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Evolution
XENON10:

22 kg (5.4 fid)

XENON100:
161 kg (62 fid.)

XENON1t:
2.4 t (1 t fid)

ArDM: 850 kg

WARP: 2.3 l

WARP:
140 kg 
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Lukas Epprecht June 11th 2011

LAr-TPCs: Scale up

33

3l Setup 
@ CERN

(R&D charge 
readout)

P32 @ JParc

(~0.4 t LAr; 
Pi-K test 
beam)

3l Setup @ CERN
(R&D charge readout)

ArDM @ CERN 
--> LSC

(~1t LAr; 
Greinacher HV-

Devise, large 
area readout, 

purification, ...)

ArgonTube 
@ Bern

(long drift up 
to 5 m,

HV-system, 
purity)

6m3 @ CERN

(R&D toward non 
evacuated vessels, 
charged particle 

test beam exposure 
in 2012)

1 kton @ CERN

(full engineering 
demonstrator 

towards very large 
LAr-detectors with 
stand alone short 
baseline physics 

program)

DARWIN:
20 tons LXe/LAr (10 t fid)

(indicative masses*)

DarkSide:
55 kg (33 fid.) (*optimal masses for LAr/LXe to be 

determined in the study; 
here MC sketch)

20 tons LXe/LAr
~ 10 tons in the 

central, background-
free region
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Comparison: 
XENON1T and DARWIN

XENON1T DARWIN 
(LXe part, 20 tons in total)
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Physics Motivation, I
Definitive test of the CDM-WIMP hypothesis, complementary to the LHC
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Figure 4: The (MDM, ⇥SI) plane in the CMSSM. In the left panel we show the global fit: the
yellow regions surrounded by continuous contours are the best fit including the Xenon100 and
LHC data, at 68, 95, 99.7% confidence levels for 2 d.o.f. The red (blue) regions surrounded by
dashed contours are the corresponding regions now excluded by Xenon100 (LHC). In the right
panel we show points with �⇤2 < 42, colored according to the DM annihilation mechanism.
The red dots in the upper region excluded by the Xenon100 correspond to the “well-tempered”
neutralino, green via the heavy Higgs resonance, cyan via neutral Higgses with tan �-enhanced
couplings, blue via slepton co-annihilations, magenta via stop co-annihilations.

naturalness (see [53, 54] for a recent analysis). Technically, this is achieved as follows: when
plotting the ⇤2 as function of one or two parameters, we minimize it with respect to all other
parameters. The fit is mainly driven by the DM abundance and by the apparent anomaly in
the anomalous magnetic moment of the muon, and agrees with the fits in [40, 41, 55]. Given
that it might not be a real anomaly, we also show regions at relatively high confidence levels.

We keep the nuclear matrix elements and the DM local density fixed to their default values
in Micromegas, as already discussed in the previous section.

5.2 The CMSSM results

Fig. 4a shows our global CMSSM fit for the DM mass MDM and spin-independent DM-nucleus
cross section ⇥SI measured by Xenon100 experiment. The yellow regions surrounded by con-
tinuous contours are the best fit regions including the Xenon100 and LHC data, at 1, 2 and
3⇥ level (68, 95, 99.7% confidence levels for 2 d.o.f). We also show, as red regions surrounded
by dashed contours, the previous best-fit regions at the same confidence levels now excluded
by Xenon100 at more than 3⇥. Obviously, such excluded regions lie around the Xenon100
exclusion bound at 90% confidence level (the continuous curve in the figure).

Within the CMSSM, thermal freeze-out of neutralino DM can reproduce the observed DM
cosmological abundance according to a few qualitatively distinct mechanisms, that correspond
to di⇥erent fine-tunings. To interpret this result we therefore discriminate such distinct cases,
plotting in Fig. 4b the points of the CMSSM parameter space (also imposing a reasonably good
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Figure 7: Marginalized 2D posterior densities of Ωh2 (left) and rescaled spin-independent

scattering cross section off protons (right) versus LSP mass. For the latter, only points

with Ωh2 < 0.13 are taken into account. The grey and black contours enclose the 68%

and 95% Bayesian credible regions, respectively.
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Physics Motivation, II
Reconstructing WIMP properties:
different targets are sensitive to different directions in the mχ- σSI plane

Miguel Pato, Laura Baudis, Gianfranco Bertone, Roberto Ruiz de Austri, Louis E. Strigari and Roberto Trotta Phys. Rev. D 83, 083505 (2011) 

