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The evidence for dark matter is overwhelming from cosmological observations at small and large
scales. Yet, its existence is inferred indirectly, through its gravitational effects, but its nature is
still unknown. Among the preferred dark matter particle candidates are new particles beyond
the standard model with weak scale interaction with the known particles and mass in the GeV
to hundreds of GeV scale. They are generically called Weakly Interacting Massive Particles
(WIMPs). Thanks to their (weak but not zero) coupling with ordinary matter, they can be detected
with a particle detector in the Earth. I will review the concepts of direct detection of WIMPs and
the main experimental efforts to search for them, including the only positive result up to date
(DAMA/LIBRA) and the ongoing experiments attempting to confirm or refute this signal in a
model independent way. I will also discuss future experiments, and their ability to explore new
regions of the WIMPs parameter space or go beyond the current ultimate limits.
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1. Introduction
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More than 95% of our Universe is not explained in the frame of the standard model of the
particle physics. Ordinary matter represents only 5% of the energy content of the Universe, while
around 27% is constituted by a new type of particle(s) and which we generically refer to as Dark
Matter (DM). The remaining 70%, of unknown nature, is responsible for the accelerated expansion of the Universe and we call it Dark Energy. The evidence for DM is overwhelming at the
astrophysical and cosmological scale since both our galaxy and the observable Universe would be
inexplicable without the additional gravity that it produces. However, there is still no data on its
nature [1].
Baryonic DM can be excluded not only by the precision measurements of the cosmic microwave background (CMB) power spectrum [2], which constrains the baryonic Universe content
to ∼5%, but also by the agreement between big bang nucleosynthesis predictions and measurements of the primordial abundance of light elements [3]. Primordial black holes (PBHs) produced
before the big bang nucleosynthesis in the very early Universe have been recently re-examined as
DM candidates, as they do not enter in the 5% baryonic component. But a number of Galactic and
cosmological observations disfavor PBHs as the main DM component (see for example [4]). Neutrinos decoupled at a temperature kB T∼2-3 MeV, when the reaction e+ + e−
ν + ν̄ was frozen,
leaving behind a density of fossil neutrinos. They are part of what we call hot dark matter (HDM),
that is, matter that was relativistic at the time when the structures were formed on astrophysical
scale and which cannot explain the current observations.
In order to solve the DM puzzle we need to find a cold dark matter (CDM) solution beyond
the standard model of particle physics. The candidates that have been proposed so far cover many
orders of magnitude in mass and interaction cross section. Among them, those that have raised
more interest are the generically called weakly interacting massive particles (WIMPs). They are
appealing thanks to the remarkable coincidence of two facts: if they existed in the early Universe,
their relic abundance now is in agreement with the DM observed one, and they are predicted independently to the DM problem by extensions of the standard model. A popular candidate is the
lightest supersymmetric particle (LSP) in supersymmetric extensions, e.g. the neutralino (the supersymmetric partner of the gauge and Higgs bosons), the gravitino (superpartner of the graviton),
or the sneutrino (superpartner of the neutrino) [5]. The supersymmetric models usually predict
WIMPs with masses larger than 30 GeV. Another appealing possibility is the lightest Kaluza-Klein
particle in theories with universal extra dimensions [6].
An alternative to the WIMP paradigm are axions, firstly proposed by Peccei and Quinn as
a solution to the strong charge-parity problem in quantum chromodynamics [7]. More generally, axion-like particles (ALPs), although very light, would constitute CDM because they were
produced non-thermally. There are a large number of efforts devoted to their detection (see for
example [8]), but this kind of searches are beyond the scope of this paper.
In recent years, a plethora of new DM candidates has emerged in the field, together with
innovative ideas to detect them. Many of these models rely on the hidden-sector DM, i.e., DM
that interacts through a new force. The parameter space of these candidates extends well below
the GeV scale. New experiments with modest investment but exploiting original ultra-low energythreshold techniques are emerging to explore these well-motivated scenarios [9]. In the following I
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will focus on the standard WIMP direct detection analysis, however I will also review some of the
most interesting proposals that are being developed for low-mass DM.

