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Abstract.

In the past 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 development 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, a clear evidence for a particle explaining these observations remains absent. This
review summarises the status of direct dark matter searches, focussing 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 strategies are discussed.
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1 INTRODUCTION

1. Introduction

Overwhelming evidence of 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 the past decades, aiming to
detect these massive particles 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 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 article is organised in the following way. In section 2, the different phenomena
indicating the existence of dark matter and possible explanations or candidates
emphasising 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 article 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 both internal and external contributions to the
target material. In section 5, the basic detector technologies are introduced along with
their capability to distinguish between signal and background events. Furthermore,
statistical methods and the general result of an experiment are discussed. Afterwards,
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 next years are discussed.



2 THE DARK MATTER PUZZLE

2. The dark matter puzzle

A wealth of observational data from gravitational effects at very different 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
explanations and elementary-particle candidates are discussed in the following. At the
end of the section, the 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 400 000 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
ACDM (A cold dark matter) 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 cold dark matter 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 baryonic matter
can be estimated, which allows to calculate the total dark matter density in the Universe.
Present estimates [4] show a flat Universe with Qpy = 0.265, €, = 0.049 and Q5 = 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
fluctuations 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][7][8] propagate
particles using super computers aiming to describe the structure growth, producing
a cosmic web ranging from ~ 10kpc objects to the largest scales. Meanwhile,
this type of simulations reproduce very accurately the measurements made by
galaxy surveys [9][10][11]. Measurements of the Lyman—a 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 into the simulations and it is shown that they can significantly alter the
distribution of the dark matter component on small scales [16].

A further hint for the existence of dark matter arises from gravitational lensing
measurements [15]. This effect discussed by Albert Einstein [17] in 1936 and later by
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

4



2 THE DARK MATTER PUZZLE

path due to the gravitational field resulting, for example, in multiple images or a
deformation of the observable’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][20][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. A weak 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.
Historically, 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 Fritz Zwicky [25] to the idea that a large
amount of dark matter could be the explanation for the unexpected high velocities.
In 1978, Vera C. 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 the expectation, as objects outside the visible
mass distribution should have velocities v o« 1/4/r 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]).

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 us 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 fails to simultaneously fit lensing and rotation
curves [32].

Massive astrophysical compact halo objects (MACHOs) have also been considered
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as a possible explanation for the large mass to light ratios detected in the astronomical
observations 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 €, = 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 thus, they can not 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 neutrino masses[38]. Additionally, they
provide a viable dark matter candidate. Depending on their production mechanism,
they would constitute 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 1keV 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 would
be stable, neutral and have a mass from below GeV/c? to several TeV/c?, they could be
the weakly interacting massive particle (WIMP). 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 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
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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 electromagnetic 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-dimensions. 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
postulated to explain the origin of ultra high-energy cosmic rays [46]. At energies close
to 102° eV, cosmic protons can interact with the cosmic microwave background 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" — 10'%) 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 coupling 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 provide as well 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 realignment [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
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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.

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. Figurel shows a schematic representation
of the possible dark matter couplings to a particle, P, of ordinary matter. While the

Direct detection

X > X
Production Indirect
at colliders detection

P P

Figure 1. Schematic showing the possible dark matter detection channels.

annihilation of dark matter particles (downwards direction) could give pairs of standard
model particles, 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,
XP — xP (horizontal direction in figure1).

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 7TeV. 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+ 7 (1)
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are probed, being x 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][67][68]) but further searches will be performed in the next 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 and spin-
dependent (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 section8).

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 this secondary particles is a further detection mechanism usually denoted as 'indirect
detection’. Examples of possible annihilation channels are

XX = 7V, vZ,vH or (2)
XX = q@,. 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].

Charged particles are deflected in the interstellar magnetic fields loosing the
information on their origin. Due to their charge neutrality, v-rays and neutrinos point,
instead, to the source where they were produced. While neutrinos travel unaffected from
the production source, v-rays can be affected by absorption in the interstellar medium.

Imaging Atmospheric Cherenkov Telescopes for TeV ~-ray detection can look
specifically in the direction of objects where a large amount of dark matter is expected.
Either a y-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
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instruments capable of detecting low-energy ~-rays (approx. 20MeV —300GeV) like
Fermi-LAT [77]. Although some gamma-ray features identified in the Fermi data are
intriguing (for example [78][79][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 as XMM-Newton
and Chandra provide data to search for indirect dark matter signals. In 2014, an
unexpected line at 3.5keV 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][86][87][88]. Other astrophysical explanations have
been, however, proposed and thus, the origin of the signal remains controversial (see
e.g. [89][90][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 constrains 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] rise 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.

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. Furthermore, 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 review all these aspects focussing 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

10



3 PRINCIPLES OF WIMP DIRECT DETECTION

dark matter particle, the probability of multiple collisions within a detector is negligible.
In 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:

dR o do

dE(E’t) - T -/v - f(v, 1) - d—E(E,v) d’v, (4)

where m, is the dark matter mass and j—g(E ,v) its differential cross-section. The WIMP
cross-section o 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. Equation4 shows explicitly the astrophysical parameters, the local dark matter
density po and f(v,t), 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 equation4, detection strategies can exploit the
energy, time or direction dependencies 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],
equation4 can be approximated by

Z;(E) R~ (Zg)OFz(E) exp (—gc) , (5)

where (@)0 denotes the event rate at zero momentum transfer and £, 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. F?(FE) 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
consequence 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 June 2nd 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

T
where %, is the phase which is expected at about 150 days and 7" is the expected period

dR 27 (t — to)
d7E<E’t) ~ So(E) + Sn(E) - cos (), (6)

of one year. The time-averaged event rate is denoted by Sy, 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

11
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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 —[(vE + vs) cOSY — Vpminl?
AR | ZM0E T ) 08y = tminl ) (7)
dE dcosy

In equation 7, vg represents the Earth’s motion, v, the velocity of the Sun around the

2
Ve

galactic centre, v,,;, the minimum WIMP velocity that can produce a nuclear recoil
of an energy E and v, the halo circular velocity v, = \/%v@. 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 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 amplitudes of the scattering off each nucleon
add in phase and result in a coherent process. For spin-dependent interactions, only
unpaired nucleons contribute to the scattering. 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 ¢q. The form
factor I accounts for this effect and the cross-section can be expressed as: o o o - F'2,
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
a spin-independent (SI) contribution and a spin-dependent (SD) one,

do . ma
dE — 24302

The WIMP-nucleus reduced mass is described by 4. For spin independent interactions,

(o F&4(E) + 05” - Fip(E)). (8)

the cross-section at zero momentum transfer can be expressed as

U(S)I:Up'/;%’[Z'fp+(A—Z)'f”]2 (9)

12
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where fP" are the contributions of protons and neutrons to the total coupling strength,
respectively, and p, is the WIMP-nucleon reduced mass. Usually, f? = f" is assumed
and the dependence of the cross-section with the number of nucleons A takes an A2
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 parameterisation [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 parameterisation.

To visualise 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 spin-independent 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 100GeV/c? and a cross-section of 1075 cm? are assumed for the
calculation. In these curves both the A% dependence of the cross-section and the form
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Figure 2. (Left) Differential event rate for the direct detection of a 100 GeV/c?
WIMP with a cross-section of 107° 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).

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. Figure2 (right) shows separately the WIMP mass and the form factor
effect on the differential event rate without considering the nuclear recoil acceptance
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3 PRINCIPLES OF WIMP DIRECT DETECTION

and the energy threshold of the detector. Solid lines show the expected rates for a
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/c? 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/c*> WIMP, calculated without the form factor correction.

For spin-dependent 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

SD_32 2

e J+1
o5 = ZH - G [y (S7) +an - (ST

J

where G% is the Fermi coupling constant, J the total nuclear spin and a,, the effective

(10)

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 currents to determine the couplings of WIMPs to nucleons
up to the leading two-nucleon currents. This method yields to 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:
129’131Xe, 1271’ 73Ge, 19F, 23Na, 27A1 and 2981.

In the context of a non-relativistic effective field theory (EFT) for WIMP-like
interactions, a more detailed formulation of possible couplings from dark matter to
baryons has been proposed [109][110][111] and is applied by some experiments [112].
Instead of the classical two (spin-independent and -dependent) 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 composite
nature is reflected. Thus, the spin response function is split in transverse and
longitudinal 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, T+, S N, §X which describe the momentum transfer ¢ scaled with the nucleon mass
my, the WIMP-nucleon relative velocity o+, the spin of the nucleus S ~ and the possible
spin of the dark matter particle §X7 respectively. The standard spin independent
(equation9) and spin-dependent interactions (equation 10) are described by operators
O, and O, with 1 being the identity matrix

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

The spin dependent interactions are, furthermore, decomposed into two longitudinal
and a transversal spin components, as in general interactions do not couple to all spin
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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 generalises the traditional SI and
SD parameter space but also allows to constrain, in a easier way, dark matter models
due to the variety of constrained operators.

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 tensions between 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][116][117]. Another possibility is the inelastic WIMP-
nucleus scattering in which the target nucleus is left in a low-lying nuclear excited
states [118]. The signal would have a signature of a nuclear recoil followed by a 7-ray
from the prompt de-excitation of the nucleus. As an example, the inelastic structure
functions have been calculated 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 ionisation 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 can not be probed by dark matter - baryon scattering. Furthermore, models such
as kinematic-mixed mirror dark matter [124] or luminous dark matter [125] also predict
interactions with atomic electrons.

New couplings are, as well, introduced to mediate interactions of axion-like
particles (ALPs) with electrons via the axioelectric (also photoelectric-like) or Primakov
processes [126] (see section2.2).  These processes, invoked by sufficiently massive
particles in direct detection experiments, involve only the emission of electrons and
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X-rays and can therefore not be separated from the experimental electronic recoil
background. Nevertheless, bounds on these models have been derived from data of
various experiments [127][128][129][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 interaction, 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

2
1) = e (- 0 ) (12)

which is truncated at velocities exceeding the escape velocity. Here, the dispersion

velocity o is related to the circular velocity via ¢ = \/%vc. A standard value of
ve = 220km /s 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 544 km /s is the likelihood median calculated using
data from the RAVE survey [136]. The 90% confidence interval contains velocities from
498 km /s to 608 km/s. 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 I, 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 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. Its also possible that the velocity distribution is

1 http://sci.esa.int/gaia
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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 inhomogeneities 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 be 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][142][143][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 substructure, 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-steaming
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-interaction [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 baryons to the halo mass distribution is observed, for instance, in the recent
[lustris-1 simulation [8] which considers the coevolution of both dark and visible matter
in the Universe. 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 distribution 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.
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4. Background sources and reduction techniques

In order to identify unambiguously interactions from dark matter particles, ultra-low
background experimental conditions are required. This section summarises the various
background contributions for a direct dark matter experiment. It includes external
radiation by 7-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 137Cs present in the surrounding materials. The uranium (***U) and thorium (*3*Th)
chains, have a series of alpha and beta decays accompanied by the emission of several
gamma rays with energies from tens of keV up to 2.6 MeV (highest y-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, the Compton
scattering is the most probable process. All these reactions result in the emission of an
electron (or electron and positron for the 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
germanium 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 contamination. Lead is a common material used for
this purpose. However, large water tanks are employed as they provide a homogeneous
shielding as well as the background requirements. To reduce the gamma-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 includes tagging time-coincident hits in different crystals or identifying
multiple scatters in homogeneous detectors. For detectors with sensitivity to the
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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 the one 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 produce 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 minimise 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
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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].
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calculated using the parametrisation from [151] which is represented by the black line in
the figure. The muon flux for each underground location is taken from the corresponding
reference of the list below.

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

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

e Soudan Underground Laboratory [151] in USA

e Yang Yang Underground Lab (Y2L) [154] in Corea

e Boulby Underground Laboratory [151] in UK

e Laboratori Nazionali del Gran Sasso (LNGS) [151] in Italy
e Laboratoire Souterrain de Modane (LSM) [155] in France

e Sanford Underground Research Facility (SURF) [151] in USA
e SNOLAB[151] in Canada

e Jin-Ping laboratory [156] in China

The flux of radiogenic neutrons can be reduced via material selection. Detector
materials with low uranium and thorium content give lower a- and spontaneous fission
rates. In addition, detector shielding can be used to reduce the external neutron flux
further. Often water or polyethylene layers are installed around the detector setup to
moderate the neutrons effectively [157]. Active vetoes are designed to record interactions
of muons. The data acquired in the inner detector simultaneously to the muon event is
discarded in order to reduce the muon-induced neutron background. Plastic scintillator
plates are, for example, used for this purpose [150][158]. This can be improved further by
the use of water Cherenkov detectors [159][160] as they provide a higher muon tagging
efficiency (full coverage), are efficient in stopping neutrons and, for sufficiently large
thickness, the external gamma activity is also reduced. To tag directly the interactions
of neutrons, shielding using liquid scintillators can be used [161].

Finally, the analysis techniques described in the previous section can also be applied
to reduce the neutron background. The multiple scattering tagging is, for instance,
particularly effective with growing size of targets. The fiducial volume selection can also
be used, however, it has a smaller effect in the reduction of background for neutrons
than for gamma interactions because of the larger mean free path of neutrons.

