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Xenon as detection medium

Detection via scatter off nuclei

Self-shielding
→ High stopping power
178 nm UV photons
→ No wavelength-shifter
Simple cryogenics
∼ 180 K = - 93◦

High atomic mass A∼ 131
→ spin-indep. interactions
129Xe and 131Xe
→ spin-dep. interactions
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WIMP direct detection with LXe                     

Detect the dark matter particles (WIMPs) by their 
elastic scattering on atomic nuclei.

 High mass number, SI cross section scales with A2 

 50% of odd isotopes → sensitivity to SD coupling

 High Z and density → good selfshielding

 No long lived Radioisotopes 

 “High Temperature” cryogenics @ -100°C

Why Xenon ?



Two phase LXe TPC                        
Two phase noble gas TPC

Electron recombination is
stronger for nuclear recoils

→ Electronic/nuclear
recoil discrimination

Scintillation signal (S1)
Charges drift to the liquid-gas
surface
Proportional signal (S2)
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Two phase noble gas TPC
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 Scintillation light signal (S1)

 Charge drift to the liquid-gas interface

 Proportional scintillation light signal (S2)

Electron recombination is stronger 
for nuclear recoils

Discrimination between nuclear 
and electron recoils
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XENON100 detector

Instrument paper:
arXiv:1107.2155 (2011)

30 cm drift length and 30 cm ∅
161 kg total (30-50 kg fiducial volume)
Material screening and selection
Active liquid xenon veto
∼100x less background than XENON10
Bottom PMTs: high quantum efficiency
(on average >30% @178 nm)

Bottom PMTs Top array

3 mm resolution in XY and in Z
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 Total of 161 kg LXe (30 - 50 kg fiducial)

 Drift length 30 cm

 100x background reduction with respect to XENON10

 Active LXe veto

 High QE bottom PMT’s (on average > 30% @ 178nm) 

 Enclosed by passive shielding (Water, Pb, Poly, Cu)

 Nitrogen Purge

Located at LNGS with a 3700 mwe 
rock-overburden, shielding against 

cosmic radiation.

XENON100 detector                      
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Event localization                      

Based on the hit pattern in the top PMT 
array  a position reconstruction in the XY-

plane is possible

Reconstruction algorithm based on a Neural 
Network reconstruction with a resolution 

of < 3mm. 

The drift time of the electrons gives 
information on the z position of the 

interaction.

The resolution of the z-coordinate is               
0.3 mm

Allows the definition of a 3D fiducial volume 



Detector calibration                        
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Regular performed ER calibrations with Co60 to calibrate detector’s response to ER.

Large statistics NR calibration to calibrate detector’s response to NR and define the expected 
WIMP signal region.
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Position dependent corrections                       
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K. Ni (SJTU)

position dependent signal corrections

21

eilam gross, Eilat, April 2011

S1 light collection correction

S2 x-y correctionS2 Electron lifetime correction 
(from 137Cs) ~200µs
 (1st run, 11.2 days), up to 380µs in new run

18

S2 dependence on Z 

(depends on the purity 

level in Xe)

S1 dependence on XYZ 

(a factor of 3 difference 

from bottom to top)pre
limi
nar
y

pre
limi
nar
y

Light collection map used for the 
correction of the S1 signals

Z-dependence of the S2 signals due to 
limited electron lifetime. 

Electron lifetime increases due to 
constant reduction of impurities
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Material screening and background simulation

24
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•  dedicated HPGe screening station at 

LNGS measures radioactivity for all Xe100 

materials (arXiv:1103.2125)

•  predicted background from simulation 

agrees well with data (PRD 83, 2011)

•  mainly from PMTs and detector vessel
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FIG. 11: (Color online) Energy spectra of the background from measured data (commissioning run in Fall 2009 [5]) and Monte
Carlo simulations in the 30 kg fiducial volume without veto cut (thick red solid line). Cosmogenic activation of LXe is not
included. The energy spectra of 85Kr and 222Rn decays in LXe are shown with the thin blue solid and dotted lines, respectively.
The thin black dashed histogram shows the theoretical spectrum of the 2ν double beta decay of 136Xe, assuming a half-life of
1.1×1022 years [14].

disequilibrium in the decay chain. The predicted back-
ground rate in the energy region below 100 keV is shown
in Figure 10 as a function of the 222Rn concentration in
the LXe.

A background contribution from each intrinsic radioac-
tive source of less than 10−3 events·kg−1·day−1·keV−1,
which is used as a reference value, translates into a con-
centration of natKr below 50 ppt, and an activity of 222Rn
in LXe of <20 µBq/kg in the entire target mass of 62 kg.
The background from 222Rn daughters in the LXe can
be reduced by a fiducial volume cut, removing decays at
the edge of the target volume which are likely to pro-
duce high energy gamma rays with a longer mean free
path which escape the target volume. For the 40 kg
and 30 kg fiducial volumes, a background level of 10−3

events·kg−1·day−1·keV−1 corresponds to 35 µBq/kg.