2. Dark Matter direct detection

where ER is the nucleus recoil energy, that depends on the scattering angle. Due to the energy
threshold of the detector, not all the phase space of the WIMP velocity distribution is accessible.
The minimal velocity
q of the WIMP in order to produce a nuclear recoil of energy ER is given by

2ER
N
vmin (ER ) = mWm+m
2mN . As regards the upper limit of the integral, it corresponds to the galaxy
W
escape velocity vesc , subject to large uncertainties [10].
dσ
The differential cross section WIMP-nucleus dE
can be written as the product of a punctual
R
cross section and a form factor F that takes into account the nucleus size and encodes the dependence on the momentum transfer. In addition, in the non-relativistic velocity limit the cross section
can be decomposed into two contributions: the spin-independent (SI) and the spin-dependent (SD):
2
σ F 2 (ER ) = σSI FSI2 (ER ) + σSD FSD
(ER ),

(2.2)

where σSI and σSD are the SI and SD contributions to the WIMP-nucleon cross-section. The event
rate for SI interaction is greatly enhanced due to coherence with respect to the SD one. Furthermore, for spin-zero isotopes only the SI component is present. If we assume that the SI coupling
is isospin-invariant ( f p = fn , being f p and fn the corresponding effective couplings to protons and
neutrons respectively) we can write:
dσSI
(v, ER ) ∝ A2 f p σSI FSI2 (ER ),
dER

(2.3)

where A is the atomic number of the nucleus. The SD part can be written as
J +1
dσSD
2
(v, ER ) ∝
[a p hS p i + an hSn i]σSD FSD
(ER ),
dER
J

(2.4)

where J is the total nuclear spin, a p and an are the effective couplings WIMP-proton and WIMPneutron for SD interaction and hS p i and hSn i are the expectation values of the total spin operators
for protons and neutrons in the target nucleus, which have to be calculated according to a nuclear
model.
2
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WIMPs can be detected by elastic scattering off nuclei, as they interact weakly with standard
model particles. The local DM density is ρW ∼0.4 GeV/cm2 [10] with a RMS velocity of about
270 km/s. This implies a flux at the Earth of 108 -1010 s−1 m−2 for a WIMP mass mW ∼100 GeV. The
DM interaction rate in the detector is proportional to the number of target nuclei NT = Mdet /mN ,
where Mdet is the detector mass and mN the nuclear mass number, the number density of WIMPs
nW = ρW /mW , the relative velocity with respect to the detector v and the interaction cross section
σ , that in general depends on the WIMP energy and the transferred momentum. So, taking into
account a WIMP velocity distribution in the detector reference system given by f (v), we can write
the differential rate as
Z
dR
ρW Mdet vmax
dσ
=
(v, ER )dv3
(2.1)
, v f (v)
dER mW mN vmin
dER
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Recently, more general interpretations of DM interactions have been proposed in terms of
more general effective field theories (EFT), containing, for instance, velocity suppressed operators
(see for instance [11, 12]).
The DM velocity distribution is commonly described by an isotropic Maxwell-Boltzmann
profile:
2
− |~v|2
1
3
v0
d 3~v
(2.5)
f (~v)d ~v = 3 3/2 e
v0 π