4.3. Neutrino background

With increasing target masses approaching hundreds of kilograms to tons, direct dark-
matter detectors with sensitivity to keV energies start being sensitive to neutrino
interactions. Neutrinos will become, therefore, a significant background contributing
both to electronic and nuclear-recoils. Solar neutrinos can scatter elastically with
electrons in the target via charged and neutral current interactions for v, and only
neutral current for the other neutrino flavours[162]. Due to their larger fluxes, pp-
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and “Be-neutrinos would be the first neutrinos which could be detected. The resulting
signal is a recoiling electron in contrast to the nuclear recoil resulting from WIMP
interactions. Therefore, neutrino-electron scattering is an important background mainly
for experiments which are not able to distinguish between nuclear and electronic
recoils (see section5.1). Here, we consider neutrino-induced reactions as background
but the measurement is interesting on itself as it can confirm the recent pp-neutrino
measurement by the Borexino experiment [163], testing in real time the main energy
production mechanism inside the Sun.

Neutrinos can also undergo coherent neutrino-nucleus elastic scattering producing
nuclear recoils with energies up to few keV [164]. Although this process has not been
measured yet, it is expected to be accessible in the experiments planed to run in the
next couple of years. Dark matter detectors could be, hereby, the first to measure this
process. Coherent scattering of solar neutrinos would limit the sensitivity of dark matter
experiment for low WIMP masses (few GeV) for cross-sections around ~ 1074 ¢cm?. For
higher WIMP masses, the coherent scattering of atmospheric neutrinos would limit dark
matter searches at ~ 10719 cm? [165][166][167] (see also figure 17). In case of a positive
signal at these cross-sections, in principle, the modulation of the signal along the year
could be considered in order to distinguish WIMPs from neutrinos. While the WIMP
rate should peak around June 2nd (see section3.1), the rate of solar neutrinos should
peak around January 3rd due to the larger solid angle during the perihelion. The
rate of atmospheric neutrinos also peaks around January [168] due to the changes in
atmospheric density resulting from seasonal temperature variations.

4.4. Internal and surface backgrounds

In contrast to the external background which are common to all types of detectors,
internal backgrounds differ depending on the target state.  Therefore, internal
backgrounds for crystal and liquid-targets are discussed separately.

Crystalline detectors as germanium or scintillators are grown from high purity
powders or melts. During the growth process remaining impurities are effectively
rejected as their ionic radius does not necessarily match the space in the crystalline
grid. In this way, the crystal growing process itself reduces internal contaminations,
for instance with radium, uranium or thorium [169][170][171][172]. Important for these
detectors is the surface contamination with radon decay products. Either a-, S-decays
or the nuclear recoils associated to the latter can enter the crystal depositing part of its
energy. The incomplete collection of signal carriers results in events that appear close to
the region of interest, where nuclear recoils from WIMP interactions are expected. To
identify events happening close to the surface, new detector designs have been developed
over the last years. For example, in germanium detectors interleaved electrodes can be
placed on the detector surface in order to collect an additional signal identifying the
position of the event [173][174]. In scintillating crystals, an effective reduction of surface-
alpha events have been achieved by a new design with a fully scintillating surface [175].
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More details will be discussed in chapter 7.

Furthermore, cosmic activation of the target or detector surrounding materials
during the time before the detector is placed underground needs to be considered.
One of the most important processes in the production of long-lived isotopes is the
spallation of nuclei by high energy protons and neutrons. As the absorption of protons
in the atmosphere is very efficient, neutrons dominate the activation at the Earth’s
surface for energies below GeV [176]. Exposure time, height above sea level and latitude
affect the yield of isotopes, therefore, by minimising the time at surface and avoiding
transportation via airplane, the isotope creation can be reduced. Since these precautions
can not always be taken, tools or studies targeted to quantify the background due to
cosmogenic activation are required (see for example [177][176][178][179]).

For noble gases, a contribution to the internal background originates from
cosmogenic-activated radioactive isotopes contained in the target nuclei. For argon,
39Ar with an endpoint energy at 565keV has a large contribution as it is produced
from cosmic-ray activation at a level of 1Bq/kg in natural argon. In order to reduce it,
argon from underground sources is extracted. It has been shown that in this way, the
activity is reduced by at least a factor of 100 [180]. In xenon, cosmic activation produces
also radioactive isotopes, all rather short-lived. 12"Xe has the longest lifetime with 36 d
which is still short enough to decay within the start of the experiment [181]. Xenon
also contains a double beta decaying isotope, *%Xe, however its lifetime is so large,
2.2 x 10?1y [182], that it doesn’t contribute to the background for detectors up to few
tons mass. This isotope can be removed relatively easy by centrifugation. In addition,
decays from the contamination of the target with krypton and the radon emanation from
the detector materials contribute to the internal background. The [-decaying isotope
85Kr is produced in nuclear fission and it is released to the atmosphere by nuclear-fuel
reprocessing plants and in tests of nuclear weapons. Krypton can be removed from
xenon either by cryogenic distillation [183] or using chromatographic separation [159].
Both methods have been proven to work at the XMASS/XENON and LUX experiments,
respectively. Besides the reduction of krypton in the target, techniques to determine
the remaining krypton contamination are necessary in order to precisely quantify its
contribution the remaining contamination. Recently, detections in the ppq (parts per
quadrillion) regime of natural Kr in Xe have been achieved [184]. Another possible
method is the use of an atom-trap trace analysis system [185]. Radon is emanated
from all detector materials containing traces of uranium or thorium. Once radon is
produced in these decay chains, it slowly diffuses throughout the material and can be
then dissolved in the liquid target. An approach to reduce radon is to use materials
with low radon emanation [186][187]. Furthermore, methods to continuously remove the
emanated radon are being investigated [188][189].

For both solids and liquids, the surface deserves special attention. For example,
radium accumulated at the surfaces of the target or in the materials in contact with the
liquid can contribute to the background i.e. surface background and radon emanation.
Surface treatment with acid cleaning and electropolishing have been proved to be
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effective in removing radioactive contaminants at the surfaces [190].

5. Result of a direct detection experiment

This chapter gives a generic description of a dark matter experimental result starting
with the signal production in the target media. The statistical treatment of the measured
events is discussed as well as the representation of the derived results.

5.1. Detector signals

The elastic scattering of a dark matter particle off a target medium induces for the case
of the WIMP an energy transfer to nuclei which can be observed through three different
signals, depending on the detector technology in use. These can be the production
of heat (phonons in a crystal), an excitation of the target nucleus which de-excites
releasing scintillation photons or by the direct ionisation of the target atoms. Detection
strategies focus either on one of the three, or on the combination of two of these signals.
Although, in principle, all three signals could be recorded, such an experiment does
not exist to date. Figure4 shows a scheme of the possible observables, as well as the
most common detector technologies. A combination of two detection channels turns out
to be powerful, since the response of media to an interaction is not only proportional
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Figure 4. Schematic of possible signals that can be measured in direct detection
experiments depending on the technology in use.
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to the deposited energy but depends on the type of particle that deposits the energy.
More precisely, the relative size of the two signals depends on the type of particle. This
enables the discrimination of e.g. nuclear recoils (neutrons, WIMPs) from electronic
recoils (e.g. photon interactions, beta decays) which is an important method to reduce
the background of the experiment. To measure the ionisation signal either germanium
detectors or gases (low pressure, for directional searches) are employed while scintillation
can be recorded for crystals and for noble-gas liquids. To detect heat, the phonons
produced in crystals are collected using cryogenic bolometers at mK temperatures. The
heat signal is also responsible for nucleation processes in experiments using superheated
fluids. Detectors which explore the discrimination power by measuring two signals
are positioned in figure4 between the corresponding signals: scintillating bolometers
for phonon and light detection, germanium or silicon crystals to measure phonon and
charge, and double phase (gas-liquid) noble-gas detectors for charge and light read-out.
It is to mention that discrimination can also be achieved by exploiting other features
in the response of the medium. For instance, the pulse shape of the signal depends on
the particle type in liquid noble gas scintillators. Detailed information on the various
detector technologies used in direct dark-mater searches is given in section 7.

5.2. Statistical treatment of data

In direct detection experiments, various statistical methods are used to derive
upper limits on the WIMP-nucleus cross-section as a function of the dark matter
mass or to claim a detection of dark matter. Over the last years, a number of
experiments have recorded events above the expected background and based on those,
signal contours in cross-section with nucleons versus dark-matter mass have been
derived [191][192][193][194]. Some of those results have been, later on, disfavoured
by the same authors based on new data from upgraded detectors. In this potential
‘discovery’ situation, a correct application of statistical methods is essential to avoid a
misidentification of up- or downward fluctuations of the background. Common to all
experiments is not only that the expected signal consists of only a few events per year but
also an unavoidable presence of background (see section 4 for a throughly explanation).
Hence, a statistical analysis has to consider both, the Poisson distribution of the signal
events and a correct treatment of systematic uncertainties of the detector response. A
detailed description of methods can be found in [195].

For detectors featuring a separation between different types of particles
(discrimination), an intuitive approach is to select a signal region where the ratio of
signal to expected background is high. This is indicated by the blue rectangle in the left
panel of figure 5. Due to the generally low number of expected events, their expectation
value is described by a Poisson distribution. If the knowledge of the background
distribution is available, e.g. using calibration data or a Monte Carlo simulation, a
background prediction for the signal region can be estimated. An exclusion limit (one
sided confidence interval) or an interval representing the uncertainties on a possible
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signal (two sided confidence interval) can be computed based on a likelihood ratio of
Poisson distributions developed by Feldman and Cousins [196]. This method gives the
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Figure 5. The left figure is an illustration of the statistical analysis method where
the result is reduced to a simple counting experiment in the Poisson regime in the
presence of background (e.g. Feldman and Cousins). Yellin’s method improved towards
the simple box-based analysis by further considering the signal shape to derive limits
(middle figure). If the probability density functions for the background and signal
distribution are known, limits as well as a discovery can be calculated with a maximum
likelihood analysis (right). For more information see text.

correct coverage, i.e. a quantification of how often the interval contains the true value of
interest, and is able to decide between one and two sided confidence intervals. However,
neither the knowledge of the background and signal probability density functions can
be exploited, nor an uncertainty in the background prediction can be addressed. It is
worth mentioning that other methods exist which include systematic uncertainties in
the confidence interval construction [197][198]. The Feldman and Cousins method is
used, for example, for the derivation of results of the PandaX (2014) [199], ZEPLIN-III
(2012) [200] and SIMPLE (2012) [201] experiments.

If no background prediction is available, possible or its uncertainty is too large,
Yellin’s method [202] can be used. In this method, the absence or low density of events
in certain energy intervals (maximum gap or optimal interval, respectively) is used to
calculate the probability of not measuring dark matter events in that interval. The
middle panel of figure5 shows how the maximum gap (red area) is defined given the
measured data (black points) and the knowledge on the signal shape (black curve). By
not assuming a specific background model, the method is robust against unexpected
background events. A one sided interval (upper limit) in the presence of unknown
background can be calculated leading always to conservative results which take into
account the signal shape. By construction this method leads to one sided confidence
intervals and, therefore, no signal discovery is possible. Current published upper limits
derived by this method are e.g. SuperCDMS (2014) [203], CRESST-II (2014) [204] and
PICO (2015) [205].

Exploiting the full knowledge of the signal as well as the background distributions,
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5 RESULT OF A DIRECT DETECTION EXPERIMENT

allows to use a maximum likelihood estimation which typically results in stronger
exclusion limits or to a higher significance of a signal (right panel in figure 5).
Furthermore, nuisance parameters can be treated in the context of a profile likelihood
analysis in order to account for systematic uncertainties. These parameters are not of
immediate interest for the analysis of the signal model and, therefore, their uncertainties
can be profiled out [206][207]. This method not only allows to penalise the result due to a
limited knowledge of the detector response but also enables a natural transition between
one and two sided confidence intervals. For setting exclusion limits, the maximum or
profile likelihood analysis might be combined with a method developed in [208][209] to
reduce the impact of a statistical downward fluctuation of the background on the result.
The results of XENON (2012) [210], LUX (2013) [211] and CDMS II Ge (2015) [212] use
this method to derive upper limits while in CDMS II Si (2013) [193] it was used to
calculate the significance of the measured events above the expected background.

Experimental results can be computed either by a frequentist or bayesian
interpretation of the data. The former is extensively employed for direct detection
experiments as reviewed above. The latter is, so far, less common in the analysis of
dark matter experiments. The bayesian interpretation of likelihood and probability
differs from the frequentist approach. In contrast to state the frequency of possible
outcomes of an experiment by confidence intervals, bayesian credible intervals allows a
statement about the degree of belief of the tested hypothesis and is based on the Bayes’
theorem. Thus, the computation of a probability for a theoretical model to be true
based on the observed data is only possible with Bayesian statistics. In addition, it is
necessary (or possible) to assign a priori information in form of a prior which might
bias the result if not chosen appropriately. Systematic uncertainties can, similarly to
the profile likelihood method, be considered in the Bayesian framework which are later
marginalised by Monte Carlo Markov-chains (MCMC) e.g. the Metropolis-Hastings
algorithm [213][214]. A more detailed review of a Bayesian analysis of direct detection
experiments can be found in [215].

