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Abstract. The DarkSide experiment is designed for the direct detection of Dark Matter with
a double phase liquid Argon TPC operating underground at Laboratori Nazionali del Gran
Sasso. The TPC is placed inside a 30 tons liquid organic scintillator sphere, acting as a neutron
veto, which is in turn installed inside a 1 kt water Cherenkov detector. The current detector is
running since November 2013 with a 50 kg atmospheric Argon fill and we report here the first
null results of a Dark Matter search for a (1422 + 67) kg.d exposure. This result correspond
to a 90% CL upper limit on the WIMP-nucleon cross section of 6.1 x10™** cm? (for a WIMP
mass of 100 GeV/c?) and it’s currently the most sensitive limit obtained with an Argon target.

1. Introduction

Our knowledge of the energy balance of the Universe is derived only by indirect observations.
We know that the baryonic matter (the so called luminous matter) only accounts for roughly
the 5% of the energy content, while Dark Energy and Dark Matter are estimated to provide
the larger contributions, which account for the 68% and the 27% respectively (according to the
recent results of the Planck experiment).

The first hypotheses on the existence of Dark Matter date back to the beginning of the 20th
century and they are presently well supported by several indirect observations. In spite of this,
the knowledge of the nature of these particles, not predicted by the Standard Model, is extremely
poor. One of the most favored candidate is known as WIMP, an acronym for Weakly Interactive
Massive Particle. These particles are supposed to have masses in the GeV-TeV range, to not
interact strongly nor electromagnetically, but only through gravitational and weak forces. The
current upper limit on the WIMP-nucleon cross section, extremely low, is 7.6 x 10746 cm? for
33 GeV WIMP mass at 90% CL [1].

The indirect search for WIMPs can be performed by looking for ordinary decay products
of WIMP-WIMP annihilation in the Universe or by producing WIMPs in collider experiments;
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the direct detection channel can be exploited by searching for nuclear recoils induced by elastic
scattering of WIMPs on ordinary nuclei.

A detector for the direct detection must satisfy some requirements: a large active mass;
low energy thresholds, since a typical nuclear recoil only deposits less than 100 keV; strong
background suppression. Such a detector can be designed to collect the ionization charges, the
scintillation light or the phonons produced inside the sensitive medium by the recoiling nucleus.
Several experiments are currently running around the world, exploiting different targets and
detection techniques, and many among them are designed to access to more than one of those
quantities at the same time.

2. Direct Detection of Dark Matter in Noble Liquids

Noble liquids are suitable for direct detection of Dark Matter: they are dense, inexpensive and
easy to be purified (a detector can be scaled up to large volumes) and they have high ionization
and scintillation yields (roughly one electrons every 20 eV and 40k photons/MeV respectively).

When a charged particle interacts within noble liquids, it looses energy by both ionization
and excitation, according to the stopping power of the interacting particle. The excited atoms
de-excite producing a prompt light signal in the UV range (scintillation light, called S1 in
the following). Electrons and ions produced by ionization can be separated by means of an
electric field. A fraction of free electrons, however, undergo to the recombination process with
ions produced along the particle track. The recombined atom is in an excited state and the
de-excitation increases the S1 signal. The recombination effect is larger at higher ionization
densities, and hence stronger for nuclear recoils with respect to electronic recoils. As a result,
nuclear and electronic recoils can be discriminated with a rejection factor of the order of 102-103
2, 3].

Liquid noble gases experiments, thanks to the double phase TPC technique, are suitable
for measuring both the scintillation and the ionization components: the ionization electrons are
drifted up to a gaseous layer, lying on the top of the liquid noble volume, and extracted by means
of an applied electric field. During the extraction, a second light emission occurs (called S2),
thanks to the electro-luminescence effect, proportional to the number of ionization electrons.

