Chapter 2
Searching Dark Matter: The Quest

for the Missing Mass

An increasing number of observations indicates the existence of dark matter, which
led to one of the greatest discoveries of modern physics: the well known normal
matter is only a minor contribution to the total matter and energy content of the
Universe. The major matter content of the Universe is of an unknown type. This
results in a central question: what is the particle nature for dark matter? The fact that
it cannot be one of the constituents of known matter is one of the strongest hints
to a new kind of physics beyond the standard model of particle physics. Several
experiments look for hints of this new physics, e.g. direct searches for dark matter
like EDELWEISS.

One prominent candidate for dark matter is a weakly interacting massive particle
(WIMP). If WIMPs are the constituents of dark matter, direct searches have to be
sensitive to a very rare signal, i.e. around one interaction per tonne detector mass and
per year observation time. Therefore, a detailed understanding of the background is
needed to decrease the background rate below the expected interaction rate.

A central background for direct searches are muon-induced neutrons. To motivate
the significance of muon-induced neutrons as background for the direct dark matter
search with EDELWEISS, a summary of dark matter induced signals, and hence the
properties of dark matter itself, is needed.

We will first review evidences for and properties of WIMP-like dark matter in
Sect.2.1. In Sect. 2.2, we give an overview of the current state of direct dark matter
searches. Finally, in Sect. 2.3 experimental aspects of direct searches for WIMPs are
discussed in more detail on the example of EDELWEISS. As an important back-
ground for direct searches, muon-induced neutrons will be the topic of Chap. 3.

2.1 Motivation for WIMP-Like Dark Matter

In this section we will motivate WIMP-like dark matter as solution of the missing mass
problem. The defining property of dark matter is its non-luminosity as opposite to
the luminous matter visible in astronomical observations, originally referred only to
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the visible light [259], nowadays extended to other wavelength ranges like infrared,
X-rays, gamma-rays, and even particles like v, from the Sun or neutrinos from
supernovae, often described as a multi messenger approach in astroparticle physics.
Under the assumption that Newtonian physics is valid for the description of non-
relativistic dynamics, the dynamical behaviour of gravitationally bound systems can
not be explained by their visible mass alone, raising the problem of missing mass.

Astronomical indications for dark matter as solution for the missing mass problem
will be given in Sect. 2.1.1. Thereafter, we introduce a supersymmetric WIMP as one
possible particle candidate for dark matter (Sect.2.1.2).

To detect dark matter and to specify its properties, three experimental approaches
are viable: accelerator based experiments including the search for the missing trans-
verse momentum associated with the production of dark matter (Sect.2.1.3), indi-
rect detection experiments searching for the products of dark matter self-annihilation
(Sect.2.1.4), and direct detection experiments searching for the scattering of galactic
dark matter off terrestrial targets (Sect.2.1.5).

We will review the first two approaches briefly and will focus on direct detection
with the example of EDELWEISS in the next two Sects.2.2 and 2.3.

2.1.1 Dark Matter as Solution for the Missing Mass Problem

We will first motivate dark matter as solution to the problem of missing mass via a
historic review of classic indications relying on the dynamical behaviour of gravi-
tationally bound systems, like galaxy clusters and galaxies,!? Afterwards, we will
discuss the standing of the dark matter paradigm against the alternative solution
of modified gravity on the example of weak gravitational lensing. Possible particle
candidates for dark matter will be discussed in Sect.2.1.2.

In the original meaning as non-visible mass, F. Zwicky used the term in 1933 to
describe the discrepancy between the mass of luminous matter and the total, dynamic
mass he observed in the Coma cluster, a gravitationally bound group of galaxies [325,
pp. 124£.], [326].

F. Zwicky’s original intention was to determine the velocity of Coma for a further
validation of Hubble’s law, the proportionality between distance and velocity of an
astronomical object. In his work F. Zwicky noted an unusual great spread of the
single galaxies within the cluster. By applying the virial theorem?

'We find it convenient to the focus on gravitationally bound systems like our Galaxy in contrast to
cosmological arguments because the experiments reported in Sect. 2.2 search for dark matter in the
galactic halo.