5.3. Generic result of a direct detection experiment

The data of a dark matter experiment is an event rate consisting usually of only
few counts and featuring a certain spectral shape (see section3.1). These results are
commonly displayed in a parameter space of the dark matter-nucleon cross-section and
the dark matter mass. To derive these physical properties, astrophysical values for the
dark matter density and its velocity distribution have to be assumed (see section 3.4).

The most common way to display direct detection results is based on a differential
rate with spin independent and isospin-conserving interactions

dR oo e f(v,8)

—(E,t) = s - A% - F? EAREAZAN L 13
BB = g [ T g, (13)
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with ves. the escape velocity (see section 3.4) and the minimal velocity defined as

[2ma - E
Umin = A ) thr . (14)
24

The parameter Eyp, describes the energy threshold of the detector and jua is the reduced
mass of the WIMP-nucleus system. The left plot in figure 6 shows a generic limit (open
black curve) on the dark matter cross-section with respect to the dark matter mass which
can be calculated with equation13. At low WIMP masses the sensitivity is reduced
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Figure 6. Left: Illustration of a result from a direct dark-matter detector derived as
a cross-section with matter as function of the WIMP mass. The black line shows a
limit and signal for reference, while the coloured limits illustrate the variation of an
upper limit due to changes in the detector design or properties. Right: Evolution of
the sensitivity versus the exposure. For more information see text.

mainly due to the low-energy threshold of the detector, whereas the minimum of the
exclusion curve is given by the kinematics of the scattering process which depends on the
target nucleus. At larger WIMP masses, the event rate is overall suppressed by 1/m,.
Given that the local dark-matter density is a constant of 0.3 GeV/cm? (section 3.4),
the heavier the individual particles, the less particles are available for scattering. In
addition, the form factor reduces the rate for interactions with a large momentum
transfer (section3.2). The overall sensitivity of the experiment is dominated by the
product of the size of the target and duration of the measurement, also called exposure,
as well as the ability to avoid or reduce background events. A possible detection would be
displayed as a contour region (closed black line) representing a certain confidence level.
The coloured lines indicate qualitatively the influence of varying the detector parameters.
The exposure can be increased by either longer measurements or by an increased target
mass. An increase in exposure enhances the ability to measure lower cross-sections
(green line). Note, however, that typically the background scales up with larger target
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5 RESULT OF A DIRECT DETECTION EXPERIMENT

masses and reduces the sensitivity if it is not simultaneously suppressed with improved
techniques. By using lighter target nuclei (red line), not only the kinematics of the
elastic scattering is modified but also v,,;, is reduced, resulting in a shift of the maximum
sensitivity to lighter WIMP masses. The event rate is proportional to A% and thus, a
smaller value of A reduces the overall sensitivity. Lowering the energy threshold of the
detector (blue line) allows not only to extend the sensitivity to lighter WIMP masses
but also reduces the value of v,,;, and, hence, allows to test smaller cross-sections.

The right plot in figure 6 illustrates the evolution of the sensitivity to the cross-
section with respect to the exposure. For a given detector mass, the increase in exposure
is caused by the accumulation of measuring time. The black line shows a reference
curve. A non-discriminating detector, or a discriminating detector with an order of
magnitude higher background, reaches its maximum sensitivity sooner (red line), and
longer measurements do not improve the sensitivity. Assuming a constant background
while enlarging the target mass, the sensitivity still increases with time (blue) and is not
yet statistical limited. As mentioned before, to keep a low background level requires a
higher purity of the detector and target material. An improved discrimination between
background and signal events improves the acceptance to signal events and can also lead
to a higher sensitivity (green line).

The choice of a different dark-matter halo model, f(v,t), affects the comparability
of results from experiments using different target materials and technologies, as they
might probe different dark-matter velocity intervals[216]. Therefore, an alternative
representation of the data which integrates out astrophysical uncertainties has been
proposed [217][218]. By displaying results in a parameter space which is halo
independent, direct comparisons of detectors are feasible. This is possible by defining a
parameter 7 containing all astrophysical assumptions

n= Po % LV’t>d3v. (15)
My Umin U
Using the monotonicity of the velocity integral [217], n can be approximated to be
independent of the detector response function and, hence, being common to all
experiments. Figure 7 shows examples of exclusion limits (black and green lines) and
signals (blue crosses) for a fixed dark-matter mass, using 1 and the dark matter velocity
as free parameters. The dark-matter velocity is defined as the minimum speed that a
WIMP requires in order to deposit a certain nuclear-recoil energy in the detector. The
red line represents a typical halo model and all velocities below the line describe its
feasible physical parameters. Experiments can probe the minimal velocity region above
their exclusion limits up to the halo model (red line). Due to the use of different target
elements and energy thresholds, these regions differ for each experiment. Hence, the
limits from A and B cannot be compared to each other since they probe different velocity
intervals of the halo model. Accordingly, only one and two sided confidence intervals
within the same velocity interval are robust against the uncertainties of astrophysical
parameters. This parameter space has been used in the last couple of years to display
results of direct detection experiments (see as examples [219][220][221][222]).
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Limit A
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Figure 7. Illustration of the result of a direct detection experiment in the parameter
space 1 (see text) which is free of astrophysical assumptions and allows a direct
comparison of different experiments. The blue markers indicate a dark matter signal,
whereas the black and green line indicate exclusion limits. The red line shows the
velocity integral for a fixed choice of halo parameters.

6. Detector calibration

Results from dark matter detectors contain typically a low number of signal-like
interactions for which recoil energy is measured. In order to understand and interpret
this data, the energy scale for the recoiling nucleus has to be characterised. This is
particularly important to determine the energy threshold and to possibly constrain the
WIMP mass. In addition, the signal and background regions have to be calibrated in
the parameter space relevant for the analysis. For this purpose, regular calibrations
using, for instance, radioactive sources are carried out. This section summarises the
strategies and main features of calibration for different detector technologies focussing
on the most competitive detector types.

6.1. Calibration of the recoil-energies

Depending on the detector technology (see section 7), scintillation photons, phonons in
a crystal and/or charge signal from ionisation can be measured. For a given energy
deposition after a particle interaction, the corresponding recoil energy can be calculated
applying a conversion function which contains quenching effects, i.e. the losses of signal
due to various mechanisms as function of recoil energy. This function is, in general,
different for electronic recoils and for nuclear recoils as the quenching mechanisms
depend on the energy and nature of the interacting particle. In order to emphasise which
function has been used for the conversion, energy units are expressed in electronic-recoil
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6 DETECTOR CALIBRATION

equivalent keV,. or nuclear-recoil equivalent keV,,.. Experiments recording phonons in
a crystal lattice collect the full recoil energy in the form of phonons [223][224][225] and
therefore, no signal quenching is usually considered. However, inhomogeneities inside
the crystal (e.g. crystal defects) can, in principle, lead to phonon quenching.

WIMPs are assumed to produce nuclear recoils and, hence, an energy scale to
convert the measured quanta to nuclear-recoil equivalent energy (keV,,) is required.
This scale is determined either with direct measurements using neutron scattering
experiments or by comparing the nuclear recoil spectra of calibration neutron-sources
to Monte Carlo (MC) generated ones. The first method is widely used as it is, in
general, more robust due to the fewer assumptions involved compared to MC methods.
In direct experiments (see scheme in figure8), mono-energetic neutrons are scattered
once in the medium and once in a detector operated in coincidence. By choosing a

Neutron detector 2\

Neutron source

Target

Figure 8. Scheme of a neutron scattering experiment using a neutron source, a target
material under study and a coincidence neutron detector to determine the response of
the target to mono-energetic nuclear recoils.

scattering angle and selecting single interactions, the kinematics are determined and a
mono-energetic nuclear recoil can be selected. Varying the scattering angle provides the
energy dependence of the signal yield. The results are usually normalised to the yield
of a known electronic energy deposition. This method tests directly the kinematics of
the WIMP interaction since single-scattering neutron events are selected similarly to
the expected WIMP scattering process.

Figure 9 shows the nuclear-recoil energy dependence of the signal yield for various
media at energies relevant for dark matter searches. The top left figure shows the
ionisation efficiency for germanium using the data provided by the authors of [226] and
references therein. The measurements are performed down to energies about 1keV.
The light yield quenching is shown for sodium in a Nal crystal (top right), for liquid
xenon (bottom left) and liquid argon (bottom right). The data is from [227], [228] and
[229][230] including references therein for Na, LXe and LAr, respectively. It can be seen
that for sodium and xenon several measurements exist with some of them exploiting the
quenching down to a couple of keV energies. The most recent experimental results show
a decrease of efficiency at decreasing energies. Older measurements have increasing
efficiency with large error bars which could be due to an incomplete consideration
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Figure 9. Measurements of signal quenching for various detector materials: ionisation
efficiency in germanium (top left, from [226] and references therein), scintillation
efficiency for Na (top right, from [227] and references therein), for LXe (bottom left,
from [228] and references therein) and for argon (bottom right, from [229][230] and
references therein).

of the detection efficiency [231]. For argon, there exist two sets of relatively recent
measurements by [232] and [230] both with relatively small errors. These two results
are in contradiction to each other within several sigma and further investigations will be
necessary to understand the scintillation behaviour at low recoil energies. For LAr and
LXe detectors operated with an electric field (see section 7.4), the field quenching has to
be considered. For argon, dedicated measurements have shown a significant dependence
of the light yield on the field, up to 32% for energies between 11 and 50 keV,,. [233]. Note
that this energy scale is used to derive the energy threshold of the experiment in keV,,..
As the WIMP recoil spectrum has an exponential shape (see section 5), uncertainties in
the threshold result in large variation of the expected number of events, specially at low
WIMP masses. Therefore, usually the energy threshold of an experiment should be in
a region for which quenching data points exist.
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A second method to derive the energy scale of a detection medium is to compare the
spectrum of a neutron calibration-source to a Monte Carlo generated one. This method
had been used for example for liquid xenon detectors [234][235] giving results which
are compatible with direct measurements. A complementary approach to describe the
signal yield as a function of recoil energy is the theoretical modelling of the underlying
processes, however, the accuracy of such descriptions has to be tested with data. Often
the model proposed by Lindhard [236] is adopted but several other models exist. Some of
them try to describe the electronic and nuclear stopping power at low energies as in [226]
for ionisation in germanium. This model is verified by a dedicated data-MC comparison
of neutron scattering off germanium [237]. In [238][239] and [240], the scintillation and
ionisation for liquid noble-gas detector is modelled. The former includes scintillation
quenching from the Birks[241] model while the latter two incorporate measured data
into the description.

Note that for superheated liquid detectors, the energy calibration differs from the
experiments mentioned above. The nuclear recoil scale is calculated using the hot spike’
model of bubble nucleation [242] and it is verified by experimental data. For example, the
three consecutive a-decays from *2Rn can be used to test the model [243]. By varying
the pressure and temperature of the detector volume, the energy threshold for a bubble
nucleation is chosen. For different threshold energies, number of events is measured
without the determination of the individual recoil energies (see also section 7.5).

In this section, the energy scale relevant for nuclear recoils produced by a WIMP-
like dark matter candidate has been discussed. However, for candidates interacting
with electrons instead with the nucleus, the corresponding electronic-recoil energy has
to be applied. This scale is measured using mono-energetic signals from photo-/full-
absorption of gamma rays, or by Compton effect coincidence experiments (see for
example [244]) similar to the neutron-scattering mentioned above.

6.2. Determination of signal and background regions

Most experiments searching for WIMP interactions in a target material use either the
combination of two signals (phonon, light or charge) or the pulse-shape of the signal to
distinguish between the main background from electronic recoils by v and S-decays from
the nuclear recoil signal. The signal and background regions are typically defined via
dedicated calibration campaigns in between the science data taking. The distribution
of nuclear recoils can be studied selecting interactions of neutron sources as ! AmBe
or 22Cf. It is important to acquire enough nuclear-recoil statistics to have a precise
determination of the signal region. In addition, the signal acceptance has to be quantified
since this quantity enters directly into the sensitivity of the experiment.

The modelling of the background composition of each experiment is required
to calibrate the various components adequately. As most of the background arises
from electronic recoils from ~v-interactions in the target, the background region can
be determined by exposing the detector to gamma sources at different positions.
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Commonly, radioactive sources like **Ba, 37Cs, %°Co or ?%2Th are used. For liquid
noble-gas detectors also internal background contributes and internal sources can be
used to characterise them (e.g. a tritiated source used by the LUX experiment [211]).
For solid-state detectors also surface events need to be characterised (see section4.4).
This is typically carried out by exposing the crystals to - or a-emitters at different
locations on the surface of the detector. Also in this case, it is desired to perform a
high statistics measurement of the background as it enters the background prediction
and its uncertainty. For superheated liquid detectors, the thermodynamic conditions
are adjusted such that the medium is not sensitive to v-rays or electrons. Therefore,
only the background from a-decays need to be characterised (see section 7.5).

