte Carlo agree well:
⇒ NR response at low energies well understood

Nuclear recoil band

• (Encapsulated) neutron source: AmBe (Emax ≈ 10 MeV), ~ 3.7 MBq (220 n/s) in shield

• In situ calibration: December 1, 06 => determination of the nuclear recoil band
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XENON10 Neutron Calibration

Energy of nuclear recoils (NRs)

 
Enr =

S1
Ly ⋅Leff

×
Ser
Snr

Measured signal in nr. of p.e.

Light yield for 
122 keV γ in p.e.
(3.00 p.e./keV)

Relative scintillation efficiency of 
NRs to 122 keV γ’s at zero field
(flat value: 0.19)

Quenching of scintillation 
yield for 122 keV γ’s due 
to field (0.54 at 0.73 kV/cm)

Quenching of scintillation 
yield for NRs due to field
(0.93 at 0.73 kV/cm)
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• Rejection is > 99.6% for 50% Nuclear Recoil acceptance
➡ Cuts: fiducial volume (remove events at teflon edge where poor charge collection)

➡ Multiple scatters (more than one S2 pulse)

XENON10 Discrimination

ERs

NRs

NRs

ERs

gammas

neutrons

6- 8 keVee
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XENON10 Backgrounds: Material Screening

• we have screened the XENON10 detector+shield components with 2 HPGe
detectors at SOLO/Soudan and a HPGe detector at LNGS

→ results => Monte Carlo background model
→ XENON10 upgrade: we replaced known ‘hot’ 
components (FTs) in May 2007
→ we are increasing Gator’s sensitivity by building 
new shield at LNGS with 5 cm inner OFHC Cu lining 
and low activity Pb (3 Bq/kg 210Pb) shield 

Sample
R8520 PMTs 
[mBq/PMT]

Kyocera FTs
[Bq/kg]

Ceramaseal 
FTs [Bq/kg]

SS inner vessel 
[mBq/kg]

Teflon 
[mBq/kg]

PMT bases
[mBq/base]

PE shield
[mBq/kg]

Activity

15.6/<6.4/110/0.08 
(4 PMTs)

  937/58/3 4.8/0.5/2.1 <21/<61/12/101 <4.8/<7.9/61 1.2/<2.9/6.7/0.09 26.7/2.9/49

0.17/0.2/10/0.56 
(14 PMTs)

0.5/0.2/0.1

Gator

DiodeM
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XENON10 Backgrounds: Data and MC Simulations

• Gamma BG: dominated by steel (inner vessel and cryostat) and ceramic FTs
• Neutron BG: subdominant for XENON10 sensitivity goal (MC: < 1 event/year from 

(α,n) in materials and < 5 events/year from µ-induced n’s)
• Red crosses: data; Black curve: sum of background contributions from MC

➡  < 1event/(kg d keV)  (< 1 dru) (for r < 8 cm fiducial volume cut)

Data

MC total

Steel

PMTs

Ceramic FTs

15 kg
LXe

Geant4
geometry

Single hits in fiducial mass (8.9 kg)
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• Energy window: 2 - 12 keVee -> based on 2.2 p.e./keVee
➡Basic Quality Cuts (QC0): remove noisy and uninteresting (no S1, multiples, etc) events
➡Fiducial Volume Cuts (QC1): capitalize on LXe self-shielding
➡High Level Cuts (QC2): remove anomalous events (S1 light pattern)

• Fiducial Volume Cut: 15 µs < dt < 65 µs, r < 80 mm => fiducial mass = 5.4 kg
• Overall Background in Fiducial Volume: ~ 0.6 events/(kg·day·keVee)

XENON10 Blind WIMP Analysis Cuts

APS_2007 Elena Aprile

XENON10 Blind Analysis Cuts
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S1 efficiency

Trigger:  S2 sum signal from top PMTs
S2 threshold: 300 p.e. (~ 20 e-)
(gas gain of a few 100s allows 100% S2 trigger 
efficiency)

