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The Milky Way’s Halo

ρhalo = 0.1− 0.7GeVcm−3

WIMP flux on Earth: ~ 
105 cm-2s-1 (100 GeV WIMP, 
ρhalo = 0.3 GeV cm-3)

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

~ 600 kpc (J. Diemand et all,  Nature 454, 2008, 735-738)

Dominated by cold dark matter, which could me made of Weakly 
Interacting Massive Particles (WIMPs)  



Aim of the XENON project

Detect Galactic dark matter particles directly, via 
their collisions with xenon nuclei

Such particles are predicted to be heavy (GeV - 
TeV masses), weakly interacting and slow-
moving (v ≈ 10-3c)

The expected energy of the recoiling Xe nucleus 
has a maximum of a few tens of keV

WIMP

WIMP

ER

Xe

ER =
q2
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Aim of the XENON project

Since predicted WIMP-nucleon cross sections are below ~10-43 cm2, the 
expected recoil rates are well below 1 event kg-1 year-1

MWIMP = 100 GeV
σWN=1×10-44 cm2
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FIG. 5: (color online) The spin independent cross section !SI
!̃0
1p

versus neutralino mass. Points are

colored according to the value of m1/2 taken. Applying the XENON and CDMS limits we see that

m1/2 is preferred in the 120 GeV to 155 GeV region.

well as the indirect constraints imposed above. For example, one such model in Figure 5 has

mA = 190GeV, tan ! = 56, m!̃0
1
= 60GeV, n11 = 0.994 and n13 = 0.102; for this particular

model, "SI
!̃0
1p

! 5.5" 10!43 cm2 in excess of what is allowed by XENON 100 data. Thus the

XENON constraint is stronger than the Tevatron bound for this point. More generally, we

obtain a limit arising from the dark matter direct detection constraint:

mA
>! 300GeV XENON Constraint . (28)

Including uncertainties in the form factors that enter the computation of "

SI
!̃0
1p

one may

loosen or tighten this constraint a bit; however, the point here is that the constraints on mA

become rather strong from the XENON data. The value quoted above is particular to the

requirements within the confines of the scaling predictions in Eq. (10) and the mass range

Eq. (12). However, other models with radiative electroweak symmetry breaking are also

strongly constrained. We have performed a separate analysis to investigate minimal super-

gravity models which satisfy the WMAP constraints of Eq. (11) via stau-co-annihilation,
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MSUGRA
Feldmann, Freese, Nath et al;
arXiv:1102.2548v1 [hep-ph]

Example for predictions from SUSY Differential recoil rates

http://xxx.lanl.gov/abs/1102.2548v1
http://xxx.lanl.gov/abs/1102.2548v1


A Noble Liquid Time Projection Chamber

Large, scalable, homogeneous 
and self-shielding detector

Prompt (S1) light signal after 
interaction in the active volume

Charge is drifted, extracted into 
the gas phase and detected as 
proportional light (S2) 

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

=> particle identification

Xe (A=131); λ = 178 nm

Working principle of the XENON100 TPC



The XENON program

XENON R&D

XENON10

XENON100

XENON1T

ongoing

2005-2007

PRL100
PRL101
PRD 80
NIM A 601

2008-2011
taking science data
first results: PRL105

2011-2015

Proposal submitted to 
LNGS in April 2010

TDR submitted to LNGS 
mid October, 2010

Approved by LNGS/
INFN in April 2011

1 ton fiducial
2.4 t total
@180K1 ton fiducial

2.4 t total
@180K



The XENON collaboration

USA, Switzerland, Italy, France, Portugal, Germany, Netherlands, Israel and China



The XENON collaboration 
LNGS, April 2011



XENON100 location and shield

At the Gran Sasso Laboratory in Italy, below ~1.4 km of rock (3600 mwe)

Operated in conventional passive shields (Cu, Poly, Pb, H20)

Detector housing constantly purged with boil-off N2, to keep a Rn level < 0.5 Bq/m3



XENON100 Detector Design

TPC with 30 cm drift and 30 cm diameter

Drift field of 0.53 kV/cm between cathode 
at -16 kV and grounded grid

Cooling system and signal/HV feed-
throughs outside the shield

242 low-radioactivity photomultipliers to 
detect the prompt and proportional 
scintillation light