4

target � [ton�yr] ⇥cut ANR �eff [ton�yr] Ethr [keV] ⇤(E) [keV] background events/�eff
Xe 5.0 0.8 0.5 2.00 10 Eq. (7) < 1
Ge 3.0 0.8 0.9 2.16 10 Eq. (6) < 1
Ar 10.0 0.8 0.8 6.40 30 Eq. (8) < 1

TABLE I: Characteristics of future direct dark matter experiments using xenon, germanium and argon as target nuclei. In all
cases the level of background in the fiducial mass region is negligible for the corresponding e�ective exposure. See Section III
for further details.

Finally, for a liquid Ar detector, we assume a total
mass of 20 tons (10 tons in the fiducial region), 1 year
of operation, an energy threshold for nuclear recoils of
Ethr,Ar = 30 keV and an energy resolution of [44]

⌅Ar(E) = 0.7 keV
⇤

E/keV . (8)

To calculate realistic exposures, we make the following
assumptions: nuclear recoils acceptances ANR of 90%,
80% and 50% for Ge, Ar and Xe, respectively, and an
additional, overall cut e⇧ciency ⇥cut of 80% in all cases,
which for simplicity we consider to be constant in energy.
We hypothesise less than one background event per given
e⇥ective exposure �eff , which amounts to 2.16 ton⇥yr in
Ge, 6.4 ton⇥yr in Ar and 2 ton⇥yr in Xe, after allow-
ing for all cuts. Such an ultra-low background will be
achieved by a combination of background rejection using
the ratio of charge-to-light in Ar and Xe, and charge-to-
phonon in Ge, the timing characteristics of raw signals,
the self-shielding properties and extreme radio-purity of
detector materials, as well as minimisation of exposure
to cosmic rays above ground.

The described characteristics are summarised in Table
I. We note that in the following we shall consider recoil
energies below 100 keV only; to increase this maximal
value may add some information but the e⇥ect is likely
small given the exponential nature of WIMP-induced re-
coiling spectra.

IV. STATISTICAL METHODOLOGY

We take a Bayesian approach to parameter inference.
We begin by briefly summarizing the basics, and we refer
the reader to [45] for further details. Bayesian inference
rests on Bayes theorem, which reads

p(�|d) = p(d|�)p(�)

p(d)
, (9)

where p(�|d) is the posterior probability density func-
tion (pdf) for the parameters of interest, �, given data
d, p(d|�) = L(�) is the likelihood function (when viewed
as a function of � for fixed data d) and p(�) is the prior.
Bayes theorem thus updates our prior knowledge about
the parameters to the posterior by accounting for the in-
formation contained in the likelihood. The normalization
constant on the r.h.s. of Eq. (9) is the Bayesian evidence
and it is given by the average likelihood under the prior:

p(d) =

⇥
d�p(d|�)p(�). (10)

The evidence is the central quantity for Bayesian model
comparison [46], but it is just a normalisation constant
in the context of the present paper.
The parameter set � contains the DM quantities we

are interested in (mass and scattering cross-section), and
also the Galactic model parameters, which we regard as
nuisance parameters, entering the calculation of direct
detection signals, namely ⇤0, v0, vesc, k, see Eq. (3) and
Section V. We further need to define priors p(�) for all of
our parameters. For the DM parameters, we adopt flat
priors on the log of the mass and cross-section, reflecting
ignorance on their scale. For the Galactic model param-
eters, we choose priors that reflect our state of knowl-
edge about their plausible values, as specified in the next
section. Those priors are informed by available observa-
tional constraints as well as plausible estimations of un-
derlying systematical errors, for example for ⇤0. Finally,
the likelihood function for each of the direct detection ex-
periments is given by a product of independent Poisson
likelihoods over the energy bins:

L(�) =
�

b

N N̂b
R

N̂b!
exp (�NR) , (11)

where N̂b is the number of counts in each bin (generated
from the true model with no shot noise, as explained be-
low) and NR = NR(Emin

b , Emax
b ) is the number of counts

in the b-th bin (in the energy range Emin
b ⇤ E ⇤ Emax

b )
when the parameters take on the value �, and it is given
by Eq. (5). We use 10 bins for each experiment, uniformly
spaced on a linear scale between the threshold energy and
100 keV. We have checked that our results are robust if
we double the number of assumed energy bins. Using the
experimental capabilities outlined in Section III, we com-
pute the counts NR that the benchmark WIMPs would
generate, and include no background events since the ex-
pected background level in the fiducial mass region is
negligible (cf. Table I). The mock counts are generated
from the true model, i.e. without Poisson scatter. This
is because we want to test the reconstruction capabilities
without having to worry about realization noise (such a
data set has been called “Asimov data” in the particle
physics context [47]).
To sample the posterior distribution we employ the

