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Physics aim of liquid xenon dark matter experiments
• Observe WIMP dark matter via elastic scattering off xenon nuclei

• The expected scattering rate is:
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Xenon time projection chambers

XENON1T: under 
construction at LNGS

3500 kg LXe (~2000 
kg fiducial), dual-
phase, 248 PMTs, 
physics run to start in 
2015

XENON100 in Pb/Poly/Cu  
shield at LNGS:

161 kg LXe (~50 kg 
fiducial), dual-phase, 
242 PMTs
taking science data

DARWIN: R&D and 
design stage; LNGS or 
Modane extension

20 t LXe (~12 t fiducial); ~ 
1050 PMTs, physics run 
to start in 2018

1.05m

0.95m 2m

2m

30 cm

XENON collaboration
Astroparticle Physics 35, 573-590, 2012

20 t LXe
(LAr also 
under study)

30 cm

3.5 t LXe



Photosensors

XENON100 XENON1T DARWIN

1-inch square Hamamatsu 
R8520 PMTs
226Ra/228Th: ~1mBq/PMT
QE: ~ 30% at 178 nm

3-inch Hamamatsu 
R11410-21 PMTs
226Ra/228Th: ~1 mBq/PMT
QE: ~ 34% at 178 nm

R11410-21 (baseline)
QUPIDs
226Ra/228Th: <1 mBq/QUPID
LAAPDs, SiPMs
Gas PMs
R&D ongoing

NIM A 654 (2011) 184–195
JINST 8 P04026 (2013)



Calibration: energy scale and ER/NR bands
• 83mKr, 129 Xe,131 Xe, 137Cs: charge & light yields in the TPC

• 60Co, 232Th: electronic recoil band; AmBe: nuclear recoil band

• XENON1T: use 220Rn, and n-generator

• DARWIN: use also pp-neutrinos, and, possibly                        a 
a 51Cr neutrino-source:~6 events/(t d) in [2-15]keV

(E=426 keV, 10%; E = 746 keV, 90%; A = 10 MCi)

on 129Xe (one source position), and the 164 keV line from neutron-
activated 131mXe with a uniform distribution inside the TPC. For
each of the sources, the light yield was determined in (r, z) bins.
The bin size was decreased at larger r where the light collection
efficiency is expected to fall off stronger while increased statistics
from the 137Cs and 241AmBe sources allowed for a finer binning.
The light collection efficiency varies by a factor !3 across the
TPC, with the largest value in the center, right above the bottom
PMT array, and the minimum at large r, just below the gate grid.
The results of the three measurements agree within 3%. The correc-
tion map obtained from the 40 keV line, which is used to correct
the data, is shown in Fig. 21.

The light yield Ly at 122 keVee is an important parameter to
determine the nuclear recoil equivalent energy scale from the S1
signal (see [59–61] and references therein). However, it cannot
be measured directly in large detectors such as XENON100 since
gamma rays of this energy do not penetrate into the fiducial
volume. Instead, Ly was determined from a fit to the measured vol-
ume-averaged scintillation yield for several calibration peaks
above and below 122 keV, namely 40 keV (129Xe), 80 keV (131Xe),
164 keV (131mXe), and 662 keV (137Cs), where all peaks besides
the last one are from inelastic neutron interactions from the

241AmBe calibration. An empirical function, linear in log10E, was
employed for the interpolation and results in a light yield of
Ly = (2.20 ± 0.09) PE/keVee at 122 keV and the operating drift field
of 0.53 kV/cm (see Fig. 22). Taking into account the measured field
quenching [11,62,63], this corresponds to 4.3 PE/keVee at zero field
at 122 keV. The error of Ly includes the uncertainty due to the
choice of fit function and takes into account potential variations
in the volume-average, as the events from different sources used
for the analysis are differently distributed throughout the TPC.

5.5. Electric field correction

In order to reach the highest possible light collection efficiency
and therefore the lowest possible S1 energy threshold, the cathode
mesh was optimized in terms of optical transparency using a mesh
pitch of !5 mm. However, first measurements of the (r, z) distribu-
tion of events in the TPC revealed that the electric field leaking
through the cathode was underestimated in the design, leading
to an outward bending of the outermost field lines, close to the
cathode. There are no charge-insensitive regions from this effect,
but it leads to an inwards shift of the reconstructed event radius
for r > 120 mm and z < "250 mm.

