Four readings on Direct Searches for Dark Matter

1. "A New Search for Dark Matter 6800 feet Underground," Symmetry (August,
2017)

2. "Dark Matter Direct-Detection Experiments," Teresa Marrodan Undagoitia and
Ludwig Rauch, J. Phys. G: Nucl. Part. Phys. 43 (2016) 01 3001. Sections 1, 2 and 3. Full
article is on web site (but is very long!)

3. "First results from the DEAP-3600 dark matter search with argon at SNOLAB,"
(DEAP-3600 Collaboration) P.-A. Amaurez et al., arXiv:1707.08042v2 (2017). In
particular look at Table 2 and Figure 5.
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When an extraordinarily sensitive dark matter experiment goes online
at one of the world's deepest underground research labs, the
chances are better than ever that it will find evidence for particles of
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dark matter—a substance that makes up 85 percent of all matter in
the universe but whose constituents have never been detected.

The heart of the experiment, called SuperCDMS SNOLAB, will be one
of the most sensitive detectors for hypothetical dark matter particles
called WIMPs, short for “weakly interacting massive particles.”
SuperCDMS SNOLAB is one of two next-generation experiments (the
other one being an experiment called LZ) selected by the US
Department of Energy and the National Science Foundation to take
the search for WIMPs to the next level, beginning in the early 2020s.

“The experiment will allow us to enter completely unexplored
territory,” says Richard Partridge, head of the SuperCDMS SNOLAB
group at the Kavli Institute for Particle Astrophysics and Cosmology,
a joint institute of Stanford University and SLAC National Accelerator
Laboratory. "It'll be the world’s most sensitive detector for WIMPs
with relatively low mass, complementing LZ, which will look for



heavier WIMPs."

The experiment will operate deep underground at Canadian
laboratory SNOLAB inside a nickel mine near the city of Sudbury,
where 6800 feet of rock provide a natural shield from high-energy
particles from space, called cosmic rays. This radiation would not
only cause unwanted background in the detector; it would also create
radioactive isotopes in the experiment's silicon and germanium
sensors, making them useless for the WIMP search. That's also why
the experiment will be assembled from major parts at its
underground location.

A detector prototype is currently being tested at SLAC, which
oversees the efforts of the SuperCDMS SNOLAB project.

Colder than the universe

The only reason we know dark matter exists is that its gravity pulls on
regular matter, affecting how galaxies rotate and light propagates.
But researchers believe that if WIMPs exist, they could occasionally
bump into normal matter, and these collisions could be picked up by
modern detectors.

SuperCDMS SNOLAB will use germanium and silicon crystals in the
shape of oversized hockey pucks as sensors for these sporadic
interactions. If a WIMP hits a germanium or silicon atom inside these
crystals, two things will happen: The WIMP will deposit a small
amount of energy, causing the crystal lattice to vibrate, and it'll create
pairs of electrons and electron deficiencies that move through the
crystal and alter its electrical conductivity. The experiment will
measure both responses.

“Detecting the vibrations is very challenging,” says KIPAC's Paul
Brink, who oversees the detector fabrication at Stanford. "Even the
smallest amounts of heat cause lattice vibrations that would make it



impossible to detect a WIMP signal. Therefore, we'll cool the sensors
to about one hundredth of a Kelvin, which is much colder than the
average temperature of the universe.”

These chilly temperatures give the experiment its name: CDMS
stands for “Cryogenic Dark Matter Search.” (The prefix “Super”
indicates that the experiment is more sensitive than previous
detector generations.)

The use of extremely cold temperatures will be paired with
sophisticated electronics, such as transition-edge sensors that
switch from a superconducting state of zero electrical resistance to a
normal-conducting state when a small amount of energy is
deposited in the crystal, as well as superconducting quantum
interference devices, or SQUIDs, that measure these tiny changes in
resistance.

The experiment will initially have four detector towers, each holding
six crystals. For each crystal material—silicon and germanium
—there will be two different detector types, called high-voltage (HV)
and interleaved Z-sensitive ionization phonon (iZIP) detectors. Future
upgrades can further boost the experiment'’s sensitivity by
increasing the number of towers to 31, corresponding to a total of
186 sensors.

Working hand in hand

The work under way at SLAC serves as a system test for the future
SuperCDMS SNOLAB experiment. Researchers are testing the four
different detector types, the way they are integrated into towers, their
superconducting electrical connectors and the refrigerator unit that
cools them down to a temperature of almost absolute zero.

“These tests are absolutely crucial to verify the design of these new
detectors before they are integrated in the experiment underground



at SNOLAB," says Ken Fouts, project manager for SuperCDMS
SNOLAB at SLAC. “They will prepare us for a critical DOE review next
year, which will determine whether the project can move forward as
planned.” DOE is expected to cover about half of the project costs,
with the other half coming from NSF and a contribution from the
Canadian Foundation for Innovation.

Important work is progressing at all partner labs of the SuperCDMS
SNOLAB project. Fermi National Accelerator Laboratory is
responsible for the cryogenics infrastructure and the detector
shielding—both will enable searching for faint WIMP signals in an
environment dominated by much stronger unwanted background
signals. Pacific Northwest National Laboratory will lend its expertise
in understanding background noise in highly sensitive precision
experiments. A number of US universities are involved in various
aspects of the project, including detector fabrication, tests, data
analysis and simulation.

The project also benefits from international partnerships with
institutions in Canada, France, the UK and India. The Canadian
partners are leading the development of the experiment's data
acquisition and will provide the infrastructure at SNOLAB.

"Strong partnerships create a lot of synergy and make sure that we'll
get the best scientific value out of the project,” says Fermilab’'s Dan
Bauer, spokesperson of the SuperCDMS collaboration, which
consists of 109 scientists from 22 institutions, including numerous
universities. “Universities have lots of creative students and principal
investigators, and their talents are combined with the expertise of
scientists and engineers at the national labs, who are used to
successfully manage and build large projects.”

SuperCDMS SNOLAB will be the fourth generation of experiments,
following CDMS-I at Stanford, CDMS-II at the Soudan mine in



Minnesota, and a first version of SuperCDMS at Soudan, which
completed operations in 2015.

“Over the past 20 years we've been pushing the limits of our
detectors to make them more and more sensitive for our search for
dark matter particles,” says KIPAC's Blas Cabrera, project director of
SuperCDMS SNOLAB. “"Understanding what constitutes dark matter
is as fundamental and important today as it was when we started,
because without dark matter none of the known structures in the
universe would exist—no galaxies, no solar systems, no planets and
no life itself.”
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Abstract
In recent decades, several detector technologies have been developed with the
quest to directly detect dark matter interactions and to test one of the most
important unsolved questions in modern physics. The sensitivity of these
experiments has improved with a tremendous speed due to a constant devel-
opment of the detectors and analysis methods, proving uniquely suited devices
to solve the dark matter puzzle, as all other discovery strategies can only
indirectly infer its existence. Despite the overwhelming evidence for dark
matter from cosmological indications at small and large scales, clear evidence
for a particle explaining these observations remains absent. This review
summarises the status of direct dark matter searches, focusing on the detector
technologies used to directly detect a dark matter particle producing recoil
energies in the keV energy scale. The phenomenological signal expectations,
main background sources, statistical treatment of data and calibration strate-
gies are discussed.

Keywords: dark matter, dark matter searches, direct detection

(Some figures may appear in colour only in the online journal)

1. Introduction

Overwhelming evidence for gravitational interactions between baryonic and a new form of

non-luminous

matter can be observed on cosmological as well as astronomical scales. Its

nature, however, remains uncertain. It is commonly assumed that elementary particles could
be the constituents of this ‘dark’ matter. Such new particles, that could account for dark
matter, appear in various theories beyond the standard model of particle physics. A variety of
experiments have been developed over recent decades, aiming to detect these massive par-
ticles via their scattering in a detector medium. Measuring this process would provide
information on the dark-matter particle mass and its interaction probability with ordinary
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matter. The identification of the nature of dark matter would answer one of the most important
open questions in physics and would help to better understand the Universe and its evolution.
The main goal of this article is to review current and future direct-detection experimental
efforts.

This review is organized in the following way. In section 2, the different phenomena
indicating the existence of dark matter and possible explanations or candidates emphasizing
particle solutions are presented. If, indeed, particles are the answer to the dark matter puzzle,
there are three main possibilities for a verification: to produce them at particle accelerators, to
look for products of e.g. their self-annihilations at locations with a high dark matter density,
or to directly measure their scattering off a detector’s target material. This review is dedicated
to direct-detection searches for massive particles producing recoil energies in the keV energy
scale. The production of dark matter particles at accelerators and searches for indirect signals
are discussed only briefly. As the local density and velocity distributions of dark matter are
relevant for the interpretation of the experimental results, the main characteristics of the Milky
Way halo are presented in section 2. Next, in section 3, the principles of direct detection of
WIMPs including the expected signal signatures are explained. Assumptions on particle and
nuclear physics aspects which are necessary for the derivation of the results are summarised,
and possible interpretations of the results are given. In section 4, a general overview of
background sources in direct-detection experiments is given considering different types of
radiation and sources of both internal and external contributions to the target material. In
section 5, the basic detector technologies are introduced along with their capability to dis-
tinguish between signal and background events. Furthermore, statistical methods and the
general result of an experiment are discussed. In section 6, the required calibrations to
determine the energy scale, energy threshold as well as signal and background regions are
detailed. In the main part of this review, section 7, the working principles of different direct
detection technologies and the current experimental status are reviewed. Finally, in section 8§,
the experimental results are summarised, and the prospects for the future are discussed.

2. The dark matter puzzle

A wealth of observational data from gravitational effects at very different length scales
supports the existence of an unknown component in our Universe. After a brief review of
these observations ranging from cosmological to Milky Way-sized galaxies, various expla-
nations and elementary-particle candidates are discussed in the following. At the end of the
section, possible methods to detect particle dark matter are presented.

2.1. Dark matter indications from cosmology and astronomy

Temperature anisotropies in the cosmic microwave background (CMB), precisely measured
by WMAP [1] and more recently by the Planck satellite [2], give access to the Universe when
it was about 400000 years old. The power spectrum of temperature fluctuations can be
evaluated by a six-parameter model which contains, among others, the baryonic matter, dark
matter and dark energy contents of the Universe. This cosmological standard model, which
fits the data with high significance, is denoted A cold dark matter (ACDM) indicating that
dark matter with a small random velocity is a fundamental ingredient. The A refers to the
cosmological constant necessary to explain the current accelerated expansion of the Universe
[3]. Oscillations of the baryon—photon fluid in the gravitational potential dominated by CDM
density perturbations give rise to the characteristic oscillation pattern in the CMB power
spectrum (acoustic peaks). From the relative height of these acoustic peaks, the amount of
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baryonic matter can be estimated, which allows one to calculate the total dark matter density
in the Universe. Present estimates [4] show a flat Universe with Qpy = 0.265, €2, = 0.049
and 2y, = 0.686 representing the densities of dark matter, baryonic matter and dark energy,
respectively.

In the standard scenario, the anisotropies of the CMB originate from quantum fluctua-
tions during inflation. In order to understand the formation of matter distributions from the
time of recombination to the present state, N-body simulations of dark matter particles have
been carried out [5]. These simulations [6—8] propagate particles using supercomputers
aiming to describe the structure growth, producing a cosmic web ranging from ~10 kpc
objects to the largest scales. Meanwhile, these types of simulations reproduce very accurately
the measurements made by Galaxy surveys [9-11]. Measurements of the Lyman-« forest
[12, 13] and weak lensing [14, 15] confirm the cosmic structure considering not only galaxies
and gas clouds but also non-luminous and non-baryonic matter. Large scale simulations,
which consider only dark matter, have been used to confirm theories of large scale structure
formation which serve as seeds for Galaxy and cluster formation. Recently, gas and stars have
been included in the simulations and it is shown that they can significantly alter the dis-
tribution of the dark matter component on small scales [16].