MultiNest code [48–50], an extremely e⇧cient sampler
of the posterior distribution even for likelihood functions
defined over a parameter space of large dimensionality
with a very complex structure. In our case, the likeli-
hood function is unimodal and well-behaved, so Monte

model uncertainties are dominated by !0 and v0, and, once
marginalized over, they blow up the constraints obtained
with fixed Galactic model parameters. This amounts to a
very significant degradation of mass (cf. Table III) and
scattering cross-section reconstruction. Inevitably, the
complementarity between different targets is affected—
see the right frame of Fig. 2. Still, for the 50 GeV bench-
mark, combining Xe, Ge, and Ar data improves the mass
reconstruction accuracy with respect to the Xe only case,
essentially by constraining the high-mass tail.

In order to be more quantitative in assessing the useful-
ness of different targets and their complementarity, we use
as figure of merit the inverse area enclosed by the 95%
marginalized contour in the log10ðm"Þ # log10ð#p

SIÞ plane
inside the prior range. Notice that for the 250 GeV bench-
mark the degeneracy between mass and cross section is not
broken—this does not lead to a vanishing figure of merit
(i.e. infinite area under the contour) because we are re-
stricting ourselves to the prior range. Figure 3 displays this
figure of merit for several cases, where we have normalized

to the Ar target at m" ¼ 250 GeV with the fixed Galactic
model. Analyses with fixed Galactic model parameters
are represented by empty bars, while the cases where all
Galactic model parameters are marginalized over with
priors as in Table II are represented by filled bars. First,
one can see that all three targets perform better for WIMP
masses around 50 GeV than 25 or 250 GeV if the Galactic
model is fixed. When astrophysical uncertainties are
marginalized over, the constraining power of the experi-
ments becomes very similar for benchmark WIMP masses
of 25 and 50 GeV. Second, Fig. 3 also confirms what
was already apparent from Fig. 1: Ge is the best target
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FIG. 2 (color online). The joint 68% and 95% posterior probability contours in the m" # #p
SI plane for the case in which

astrophysical uncertainties are taken into account. In the left frame, the effect of marginalizing over !0, v0 and all four (!0, v0,
vesc, k) astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xeþ Ge and Xeþ Geþ Ar are used for the three DM benchmarks (m" ¼ 25; 50; 250 GeV).

TABLE III. The marginalized percent 1# accuracy of the DM
mass reconstruction for the benchmarks m" ¼ 25; 50 GeV is

shown. The figures between brackets refer to scans where the
astrophysical parameters were marginalized over (with priors as
in Table II), while the other figures refer to scans with the
fiducial astrophysical setup.

Percent 1# accuracy
m" ¼ 25 GeV m" ¼ 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xeþ Ge 3.9% (10.9%) 5.2% (15.2%)
Xeþ Geþ Ar 3.6% (9.0%) 4.5% (10.7%)
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FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" ¼ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).
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!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] 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 summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ¼ 25; 50; 250 GeV with
"p

SI ¼ 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ¼ 0:4 GeV=cm3, v0 ¼ 230 km=s,
vesc ¼ 544 km=s, k ¼ 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

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 probability. Several comments are
in order here. First, it is evident 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 m# ¼ 25; 250 GeV, Xe appears the best
for a WIMP with m# ¼ 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
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical 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 Galactic
model parameters are kept fixed. In this case, for m# ¼
25; 50 GeV, the configuration Xeþ Arþ Ge allows the
extraction of the correct mass to better than Oð10Þ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# ¼
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ¼ 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10ðm#=GeVÞ (0.1, 3.0) Uniform prior
log10ð"p

SI=pbÞ ð%10;%6Þ Uniform prior
!0=ðGeV=cm3Þ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=ðkm=sÞ (80, 380) Gaussian: 230" 30
vesc=ðkm=sÞ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ¼ 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.