In order to optimize the detector response, a field correction
was determined by a numerical finite element calculation of the
electric field configuration, and cross checked with a simulation
using the boundary elements method. The result was verified with
three independent measurements: the position of the outermost
line of detected events, the electron drift time distribution, as well
as the uniform volume density of neutron activated xenon events
at 164 keV and 236 keV from metastable states of 131Xe and
129Xe, respectively. A large amount of data with lines from acti-
vated xenon was taken following a second 241AmBe calibration
at the beginning of 2011, at a reduced extraction field to avoid
PMT saturation effects. After applying the field correction, the
homogeneity of the event distribution can be confirmed within
2–3% up to r = 145 mm, where the precision is limited by the sub-
traction of the electromagnetic background. This leads to a maxi-
mal uncertainty on the field correction which is equal to the
position reconstruction uncertainty at the outermost fieldline. It
decreases with smaller radii as the correction itself becomes small.

All position-dependent S1 and S2 corrections can be obtained
completely independent from the field correction. The field correc-
tion, however, improves the detector performance for large fiducial
masses and allows a more precise determination of the position of
the event vertex for large r and z. A comparison of this detector re-
gion with and without field correction is shown in Fig. 23 for the
background data presented in Ref. [25]. As the correction is applied
to both calibration and science data, its uncertainty has negligible
impact on dark matter results.

5.6. Performance of the active LXe veto

The XENON100 TPC is completely surrounded by a volume of
99 kg LXe with a thickness of !4 cm on the side of the PTFE cylin-
der, below the bottom PMTs, and above the diving bell. Due to the
high stopping power of LXe, it effectively suppresses background
gamma rays from outer detector materials and the passive shield.
In order to improve the background reduction even further, the LXe
shield has been equipped with 64 PMTs. 32 PMTs monitor the side
of the TPC, whereas two sets of 16 monitor the volume above and
below. The shield is optically separated from the target volume and
is operated as an active veto. This allows for the rejection of multi-
scatter events when both LXe regions show S1 signals within
±20 ns, where the time window is chosen to account for possible
ADC bit jitters and the slow component of LXe scintillation.
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Fig. 21. Correction map for the light collection efficiency (LCE) obtained from the
40 keV line: The vertical axis shows the value to correct a measured S1 (light) signal
at a given (r, z) position. z = 0 mm denotes the top of the TPC. The measured S1
signals are divided by the values from this map.
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Fig. 22. Measured light yield (in PE/keVee) for different gamma lines used to
calibrate XENON100. A direct calibration at 122 keVee is not possible due to the
limited penetration depth of c-rays of this energy, therefore the value has been
interpolated using a fit to the available lines. The values at 9.4 keVee and 32.1 keVee

are taken from [63] and scaled to the light yield at 122 keVee and the different
electric field. They are given for comparison and not used in the fit.

E. Aprile et al. / Astroparticle Physics 35 (2012) 573–590 587

60Co

AmBe

Electronic recoil (ER) band

Nuclear recoil (NR) band

83mKr data: Xurich detector at UZH
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• 5.3 x 10-3 events/(kg day keV)

Backgrounds
XENON100: data/MC

XENON1T: MC

DARWIN: MC
- pp-neutrinos
- bb-decay
- radon
- krypton
- materials

XENON1T: MC
- radon
- krypton
- pp-neutrinos
- materials
- bb-decay

see also PRD 83, 082001 (2011)
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Example: XENON1T backgrounds

• Material screening campaign of all the materials is in progress
• Detailed MC simulations of ER and NR background component
• ER: [2 - 15] keVee, 99.5% S2/S1 rejection, 1 ton fiducial mass -> 0.2 events/year
• NR: [8 - 45] keVnr, single-scatters, 1 ton fiducial mass -> 0.4 events/year (muon-induced 

n-BG < 0.01 ev/year)

MC Background Prediction: γ
Full Monte Carlo simulation in GEANT4 of the Water Tank, Support structure, Cryostat, TPC, PMTs.