A further hint for the existence of dark matter arises from gravitational lensing mea-
surements [15]. This effect discussed by Albert Einstein [17] in 1936 and later by Fritz
Zwicky [18] occurs when a massive object is in the line of sight between the observer at the
Earth and the object under study. The light-rays are deflected through their path due to the
gravitational field resulting, for example, in multiple images or a deformation of the obser-
vable’s image (strong and weak lensing, respectively). The degree of deformation can be used
to reconstruct the gravitational potential of the object that deflects the light along the line of
sight. From various observations it has been found that the reconstructed mass using this
method is greater than the luminous matter, resulting in very large mass to light ratios (from a
few to hundreds). Gravitational lensing has also been applied in Galaxy-cluster collisions to
reconstruct the mass distributions in such events where mass to light ratios of >200 are
measured. In some examples [19-21] and in an extensive study of 72 cluster collisions [22],
the reconstructed gravitational centers appear clearly separated from the main constituent of
the ordinary matter, i.e. the gas clouds which collide and produce detectable x-rays. This can
be interpreted as being due to dark matter haloes that continue their trajectories independently
of the collision. An upper limit to the self-interaction cross-section for dark matter can be
derived from these observations [23].

Indications for non-luminous matter appear in our Universe also at smaller scales. His-
torically, the first indications for dark matter arose from astronomical observations. In order to
explain measurements of the dynamics of stars in our Galaxy, the word ‘dark matter’ was
already used by Kapteyn [24] in 1922 but it was not the correct physical explanation of the
observed phenomenon. The first evidence of dark matter in the present understanding was the
measurement of unexpectedly high velocities of nebulae in the Coma cluster which brought
Zwicky [25] to the idea that a large amount of dark matter could be the explanation for the
unexpected high velocities. In 1978, Rubin et al [26] found that rotation velocities of stars in
galaxies stay approximately constant with increasing distance to their galactic center. This
observation was in contradiction with expectation, as objects outside the visible mass dis-
tribution should have velocities v < 1//7 following Newtonian dynamics. A uniformly
distributed halo of dark matter could explain both the velocities in clusters and the rotation
velocities of objects far from the luminous matter in galaxies (e.g. [27]).
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2.2. The nature of dark matter: possible explanations and candidates

A plausible solution to describe some of the astronomical measurements mentioned in
section 2.1 is a modification of gravitation laws to accommodate the observations. Such
modified Newtonian dynamic models like MOND [28] or its relativistic extension TeVeS
[29] can, for instance, successfully describe rotational velocities measured in galaxies.
However, MOND fails or needs unrealistic parameters to fit observations on larger scales
such as structure formation or the CMB structure and violates fundamental laws such as
momentum conservation and the cosmological principle [30]. While TeVeS can solve some
of the conceptual problems of MOND, the required parameters seem to generate an unstable
Universe [31] or fail to simultaneously fit lensing and rotation curves [32].

Massive astrophysical compact halo objects (MACHOSs) have also been considered as a
possible explanation for the large mass to light ratios detected in the astronomical observa-
tions described in the previous section. These objects could be neutron stars, black holes,
brown dwarfs or unassociated planets that would emit very little to no radiation. Searches for
such objects using gravitational microlensing [33] towards the Large Magellanic Cloud have
been performed [34]. Extrapolations to the Galactic dark matter halo showed that MACHOs
can make up about 20% of the dark matter in our Galaxy and that a model with MACHOs
accounting entirely for the dark-matter halo is ruled out at 95% confidence level [34]. The
baryonic nature of dark matter is actually also ruled out by big-bang nucleosynthesis (BBN).
The abundance of light elements predicted by BBN depends on the baryon density and, in
fact, measurements constrain the baryon density to a value around €2, = 0.04 [35] close to the
value derived from CMB.

A more common ansatz is to assume that dark matter is made out of massive neutral
particles featuring a weak self-interaction. From the known particles in the standard model,
only the neutrino could be considered. Due to its relativistic velocity in the early Universe, the
neutrino would constitute a hot dark matter candidate. Cosmological simulations have shown,
however, that a Universe dominated by neutrinos would not be in agreement with the
observed clustering scale of galaxies [36]. Furthermore, due to the fermionic character of
neutrinos, their occupation number is constrained by the Fermi—Boltzmann distribution, so
they cannot account for the observed dark-matter density in halos [37]. Sterile neutrinos are
hypothetical particles which were originally introduced to explain the smallness of the neu-
trino masses [38]. Additionally, they provide a viable dark matter candidate. Depending on
their production mechanism, they would constitute a cold (non-relativistic at all times) or a
warm (relativistic only in an early epoch) dark matter candidate [39, 40]. Possible masses,
which are not yet constrained by x-ray measurements or the analysis of dwarf spheroidal
galaxies, range from 1 keV to tens of keV. Given this very low mass, and the low interaction
strength, the existence of sterile neutrinos is not tested by direct detection experiments. An
indication could, for example, arise from the x-ray measurement of the sterile neutrino decay
via the radiative channel N — vy [41].

Models beyond the standard model of particle physics suggest the existence of new
particles which could account for the dark matter. If such hypothetical particles were stable,
neutral and had a mass from below GeV/c? to several TeV/c?, they could be the weakly
interacting massive particles (WIMPs). The standard production mechanism for WIMPs
assumes that in the early Universe these particles were in equilibrium with the thermal plasma
[42]. As the Universe expanded, the temperature of the plasma became lower than the WIMP
mass resulting in the decoupling from the plasma. At this freeze-out temperature, when the
WIMP annihilation rate was smaller than the Hubble expansion rate, the dark matter relic
density was reached. The cross-section necessary to observe the current dark matter density is
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of the order of the weak interaction scale. It appears as a great coincidence that a particle
interacting via the weak force would produce the right relic abundance and, therefore, the
WIMP is a theoretically well motivated dark matter candidate.

Supersymmetry models [43] are proposed as extensions of the standard model of particle
physics to solve the hierarchy problem as well as the unification of weak, strong and elec-
tromagnetic interactions. In this model, a whole new set of particles are postulated such that
for each particle in the standard model there is a supersymmetric partner. Each particle differs
from its partner by 1/2 in spin and, consequently, bosons are related to fermions and
vice versa. The neutralino, the lightest neutral particle which appears as a superposition of the
partners of the standard model bosons, constitutes an example of a new particle fulfilling the
properties of a WIMP. The typical masses predicted for the neutralino range from few
GeV/c* to several TeV/c>. A WIMP candidate appears also in models with extra—dimen-
sions. In such models N spatial dimensions are added to the (3 + 1) space—time classical
ones. They appeared already around 1920 to unify electromagnetism with gravity. The
lightest stable particle is called ‘lightest Kaluza particle’ and constitutes also a good WIMP
candidate [44, 45].

Among the non-WIMP candidates, ‘superheavy dark matter’ or “WIMPzillas’ are pos-
tulated to explain the origin of ultra high-energy cosmic rays [46]. At energies close to
10?° eV, cosmic protons can interact with the CMB and, thus, their mean free path is reduced
resulting in a suppressed measured flux [47, 48]. Experimental results include, however, the
detection of a few events above the expected cut-off, motivating a superheavy dark matter
candidate. Decays of these non-thermally produced [49] superheavy particles with masses of
(10'2—10'6) GeV /c? could account for the observations, being at the same time responsible
for the dark matter in the Universe.

Finally, a very well motivated particle and dark matter candidate is the axion. In the
standard model of particle physics, there is no fundamental reason why QCD should conserve
P and CP. However, from the experimental bound on the neutron electric dipole moment [50],
very small values of P and CP violation can be derived. In order to solve this so-called ‘strong
CP-problem’ [51], a new symmetry was postulated [52] in 1977. When this symmetry is
spontaneously broken, a massive particle, the axion, appears. The axion mass and the cou-
pling strength to ordinary matter are inversely proportional to the breaking scale which was
originally associated to the electroweak scale. This original axion model is ruled out by
laboratory experiments [53]. Cosmological and astrophysical results also provide very strong
bounds on the axion hypothesis [51]. There exist, however, further ‘invisible’ axion models in
which the breaking scale is a free parameter, KSVZ [54, 55] and DFSZ [56, 57], and still
provide a solution to the CP-problem. Invisible axions or axion-like particles, would have
been produced non-thermally in the early Universe by mechanisms like the vacuum rea-
lignment [58, 59] for example, giving the right dark matter abundance. The resulting free
streaming length would be small and, therefore, these axions are a ‘cold’ candidate. For
certain parameters, axions could account for the complete missing matter [60].

Sterile neutrinos, WIMPs, superheavy particles and axions are not the only particle
candidates proposed. The candidates mentioned above arise from models that were proposed
originally with a different motivation and not to explain dark matter. The fact that the models
are motivated by different unresolved observations strengthen the relevance of the predicted
dark matter candidate. A more comprehensive review on dark matter candidates can be found
for example in [61]. This article focuses on the direct detection of WIMPs and just some brief
information on searches for particles that would induce an electronic recoil (e.g. axion-like
particles) will be given in the following.
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Direct detection
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Figure 1. Schematic showing the possible dark matter detection channels.

2.3. Searches for dark matter particles

The particle dark matter hypothesis can be tested via three processes: the production at
particle accelerators, indirectly by searching for signals from annihilation products, or directly
via scattering on target nuclei. Figure 1 shows a schematic representation of the possible dark
matter couplings to a particle, P, of ordinary matter.

While the annihilation of dark matter particles (downwards direction) could give pairs of
standard model patrticles, the collision of electrons or protons at colliders could produce pairs
of dark matter particles. In this section the production and indirect detection methods as well
as the current status of searches are briefly summarised. The subsequent sections and main
part of this review are then devoted to the direct detection of dark matter, yP — xP (hor-
izontal direction in figure 1).

Since the start of the Large Hadron Collider (LHC) at CERN in 2008, the CMS [62] and
ATLAS [63] experiments have searched for new particles in proton—proton collisions at a
center-of-mass energy of 7 TeV. Besides the discovery of the Higgs particle [64, 65], CMS
and ATLAS have studied a number of new particle signatures by scanning the parameter
space of different supersymmetric and extra-dimensions models. The presence of a dark
matter particle would only be inferred by observing events with missing transferred
momentum and energy. Therefore, events with, e.g., an energetic jet and an imbalanced
momentum transfer are selected for analysis. Reactions of the type

pp— XX +x (D

are probed, x being a hadronic jet, a photon or a leptonically decaying Z or W boson. The
results obtained so far are consistent with the standard model expectations (see for example
[66—68]) but further searches will be performed in the next few years for higher center-of-
mass energy. The derived bounds can be translated into limits on the cross-section for a given
particle mass. Bounds arising from accelerator searches are most constraining below ~4 GeV
and ~700 GeV for spin-independent (SI) and spin-dependent (SD) (proton coupling, see
section 3.2) interactions, respectively [66]. However, a direct comparison of these
experimental results to other detection methods is, in general, model dependent (see the
discussion in section 8).

