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The state-of-the art in the search for dark matter

Laura Baudis, Physik Institut, University of Zirich, laura.baudis @uzh.ch

More than eighty years after its first postulation in modern
form, the existence and distribution of dark matter in our
universe is well established. Dark matter is the gravitational
glue that holds together galaxies, galaxy clusters and struc-
tures on the largest cosmological scales, and an essential
component to explain the observed fluctuations in the cos-
mic microwave background. Yet its existence is inferred
indirectly, through its gravitational influence on luminous
matter, and its nature is not known. A viable hypothesis is
that dark matter is made of new, elementary particles, and
well- motivated classes of candidates are axions and weak-
ly interacting massive particles (WIMPs). Axions, produced
non-thermally in the early universe, can be detected by ex-
ploiting their predicted couplings to photons and electrons.

WIMPs have masses that are predicted to be in the range
of a few GeV to ~10 TeV and are within reach of direct and
indirect dark matter searches and of high-energy colliders
[1]. Direct detection experiments search for a scattering sig-
nal between the WIMP and an atomic nucleus, while indirect
detection experiments aim to detect annihilation products of
dark matter particles, such as neutrinos, gamma rays, anti-
protons and positrons above the astrophysical background.
Experiments at colliders look for dark matter production in
high energy patrticle collisions. At the LHC, the signature is
missing energy, as the WIMP leaves the detectors unob-
served, accompanied by a jet, a photon, a Z etc, that are
required for tagging the event (as the dark matter particles
will escape the detectors unnoticed). These approaches are
complementary to one another, and to astrophysical probes
that can also test non-gravitational interactions of dark mat-
ter [2].

The local density of dark matter is around 7 x 102° g/cm?®
(0.4 GeV/cm?®) [3, 4], implying a WIMP flux onto the Earth
of about 10° cm2s™, for a particle mass of ~100 GeV [5].
While this is a relatively small flux, it allows us to in principe
detect WIMPs as they pass through and scatter elastically
off atomic nuclei in a terrestrial detector [6]. Considering a
WIMP velocity dispersion of o = 270 km s and an escape
velocity of v = 544 km s™ [7, 8] in the galactic rest frame,
a dark matter particle with a mass in the GeV - TeV range
has a mean momentum of a few tens of MeV and an energy
E. <50 keV is transferred to the atomic nucleus during an
elastic collision. Expected event rates in a terrestrial detec-
tor range from about 10 to much less than 1 event per tonne
of active detector material and year. Essential ingredients to
observe a WIMP-induced nuclear recoil spectrum are thus
a very low energy threshold, an ultra-low background noise
and a large WIMP target mass [9].

Alarge variety of particle detection techniques are employed
to search for the tiny signal that arises when the energy of
the scattered nucleus is transformed into ionisation, scintil-
lation light or lattice vibrations. Among those with highest
sensitivities are cryogenic experiments operated at sub-Kel-
vin temperatures, detectors based on liquified xenon and
superheated liquid detectors [5]. In addition, a strong R&D
program for detectors capable of measuring the direction of
the recoiling nucleus is ongoing [10]. Traditionally, the main
background sources for these experiments were radio-im-
purities in the detector construction materials, neutrons from
(a, n) and fission reactions, cosmic rays and their secondar-
ies, activation of detector materials during exposure at the

Earth’s surface, as well as sources intrin-
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sic to the target materials. As detectors get
larger and larger, and external backgrounds
from cosmic rays and radioactivity from de-
tector materials become less relevant, the
main backgrounds will come from neutrino
interactions. Solar pp and 7Be neutrinos
produce neutrino-electrons scatters, thus
electronic recoils, while the ultimate back-
ground might come from neutrino-induced
nuclear recoils from coherent neutrino-nu-
cleus scatters. The coherent scattering rate
from 8B solar neutrinos will provide a poten-
tially irreducible background for low-mass
WIMPs, limiting the cross section sensitiv-
ity to ~ 4 x 10 cm? for WIMPs of 6 GeV/c?
mass. Atmospheric and diffuse supernova
neutrinos will dominate the rate for WIMP
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Figure 1. Spin-independent WIMP-nucleon scattering results: Existing upper limits
from the CRESST-II [16], SuperCDMS [17], DAMIC [18], PandaX [19], DarkSide-50
[20], XENON100 [21], LUX [22] and other experiments, along with projections for Su-
perCDMS [17], XENON1T [23], XENONNT [24] (same as LZ [25]), and DARWIN [26]
are shown. DARWIN [27] is designed to probe the entire parameter region for WIMP
masses above ~ 6 GeV/c?, until the neutrino background (dashed v-line) will eventually

start to dominate the recoil spectrum.

masses above ~ 10 GeV/c? and cross sec-
tion below 10 cm? [11, 12, 13, 14, 15].

There is no convincing evidence for WIMP
dark matter from any direct detection ex-
periment. The current experimental upper
limits and projected sensitivities for the
spin-independent WIMP-nucleon interac-
tions as a function of the WIMP mass are



summarised in Figure 1. The lowest mass region is acces-
sible by detectors with very low energy threshold and/or
lighter target nuclei, while the higher mass region is probed
by experiments with very low background rates and high
target masses. Below WIMP masses of 6 GeV, the tight-
est constraints are derived from DAMIC [18], CRESST [16],
EDELWEISS [28] and SuperCDMS [17].

The most constraining upper limits for WIMP masses above
6 GeV come from the LUX experiment [29] using a liquid
xenon time-projection chamber. The reached 90% upper
C.L. cross section for spin-independent WIMP-nucleon cou-
plings has a minimum of 4 x 10 cm? at a WIMP mass of
33 GeV/c?, thus confirming and improving upon the previ-
ous XENON100 results [21]. Several new, ton-scale experi-
ments are either in commissioning (ArDM [30], DEAP-3600
[31], XENONA1T [23]), or in advanced planning phase (LZ
[25], XENONNT [24], XMASS-5t [32]) in underground labo-
ratories around the world, with aimed sensitivities which are
a factor of 40 - 100 higher than current ones.

Finally, so-called ultimate WIMP detectors such as DARWIN
[26, 15, 27], operating multi-tons of target material, would
have the capability of probing the entire experimentally ac-
cessible parameter space, until the neutrino-induced back-
ground will eventually start to become visible, as shown in
Figure 1. Besides its excellent sensitivity to WIMPs above
a mass of 5 GeV/c?, such a detector with its large mass,
low-energy threshold and ultra-low background level will
also be sensitive to other rare interactions. It will search for
solar axions, galactic axion-like particles and the neutrino-
less double-beta decay of '¥Xe, as well as measure the
low-energy solar neutrino flux with < 1% precision, observe
coherent neutrino-nucleus interactions, and detect galactic
supernovae [27, 33].
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