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Abstract

LUX (Large Underground Xenon) is a dark matter direct detection experiment deployed at the 4850’ level of the
Sanford Underground Research Facility (SURF) in Lead, SD, operating a 370 kg dual-phase xenon TPC. Results of
the first WIMP search run were presented in late 2013, for the analysis of 85.3 live-days with a fiducial volume of
118 kg, taken during the period of April to August 2013. The experiment exhibited a sensitivity to spin-independent
WIMP-nucleon elastic scattering with a minimum upper limit on the cross section of 7.6 x 107* cm? at a WIMP mass
of 33 GeV/c?, becoming the world’s leading WIMP search result, in conflict with several previous claimed hints of
discovery.
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1. Introduction

The observational evidence for the existence of dark
matter is overwhelming, mainly due to its gravitational
effects. A wide variety of cosmological observations
support the existence of non-baryonic cold dark mat-
ter: galactic rotation curves, the precise measurements
of the cosmic microwave background, the study of su-
pernovae and the mapping of large scale structures [1].
Despite this progress, the identity of dark matter re-
mains a mystery. One of the leading candidates for dark
matter in the universe are Weakly Interacting Massive
Particles (WIMPs), and there are currently many experi-
ments attempting to detect them. Direct search detectors
aim to observe nuclear recoils produced by dark matter
particles scattering off target nuclei. Direct dark matter
search experiments look for an excess of nuclear recoil
signals in a low-background underground environment.
The energy deposition associated with the nuclear re-
coil of WIMPs is on the ~keV scale, and massive de-
tectors with low energy threshold and high background
discrimination capabilities are vital. There are differ-
ent methods that can be used to detect nuclear recoils,
including collecting ionization, scintillation, or thermal
energy deposition data. In this framework, dual-phase
liquid xenon detectors are a powerful technology for the
direct detection of dark matter [2, 3, 4].

2. The LUX detector

The LUX (Large Underground Xenon) detector is a
two-phase xenon time-projection chamber (TPC), con-
taining 370 kg of xenon, operating 1.5 km underground
(4300 m.w.e.) in the Sanford Underground Research Fa-
cility (SURF) in Lead, South Dakota, USA [5]. The
TPC is monitored by two arrays of 61 photomultiplier
tubes (PMT) each, located above and below the active
liquid xenon (LXe) region. Events in the LXe target
produce direct scintillation light (S1), while electrons
escaping recombination at the event site are drifted to
the liquid surface and extracted into the gas phase by ap-
plied electric fields, where they create proportional scin-
tillation light (S2). Both signals are measured by the ar-
rays of PMTs. Most of the S1 signal is measured by the
bottom PMT array, while the top array is used mainly to
reconstruct the x-y position of the event. The drift time
between the S1 and S2 signals gives the event depth,
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providing this technology with excellent 3D imaging ca-
pabilities. In this type of detector, the discrimination be-
tween electron recoils (ER) from background radioac-
tivity and nuclear recoils (NR) from neutrons and the
potential WIMP-nucleon interaction is based on the ra-
tio of S2 to S1. The background rejection is also en-
hanced by the strong self-shielding capability of this
dense liquid (LXe) combined with the precise 3D event
position determination, and it has been demonstrated in
LUX to be ~ 99.6 % in the energy range of interest for
the WIMP signal search.

The detector design is characterized by the use of
low radioactivity detector materials, like PMTs and Ti
cryostats [6, 7], and by very high light collection, which
is crucial for the sensitivity to low-energy events. The
photon detection efficiency for events at the center of
LUX is measured to be 14% [8]. The active region
is a dodecagonal structure with a maximum drift dis-
tance of 48 cm (height), and a diameter of 47 cm. The
walls of the barrel consist of twelve reflector panels of
polytetrafluoroethylene (PTFE), which has very high re-
flectivity in liquid xenon (>95%). This active region
is observed by 122 Hamamatsu R8778 2-inch diameter
PMTs that have an average quantum efficiency (QE) of
33% at the xenon scintillation wavelength of 175 nm.
A unique cryogenic system is used to efficiently and
economically cool the LUX detector, based on ther-
mosyphon technology [9]. Each thermosyphon consists
of a sealed tube, filled with a variable amount of gaseous
nitrogen, and comprised of three regions: at the top,
a condenser which is immersed in a bath of liquid ni-
trogen (LN); at the bottom, an evaporator which is at-
tached to the detector; and a passive length made of
stainless steel connecting the two active sections. The
whole system is oriented vertically since it works with
gravity, and is closed and pressurized with N,. The
thermosyphon thermal conductivity was measured to be
~ 55 kW/K - m, much higher than metals, such as cop-
per.