Dark matter particles can gravitationally accumulate in astrophysical objects such as
stars, galaxies or our Sun. The most favoured sources to search for indirect signals are the
galactic centre and halo, close Galaxy clusters or dwarf galaxies also called dwarf spheroidals.
The latter are very popular locations due to their large measured mass to light ratio and their
small background. Due to the increased dark-matter density, an enhanced self-annihilation,
scattering or decay into standard model particles could produce a measurable particle flux (see
[69] for a detailed discussion). The measurement of these secondary particles is a further
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detection mechanism usually denoted as ‘indirect detection’. Examples of possible annihi-
lation channels are

XX — 7. VZ, yH or )
X — qg, W W+, ZZ. 3)

Some of the products decay further into e~e™, pp ,y-rays and neutrinos. A second mechanism
to generate charged (anti-) particles, photons or neutrinos from dark matter is given by its
decay. In contrast to self-annihilation processes, where the production rate shows a quadratic
dependence of the dark matter density, decaying dark matter scales only linearly (e.g. [70]). In
addition, dark matter particles might be gravitationally captured inside the Sun due to the
elastic scattering with its nuclei. The annihilation of captured dark-matter particles can
produce neutrinos which can propagate out of the Sun and might be detectable with Earth-
based neutrino telescopes. Note that the total number of captured particles is less affected by
uncertainties of the dark matter halo since this process lasts for billions of years and dark
matter density variations are averaged out [70].

Produced charged particles are deflected in the interstellar magnetic fields, losing the
information on their origin. Due to their charge neutrality, 7-rays and neutrinos point, instead,
to the source where they were produced. While neutrinos travel unaffected from the pro-
duction source, ~-rays can be affected by absorption in the interstellar medium.

Imaging atmospheric Cherenkov telescopes for TeV 7-ray detection can look specifically
in the direction of objects where a large amount of dark matter is expected. Either a -flux in
dwarf galaxies or Galaxy clusters, or mono-energetic line signatures are searched for. So far
no significant signal from dark matter annihilations has been observed, and upper limits are
derived by the MAGIC [71, 72], HESS [73, 74] and VERITAS [75, 76] telescopes. Indirect
searches can be also performed by satellite-based instruments capable of detecting low-energy
~-rays (approx. 20 MeV-300 GeV) like Fermi-LAT [77]. Although some gamma-ray features
identified in the Fermi data are intriguing (for example [78—80]), in the publication of early
2015 by the Fermi collaboration [81] no evidence for a dark-matter signal is found. One of the
strongest and most robust constraints can be derived by the Fermi-LAT observation of dwarf
spheroidal satellite galaxies of the Milky Way as those are some of the most dark-matter-
dominated objects known [82]. Consequently, conservative limits on the annihilation cross-
section of dark matter particles ranging from a few GeV to a few tens of TeV are derived. In
the energy region of (0.1-10) keV, x-ray satellites such as XMM-Newton and Chandra
provide data to search for indirect dark matter signals. In 2014, an unexpected line at 3.5 keV
was found in the data recorded by both satellites [83, 84]. This signal can be interpreted by a
decay of dark matter candidates, for instance, from sterile neutrinos or axions [85-88]. Other
astrophysical explanations have been, however, proposed and thus, the origin of the signal
remains controversial (see e.g. [89-91]). Large neutrino detectors like Ice Cube or Super-
Kamiokande are able to search for dark matter annihilations into neutrinos. No evidence for
such a signal has been observed, resulting in constraints on the cross-section [92, 93]. Finally,
also charged particles like protons, antiprotons, electrons and positrons can be detected by
satellites. Measurements on the steadily increasing positron fraction from 10 to ~250 GeV by
Pamela [94] and AMS [95] raise discussions on its possible dark matter origin. However,
given that such a spectrum could be also described by astrophysical objects like pulsars
(rapidly rotating neutron stars) or by the secondary production of e™ by the collision of
cosmic rays with interstellar matter [96], this cannot be considered as a clear indication of a
dark matter signal.
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3. Principles of WIMP direct detection

Large efforts have been pursued to develop experiments which are able to directly test the
particle nature of dark matter. The aim is to identify nuclear recoils produced by the collisions
between the new particles and a detector’s target nuclei. The elastic scattering of WIMPs with
masses of (10-1000) GeV/ ¢ would produce nuclear recoils in the range of (1-100) keV [97].
To unambiguously identify such low-energy interactions, a detailed knowledge on the signal
signatures, the particle physics aspects and nuclear physics modelling is mandatory. Fur-
thermore, for the calculation of event rates in direct-detection experiments, the dark matter
density and the halo velocity distribution in the Milky Way are required. This section is
devoted to reviewing all these aspects, focusing on WIMP dark matter, whereas non-WIMP
candidates are briefly discussed in section 3.3.

3.1. Experimental signatures of dark matter

The signature of dark matter in a direct-detection experiment consists of a recoil spectrum of
single-scattering events. Given the low interaction strength expected for the dark matter
particle, the probability of multiple collisions within a detector is negligible. In the case of a
WIMP, a nuclear recoil is expected [98]. The differential recoil spectrum resulting from dark
matter interactions can be written, following [97], as:

drR — P . . do 3

a0 = Jrron- @ @)
where m,, is the dark matter mass and d—U(E , v) its differential cross-section. The WIMP cross-
section ¢ and m, are the two observables of a dark matter experiment. The dark matter
velocity v is defined in the rest frame of the detector and m, is the nucleus mass. Equation (4)
shows explicitly the astrophysical parameters, the local dark matter density p, and f (v, 1),
which accounts for the WIMP velocity distribution in the detector reference frame. This
velocity distribution is time dependent due to the revolution of the Earth around the Sun.
Based on equation (4), detection strategies can exploit the energy, time or direction
dependences of the signal.

The most common approach in direct-detection experiments is the attempt to measure the

energy dependence of dark matter interactions. According to [97], equation (4) can be
approximated by

IR gy ~ [ 9B p> _E
dE<E>~( dE)OF (E)exp( E) ®)

where (%)o denotes the event rate at zero momentum transfer and E. is a constant
parameterizing a characteristic energy scale which depends on the dark matter mass and target
nucleus [97]. Hence, the signal is dominated at low recoil energies by the exponential
function. F2(E) is the form-factor correction which will be described in more detail in
section 3.2.

Another possible dark matter signature is the so-called ‘annual modulation’. As a con-
sequence of the Earth rotation around the Sun, the speed of the dark matter particles in the
Milky Way halo relative to the Earth is largest around 2 June and smallest in December.
Consequently, the amount of particles able to produce nuclear recoils above the detectors’
energy threshold is also largest in June [99]. As the amplitude of the variation is expected to
be small, the temporal variation of the differential event rate can be written, following [100],
as
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where 7, is the phase which is expected at about 150 d and T is the expected period of one
year. The time-averaged event rate is denoted by S,, whereas the modulation amplitude is
given by S,,. A rate modulation would, in principle, enhance the ability to discriminate against
background and help to confirm a dark matter detection.

Directionality is another dark matter signature which can be employed for detection as
the direction of the nuclear recoils resulting from WIMP interactions has a strong angular
dependence [101]. This dependence can be seen in the differential rate equation when it is
explicitly written as a function of the angle v, defined by the direction of the nuclear recoil
relative to the mean direction of the solar motion

dR
E(E’ t) =~ So(E) + S, (E) - cos( 6)

2

—| (Vg + v5)COS ¥ — Vmin
AR | L 2)cosy | ™
dE dcosy v,

C

In equation (7), vg represents the Earth’s motion, v the velocity of the Sun around the
Galactic centre, v, the minimum WIMP velocity that can produce a nuclear recoil of an
energy E and v, the halo circular velocity v, = \/% vo. The integrated rate of events
scattering in the forward direction will, therefore, exceed the rate for backwards scattering
events by an order of magnitude [101]. An oscillation of the mean direction of recoils over a
sidereal day is also expected due to the rotation of the Earth and if the detector is placed at an
appropriate latitude. This directional signature allows one to discriminate potential
backgrounds [102]. A detector able to determine the direction of the WIMP-induced nuclear
recoil would provide a powerful tool to confirm the measurement of dark matter particles.
Such directional searches are summarized in section 7.6.

3.2. Cross-sections and nuclear physics aspects

To interpret the data of dark matter experiments, further assumptions on the specific particle-
physics model as well as on the involved nuclear-physics processes have to be made. This
section summarises the most common interactions between dark matter particles and the
target nucleons.

For WIMP interactions that are independent of spin, it is assumed that neutrons and
protons contribute equally to the scattering process (isospin conservation). For sufficiently
low momentum transfer ¢, the scattering amplitudes of each nucleon add in phase and result
in a coherent process. For SD interactions, only unpaired nucleons contribute to the scat-
tering. Therefore, only nuclei with an odd number of protons or neutrons are sensitive to these
interactions. In this case, the cross-section is related to the quark spin content of the nucleon
with components from both proton and neutron couplings.

When the momentum transfer is such that the particle wavelength is no longer large
compared to the nuclear radius, the cross-section decreases with increasing g. The form factor
F accounts for this effect and the cross-section can be expressed as: o o< oy - F2, where oy is
the cross-section at zero momentum transfer. In general, the differential WIMP—nucleus cross
section, do/dE shown in equation (4), can be written as the sum of an SI contribution and an
SD one

do my

= (08 - FSi(E) + 03” - Fp(E)). 8
dE 20 (Uo s1(E) + 0g - Fyp( )) )
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Figure 2. (Left) Differential event rate for the direct detection of a 100 GeV/ 2 WIMP
with a cross-section of 10™*° cm? in experiments using tungsten (green), xenon (black),
iodine (magenta), germanium (red), argon (blue) and sodium (grey) as target materials.
(Right) The event rate is shown for a heavy and a light target as indicated in green
(tungsten) and blue (argon), respectively, showing the effect of neglecting the form
factor correction (dotted line) and the effect of a lower WIMP mass of 25 GeVc?
(dashed line).

The WIMP-nucleus reduced mass is described by p,. For SI interactions, the cross-section at
zero momentum transfer can be expressed as

2
Uglzgp.%.[z.fp_|_(A_Z),fn]2 )
p

where fP" are the contributions of protons and neutrons to the total coupling strength,
respectively, and 1z, is the WIMP-nucleon reduced mass. Usually, fP = f" is assumed and
the dependence of the cross-section with the number of nucleons A takes an A% form. The
form factor for SI interactions is calculated assuming the distribution of scattering centres to
be the same as the charge distribution derived from electron scattering experiments [97].
Commonly, the Helm parameterization [103] is used to describe the form factor. Recent shell-
model calculations [104] show that the derived structure factors are in good agreement with
the classical parameterization.

To visualize the effect of the target isotope and the form-factor correction, figure 2 (left)
shows the event rate given in number of events per keV, day and kg (equation (4)) for SI
interactions in different target materials: tungsten in green, xenon in black, iodine in magenta,
germanium in red, argon in blue and sodium in grey. A WIMP mass of 100 GeV/ ¢* and a
cross-section of 10~* cm? are assumed for the calculation. In these curves both the A>
dependence of the cross-section and the form-factor correction affect the shape of the energy
spectrum. Heavier elements profit from the A* enhancement with a higher event rate at low
deposited energies but the coherence loss due to the form factor suppresses the event rate
especially at higher recoil energies. Therefore, for lighter targets a low energy threshold is of
less relevance than for the heavier ones. Figure 2 (right) shows separately the WIMP mass
and the form-factor effect on the differential event rate without considering the nuclear recoil
acceptance and the energy threshold of the detector. Solid lines show the expected rates for a
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100 GeV /c* WIMP as in the left figure for a heavy and a light target as indicated in green
(tungsten) and blue (argon), respectively. In comparison to the heavy WIMP mass the rates
for a 25 GeV/ ¢* dark matter particle (dashed line) drop steeper as the momentum transfer is
smaller. The form factor correction for a heavy target is more important than for light targets.
This can be seen by the dotted lines representing rates for a 100 GeV/ ¢* WIMP, calculated
without the form-factor correction.