S1 signal associated with S2: searched for in 
offline analysis -> coincidence of 2 PMT hits
S1 energy threshold is set to 4.4 p.e. (efficiency is 
100% at 2 keVee)

black: QC0 & QC1 cuts (R<80 mm, 15µs<dt<65µs)
red: & QC2 cuts (R<80 mm, 15µs<dt<65µs)

neutron data

QC2 cuts efficiency:
95% - 80% in WIMP search window
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while the S1 signal from a normal event in the active vol-
ume is distributed more evenly over the PMTs (smaller
S1RMS). A large fraction of events that leaked into
the WIMP-signal window are of this type of background
and could be removed by the cuts discussed above. The
cut acceptance εc for single-scatter nuclear recoil events,
based on AmBe fast neutron calibration data, is listed in
Table I.

FIG. 3: Position distribution of events in the 4.5 to 26.9 keV
nuclear recoil energy window, from the 58.6 live-days of
WIMP-search data. (+) Events in the WIMP-signal region
before the software cuts. (⊕) Events remaining in the WIMP-
search region after the software cuts. The solid lines indicate
the fiducial volume, corresponding to a mass of 5.4 kg.

The 3D position sensitivity of the XENON10 detec-
tor gives additional background suppression with fiducial
volume cuts [22]. Due to the high stopping power of LXe,
the background rate in the central part of the detector
is lower (0.6 events/keVee/kg/day) than that near the
edges (3 events/keVee/kg/day). The fiducial volume is
defined to be within 15 to 65 µs (about 9.3 cm in Z, out
of the total drift distance of 15 cm) drift time window
and with a radius less than 8 cm (out of 10 cm) in XY ,
corresponding to a total mass of 5.4 kg (Fig. 3) [23]. The
cut in Z also removes many anomalous events due to the
LXe around the bottom PMTs, where they happen more
frequently compared to the top part of the detector.

After all the cuts were finalized for the energy window
of interest, we analyzed the 58.6 live-days of WIMP-
search data. From a total of about 1800 events, ten
events were observed in the WIMP search window after
cuts (Fig. 4). We expect about seven statistical leakage
events (see Table I) by assuming that the ∆Log10(S2/S1)
distribution from electron recoils is purely Gaussian,
an assumption which is statistically consistent with the
available calibration data. However, the uncertainty of
the estimated number of leakage events for each energy

FIG. 4: Results from 58.6 live-days of WIMP-search in the
5.4 kg LXe target. The WIMP search window was defined
between the two vertical lines (4.5 to 26.9 keV nuclear recoil
equivalent energy) and blue lines (about 50% nuclear recoil
acceptance).

bin in the analysis of the WIMP search data is currently
limited by available calibration statistics. To set conser-
vative limits on WIMP-nucleon cross sections, we con-
sider all ten observed events, with no background sub-
traction. Figure 5 shows the 90% C.L. upper limits on
WIMP-nucleon cross sections as a function of WIMP
mass calculated using the “maximum gap” method in
[24] and using the standard assumptions for the galactic
halo [25]. The current work gives a WIMP-nucleon cross
section 90% C.L. upper limit of 8.8 × 10−44 cm2 at a
WIMP mass of 100 GeV/c2, a factor of 2.3 lower than
the previously best published limit [26]. For a WIMP
mass of 30 GeV/c2, the limit is 4.5×10−44 cm2. We have
used a constant 19% nuclear recoil scintillation efficiency
to derive the limit. The result varies by ±20%(±35%) for
mass 100 (30) GeV/c2 WIMPs when varying the nuclear
recoil scintillation efficiency Leff over a range of 12%
to 29%, corresponding to the lowest energy data points
measured in [20] and in [21]. The measured single scatter
nuclear recoil spectrum from the AmBe calibration data
is consistent at the 20% level with the Monte Carlo pre-
dicted spectrum, both in absolute event rate and spectral
shape, when Leff is taken as 19% over the energy range
of interest.