The main two noble liquid targets used in currently running experiments are Argon and
Xenon. The predicted interaction cross section is slightly different, being larger at low WIMP
masses for Xenon. Xenon is denser and highly radio-purer with respect to Argon. Further,
the Xenon technology is more advanced and already provided the most stringent limits on the
WIMP-nucleon cross section.

The delay of the Argon technology with respect to the Xenon based one is due to the non
negligible content of 3°Ar in atmospheric Argon. 3°Ar is a 3 emitter, with a Q-value of 565
keV and half life of about 269 years. The typical activity of atmospheric Argon, due to cosmic
rays activation, is of the order of 1 Bq/kg and this always prevented the built of a large detector
for rare events experiments. The problem can be solved thanks to the recent development of
the underground Argon (UAr) extraction technique. This Argon is depleted in 3°Ar and a
depletion faction larger than 150 has been achieved, as shown in Figure 1. A mass production of
underground Argon seems also to be possible at affordable price for future large scale detectors.

Liquid Argon has the advantage of an extremely high discrimination power thanks to the
Pulse Shape Discrimination (PSD). The excited Argon atom has two states, with two different
decay time constant (the single state, with 71 ~ 7 ns and the triplet state with 75 ~ 1600 ns).
While a nuclear recoil mostly excites the fast state, a typical electronic recoil mostly excites
the slow one. Thus, simply looking at the fraction of S1 light that occurs in the first tens of
nanoseconds of the signal itself, it is possible to discriminate between nuclear and electronic
recoils up to a factor 108 [5]. In Liquid Xenon the two time constants are similar (71 ~ 22 ns
and 7 ~ 45 ns) and the implementation of this technique is prevented [6].
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3. The DarkSide experiment

3.1. The DarkSide program

The DarkSide goal is a background free experiment with a multi-ton scale double phase liquid
Argon TPC. In order to accomplish such an ambitious result, the DarkSide collaboration is
proceeding through a staged approach. The first prototype (Darkside-10), built in Princeton
and running until 2013, proved the stability of the detector and a light yield of about 9 photo-
electrons/keV was measured. In the current configuration (Darkside-50) the active mass of the
detector has been increased from 10 kg to 50 kg. The full experimental setup includes also a
spherical liquid scintillator detector acting as neutron veto and surrounding the TPC, and a
water Cherenkov detector for vetoing muons, hosting the sphere.

In spite of the current atmospheric Argon fill and the calibration purposes, the DarkSide-50
first physics results are remarkable and will be discussed in the following.

It is currently under discussion the design of the future phase detector, with a more
competitive physics potential. The veto sphere presently installed is already designed in order to
host a larger cryostat, so the active mass can easily be scaled up to few tons. The commissioning
of the future detector is foreseen to start after the end of the current phase (expected in 2017).

3.2. The DarkSide detector
The detector is installed underground, at Laboratori Nazionali del Gran Sasso (LNGS, in Italy),
under 3400 m.w.e of rock working as a shield from cosmic rays and it has been realized with
highly radiopure materials.

The core of the DarkSide experiment is the double phase liquid Argon time projection
chamber, 36 cm diameter x 36 cm height, and filled with roughly 46.7 kg of Liquid Argon
(LAr). Two arrays of 19 photo-multipliers are pointing to the center of the volume from the top
and from the bottom surfaces (two quartz windows). On the top of the liquid, a 1 cm height gas
region is created by heating the LAr. A uniform electric field (200 V/cm) is maintained along
the vertical axis of the cylinder and a stronger electric field is present is the gas region (2800
V/cm) for the extraction of ionization electrons.

All the internal surfaces of the TPC are reflective and coated with TPB (ThetraPhenylBu-
tadiene), a wavelength-shifter required in order to convert the 128 nm LAr scintillation light in
visible one, to match the photocathode sensitivity.