MIGUEL PATO et al. PHYSICAL REVIEW D 83, 083505 (2011)

083505-6

reconstruction probabilities 
for Xe, Xe + Ge, Xe + Ge + Ar

including galactic uncertaintiesfixed galactic model



DARW
IN - DM

 2012- Laura Baudis

Principle and 
some detector R&D

Inner detector: dual-phase TPC

Optimize light and charge readout,  HV 
system and drift field 

Cryostat: titanium; optimize cooling, Xe 
recirculation, radon emanation

Design calibration system (m.f.p. of 1 MeV 
photons is ~ 6 cm in LXe and 12 cm in 
LAr): internal calibration (energy scale) 
using 83mKr*

* A. Manalaysay, T. Marrodan Undagoitia, A. Askin, L. Baudis, 
A. Behrens, A. Ferella, A. Kish, O. Lebeda, D. Venos, A. Vollhard 
Review of Scientific Instruments 81, 073303 (2010) 
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R&D on light readout
Under study: hybrid (APD + photocathode) sensors (QUPIDs*); new bialkali 12-
dynode stage photomultipliers (R11410 for LXe, R11065 for LAr)

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

Although in many cases only upper limits are available, the
radioactivity of the QUPIDs is consistently comparable or lower
than conventional PMTs when considering the effective areas of
the PMTs and QUPIDs.

To verify whether the background coming from the QUPIDs
matches the requirements of future detectors, a preliminary
design of a ton-scale liquid xenon detector has been studied
using the Geant4 Monte Carlo software package [27]. The
simulation considers (i) a liquid xenon TPC, with a diameter of
1 m and height of 1 m (corresponding to a total mass of 2.3 ton),
(ii) two arrays of 121 QUPIDs each placed at the top and bottom of
the TPC, (iii) all the main detector materials. To estimate the
background level arising from the QUPIDs we have implemented
the code assuming the radioactive contamination from the
Gator data.

In the simulation we have considered the standard analysis cuts
used by the XENON collaboration [4,28], with a conservative assump-
tion of 99% rejection power on the electromagnetic background. The
study has been repeated for different fiducial volumes, that is, cutting
the top, bottom and lateral face of the liquid xenon and considering
only the inner cylindrical volume as target material and region of
interest for any energy deposit. In Table 1 the results of the Monte
Carlo simulation for fiducial volume cuts of 0, 5, and 10 cm are

presented, along with the results of the screening for each chain. The
indium used in the construction of the QUPIDs is known to undergo
b-decay, and this radioactivity was also included in the Monte Carlo
simulation. Due to the short attenuation length of b-particles in liquid
xenon, no energy deposits were observed in the inner volumes of the
target.

In a 1 m !1 m liquid xenon detector with 10 cm fiducial
volume cuts (corresponding to a target mass of 1.1 ton) 242 QUPIDs
would give a total background rate o0:07 events/year, in the
energy range between 2 and 18 keV. This result, unachievable
using the standard PMTs, would perfectly satisfy the require-
ments of the next generation dark matter experiments [20,19].

5. Photocathode

5.1. Quantum efficiency

The photocathode used in the QUPID has been specifically
developed [29] by Hamamatsu Photonics to achieve the highest
quantum efficiency (QE) for 178 nm wavelength photons, corre-
sponding to the xenon scintillation light.

The QE has been measured at room temperature by comparing
the response of the QUPID to a standard PMT, calibrated by means
of a NIST standard UV sensitive photodiode [30]. Fig. 2 shows the
QE results for different QUPIDs measured at Hamamatsu. All the
tested QUPIDs show a maximum QE430% around 178 nm. The
sharp cutoff at 170 nm is due to absorption by the quartz window.
A photocathode version optimized for operation in liquid argon is
under development. The quartz window of the QUPID is opaque to
argon scintillation light, and thus a wavelength shifting (WLS)
material6 must be used to shift the scintillation light to " 400 nm.
The photocathode used for liquid argon detectors will then have
the highest QE around visible light.

5.2. Uniformity

The uniformity of the QUPID was measured at room tempera-
ture by focusing a LED onto the photocathode and scanning over
the entire face. The LED was powered by a DC power supply and
provided a spot of 1 mm focused on the spherical surface of the

66 mm
71 mm

76 mm

APD

Photocathode
at -6kV

0 V

Equipotential
Lines

Electron
Trajectories

Baseplate

Indium
Rings

Fig. 1. Drawing of the QUPID showing the electric field and the electrons trajectory simulations, left panel. It can be seen that the photoelectrons are focused onto the APD.
Back and front views of the QUPID are shown in the center and right panels respectively. Two indium rings, one used to provide #6 kV to the photocathode and the other for
grounding, can be seen. The same rings hold the quartz cylinder, quartz ring, and baseplate together. On the baseplate, one can see four pins (two of them are connected to
the APD cathode and anode, while the other two are used only during production). The glass pipe is used for pumping a vacuum during production.