Although we treated all 10 events as WIMP candi-
dates in calculating this limit, none of the events are
likely WIMP interactions. ∆Log10(S2/S1) values for 5
events (compared with 7 predicted) are statistically con-
sistent with the electron recoil band. These are labeled
as No.’s 3, 4, 5, 7, 9 in Fig. 3 and Fig. 4. As shown in
Table I these leakage events are more likely to occur at
higher energies. A posteriori inspection of event No. 1
shows that the S1 coincidence requirement is met be-
cause of a noise glitch. Event No.’s 2, 6, 8, 10 are not
favored as evidence for WIMPs for 3 main reasons. First,
they are all clustered in the lower part of the fiducial

XENON10 WIMP Search Data

• WIMP search run  Aug. 24. 2006 - February 14, 2007: ~ 60 (blind) live days 

• 136 kg-days exposure = 58.6 live days × 5.4 kg × 0.86 (ε) × 0.50 (50% NR acceptance)

27 keVr4.5 keVr

WIMP ‘Box’ defined at

50% acceptance of NRs 
(blue lines): [Mean,-3σ]

10 events in ‘box’ after all cuts
7.0 (+2.1 -1.0) statistical leakage 
expected from the gamma (ER) 
band

Other 5 events not consistent with 
Gaussian leakage

NR energy scale based on 
constant 19% QF

50% NR 
acceptance

~ 1800 events

(2.0 keVee) (12 keVee)

NR mean

µ-3σ
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Event Distribution and Predicted Leakage
3

FIG. 1: Log10(S2/S1) as a function of energy for electron re-
coils (top) and nuclear recoils (bottom) from calibration data.
The colored lines are the mean Log10(S2/S1) values of the
electron recoil (upper, red) and nuclear recoil (lower, blue)
bands. The region between the two vertical dashed lines is
the energy window (4.5 - 26.9 keV nuclear recoil equivalent
energy) chosen for the WIMP search. An S2 software thresh-
old of 300 pe is also imposed (black lines).

In our analysis, we subtract the energy-dependent mean
Log10(S2/S1) from the electron recoil band to obtain
∆Log10(S2/S1) for all events. After this band flatten-
ing, the energy window of interest for the WIMP search
is divided into seven individual energy bins (see Table I).
For each energy bin, the nuclear recoil acceptance win-
dow is defined to be between ∆Log10(S2/S1) = µ and
∆Log10(S2/S1) = µ− 3σ, indicated by the vertical lines
in Figure 2. Here µ and σ are the mean and sigma from
a Gaussian fit of the nuclear recoil ∆Log10(S2/S1) dis-
tribution. The nuclear recoil acceptance efficiency is the
fraction of nuclear recoil events within the acceptance
window. The ∆Log10(S2/S1) distribution for electron
recoils from the 137Cs data is found empirically to be sta-
tistically consistent with Gaussian fits. From these fits,
we estimate the electron recoil rejection efficiency and
predict the number of statistical leakage events in the
WIMP search data, for the defined nuclear recoil accep-
tance window. For each energy bin, the derived electron
recoil rejection efficiency and the nuclear recoil accep-
tance values are listed in Table I.

In addition to the statistical events leaking from the
electron recoil band into the nuclear recoil acceptance
window, we observed anomalous leakage events in the
137Cs calibration data and unmasked WIMP search data.
These events were identified to be multiple-scatter events
with one scatter in the non-active LXe mostly below the
cathode and a second scatter in the active LXe volume.
The S2 signal from this type of event is from the interac-
tion in the active volume only, while the S1 signal is the
sum of the two S1’s in both the active and non-active
volume. The result is a smaller S2/S1 value compared

FIG. 2: Distributions of ∆Log10(S2/S1) for nuclear recoils,
electron recoils and WIMP search data for one energy bin (6.7-
9.0 keV nuclear recoil equivalent energy). The nuclear recoil
acceptance (WIMP Search Window) is defined by the two
vertical lines, which are the -3σ and mean from a Gaussian
fit to the nuclear recoil ∆Log10(S2/S1) distribution. The
∆Log10(S2/S1) distribution from electron recoils is fit by a
Gaussian function. The fit parameters are used to predict the
number of statistical leakage events (see Table I).