Tuesday, April 16, 13

MC Background Prediction: γ
Full Monte Carlo simulation in GEANT4 of the Water Tank, Support structure, Cryostat, TPC, PMTs.

Tuesday, April 16, 13

MC Background Prediction: n

Radiogenic neutron spectrum and yield 
estimated with SOURCES-4A

Stainless Steel

Neutrons propagation and 
interaction with GEANT4

Tuesday, April 16, 13

ERs

NRs cryostat 60%, 
PMTs 30%, 
TPC components 10%

cryostat 40%, PMTs + bases 55%, TPC (PTFE) 5%



XENON1T: rate as a function of mass

Material background quickly drops below internal background from 85Kr and 
222Rn, and below the one from solar neutrinos and double beta decay of 136Xe

222Rn 85Kr
pp neutrinos

double beta 136Xe

materials

After 99.5% rejection of ERs



DARWIN: rate as a function of mass

Material background is subdominant; main contribution comes from one from 
solar neutrinos and double beta decay of 136Xe , from 85Kr and 222Rn

After 99.5% rejection of ERs

222Rn
85Kr

pp neutrinos

double beta 136Xe

materials



Backgrounds

• XENON100: materials, radon, krypton

• current run: < 1.3 ppt (90% C.L.) natKr=> < 0.05 mdru from 85Kr 
(85Kr present at 10-11 mol/mol in natKr); 65 µBq 222Rn

• XENON1T: radon, krypton, materials, solar neutrinos

• assumptions 0.5 ppt natKr; 1 µBq/kg 222Rn

• DARWIN: solar neutrinos, double beta decay (136Xe), 
85Kr, 222Rn, detector components

• assumptions 0.1 ppt natKr; 0.1 µBq/kg 222Rn

• NR background: sub-dominant

85Kr

85Rb

85Rb⇤

��

�
⌧ = 1.46µs

E0 = 173 keV

E = 514 keV

0.434%



Signals, and background reduction

• Fiducial volume and ER/NR discrimination cut

WIMP-nucleon cross section : 1.9 x 10-41 cm2; 
CDMS Si results, 140 kg d 

XENON100: WIMP with mW = 8.6 GeV

observed: 224.6 live days, 34 kg,
1 background event expected

The fiducial volume used in this analysis contains 34 kg
of LXe. The volume was determined before the unblinding
by maximizing the dark matter sensitivity of the data given
the accessible ER background above the blinding cut. The
ellipsoidal shape was optimized on ER calibration data,
also taking into account event leakage into the signal re-
gion. A benchmark WIMP search region to quantify the
background expectation and to be used for the maximum
gap analysis was defined from 6:6–30:5 keVnr (3–20 PE) in
energy, by an upper 99.75% ER rejection line in the dis-
crimination parameter space, and by the lines correspond-
ing to S2> 150 PE and a lower line at !97% acceptance
from neutron calibration data (see lines in Fig. 2, top).

Both NR and ER interactions contribute to the expected
background for the WIMP search. The first is determined
from Monte Carlo simulations, by using the measured
intrinsic radioactive contamination of all detector and
shield materials [8] to calculate the neutron background
from ð!; nÞ and spontaneous fission reactions, as well as
from muons, taking into account the muon energy and
angular dependence at LNGS. The expectation from these
neutron sources is (0:17þ0:12

%0:07 ) events for the given expo-
sure and NR acceptance in the benchmark region. About
70% of the neutron background is muon-induced.

ER background events originate from radioactivity of
the detector components and from " and # activity of
intrinsic radioactivity in the LXe target, such as 222Rn and
85Kr. The latter background is most critical, since it cannot
be reduced by fiducialization. Hence, for the dark matter
search reported here, a major effort was made to reduce the
85Kr contamination, which affected the sensitivity of the
previous search [6]. To estimate the total ER background
from all sources, the 60Co and 232Th calibration data are
used, with>35 times more statistics in the relevant energy
range than in the dark matter data. The calibration data are
scaled to the dark matter exposure by normalizing it to the
number of events seen above the blinding cut in the energy
region of interest. The majority of ER background events
is Gaussian distributed in the discrimination parameter
space, with a few events leaking anomalously into the NR
band. These anomalous events can be due to double scat-
ters with one energy deposition inside the TPC and another
one in a charge insensitive region, such that the prompt S1
signal from the two scatters is combined with only one
charge signal S2. Following the observed distribution in
the calibration data, the anomalous leakage events were
parametrized by a constant (exponential) function in the
discrimination parameter (S1 space). The ER background
estimate including Gaussian and anomalous events is
(0:79& 0:16) in the benchmark region, leading to a total
background expectation of (1:0& 0:2) events.