2Besides these selected cases, further indications for dark matter in the sense of missing mass related
to the dynamics in gravitationally bound astronomical systems, e.g. binary galaxies, are listed in
[312].

3In his original work, F. Zwicky denotes Newtons gravitational constant, nowadays usually abbre-
viated as G, with I".
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on the mean velocity of the clusters galaxies \/U> = 1000 km s~! he found a dynam-
ical mass M within the cluster radius R of 400-times the mass of luminous matter of
the cluster. The latter one he approximated as the number of cluster galaxies times the
averaged galaxy mass. The discrepancy between dynamical mass and luminous mass
he attributed to a non-luminous, hence dark, mass that contributes to the dynamics
of the cluster.

The discrepancy observed by F. Zwicky was confirmed over the last 80years
and is still valid. After his introduction of the virial theorem in astronomy [86],
other galaxy clusters and groups were weighted with the same technique. So find
R. Carlberg et al. [140] by averaging over 16 clusters with roughly 1000 galaxies
a mass-to-luminosity ratio of M/L = (295(53)) hM@La1 where & is the Hubble
constant and M, (L) the mass (luminosity) of the sun. For galaxy groups, like the
local group containing the Milky Way, a smaller ratioof M /L ~ 12M, @Lal is found
[209, 230]. The difference in M /L can be explained by assuming that big galaxy
clusters are dominated by the dark matter distributed throughout their gravitational
well, whereas small-size galaxy groups are dominated by dark matter concentrated
around the single galaxies [209].

The concept of dark matter concentrated around single galaxies was first applied
in 1970 by K.C. Freeman for the galaxies M33 and NGC300. Again, a discrepancy
between luminous matter and dynamical mass could be derived. In the rotation curves
v —r, see e.g. Fig.2.1 for a more recent example, he recognized a deviation of the
orbits of stars around the galaxy centre from the Keplerian predictions (the disk-curve
in Fig.2.1): beyond a characteristic radius that depends on the actual mass-density
profile of the galaxy, a drop of rotation velocity v inversely proportional to the radius
r of the orbit is expected: v> o 1/r. He found no such drop in the rotation curve
v —r over the whole visible galaxy (visible light and radio emissions) and concluded
the existence of additional ‘undetected matter’, extending further than the luminous
matter [184, p. 828], [185].

In 1974, the dark matter within the galaxy clusters was connected to the dark
matter in individual galaxies. The existence of ‘coronas’ [167] or ‘spheres’ [260] of
dark matter around galaxies were postulated after it was found that the stars orbits
could be explained by a spherical distribution of additional dark matter. These dark
halos as they are called today are therefore also contributing to the mass of the
host galaxy cluster. For example, Fig.2.1 shows a fit of a spherical dark halo on the
rotation curve of NGC 3198.4

Finally V.C. Rubin, N. Thonnard, and W.K. Ford Jr. showed in 1980 by the then
largest systematic observation of galactic rotations that the anomalous rotation curves
were no exception. Contrary, they found out of 21 spiral galaxies no single one that
followed the expected Keplerian behaviour [274]. Five years later, V.C. Rubin et al.

4 Albeit J. Einasto, A. Kaasik, and E. Saar provide an earlier fit of a dark halo to a rotation curve in
[167], we chose the example of [48] for the sake of clarity as it shows the individual components.
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Fig. 2.1 Observed rotation 200
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could describe the rotation curves for all spiral galaxies of a given type and luminosity

L with one general formula, after the radius r is scaled to the optical radius rop, at

which the luminosity drops under a certain threshold. Additionally, the similarity

between these general curves was noted [275]. And in the 1990s, it was shown by

M. Persic and P. Salucci that the rotation curve v(r/rqpt) of all spiral galaxies can be

described by the same formula after they were normalized to the total luminosity L,

assuming a visible disk and a dark halo [262, 263]. This universal rotation curve was

then reproduced in 1996 by numerical simulation of the galaxy formation, assuming

a Navarro-Frenk-White (NFW)-distribution of the dark matter density p(r) [250,
251], which can be parametrized as [121]