TABLE I: The software cut acceptance of nuclear recoils εc,
the nuclear recoil acceptance Anr, and the electron recoil re-
jection efficiency Rer for each of the seven energy bins (Enr

in nuclear recoil equivalent energy). The predicted number
of leakage events, Nleak, is based on Rer and the number of
background events, Nevt, in each energy bin, for the 58.6 live-
days WIMP-search data, with 5.4 kg fiducial. Errors are the
statistical uncertainty from the Gaussian fits on the electron
recoil ∆Log10(S2/S1) distribution.

Enr (keV) εc Anr 1 - Rer Nevt Nleak

(10−3)
4.5 - 6.7 0.943 0.446 0.8+0.7

−0.4 213 0.2+0.2
−0.1

6.7 - 9.0 0.902 0.458 1.7+1.6
−0.9 195 0.3+0.3

−0.2

9.0 - 11.2 0.894 0.457 1.1+0.9
−0.5 183 0.2+0.2

−0.1

11.2 - 13.4 0.854 0.442 4.1+3.6
−2.0 190 0.8+0.7

−0.4

13.4 - 17.9 0.827 0.493 4.2+1.8
−1.3 332 1.4+0.6

−0.4

17.9 - 22.4 0.797 0.466 4.3+1.7
−1.2 328 1.4+0.5

−0.4

22.4 - 26.9 0.766 0.446 7.2+2.4
−1.9 374 2.7+0.9

−0.7

Total 1815 7.0+1.4
−1.0

to that for a single-scatter event, making some of these
events appear in the WIMP-search window. Two types
of cuts, one using the S1 signal asymmetry between the
top and bottom PMT arrays and the other using the S1

hit pattern, defined as S1RMS =
√

1
n

∑

(S1i − S1)2 (i =

1, n), on either the bottom or the top PMT array, are de-
fined to remove these anomalous events. The S1 signal
from the scatter outside the active volume tends to be
clustered on a few of the bottom PMTs (larger S1RMS),

3

FIG. 1: Log10(S2/S1) as a function of energy for electron re-
coils (top) and nuclear recoils (bottom) from calibration data.
The colored lines are the mean Log10(S2/S1) values of the
electron recoil (upper, red) and nuclear recoil (lower, blue)
bands. The region between the two vertical dashed lines is
the energy window (4.5 - 26.9 keV nuclear recoil equivalent
energy) chosen for the WIMP search. An S2 software thresh-
old of 300 pe is also imposed (black lines).

In our analysis, we subtract the energy-dependent mean
Log10(S2/S1) from the electron recoil band to obtain
∆Log10(S2/S1) for all events. After this band flatten-
ing, the energy window of interest for the WIMP search
is divided into seven individual energy bins (see Table I).
For each energy bin, the nuclear recoil acceptance win-
dow is defined to be between ∆Log10(S2/S1) = µ and
∆Log10(S2/S1) = µ− 3σ, indicated by the vertical lines
in Figure 2. Here µ and σ are the mean and sigma from
a Gaussian fit of the nuclear recoil ∆Log10(S2/S1) dis-
tribution. The nuclear recoil acceptance efficiency is the
fraction of nuclear recoil events within the acceptance
window. The ∆Log10(S2/S1) distribution for electron
recoils from the 137Cs data is found empirically to be sta-
tistically consistent with Gaussian fits. From these fits,
we estimate the electron recoil rejection efficiency and
predict the number of statistical leakage events in the
WIMP search data, for the defined nuclear recoil accep-
tance window. For each energy bin, the derived electron
recoil rejection efficiency and the nuclear recoil accep-
tance values are listed in Table I.

In addition to the statistical events leaking from the
electron recoil band into the nuclear recoil acceptance
window, we observed anomalous leakage events in the
137Cs calibration data and unmasked WIMP search data.
These events were identified to be multiple-scatter events
with one scatter in the non-active LXe mostly below the
cathode and a second scatter in the active LXe volume.
The S2 signal from this type of event is from the interac-
tion in the active volume only, while the S1 signal is the
sum of the two S1’s in both the active and non-active
volume. The result is a smaller S2/S1 value compared

FIG. 2: Distributions of ∆Log10(S2/S1) for nuclear recoils,
electron recoils and WIMP search data for one energy bin (6.7-
9.0 keV nuclear recoil equivalent energy). The nuclear recoil
acceptance (WIMP Search Window) is defined by the two
vertical lines, which are the -3σ and mean from a Gaussian
fit to the nuclear recoil ∆Log10(S2/S1) distribution. The
∆Log10(S2/S1) distribution from electron recoils is fit by a
Gaussian function. The fit parameters are used to predict the
number of statistical leakage events (see Table I).