The background model used in the PL analysis employs
the same assumptions and input spectra from MC and
calibration data. Its validity has been confirmed prior to
unblinding on the high-energy sideband and on the vetoed
data from 6:6–43:3 keVnr.

After unblinding, two events were observed in the bench-
mark WIMP search region; see Fig. 2. With energies of 7.1
(3.3) and 7:8 keVnr (3.8 PE), both fall into the lowest PE bin
used for this analysis. The waveforms for both events are of
high quality, and their S2=S1 value is at the lower edge of
the NR band from neutron calibration. There are no leakage
events below 3 PE. The PL analysis yields a p value of
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FIG. 2 (color online). (Top) Event distribution in the discrimi-
nation parameter space log10ðS2b=S1Þ, flattened by subtracting
the distribution’s mean, as observed after unblinding using all
analysis cuts and a 34 kg fiducial volume (black squares). A lower
analysis threshold of 6:6 keVnr (NR equivalent energy scale) is
employed. The PL analysis uses an upper energy threshold of
43:3 keVnr (3–30 PE), and the benchmark WIMP search region is
limited to 30:5 keVnr (3–20 PE). The negligible impact of the
S2> 150 PE threshold cut is indicated by the dashed-dotted blue
line, and the signal region is restricted by a lower border running
along the 97% NR quantile. An additional hard S2b=S1 discrimi-
nation cut at 99.75% ER rejection defines the benchmark WIMP
search region from above (dotted green line) but is only used to
cross-check the PL inference. The histogram in red and gray
indicates the NR band from the neutron calibration. Two events
fall into the benchmark region where (1:0& 0:2) are expected
from background. (Bottom) Spatial event distribution inside the
TPC using a 6:6–43:3 keVnr energy window. The 34 kg fiducial
volume is indicated by the red dashed line. Gray points are above
the 99.75% rejection line, and black circles fall below.
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XENON1T and DARWIN at Gran Sasso

Xe
3.5 ton 1 m

10 m

Water

29

XENON1T: DETECTOR

TPC Design
- reflects current XENON100 design
- informed by continuous updates from 
various R&D efforts and simulations
- 100 kV FT tested. Final version for 
XENON1T to be validated on Demonstrator 
- model implemented in Geant4 for 
background optimization
- material and selection selection ongoing

Tuesday, April 16, 13

1m
2m

Construction starts now... Construction to start in 2017
(Lab: the Modane extension is also under 
consideration) 



The XENON1T inner detector

127  3’’ sensors top

121  3’’ sensors bottom
First tests of TPC 
segment prototype at UZH

Top array: 127 PMTs
→ radial 

arrangement

Bottom array: 121 PMTs
→ closest packing

Custom made
low background

connectors

Anode Prototype

OFHC Cu field shaping electrodes

Anode Prototype

Interlocking PTFE reflector

PTFE support bars

PTFE reflector between PMTs

TPC Details

Tuesday, April 16, 13

Top array: 127 PMTs
→ radial 

arrangement

Bottom array: 121 PMTs
→ closest packing

Custom made
low background

connectors

Anode Prototype

OFHC Cu field shaping electrodes

Anode Prototype

Interlocking PTFE reflector

PTFE support bars

PTFE reflector between PMTs

TPC Details

Tuesday, April 16, 13

The TPC



The XENON1T photosensors

Hamamatsu 3-inch R11410, QE > 30% at 175 nm
(here being tested in LXe at UZH, in MarmotXL)

SPE Spectrum 
(-1600 V)

LB et al, JINST 8, P04026, 2013 (arXiv:1303.0226)