The XENON100 Photodetectors

1-inch square R8520 Hamamatsu PMTs, optimized to work at LXe T and P

Ultra-low radioactivity: 238U, 232Th < 1 mBq/PMT 

Quantum efficiency: 23% (top, veto array) and 34% (bottom array) at 178 nm

top array: 98 PMTs bottom array: 80 PMTs LXe veto: 64 PMTs



The XENON100 Inner Detector

62 kg of LXe in the active detector volume

99 kg of LXe as an active veto surrounding 
the TPC from all sides

Interlocking teflon panels used for optimal 
Xe light reflectivity* and very low radio-
activity

40 copper field shaping rings for uniform 
drift field across the TPC

*Details: B. Choi, G13.5



Example of a 9 keV Nuclear Recoil Event

4 photoelectrons detected 
from about 100 S1 photons

645 photoelectrons detected from 
32 ionization electrons which 
generated about 3000 S2 photons
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S1

S2

70µs ~ 12cm
drift time -->z

Event localization in z: ∆t between prompt (S1) and delayed (S2) signal 
with < 2 mm resolution
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Example of a 9 keV Nuclear Recoil Event

Event localization in x-y: from light pattern in top PMT array (S2 signal is 
localized below top array) with < 3 mm resolution (as measured with 
collimated sources at different radii)

S2 details: E. Pantic, G13.1



XENON100 Materials

All detector and shield materials were screened with dedicated, ultra-low 
background HPGe facilities at LNGS and selected according to their radio-purity

More than 60 components screened, results available: arXiv:1103.5831
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L. Baudis et al., arXiv:1103.2125 [astro-ph.IM]

Gator at Soudan

Gator at LNGS

GeMPI at LNGS

The Gator HPGe facility at LNGS

Gator’s background spectrum

http://xxx.lanl.gov/abs/1103.2125v1
http://xxx.lanl.gov/abs/1103.2125v1


XENON100 Backgrounds

Electromagnetic radiation

natural radioactivity in detector and shield materials

222Rn in shield cavity

85Kr and 222Rn in LXe

cosmogenic activation of materials during storage/transportation at the Earth’s 
surface

Neutrons

radiogenic from (α,n) and fission reactions

cosmogenic from spallation of nuclei in materials by cosmic muons

16



Background Rejection Methods

LXe self-shielding from penetrating radiation

Identification/rejection of gammas/neutrons by:

charge/light (S2/S1): > 99.5%

3D event localization with few mm precision 
allowing for: a) fiducial volume definition b) 
rejection of multiple-scatters

17

fiducial volume definition

x-y position from external γ-source light/charge- ratio

neutrons

gammas

Details: 
A. Melgarejo,  T11.4, 
Y. Mei, T11.5, 
K. Lim: T11.6
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Backgrounds: Data and Predictions

Data versus Monte Carlo simulations (no MC tuning, input from screening values for 
U/Th/K/Co/Cs etc of all detector components); no active liquid xenon veto cut  

Background is 100 times lower than in XENON10 and meets design specifications

XENON100 collaboration, arXiv:1101.3866, PRD 83, 082001 (2011)

2νββ
85Kr 222Rn

http://xxx.lanl.gov/abs/1101.3866v1
http://xxx.lanl.gov/abs/1101.3866v1


Backgrounds: Data and Predictions

Data versus Monte Carlo simulations (no MC tuning, input from screening values for 
U/Th/K/Co/Cs etc of all detector components); no active liquid xenon veto cut  

Background is 100 times lower than in XENON10  (and any other dark matter 
experiment) and meets design specifications

DAMA

CRESST CoGeNT

CDMS XENON10

XENON100



Gamma Calibrations

137Cs to monitor the light yield

60Co to map the electronic recoil band

232Th to understand response up to 
high energies

137Cs

137Cs calibration

137Cs: energy resolution improves when 
using both S1 and S2 signals

σ/E ~ 2.3%

Charge-light anti-correlation



Neutron calibrations 

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

Inelastic n-scattering on Xe: 129,131Xe + n → 129,131Xe + n + γ (40 keV, 80 keV)
XENON100: Neutron Calibration
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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

Uniformly distributed gammas from inelastic collisions used to check/correct 
signal dependency with event position 



Nuclear recoil equivalent energy scale

Nuclear Recoil Energy [keV]
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G. Plante et al., arXiv:1104.2587v1 [nucl-ex]

New measurements of Leff at Columbia down to 3 keVr

Enr =
S1

Ly · Leff
× Ser

Snr

Energy of nuclear recoils (NRs)

Measured signal in nr. of p.e.