The cryostat is placed inside a 4 m diameter sphere, filled with an organic Liquid Scintillator
and equipped with 110 PMTs (8 inches), acting as a neutron veto. The solution is made by 50%
Pseudocumene (PC) and TriMetylButadiene (TMB), the latter being a molecule, loaded with
Boron, with a very high neutron capture cross section. Also PPO in 5 g/1 concentration is added
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to reduce the light quenching. The mean lifetime of neutrons inside this solution is of the order
of 2 us and the veto efficiency has been estimated to be higher than 99.9%. The main goal of
the neutron veto is the rejection of WIMP-like interactions (nuclear recoils) produced inside the
TPC by radiogenic and cosmogenic neutrons; moreover is designed to work actively, not only
shielding the TPC from the environment, but also measuring the real neutron background.

The Neutron Veto sphere is then placed inside a 10 kton water tank, with 80 PMTs (8 inches)
installed on the side and on the bottom, acting as a Cherenkov detector for the surviving cosmic
muons at the depth of the Laboratories. A sketch of the three nested detectors is shown in
Figure 2.

Figure 2. The nested detector
system of DarkSide-50. The outermost
gray cylinder is the Water Cherenkov
Detector, the sphere is the Liquid
Scintillator Veto, and the gray cylinder
at the center of the sphere is the LAr
TPC cryostat.

4. The First Results

4.1. Detector calibration and stability

The calibration of the detector has been realized with the insertion of 83Kr inside the Argon
circulation loop, a common practice for noble liquids experiment. This radio-nuclide emits two
low energy gammas (for a total deposit of 41.5 keV) and has a mean life of 1.8 hours. The
position of the 41.5 keV peak over the 39Ar S-spectrum allows to measure the light yield of the
detector: 7.9 &+ 0.4 photo-electrons/keV without the electric field and ~ 7.0 photo-electrons/keV
at 200 V/cm.

The stability of the detector response can also be evaluated selecting the events populating
the 41.5 keV peak. While the maximum electron drift time, for the 200 V/cm electric filed, is
set to 375 ps (vqpife ~ 0.93 mm/us), the measured electron lifetime is larger than 5 ms. The
internal non-uniformity both in terms of light and electrons collection have been evaluated as
well.

For the neutron expectation band, it is safe to adopt the results of the SCENE experiment
[8], a calibration experiment designed to study the nuclear recoils in LAr with a neutron beam
and a small TPC. The reduced dimensions of the TPC are convenient in order to obtain a clean
sample of single scattering events and nuclear recoils have been studied for different neutron
energies and electric fields.

A calibration campaign with neutron (AmBe) and gamma (°7Co, 133Ba and 3"Cs) sources
at different energies is currently ongoing.
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4.2. Background rejection

A WIMP interacting inside the sensitive volume is expected to hit a nucleus and to produce a
nuclear recoil. As already mentioned, the main tool for rejecting electron recoils that trigger the
TPC is the the Pulse Shape Discrimination (up to a factor 10%). Exploiting the S2/S1 ratio will
increase the rejection power by an additional factor 10% + 103.

The most dangerous source of WIMP-like background is represented by cosmogenic and
radiogenic neutrons. Some of these events, those with multiple interaction inside the TPC, can
be rejected since they produce a multiple ionization signal. The neutrons interacting only once
in the TPC are likely to be captured inside the 47 liquid scintillator surrounding veto. A capture
on !B results in the production of “Li and « particle. The a energy is 1.47 MeV, quenched
to ~ 50 keV. With a branching ratio of 94%, a 480 keV + is also emitted. The measured light
yield in the veto scintillator (~ 0.52 pe/keV) is large enough to detect the « also when no 7 is
emitted.

The number of cosmogenic neutrons that penetrate the veto undetected is negligible in a
multi-year DarkSide-50 exposure (from calculation). Concerning the internal radioactivity, the
major source of neutrons are the PMTs (to be replaced in a future detector by cleaner ones)
and the total expected yield is about 100 n/y. From Geant4 based simulation, only 5x1074
of them are expected to interact once in the TPC and to escape the veto without leaving any
detectable signal (< 30 pe). This fraction can vary by 20%, because of the large uncertainty on
the quenching factor of the a’s.