Signal Electrons
0 2 4 6 8 10 12 14 16 18 20
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Figure 1. SPE spectrum of a R11410 PMT immersed in LXe by stimulating the emission of SPEs using
blue LED light. The lowest peak is due to noise (red), the main one from SPEs (solid green), and the tail
from two PEs (dashed green). The spectrum is fit by a sum of Gaussians, Equation (2.1), and used to derive
the PMT gain from the position of the SPE peak. The full fit-function is shown in blue.

the contribution from two photoelectrons. The data presented here is acquired using a CAEN
V1724 waveform digitizer with 100 MHz sampling frequency and 40 MHz input bandwidth. The
waveforms are transferred to a computer and stored for data processing and subsequent analysis,
and for later visual inspection.

A peak processor scans the digitized waveforms for excursions from the baseline, integrates
the area around the maximal excursion to obtain the number of electrons contributing to the signal,
and histograms the result. One example is shown in Figure 1. The resulting single photoelectron
spectrum consists of a large peak around zero, which is due to electronic noise, followed by a
(ideally well separated) peak from SPEs. In the analysis the spectrum is described by a sum of
three Gaussians

f (x) = an ⇥Gauss(µn,sn)+aSPE ⇥Gauss(µSPE,sSPE)+a2 ⇥Gauss(2µSPE,
p

2sSPE) (2.1)

considering noise (n), the SPE peak, and the peak from two photoelectrons (2). µSPE is given by
the gain. sSPE is the SPE resolution. Mean and s of the Gaussian describing two photoelectrons
(PEs) are fixed by the parameters of the SPE peak. Its amplitude a2 is typically only 2-3% of aSPE.

In some cases, the measurement was triggered by the PMT signal itself using a threshold
discriminator (LeCroy 621S) to generate the trigger, which led to the same results.

Room-Temperature Characterization The basic characterization, as presented in Section 3,
was performed at room temperature in a light-tight black box which can accommodate two R11410
PMTs fixed in a PTFE structure. Cables were guided into the box via a light-tight custom made
feedthrough. In order to perform the measurements in a stable and reproducible configuration, they
were started not earlier than 30 minutes after switching the PMT on.

MarmotXS To monitor the performance of the R11410 immersed in LXe over several months,
a simple detector chamber, MarmotXS, was designed and built. The cylindrical chamber has an
inner diameter of 15 cm and a length of 23 cm, see Figure 2 (left) and allows the installation of
one R11410 PMT facing downwards. To minimize the amount of LXe needed, most of the space

– 3 –

1 pe

2 pe

gain: ~ 5 x 106

The MarmotXL detector

http://xxx.lanl.gov/abs/1303.0226
http://xxx.lanl.gov/abs/1303.0226


The XENON1T photosensors

Low-Radioactivity R11410-21 for XENON1T

33
Tuesday, April 16, 13

All ~300 R11410-21 PMTs to be screened at LNGS with Gator 

PMTs
in Gator

16 R11410 PMTs

Background
spectrum

Gator: LB et al, JINST 6 P08010, 2011 

http://iopscience.iop.org/1748-0221/6/08/P08010/
http://iopscience.iop.org/1748-0221/6/08/P08010/
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DARWIN: WIMPs and solar neutrinos
• pp solar neutrinos: limit the WIMP sensitivity down to ~ 10-48 cm2

• Expected neutrino rate [2 - 30] keV: ~ 4000/year in 12 tons fiducial mass

WIMP

pp-neutrinos

7Be neutrinos
136Xe



DARWIN: argon and xenon complementarity

20/30 t yr Ar

10/20 t yr Xe

XENON100 (current)

Xe alone: 10 t yr

Xe 10 t yr and Ar 20 t yr

v0 = 220± 20 km/s

vesc = 544± 40 km/s

⇢� = 0.3± 0.1GeV/cm3

10 100 1000
10!48
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arXiv:1306.3244

70 events 180 events

43 events

74 events 260 events

78 events

http://xxx.lanl.gov/abs/1306.3244
http://xxx.lanl.gov/abs/1306.3244


DARWIN time schedule

2014 - 2016

Design and engineering studies

2014: LoI, CDR
2015: TDR
2016: proposals 2017 - 2019

Construction, commissioning

2017: major components at home institutions
2018: construction/integration at UL
2019: commissioning