Table 1
First column: Contaminants present in the QUPID divided into the active chains.
Second column: Measured intrinsic radioactivity of the QUPIDs. Remaining col-
umns: Radioactive background from the QUPID in a ton-scale detector for different
fiducial volume cuts in the 2–18 keV energy range. The relatively high contam-
ination arising from 238U, of about 17 mBq per QUPID, does not affect the region of
interest as g-rays from this chain do not penetrate deeply inside the liquid xenon.
It can be easily cut out, down to zero events per year, by increasing the fiducial cut
to 10 cm from each side.

Contaminant Activity
(mBq/QUPID)

Events/year in fiducial cut, target mass
(after fiducial cut), energy [2–18] keV

0 cm, 2.3 ton 5 cm, 1.6 ton 10 cm, 1.1 ton

238U o17:3 o560 o0:5 0
226Ra 0.370.1 23 0.14 0.01
232Th 0.470.2 35 0.24 0.02
40K 5.570.6 55 0.32 0.02
60Co o0:18 o4:9 o0:21 o0:02

Total o23:7 o678 o1:41 o0:07

6 A possible WLS material in consideration is Tetraphenyl Butadiene (TPB).
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degradation of the waveform, and bands of 0, 1, and 2 photoelec-
trons can be clearly seen. Timing information of the waveforms
was measured in the same setup. Defining the rise (fall) time as

the time for the pulse to go from 10% to 90% of the pulse height
(and vice-versa), we obtained a rise time of 1.870.1 ns and a fall
time of 2.570.2 ns. The pulse width, defined as the full width at
half maximum (FWHM) of the waveforms, is 4.2070.05 ns. The
transit time spread of the QUPID has been measured by comparing
the time difference between the laser trigger and the peak of the
waveform. Histogramming this time difference and determining
the FWHM, we obtained 160730 ps. It is important to note that
this value can be considered as an upper limit as it includes the
uncertainties arising from the jitter of the laser trigger.

8. QUPID in liquid xenon

The QUPID has been tested extensively in a liquid xenon setup
built at UCLA, which is shown in Fig. 21. The QUPID was placed
inside a PTFE and aluminum housing supported by a polyethylene
structure inside a stainless steel chamber. The chamber was then
placed inside a vacuum cryostat. A cryocooler17 was used to
liquefy the xenon and to maintain liquid xenon temperature
during operation. The PTFE housing was fully immersed in the
liquid xenon allowing for the QUPID to operate in single-phase
mode. The temperature and pressure were held constant at
!100 1C and 1.6 bar, and the system was operated under stable
conditions for approximately two weeks. During this period, the
xenon gas was purified with a hot metal getter18 in a closed
recirculation loop.19

Gain calibration of the QUPID was performed by measuring its
response to light from the picosecond laser, fed into the PTFE
housing via an optical fiber. The readout setup was the same as
for the gain measurements (Fig. 12), however no amplifier was
used. Internal 57Co and 210Po sources, placed just above the QUPID,
were used to measure and monitor the QUPID response to the
scintillation light of xenon. The presence of impurities, out-
gassing of the surrounding material, and a PTFE housing that
was not fully optimized limited the achievable light detection
efficiency, which was found to be strongly dependent on the
recirculation speed throughout the run. Fig. 22 shows the
response of the QUPID to the 57Co and 210Po sources, including
pulse shapes and energy spectra.

Table 2 summarizes the parameters measured from each of the
sources. 57Co decays through the emission of a 122 keV g-ray
with an 86% branching ratio, and a 136 keV g-ray with 11%
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Fig. 18. Photoelectron collection efficiency in X and Y slices (on the left), and in a 3D plot (on the right) for QUPID (No.7). The collection efficiency is 480% across the entire
face of the QUPID.