VI. COMPARISON OF THE PREDICTIONS
WITH THE MEASURED DATA

During the commissioning run in Fall 2009 [5], the level
of krypton in the LXe has been measured with a de-
layed coincidence analysis using a decay channel where
85Kr undergoes a beta-decay with Emax = 173.4 keV to
85mRb (τ = 1.46 µs), which in turn decays to the ground
state emitting a gamma-ray with an energy of 514 keV.
The concentration of natKr in the LXe determined with
this technique is 143+130

−90 ppt [mol/mol], assuming a 85Kr
abundance of 10−11.

The 222Rn level in the LXe has been determined us-
ing a beta-alpha time coincidence analysis, where events
corresponding to the decays of 214Bi (T1/2 = 19.7 min,
Emax = 3.27 MeV) and 214Po (T1/2 = 164 µs,
Eα = 7.69 MeV) are tagged. Based on this analysis, the

upper limit on the 222Rn activity in LXe is <21 µBq/kg.

The volumetric activity of 222Rn inside the shield cav-
ity has been continuously monitored during this commis-
sioning run and was always below 1 Bq/m3.

A comparison of the measured background spectrum
and the Monte Carlo simulation for the 30 kg fidu-
cial volume without veto cut is shown in Figure 11.
The energy region below 100 keV is shown separately
in Figure 12. For optimal energy resolution and im-
proved linearity, the energy scale of the measured spec-
trum exploits the anti-correlation between the light and
the charge [16]: S1 and S2 are combined according
to E = S1/4.4 + S2/132.6 [keV]. The simulated spec-
trum is smeared with a Gaussian function using the
energy resolution measured with calibration sources:
σ(E)
E = 0.009 + 0.485/

√
E [keV]. The contribution from

the detector and shield materials is scaled based on the
screening values shown in Table I. The upper limits from
materials screening are used as fixed values for the scal-
ing. For the level of 222Rn in the shield cavity we used
the value measured with a dedicated radon monitor, and
for the 222Rn level in the LXe - the value determined
with the delayed coincidence analysis. The level of kryp-
ton has been inferred from the best fit of the simulated
to the measured spectrum, and is in agreement with the
value obtained from the delayed coincidence method.

Very good agreement of the background model with
the data is achieved for the low energy region, below
700 keV, and for the main peaks: 214Pb (352 keV),
208Tl (583 keV), 137Cs (662 keV), 60Co (1173 and
1332 keV), and 40K (1460 keV). In particular, simulated
and measured background spectra agree well in the en-
ergy region of interest, below 100 keV (Figure 12). The
predicted rates of single scatter electronic recoil events in
the energy region of interest are presented in Table IV.

Very good agreement between the data and Monte Carlo. No tuning of the Monte Carlo, only 
measured activities of the apparatus components. 

Measured single scatter rate below 100 keV is 5 x 10e-3 evts/kg/d/keV. 

Gator screening facility operated by UZH

Material screening underground with
a 2.2 kg HP Ge detector LNGS

L.Baudis et al., arXiv:1103.2125

→ All XENON100 construction
materials were screened and
selected

XENON100, arXiv:1103.5831

Gamma background from
materials in ROI:

Removal of 85Kr: distillation column
Kr/Xe ∼ ppm-ppb commercially available

→ After purification: ∼ 150 ppt via γβ delayed coincidence
Teresa Marrodán Undagoitia (UZH) Dark Matter Grenoble, 21/07/2011 16 / 31

Background in the ROI is dominated by 
the contribution from the PMTs.

XENON100 background                      
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Data taking period                        

Continuous data taking in 2010, interspersed 
with regular calibration measurements.

Throughout the data taking period the 
experimental parameters were monitored 

and show a great stability in time.
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Blinding of the data                         

To ensure an unbiased analysis the potential signal region was blinded while selection 
cuts were defined.

Each event below the 90% quantile of the ER distribution was hided in the analysis.
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Basic data quality cuts                         

 Remove periods of unstable detector performance.

 Remove hot spots (PMTs wildly firing).

 Reject noise events.

 Remove events interacting in the gas phase.

 Request 2 fold coincidence for S1 signals (remove PMT 
dark current and noise events).

 Select events with only a single S1 pulse (noise rejection).

 Reject events which have a hit in the active LXe veto (see 
figures)
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Fiducial volume                         

Select only events in the inner part of the TPC to exploit self-shielding effect. 

Tunable to reduce background for a chosen mass of xenon used in the WIMP analysis.
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Definition of the energy region                         

The energy region has been chosen such that it was possible to perform the search 
for elastic scatters (WIMPs) and inelastic scatters (iDM). 
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Single scatter selection                        

Valid candidate events should have only one S2 signal.
(Two S1 signals from the same interaction cannot be 

resolved).

Single scatter identification possible on the number 
of detected S2 pulses and also the hit patterns.

S1

S2
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Rejection of anomalous hit patterns                         

S1

S1

S1

S2

S2

For multiple scatters for which interactions happen below the cathode the 
corresponding S2 signal is missing. 