Po
= —— (2.2a)
T T
a=10, =30, v=1.0, R =20kpc (2.2b)

with the dark matter density of the halo pg and a characteristic scale R. However,
the behaviour of the rotational curve near the galactic centre is debatable, see the
reviewsin[121, 206], and several models for the halo exist, see references in [97, 169,
207]. Also the existence of substructure of dark matter clumps is discussed [107].
Nevertheless, the given NFW-model fits well the outer parts of the galaxies, as Fig. 2.2
shows for the example of our Galaxy. The existence of dark matter in our Galaxy
indicates also the possibility to detect dark matter with earth based experiments,
which will be discussed in Sect.2.1.5.

The cluster and rotation curves are clear indications of missing matter, but no
final proofs. The observed discrepancy may be explained not only by dark matter,
i.e. correcting our experimental knowledge about the source distribution of gravity,
but also by modifying gravity, i.e. correcting our theoretical model of gravity.

To explain the missing mass problem without an introduction of an additional
kind of matter, M. Milgrom proposed in 1983 a modification of Newton’s second
law [242]. As M. Milgrom pointed out, all experimental validation of Newton’s
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Fig. 2.2 Rotation curve of the Milky Way, i.e. circular velocity v as function of the distance r to
the galactic center, for the innermost 20kpc. Fitted to the data points are the sum (black line) of
three components: A visible bulge (blue line) and disk (dashed green line), together with a dark halo
based on a NFW-parametrisation (red line). Figure adapted from [293, Figs.2 and 5], references
for the data compilation therein

second law were made within the range of our solar system and for accelerations
higher than the typically intra-galactic accelerations. Therefore it may be possible
that on intra-galactic scales the inertial force and the gravitational mass of a body
is not anymore related by Newton’s second law, but by a more generalized function
w(x) [242, p. 366]: .

F=a-u(a/ag) “my (2.3)

known as Modified Newtonian Dynamics (MOND). By demanding that for acceler-
ations higher than a threshold ayp Newton’s second law is valid p(x > 1) =~ 1, and
that for accelerations below the threshold a modification pu(x <« 1) &~ x occurs, the
function i (x) is constrained.

M. Milgrom noted a good reproduction of the rotation curves for
ap ~ 2.1078 cms—2 without the need of non-visible mass [243]. As all the systems
under considerations are bound by gravity the modified dynamics (Eq.2.3) can be
expressed by a modified gravitational field [242]: But as M. Milgrom stated himself:
The modification “can at most be considered an effective working formula. [...] We
are thus still in need of a theory for the modified dynamics even in the nonrelativistic
regime” [242, p. 366].

A non-relativistic theory of gravity leading to Eq. 2.3 was first given by Bekenstein
and Milgrom [92], and named AQUAL (derived from AQUadratic Lagrangian [95]):
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Fig. 2.3 Einstein ring SDSS
J120540.43+491029.3:
Multiple, arc-like images of
a background galaxy (blue)
caused by strong
gravitational lensing from a
foreground galaxy (center,
yellow) [187]. Picture
reprinted from [294]. Credit
NASA, ESA, A. Bolton
(Harvard-Smithsonian CfA)
and the SLACS Team