Figure 10 shows schematically how signal (in blue) and background (in red) events
are distributed for some detector technologies. On the left the ionisation yield of
a germanium bolometer is represented: the phonon signal is used to determine the
energy scale and the normalised ratio of phonon to ionisation signal is used for signal
discrimination. This type of detector achieves with this method a large separation of
signal and background, e.g. a 10° rejection of electronic recoils can be achieved [245].

Only surface events with incomplete charge collection produce events leaking from
the background region down to the signal region. The middle panel of figure 10 shows the

=
] — ]
e = =
>‘ m '91 -
c = =
° ~ -
] ()] Q
8 o) 2 <P
()
5 < S
= U Q
Recoil energy Recoil energy Pulse shape parameter

Figure 10. Schematic representation of signal (blue) and background (red) regions
for a bolometer like a germanium detector (left), a liquid xenon TPC (middle) and a
liquid argon TPC (right).

separation of signal and background for a liquid xenon detector using the ratio of charge
to light signals. The signal discrimination is typically not as large as for bolometers.
The highest y-ray rejection factor achieved to date is at 5 x 10%[246]. Finally, the
right panel shows, for a certain energy interval, the combination of two discrimination
parameters as it can be done in liquid argon time-projection-chamber (TPC). In addition
to the charge to light signal-ratio, the pulse shape of the scintillation can be used to
separate signal and background. The WARP experiment, for example, made use of
these two discrimination parameters in the data analysis [247]. For each energy interval,

the regions can be determined gaining a large signal acceptance and strong background
suppression.
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7. Technologies and experimental results

In this section, the working principle of various technologies searching for dark matter is
reviewed. As mentioned in section 5, most experiments exploit either the phonon, charge
or light signal, or a combination of some of those. In solid targets, phonon excitations
of the crystal arise by the conversion of the kinetic energy from the scattering particle
to lattice vibrations. The typical energy scale to create phonons in crystals is of the
order of a few meV which is considerably lower than the energy of the quanta of light or
charge. Charged particles moving through a medium ionise its atoms and the produced
charges can be collected if an electric field is applied. To create an electron-hole pair
in a semiconductor, a typical energy of a few eV is necessary [148], whereas for liquid
nobel gases the ionisation energy is of the order of (10 —20) eV [248][249]. The photons
emitted by scintillating materials are produced mainly by a relaxation of the excited
medium. It is common to all scintillators (solid or liquids) that only a small fraction
(1 —10%) of the total recoil energy is transferred to scintillation processes.

When describing the various existing detector technologies, the main challenges
in direct detection will be considered: a low energy threshold to detect the smallest
recoil energies, a low background to increase the signal significance and a large
detector mass to increase the interaction probability inside the target. A forth and
maybe underestimated goal is a stable detector performance over time scales of a few
years, where simpler detector configurations might be of advantage. In addition, the
discrimination capabilities of different detectors will be discussed. While this section
describes the main technologies used in dark matter searches, including the respective
main scientific results, overview figures summarising various experimental results are
shown in section 8.

7.1. Scintillator crystals at room temperature

Scintillators are some of the most used detection devices in particle physics. When
radiation passes through a scintillating material, the atoms or molecules of the medium
are excited and the subsequent de-excitation causes the emission of light. Among the
various existing scintillators, mostly Nal(T1) but also CsI(Tl) crystals are used in dark
matter searches. In inorganic crystals, inhomogeneities are added to the crystalline
structure as activators. These activators create crystal defects which act as additional
luminescence centres [148]. When adding the activator thallium to Nal or Csl, the light
emission of the crystals increases and the wavelength of the emitted light is shifted
compared to the wavelength of the pure crystals to larger values (415nm and 580 nm,
respectively). At these wavelengths photosensors have a higher detection efficiency and
the crystals show a better transparency. The advantage of these inorganic crystals is the
large stopping power arising from the high density (3.7 and 4.5g/cm? for Nal and Csl,
respectively) and the large light output that results in a better energy resolution (around
8% for 1 MeV energy deposition) and lower energy threshold than other scintillators.

3

Crystals can be grown with sizes of several cm”. Therefore, in order to achieve larger
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target masses, the detectors are composed of several crystals. An important advantage of
this technology is its relative simplicity which allows to operate the detectors over large
time periods of several years. In these crystals only the scintillation signal is acquired,
thus, no particle discrimination is possible, besides the rejection of multiple hits in
different crystals. An event-by-event separation of signal and background is not possible
but the annual modulation of the signal (see section3.1) can be used to identify dark
matter interactions. Despite the absence of background rejection via discrimination, a
high sensitivity can be achieved by keeping the overall background of the experiment
sufficiently low. For this purpose, powders with low radioactive content on uranium,
thorium and potassium are used to grow the crystals (see[171] as an example and
section4.4). In addition, most experiments use active vetoes operated in coincidence
with the crystals to reduce further the background.

The DAMA experiment at the LNGS underground laboratory§ is searching for
dark matter using ultra low-radioactive Nal(T1) crystals [250]. A combined dataset of
DAMA and its successor DAMA/LIBRA have collected 1.33ton X y exposure showing
an annual-modulated single-hit rate in the energy range (2 — 6) keV,. (keV electronic
recoil equivalent, see section 6.1). Its maximum is compatible with June 2nd within 2o
which is the phenomenological expectation of the phase for dark matter interactions [99].
Meanwhile, the significance of this signal is at 9.3 ¢ over a measurement of 14 annual
cycles [251]. The DAMA experiment has demonstrated, hereby, that this technology
allows for a stable long-term operation. Figure 11l shows the residual distribution of
events of the DAMA experiment as function of time together with a fit to the data
(black line). The residuals are calculated from the single-hit event rate after subtracting
the constant background rate. The DAMA experiment continues taking data and since
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Figure 11. Annual modulation of the measured residual single-hit event rate by
the DAMA experiment in the (2 — 6) keV energy range. The superimposed curve is a
sinusoidal function with a period of one year and a phase equal to 152.5 days (maximum
on June 2nd). The figure covers the period between 1996 to 2007. Figure from [252].

2010, the detector has been equipped with new photosensors which will allow for a lower

§ The complete names, location and shielding of the existing underground laboratories can be found
in section 4.2.
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energy-threshold of the experiment [253].

If the DAMA signals is interpreted as being caused by elastic WIMP-nucleus
interactions, two favoured regions appear at (10 — 15) GeV/c? for scattering off sodium
and (60 — 100) GeV/c? for scattering off iodine[254]. The calculation of the dark
matter masses depend, as pointed out by the authors of [227], on the used scintillation
efficiency. DAMA measured a scintillation efficiency of 0.3 independent of the recoil
energy, however recent results shown in section 6.1, favour significantly lower efficiencies.
The new determination of the efficiency would result in larger reconstructed WIMP
masses for the DAMA signal. Besides the standard spin-independent interpretation
of the DAMA results, different interpretations of the annual modulation signal have
been derived as, for example, the spin-dependent [255] and the inelastic scattering of
WIMPs[256] (see section3.3). Since DAMA does not discriminate between electronic
and nuclear recoil signals, dark matter candidates interacting dominantly with electrons
are also considered [126].

Results from other experiments that will be presented in the following are in
tension with the various dark matter interpretations of this signal. Therefore, other
non-dark matter related explanations of the DAMA signal are being discussed [257].
The signal could be related to atmospheric muons, the rate of which is annually
modulated due to temperature variations in the stratosphere [258], or to combinations
of muons and modulated neutrinos, caused by the varying Sun-Earth distance [259].
Furthermore, varying rates of background neutrons have been considered [260]. Some of
those proposals have been refuted [261] [262] but the signal and its interpretation remains
controversial. A more detailed discussion about these explanations can be found in [263].

To make independent cross-checks of the DAMA signal, a number of experiments
are carried out using a similar technology at various underground locations. The
SABRE collaboration has proposed [171] to test the DAMA signal at LNGS, in the same
underground laboratory. The experiment will consist of highly pure Nal(Tl) crystals in
an active liquid scintillator veto to tag and reduce the “°K background from the crystals
and the external background. The Anais and the DM-Ice experiments use the same
target as DAMA but are located at different locations. While a signal confirmation
at the same laboratory is desired to exclude experimental effects, a measurement at a
different laboratory could give information on the possible origin of the modulation.
The Anais experiment [264] is currently operating a 25 kg Nal(T1) detector at the LSC
laboratory in Spain. First results showed the possibility to achieve a very low threshold
at or below 2keV.. due to the excellent light yield of the crystals. On longer term,
Anais aims to increase the total mass to 250 kg improving the energy threshold and
the internal radioactive contamination compared to the DAMA experiment. The DM-
Ice experiment is currently operating 17 kg of Nal crystals under the ice at the South
pole at a depth of 2460m, and first results were released in 2014 [265]. This data
demonstrates the feasibility of remote operation, stable environmental conditions and
a background consistent with the expectation. Since the experiment is located in the
southern hemisphere, any modulation related to seasonal effects (e.g. the modulation
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of atmospheric muons) would have a reverse phase to the northern hemisphere. Finally,
the KIMs experiment located at the Yangyang laboratory in Korea used an array of
103 kg CsI(T1) crystals to test the DAMA signal caused by WIMP scattering off iodine.
The energy region chosen for the analysis of the first data ranged from (3 — 11) keV.,.
This data, acquired between September 2009 and August 2010, showed no significant
signal [266] and therefore, exclusion limits on the dark matter cross-section were derived
assuming spin-independent interactions. These limits disfavours the WIMP-iodine
nuclei interactions as the source of the DAMA signal. To test the interaction on
sodium, a program to develop ultra-low-background Nal(Tl) crystal detectors with lower
background level and higher light yield than those of the DAMA experiment has been
started [267].

7.2. Germanium detectors

Germanium detectors combine a high radio-purity of the target material with a very
low threshold down to ~ 0.5keV,.. allowing to search for WIMPs down to masses
of a few GeV/c?. Such low energies are achieved when the detectors are operated
in ionisation-mode, having no possibility to discriminate signal from background-like
events. To reduce the noise levels sufficiently, the detectors are cooled down to the
temperature of liquid nitrogen (77 K), which is, in comparison to other technologies (see
section 7.3), relatively simple and does not require complex cooling systems. The noise
level scales up with larger crystal sizes due to an in general increased capacitance and
dedicated optimisations in the detector layout are essential [268]. The excellent energy
resolution of these detectors (typically around 0.15% at 1.3 MeV) allows to identify and
quantify background sources and, eventually, this knowledge can be used to reduce the
background from radioactive contaminations. In contrast to n-type doped detectors, p-
type semiconductors benefit from a dead-layer around the crystal which further shields
external o and [ backgrounds. In addition, the rise-time of the signal can be used to
discriminate surface background from bulk events. Still, a separation between electronic
and nuclear recoils is not possible. At the energy threshold, the limiting feature for
germanium detectors is, in general, noise from the detector itself as well as from the
read-out electronics.

An ultra low background germanium detector was already used in 1987 to derive
the first limits on dark matter interactions [269]. Nowadays, this technology is further
improved, particularly to reduce the energy threshold and the background level. For
instance, the CoGeNT experiment [194] uses p-type point contact germanium detectors
with a mass of 443 g reaching an energy threshold of 500¢eV,.. The CoGeNT detector
has acquired, in total, 3.4years of dark matter data in the Soudan Underground
Laboratory (see section 4.2) enabling a search for dark matter by an annual modulation
of the measured event rate [270]. An annual modulation of the rate was found in an
energy interval of (0.5 — 2)keV,., with a phase corresponding to the phenomenological
expectation for WIMPs at a level of 2.20. The amplitude of the signal is, however, a
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factor of 4—7 larger than expected [194]. If this signal is interpreted as spin-independent
interactions of WIMPs, a best fit value appears at a cross-section around 2.5 x 10~% cm?
for a 8 GeV WIMP mass. However, it is to mention that independent analyses on the
released public data, with different assumptions for the background model [271][272],
did not find a significant signal. The CoGeNT data has also been investigated in order
to search for signatures of axion-like particles [131] (see also section 2.2). These particles
could interact in germanium via the axio-electric effect [273] (similar to photo-electric
effect) producing an electronic recoil of an energy corresponding to the mass of the
axion. The non-observation of such a peak in the spectrum has allowed to derive limits
on the axion-electron coupling [274]. For the future, a larger experiment, named C-4,
with 10 times more mass and lower background is currently designed [275].

A similar detector technology is used at the MAJORANA low-background broad
energy germanium detector, MALBEK, operated at the Kimballton underground
research facility [276].  The main motivation of this prototype detector is the
demonstration of an ultra-low background level of approximately 3events/(t-y) in the
neutrino-less double beta decay (0vf5) energy region of interest. A customised 465 g
germanium crystal developed specifically for a low energy threshold of 600 eV, has been
tested. So far, an exposure of 89.5kg-d could be achieved, reaching a sensitivity down
to 107%° ¢cm?. This excludes part of the CoGeNT signal region using a detector with the
same target material.