3. Direct detection status
The direct detection search, started in the nineties with conventional scintillation and germanium detectors, is now a global effort. The application of double-readout techniques at the end of
the nineties marked a new era in the DM searches leading to a spectacular increase of the sensitivity. As the energy partition among the two readout channels depends on the nature of the interacting particle, these techniques provide a event-by-event discrimination between nuclear recoils and
other (α,β ,γ) backgrounds. In the following I will outline the current status of the searches both in
the SI and SD sectors (see [17, 18, 19] for recent reviews).
3.1 Spin independent direct detection
The current experimental upper limits for the spin independent WIMP-nucleon interactions
as a function of the WIMP mass are summarized in Fig. 1. The SI direct detection efforts can be
3
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where v0 is the velocity of the Sun around the galactic center. The dispersion velocity vrms is related
p
to v0 via vrms = 3/2v0 . This model is often called the standard halo model (SHM). Besides the
SHM does not provide a realistic description of the DM halo, it is by far the simplest one and
consequently it is commonly adopted for comparison between direct detection experiments.
Finally, it is important to mention also the effect of the quenching factor, or relative efficiency
factor (REF). It measures the relative efficiency in the conversion into a measurable signal of a
nuclear recoil energy deposition with respect to that corresponding to an electron recoil. Usually γ
sources are used to calibrate the experimental spectrum. Consequently, the energy is expressed in
electron-recoil equivalent (keVee). In order to obtain the corresponding nuclear recoil energy, the
REF has to be measured and applied.
In order to identify dark matter interactions, not only huge detectors are needed, but there
are required ultra-low background experimental conditions. The experiments have to be installed
underground to avoid the cosmic rays showers. They have to be carefully designed to avoid the
radioactive background (internal and external). Especially important is the use of techniques of
fiducialization and particle discrimination, as the DM interaction candidates are nuclear recoils
and most of the backgrounds produce electron recoils. But the ultimate background in the search
for DM come from neutrinos. The coherent neutrino-nucleus scattering [13], already measured
by the COHERENT collaboration [14], produce a nuclear recoil signal indistinguishable from the
DM one. Solar pp and 7 Be neutrinos produce an (almost)irreducible background in the low-mass
WIMP region, while atmospheric and diffuse supernova neutrino background (DSNB) do so for
WIMP masses >10 GeV [15, 16]. New strategies are needed to go beyond the so called neutrino
floor.
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divided in three different categories:
• The only positive experimental result up to date in direct searches comes from the study of the
annual-modulation of the rate measured by the DAMA/LIBRA experiment [30]. For more
than 20 years this results remains unconfirmed and in strong tension with results from other
experiments. The key to solve this puzzle could be close, as a number of experiments using
the same target than DAMA/LIBRA are currently ongoing. The last section of this paper is
devoted to present the DAMA signal and the experimental efforts trying to confirm/refute it.
• For large masses of the WIMP, the field is dominated by dual-phase (gas and liquid) noblegas TPC experiments, either making use of Xe or Ar, both of them good scintillators. These
technologies combine excellent features for the DM search: (1) high radiopurity of the target;
(2) thanks to the double light readout in the liquid and gas phases, event-by-event particle
discrimination is feasible; (3) 3-D position reconstruction, that allow volume fiducialization;
(4) easiness to scale in mass. The most constraining upper limits come from the XENON1T
experiment [20] using Xe as target and 1 ton×yr exposure. Important results have also
been obtained by other two dual-phase Xe experiments: LUX [21], with 129.5 kg×yr and
PANDAX-II [22], with 148 kg×yr. On the other hand, impressive results are obtained also
with single-phase detectors that do not have background discrimination capability. They
4
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Figure 1: Current experimental upper limits for the spin independent WIMP-nucleon interactions as a
function of the WIMP mass: XENON1T [20], LUX [21], PANDAX-II [22], DEAP-3600 [23], DarkSide50 [24, 25], SuperCDMS [26], CDMSlite [27] and CRESST [28]. The neutrino floor is also shown in dashed
brown line. The dark orange/orange/light orange islands correspond to the 90% C.L, 3σ and 5σ regions of
the DAMA/LIBRA positive signal, following the analysis presented in [29].
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• Below 10 GeV, an ultra-low energy threshold is essential, especially for targets with large A
nuclei. The bolometric detectors, like CRESST [28], SuperCDMS [26] and CDMSlite [27],
are among the experiments that provides the best limits in this region. By reducing the
single-bolometer mass (and in consequence the heat capacity) they are able to lower the
energy threshold down to several tens of eV, with the additional advantage that for cryogenic detectors the REF is very close to 1 (as most of the energy goes to the heat channel).
However the best sensitivity to the date in this WIMP-mass region is for a noble-gas TPC
experiment: DarkSide-50 [24]. The collaboration was able to reduce the energy threshold
down to 50 eVee by switching off the electron-recoil discrimination. Other interesting experiments are based on TPCs (TREX) or CCDs (DAMIC, SENSEI). But there are more and
more new ideas to go even beyond the GeV scale using new materials and techniques, like
graphene [35], superfluid He, superconductors, etc.
3.2 Spin dependent direct detection
As exposed in section 2, neutrons and protons contribute differently to the total spin of the
target. For this reason, SD interpretation of direct detection results are usually reported assuming
that WIMPs couple either only to neutrons (a p =0) or to protons (an =0). Fig. 2 shows the current
best SD limits in both cases. For n-WIMP SD coupling, best limits are obtained by dual-phase Xe
experiments, due to the large fraction (∼ 50%) of natural abundance of Xe isotopes with unpaired
neutrons. In the case of Ge (the target of CDMS-II and SuperCDMS), only 73 Ge, with a natural
abundance of 7.7% can contribute, while Ar has no stable isotope with unpaired spin.
Regarding p-WIMP SD coupling, there are not many DM targets with unpaired protons, although when two-body currents are included, neutrons can contribute to the proton-only coupling,
resulting in some sensibility for Xe and Ge targets. Among the unpaired p targets we can cite
some scintillators, as NaI and CsI, but scintillation experiments with only light signal don’t have
nuclear-recoil discrimination capability, so they results are not competitive with other experiments
that can separate the nuclear recoil component. The most sensitive isotope to p-SD coupling is
5
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measure only the scintillation signal produced in the noble-liquid with a spherical tank surrounded by photomultipliers in order to increase the light collection. Thanks to the huge
volumes and high radiopurity they provide very competitive limits (e.g. DEAP-3600, a
3.7 ton Ar spherical vessel [23], or XMASS with 0.8 ton Xe [31]). Despite the comparatively reduced exposure (45 kg×yr), competitive results are obtained by the DarkSide-50
experiment [25], especially at low WIMP masses (see below). This experiment uses Ar as
target, after a intense campaign for 39 Ar reduction. These collaborations are proposing upgrades for the future and joining efforts, so they will dominate the field in the next decade.
The Xe community is projecting a union of LUZ and ZEPLIN experiments, LZ [32] that will
evolve to a multi-ton WIMP detector, DARWIN [33]. The Ar community on the other hand
is doing the same. The union of DarkSide-50, DEAP, miniCLEAN and ArDM experiments
is now the Global Argon Dark Matter collaboration, whose main project consist in a 20 ton
dual-phase Ar TPC, DarkSide-20K [34], already in construction at LNGS. The next step will
be a 300 ton experiment is in design stage. These upgrades will starting reaching the neutrino
floor in the next decade.
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19 F,