Light yield for 
122 keV γ in p.e.
(2.2 ± 0.1) p.e./keV

Relative scintillation efficiency of 
NRs to 122 keV γʼs at zero field

Quenching of scintillation 
yield for 122 keV γʼs due 
to field (0.58 at ~ 0.5 kV/cm)

Quenching of scintillation 
yield for NRs due to field
(0.95 at ~0.5 kV/cm)

Leff measures the nonlinear part of the 
scaling between the energy deposition and 
the scintillation output.  The use of 122 keV 
introduces only a scaling term. 

Details: G. Plante, G13.8

http://xxx.lanl.gov/abs/1104.2587v1
http://xxx.lanl.gov/abs/1104.2587v1


Light yield of low-energy electronic 
recoils in LXe

Use strong 137Cs source, LXe and NaI detector in 
coincidence to measure light yield of electronic 
recoils down to ~ 2 keV

Measurements in progress at UZH 

Angle [deg] Energy [keV]

3.5 1.6

4.25 2.35

8.5 9.3

16 32

34.5 123



XENON100 2010 Dark Matter Run 
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FIG. 2: 90% confidence limit on the spin-independent elastic WIMP-nucleon cross section (solid and long
dashed), together with the best limit to date from CDMS (dotted) [5], re-calculated assuming an escape
velocity of 544 km/s and v0 = 220 km/s. Expectations from a theoretical model [6], and the areas (90% CL)
favored by CoGeNT (green) [7] and DAMA (red/orange) [8] are also shown.

III. DARK MATTER SEARCH AND UPCOMING ANALYSES

Mid-January 2010, we started a Dark Matter run until summer, see figure 3. With more than

100 live days of data, and given our low background level, we now have a data set on tape that

is unprecedented in the search for Dark Matter. Additional calibrations with low anode voltages,

dedicated to light-pattern based likelihood algorithms, were taken. Analysis of this data set is in

full progress and we are anticipating unblinding of the signal region within 2010. This data will for

the first time probe the next order of magnitude in cross section of spin-independent WIMP-nucleon

interactions. In parallel to this analysis, we are working on further physics interpretations of the

already-published data set as well as publications dedicated to the detector, our extensive screening

efforts, and the background simulation.
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FIG. 3: Data taking of run 7 (black) and run 8 (green). More than 100 live days to search for Dark Matter
were acquired in run 8 during spring 2010 and are currently being studied.

IV. PREPARATIONS FOR LOWER BACKGROUND SEARCH

The pulse tube refrigerator (PTR) together with its associated systems (helium compressor, motor

valve, etc.) as well as the recirculation/purification system have been in continuous operation since

early 2008 and maintenance became necessary. Having enough data on tape to reach the next order of

magnitude in probed WIMP-nucleon cross-sections, we decided to recuperate the xenon to allow these

necessary works. Helium compressor, motor valve and helium lines were exchanged. The PTR was

PRL105

New Results (2011)

Oct 2009 June 2010



Pressure and temperature inside the 
TPC during the dark matter run



Schematics of data analysis

Low energy trigger generated 
by shaped sum signal of 84 
PMTs passing a predefined 
hardware threshold

S2 trigger efficiency 
> 99% for S2 > 300 PE

All recorded events are analyzed 
to check that they correspond to 
physical interaction inside the TPC

Remove noise events
Remove events in which 
the S2 and S1 don’t match 
the reconstructed position

Remove multiple scatters



Cuts acceptance and light yield 
parameterization

 all cuts apart from the S2/S1 discrimination cut

NR acceptance for a 99.75% ER rejection

mean (solid) and 1-, 2-sigma uncertainties (blue bands) of Leff direct measurements

Energy range: 4 - 30 pe



After unblinding...

6 events observed in the WIMP search region (4 - 30 pe)

However, 3 events (along with a population below 4 pe) were pure noise

Cut (post-unblinding) on S1-width removes these events with > 99.7% efficiency 
for nuclear recoils 

Noise population

Good events



A good event



A noise event



Distribution of events in the TPC

Signal region:
3 events are observed
1.8 ± 0.6 gamma leakage events expected
0.1 ± 0.08 ± 0.04 neutron events expected

Fiducial mass region:
48 kg of liquid xenon
900 events in total



New upper limit on spin-independent 
WIMP-nucleon cross sections

Blue bands: 1- and 2-sigma 
expectations, based on zero signal

Limit (dark blue) is 1.5-2 sigma worse 
than expectations, given 2 events 
observed at high S1

At a WIMP mass of 50 GeV, the limit on 
the SI WIMP-nucleon cross section is 7 
x 10-45 cm2 (90% C.L.)