To avoid a high capacitance due to large crystal sizes which show generally
a higher noise level, the CDEX-0[277] experiment uses an array of four smaller
(5g) n-type germanium diodes, reaching a total exposure of 0.78kg-d. This low-
threshold development is based on the detectors used by the former TEXONO
experiment [278][279] which was operated at a shallow site at the Khuo-Sheng reactor
neutrino laboratory. The crystal array is surrounded by a Nal(Tl) crystal scintillator,
serving as an anti-coincidence detector. The exceptional energy threshold of 177eV..
at 50 % signal efficiency allows dark matter searches for spin independent interactions
down to 2GeV. The measured spectrum agrees well with the background expectation
allowing to place limits on the dark matter interactions. Earlier measurements with the
CDEX-1 setup [280] already disfavoured the CoGeNT result. The goal for the future is
to reduce the threshold to 100 eV, by increasing the total mass of the detectors.

7.3. Cryogenic bolometers

Detectors collecting the phonon signal produced in a crystal are developed to reach
very low thresholds and excellent energy resolution. If, in addition, the scintillation
or charge signal is recorded, the energy dependence of the signal quenching can be
used to discriminate between nuclear and electronic recoils. This can be achieved in
cryogenic bolometers, where an energy deposition by a nuclear or an electronic recoil is
dissipated via collisions with the nuclei and electrons in the crystal lattice. A schematic
representation of the phonon-detector working principle is shown in figure12. The
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Figure 12. Schematic of a cryogenic phonon detector: an energy deposition E from a
nuclear recoil (NR) in an absorber of capacity C(T') produces a temperature rise AT
which is measured by a thermal sensor.

dissipated energy produces phonons which can be categorised in thermal and non-
thermal phonons (also called athermal). Thermal phonons are related to the thermal
equilibrium of the medium after an energy deposition and can be measured by the
induced temperature rise. Athermal phonons describe a fraction of the initially produced
phonons which are out of equilibrium and show a larger mean free path in the medium.
These phonons carry not only the information about the energy deposition but can also
be used to estimate, e.g., the location of the recoil. If an electric field is applied to
the crystal, e.g. to read out the charge signal, the drifted electron-hole pairs dissipate
further energy in the crystal lattice producing additional phonons (Neganov-Luke effect
[281][282]). These Neganov-Luke phonons enhance the phonon signal which need to
be accounted for in the estimation of the recoil energy. However, by a dedicated usage
of this enhancement, the energy threshold might be significantly reduced. A general
feature of cryogenic bolometers is, similar to germanium diodes, their limited crystal
size (~ 1kg). To achieve large exposures, these experiments generally use detector arrays
which complicates not only the set up but also the analysis of the data.

The crystal is weakly thermally coupled to a heat reservoir which is kept at a
constant temperature of about (10 — 100) mK by a refrigerator cryogenic system. A
temperature sensor measures a temperature evolution which can be expressed [283] as

AT = CfT) -exp(—t/7), (16)
where C(T) is the heat capacity of the absorber material and 7 = C(T')/G(T") with
G(T) being the thermal conductance of the link between the crystal and the thermal
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bath. At cryogenic temperatures, C'(T') is very small for some materials due to their
T3 dependence of the heat capacity for a dielectric crystal. This small heat capacity
results in a relatively large temperature rise AT'. For example, germanium cooled down
to 20 mK temperature shows temperature rises of typically 1 K for nuclear recoils of a
few keV.

To measure the temperature rise AT, the most commonly used technologies are
neutron-transmutation-doped germanium sensors (NTD) and transition-edge sensors
(TES). To produce NTD sensors, small germanium crystals are exposed to thermal
neutrons in order to produce a large amount of doping sites modifying the semiconductor
properties of the crystal. The resistance of these thermistors changes strongly with
temperature and can be constantly monitored by the voltage drop of the bias current
running through them. A TES consists of a thin superconducting film, like tungsten for
instance, operated at a temperature inside the phase transition between the conducting
and the superconducting states. While this operation is demanding due to requirements
on the temperature stability of the cooling system, in general a TES shows in comparison
to N'TDs an increased sensitivity to measure small temperature changes and is sensitive
to athermal phonons.

Cryogenic bolometers exploit, in addition to the phonon signal, either the
scintillation or the charge signal to provide particle discrimination. Independent of the
read-out technology, the phonon signal is unquenched, i.e. linear with deposited energy,
and can be used to determine the recoil energy without dedicated measurements of the
quenching factors (see section 6).

The CDMS [284] and its successor the CDMS II experiment [245] use germanium
and silicon bolometers to search for dark matter. The experiments are located at the
Soudan Underground Laboratory (see section4) and consist of up to 19 Ge and 11 Si
detectors in the final configuration, with a mass of 230 g and 100 g each, respectively.
These Z-sensitive lonisation and Phonon-mediated (ZIP) detectors, exploit the phonon
as well as the charge signal to allow for particle discrimination. In order to measure
the athermal phonons TES are used. Information on the position of the interaction
is obtained from the TES pulse arrival-times and the relative signal sizes in multiple
sensors. This allows to select a fiducial volume to reduce the background. The dominant
background of these detectors arises from events at the surface of the detectors where
a reduced ionisation yield is observed which leads to a misidentification of electronic
recoils as nuclear recoils. However, phonon pulse-shape discrimination allows to identify
surface events with a misidentification rate of 1 in 10° electronic recoils[245]. A
combined analysis of all CDMS II detectors yields an upper limit on the WIMP-
nucleon spin-independent cross-section of 3.8 x 10744 cm? for a WIMP mass of 70 GeV /c?.
Selecting the four germanium detectors with the best noise conditions and lowest energy
thresholds allows to search for nuclear recoils in the energy range of (3 — 14) keV,,,.. As
a result, a WIMP mass of 7GeV/c? with a cross-section of 107*! cm? is excluded [212].
The analysis [193] using silicon crystals is based on an exposure of 23.4 kg-d for a nuclear
recoil energy range of (7 — 100) keV,,.. In this data set, an excess of events above the
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expected background is observed which corresponds to a WIMP mass of 8.6 GeV/c?
and a cross-section of 1.9 x 107! cm?. The spin-dependent interpretation of the CDMS
results can be found in [284]. CDMS II performed additionally a study for an annual
modulation of the event rate using data from October 2006 to September 2008 [285]. No
evidence for an annual modulation was found and this data disfavours the modulation
claim of the CoGeNT experiment [194] which also uses a germanium target.

The successor of the CDMS II experiment is the SuperCDMS detector which
employs an improved interleaved ZIP technology (iZIP). These bolometers use an
interleaved structure of the phonon and ionisation electrodes at the top and bottom
faces of the crystals. This allows to improve the surface event rejection by using
the asymmetry of the charge collection [173]. SuperCDMS uses 15 Ge crystals with
masses of 0.6kg each and are sensitive to nuclear recoils between (1.6 — 10)keV,,.
A total of 577kg-d science data was recorded focussing on dark matter masses
below 30GeV/c?, and a limit on the cross-section for a 8 GeV/c* WIMP mass of
1.2 x 107* cm? was derived [203].  Another development of the CDMS collaboration
is the CDMSlite (CDMS low ionisation threshold experiment) detector which uses a
single crystal from the SuperCDMS detector for a dedicated WIMP search with a low
energy threshold [286][287]. In this operation mode, the bias voltage is increased in
order to exploit the Neganov-Luke amplification of the phonon signal due to the drift
from electron-hole pairs in the crystal lattice. Thus, the energy threshold could be
significantly reduced to 56 keV.. and an increase of the energy resolution is observed.
However, in this operation mode the simultaneous measurement of the phonon and
charge signal is not possible, thereby loosing the ability to discriminate between nuclear
and electronic recoils. The results of SuperCDMS and CDMSlite set most sensitive
exclusion limits at low WIMP masses [203][287] (see also figure15). SuperCDMS is
also the first direct detection experiment which derives limits on more general WIMP
interactions calculated with a non-relativistic effective field theory (see section 5) [278].
The second generation of the SuperCDMS experiment will be located at SNOLAB
having up to few hundreds of kg target material [288]. This upgrade aims to improve
the energy resolution by a factor of 10 and a reduction of the background level by 200.
The increase in target mass will be achieved by using 1.4kg Ge and 615 g Si crystals.

A similar detector concept is used by the EDELWEISS collaboration which operates
detectors at Laboratoire Souterrain de Modane (LSM). In contrast to the iZIP detectors,
in EDELWEISS the signal is measured by thermalized phonons with NTDs. Since
thermal phonons do not carry information about the spatial interaction inside the
crystal, and surface events dominate the background for a WIMP search, an interleaved
structure of the charge read-out is used. The EDELWEISS-II detectors use this
technique to identify surface events with a reduced ionisation yield, enabling a rejection
factor of more than 10%[174]. In the final analysis of the EDELWEISS-II configuration,
an array of ten 400 g Ge detectors were operated and a total exposure of 384 kg-d was
achieved [289]. A relatively high energy threshold of 20 keV,,, was used in the analysis to
avoid a reduced particle discrimination at low recoil energies. The most sensitive limit
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can be derived at a WIMP mass of 90 GeV /c? and a cross-section of around 4x 10~** cm?.

A dedicated analysis for low mass WIMPs is performed in [290], using only 4 Ge crystals
with show a small background as well as a low energy threshold. The choice of a smaller
target results in a lower exposure of 113kg-d, the energy threshold, however, could
be reduced to 5keV,,.. Thus, limits on dark matter interactions could be derived for
masses around 10 GeV/c? and a cross-section of 1074 ¢cm?. The upgraded EDELWEISS-
ITI detector features improved shielding, material selection and background rejection due
to an optimised interleaved structure of the electrodes. With increased crystals of 800 g,
first results using a single detector with an exposure of 35kg-d exclude 7GeV/c* dark
matter particles with a cross-section of 1.6 x 10~*! cm? [291].

Both the CDMS and the EDELWEISS experiments have performed axion searches
as described in section 7.2 for the CoGeNT experiment. The limits derived for the axion
coupling to electrons are summarised in [128] and [129] for CDMS and EDELWEISS,
respectively.

The CRESST-II experiment at Laboratori Nazionali del Gran Sasso (LNGS)
exploits, in addition to the phonon signal, also the scintillation light emitted by recoils in
CaWOy crystals[292]. The phonon as well as the scintillation signal are read out by two
optimised tungsten TES. Since particle discrimination solely relies on the scintillation
signal, it is necessary to achieve an effective collection of the generated photons. Thus,
the housing of the crystals as well as the crystal surfaces are optimised to avoid
an absorption of the photons or inner total reflections. First limits on dark matter
interactions have been derived already in 2004 [292]. The second phase of CRESST-II
had, in addition to a larger array structure for crystals, improvements of the neutron
shield and an active muon veto. A total exposure of 730kg-d with 8 detectors was
achieved, where each crystal weighs about 300 g and shows an energy threshold in the
range from 10.2keV,,. to 19.0keV,,. An excess of events is observed, corresponding
to a WIMP mass of 11.6GeV/c? (4.20) or 25.3GeV/c? (4.70) with a cross-section
of 3.7x107* cm? or 1.6x107%2 cm?, respectively[192]. It is worth mentioning that the
main background in this analysis is due to collisions of lead nuclei with the crystal
from 2'°Po a-decays where the emitted o remains undetected. A further improvement
of the detector layout increased the efficiency to measure the emitted « events from
210Po decays, leading to a strong suppression of the main background. In addition,
the detectors show an improved phonon and photon read-out efficiency, leading to a
significant reduction of the energy threshold to 600eV,,.. With 29.35kg - d of exposure
the previous signal claim could not be verified. A sensitivity to WIMP masses below
3 GeV/c? was reached, while no background event in the signal region was observed [175].
With the same detector technology and exposure a dedicated low mass analysis was
performed excluding WIMP interactions for a mass of 3GeV/c? at a cross-section of
8x107%cm?[204]. Using the detector module with the lowest energy threshold of
307eV and an increased exposure of 52kg-d, a cryogenic bolometer showed for the
first time sensitivity to sub-GeV/c? dark matter masses at the cross-section level of
10737 cm? [293]. In the future, the CRESST collaboration will focus on low mass WIMP
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detection by reducing the crystal size (24g) and lowering the energy threshold [294]
to less than 100eV. This would allow to search for WIMP masses down to 1 GeV/c?.
Another possible detector improvement is also considered to make use of the Neganov-
Luke amplification of the phonon signal to lower the energy threshold [295]. Also the
ROSEBUD experiment use scintillating bolometers to search for dark matter [296].
First results using sapphire crystals in the Canfranc Underground Laboratory showed
promising results but due to the high background and the small exposure the results
were not competitive.

A possible next generation experiment, EURECA (European Underground Rare
Event Calorimeter Array), aims to build a facility to operate 1000kg of cryogenic
detectors, both CaWO, and Ge detectors[297]. This experiment is a joint effort
mostly originating from the EDELWEISS, CRESST and ROSEBUD collaborations.
The detectors would be located at the LSM laboratory, consisting of 150kg target
material in a first phase, followed by a second phase with 850kg. The final goal is to
reach a sensitivity of 3 x 10746 cm?. In principle, a joint experiment between EURECA
and SuperCDMS would be feasible, combining the various mentioned technologies and
exploiting their complementarity.