and this element is present in refrigerants like C3 F8 , C4 F10 or CF3 I. These liquids, when superheated above its boiling point, can nucleate the formation of a visible bubble triggered by the
deposition of a small amount of energy. The process is not triggered by low-ionizing electrons, so
they detect only α particles (that can be rejected with high efficiency in base of other parameters)
and nuclear recoils. Among the bubble chambers detectors the most relevant are COUPP [39] and
PICASSO [36], which have joined in the PICO project. PICO-60, using C3 F8 , has reported the
best p-WIMP SD limits up to date [37].

4. Beyond the neutrino floor
The neutrino floor represents the ultimate background in DM direct detection, as solar, atmospheric and DSNB produce nuclear recoils with similar rates and energy spectra and the experiments cannot be shielded against. However supersymmetric models propose candidates below this
limit. One possibility to beat the neutrino floor is to discriminate the DM from the neutrino signal
by spectral analysis, but in order to do so not only huge exposures are needed, but also an improvement in the theoretical estimation and experimental determination of the neutrino fluxes. Current
efforts are focus on exploiting distinctive signals, as could be the following:
• Combining data from experiments using different targets can improve the dark matter discovery potential due to target complementarity [40], as the neutrino floor is different is shape
and level for the different targets.
• An annual modulation is expected in the DM rate induced by the movement of the Earth
around the Sun. This signature could allow to distinguish the DM signal from the neutrino
one. I will devote next section to study this effect.
6

PoS(CORFU2018)037

Figure 2: Current experimental upper limits for the spin dependent WIMP-nucleon interactions as a function of the WIMP mass, supposing only WIMP-proton coupling (left) or only WIMP-neutron coupling.
Left panel: PICASSO [36] and PICO-60 [37]. Ice-Cube and Super-K limits are also shown. Right panel:
XENON1T [20], LUX [38], PANDAX-II [22], SuperCDMS [26], CDMS-II
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5. Dark Matter annual modulation
The rate of interaction of the WIMPs in the detector depends on their relative velocity with respect
to the Earth. As a consequence of the Earth rotation around the Sun, this velocity varies along the
year, being largest around 2 June and smallest in December [52, 53] (see Fig. 3 panels a and b).
Consequently, the amount of particles able to produce nuclear recoils above the energy threshold
of the detector is also largest in June. The Earth moves around the Sun following an almost circular
orbit with vorb =29.8 km/s in a plane that is tilted approximately 60 deg with respect to the galactic
plane (see panel c) of Fig. 3). A good approximation for the module of the Earth’s velocity respect
to the rest frame of the dark matter v⊕ is [54]
v⊕ ≈ v + bvorb cosω(t − t0 ),