2020 - 2025

physics runs

2010 - 2013

First R&D phase, Aspera funded

June 2013: Aspera final report
end of 2013: technical report



DARWIN costs (LXe part)

Item Total costs [in 106 CHF]

Photosensors, 1000 7.0

Xenon, 30 t 22.5

Detector (TPC, grids, HV) 1.5

Cryostat 4.5

Cryostat support 0.5

Cherenkov shield 0.5

Water tank 0.4

Xenon storage 1.6

Infrastructure 1.4

Electronics, DAQ, cables 1.8

Calibration system 0.3

Slow control 0.3

Screening (HPGe, ICP-MS) 0.4

LXe purification (Rn, Kr) 1.5

Demonstrator vertical (drift, HV) 0.5

Demonstrator horizontal (grids) 0.5

Sum 54.2
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Stockholm, March 5, 2013 
 
 

Application for group membership in DARWIN 
 
                    
                   Dear Prof. Baudis 
   

With this letter I would like to apply for attaching my  group of experimental astroparticle 
physics of the Physics Department of Stockholm University to the DARWIN consortium. 
 
My group is currently one of the leading groups in indirect detection of dark matter, 
foremost active in the gamma-ray satellite Fermi Large Area Telescope, the Air Cherenkov 
Telescope H.E.S.S. II and preparations for the next generation Air Cherenkov Telescope 
Cherenkov Telescope Array (CTA).  The group consist of one (non-tenure-track) assistant 
professor, 3 postdocs and 2 PhD students, although at this point I would be formally the only 
member of DARWIN. Other groups in my department (IceCube and nuclear physics) have 
indicated interest in direct detection and might want to contribute to DARWIN.  

 
Traditionally Sweden has been very strong in indirect detection of dark matter with gamma- 
rays and neutrinos. We share department and corridor with one of the strongest 
phenomenology groups in the field (Lars Bergström and the developers of DarkSUSY), with 
whom my group is closely collaborating. We are part of the excellence cluster “Oskar Klein 
Centre” which comprises astronomy, particle physics and astroparticle physics groups 
representing a variety of  experimental and theoretical activities. 
 
Direct detection is a missing piece in our suite of tools attacking the dark matter problem 
and we have been investigating the possibility to join an activity for a while now, and the 
DARWIN projects strikes me as one of the most promising in terms of reach and feasibility.  

 
Envisaged contribution 
 
In terms of expertise, we could contribute with phenomenological/theoretical analysis   (see 
for example Yakrami et al. JCAP  1107 (2011) 022,  JCAP 1104 (2011), for two scoping 
studies which I suggested), and high-level statistical data analysis, I personally have worked 
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With this letter I would like to apply for attaching my  group of experimental astroparticle 
physics of the Physics Department of Stockholm University to the DARWIN consortium. 
 
My group is currently one of the leading groups in indirect detection of dark matter, 
foremost active in the gamma-ray satellite Fermi Large Area Telescope, the Air Cherenkov 
Telescope H.E.S.S. II and preparations for the next generation Air Cherenkov Telescope 
Cherenkov Telescope Array (CTA).  The group consist of one (non-tenure-track) assistant 
professor, 3 postdocs and 2 PhD students, although at this point I would be formally the only 
member of DARWIN. Other groups in my department (IceCube and nuclear physics) have 
indicated interest in direct detection and might want to contribute to DARWIN.  

 
Traditionally Sweden has been very strong in indirect detection of dark matter with gamma- 
rays and neutrinos. We share department and corridor with one of the strongest 
phenomenology groups in the field (Lars Bergström and the developers of DarkSUSY), with 
whom my group is closely collaborating. We are part of the excellence cluster “Oskar Klein 
Centre” which comprises astronomy, particle physics and astroparticle physics groups 
representing a variety of  experimental and theoretical activities. 
 
Direct detection is a missing piece in our suite of tools attacking the dark matter problem 
and we have been investigating the possibility to join an activity for a while now, and the 
DARWIN projects strikes me as one of the most promising in terms of reach and feasibility.  