the Lagrangian leading to the Poisson equation for the gravitational potential @ is no
longer quadratic in V@, but depends on f((Vq§)2/a(2)) instead. For f(xz) = u(x),
the dynamics described by Eq.2.3 follow. AQUAL fits the rotation curves of sev-
eral hundred galaxies as successfully as MOND [95, 278], but it is challenged by
results from gravitational lensing: the gravitational potential of a mass in the fore-
ground causes a distortion of background light sources, ranging from a slight shearing
of the background image (weak graviational lensing [201]) to the split into multi-
ple images (strong gravitational lensing [311]). Strong lensing is in tension with
MOND/AQUAL, as it reveals a missing mass problem also in regions of galaxies
were a > ag, i.e. where MOND/AQUAL behaves by definition Newtonian, leading
again to the need of dark matter [176]. However, the possibility remains that gravita-
tional lensing in a relativistic formulation of AQUAL could behave differently [176].
Acrelativistic theory of MOND/AQUAL is TeVeS (derived from Tensor-Vector-Scalar
[93]), in the sense that the non-relativistic limit is AQUAL. The success of TeVeS to
explain strong lensing is controversial. It is claimed [95, 154], that TeVeS can explain
strong lensing systems like SDSS J120540.43+491029.3 [154], see Fig.2.3, with an
additional amount of neutrinos with m, ~2eV [150]. However, even with such mas-
sive neutrinos, more recent investigations claim that TeVeS will fail to explain strong
lensing without additional, non-neutrino dark matter [178]. Contrary, dark matter can
explain the observed strong lensing, like Fig. 2.3 [177], without modifying gravity.
The challenge for theories like TeVeS is even greater for weak gravitational lens-
ing: An example for a system showing weak gravitational lensing is the galaxy cluster
1E 0657-558, named Bullet Cluster, which consists of two sub-cluster, one less mas-
sive than the other [156], see Fig.2.4. Both are moving away from each other, after
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Fig. 2.4 Galaxy cluster merger 1E 0657-558 (‘bullet cluster’) observed via X-rays (red) and the
corresponding shear map (blue) obtained via weak gravitational lensing [156]. Via self-interaction,
the hot intracluster medium was slowed down and is nowadays located in the centre of the cluster. In
the dark matter paradigm, the shear field shows that most of the gravitating mass is different from the
intracluster medium and located at the position of the sub-clusters. In modified gravity paradigm,
the difference between the peaks in sheer field are caused by the intracluster medium via position
dependent gravitational coupling. For details see text. Picture reprinted from [198]. Credit X-ray:
NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.;
Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

the cluster cores passed through each other in a collision roughly 100 million years
ago [156]. While the single galaxies of the sub-clusters were not affected by the col-
lision, acting as collision-less particles, the hot intracluster medium, containing most
of the visible mass [248], acts fluid-like and was heated. The location and extension
of the intracluster medium therefore can be tracked by the X-ray emission. The total
gravitational mass of the cluster can be traced by weak gravitation lensing which
causes a distortion of the shape of a background object. As the original shape of a
single background object is unknown, the average shape over a sample of background
objects away from the cluster can serve as reference and can then be compared with
the average shape of background objects behind the cluster. The resulting shear map
is related with the mass density map via the theory of gravitation under consideration,
for an overview over weak lensing see [201]. The X-ray observations reveal that the
intracluster medium is located roughly in the middle between the visible centres of
the sub-clusters. In contrast, the mass-density map revealed from the weak lensing
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observations shows two centres coincident with the centres of the visible sub-cluster.
The superposition of both observations results in the famous Fig.2.4, resembling a
blue bullet (mass density of the smaller cluster) punching through a red wall (X-ray
emission of intracluster medium), hence the popular name of the cluster.

Whereas the astronomical observation could be reproduced with other clusters
(see [130] and references therein), the interpretation of the observations depends on
the used paradigm. Supporters of both paradigms agree that nearly the total of the
luminous mass is traced via X-ray emission. But the interpretation of the shear map
is different:

For a MOND based theory like TeVeS, the centre of baryonic matter should
coincide with the measured centres of shear [94, 170, 304], which is not the case.
This is accepted by supporters of MOND, like J. D. Bekenstein:

[TeVeS] does not account for the observed distortion [of weak lensing] without the help of
invisible matter [=dark matter] in addition to a reasonable dose of massive neutrinos. [...]
dramatized by a handful of colliding clusters, [...] MOND has never dealt perfectly with the
dynamics of clusters. So TeVeS, which was designed with MOND in mind, could not [be]
expected to do well in this business, and modification of it may be in order. [...] clusters may
well contain large amounts of as yet invisible [baryonic] matter [95, p. 559¢]

However, more generalized theories of gravity can accommodate to this difference
by introducing a position dependent gravitational coupling [245].