TABLE I: The software cut acceptance of nuclear recoils εc,
the nuclear recoil acceptance Anr, and the electron recoil re-
jection efficiency Rer for each of the seven energy bins (Enr

in nuclear recoil equivalent energy). The predicted number
of leakage events, Nleak, is based on Rer and the number of
background events, Nevt, in each energy bin, for the 58.6 live-
days WIMP-search data, with 5.4 kg fiducial. Errors are the
statistical uncertainty from the Gaussian fits on the electron
recoil ∆Log10(S2/S1) distribution.

Enr (keV) εc Anr 1 - Rer Nevt Nleak

(10−3)
4.5 - 6.7 0.943 0.446 0.8+0.7

−0.4 213 0.2+0.2
−0.1

6.7 - 9.0 0.902 0.458 1.7+1.6
−0.9 195 0.3+0.3

−0.2

9.0 - 11.2 0.894 0.457 1.1+0.9
−0.5 183 0.2+0.2

−0.1

11.2 - 13.4 0.854 0.442 4.1+3.6
−2.0 190 0.8+0.7

−0.4

13.4 - 17.9 0.827 0.493 4.2+1.8
−1.3 332 1.4+0.6

−0.4

17.9 - 22.4 0.797 0.466 4.3+1.7
−1.2 328 1.4+0.5

−0.4

22.4 - 26.9 0.766 0.446 7.2+2.4
−1.9 374 2.7+0.9

−0.7

Total 1815 7.0+1.4
−1.0

to that for a single-scatter event, making some of these
events appear in the WIMP-search window. Two types
of cuts, one using the S1 signal asymmetry between the
top and bottom PMT arrays and the other using the S1

hit pattern, defined as S1RMS =
√

1
n

∑

(S1i − S1)2 (i =

1, n), on either the bottom or the top PMT array, are de-
fined to remove these anomalous events. The S1 signal
from the scatter outside the active volume tends to be
clustered on a few of the bottom PMTs (larger S1RMS),

ΔLog10(S2/S1) distribution in the 6.7-9.0 keVr energy bin

The distribution for ERs is fit by a Gaussian 
-> the parameters are used to predict the number of stat. 
    leakage events

Predicted nr. of 
stat. leakage

Total nr. of events 
in 4.5-26.9 keVe

Total cut 
efficiency on NRs

Acceptance of 
NRs

1 - ER rejection 
efficiency
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Spatial Distribution of Events

4

while the S1 signal from a normal event in the active vol-
ume is distributed more evenly over the PMTs (smaller
S1RMS). A large fraction of events that leaked into
the WIMP-signal window are of this type of background
and could be removed by the cuts discussed above. The
cut acceptance εc for single-scatter nuclear recoil events,
based on AmBe fast neutron calibration data, is listed in
Table I.

FIG. 3: Position distribution of events in the 4.5 to 26.9 keV
nuclear recoil energy window, from the 58.6 live-days of
WIMP-search data. (+) Events in the WIMP-signal region
before the software cuts. (⊕) Events remaining in the WIMP-
search region after the software cuts. The solid lines indicate
the fiducial volume, corresponding to a mass of 5.4 kg.

The 3D position sensitivity of the XENON10 detec-
tor gives additional background suppression with fiducial
volume cuts [22]. Due to the high stopping power of LXe,
the background rate in the central part of the detector
is lower (0.6 events/keVee/kg/day) than that near the
edges (3 events/keVee/kg/day). The fiducial volume is
defined to be within 15 to 65 µs (about 9.3 cm in Z, out
of the total drift distance of 15 cm) drift time window
and with a radius less than 8 cm (out of 10 cm) in XY ,
corresponding to a total mass of 5.4 kg (Fig. 3) [23]. The
cut in Z also removes many anomalous events due to the
LXe around the bottom PMTs, where they happen more
frequently compared to the top part of the detector.