Limit is robust against extrapolation of 
Leff below 3 keVr

XENON collaboration, arXiv:1104.2549v1 [astro-ph.CO]

http://xxx.lanl.gov/abs/1104.2549v1
http://xxx.lanl.gov/abs/1104.2549v1


Current status and expected sensitivity

New AmBe calibration run for nuclear recoils

Regular 60Co and 232Th calibration runs

New dark matter run started in March 2011

Background back to level in 2009



Next Phase: XENON1T

Designed to probe the σ-region 
down to 5x10-47 cm2

Approved to be built at LNGS in 
April 2011

Construction to start in late 2011
Full physics reach by 2015

ICARUS XENON1T
WArP

10 m x 10 m water shield 
active muon veto



The XENON1T detector

1 ton fiducial
2.4 t total
@180K

Photosensors: QUPIDs -> tested at UCLA

121  3’’ sensors top

121  3’’ sensors 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

This multiplying process is called electron bombarded gain. After
that, electrons are drifted into the avalanche region with strong
electric fields in the APD (with a strength of about 3!108V/cm),
and are further multiplied by about 100. The gain obtained by this
multiplying process is called avalanche gain. The total gain of the
QUPID is determined by the product of the two kinds of gain.
The maximum gain is about 100,000.

3. Performance

3.1. Characteristics of photocathode

A specifically modified bialkali photocathode is activated on
the faceplate of the QUPID for high linearity in liquid Xe and Ar
temperature. The most recently produced four QUPIDs show
quantum efficiencies of 18–26% at 175nm (scintillation wave-
length of Xe). The linearity of the photocathode current as a
function of temperature is shown in Fig. 3. A linearity of up to
200nA in the photocathode current is observed, which is required
assuming neutrino-less double beta decay (at 2.5MeV) produces
"106 photoelectrons per 1ms (in gas Xe). In this measurement, it
has also confirmed that the QUPID is operational in extremely low
temperatures, such as the temperature of liquid xenon, #108 1C.
Though excellent characteristics of the developed QUPID up to a
temperature of #175 1C is confirmed, the measurement in liquid
Ar temperatures of #186 1C, is one of the future assignments.

3.2. Single photon counting capability

The setup for testing single photon counting capabilities
is shown in Fig. 4. By applying a voltage of #6kV to the

electrons

Bialkali photocathode (!65mm)

Quartz
(Fused Silica)

APD (Si)

Quartz
(Fused Silica)

Al

Electrode

Electrode

electrons

Fig. 2. A structure of developed QUPID is shown.
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Fig. 3. A linearity of the photocathode current of developed QUPID, as a function
of temperature, is shown.

Dark Box

Digital OscilloScope

APD
Agilent, Infinium 54845A

8 GHz sampling
1.5 GHz bandwidth

-6kV
(Photocathode)

Amp
X 63

QUPID
(G = 812 x 194 = 158,000)

-433 V
(APD Bias)

1 nF
(1 kV)Coax Cable (2m)

Hamamatsu
C5594

(Total G = 107)

100 k"500 M"

Fig. 4. A setup for observation of the output for single photoelectron is shown.

Fig. 5. The traces for the output signal of the QUPID observed by a digital
oscilloscope, with a bandwidth of 1.5GHz and 8GSa/s. Peaks of photoelectron
corresponding single, double, and triple photons is clearly observed.

A. Fukasawa et al. / Nuclear Instruments and Methods in Physics Research A 623 (2010) 270–272 271

Photosensors: R11410 -> tested at UZH

LXe 
(MarmotX)

SPE Spectrum 
(-1600 V)

K. Lung, G13.3, A. Teymourian G13.9



Beyond Current Detectors: DARWIN

To reconstruct WIMP properties such a mass and scattering cross 
section we will (likely) need larger detectors for high-stats recoil spectra
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FIG. 1: The joint 68% and 95% posterior probability contours in the mχ − σp
SI plane for the three DM benchmarks

(mχ = 25, 50, 250 GeV) with fixed Galactic model, i.e. fixed astrophysical parameters. In the left frame we show the re-
construction capabilities of Xe, Ge and Ar configurations separately, whereas in the right frame the combined data sets Xe+Ge
and Xe+Ge+Ar are shown.