For SD interactions, the form factor is written in terms of the spin structure function
whose terms are determined from nuclear shell model calculations [105, 106]. A common
practice is to express the cross-section for the interaction with protons and with neutrons

o= 205G [ap (59 +ane (9] L2 1o

where Gf is the Fermi coupling constant, J the total nuclear spin and apq the effective proton
(neutron) couplings. The expectation value of the nuclear spin content due to the proton
(neutron) group is denoted by (SP-"). New calculations performed in [107] use chiral effective-
field theory (EFT) currents to determine the couplings of WIMPs to nucleons up to the leading
two-nucleon currents. This method yields an improved agreement between the calculated and
measured energy spectra of the considered nuclei as well as the ordering of the nuclear levels
(e.g. [108]). These calculations have been used to calculate the couplings for the most relevant
isotopes in direct detection experiments: '2%131Xe, '?7I, "*Ge, '°F, **Na, ?’Al and *Si.

In the context of a non-relativistic EFT for WIMP-like interactions, a more detailed
formulation of possible couplings from dark matter to baryons has been proposed [109—-111]
and is applied by some experiments [112]. Instead of the classical two (SI and SD) couplings,
six possible nuclear response-functions are assumed which are described by 14 different
operators. In this model, the nucleus is not treated as a point-like particle; instead, its com-
posite nature is reflected. Thus, the spin response function is split in transverse and long-
itudinal components and new response functions arise from the intrinsic velocities of the
nucleons. Note that the form factor F, as introduced above, tries to account for the finite
spatial extend of the nuclear charge and spin densities. This correction, however, is only
approximate. The EFT operators are constructed by four three-vectors imiN, L, S, §X which
describe the momentum transfer g scaled with the nucleon mass my, the WIMP-nucleon
relative velocity ¥+, the spin of the nucleus Sy and the possible spin of the dark matter
particle S ., respectively. The standard SI (equation (9)) and SD (equation (10)) interactions
are described by operators O and O, with 1 being the identity matrix

—

O =11y, Oy =S, - S\. (11)

The SI interactions are, furthermore, decomposed into two longitudinal components and a
transversal spin component, as in general interactions do not couple to all spin projections
symmetrically. New operators arise also by a direct velocity dependence. The impact of the
detailed EFT approach on the dark matter limits in comparison to the conventional SI/SD
interaction has been calculated in [112] and shows that, in some cases, the compatibility of
results among experiments using different targets is significantly affected. Furthermore,
destructive interference effects among operators can weaken standard direct-detection
exclusion limits by up to one order of magnitude in the coupling constants [113]. This
approach not only generalizes the traditional SI and SD parameter space but also allows one
to constrain, in an easier way, dark matter models due to the variety of constrained operators.
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3.3. Other interpretations

The previous section describes a model where dark matter particles scatter off the target
nucleus producing nuclear recoils; however, various other models exist. This section briefly
summarises a selection of alternative dark matter interactions for which experiments have
derived results.

An extension of the standard elastic scattering off nuclei is an inelastic scattering off the
WIMP, which was motivated to solve discrepancies among experimental results [114]. In this
approach, WIMPs are assumed to only scatter off nuclei by simultaneously getting excited to
a higher state with an energy ¢ above the ground state. The elastic scattering would be, in this
case, highly suppressed or even forbidden. The energy spectrum is suppressed at low energies
due to the velocity threshold for the inelastic scattering process. Experimental constraints on
this model have been shown e.g. in [115-117]. Another possibility is the inelastic WIMP—
nucleus scattering in which the target nucleus is left in a low-lying nuclear excited state [118].
The signal would have a signature of a nuclear recoil followed by a y-ray from the prompt de-
excitation of the nucleus. As an example, the inelastic structure functions have been calcu-
lated for xenon in [119] and are used in [120] to derive the corresponding exclusion limits for
this process.

In contrast to interactions with nucleons, various models allow a dark matter scattering
off electrons. For instance, sub-GeV dark matter particles could produce detectable ionization
signals [121] and, indeed, limits have been derived for such candidates [122]. Furthermore, if
new forms of couplings are introduced to mediate the dark matter—electron interactions,
further models become viable. By assuming an axial-vector coupling [123], the dark matter—
lepton interactions dominate at tree level and cannot be probed by dark matter—baryon
scattering. Furthermore, models such as kinematic-mixed mirror dark matter [124] or lumi-
nous dark matter [125] also predict interactions with atomic electrons.

New couplings are also introduced to mediate interactions of axion-like particles (ALPs)
with electrons via the axioelectric (also photoelectric-like) or Primakov processes [126] (see
section 2.2). These processes, invoked by sufficiently massive particles in direct detection
experiments, involve only the emission of electrons and x-rays and therefore cannot be
separated from the experimental electronic recoil background. Nevertheless, bounds on these
models have been derived from data of various experiments [127-130]. The same interactions
are assumed for bosonic super-weakly interacting massive dark matter candidates [131] but
their electronic recoil energy scale is in general higher and limits are derived in [132].

3.4. Distribution of dark matter in the Milky Way

The dark matter density in the Milky way at the position of the Earth and its velocity
distribution are astrophysical input parameters, needed to interpret the results of direct-
detection experiments. In this section, the parameters of the standard halo model typically
used to derive the properties of dark matter interactions, their uncertainties and the differences
in modelling the dark-matter halo itself are summarised.

It is common to assume a local dark matter density of 0.3 GeV cm > which results from
mass modelling of the Milky Way, using parameters in agreement with observational data
[133]. However, depending on the profile model used for the halo, a density range from
(0.2-0.6) GeV cm > can be derived (see [134] for a review on this topic).

The dark matter velocity profile is commonly described by an isotropic Maxwell—
Boltzmann distribution
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which is truncated at velocities exceeding the escape velocity. Here, the dispersion velocity o
is related to the circular velocity via o = m Ve. A standard value of v, = 220kms ™' is
used for the local circular speed. This value results from an average of values found in
different analyses [135]. More recent studies using additional data and/or different methods,
find velocities ranging from (200 %+ 20) km s ! to 279 £ 33) km s~ ! [133]. Finally, the
escape velocity defines a cut-off in the description of the standard halo profile. The commonly
used value of 544kms ' is the likelihood median calculated using data from the RAVE
survey [136]. The 90% confidence interval contains velocities from 498 km s to
608 kms~'. These large ranges of possible values for the dark matter density, circular speed
and escape velocity illustrate that the uncertainties in the halo modelling are significant. The
GAIA satellite', in orbit since January 2014, has been designed to measure about a billion
stars in our Galaxy and throughout the Local Group. These unprecedented positional and
radial velocity measurements will reduce the uncertainties on the local halo model of the
Milky Way.

Not only do the parameters of the dark matter halo show uncertainties but also modelling
the halo itself inherits strong assumptions. A sharp truncation of the assumed Maxwell—
Boltzmann distribution at the escape velocity has to be unphysical, which motivated the idea
of King models (e.g. [137, 138]) trying to account naturally for the finite size of the dark
matter halo. It is also possible that the velocity distribution is anisotropic, giving rise to
triaxial models, allowing different velocities in each dimension of the velocity vector (e.g.
[139, 140]). If the dark matter halo is not virialized, it could give rise to local inhomo-
geneities, e.g. subhalos, tidal streams or unbound dark matter particles with velocities
exceeding the escape velocity. It is worth mentioning that the effect of these assumptions on
the astrophysical parameters and dark matter halo distributions on the results of different
experiments is reduced by choosing the common values as introduced above. However, the
effects can also be energy dependent, thus altering the detector response for diverse target
materials. Therefore, other analysis methods are necessary to resolve these ambiguities (see
section 5).

The dark matter density profile can only be indirectly observed (e.g. rotation velocities of
stars); therefore, numerical simulations have been performed in order to understand the
structure of halos. These simulations contained traditionally only dark matter [141-144] and
showed triaxial velocity distributions [140]. The resulting haloes feature, however, cusped
profiles with steeper density variations towards the centre of the halo, while observations
favoured flatter cored-profiles. Moreover, the simulations predict a large amount of sub-
structure, i.e. large number of subhaloes, in contradiction with the few haloes present in the
Milky Way. These issues, currently under investigation, might challenge the validity of the
ACDM model and different possible solutions are discussed. One solution could be related to
the nature of dark matter or its properties [145]. A warm dark matter candidate with a larger
free-streaming length could, for instance, modify the halo density profile resulting in the
observed cored-type profiles and suppressing the formation of small structure. Another
possibility is to consider candidates with weak interaction with matter but strong self-inter-
action [146]. The elastic scattering of these particles in the dense central region could modify
the energy and momentum distribution resulting in cored dark matter profiles. Probably, the
solution could be related to the absence of baryonic matter in the simulations. The effect of
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baryons to the halo mass distribution is observed, for instance, in the recent Illustris-1
simulation [8] which considers the coevolution of both dark and visible matter in the Uni-
verse. Furthermore, sudden mass outflows can alter substantially the central structure of
haloes [147]. Dark matter simulations including also baryons [16] show how gas outflows can
change the distribution of gas and stars. For sufficiently fast outflows, the dark matter dis-
tribution can be also affected explaining hereby the low central-halo densities.

Nevertheless even with large simulations containing baryons, uncertainties in the dark
matter halo remain and, thus, direct-detection experiments generally use the common
assumption of an isotropic Maxwell-Boltzmann distribution using values for astrophysical
parameters as introduced above. In section 5.3, a method to display results in an astrophysical
independent representation is described.

4. Background sources and reduction techniques

In order to identify unambiguously interactions from dark matter particles, ultra-low back-
ground experimental conditions are required. This section summarises the various back-
ground contributions for a direct dark matter experiment. It includes external radiation by
~-rays, neutrons and neutrinos which is common for all experiments and internal backgrounds
for solid-state and for liquid detectors. The main strategies to suppress these backgrounds
through shielding, material selection, and reduction in data analysis are also discussed.

4.1. Environmental gamma-ray radiation

The dominant radiation from gamma-decays originates from the decays in the natural uranium
and thorium chains, as well as from decays of common isotopes e.g. “°K, ®®Co and '*’Cs present
in the surrounding materials. The uranium (238U) and thorium (232Th) chains have a series of
alpha and beta decays accompanied by the emission of several 4-rays with energies from tens of
keV up to 2.6 MeV (highest v-energy from the thorium chain). The interactions of ~-rays with
matter include the photoelectric effect, Compton scattering and e~ e* pair production [148].
While the photoelectric effect has the highest cross-section at energies up to few hundred keV,
the cross-section for pair production dominates above several MeV. For the energies in between,
Compton scattering is the most probable process. All these reactions result in the emission of an
electron (or electron and positron for pair production) which can deposit its energy in the target
medium. Such energy depositions can be at energies of a few keV affecting the sensitivity of the
experiments because this is the energy region of interest for dark matter searches.

Gamma radiation close to the sensitive volume of the detector can be reduced by
selecting materials with low radioactive traces. Gamma-spectrometry using high-purity ger-
manium detectors is a common and powerful technique to screen and select radio-pure
materials. Other techniques such as mass spectrometry or neutron activation analysis are also
used for this purpose [149]. The unavoidable gamma activity from natural radioactivity
outside the experimental setup can be shielded by surrounding the detector by a material with
a high atomic number and a high density, i.e. good stopping power, and low internal con-
tamination. Lead is a common material used for this purpose. Large water tanks are also
employed as they provide a homogeneous shielding as well as the background requirements.
To reduce the v-ray activity from radon in the air, the inner part of the detector shield is either
flushed with clean nitrogen or the radon is reduced using a radon trap facility [150].

Analysis tools can be used to further reduce the rate of background interactions. Given
the low probability of dark matter particles to interact, the removal of multiple simultaneous
hits in the target volume can be, for instance, used for background-event suppression. This
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Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.) for
various underground laboratories hosting dark matter experiments. The effective depth
is calculated using the parametrisation curve (thin line) from [151].

includes tagging time-coincident hits in different crystals or identifying multiple scatters in
homogeneous detectors. For detectors with sensitivity to the position of the interaction, an
innermost volume can be selected for the analysis (fiducial volume). As the penetration range
of radiation has an exponential dependence on the distance, most interactions take place close
to the surface and background is effectively suppressed. Finally, detectors able to distinguish
electronic recoils from nuclear recoils (see section 5.1) can reduce the background by
exploiting the corresponding separation parameter.