 
Envisaged contribution 
 
In terms of expertise, we could contribute with phenomenological/theoretical analysis   (see 
for example Yakrami et al. JCAP  1107 (2011) 022,  JCAP 1104 (2011), for two scoping 
studies which I suggested), and high-level statistical data analysis, I personally have worked 
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Request of TU Dresden to join DARWIN  
(
'
Dear Laura, 
'
Next generation noble gas detectors as studied within DARWIN are extremely interesting but 
challenging projects. A contribution and participation from my group at TU Dresden would 
complete my long term planning of activities and I believe we can offer some valueable 
contributions to DARWIN. 
 
We can offer various kinds of neutron sources, among them the most intense DD and DT 
generator in Europe. Measurements in collaboration UZH, Muenster and Mainz could be done 
to study light yields in LAr and LXe (WP3, TG3). As these mesurements are extremely 
important it might be worthwhile to do them twice at UZH and TU Dresden. 
 
Furthermore these sources will allow to measure radioisotope production in LXe/LAr of 
potential danger, even so they haven’t appeared in previous experiments. As highlighted in 
the report (WP8, TG1), the aim of DARWIN is to improve the sensitivity for dark matter 
significantly and especially reducing background by another order of magnitude with respect 
to experiments in the building up phase. This is a real challenge and new background sources 
might show up and have to be considered. We would like to explore parts of these by studying 
neutron reactions on Xe/Ar and also make a detailed study of solar neutrino background. 
Recently we published such a solar neutrino background study for double beta decay in 
Journal of Physics G. Doing solar neutrinos by myself for decades (GALLEX, SNO and 
SNO+) this is also of large personal interest for me. 
 
As part of the planned background improvement also material screening will be a major and 
time consuming task (WP6, TG3). Within this context we can offer the usage of the ultralow 
background Ge-detectors in the Felsenkeller Underground Laboratory for screening 
measurements within DARWIN.  
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Prof Laura Baudis
DARWIN project coordinator 
University of Zurich 

Request to join the DARWIN Collaboration  

Dear Prof Baudis

Following our numerous informal discussions on the subject, I am writing to submit an official 
request to join the DARWIN Collaboration.

My research expertise lies in the development and application of advanced statistical 
techniques to complex data sets, both in cosmology and astroparticle physics. I am one of the 
leading proponents of astrostatistics as a new  discipline able to provide robust and insightful 
data-based answer to complex theoretical problems.  

I am interested in joining the DARWIN Collaboration with a view  to contributing to the 
development of the data analysis pipeline for the identification and characterization of  WIMP 
signals. In particular, I propose to design and implement a Bayesian data analysis pipeline for 
DARWIN, which promises superior capabilities in terms of  extracting a possible weak signal 
from a dominating background and a more accurate and robust modelling of  systematic 
errors. 

A fully Bayesian approach has never been applied to the analysis of  data from a direct 
detection experiment. The Bayesian and frequentist (e.g., profile likelihood) approaches can 
be seen as complementary: they ask different questions from the data, and in general, the 
results might differ. This is particularly to be expected in the case of  interest for discovery 
experiments such as DARWIN, where a high-dimensional parameter space (including 
parameters characterizing the signal, the background component, systematic effects and 

Imperial College of Science, Technology and Medicine                  

C. Amsler
M. Schumann

A. Rubbia L. Baudis
B. Kilminster

29 groups from 9 countries



Direct detection: sensitivity versus time

~1 event kg-1yr-1

L. B., Physics of the Dark 
Universe 1, 94 (2012)

Factor ~ 10 every two years!

~1 event kg-1day-1

http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
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Events in XENON...

S1 signal: ~ 100 photons

S2 signal: ~ 23 electrons

S1 signal: 5.14 photoelectrons S2 signal: 459.7 photoelectrons

151 µs

The maximum electron drift time at 0.53 kV/cm is 176 µs



Run10 SI Results

• No evidence for WIMPs

• Upper limit on SI WIMP-nucleon cross section is 2x10-45 cm2 at MW = 55 GeV

Dark Matter Results from 225 Live Days of XENON100 Data
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We report on a search for particle darkmatter with theXENON100 experiment, operated at the Laboratori