After all the cuts were finalized for the energy window
of interest, we analyzed the 58.6 live-days of WIMP-
search data. From a total of about 1800 events, ten
events were observed in the WIMP search window after
cuts (Fig. 4). We expect about seven statistical leakage
events (see Table I) by assuming that the ∆Log10(S2/S1)
distribution from electron recoils is purely Gaussian,
an assumption which is statistically consistent with the
available calibration data. However, the uncertainty of
the estimated number of leakage events for each energy

FIG. 4: Results from 58.6 live-days of WIMP-search in the
5.4 kg LXe target. The WIMP search window was defined
between the two vertical lines (4.5 to 26.9 keV nuclear recoil
equivalent energy) and blue lines (about 50% nuclear recoil
acceptance).

bin in the analysis of the WIMP search data is currently
limited by available calibration statistics. To set conser-
vative limits on WIMP-nucleon cross sections, we con-
sider all ten observed events, with no background sub-
traction. Figure 5 shows the 90% C.L. upper limits on
WIMP-nucleon cross sections as a function of WIMP
mass calculated using the “maximum gap” method in
[24] and using the standard assumptions for the galactic
halo [25]. The current work gives a WIMP-nucleon cross
section 90% C.L. upper limit of 8.8 × 10−44 cm2 at a
WIMP mass of 100 GeV/c2, a factor of 2.3 lower than
the previously best published limit [26]. For a WIMP
mass of 30 GeV/c2, the limit is 4.5×10−44 cm2. We have
used a constant 19% nuclear recoil scintillation efficiency
to derive the limit. The result varies by ±20%(±35%) for
mass 100 (30) GeV/c2 WIMPs when varying the nuclear
recoil scintillation efficiency Leff over a range of 12%
to 29%, corresponding to the lowest energy data points
measured in [20] and in [21]. The measured single scatter
nuclear recoil spectrum from the AmBe calibration data
is consistent at the 20% level with the Monte Carlo pre-
dicted spectrum, both in absolute event rate and spectral
shape, when Leff is taken as 19% over the energy range
of interest.

Although we treated all 10 events as WIMP candi-
dates in calculating this limit, none of the events are
likely WIMP interactions. ∆Log10(S2/S1) values for 5
events (compared with 7 predicted) are statistically con-
sistent with the electron recoil band. These are labeled
as No.’s 3, 4, 5, 7, 9 in Fig. 3 and Fig. 4. As shown in
Table I these leakage events are more likely to occur at
higher energies. A posteriori inspection of event No. 1
shows that the S1 coincidence requirement is met be-
cause of a noise glitch. Event No.’s 2, 6, 8, 10 are not
favored as evidence for WIMPs for 3 main reasons. First,
they are all clustered in the lower part of the fiducial

‘Gaussian events’: nr. 3, 4, 5, 7,9
‘Non-Gaussian events’: nr: 1, 2, 6, 8, 10

Ev. nr. 1: S1 due to noise glitch (a posteriori)
Ev. 2, 6, 8, 9 -> not WIMPs!
Likely explanation: reduced S2/S1-events due to 
double scatters with one scatter in a ‘dead’ LXe 
region => no S2 for 2nd scatter
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• To set limits: all 10 events considered, thus no background subtraction performed
• Probe the elastic, SI WIMP-nucleon σ down to ≈ 4 × 10-44 cm2 (at MWIMP = 30 GeV)

XENON10 WIMP Search Results for SI Interactions

Upper limits in WIMP-nucleon cross 
section derived with Yellin Maximal 
Gap Method [PRD 66 (2002)] 

At 100 GeV WIMP mass

9.0 × 10-44 cm2 (no background 
subtraction, red curve)

5.5 × 10-44 cm2 (known background  
subtracted, not shown)

Factor 6 below previous best limit

Results submitted to PRL
arXiv:0706.0039
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XENON10 Results: Effect of Light Yield Uncertainty
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• natural Xe: 129Xe, 26.4 %, spin 1/2, 131Xe, 21.2%, spin 3/2