(5.1)

where v is the velocity of the Sun relative to that frame, ω = 2π/yr, b ∼0.5 and t0 = 0.4147 is the
fraction of the year at which v⊕ is maximized (June the 2nd ).
Introducing this expression in the differential scattering rate and expanding in Fourier series
to first order, the annually modulating recoil rate can be approximated by a constant term S0 plus a
modulated term Sm with one year period and maximum around June the 2nd :
dR
(E,t) ≈ S0 (E) + Sm (E)cosω(t − t0 ).
(5.2)
dE
This approximation is valid for the simplest assumptions about the dark matter distribution in
the halo. The modulated amplitude can then be calculated as


1 dR
dR
Sm (E) =
(E,t0 ) −
(E,tmin ) ,
(5.3)
2 dE
dE
where tmin = t0 +0.5yr. It can be positive or negative depending on the WIMP mass and the recoil
energy, and in general is a small fraction of S0 (5-7%) (see panels d) and e) in Fig. 3). The annual
7

PoS(CORFU2018)037

• The most promising way to distinguish DM from neutrinos, in particular from solar neutrinos, is the to measure the direction of the nuclear recoil [41, 42]: the Solar system motion
through the Galaxy produces a forward-backward asymmetry in the DM signal, that is to
some degree reflected in a preferred nuclear recoil direction. An experiment able to measure
the direction of the recoils could get rid of other backgrounds, in particular from neutrinos
coming from the Sun. The task is not easy because the track of a recoiling nucleus is very
short. Even in a low-pressure gaseous detector, a ∼1 keV nuclear recoil is about 0.1 mm
length and suffers a quite large diffusion during the drift to the readout plane [43]. Between
the pioneers experiments implementing directionality there were the low-pressure gas TPC
DRIFT experiment, in UK [44], MIMAC [45] (an electron-drift TPC read by micromegas
technology), and NEWAGE [46], another electro-drift TPC at Kamioka. Subsequently other
experiments as DMTPC [47] appeared. Currently these experiments have joined and included other new technology proposals and now form a large collaboration called CYGNUS.
Another important project searching for directionality is NEWs, a spherical TPC [48]. But
there are also many other ideas apart from the gaseous TPCs, as can be the use of anisotropic
scintillators [49], emulsions [50], columnar recombination in Xe/Ar [51], among others.
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modulation effect is week in amplitude, but have very peculiar characteristics (e.g. period one year,
phase around 2nd of June, noticeable only at very low energy) that make it hard to mimic by any
background.
5.1 The DAMA/LIBRA signal
For more than twenty years, the DAMA experiment [55] has been claiming the observation of
an annual modulation in their detection rate compatible with all the requirements expected for a
dark matter signal. The experiment consists of NaI(Tl) scintillators forming a matrix and is located
in the Gran Sasso Underground Laboratory (LNGS). The light produced by a particle interaction
in one the crystals is read by two photomultipliers coupled to each scintillator through 10 cm long
light guides. The first stage of the experiment (DAMA) consisted of ∼100 kg of NaI(Tl) forming
a 3×3 matrix. After 7 years of operation [56] they reported a very clear modulation signal in the 2
to 6 keV region, with 6.3σ C.L. In the second step of the experiment, called DAMA/LIBRA, they
increased the mass of the detector up to 250 kg, forming a 5×5 matrix. The previous measured
8
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Figure 3: Upper panels: simplified representation of the Sun and Earth movements with respect to the
galactic halo in summer (left) and winter (right), which originate the annual modulation in the dark matter
detection rate. The modules of the velocities and inclination of the terrestrial orbit with respect to the
galactic plane are shown in panel c). Panel d) shows the total detection rate as a function of the recoil energy
in a generic detector in summer (solid line) and winter (dashed line). Finally panel e) represents a generic
modulation amplitude as a function of energy. At a certain energy (depending on the target) there is a phase
inversion.
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5.2 Testing the DAMA signal
There are several experiment around the world pursuing this goal, but only two of them are
in data taking: the COSINE-100 experiment, in South Korea, and the ANAIS-112 experiment in
Spain. Other experiments looking for the same objective but still in prototype phases are SABRE
and COSINUS.