Such events may mimic nuclear recoils and are rejected based on the S1 hit pattern.
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Nuclear recoil acceptance                         

The nuclear recoil acceptance for a cut based analysis is defined by the 99.75% ER rejection line and
the 3 σ NR acceptance.

Choice based on maximizing the expected sensitivity. 
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Expected background 

Statistical ER leakage

Anomalous events

Neutrons

(1.14 ± 0.48) events

Determined from non-blinded ER background data. Dominated by 85Kr concentration (~650ppt). 

(0.56 +0.21/-0.27) events

Using data and Monte Carlo from 60Co and Background data. 

(0.08 +0.08/-0.04) events : Muon induced nuclear recoils

(0.032 ± 0.006) events : α-n reactions and spontaneous fission 

Total
(1.8 ± 0.6) events 
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Unblinding

Upon unblinding of the data 6 events were observed in the predefined signal region.

1

2
3

4
5

6

4 events at low recoil energies → large gap with no events → 2 events at high recoil energies.
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Event waveforms: 100d data

Examples of normal and noisy S1s:
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Noise issue after unblinding
Events at the lowest energies (above and below the analysis threshold) showed an increased noise in 

the waveforms, unlikely to be real physical events. 



Post-unblinding result
The definition of post-unblinding cuts which reduced the overall signal acceptance (<0.1%), removed 

this population of noise events (above and below the analysis threshold, no fine-tuning)

The analysis of the first 100 days of XENON100 data resulted in the observation of 3 candidate events 
in the predefined nuclear recoil acceptance region.

1
2

3
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Signal acceptance and energy scale 

Energy scale measured down to 3keVnr, uncertainties taken into account when 
calculating expected WIMP spectrum.  

Data selection

NR selection
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Profile-Likelihood method                        

NR likelihood ER likelihood
Uncertainties 
on the energy 

scale

Uncertainties 
on the escape 

velocity

Dark Matter likelihood

Likelihoodratio test is used in hypothesis testing (signal/background).

Takes care of systematic uncertainties by profiling over the nuisance parameters. 
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Results from the first 100 days                        

The PL method did not show a significant signal contribution in the data. 

World leading upper limit on the SI WIMP-Nucleon cross section.  

Poisson probability to observe 3 events or more when expecting 1.8 ± 0.6 : 28%. 
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Uncertainties at low masses: Leff                       
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The nuclear recoil energy scale is well 
determined down to energies of 3keV.

Below 3 keV extrapolation is used. 

Sensitivity at low masses is only due to 
the energy resolution of the detector.

Dependence of the sensitivity on the 
energy scale below threshold of 8.4 keV.

Xenon100 threshold

Even when an unphysical cut on the 
production of scintillation light below 
measured values is applied, this does not 
affect the result when compared to the 
CoGeNT claim.
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Inelastic Dark Matter                        
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Shown are only regions for which XENON100 results are not compatible with 
DAMA/LIBRA at the 90% CL.

Not accessible with Xe as detection medium.
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Current status of the data taking

New DM run started at the beginning of 2011
Lower concentration of 85Kr: factor of 5
Improved purity and lower trigger threshold
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The near future                        

New Dark Matter run started at the beginning of 2011, already ~100 days of exposure.  

Reduced 85 Kr concentration by a factor of 5 → reduced background from statistical leakage.  

Improved purity of the detector and lowered trigger threshold.  
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Future: XENON1T

1 ton fiducial mass
(total of 2.4 ton LXe)
Drift length = ∼90 cm
100x background reduction
compared to XENON100
Shielding: 5 m water
around the detector
Titanium cryostat
Low radioactivity photosensors

Timeline: 2011 - 2015
TDR submitted to LNGS in
October 2010:
recently approved
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XENON1T                        

 Total of 2.4 ton LXe (1 ton fiducial)

 Drift length ~1m

 100x background reduction with respect to 
     XENON100

 Enclosed by a 5m water shield (passive and 
     active muon veto)

 Timeline 2011 - 2015



K. Ni (SJTU)

Summary

•XENON100 is setting the most stringent limits on spin-independent 

elastic scattering dark matter

•XENON100/1T will keep exploring the frontier of dark matter physics  
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XE100 sensitivity 

reach 2012

XE1T sensitivity goal

construction at LNGS 

Hall B starts 2011

Expected sensitivities                        

The XENON program will probe most of today’s favored 
parameter-space in the next years.

So stay tuned!



Summary                        

 Liquid xenon has proven to be a promising target material to detect Dark 
     Matter. 

 Anticipated background level has been achieved for XENON100.

 The XENON100 experiment has world leading sensitivity to search for WIMP  
    Dark Matter. So far no significant detection.

 Already another ~100 days of exposure with an decreased background level, 
     lowered energy threshold and improved electron drift at hand.

 XENON1T has been brought on its way to improve the sensitivity by another 
     order of magnitude.
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XENON100 Collaboration

Thank you!



Background rate in Dark Matter experiments
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Background comparisons                         
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