4.2. Cosmogenic and radiogenic neutron radiation

Neutrons can interact with nuclei in the detector target via elastic scattering producing nuclear
recoils. This is a dangerous background because the type of signal is identical to that of the
WIMPs. Note that there is also inelastic scattering where the nuclear recoil is typically
accompanied by a gamma emission which can be used to tag these events. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei in the experimental
setup or surrounding rock. These neutrons can have energies up to several GeV [151] and are
moderated by the detector surrounding materials resulting in MeV energies which can pro-
duce nuclear recoils in the energy regime relevant for dark matter searches. In addition,
neutrons are emitted in (o, n)- and spontaneous fission reactions from natural radioactivity
(called radiogenic neutrons). These neutrons have lower energies of around a few MeV.

Dark matter experiments are typically placed at underground laboratories in order to
minimize the number of produced muon-induced neutrons. The deeper the location of the
experiment, the lower the muon flux. Figure 3 shows the muon flux as a function of depth for
different laboratories hosting dark matter experiments.

The effective depth is calculated using the parametrisation from [151] which is repre-
sented by the black line in the figure. The muon flux for each underground location is taken
from the corresponding reference of the list below.

¢ Waste Isolation Pilot Plant (WIPP) [152] in USA.

¢ Laboratoire Souterrain a Bras Bruit (LSBB) [153] in France.
» Kamioka observatory [151] in Japan.

* Soudan Underground Laboratory [151] in USA.
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This paper reports the first results of a direct dark matter search with the DEAP-3600 single-
phase liquid argon (LAr) detector. The experiment was performed 2 km underground at SNOLAB
(Sudbury, Canada) utilizing a large target mass, with the LAr target contained in a spherical acrylic
vessel of 3600 kg capacity. The LAr is viewed by an array of PMTs, which would register scintillation
light produced by rare nuclear recoil signals induced by dark matter particle scattering. An analysis
of 4.44 live days (fiducial exposure of 9.87 tonne-days) of data taken with the nearly full detector
during the initial filling phase demonstrates the detector performance and the best electronic recoil
rejection using pulse-shape discrimination in argon, with leakage <1.2x1077 (90% C.L.) between
16 and 33 keVee. No candidate signal events are observed, which results in the leading limit on
WIMP-nucleon spin-independent cross section on argon, <1.2x10~%* c¢m? for a 100 Gez\/'/c2 WIMP
mass (90% C.L.).

PACS numbers: 95.354d, 29.40.Mc, 26.65.+t, 34.50.Gb, 07.20.Mc, 12.60.Jv

It is well established from astronomical observations located deep underground to suppress background asso-
that dark matter (DM) constitutes most of the matter  ciated with cosmic rays.
in the Universe [I], accounting for 26.8% of the energy
density, compared to 4.9% for ordinary matter. Weakly This paper reports on the analysis of commissioning
Interacting Massive Particles (WIMPs) are one of the  data from DEAP-3600, the first liquid argon (LAr) based
leading dark matter candidates, predicted by a number  dark matter detector exceeding a 1 tonne target mass.
of theoretical extensions of the Standard Model. Di-  DEAP-3600 uses single-phase technology, which regis-
rect detection of WIMPs from the galactic halo is pos- ters only the primary scintillation light from the target
sible via elastic scattering interactions, which produce  medium. We determine the best limit on WIMP-nucleon
nuclear recoils of a few tens of keV. Such detection re-  cross section measured with argon, in the high WIMP

quires large target mass in ultralow background detectors ~ mass regime second only to xenon based searches, and
demonstrate the best low-threshold electronic recoil re-



jection using pulse-shape discrimination (PSD) in argon.
The substantial difference in LAr scintillation timing be-
tween nuclear recoils (NR) and electronic recoils (ER)
allows sufficient rejection of the dominant /vy back-
grounds [2] [3] using only the primary scintillation light.
The DEAP-3600 single phase LAr detector design offers
excellent scalability to ktonne-scale target masses [4} [5].

The detector is comprised of an atmospheric LAr tar-
get contained in a transparent acrylic vessel (AV) cryo-
stat capable of storing 3600 kg of argon. The AV is
viewed by 255 Hamamatsu R5912-HQE photomultiplier
tubes (PMTSs) operated near room temperature to de-
tect scintillation light generated in the target medium.
The PMTs are coupled to the AV by 50 cm-long acrylic
light guides (LGs) that also provide neutron shielding
and reduce the heat load on the AV. The inner AV sur-
face was coated in-situ with a thin layer of wavelength
shifter, 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) to con-
vert 128 nm Ar scintillation light into visible blue light,
which is efficiently transmitted through acrylic. The AV
neck is wrapped with optical fibers read out by 4 PMTs
from both ends, to veto light emission in the AV neck re-
gion. The detector is housed in a stainless steel spherical
shell, which is immersed in an 8 m diameter ultrapure wa-
ter tank instrumented with 48 PMTs. This tank serves
as a radiation shield and Cherenkov veto for cosmogenic
muons. All detector materials were selected to achieve
the background target of <0.6 events in a 3 tonne-year
exposure [5]. To avoid ?22Rn/?'1°Pb contamination of the
bulk acrylic and TPB, the inner 0.5 mm surface layer of
the inner AV was removed in-situ after construction. The
Rn exposure was then strictly limited, with the AV and
the access glovebox purged with Rn-scrubbed Ny, evac-
uated and baked before filling. Argon was delivered as
cryogenic liquid, stored underground, purified as gas with
SAES Megatorr PS5 to sub-ppb impurity levels (for Oq,
H,0, CO, CO3, Hy, Ny and hydrocarbons), scrubbed of
Rn [6] and liquified in the AV.

PMT signals are decoupled from the high voltage by
a set of custom analog signal-conditioning boards and
split into three outputs: high- and low-gain, and a twelve
channel analog sum used to generate trigger decisions.
Outputs are digitized with CAEN V1720 digitizers and
handled by the MIDAS DAQ system, described in [7].

The PMT charge response functions are calibrated
daily with a system of optical fibres injecting 435 nm
light from a pulsed LED source onto 20 PMTs uniformly
spaced around the detector (and 2 additional fibres in the
detector neck), allowing study of a range of occupancies
in all PMTs with a combination of reflected and direct
illumination. A detailed model of the charge response
function for each PMT gives the mean single photoelec-
tron (SPE) charges with uncertainty less than 3% [5] §].
A full PMT signal simulation is implemented in a detailed
Monte Carlo model of the detector and electronics, us-
ing the GEANT4-based RAT [9]. For accurate simulation

of PSD, the PMT simulation uses in-situ measured time
vs. charge distributions from calibration data for noise
sources, including late, double, and after-pulsing (AP)
for each PMT [5], 8, [10].

The charge of each identified pulse is divided by the
PMT-specific mean SPE charge to extract the number of
photoelectrons (PEs). Fprompt is then defined for each
event as the ratio of prompt to total charge,

_ Z{i\tie(—QS ns,150 ns)} Qi

Fprompt =

, 1
E{ime(fzs ns,10 us)} Qi M
where @ is the pulse charge in PE and ¢ is the pulse time
with respect to the event time. The relative timing of
each PMT channel is calibrated with a fast laser source;
the resulting overall time resolution is 1.0 ns. Fpromps is &
powerful PSD variable because it is sensitive to the ratio
of excited singlet to triplet states in LAr, with lifetimes
of 6 and 1300 ns [I], respectively.

The detector trigger was designed to accept all low en-
ergy events above threshold, all high-Fp.ompt NR events
and to cope with approx. 1 Bq/kg 3%Ar activity of
LAr [12], by prescaling the resulting low-Fprompt ER
events. The signal from the inner PMT analog sum is
continuously integrated in windows 177 ns and 3100 ns
wide, from which the prompt energy (Etrigger) and ra-
tio of prompt and wide energies (Fiyigger) are calculated.
Triggers with NR-like E¢ igger >40 PE are digitized for all
events, while only 1% of 39 Ar-decay-like events are dig-
itized; summary information is recorded for all events.
While for NR-like events in this analysis the trigger is
highly efficient, (100700)%, as determined by running
in a very low threshold mode, for ER-like events below
120 PE the efficiency decreases because of their lower
prompt charge. This result was validated with a dedi-
cated random trigger run, processed offline with a simu-
lated physics trigger algorithm.

Stability of the LAr triplet lifetime, 73, was verified
with a fit accounting for PMT AP, dark noise, and
TPB fluorescence [13]. From this fit 73=1399+20 (PMT
syst.)£8 (fit syst.)+6 (TPB syst.)£7(AP syst.) ns, where
systematic uncertainties are evaluated by performing the
fit separately on individual PMTs, varying the fit range,
and varying the TPB fluorescence decay time and times
of the AP distributions within uncertainties. This result
is consistent with the literature value of 130060 ns [I1]
and is stable throughout the analyzed dataset. Stability
over a longer period is shown in Fig. S1.

The dominant source of scintillation events is 3°Ar
decay, resulting in low-Fpromps ER events. In order to
define an Fpyompt cut constraining the leakage of 39 Ar
events into the NR band, the Fpompt distribution of
ER and its energy dependence were fitted with an 11-
parameter empirical model of Fpompt vs. PE, based on
a smeared Gamma distribution,

PSD(n, f) = T(f; f(n),b(n)) ® Gauss(f;o(n)), (2)



where b(n) = ag + %2 + 23, o(n) = az + 5> + 5 and
f(n) is parametrized as ag + ;24— + mess. The 2-
dimensional fit of the model to the data from 80 to
260 PE has a x5, of 5581/(5236-11). As an example, a
1-dimensional slice from the model and the data at 80 PE
is shown in Fig. [Ifa). The PSD leakage measured in the
120 to 240 PE window with a 90% NR acceptance is
shown in Fig. b). The extrapolated leakage is approxi-
mately 10 times lower than projected in the DEAP-3600
design [3]. As further reduction in the PSD leakage is
expected from an analysis relying on SPE counting [14],
the original goal of a 120 PE analysis threshold in 3 years
livetime from PSD will likely be surpassed.
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FIG. 1: (a) Projection of the Fprompt distribution at 80 PE

(full 2-dimensional distribution is shown in Fig. [5)) is shown
together with the effective model. Fit is performed above
the red dashed line, indicating the Fprompt value below which
the trigger efficiency is <100%. The brown and orange lines
correspond to 90% and 50% NR acceptance (n.r.a.). Each PE
bin in the fit range contributes approximately equally to the
overall x? value. (b) Data and model for the 120-240 PE range
with 1.87972x107 events, represented as leakage probability
above a given Fprompt value. A conservative projection from
DEAP-1 [3] is also shown with its own NR acceptance lines
(all three dashed).