The detector is housed in an 8 m diameter (300 tonne)
water tank that shields it against the neutrons from cav-
ern radioactivity and the very high-energy tail of neu-
trons from muon interactions in the cavern walls. The
water tank provides a reduction of the external back-
grounds to a level that is subdominant to the internal
backgrounds from detector components. Also, the water
shield is instrumented with a set of 20 eight-inch PMTs
and can be used as a Cherenkov veto for muons.
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3. First LUX Dark Matter search results

A total of 85.3 live-days of WIMP search data were
acquired starting in April 2013. During this first under-
ground run, the background rate inside the fiducial vol-
ume in the energy range of interest (2-30 photoelectrons
(phe) S1 signals) was measured to be 3.6 + 0.4 mDRU
(1 mDRU = 1073 counts/keV/kg/day), which is the low-
est rate achieved by any xenon TPC to date. Most
of those background events are due to radioactivity of
the detector materials, primarily the PMTs. Another
source of background is residual 33Kr in the xenon. Us-
ing chromatographic separation, LUX achieved a mea-
sured level of 3.5 + 1ppt natural Kr before the start
of the run [5]. During the run, an automatic in-line
xenon sampling system allowed us to verify the Kr
level in-situ to an accuracy of ~ 0.5 ppt [10]. Other
background sources are 2'“Pb naked 8~ from the ?*Rn
chain and x-rays from the cosmogenically produced
127X e, which decayed throughout the WIMP search run
(T112/72Xe = 36.4 days). A detailed study of the radiogenic
backgrounds in LUX and comparison to simulations can
be found in Ref.[11].
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Figure 1: The LUX low-energy response inside the fiducial volume to
tritium internal ER calibration source (panel @) and AmBe and B2Cf
external NR calibration sources (panel b) [5]. The ER band mean
(solid blue) of the parametrized tritium distribution and the NR band
mean (solid red) obtained from simulations are shown in both panels,
together with +1.28 o contours (dashed lines). The 200 phe analysis
threshold for S2 signals is shown as a dashed-dotted line (magenta)
in both panels. Grey contours indicate constant energies in keVe.and
keVpr respectively.

The LUX detector was calibrated extensively using
internal and external sources. $™Kr was injected regu-
larly to monitor the electron drift attenuation length, the
light yield, and the x,y,z position reconstruction correc-
tions. A novel technique of injecting tritiated methane

into the xenon circulation system was used to perform
low-energy ER calibrations. The tritiated methane was
removed by the purification system using a hot get-
ter. This allowed a high-statistics, homogenous distribu-
tion to be acquired for low-energy depositions from S~
events within the liquid xenon (EE{;X = 18.6 keV). The
detector response to these ER events, is shown in the
top panel of Fig. 1, in log;o(S2p/S1) vs. S1 space (the
“b” subscript denotes that only the bottom PMT sig-
nals were used in order to eliminate systematics from
two deactivated top PMTs). The mean (blue solid) and
+1.280 (blue dashed) contours used to characterize the
ER band from this calibration are shown on top of the
data. External neutron sources (AmBe and >Cf) were
used to calibrate the NR response of the detector, shown
in the lower panel of Fig. 1. The mean (red solid) and
+1.280 (red dashed) NR band parameterization was de-
rived from the comprehensive NEST simulation model
[12].
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Figure 2: The LUX WIMP search data from the 85.3 live-days within
the fiducial volume passing all cuts [5]. The shaded region indicates
the selected analysis region from 2-30 phe in S1. The same parame-
terization of the mean ER and NR bands as in Fig. 1 is also shown. A
Profile Likelihood Ratio analysis shows that all events are consistent
with the ER background-only hypothesis.