For the local circular velocity and its uncertainty, a va-

riety of measurements presents a broad range of central

values and uncertainties [56]. To again remain conserva-

tive we use an interval bracketing recent determinations:

v0 = vlsr = 230± 30 km/s (1σ) , (15)

where we take a Gaussian prior with the above mean and

standard deviation. To account for the variation of the

local density of dark matter in our modeling, we will take

a mean value and error given by [57, 58]

ρ0 = 0.4± 0.1 GeV/cm
3

(1σ) , (16)

There are several other recent results that determine ρ0,
both consistent [59] and somewhat discrepant [60] with

our adopted value. Even in light of these uncertainties,

we take Eq. (16) to represent a conservative range for the

purposes of our study.

For completeness Table II summarises the information

on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter bench-

mark models described in Section II (mχ = 25, 50, 250
GeV with σp

SI = 10
−9

pb) and fix the Galactic model

parameters to their fiducial values, ρ0 = 0.4 GeV/cm3
,

v0 = 230 km/s, vesc = 544 km/s, k = 1. With the exper-

imental capabilities outlined in Section III, we generate

mock data that in turn are used to reconstruct the poste-

rior for the DM parameters mχ and σp
SI . The left frame

of Fig. 1 presents the results for the three benchmarks

and for Xe, Ge and Ar separately. Contours in the figure

delimit regions of joint 68% and 95% posterior probabil-

ity. Several comments are in order here. First, it is ev-

ident that the Ar configuration is less constraining than

Xe or Ge ones, which can be traced back to its smaller A
and larger Ethr. Moreover, it is also apparent that, while

Ge is the most effective target for the benchmarks with

mχ = 25, 250 GeV, Xe appears the best for a WIMP with

mχ = 50 GeV (see below for a detailed discussion). Let

us stress as well that the 250 GeV WIMP proves very

difficult to constrain in terms of mass and cross-section

due to the high-mass degeneracy explained in Section II.

Taking into account the differences in adopted values and

procedures, our results are in qualitative agreement with

Ref. [26], where a study on the supersymmetrical frame-

work was performed. However, it is worth noticing that

the contours in Ref. [26] do not extend to high masses

as ours for the 250 GeV benchmark – this is likely be-

cause the volume at high masses in a supersymmetrical

parameter space is small.

In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data,

or Xe, Ge and Ar together, again for when the Galac-
tic model parameters are kept fixed. In this case, for

mχ = 25, 50 GeV, the configuration Xe+Ar+Ge allows

the extraction of the correct mass to better than O(10)

GeV accuracy. For reference, the (marginalised) mass

accuracy for different mock data sets is listed in Table

III. For mχ = 250 GeV, it is only possible to obtain a

lower limit on mχ.

astro-ph.CO: 1012.3458, accepted in PRD (2011)

fixed galactic model
reconstruction probabilities 
for Ar, Ge, Xe

fixed galactic model
reconstruction probabilities 
for Xe, Xe + Ge, Xe + Ge + Ar

Miguel Pato, Laura Baudis, Gianfranco Bertone, Roberto Ruiz de Austri, Louis E. Strigari and Roberto Trotta 

http://xxx.lanl.gov/pdf/1012.3458
http://xxx.lanl.gov/pdf/1012.3458


DARWIN: DARk matter WImp search with Noble liquids

Preliminary

LAr LXe

2009 - 2012:  R&D and Design Study
2013: Submission of LoI, engineering studies
2014 - 2015: Construction and commissioning
2016 - 2020:  Operation, physics data

R&D and design study for next-generation noble liquid detector in Europe
Location: Gran Sasso (Italy) or ULISSE (Modane Lab extension, France)
Physics goal: prove WIMP-nucleon cross sections beyond 10-47 cm2

(darwin.physik.uzh.ch) arXiv:1012.4764v1

http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1


Summary

XENON100 reached its design goal: 10 × more mass and 100 × less 
background than in XENON10

A dark matter run in 2010 revealed no WIMPs, and resulted in the lowest 
limits on spin-independent WIMP-nucleon cross section reported so far

A new dark matter run with lower backgrounds started in March 2011, the 
detector is running smoothly

XENON1T (2.4 LXe tons in total) is approved to be built at LNGS, 
construction is expected to start in fall 2011

DARWIN, a multi-ton scale Ar/Xe dark matter facility, approved by ASPERA 
in late 2009, is designed to detect WIMPs with high statistics and measure 
WIMP properties 



End