Finally, a fiducialization is applied to the active volume, in order to prevent contamination
from « surface emissions (from raw materials qualification, they are expected to be < 10/m?day),
removing events that are originated within 2 cm from the walls. After this cut, the fiducial
volume is reduced to 36.9 kg of LAr.

4.83. Extrapolation of the limit

Figure 3. Distribution of the
events in the scatter plot of S1 vs.
f90 after all quality and physics
cuts. Shaded blue with solid blue
outline: Dark Matter search box in
the f90 vs. S1 plane. Percentages
label the f90 acceptance contours
for nuclear recoils drawn connecting
R s ] 5 points (shown with error bars)
; - ke I ol A Pl ol PR determined from the corresponding
100 150 200 250 300 350 400 . [AP;(; SCENE measurements.

The first result, corresponding to a total lifetime of 47.2 days, is shown in Figure 3 [7]. The
plot vertical axis corresponds to the PSD parameter (f90 or the fraction of S1 signal that occurs
in the first 90 ns of the signal itself). The f90 parameter is known to be ~ 0.3 for electronic
recoils and ~ 0.7 for nuclear recoils. The selected energy window for nuclear recoils extends
from roughly 40 to 200 keVpr, namely 8 to 40 keVee (electron recoil equivalent).

The Dark Matter search box shown in the plot is obtained by intersecting the 90% nuclear
recoil acceptance line from the SCENE experiment with the curve corresponding to a leakage
of 3°Ar events of 0.01 events/(5-pe bin). The leakage curves are obtained by fitting the f90
distributions for any fixed energy according to the Hinkley model [10].
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There are no events in the upper part of the plot, but a large number of electronic recoils
(mainly due to the 3°Ar) populate the lower region. This result has been obtained with
atmospheric Argon runs and the collected statistics corresponds to roughly 20 years of DS-50
run with Depleted Argon.

A first limit on the WIMP-nucleon cross section can be derived from these data, even if a
physics result was not the main goal of this calibration campaign. The limit, compared in Figure
4 with the current best results from LUX (a LXe detector) and other experiments, correspond
to 6.1 x10~4 cm? (90% CL) for 100 GeV WIMP mass and it is currently the most stringent
one obtained with a Liquid Argon target.
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5. Conclusions and outlook

The DarkSide-50 detector is successfully running and taking data since November 2013. The
calibration campaign is almost concluded and the data available so far (corresponding to 50
days lifetime) provided a first physics result.

This result confirms the effectiveness of the Pulse Shape Discrimination: the present exposure
of (1422 + 67) kg.d with atmospheric Argon, corresponding to 215000 kg.d of running with
underground Argon, proves that DarkSide-50 could run for two decades with underground Argon
and be free of 3?Ar background. In the meanwhile, a first batch of 150 kg of UAr has been
shipped to LNGS and the insertion of the liquid inside the cryostat is expected at the end of
February 2015.

The design of the next phase detector is currently under discussion. The expected sensitivity
for the WIMP-nucleon cross section will be of the order of 10747 cm? in a few years exposure,
thanks to a ton-scale active mass of underground Argon.

References
[1] D. S. Akerib et al. (LUX Collaboration),Phys. Rev. Lett. 112, 091303 (2014).
[2] Benetti et al. (ICARUS) 1993.
[3] The WARP Collaboration, arXiv:0701286.
[4] arXiv:1204.6011
[5] WARP Astr. Phys 28, 495 (2008)
[6] arXiv.org:1106.2209
[7] The DarkSide Collaboration, arXiv:1410.0653.
[8] T. Alexander et al. (SCENE Collaboration), Phys. Rev. D 88, 092006 (2013).
[9] P. Cushman et al. (APS Community Summer Study 2013), arXiv:1310.8327.
0]

[10] The DEAP Collaboration, arXiv:0801.1531v4.