The energy calibration uses internal detector back-
grounds and external radioactive sources. The internal
calibration uses B’s from 39Ar decay, with an endpoint of
565 keV. These are uniformly distributed in the detector,
as WIMP-induced NR’s would be. The external calibra-
tion uses a 22Na source, which produces 1.27 MeV y’s
and a 30-50 keV photo-absorption feature, both near the
AV surface, similar to surface backgrounds. The sim-
ulated spectra of 3°Ar and ?2Na are fit to the data to
find the energy response function relating Teg [keVe]
(electron-equivalent energy) to detected PE,

T.g(PE) = 1.15+ 0.121 PE +1.32 x 107% PE2.  (3)

The internal and external sources are fit separately, be-

cause of their different spatial distributions. The error

bars on the fit parameters are scaled by xidf to ac-
count for the systematic uncertainty, and the best fit
values are combined in a weighted average to produce
the final response function, which is shown in Fig. |2] to-
gether with the 3°Ar data, which spans from below to
above the energy window for this analysis (see Fig. S2 for
the 22Na fit). The energy response function fits for 3°Ar
and 22Na agree within errors, however an additional sys-
tematic uncertainty, 0.5 keVee is assessed to account for
the non-zero offset term. As a cross-check, the response
function is extrapolated to compare with high energy y
lines, particularly 1461 keV from “°K and 2614 keV from
20871 in the detector materials, showing good agreement
until “°K and then diverging in the regime where PMT
saturation and non-linearities in the DAQ become more
significant. The light yield (LY) at 80 PE is 7.36 1552 (fit
syst.)£0.22(SPE syst.) PE/keVe, where systematic un-
certainties from the fitting procedure and the SPE charge
calibration are included.

c T T T T ]
._6 r .

©8000 | — Fit i
% . 4
8 I —+ Data ]
6000 |- -
4000 -
,- 40K 4
[ 1000} / i
2000 - -
I . |
L 0 5000 10000 15000 20000 4
0 i L L L L 1 L L 1 L L 1 s L 1 ]

0 1000 2000 3000 4000
PE

FIG. 2: Measured 3°Ar B spectrum overlayed with the fit
function (red) based on simulation, see text. The inset
shows the global energy reponse function from weighted av-
erage of *?Ar and *?Na fits, Teg(PE) = co + c1PE + c2PE?,
with ¢p=1.15+0.50 keVee, ¢1=0.12140.004 keVeePE™! and
c2=(1.32£0.08)x107% keV.ePE™2. As a cross check, on the
inset vy lines from “°K and 2°®TIl are compared with the ex-
trapolated function; 2°8TI diverges from the function because
of PMT/DAQ saturation effects.

A Gaussian energy resolution function is used to smear
the spectra in the fit, with variance 02 = p; - PE. Ex-
trapolated resolution at 80 PE from best fit values for
39Ar and ??Na is 13+1% and 16+1%, respectively. The
difference is attributed to a larger spread in light collec-
tion efficiency for events near the AV surface as measured
with the 2?Na, source. A lower bound on the energy res-
olution at 80 PE is 12% (p1 = 1.185), determined from
Poisson counting statistics widened by the measured in-
situ SPE charge resolution. Since at low WIMP masses



the broader the resolution the stronger the limit, because
of the steeply falling WIMP-induced NR spectrum, using
this lower bound is conservative.

The nuclear recoil acceptance of the Fprompt cut is de-
termined from a simulation of “°Ar recoils distributed
uniformly in LAr. The simulation assumes the quench-
ing factor and triplet/singlet ratio energy dependence
as measured by SCENE [I5] at zero electric field and
applies the full response of the detection and analysis
chain. PMT AP dominates the effect of the detector re-
sponse on the mean Fprompt with the average AP proba-
bility of (7.6+1.9)% [5]. Comparison of external neutron
AmBe source data with a simplified detector simulation
in Fig. [B[(b) shows qualitative agreement and serves as
a validation of the model. The simulation includes neu-
trons and 4.4 MeV y’s from the AmBe source and consid-
ers scattering- or capture induced y’s only for neutrons
that entered the LAr. AmBe data is not used directly
to model the WIMP-induced NR acceptance as a signifi-
cant fraction (59% in the 120-240 PE window) of AmBe
events contain multiple elastic neutron scatters.

The region-of-interest (ROI) in this analysis, as shown
in Fig. a)7 was defined by allowing for an expectation of
0.2 leakage events from the 3? Ar band, determined with
the PSD model, while maintaining the NR acceptance
of >5% at the lowest energies. The smaller number of
39Ar events in the short exposure and the low Forompt
leakage allowed us to set the energy threshold at 80 PE
(11 keVee), lower than the nominal 120 PE threshold
originally projected [3]. Above 150 PE the lower limit on
Fprompt is chosen to remove 5% of NR events in each bin.
The ROI also has a maximum Fpompt chosen to remove
1% of NR events in each 1 PE bin. The maximum energy
was set to 240 PE to reduce possible backgrounds from
« activity of the AV surface [16].

The first LAr fill of the detector took approx. 100 days
between May and mid-August 2016. For the majority of
this time, Ar gas was introduced into the detector from
the purification system for cooling. In the final phase of
the fill, shortly after the dataset discussed in this work
was taken, a leak in the detector neck contaminated LAr
with clean Rn-scrubbed Nj. The detector was subse-
quently emptied and refilled and has been taking data
since Nov. 1, 2016, with a slightly lower liquid level.

In this work, we focus on the period Aug. 5 to Aug.
15 (9.09 days), when no Ar had been introduced into the
detector. Because of the much higher scintillation rate,
photon yield and refractive index in liquid than in gas,
there is a very sharp drop in rate between PMTs facing
the liquid and PMTs facing the vapour space, which al-
lows determination of the fill level, 590+50 mm above
the AV centre, and the full LAr mass, 3322+110 kg.

Calibration data used were collected after the 2nd fill:
23 h of 22Na (Nov. 3-4) and 65 h of AmBe data (Dec. 2-4).

Data were analyzed from runs where (1) the difference
between the maximum and minimum AV pressures in

a run corresponded to <1 cm change in the liquid level
and (2) no more than one PMT read <50% of its average
charge, determined from approx. 5 min samples. Dur-
ing this dataset one PMT was turned off (and has since
returned to operation). In all cases, pressure excursions
were correlated with periods of the cryocoolers operating
at reduced power. 34% of the data are removed by fail-
ing both criteria and additional 11% by failing criterion 2
alone. The total run time after run selection corresponds
to 4.72 d, out of which 0.28 days (5.9%) is deadtime from
17.5 us following each trigger.

Acceptance for NR events, shown in Fig. [4] is deter-
mined using a combination of 3®Ar events, which are uni-
formly distributed in the LAr volume, and simulation of
Fprompt for NR events. The sample of 3°Ar single-recoils
is obtained first by applying low level cuts to remove
events (1) from DAQ calibration, (2) highly asymmetric
(with more than 40% of charge in a single PMT) e.g.
Cherenkov events in LGs and PMTs or (3) from pile-up.
The approach of measuring acceptance for NR events
using ER events is used since none of the acceptance
cut variables depend on the pulse time information, only
Forompt does, which is handled separately. The Fprompt
simulation for NR’s is validated by comparison with the
AmBe calibration data.

Quality cuts are applied to 3°Ar events within the en-
ergy window in order to determine the ER acceptance, as
shown in Table[] The fiducial acceptance is determined
with respect to the events remaining after the quality
cuts in order to factor out light coming from outside the
LAr volume. The event time cut requires that the scin-
tillation peak is positioned early in the waveform, which
ensures reliable evaluation of Fprompt. Cuts on the frac-
tion of charge in the brightest PMT and on the neck veto
remove high charge afterpulses triggering the detector as
well as events caused by light emission (e.g. Cherenkov)
in the AV neck acrylic. We have identified a class of
background events originating in the neck region and are
characterizing it for future larger-exposure searches.

Fiducialization in this analysis employs low-level PE
ratio variables. These are the fraction of scintillation-
induced PE [14] with AP correction [I0] in the PMT in a
given event detecting the most light, and the fraction of
charge in the top 2 rows of PMTs in the detector. These
are strongly correlated with the radial and vertical event
positions, respectively. The fiducial mass, 2223474 kg, is
determined from the full LAr mass and acceptance of the
fiducial cuts. The expected activity of 39Ar contained in
this mass is 22454198 Bq [12], consistent with the fiducial
rate observed in DEAP-3600, 2239+8 Hz.

Position reconstruction algorithms have been devel-
oped and tested on the detector data. However, in the
analysis presented here, they are used only as a cross-
check. A maximum likelihood fitter relies on the full
Monte Carlo of the detector including its optical proper-
ties, and minimizes the difference between the observed
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distributions are statistical, not systematic.

Cut Livetime Acceptance % #2301
Physics runs 8.55 d
= Stable cryocooler 5.63 d
£ Stable PMT 4.72 d
Deadtime corrected 444 d 119181
T DAQ calibration 115782
= Pile-up 100700
E Event asymmetry 787
Max charge fraction
Z per PMT 99.5840.01 654
¢ Event time 99.8540.01 652
v +0.03
Neck veto 97.497 "0 23
_ Max scintillation PE +0.09
£ fraction per PMT 7508 005 T
73 Charge fraction in +0.11
" the top 2 PMT rings 90.92%030 0
Total 4.44d 96.9440.03 66.9175320 0

TABLE I: Run selection criteria and cuts with their effects on
livetime, integrated acceptance, the fiducial fraction, and the
number of events left in the ROI. The acceptance is calculated
individually for each run and then weighted by livetime to
provide an overall acceptance with the uncertainties taken as
maximum and minimum variations about this weighted mean
from each run. See text for details about the fiducial fraction
determination. The total number of triggers before any cuts
was 1.38x10°, out of which 6.47x107 in 80-240 PE window.

pattern of PMT charges and the one expected based on
a PDF constructed from simulation, under the assump-
tion that the illumination of the detector is symmetric
around the axis of the event position vector. Residual
position bias is corrected for using the uniformly dis-
tributed population of 3°Ar B’s. To study reconstruc-

tion of events from the inner AV surface, as expected for
o backgrounds, we apply the 3 Ar-derived calibration to
22Na events, which are strongly peaked near the surface.
Fig. S3 shows that qualitative agreement results from
this procedure. We plan to use reconstructed positions
to further reduce backgrounds in longer exposure runs.

The main background sources are « activity, neutrons,
leakage from 3% Ar and other ER interactions.

As shown in Table [T 22?Rn, 2'8Po and 2"*Po « decays
can be identified in the LAr bulk in well-defined high en-
ergy peaks with an activity of 1.8x107! uBq/kg based
on time delayed coincidence with a-o¢ (?*?Rn-218Po and
220Rn-216Po) or B-a (214Bi-21*Po) tags. The activity of
214Pg in the bulk is consistent with the earlier part of the
chain, which indicates that it is mostly mixed within the
LAr volume, see Table[[lland Fig. S4. Out-of-equilibrium
210pg & decays can be identified with degraded ener-
gies characteristic of «’s coming from below the 3 pm
thick TPB layer on the surface of the acrylic. Activity of
210Pg is determined with a fit of simulated spectra to the
data (see Fig. S5), assuming contamination either on the
acrylic surface or distributed uniformly in an 80 um deep
acrylic surface layer. The result for bulk contamination
assumes no additional backgrounds in the fit range and
is considered an upper limit.

The dominant source of neutron events is expected to
be from (o, n) reactions and spontaneous fission in the
PMTs. The PMT borosilicate glass contribution can be
constrained with in-situ measurements of the 2614 keV
and 1764 keV vy-rays from the 23?Th and 233U decay
chains, respectively. The 2%3U and 232Th decay chain
activities seen in-situ agree within a factor of two with a
simulation based on the screening results. Events from
neutron backgrounds in LAr can be measured in-situ by



Component Activity

222Rn LAr (1.840.2)x10™" pBq/kg
2P LAr (2.040.2)x 107" pBq/kg
220Rn LAr (2.6+1.5)x10™* uBq/kg

210pg AV surface
210py AV bulk

0.22 + 0.04 mBq/m?
<2.2 mBq

TABLE II: Summary of « activities, see text. These can
be compared with results reported by other experiments,
approx.: 66 uHz/kg of **Rn and 10 pHz/kg of **°Rn in
LUX [17], 6.57 uBq/kg of **Rn and 0.41 uBq/kg of ?*°Rn in
PandaX-II [I8], and 10 uBq/kg of ?**Rn in XENONI1T [19].

searching for NR’s followed by capture y’s. The efficiency
of this technique was calibrated using neutrons from an
AmBe source deployed near the PMTs. No neutron can-
didates were seen in 4.44 d (80-10000 PE window, no
fiducial cuts), which is consistent with the expectation
based on assays.
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FIG. 4: The acceptance with systematic error bands in 80-
240 PE window for the trigger, event quality cuts, Fprompt
cut, fiducial cuts and all cuts combined. For uncertainties on
the acceptance of quality and fiducial cuts see also Table [}
Uncertainties on trigger acceptance measurement and Fprompt
cut acceptance are discussed in the text.