7.4. Liquid noble-gas detectors

Liquid noble-gas detectors offer the advantage of large and homogeneous targets with
high scintillation and ionisation yields. Currently, liquid argon (LAr) and liquid xenon
(LXe) detectors are used as detector media. There are also some R&D activities carried
out for liquid neon [298] as well. The scintillation of both LAr and LXe is in the
ultraviolet regime at 128 nm and 175 nm, respectively [299]. While for LAr it is common
to use wavelength shifters and detect light in the blue wavelength region (~ 400nm),
in LXe the photons can be detected directly by using photosensors with windows made
out of quartz which is transparent to the xenon scintillation light. After the passage of
ionising radiation, ionisation or excitation of the medium takes place. The excited or
ionised atoms form excimers, D3 or Di which de-excite emitting ultraviolet photons.
The free electrons which appear in the ionisation can either recombine to produce further
scintillation light or can be extracted with a drift field to be collected as an additional
signal [300]. Furthermore, liquid xenon has the advantage of containing almost 50%
of non zero spin isotopes, *Xe and ¥'Xe, providing additional sensitivity to spin-
dependent WIMP interactions [210]. The high density of xenon (about 3g/¢) provides
excellent self-shielding such that a radio-clean innermost volume can be selected for
analysis.

In order to distinguish the main background due to 7 and e~ interactions (electronic
recoils, ER) from the interactions of WIMPs with nuclei (nuclear recoils, NR), two
methods can be applied in liquid noble-gas detectors: pulse-shape discrimination and
charge-to-light signal ratio. The short- (singlet) and long-lived (triplet) states that
produce the luminescence in these media are populated at different levels for different
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types of particles. This results in a differentiation between ER and NR. This technique
gives large separation power in liquid argon due to the easily separable lifetimes very
different lifetimes (6ns and 1.6 us) [301] of the two components. However, pulse shape
discrimination provides a good separation only for a large number of measured photons
and therefore, a higher energy threshold has to be considered. In liquid xenon, the
values for the decay constants are too close to each other, 4ns and about 22ns [302],
giving less rejection power.

Single-phase (liquid) detectors consist typically of a spherical target, containing
the liquid medium, which is surrounded by photo-detectors (see figure 13 left). A
main advantage is the 4m-photosensor coverage which results into a larger light output
compared to detectors which are only partially instrumented. The distribution and
timing of the photons at the photosensors can be used to determine the position of
the event typically with ~cm resolution enabling the definition of a fiducial volume.
Pulse shape is the main particle-discrimination parameter in single-phase detectors.
DEAP [303] and CLEAN [304] are examples of experiments using liquid argon in single
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Figure 13. Schematic of single-phase (left) and double-phase (right) liquid noble-gas
detectors.

phase. They are currently being commissioned at the SNO laboratory in Canada.
Both detectors use light guides from the medium to the photosensor sphere in order
to minimise the impact of the background from the radioactivity of the sensors. The
DEAP-I prototype showed a discrimination power of 1078 and an acceptance of 50% for
nuclear recoils above an energy of 25keV [305]. The background of this experiment can
be mainly explained by radon daughters decaying on the surface of the active volume,
misidentified electronic recoils due to inefficiencies in the pulse shape discrimination,
and leakage of events from outside the fiducial volume [306]. These backgrounds will be
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strongly reduced in the DEAP-3600 detector due to its higher light yield and simpler
geometry compared to the first prototype. By the time of writing, DEAP-3600 is
being commissioned. The pulse-shape discrimination mechanism also works for liquid
xenon [307] but not as efficient as in the argon case due to the similar decay components
of the short- and long-lived states. The XMASS experiment [308] in Japan employs
the single phase technology with about 800kg of liquid xenon. Ultra-low radioactive
materials are used for construction to further reduce the experimental background.
In the run in 2012, an unexpected radioactive contamination originating from the
photosensors appeared. Nevertheless, some results on low WIMP masses [309] and on
inelastic scattering off xenon [120] have been derived. The detector has meanwhile been
refurbished to shield the contamination from the PMTs and new data is expected within
2015. In a next phase, XMASS1.5 plans to extend to 5ton LXe mass with about 1ton
fiducial mass [310]. On larger time-scales, XMASS2 is proposed as multi-ton (~ 24 ton)
multi-purpose detector [311].

A second method, the double-phase detectors (liquid and gas), enables to detect
both the scintillation light and the charge signal from ionisation produced by an
energy deposition [300]. The ratio of the two signals depends on the particle type and
allows to separate signal-like events from background ones. Typically, two arrays of
photosensors, on top and bottom of the detector, are employed to detect the prompt
light signal. Ionised electrons are drifted upwards to the liquid-gas surface and amplified
via proportional scintillation in the gas phase[312] which is also measured by the
photosensor arrays. Therefore, double phase detectors are operated as a Time Projection
Chamber (TPC, see figure 13 right). Position reconstruction of events is performed
obtaining the z component from the time difference between the scintillation signal
and the charge signal and by using the light pattern in the photosensors for the (z,y)-
coordinates. The typical position resolution is in the order of millimetres. WARP [247],
operated during 2005-2006, was the first LAr detector which produced dark matter
search results. It was located at the LNGS laboratory in Italy and consisted of 2.3 ¢ liquid
argon. Currently, the DarkSide experiment [313] is operating with about 50kg active
mass and first results have shown a large light yield at ~ 8 photoelectrons (PE) per keV
energy which results in a very good separation of signal from background (> 1.7 x 107)
using the information contained in the pulse shape. The energy threshold for this
analysis was placed at 38keV,,.. Given the null results of this first run, an exclusion
limit is placed which is at 6.1 x 10~ cm? at 100 GeV/c?> WIMP mass. On long-term
DarkSide plans on a multi-ton detector featuring 3.6 tons in the target volume [314].
A ton scale detector, the ArDM [315][316], was first tested at CERN and it is being
commissioned in 2015 at the Canfranc underground laboratory in Spain.

The liquid xenon TPCs used by the ZEPLIN [317] and XENON10 [318] experiments
showed already from 2006 to 2011 the potential of this technology to search for dark
matter. The exclusion limits on the coupling of dark matter particles to nuclei placed by
these detectors were most constraining at that time [200][319]. The ZEPLIN detector,
which operated at the Boulby underground laboratory, achieved a high separation
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between signal and background events by using a flat detector geometry allowing to
increase the electric field in the liquid to a maximum of almost 9kV /cm [317]. The 7-
ray rejection factor was at 5 x 102 for the energy range (2 — 16) keV., [246]. Besides the
common spin-independent and dependent results, the XENON10 experiment performed
a study using the charge signal (S2) alone. This allows to lower the detection threshold
down to ~ 1keV,, but gives up the possibility to discriminate signal and background.
In this mode, the liquid xenon technology obtained competitive sensitivities at WIMP
masses as low as 5 GeV /c? [320] (see figure 15). The successor of XENON10, XENON100,
started operation at the LNGS laboratory in 2009. Its total mass of liquid xenon
is 161 kg, where 62kg are contained inside the TPC and the rest is used for a LXe
veto surrounding the TPC. The longest dataset for which results have been released
consists of 225live days[321]. Self-shielding is employed to minimise the background
and, therefore, a 34kg as fiducial volume for the analysis. No evidence for dark
matter was found. When interpreting the data as spin-independent interactions of
WIMP particles, a best sensitivity of 2 x 107% cm? for 55GeV/c? mass is derived.
Natural xenon contains two nonzero nuclear-spin isotopes, '?*Xe and *'Xe, with an
abundance of 26.4% and 21.2%, respectively. Therefore, the absence of events above
the background prediction also allows to exclude WIMP interactions which depend on
the nuclear spin [210]. Both spin-independent and dependent exclusion limits are shown
in section 8. Furthermore, the electron-recoil part of the data has been investigated in
order to search for axion-induced signatures. Most sensitive upper limits on the coupling
of axions to electrons are derived (g4, < 107! at 90% C.L.) between 5 and 10keV /c?
axion masses [130]. In addition, the XENON100 electron-recoil data has been used
to study possible periodic variations of the event rate, allowing to exclude the DAMA
annual modulation at 4.8 o [322]. Furthermore, exploiting the low background rate of the
experiment, various leptophilic dark matter models have been excluded as explanations
of the DAMA signal [323]. To further increase the sensitivity, a next generation detector,
XENONIT [324], consisting of about 3tons of LXe is being constructed. The goal
is reach two orders of magnitude improvement in sensitivity by also reducing the
background by a factor of ~ 100 compared to XENON100. XENONIT is built such
that the main part of the infrastructure can host ~ 6tons of LXe and therefore, an
upgrade to XENONNT can be performed with a moderate effort.

In 2013, the LUX experiment [159], installed at the Sanford underground laboratory
in the US, released first data [211] of 85live days. These results were derived using 118 kg
target mass and improved towards the results of XENON100 down to 7.6 x 10746 cm?
for a WIMP mass of 33GeV/c?. This is currently the lowest limit for direct detection
experiments for spin independent interactions for WIMP masses above 6 GeV/c?. In
particular, these results are also in strong tension with signal indications from other
experiments. The experiment has achieved a very low electronic recoil background at
the level of 3.6 x 1072 events/(keV-kg-d) [181]. Due to the larger light yield of the detector
(at 8PE/keV at 662keV energy), 2.5 times higher than in XENON100, the experiment
has set strong constraints at low WIMP masses. More results from LUX are expected
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within 2015. The LUX and ZEPLIN collaborations have joined to build the multi-
ton LZ detector hosting about 7tons of liquid xenon in the target volume [325][326]
increasing, thereby, the sensitivity on WIMP-matter cross-sections. The liquid xenon
TPC technology is also used in the Chinese PandaX [327] experiment which is operated
at the Jin-Ping underground laboratory. In the first phase of the experiment, the
target volume consists of 120kg. The most recent results from 2015 used 80.1live
days exposure with a fiducial volume of 54.0kg. The experiment tested cross-sections
down to 10~* cm? for a 45 GeV /c? WIMP mass [328]. Due to the pancake-like geometry,
the light yield is rather high (1.5x larger than XENON100), but also the background is
increased. The background rate is more than 6 times larger than that of LUX because in
the flat geometry the background from the PMT arrays is closer to the fiducial volume.
PandaX plans to increase the height of the TPC in order to measure with a mass of
500kg. In a final step, the detector will be upgraded to host a multi-ton target [327].

7.5. Superheated fluids

Bubble chambers were often used in the last decades in accelerator experiments until
new technologies as, for instance, gaseous detectors provided a better performance.
Over the last years, the technology of using superheated liquids has been revived in
the context of dark matter searches [329]. This branch of experiments can be divided
into bubble chambers and droplet detectors. Both technologies use refrigerant targets
operated in superheated state mildly below its boiling point. Interactions of particles
with the target can be observed by the induced process of bubble nucleation. To create
an observable bubble in the detector a phase transition of the medium is necessary.
Therefore, the deposited energy by the particle must create a critically-sized bubble,
requiring a minimum energy deposition per unit volume. This process can be described
by the 'hot spike model’ [242]. An event is then photographed with CCD cameras, and
the position of the bubble can be determined with ~mm resolution. This allows to
define an innermost volume for the analysis, featuring lower background. After the
formation of each bubble, the medium has to be reseted by a compression of the liquid
phase followed by a decompression to a value below the vapour pressure. In contrast to
bubble chambers, droplet detectors make use of a water-based cross linked polymer to
trap the bubbles resulting in a shorter dead time of the detector [330].

The major advantage of this technology is that, being close below the temperature of
the phase transition, bubble chambers are insensitive to minimum ionising backgrounds
which generally dominate the backgrounds of other dark matter detectors. In this
way, most of the backgrounds created by ~-rays, X-rays and electrons from [-decaying
isotopes are avoided. The remaining radiation which is able to produce nucleation
are a-particles, nuclear recoils from neutron interactions and WIMP-induced recoils.
Due to the explosive character of the phase transition, acoustic signals can be used to
discriminate a-background events. For instance, the COUPP experiment has shown a
< 99.3% efficiency in rejecting a-events, as they produce louder acoustic emission than
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nuclear recoils [243]. Similarly, the rise-time and the frequency of the acoustic signal
is used in the PICASSO experiment to mitigate the a-background [331]. Although
bubble chambers are threshold devices, i.e. counting events above a certain energy,
by varying the temperature and/or pressure, the energy threshold can be changed.
Existing detectors achieved energy thresholds of the order of a few keV nuclear recoil
energy. Typically, the targets being used (CF3l, CoClF5, C3CIFg and C4Fqg) contain
fluorine which has an unpaired number of protons and is, thus, sensitive to spin-
dependent interactions. Moreover, fluorine has a particular large expectation value for
the proton spin content which enhances the sensitivity for spin dependent interactions
to protons [108].