Nazionali del Gran Sasso for 13 months during 2011 and 2012. XENON100 features an ultralow

electromagnetic background of ð5:3" 0:6Þ $ 10%3 events=ðkeVee $ kg$ dayÞ in the energy region of

interest. A blind analysis of 224:6 live days$ 34 kg exposure has yielded no evidence for dark matter

interactions. The two candidate events observed in the predefined nuclear recoil energy range of

6:6–30:5 keVnr are consistent with the background expectation of (1:0" 0:2) events. A profile likelihood

analysis using a 6:6–43:3 keVnr energy range sets the most stringent limit on the spin-independent elastic

weakly interactingmassive particle–nucleon scattering cross section forweakly interactingmassive particle

masses above 8 GeV=c2, with a minimum of 2$ 10%45 cm2 at 55 GeV=c2 and 90% confidence level.

DOI: 10.1103/PhysRevLett.109.181301 PACS numbers: 95.35.+d, 14.80.Ly, 29.40.%n, 95.55.Vj

Astronomical and cosmological observations indicate
that a large amount of the energy content of the Universe
is made of dark matter [1]. Particle candidates under the
generic name of weakly interacting massive particles
(WIMPs) [2] arise naturally in many theories beyond the
standard model of particle physics, such as supersymmetry,
universal extra dimensions, or little Higgs models. The
search for these particles continues with a variety of experi-
mental approaches [3]. In direct detection experiments, one
attempts to observe the nuclear recoils (NRs) produced by

WIMP scattering off nucleons [4]. The recoil spectrum falls
exponentially with energy and extends to a few tens of keV
only. The expected low event rate requires large detectors
built from radio-pure materials and that are capable of
identifying and rejecting backgrounds from various sources.
The XENON100 experiment, described in detail in

Ref. [5], uses liquid xenon (LXe) as both a WIMP target
and a detection medium, with simultaneous measurement
of the ionization and scintillation signals produced by
particle interactions in the active volume. The detector is
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! 5% for all WIMP masses for the background-only hy-
pothesis, indicating that there is no excess due to a dark
matter signal. The probability that the expected background
in the benchmark region fluctuates to two events is 26.4%
and confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections !" is calcu-

lated, assuming an isothermal WIMP halo with a local
density of #" ¼ 0:3 GeV=cm3, a local circular velocity

of v0 ¼ 220 km=s, and a Galactic escape velocity of
vesc ¼ 544 km=s [17]. Systematic uncertainties in the
energy scale as described by the Leff parametrization of
Ref. [6] and in the background expectation are profiled
out and represented in the limit. Poisson fluctuations in
the number of PEs dominate the S1 energy resolution and
are also taken into account along with the single PE
resolution. The expected sensitivity of this data set in the
absence of any signal is shown by the green (yellow)
[1! (2!)] band in Fig. 3. The new limit is represented by
the thick blue line. It excludes a large fraction of previously
unexplored parameter space, including regions preferred
by scans of the constrained supersymmetric parameter
space [18].

The new XENON100 data provide the most stringent
limit for m" > 8 GeV=c2 with a minimum of ! ¼ 2:0#
10$45 cm2 at m" ¼ 55 GeV=c2. The maximum gap analy-

sis uses an acceptance-corrected exposure of 2323:7 kg#
days (weighted with the spectrum of a 100 GeV=c2

WIMP) and yields a result which agrees with the result of
Fig. 3 within the known systematic differences. The new
XENON100 result continues to challenge the interpretation
of the DAMA [19], CoGeNT [20], and CRESST-II [21]
results as being due to scalar WIMP-nucleon interactions.
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FIG. 3 (color online). Result on spin-independent WIMP-
nucleon scattering from XENON100: The expected sensitivity
of this run is shown by the dark (green) and light (yellow) band
[1! (2!)] and the resulting exclusion limit (90% C.L.) by the
solid blue line. For comparison, other experimental limits
(90% C.L.) and detection claims (2!) are also shown [19–22],
together with the regions (1!=2!) preferred by supersymmetric
models [18].
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Run10 spin dependent results

• 129Xe (spin-1/2) and 131Xe (spin-3/2), two isotopes with J ≠ 0 and abundance of 26.2% 
and 21.8% in XENON100
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