The systematic uncertainties considered in the WIMP
cross-section limit calculation include uncertainty on the
NR energy response, exposure (from livetime and total
LAr mass), and quality and fiducial cut acceptance (see
Fig. [4). The uncertainty on the NR acceptance of the
Forompt cut is determined by varying the simulation in-
puts: triplet/singlet ratio (within errors propagated from
the SCENE [15] measurement of £9¢), the triplet lifetime
uncertainty (the difference between literature value [11]
and this work), and the AP probability. The dominant
uncertainty in the final exclusion curve comes from the
uncertainty on the NR energy response. This effect is
dominated by uncertainties in Eq. ; however, there is
also some uncertainty on the NR quenching factor, i.e.
the reduction in NR scintillation yield relative to ER.

([keVi]= Lefr-[keVee], when referring to energies of NR,
keV,, the unit of the full energy of the recoil, can be
used.) We used measurements from SCENE, which re-
ports two different quenching factors: Leg ssmi,, which
is the ratio of LY measurement at various NR energies
to the LY measured by a #3™Kr ER calibration, and £,
which is the Lindhard-Birks quenching factor describing
the suppression of quanta (scintillation photons or ex-
tracted electrons) at different NR energies. The differ-
ence between these two values at a given NR energy is due
to non-unitary recombination at null field. We adjusted
the Lindhard-Birks quenching factors fit to £ to account
for the relative recombination rates of NR and ®™Kr
ER at null field, according to the NEST model [20],
fitting Thomas-Imel and Doke-Birks recombination pa-
rameters to SCENE’s Lg ssmy, values. Uncertainties on
this fit were inflated to account for differences between
the SCENE and DEAP-3600 detectors and the differ-
ent recombination rates of the 33™Kr ER and the ?2Na
low energy feature that we used for our energy calibra-
tion. These factors, along with uncertainty in SCENE’s
reported value of Birks’ constant and the difference be-
tween £ and Lg ssmy, were factored into the uncertainty
of our quenching factor, to account for uncertainties in
the recombination probabilities.

No events are observed in the ROL, see Fig.[5} Figure[f]
shows the resulting upper limit on the spin-independent
WIMP-nucleon scattering cross-section as a function of
WIMP mass, based on the standard DM halo model [21].
A 90% C.L. upper limit is derived after factoring in
the Poisson fluctuation in the number of expected signal
events, with the Highland-Cousins [22] method employed
to account for the systematic uncertainties. For a more
conservative limit, the backgrounds from 3°Ar leakage
were not taken into account.
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FIG. 5: Fprompt vs the number of photoelectrons and energy
in keVee for events passing cuts, with the WIMP search ROI
shown in red.

DEAP-3600 has achieved stable operation at
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90% C.L. exclusion from 4.44 live days of DEAP-3600
data. Also shown: the current results from XENONIT [23],
LUX [24], PandaX-II [25], DarkSide-50 [26], CDMS-II [2§],
PICO-60 [27], and the full sensitivity for XENONI1T and
DEAP-3600, assuming no observed events in a fiducial vol-
ume of 1000 kg in three years of running with a threshold of
15 keVee.

7.36 PE/keV,. light yield without recirculation, and
demonstrated better-than-expected PSD (permitting a
39 keV, energy threshold), with promising « and neutron
background levels. Analysis of the first 4.44 d of data
reported here results in the best limit at low energies
on discrimination of (-decay backgrounds using PSD
in LAr at 90% NR acceptance, with measured leakage
probability of <1.2x10~7 (90% C.L.) in the energy win-
dow 16-33 keVee (55-111 keV,). This measurement has
lower threshold than DEAP-1 [3] and higher statistics
than DarkSide-50 [26]. After NR selection cuts no events
are observed, resulting in the best spin-independent
WIMP-nucleon cross section limit measured in LAr [26]
of <1.2x10™* ¢m? for a 100 GeV /c> WIMP (90% C.L.).
Data collection has been ongoing since Nov. 2016 and
forms the basis for a more sensitive DM search currently
in progress.
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We report the first dark matter search results from XENONI1T, a ~2000-kg-target-mass dual-
phase (liquid-gas) xenon time projection chamber in operation at the Laboratori Nazionali del Gran
Sasso in Italy and the first ton-scale detector of this kind. The blinded search used 34.2 live days
of data acquired between November 2016 and January 2017. Inside the (1042+12) kg fiducial mass
and in the [5, 40] keVy, energy range of interest for WIMP dark matter searches, the electronic
recoil background was (1.93 4 0.25) x 10™* events/ (kg x day x keVe.), the lowest ever achieved in
such a dark matter detector. A profile likelihood analysis shows that the data is consistent with the
background-only hypothesis. We derive the most stringent exclusion limits on the spin-independent
WIMP-nucleon interaction cross section for WIMP masses above 10 GeV/c?, with a minimum of
7.7 x10™*" cm? for 35-GeV/c*> WIMPs at 90% confidence level.

PACS numbers: 95.35.4+d, 14.80.Ly, 29.40.-n, 95.55.Vj
Keywords: Dark Matter, Direct Detection, Xenon



Modern cosmology precisely describes observational
data from the galactic to cosmological scale with the A
cold dark matter model [1, 2]. This model requires a
nonrelativistic nonbaryonic component of the Universe
called dark matter, with an energy demnsity of Q.h% =
0.1197 £ 0.0022 as measured by Planck [3]. Theories be-
yond the Standard Model of particle physics (e.g., su-
persymmetry [4]) often attribute this energy density to
weakly interacting massive particles (WIMPs) that may
be detectable by underground detectors [5, 6].

The XENONIT experiment is designed primarily for
detecting nuclear recoils (NRs) from WIMP-nucleus scat-
tering, continuing the XENON program [7, 8] that
employs dual-phase (liquid-gas) xenon time projection
chambers (TPCs) [8, 9]. With a total mass of ~3200 kg
of ultra-pure liquid xenon — more than two orders of mag-
nitude larger than the initial detector of the XENON
project [7] — XENONIT is the first detector of such scale
realized to date. It is located at the Laboratori Nazionali
del Gran Sasso (LNGS) in Italy, at an average depth of
3600 m water equivalent. The approximately 97-cm long
by 96-cm wide cylindrical TPC encloses (2004 £+ 5) kg
of liquid xenon (LXe), while another ~1200 kg provides
additional shielding. The TPC is mounted at the cen-
ter of a 9.6-m diameter, 10-m tall water tank to shield
it from ambient radioactivity. An adjacent service build-
ing houses the xenon storage, cryogenics plant, data ac-
quisition, and slow control system. The water tank is
mounted with 84 photomultiplier tubes (PMTs) as part
of a Cherenkov muon veto [10]. The TPC is instrumented
with 248 3” Hamamatsu R11410-21 PMTs arranged in
two arrays above and below the LXe target [11, 12].
Interactions in the target produce scintillation photons
(S1) and ionization electrons. The electrons drift in a
(116.7 £ 7.5) V/cm electric field towards the liquid-gas
interface at the top of the TPC. They are extracted into
the gas by an electric field Egas > 10 kV/cm where, via
electroluminescence, they produce a proportional scin-
tillation signal (S2). This charge-to-light amplification
allows for the detection of single electrons [13, 14]. The
ratio of the S2 to S1 signals is determined by both the
ratio of ionization to excitation in the initial interaction
and subsequent partial recombination of the ionization,
with lower S2/S1 for NR signals than electronic recoils
(ERs) from + and S radiation.

Here we report on 34.2 live days of blinded dark mat-
ter search data from the first science run of the exper-
iment. The run started on November 22, 2016, and
ended on January 18, 2017, when an earthquake tem-
porarily interrupted detector operations. The detector’s
temperature, pressure, and liquid level remained stable
at (177.08 £ 0.04) K, (1.934 £+ 0.001) bar, and (2.5 +
0.2) mm respectively, where the liquid level was measured
above the grounded electrode separating the drift and
extraction field regions. While the PMT high voltage
remained stable during the run, 27 PMTs were turned

off for the dark matter search and 8 were masked in the
analysis due to low single-photoelectron (PE) detection
efficiency. The PMT response was calibrated periodically
using pulsed LED data [15]. The xenon was continuously
purified in the gas phase through hot metal getters, lead-
ing to an increase in the electron lifetime from 350 to
500 us, with an average of 452 us; 673 us is the drift
time over the length of the TPC. Using cryogenic distilla-
tion [16], the "' Kr concentration in the LXe was reduced
while the TPC was in operation, from (2.60 & 0.05) ppt
[mol/mol] at the beginning of the science run to (0.36 +
0.06) ppt one month after the end of the science run, as
measured by rare-gas mass spectrometry [17] on samples
extracted from the detector. The 2'4Pb event rate was
(0.8 — 1.9) x 10~* events/ (kg x day x keV) in the low-
energy range of interest for WIMP searches, where the
bounds are set using in-situ a-spectroscopy on 2'¥Po and
214Po. The 2??Rn concentration was reduced by ~20%
relative to the equilibrium value using the krypton dis-
tillation column in inverse mode [18].

The data acquisition (DAQ) system continuously
recorded individual PMT signals. The efficiency for
recording single-PE pulses was 92% on average during
the science run, and stable to within 2%. A software
trigger analyzed the PMT pulses in real-time, allowing
for continuous monitoring of the PMTs. The trigger de-
tected S2s larger than 200 PE with 99% efficiency, and
saved 1 ms before and after these to ensure small Sls
were captured. An analog-sum waveform was separately
digitized together with a signal recording when any of
the digitizers were inhibited. The average DAQ live time
was 92% during the science run.

Physical signals are reconstructed from raw data by
finding photon hits in each PMT channel, then cluster-
ing and classifying groups of hits as S1 or S2 using the
PAX software. For Sls, we require that hits from three
or more PMTSs occur within 50 ns. To tune the signal
reconstruction algorithms and compute their efficiency
for detecting NRs — shown in blue in Fig. 1 — we used
a Monte Carlo code that reproduces the shapes of Sls
and S2s as determined by the interaction physics, light
propagation, and detector-electronics chain. This was
validated against ®3™Kr and 22°Rn calibration data.

The interaction position is reconstructed from the top-
array PMT hit pattern of the S2 (for the transverse po-
sition) and the time difference between S1 and S2 (for
depth). The S2 transverse position is given by maximiz-
ing a likelihood based on an optical simulation of the
photons produced in the S2 amplification region. The
simulation-derived transverse resolution is ~2 cm at our
S2 analysis threshold of 200 PE (uncorrected). The inter-
action position is corrected for drift field nonuniformities
derived from a finite element simulation, which is vali-
dated using 3™Kr calibration data. We correct S2s for
electron losses during drift, and both Sls and S2s for
spatial variations of up to 30% and 15%, respectively,
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FIG. 1: NR detection efficiency in the fiducial mass at suc-
cessive analysis stages as a function of recoil energy. At low
energy, the detection efficiency (blue) dominates. At 20 keV,
the efficiency is 89% primarily due to event selection losses
(green). At high energies, the effect of restricting our data
to the search region described in the text (black) is domi-
nant. The black line is our final NR efficiency, with uncer-
tainties shown in gray. The NR energy spectrum shape of a
50-GeV/c? WIMP (in a.u.) is shown in red for reference.

inferred from #™Kr calibration data. These spatial vari-
ations are mostly due to geometric light collection effects.
The resulting corrected quantities are called ¢S1 and ¢S2.
As the bottom PMT array has a more homogeneous re-
sponse to S2 light than the top, this analysis uses ¢S2}, a
quantity similar to ¢S2 based on the S2 signal seen only
by the bottom PMTs.