Four different experiments have been operating during the last years using the
bubble chamber (COUPP [243] and PICO [205]) and droplet detector (PICASSO [331]
and SIMPLE [201]) technologies. The used target masses reached only a few kg, hence
they are not competitive in the spin-independent interpretation of the data. Nevertheless
since their target contains fluorine, these detectors are sensitive to proton-coupling spin-
dependent interactions. Experiments using germanium or liquid xenon have unpaired
neutrons and consequently lower sensitivity to proton-coupling. As a result, the results
of bubble chamber detectors have best sensitivities within this interpretation of the
data (see figure 16, right). One of the first bounds on the dark matter cross-section
from a detector using superheated fluids was achieved by the SIMPLE experiment
which is operated at LSBB in France (see section4). It used 215g of CyCIFj as a
target and reached exposures up to 13.7kgdays. With an energy threshold of 9keV,
a sensitivity to the spin-dependent WIMP-proton cross-section of 5.7 x 1073 cm? at
35GeV/c? was achieved [201]. Among the above mentioned detectors, PICO (formed
from the PICASSO and COUPP experiments) shows the strongest exclusion limit on
the spin-dependent WIMP-proton cross-section at 40 GeV/c? of around 9 x 10740 ¢cm?
at 90 % C.L. PICO is operated in the SNOLAB underground laboratory (see section 4)
with a mass of 2.9kg of C3Fy reaching a total exposure of 211.5kg-d and an energy
threshold ranging from 3.2keV to 8.1keV. It is to mention that the PICO detector is
able, for the first time, to discriminate efficiently alpha events by the acoustic signal
due to the efficient bubble nucleation processes in C3Fg[205]. For spin-independent
interactions, PICO is competitive with other detector technologies at low WIMP masses
(< 6GeV/c?) due to the low energy threshold and light target nuclei. For higher WIMP
masses, however, the small exposure limits its sensitivity.

7.6. Directional detectors

In the previous sections, dark matter signatures based on either the annual modulation
of the recoil rate or on the spectral shape of the signal are exploited. An additional
possibility, introduced in section 3.1, is to measure directly the recoil track produced by
the dark matter interaction. This would provide information on the ionisation density
(dE/dz) as function of position, on the range and eventually on the direction of the
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recoiling nuclei. In the reference frame of the Earth, the WIMPs of the Milky Way
halo are expected to originate from a preferred direction, approximately the Cygnus
constellation. Therefore, an asymmetry in the number of events scattering forwards
and backwards is expected [101].

The range of dark matter-induced nuclear recoils is below 100nm for energies
< 200keV in liquids and solids making the track reconstruction very challenging. The
most promising strategy for directional searches is, instead, the use of low pressure gases
such that the track length of the induced recoiling nucleus is large enough to be resolved.
For a pressure < 100 Torr (< 130 mbar), the range of a WIMP-induced recoil with a mass
of 100 GeV /c? and a speed of 220 km /s is, for instance, (1 —2) mm. Note that this range
varies significantly with the gas pressure. Such low pressures result in a low target mass
and, consequently, very large detectors are necessary to achieve sensitivities comparable
to the experiments mentioned before. However, the measurement of the nuclear recoil
direction would constitute the ultimate confirmation of dark matter detection.

Current directional developments use the gaseous time projection chamber
technology for directional dark matter searches|[332]. The drift gas serves as target
material and detector simultaneously. Commonly used gases are CSy, CF4 and 3He,
where the last two are favoured due to the unpaid nucleons that give sensitivity to
spin-dependent interactions. The ionisation charge produced after a nuclear recoil is
drifted by a homogeneous field to the read-out plane. Using the ionisation pattern, the
(x,y)-projection of the recoil can be reconstructed. The extraction of the z-projection is
dependent on the detector and is discussed for each detector below. Angular resolution,
i.e. the precision of the reconstructed angle, are around 30°. Figure 14 shows a schematic
view of a gaseous time projection chamber (TPC). Several read-out technologies are

-
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Figure 14. Schematic of a track reconstruction in a directional low-pressure gaseous
time-projection chamber (TPC).
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being developed including multi-wire proportional chambers (MWPC), CCD cameras
or gas electron multipliers (GEMs [333]). The amplification of the drifted charges before
the read-out plane allows to lower the detection energy threshold of the experiments.
In general, all charged particles produce tracks in the gaseous target. However,
gamma- or beta-induced electronic recoils can be distinguished from nuclear recoils by
determining the track length. The length for electronic recoils is at all energies about
factor of 10 larger than for the equivalent nuclear-recoil energy. In contrast, alpha-
induced tracks are not as well separable from nuclear recoil tracks [61]. Therefore, a low
alpha contamination is necessary. The energy threshold of these detectors is coupled to
the energy to create an electron-ion pair (called W-value). These W-values are in the
range of tens of eV which should, in principle, enable to reach sub-keV energy thresholds.
The DRIFT-II experiment [334], currently the largest directional detector, is
operated at the Boulby underground laboratory in the UK (see also section4.2). The
detector is a TPC read-out by a MWPC. Its volume of 0.8 m? is filled with a low-pressure
mixture 30:10:1 Torr of CSy:CF4:05 gas. This mixture provides 33.2¢g of fluorine in
the active volume as target mass for spin-dependent WIMP interactions. The DRIFT
detector uses the drift of negative ions (in particular CS;) which travel at different
velocities to determine the z-component (drift direction) of the event. This enables
to fiducialize the volume by choosing the cleanest region for the analysis. Another
advantage of using CS; is the reduction of diffusion while drifting. Using this technique,
the DRIFT collaboration produced at the end of 2014 a background-free directional
result for spin-dependent (proton coupling) interactions. This result is the most sensitive
for directional searches but it is not yet competitive with the leading results from bubble
chambers [205]. The MIMAC experiment [335] also aims to measure the nuclear recoil
energy and its angular distribution. Since 2012, a prototype-chamber is being operated
at the Modane underground laboratory (LSM) in France with 50 mbar of a mixture with
CF,, 28% CHF3 and 2% C,H;y. The read-out of the ionisation electrons consists of
pixelated micromegas [336]. The initial acquired data showed that a main background
is due to the decays of radon. This data has been used to show, for the first time, the
observation of a low energy nuclear recoil originating from the a-decay of radon [337].
In addition, a parameter based on the diffusion size of the electron cloud is defined
to allow for a z-component determination which in turn allows to define a fiducial
volume. The DMTPC experiment [338] is a planned m?-scale TPC using CFy at 50 Torr.
The detector is a TPC with an charge amplification region. The primary ionisation is
drifted to this region where an avalanche with a gain of 50000 takes place to amplify
the signal. Scintillation photons from ion-recombination in the amplification region is
acquired with CCD cameras. The image allows to determine the track geometry and
the direction of the recoil. First prototypes are tested to measure both the energy
and the direction of nuclear recoils [339]. Finally, there are two further directional gas-
TPCs where the readout is based on the GEM technology: the NEWAGE [340] and the
D? [341] experiments. While the former, located at the Kamioka underground laboratory
in Japan, has performed two science runs in 2010 and 2013 [342], the latter is in the

50



7 TECHNOLOGIES AND EXPERIMENTAL RESULTS

prototyping phase [343]. The goal of the experiments mentioned above is to achieve
volumes of ~ m? with the required signal topology. The increase of mass would then be
realised by a multi-module detector.

Beside the low-pressure gaseous detectors mentioned above, nuclear emulsions can
be used to reconstruct sub-micrometer particle tracks. Fine grained emulsions using
silver-halide crystals of several tens of nm have been produced [344] and their tracking
capabilities have been shown using nuclear recoils from a neutron source. The read-out
is performed via optical and X-ray microscopes and an angular resolution of about 20°
has been achieved. The read-out efficiency for 120 nm long tracks is larger than 80 %.
After an initial R&D phase, plans to operate a detector at LNGS are on-going.

7.7. Nowvel detectors

R&D activities are on-going in the development of detectors made out of solid
xenon [345]. Besides some of the advantages of xenon mentioned in section 7.4, solid
xenon shows an increased amount of light collection and a faster electron drift compared
to the detectors using liquid phase. In addition, if it would be possible to read a phonon
signal, the energy resolution and the energy threshold would be greatly improved.
Moreover, it would open the possibility to measure all three signals (ionisation,
scintillation and heat) which eventually results in an increased particle discrimination
power. It has been noted, however, that the development of crystals at sub-Kelvin
temperatures might be challenging. So far, the scalability of transparent solid-xenon
detectors to masses in the kg-scale has been demonstrated by a 2kg crystal which was
grown at a temperature of 157 K.

DAMIC [346] is a detector using silicon charge-coupled devices (CCDs) to search
for light WIMPs with (1 — 10) GeV/c? masses. Due to their low electronic noise, these
devices can be operated with thresholds as low as 40 eV,,. First studies of the radioactive
contamination of these devices show that the levels are sufficiently low to reach a
competitive sensitivity at low WIMP masses (see first results in figure 15). Currently, a
low-radioactivity 100 g detector is being installed at SNOLAB [347].

Also low-background gaseous detectors are being developed to gain sensitivity at
low-WIMP masses. Due to the amplification capabilities, the sensors allow to reach
sub-keV thresholds. For certain configurations, sensitivity to the ionisation of single
electrons can be reached. The NEWS [348] spherical gaseous detector is developed to
exploit low-WIMP masses well below 10 GeV/c?. The detectors consist of cylindrical
vessels with diameters from 0.15m to 1.3 m. Ionisation charges are drifted to a central
metallic ball located at the centre. One of the prototypes, running at the Modane
underground laboratory, has shown a background rate of 100 events/(keV-kg-d) for an
energy threshold of 200 eV. Another experiment focussing on the detection of low-WIMP
masses is TREX-DM [349]. The detector is a gaseous Micromegas-based TPC with a
pressure up to 10 bar. The aim is to operate an active mass of ~ 0.3 kg having an energy
threshold of 0.4 keV,. or lower. A first R&D prototype has been operated with 1.2 bar
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of Ar+2%iC,Hyp. On longer term, a low-radioactivity version filled with neon or helium
is developed to be operated at the Canfranc underground laboratory.

An improvement of detectors using superheated fluids as the detection medium
is the ’geyser technique’ (or condensation chamber) exploited by the MOSCAB
experiment [350]. While showing the advantages of the droplet and bubble chamber
technologies (see section 7.5), the geyser technique allows to reset the detector within a
few seconds. This technology not only simplifies the overall detector set up significantly,
allowing to increase the target mass, but also reduces the dead time of the detector.
To date, a prototype detector of 0.5kg (C3Fg) is operated and a 40 kg detector is being
developed. Already the 40 kg detector is expected to surpass the current best sensitivity
by the PICO experiment by several orders of magnitude. For the future, extensions
are planned up to 400 kg allowing to probe spin-dependent proton interactions down to
107%3 cm?.

An interesting proposed idea is to use detectors made out of DNA or RNA to search
for dark matter [351]. A possible realisation would consist of thin gold films with strings
of nucleic acids hanging from it. A gold nuclear-recoil produced by the interaction
of a WIMP, would create a break in the sequence of these strings. The location and
geometry of the break can be reconstructed by techniques common for biologists. By
using the track reconstruction, the directionality of the signal can be employed to reduce
the background. A threshold at ~ 0.5keV would allow to focus on the low-WIMP mass
region. The aimed target mass would consist of about 1kg of gold. Note that this
technology has, so far, not been used in any astroparticle physics-related experiment
and the feasibility of such a detector has to be experimentally shown.

8. Summary and prospects for the next decade

In order to proof the existence of weakly interaction massive particles (WIMPs),
experimental efforts can be categorised into indirect detection, i.e. via secondary
particles created by dark matter self-annihilation, production of dark matter in particle
colliders and direct detection of dark matter scattering off a target. This article
summarises the main concepts of direct detection experiments, namely dark matter
detection signatures, methods for background reduction, detector calibrations, the
statistical treatment of data and the interpretation of results. The focus lies on
section 7 where various technologies aiming to directly detect dark-matter interactions
are discussed together with their current status and plans. In the following, some of
the possible interpretations of results are presented and prospects for the next years are
discussed.

WIMP interactions with the target of an experiment can be detected by a
characteristic energy spectrum, an annual modulation of the measured event rate or
by a directional dependence of interaction tracks (see section3). Figure 15 compiles
signal indications and exclusion limits for both, low WIMP masses (left) and high
WIMP masses (right). Signal indications stated by several experiments are shown
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as closed contours, whereas limits are represented by curves excluding the parameter
space above. The separation of the tested parameter space in the two WIMP-mass

‘{‘_‘ T T { \ T T l‘ T T T L { T ™ ({‘— T |

S AN L XENONI0 (2013 E Emw L DAMANa -

s F ~ : (2013) 3 5 H DAMAI 3

8 = |

%1073 § 104 / ;

! :

= o 7

o § .
C . A-40 -

5107 S 105 E

E] s F ]

c o C 4

DI. 41 E 431 4

10 = 10%E - E|

= B\ N\ @ E

C 4

1072} 10 N 5

E F N XENON100(2012) _ — 3

F -~ ] C N— ]

Wl LUX (2013) Treeeeq 1090 LUX (2013) —

10 | L L L TR | = El il T I I L1

1 10 10 10? 10°
WIMP mass [GeV/c?] WIMP mass [GeV/c]

Figure 15. Overview of signal indications and exclusion limits from various
experiments for spin-independent WIMP-nucleon cross-section for low WIMP
masses (left) and high WIMP masses (left). Data from dmtools[352] or private
communications.

ranges became more important in recent years, since various experiments have started
to focus on a particular mass scale to exploit the specific advantages of the individual
technology (see section 7). For experiments showing sensitivity to low WIMP masses,
the determination of the energy threshold is becomes a crucial aspect. For this purpose,
dedicated measurements of the target energy scale are performed. The systematic
uncertainties in the determination of these scales can affect, indeed, the results shown
in figures 15 and 16. In section 6, the calibration strategies for various detector types are
summarised.