• use shell-model calculations by Ressel and Dean [PRC 56, 1997] for <Sn>, <Sp>
• upper limits: Yellin Maximal Gap method, no background subtraction

XENON10 WIMP Search Results for SD Interactions

pure neutron couplings pure proton couplings

XENON10 129Xe XENON10 129Xe

CDMS-II 73Ge

CDMS-II 73Ge

XENON10 131Xe

XENON10 131Xe
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The XENON10+ Experiment at Gran Sasso

• low-background cryostat; cryogenics and FTs outside passive shield
• larger number of PMTs, larger target mass, active LXe veto
• design in progress; results expected by 2008 (aim factor 10 in sensitivity)
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Summary

95%
68%

CMSSM in 2007
http://xxx.lanl.gov/abs/0705.2012

1 event/kg/yr

1 event/t/yr

CDMS-II, XENON10+, COUPP, 
CRESST-II, EDELWEISS-II, ZEPLIN-III,...

SuperCDMS1t, WARP1t, ArDM  
XENON1t, EURECA, ELIXIR, XMASS, ...

excluded by XENON10
(2007)

Particle µ < 0 µ > 0

(TeV) 68% 95% 68% 95%

h0 (0.1180, 0.1211) (0.1151, 0.1223) (0.1154, 0.1204) (0.1125, 0.1219)

H0, A0,H± (1.2, 3.1) (0.91, 3.8) (0.36, 2.5) (0.21, 3.6)

χ0
1 (0.23, 0.67) (0.11, 0.82) (0.16, 0.49) (0.06, 0.69)

χ±

1 (0.3, 1.2) (0.15, 1.4) (0.25, 0.76) (0.11, 1.2)

g̃ (1.4, 3.4) (0.77, 4.0) (1.0, 2.6) (0.41, 3.5)

ẽR (1.8, 3.8) (0.37, 4.0) (1.5, 3.6) (0.5, 4.0)

ν̃ (1.9, 3.8) (0.58, 4.0) (1.6, 3.6) (0.65, 4.0)

τ̃1 (1.4, 3.3) (0.34, 3.8) (0.80, 2.8) (0.28, 3.7)

q̃R (2.9, 4.3) (1.6, 4.9) (1.9, 4.0) (1.3, 4.7)

t̃1 (1.9, 3.1) (1.1, 3.6) (1.3, 2.6) (0.86, 3.3)

b̃1 (2.3, 3.5) (1.4, 4.1) (1.4, 3.1) (1.0, 3.8)

Table 4: Higgs boson and selected superpartner mass ranges (in TeV) containing 68% and 95%
of posterior probability (with all other parameters marginalized over) for both signs of µ. Masses
above 1 TeV have been rounded up to 1 significant digit.
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Figure 11: The 2-dim relative probability density for σSI
p vs. the neutralino mass mχ for µ < 0

(left panel) and µ > 0 (right panel). The inner (outer) solid contours delimit the regions of 68%
and 95% total probability, respectively. Some current experimental upper bounds are also shown.

number. In contrast, for the SD interactions, the cross section for a WIMP scattering off a

proton, σSD
p , does not necessarily have to be the same as the one from a neutron [40, 41].

In fig. 11 we show the Bayesian posterior relative probability distribution in the usual

plane of σSI
p and the DM neutralino mass mχ for µ < 0 (left panel) and µ > 0 (right

panel). Starting with µ > 0, we can see a big concentration of probability density at rather

high values of σSI
p ∼ 10−8 pb, characteristic of the FP region of large m0 [42], which is

favored by the current theoretical evaluation of BR(B → Xsγ), as we have seen above. In

– 20 –

XENON10

Many techniques are being employed to search for dark matter particles
Sensitivities are now approaching the theoretically most interesting regions!
LXe-TPC: a mature technology; XENON10 first results in 2007, ready to go to larger scales
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Expected sensitivity of Xenon10+

WIMP mass [GeV/c2]
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XENON10 (2007)

XENON10+ (2008)

XENON1t (2010)
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