Photoelectrons
-1

C
ou

nt
s

0

100

200

300

400

500

600

700

800

900

1000

0 1 2 3 4 5 6

Fig. 19. Charge distribution measured for dim laser pulses on QUPID (No.5). Peaks
of 0, 1, 2, and 3 photoelectrons can be clearly seen. A narrow pedestal of width
0.09 photoelectrons is visible.
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Fig. 20. Waveforms for dim laser pulses at !100 1C from QUPID (No.5). A 4 m
coaxial cable was used between the cryostat and the decoupling circuit. Even with
this long cable, clear bands corresponding to 0, 1, and 2 photoelectrons are well
visible. The rise time and fall time were measured as 1.8 70.1 and 2.570.2 ns
respectively, with a pulse width of 4.2070.05 ns.

17 Q-Drive Model 2S132K-WR Cryocooler.
18 SAES Model PS3MT3R1 Mono-torr Getter.
19 Q-Drive/UCLA Model 2S132K-UCLA Pump.
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R&D on scintillation 
properties: argon

Light yield of nuclear recoils in LAr: 
using neutron D-D generator, LAr and 
n-detectors        

Setup at CERN (UZH group)
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R&D on scintillation 
properties: xenon

Light yield of low-energy electronic recoils in Xe: at UZH, using strong  137Cs 
source, LXe and NaI detector in coincidence to measure light yield of electronic 
recoils down to ~ 2 keV   

137Cs source

NaI detector LXe TPC

1-σ spread of 
the beam is 1.6o

Setup at UZH
A. Manalaysay (UZH) talk at TAUP2011
detailed analysis in progress

preliminary
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Idea: good position resolution for S-to-B discrimination; charge cloud in the TPC is localized 
(< 1 mm); large scale charge readout structures can keep this information and provide low 
radioactivity and costs

Alternative to proportional scintillation: read out the charge directly, via:

LEM (macroscopic GEMs)

charge amplification in holes

GridPix: gaseous detector 

pixel chip readout coupled to EM

Or, read out proportional scintillation

via gaseous PMs, with MF2 window

CsI photocathode, on thick GEMs

R&D on charge readout

Cryogenic gaseous photomultiplier: gain > 106 in LXe
 S. Duval et al, NIM A (2011), doi: 10.1016/j.nima.2011.11.018
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Background modeling
Material* 226Ra 228Th 60Co 40K
PTFE 
(mBq/kg)

< 0.06 < 0.10 < 0.3 < 0.75

Titanium Nironit
(mBq/kg)

1.2 ± 0.4 0.6 ± 0.3 < 0.2 < 2.8

Titanium Supra Alloy
(mBq/kg)

<0.6 0.9 ±0.2 < 0.2 < 2.5

QUPIDs 
(mBq/piece)

0.3 ± 0.1 0.4 ± 0.2 < 0.2 5.5 ± 0.6

PMT R11410-MOD 
(mBq/PMT)

0.5 ± 0.1 1.5 ± 0.2 4.0 ± 0.8 13 ± 2

PMT R11410 
(mBq/PMT)

6.1 ± 0.7 3.0 ± 0.6 8.4 ± 0.8 50 ± 8

Copper powder 
(mBq/kg)

50 ± 10 12 ± 5 < 0.2 23 ± 8

Anode Feedthrough 
(Bq/kg)

9.0 ± 1.0 11.3 ± 0.8 < 0.3 2.0 ± 1.0

Quartz block 
(mBq/kg)

< 1.0 < 1.8 < 0.07 17 ± 3

*a subset of screened materials using Gator

L Baudis, A. Ferella, A. Askin, J. Angle, E. Aprile, T. Bruch, A. Kish, M. Laubenstein, A. Manalaysay, 
T. Marrodan, M. Schumann 2011 JINST 6 P08010
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Gamma backgrounds
Initial MC simulations for 10 t (5 t) total (fiducial) liquid xenon mass

Background below 10-6 dru in the central detector region (in DM-ROI)
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Neutron backgrounds

muon

n

n

n

LNGS rock

Water 
shield

Cryostat

LXe 
TPC

LNGS: water Cherenkov shield 10m x 10m
Selection criteria:
single scatter (segmentation 3 mm z-coordinate)
fiducial volume - linear 10 cm LXe cut

GEANT4, Phys. List. QGSP_BIC_HP

Rate of single scatter, nuclear recoils, in the 
fiducial volume in [9,45] keVnr: 0.2 per year
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Neutrino backgrounds
Neutrinos may be the ‘ultimate’ background source 
(will eventually deliver a new physics channel)
85Kr (natKr < 0.1 ppt) and 222Rn  < 0.1 µBq/kg required