SABRE [64] projects the construction of two twin ultra-pure NaI(Tl) detectors, one in the
LNGS, and the other one in the South hemisphere (Stawell Underground Physics Laboratory
(SUPL), in Australia). In this way this experiment will be able to test the potential modulation
originated by seasonal-related backgrounds. COSINUS [65] on the other hand propose to use a different technique: NaI bolometers, which with a relative efficiency factor for nuclear recoils against
electron recoils very close to 1 would allow to exploit very low energy thresholds and explore the
DAMA/LIBRA region with reduced exposure.
COSINE-100 [66] is located at the Yangyang Underground Laboratory in South Korea and
started the data-taking in October 2016. The experiment consist of eight NaI(Tl) crystals of different masses and dimensions, arranged in a 4×2 array, with a total mass of 106 kg. The detector
is immersed in a liquid scintillator tank for the identification and subsequent reduction of radioactive backgrounds. The tank is surrounded by copper, lead and plastic scintillators acting as muon
veto. An analysis of the first 59.5 live days, together with a precise background model of the detector [67], allowed the COSINE collaboration to exclude the 3σ DAMA/LIBRA region at 90%
C.L. in a model dependent way [68]. They have also reported an annual modulation study using
9
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modulation was confirmed with the new set-up, reaching 9.3σ C.L. after 7 more years of operation [57, 58]. Then they performed an upgrade in the detector (DAMA/LIBRA-phase2) changing
the photomultipliers for others with higher quantum efficiency [59]. As a result, the energy threshold of the experiment improved from 2 keV to 1 keV. DAMA/LIBRA collaboration has recently
published the results for 7 additional cycles with phase-2. The modulation is still present with the
same characteristics [30] and the signal has reached a 12σ C.L.
This impressive result however is in clear contradiction with the negative results of other experiments. The region in the WIMP parameter space singled out by the DAMA/LIBRA positive
result, when interpreted in terms of a WIMP signal, is completely excluded by other experiments
(see Fig. 1). Some experiments have also reported a search for annual modulation in their data,
switching off the electron recoil discrimination in order to decrease their energy threshold and better compare with the DAMA signal (note that the DAMA detector has no electron vs nuclear recoil
discrimination; this kind of analysis is possible with scintillators at high energy, based on the different pulse shape produced by the different interacting particles, but at low energy the differences
are tiny and do not allow an event-by-event rejection). Those analysis are also in strong tension
with the modulation observed by DAMA [60, 61, 62, 63].
Nevertheless, all the above mentioned experiments register the signal in a target different from
the DAMA/LIBRA one. As we have revised in section 2, the WIMP expected rate depend upon the
target material, so the comparison of the DAMA/LIBRA signal with all the other negative results
depends on assumptions about the dark matter composition, interaction and distribution. To ascertain whether the DAMA/LIBRA positive signal is due to WIMPs, an independent confirmation is
needed from other experiments using the same target as DAMA and the same technique.
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6. Outlook
The evidence of dark matter is well established due to the gravitational effects it produces, but
its nature is still unknown to us. Intense experimental programs are being carried out all over the
world to direct detect dark matter particles with a detector on the Earth, with negative results so far
despite the impressive sensitivities that have been reached. Next generation experiments will reach
the neutrino floor in the next decade, facing a new background, so new strategies are being pursued
to go beyond. Innovative experimental ideas are being developed to explore also other parametric
regions not at reach with conventional detectors. On the other hand, the only positive signal up to
date, provided by the DAMA/LIBRA experiment, is still in strong tension with the negative results
of other experiments using other targets. However it could be very soon confirmed or refuted in a
model-independent way, as other experiments (ANAIS and COSINE) using the same target have
already started their data taking.
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