Only a few experiments analysed the data for an annual modulation of the event
rate, mainly due to the requirements to achieve a long-term stability of the detector. The
annual modulation of the rate measured by the DAMA experiment has a significance
of 9.30 [251] and, depending on the analysed target atom (Na or I), the derived signal
regions (solid red) are shown in figure 15. The origin of the signal, however, remains
controversial, especially since results of other experiments are in strong tension with the
DAMA claim. In section 7.1, possible explanations for the DAMA signal are discussed
including both dark matter and non dark-matter related origins. Using a germanium
detector as the target, an annual modulation of the signal at the level of 2.2 o (solid dark
green) was also claimed by CoGeNT collaboration [270]. A reanalysis of the data with
different background assumptions shows, however, even lower significances [271]][272].
In addition, the data from the CDMS II detector could not verify a modulation of the
measured event rate by evaluating the germanium data [285].

Commonly the spectral shape of signal candidate-events is used to constrain dark
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matter interactions with the assumption of spin-independent (and isospin-conserving)
elastic scattering off WIMPs. In 2013, the presence of 3 observed events in the CDMS
silicon detectors were above the expected background [193] (solid orange). Although
no further data using silicon has been released so far, the SuperCDMS collaboration
performed a science run in 2014 with improved low-threshold germanium detectors [203]
which can not verify the previous signal (dashed brown). Shortly before, an event excess
measured by the CRESST experiment in 2012[192] could be interpreted by WIMP
interactions with masses of 11.6 GeV/c? (4.20) or 25.3GeV/c? (4.70). However, new
results derived by the same collaboration using an upgraded detector with improved
background conditions and the same target element could not reproduce this excess [175]
(solid green). Therefore, the initial signal claim is not shown in figure 15. In addition, the
results from the liquid xenon detectors XENON100 [321] (dashed blue) and LUX [211]
(solid violet) disfavour the signal indications described above. The presence of various
dark-matter indications in the region around ~ 10GeV/c? created some excitement,
however, meanwhile improved results from several experiments indicate that probably
in most cases, background was responsible for the observed events. This emphasises
the relevance of the background prediction and the quantification of its uncertainty.
The presented experimental results are, in addition, derived with different statistical
frameworks which consider systematic and statistical uncertainties to different degrees.
Section 5.2 discusses briefly the implicit assumptions made in the various statistical
frameworks used by the experiments. In conclusion, these figures show the strength
of detector technologies with a low energy threshold (e.g. cryogenic bolometers, CCD)
since they are most constraining for WIMP interactions with masses below 5 GeV/c?.
In contrast, liquid xenon TPCs have the highest sensitivity for larger dark matter
masses due to their large target masses. The third signal indication of dark matter
interactions is given by a directional dependence of the interaction tracks (see section 3).
Low pressure gaseous detectors aim to measure the direction of the recoil atoms (see
section 7), however, their exposures are currently not competitive with the sensitivities
of other technologies.

As discussed in section 3.2, the results of a dark matter experiment can be also
interpreted by spin-dependent interactions if the isotopes in the target material contain
an unpaired number of nucleons resulting in an non-zero spin expectation value. It
is common to derive results separately for spin couplings to neutrons and protons.
Figure 16 shows the spin-dependent results from various experiments for pure neutron-
coupling (left) and pure proton-coupling (right). To date, XENON100 [210] (dashed
blue) shows the strongest limit for spin-dependent interactions on neutrons. This is not
only due to the larger exposure of the experiment but also because 12?Xe and '3'Xe have a
high neutron spin expectation-value. In contrast, for spin-dependent WIMP interactions
with protons, experiments using '°F have the highest sensitivities also because of the
large spin expectation-value for this isotope. Currently, the most constraining limits are
derived from technologies using superheated liquids containing F as in the PICO [205]
(solid dark blue), COUPP [243] (dotted green) and SIMPLE[201] (dashed green) (see
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Figure 16. Exclusion upper-limits for spin-dependent WIMP-nucleon cross-section
assuming pure proton coupling (left) and pure neutron coupling (right). Data from
dmtools [352] or private communications.

figure 16) detectors, despite their lower exposures. Measuring the directionality of the
recoil tracks with low-pressure gaseous detectors containing F enables to search also
for spin-dependent interactions. The DRIFT experiment sets one of the first competitive
limits on spin-dependent proton interactions [334] (solid magenta).

Note that the choice of present experimental results interpreted by spin dependent
and independent interactions with matter is given by their relative strength in
comparison to general coupling terms but are not the only possibilities. A more
generalised interpretation of dark matter interactions containing, for instance, also
velocity suppressed operators in the context of a non relativistic effective field theory
is summarised in section 3.2. Although this general approach is not yet widely used, in
2015 first experimental results have been displayed in this framework [112].

Systematic uncertainties in astrophysical parameters of the dark matter halo
distribution are entirely neglected in figures15 and 16. Even though the results are
usually derived by a common choice of astrophysical parameters using the standard
halo model (see section3.4), a comparison of different detector targets is demanding.
This is caused by the varying kinematics of WIMP interactions on different target
elements and the various energy thresholds. A method to display results independently
of astrophysical assumptions to avoid a possible bias in the comparison among results is
presented in section 5.3. It has to be noted that, even using this method, the discrepancy
between the DAMA signal and the null results from other experiments remain.

Although this review focusses on direct detection experiments, a comparison
to collider searches and indirect detection experiments is beneficial due to the
complementary of the approaches. This complementarity will be especially relevant
in presence of a signal. Collider searches exploit mostly ”mono-signatures” (e.g. mono-
jets, mono-photons) accompanied by missing transverse-energy to constrain dark matter
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masses. So far, no indication of dark matter particle-production at colliders appeared
can, in principle, be compared to the one of direct detection experiments. However, a
direct comparison between the both is not possible and first dark matter limits have
to be mapped to a common parameter space. Instead of comparing individual dark
matter models, collider searches can be interpreted in an effective field theory (EFT)
approach (see e.g.[353][354][355]) or by considering minimal simplified dark-matter
models (e.g. [356][357]). It has to be remarked that an EFT approach can only be used
for certain dark matter masses and coupling strengths as pointed out in e.g. [358][359].
In general, due to the limited center-of-mass energy in colliders, direct detection
experiments show a higher sensitivity at heavy WIMP masses. Collider searches are,
in turn, most constraining below the energy threshold of dark matter experiments
and, hence, at low WIMP masses. Moreover, for spin-dependent interactions, direct
detection signatures loose the A% enhancement of the event rate (see section3.2) and
colliders, i.e. results from the LHC, have a higher sensitivity at all WIMP masses (see for
example [66][67][68]). Note, however, that collider searches can neither directly measure
the dark-matter particle nor tests its lifetime. Therefore, the definitive confirmation of
such detection would only occur in combination with direct detection results.

Also for indirect detection, a comparison with direct searches is, in general,
demanding since the former approach is only sensitive to the thermally averaged self-
annihilation cross-section of dark matter. Hence, these processes do not allow to
constrain elastic scattering of dark matter particles to baryons. However, it is possible to
gravitationally capture dark matter particles inside the Sun via elastic scattering. The
strength of the elastic scattering cross-section determines the dark matter density inside
the Sun, which is in turn proportional to the dark matter pair-annihilation rate. From all
possible dark matter self-annihilation products, the only detectable particles that would
reach the Earth are neutrinos [360][361]. Therefore, spin-independent interactions can
be constrained by the elastic scattering on solar hydrogen and helium, whereas spin-
dependent interactions can only be probed by scattering off hydrogen (protons). Few
experiments as Super-Kamiokande [93], Ice-Cube [92] and Baksan [362] have exploited
these channels to constrain dark matter cross-section with matter by searching for
high energy neutrinos from the Sun. Similar to the collider searches, the constraints
from these experiments are not competitive with direct detection experiments for spin-
independent interactions, except at very low WIMP masses. Spin-dependent proton
scattering can be, instead, very well constrained exceeding the sensitivities from direct
detection experiments but not the limits from LHC.

During the last decades, although no definitive evidence for dark matter has
appeared, great progress has been achieved in direct dark-matter searches. Figure 17
summarises the time evolution of the spin-independent cross-section sensitivity since
the first results of a germanium detector in 1985 [269]. The top panel of figure 17 shows
upper limits for a 50 GeV/c> WIMP mass and the bottom panel for a 5GeV/c? dark
matter particle. The data is separated in low and high WIMP-mass regions due to the
recent development towards an increase of sensitivity at low WIMP masses. After the
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Figure 17. Evolution of sensitivity for spin-independent WIMP-nucleon cross-section
for 5GeV/c? (top) and 50 GeV/c> WIMP mass (bottom). Data from germanium and
silicon detectors is shown by black circles, cryogenic bolometers by blue diamonds,
liquid xenon detector by red triangles (upwards) and liquid argon by green triangles
(downwards). Empty markers represent the planed sensitivity for each technology.
Below the horizontal line, the sensitivity to discover dark matter is limited by coherent
neutrino scattering.

first results at high WIMP masses from germanium detectors (black circles), cryogenic
bolometers (blue diamonds) showed most competitive exclusion limits. More recently,
the development of liquid noble-gas detectors (red and green triangles) made it made
possible to significantly increase the target masses by keeping the background sufficiently
low. The black line represents the level at which coherent neutrino scattering limits the
WIMP sensitivity. While for 5 GeV/c? solar ®B-neutrinos would be the first to undergo
coherent neutrino scattering, for 50 GeV/c* atmospheric and the diffuse background of
supernova neutrinos contribute.

The next generation of experiments (empty markers) will aim at enlarged target
masses to achieve an even higher sensitivity. At the same time, it is essential to
simultaneously reduce backgrounds from natural radioactivity and of cosmogenic origin
(see section4). For this purpose, experiments are placed deep underground inside
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efficient shields and use techniques as careful screening of the materials, cleaning
procedures, coating or etching the surfaces, etc., to keep the background at a minimum
level. As, in general, an increase of target mass is easier for liquid noble-gas detectors,
we expect that this technology will continue leading the sensitivity at large WIMP
masses (above ~ 10 GeV/c?). There is, indeed, a number of proposed detectors aiming
to reach cross-section sensitivities down to ~ 1076 c¢m?. The DEAP3600 [303] and
XENONIT [324] are ton-scale experiments which are expected to start taking data in
2015. As a next step, detectors with target masses of several tons as DarkSide [314],
LZ [325], XMASS2[311] and XENONnT [160] are planned. The success of the liquid
noble gas TPC technology has motivated proposals for even larger detectors like the
DARWIN (dark matter WIMP search with noble liquids) facility [363] in Europe,
consisting of large liquid xenon and argon detectors. In the case of an evidence of a dark
matter signal DARWIN, with a total mass of about 20 tons, could make a high statistics
measurement of the dark matter particle properties, i.e. its mass and cross-section. For
an exposure of 200t -y, spin-independent cross sections as low as 2.5 x 107’ cm? can
be tested for WIMP masses around 40 GeV/c? [364]. However, at this sensitivity the
neutrino background becomes a significant background.

For WIMP masses below 10 GeV/c?, cryogenic bolometers and new developments
as CCD cameras [346] feature best sensitivities. Therefore, instead of focussing on
increasing the mass to the ton scale, these technologies have started to develop ideas
in order to reach lower energy thresholds and improved background levels. The
SuperCDMS [288] and the EURECA [297] experiments aim to operate few hundreds
of kg of target material to cover a significant part of the parameter space at low WIMP
masses. As shown in figure 15, the DAMIC experiment is, as well, sensitive to the
currently lowest detectable WIMP masses. A future run using 100 g target material
expects to improve the current sensitivity by more than two orders of magnitude [365].

The future projects mention above will be challenged by the requirement of reducing
the external and internal backgrounds to lowest levels. However, the experiments
are entering into a cross-section region in which the background from neutrinos can
not be neglected anymore. Neutrinos can produce both electronic recoils from their
interactions with electrons and nuclear recoils from coherent neutrino scattering. Solar
neutrinos interacting coherently with nuclei will start limiting the sensitivity of dark
matter experiments for low WIMP masses (few GeV/c?) for cross-sections around
~ 107 cm?. For experiments with larger energy thresholds, the coherent scattering of
atmospheric neutrinos will limit the sensitivity for dark matter searches at cross-sections
of ~ 107 e¢m?[165][167]. Although there are strategies to overcome the neutrino
background at these cross-sections [366], ideally, a dark matter discovery would appear
before neutrino become a challenging background. Such a measurement would provide
information on one of the most important topics of modern physics.
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