LUX performed an unblind analysis on the WIMP
search data with only minimal cuts, to maintain a high
acceptance. Single scatter interactions (one S1 and one
S2) in the liquid xenon volume with areas between 2-
30 phe for the x, y, z corrected S1 signal were selected,
corresponding to energies of about 3-25 keV,, or 0.9-5.3
keV.., where the subscripts represent the energy scales
for nuclear and electron recoils, respectively. In or-
der to avoid contamination from the 5 keV x-rays from
127Xe, an upper bound of 30 phe was chosen. An analy-
sis threshold of 200 phe (~8 extracted electrons) was
used to exclude small S2 signals with poor X,y posi-
tion reconstruction. The fiducial volume was defined
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as the inner 18 cm in radius and approximately 40 cm in
height corresponding to an electron drift length between
38 and 305 us. These limits enclose a fiducial mass of
118.3 + 6.5 kg. Despite the low NR scintillation light
yield assumed (a conservative and unphysical cutoff at
3 keV,, was applied), LUX achieved a very good WIMP
detection efficiency of roughly 17% at 3 keV,;, 50% at
4.3 keVyr, and >95% above 7.5 keV;.

A total of 160 events passed the selection cuts, which
are shown inside the shaded area in Fig. 2. A Profile
Likelihood Ratio (PLR) analysis was used to attempt
to set a one-sided exclusion limit of signal above back-
ground. The likelihood for both the signal and back-
ground is modeled as a function of radius, depth, S1,
and S2/S1. The PLR result indicates that the observed
data are consistent with the background-only predic-
tion at the level of 35%. The resulting 90% C.L. up-
per limits of the PLR analysis on the spin-independent
WIMP-nucleon interaction cross-sections are shown in
Fig. 3, with a close-up view on low WIMP masses (be-
low ~15 GeV) on the bottom panel. The WIMP exclu-
sion limits set by LUX provide a significant improve-
ment in sensitivity over existing limits, and LUX is the
first experiment to set a limit below a cross section level
of 107% cm?. In particular, the LUX low-mass WIMP
sensitivity improves on the previous best limit set by
XENONI100 [13] by more than a factor of 20 above 6
GeV/c?. These low-mass limits are also in disagree-
ment with potential low-mass WIMP events suggested
by earlier experiments such as DAMA/LIBRA[14, 15],
CoGeNT [16], and CDMS-II Si [17].

4. Conclusions and outlook

LUX has achieved the most sensitive spin-
independent WIMP exclusion limits to date over a
wide range of masses, using 85.3 live-day of data
from a first commissioning run, with a ~118 kg of
fiducial xenon mass. Under the assumption of isospin
invariance, this result excludes the low-mass WIMP
region where hints of signal have been published.
This LUX sensitivity was accomplished mainly due its
large mass, low background rate, high light collection
efficiency, and very low energy threshold. The WIMP
exclusion limit in LUX was obtained assuming a
conservative xenon response to NR at low energies,
which placed an unphysical cutoff in the signal yields
for electrons and photons below 3 keVnr, the lowest
calibration point available at the time of the limit
calculation. New measurements carried out in the
LUX detector using a D-D neutron generator show
available signal below this imposed cutoff (measured
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Figure 3: Top: The LUX 90% C.L. spin-independent WIMP exclusion
limits for the 85.3 live-day result (solid blue) and a projected limit of
the upcoming 300-day run (dashed blue). The blue shaded region
indicates +1 o variation from repeated trials, where trials fluctuating
below the expected number of background events are forced from zero
to 2.3. Bottom: Close-up view at lower WIMP masses showing the
tension between LUX result and previous hints of low-mass WIMP
signals. LUX limits calculated assuming an artificial cut-off of light
yield for nuclear recoils below 3 keVy,, despite evidence of signals
down to 0.7 keVy,;. See text for details.
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down to 0.7 keVnr for the ionization channel) [18].
LUX will start a 300 live-day run in 2014 that will
further improve the WIMP sensitivity by a factor of 5.
The increased sensitivity factor is greater than the ratio
of exposures due to lower radioactivity backgrounds
from the decay of the cosmogenically activated '*"Xe.
The sensitivity interpretation at low masses will also
benefit from the novel calibration of the xenon response
to nuclear recoils using the D-D generator. Designs
and plans for a next generation experiment, called LZ
(LUX-ZEPLIN), are already in place. The projected
improvement in exposure will be a factor of 50 to
achieve a WIMP-nucleon cross section sensitivity of
10~8cm?.
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