2νbb: EXO measurement of 136Xe T1/2
Assumptions: 50% NR acceptance, 99.5%  ER discrimination, 80% flat cut acceptance
Contribution of 2νbb background can be reduced by using depleted xenon

Neutrino-electron scattering

7Be

pp

2νbb

100 GeV 
10-47 cm2
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Expected sensitivity
However, goal is not exclusion limits, but WIMP detection

~ 1 event kg-1 year-1

~ 1 event ton-1 year-1

~ 1 event (100 kg)-1 year-1

~ 1 event (10 kg)-1 year-1



DARW
IN - DM

 2012- Laura Baudis

 Aspera and CHIPP 
roadmaps

34 

 
 

 

results from 100 days of data are very promising, with a limit of 7�10-45 cm2 for 50 GeV WIMP 
mass. The sensitivity was limited by 85Kr which induced three background events in the signal 
region. After elimination of this background, the expected sensitivity would extend down to 
cross sections of the order of 2�10-45 cm2 for standard WIMPs inducing nuclear recoils. In 
addition, the preliminary runs exhibit a very low raw background, of the order of 0.02 
counts/(ke×kg×day) below 100 keV with 40 kg of liquid xenon in the fiducial volume. This 
performance will enable XENON100 to Vswitch offW the recoil identification mode and to look 
at the raw spectrum in order to check if a seasonal modulation appears, as in the DAMA 
experiment, when searching for particles with electromagnetic interactions.  
 
The encouraging results achieved by XENON100 has motivated the collaboration to propose an 
expansion of the experiment named XENON1T, aiming at operating 1 ton of liquid xenon 
(fiducial WIMP mass) with a 100 times reduced background compared to XENON100.  
XENON1T has recently been approved to run in a large water shield in the LNGS. 
 
Other searches exploit the charge + light mode to reject nuclear recoils. Besides XENON, also 
LUX (US) and ZEPLIN-III (Boulby mine, UK) use xenon as the sensitive material.  The 
recent results of ZEPLIN-III are competitive with the best-ever obtained results with double-
readout experiments. WARP (under commissioning in LNGS) and ArDM (ready to be installed 
in the Spanish LSC), are based on a double-phase argon target. With respect to xenon, argon has 
an additional tool able to perform nuclear- vs. electron-recoil discrimination, which is pulse-
shape analysis of the primary scintillation signal. However, the lower target mass makes the 
sensitivity to spin-independent interactions significantly lower.  
 
The existence of two noble liquids with very promising potential for WIMP detection (Xe and 
Ar) and with nuclear masses which are significantly different from each other motivates the 
realization of a set-up with two targets, an essential feature to provide a WIMP-specific 
observable. This is the purpose of DARWIN, a project aiming to complete the necessary 
research and design for the construction of a multi-ton scale liquid argon and/or liquid xenon 
detector with a sensitivity three orders of magnitude better than that of existing experiments. 
DARWIN brings together several European and US groups working in the XENON, WARP 
and ArDM collaborations and unites expertise on liquid noble-gas detectors, low-background 
techniques, cryogenic infrastructure and shielding.  
 
Two noble-liquid target experiments, CLEAN (argon) and DEAP (neon) are under preparation 
at SNOlab in Canada. Though both experiments are single-read-out experiments, they will 
identify nuclear recoil events and separate them from electromagnetic interactions by pulse-
shape discrimination. 
 
Recommendation: The last 2-3 years have seen dramatic progress of the liquid-xenon 
based technology for the direct detection of WIMPs. The 100 kg scale has been realised 
with a low background level and the 1-ton scale is currently being planned. On this basis, 
the committee recommends that DARWIN, a program to further extend the target mass of 
noble liquids to several tons, is pursued and supported. The choice in favour of a double-
target option should be taken after a clear experimental confirmation that a liquid argon 
target is competitive with liquid xenon in terms of rejection efficiency, background and 
operation reliability. 

Recommendation 6 – Direct and Indirect Dark 
Matter Detection
CHIPP recommends that the necessary re-
sources be provided for the construction, 
maintenance, operation and physics exploita-
tion of the present generation XENON100, 
 XENON1T and ArDM experiments for the direct 
detection of Dark Matter. The construction and 
operation of the DARWIN multi-ton Dark Matter 
search facility should receive an appropriate 
Swiss contribution. 

CHIPP also recommends adequate sup-
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