To calibrate XENONI1T, we acquired 3.0 days of data
with 220Rn injected into the LXe (for low-energy ERs),
3.3 days with 33 Kr injected into the LXe (for the spatial
response) and 16.3 days with an external 24! AmBe source
(for low-energy NRs). The data from the 22°Rn [19]
and 2! AmBe calibrations is shown in Fig. 2 (a) and
(b), respectively. Following the method described in [20]
with a W-value of 13.7 eV, we extracted the photon gain
g1 = (0.144 £ 0.007) PE per photon and electron gain
g2 = (11.5 £ 0.8) PE (in the bottom array, 2.86 times
lower than if both arrays are used) per electron in the
fiducial mass by fitting the anti-correlation of ¢S2;, and
cS1 for signals with known energy from 83™Kr (41.5 keV),
%0Co from detector materials (1.173 and 1.332 MeV),
and from decays of metastable *1™Xe (164 keV) and
129m¥e (236 keV) produced during the 24! AmBe calibra-
tion. The ¢S1 and ¢S2}, yields are stable in time within
0.77% and 1.2% respectively, as determined by 83™Kr
calibrations.

WIMPs are expected to induce low-energy single-
scatter NRs. Events that are not single scatters in the
LXe are removed by several event-selection cuts: (i) a
single S2 above 200 PE must be present and any other
S2s must be compatible with single electrons from pho-
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FIG. 2: Observed data in ¢S2;, vs. ¢S1 for (a) **°Rn ER
calibration, (b) ***AmBe NR calibration, and (c) the 34.2-
day dark matter search. Lines indicate the median (solid)
and +20 (dotted) quantiles of simulated event distributions
(with the simulation fitted to calibration data). Red lines
show NR (fitted to *' AmBe) and blue ER (fitted to **°Rn).
In (c), the purple distribution indicates the signal model of
a 50 GeV/C2 WIMP. Thin gray lines and labels indicate con-
tours of constant combined energy scale in keV for ER (a) and
NR (b, ¢). Data below c¢S1 = 3 PE (gray region) is not in our
analysis region of interest and shown only for completeness.

toionization of impurities or delayed extraction; (ii) an
event must not closely follow a high-energy event (e.g.,
within 8 ms after a 3 x 10° PE S2), which can cause
long tails of single electrons; (iii) the S2 signal’s duration
must be consistent with the depth of the interaction as
inferred from the drift time; (iv) the S1 and S2 hit pat-
terns must be consistent with the reconstructed position
at which these signals were produced; (v) no more than
300 PE of uncorrelated single electrons and PMT dark
counts must appear in the region before the S2. Single
scatter NR events within the [5, 40] keV,, energy range



TABLE I: Expected number of events for each background
component in the fiducial mass; in the full ¢S1 € [3,70] PE,
¢S2;p € [50,8000] PE search region and in a reference region
between the NR median and —20 quantile in ¢S2},. Uncertain-
ties <0.005 events are omitted. The ER rate is unconstrained
in the likelihood; for illustration, we list the best-fit values to
the data in parentheses.

Full Reference
Electronic recoils (ER) (62 £ 8) (0.2618:34)
Radiogenic neutrons (n) 0.05 £+ 0.01 0.02
CNNS (v) 0.02 0.01
Accidental coincidences (acc)  0.22 + 0.01 0.06
Wall leakage (wall) 0.5+ 0.3 0.01
Anomalous (anom) 0.10£3:3%9  0.01 4+ 0.01
Total background 63 + 8 0.3613-1%
50 GeV/c?, 107*cm? WIMP  1.66 + 0.01  0.82 + 0.06

pass these selections with >82% probability, as deter-
mined using simulated events or control samples derived
from calibration, and shown in green in Fig. 1.

The dark matter search uses a cylindrical (1042+12) kg
fiducial mass, which was defined before unblinding using
the reconstructed spatial distribution of ERs in the dark
matter search data and the energy distribution of ERs
from ?2Rn. We restrict the search to ¢S1 € [3,70] PE
and ¢S2;, € [50,8000] PE, which causes little additional
loss of WIMP signals, as shown in black in Fig. 1.

Table I lists the six sources of background we consider
inside the fiducial mass and inside the search region. For
illustration, we also list the expected rate in a reference
region between the NR median and —2¢ quantile in ¢S2},
(i.e., between the red lines in Fig. 2¢), for which Fig. 3
shows the background model projected onto ¢S1. This
reference region would contain about half of the WIMP
candidate events, while excluding 99.6% of the ER back-
ground. The WIMP search likelihood analysis uses the
full search region. Below we describe each background
component in more detail: all event rates are understood
to be inside the fiducial mass and the full search region.

First, our background model includes ERs, primarily
from 3 decays of 8°Kr and the intrinsic ??2Rn-progeny
24P, which cause a flat energy spectrum in the en-
ergy range of interest [9]. The ER background model
is based on a simulation of the detector response. We
use a model similar to [21] to convert the energy depo-
sition from ERs into scintillation photons and ionization
electrons, which we fit to 22°Rn calibration data in (cS1,
¢S2;,) space (Fig. 2a).

The best-fit photon yield and recombination fluctua-
tions are comparable to those of [21]. The model ac-
counts for uncertainties of g1, g», spatial variations of
the S1 and S2 light-collection efficiencies, the electron-
extraction efficiency, reconstruction and event-selection

efficiency, and time dependence of the electron lifetime.
The rate of ERs is not constrained in the likelihood analy-
sis, even though we have independent concentration mea-
surements for 2'4Pb and 3Kr, since the most stringent
constraint comes from the search data itself.

Second and third, our background model includes
two sources of NRs: radiogenic neutrons contribute
(0.05+0.01) events, and coherent neutrino-nucleus scat-
tering (CNNS) ~0.02 events. Cosmogenically produced
neutrons are estimated to contribute O(10~2) events even
without muon-veto tagging. The NR background model
is built from a detector response simulation that shares
the same detector parameters and associated systematic
uncertainties as the ER background model above. The
main difference is the energy-conversion model, where we
use the model and parametrization from NEST [22]. We
obtain the XENONIT response to NRs by fitting the
241 AmBe calibration data (Fig. 2b) with the light and
charge yields from [22] as priors. Our NR response model
is therefore constrained by the global fit of external data.
It is also used to predict the WIMP signal models in (¢S1,
¢S2y,) space. The S1 detection efficiency, which is respon-
sible for our low-energy threshold, is consistent with its
prior (0.70).

Fourth, accidental coincidences of uncorrelated Sls
and S2s are expected to contribute (0.22 £+ 0.01) back-
ground events. We estimated their rate and (cS1, c¢S2y)
distribution using isolated S1 and S2 signals, which are
observed to be at (0.78 £+ 0.01) Hz and (3.23 £+ 0.03)
mHz, respectively, before applying S2-selections. The ef-
fect of our event selection on the accidental coincidence
rate is included, similar to [23]. Isolated Sls may arise
from interactions in regions of the detector with poor
charge collection, such as below the cathode, suppressing
an associated ¢S2 signal. Isolated S2s might arise from
photoionization at the electrodes, regions with poor light
collection, or from delayed extraction [24]. Most acciden-
tal events are expected at low ¢S1 and at lower ¢S2y, than
typical NRs.

Fifth, inward-reconstructed events from near the
TPC’s PTFE wall are expected to contribute (0.5 4 0.3)
events, with the rate and (cS1, ¢S2;,) spectrum extrapo-
lated from events outside the fiducial mass. Most of these
events would appear at unusually low ¢S2;, due to charge
losses near the wall. The inward reconstruction is due
to limited position reconstruction resolution, especially
limited for small S2s, near the 5 (out of 36) top PMTs in
the outermost ring that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1,logcS2y) space for ER events with an anoma-
lous ¢S2y,. Such anomalous leakage beyond accidental co-
incidences has been observed in XENON100 [23], and one
such event is seen in the 22Rn calibration data (Fig. 2a).
If these were not 22°Rn-induced events, their rate would
scale with exposure and we would see numerous such
events in the WIMP search data. We do not observe
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FIG. 3: Background model in the fiducial mass in a reference
region between the NR median and —2¢ quantile in ¢S24,
projected onto ¢S1. Solid lines show that the expected number
of events from individual components listed in Table I; the
labels match the abbreviations shown in the table. The dotted
black line Total shows the total background model, the dotted
red line WIMP shows an m = 50 GeV/c?, ¢ = 10™*cm?
WIMP signal for comparison.
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FIG. 4: The spin-independent WIMP-nucleon cross sec-

tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENONIT. In green and yellow
are the 1- and 20 sensitivity bands. Results from LUX [27]
(red), PandaX-II [28] (brown), and XENON100 [23] (gray)
are shown for reference.

this, and therefore assume their rate is proportional to
the ER rate, at 0.1010:39 events based on the outliers ob-
served in the 22°Rn calibration data. The physical origin
of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. No changes to either the event selection
or background types were made at any stage.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS1 € [3,70] PE, ¢S2; € [50,8000] PE search region used
in the likelihood analysis (Fig. 2c¢). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 4 0.25) x 10~% events/(kg x day x keVec),
compatible with our prediction of (2.3 4 0.2) x 1074
events/ (kg x day x keVee) [9] updated with the lower Kr
concentration measured in the current science run. This
is the lowest ER background ever achieved in such a dark
matter experiment. A single event far from the bulk
distribution was observed at ¢S1 = 68.0 PE in the ini-
tial 4-day unblinding stage. This appears to be a bona
fide event, though its location in (cS1,cS2}) (see Fig. 2¢)
is extreme for all WIMP signal models and background
models other than anomalous leakage and accidental co-
incidence. One event at ¢S1 = 26.7 PE is at the —2.4¢0
ER quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b). We propagate the uncertainties on
the most significant shape parameters (two for NR, two
for ER) inferred from the posteriors of the calibration
fits to the likelihood. The uncertainties on the rate of
each background component mentioned above are also
included. The likelihood ratio distribution is approxi-
mated by its asymptotic distribution [25]; preliminary
toy Monte Carlo checks show the effect on the exclusion
significance of this conventional approximation is well
within the result’s statistical and systematic uncertain-
ties. To account for mismodeling of the ER background,
we also calculated the limit using the procedure in [26],
which yields a similar result.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the —1o level of the sensitivity
band [29]. The final limit is within 10% of the uncon-
strained limit for all WIMP masses. For the WIMP en-
ergy spectrum we assume a standard isothermal WIMP
halo with vy = 220 km/s, ppm = 0.3 GeV/cm?, vese =
544 km/s, and the Helm form factor for the nuclear
cross section [30]. No light and charge emission is as-
sumed for WIMPs below 1 keV recoil energy. For all
WIMP masses, the background-only hypothesis provides
the best fit, with none of the nuisance parameters rep-
resenting the uncertainties discussed above deviating ap-
preciably from their nominal values. Our results improve
upon the previously strongest spin-independent WIMP
limit for masses above 10 GeV/c?. Our strongest exclu-
sion limit is for 35-GeV/c? WIMPs, at 7.7 x 10~*7cm?.

These first results demonstrate that XENONI1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c?, up to twice the



LUX sensitivity above 100 GeV/c?, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.
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