Within the dark matter paradigm, the centres of the shear map are coincident with
the centres of collisional-less dark matter. As the dark matter halos of the sub-cluster
do not interact with each other during the collision, like the visible cluster content,
they are already separated again, and coincident with the centre of the visible sub-
clusters [156]. If the dark matter paradigm is correct, such cluster merger would allow
to measure the self-interaction rate of dark matter [267]. In general, weak lensing is
a suitable tool to map the large scale distribution of dark matter [164, 270], e.g. in
galaxy clusters like C10024+17 [205], see Fig.2.5.

In summary, over the last 80 years, astronomical observations from galaxies clus-
ters and single galaxies showed strong evidence for a gap between the visible mass
and the dynamic mass of the system, leading to the problem of missing mass. Pro-
posed solutions are additional dark matter or amodified theory of gravity like MOND.
Strong and weak gravitational lensing reject the simpler MOND-like theories. The
remaining, more complex theories are forced to incorporate an additional amount of
dark matter in form of massive neutrinos and baryonic matter, contrary to their orig-
inal intention. Albeit this does not disprove theories of modified gravity as possible
explanation for the missing mass problem, it certainly reduces their attractivity. The
identification of a new kind of particles leading to the density distributions needed to
substitute the dark halos would be a strong support for the dark matter paradigm and
disfavour an explanation of the missing mass problem by modified gravity. Needed
properties for such a particle candidate and its galactic distribution are the topic of
Sect.2.1.2.

5Some of the X-ray features, like the red bow shock behind the blue bullet in Fig.2.4, are also
visible by radio observations of the cluster [232, 286].
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(a) _ (b)

Fig. 2.5 a The rich galaxy cluster C10024+17 features both weak and strong gravitational lensing,
the latter is visible as arc like structure around the centre of the image. Credit NASA, ESA, M.J.
Jee and H. Ford (Johns Hopkins University). b Based on weak and strong gravitational lensing,
the projected distribution of dark matter is obtained as ring like structure (blue) around the cluster
center. The ring structure may be the result of a high-speed collision of two clusters along the
line-of-sight [205]. Credit NASA, ESA, M.J. Jee and H. Ford (Johns Hopkins University). Pictures
reprinted from [295]

2.1.2 Supersymmetric WIMPs as Dark Matter Candidates

The astronomical observations discussed in the previous section, ranging from veloc-
ity dispersion in galaxy clusters over galactic rotation curves to weak lensing maps
of rich galaxy clusters, are strong evidences for dark matter. However, these obser-
vations do not reveal the constituents of dark matter. In this section, we will shortly
review the properties for such constituents, deduced from astrophysical and cosmo-
logical observations. Subsequently, we list well motivated particle candidates for
dark matter, focusing on the classic example of supersymmetric particles like the
neutralino. In the next section we will review the impact of the Higgs discovery and
the latest LHC results on the parameter space for supersymmetric weakly interacting
massive particles (WIMPs) as candidates for cold, non-baryonic dark matter.

The observations reported in Sect.2.1.1 show that dark matter is non-luminous
and has a small self-interaction, as shown by merging clusters (Fig. 2.4). The merging
clusters also show that at this length scale dark matter is mostly non-baryonic: the
main mass is distinct from the intercluster medium [248], which contains most of
the baryonic mass of a galaxy cluster [193] especially if it is traced until the outskirts
of the cluster [290]. This is further supported by observations on galactic scale. A
possible source for non-luminous, baryonic matter on galactic scale could be massive
compact halo objects (MACHOs), e.g. in form of stellar remnants [141]. However,
searches for microlensing events caused by the transit of such an MACHO in front
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of a star could limit the MACHO contribution to the mass of the galactic halo to less
than 8 % [307].

Large scale structures and their distribution can solve the question wether if the
dark matter was non-relativistic (cold) or relativistic (hot) at the time of recombi-
nation. The free-streaming of hot dark matter, like neutrinos, suppresses the growth
of structures below a certain scale [124]. The comparison between observed and
simulated matter power spectra ruled out a major contribution of hot dark matter [58,
305]. This is further supported by the success of N-body simulations based on cold
dark matter (CDM) to reproduce the observed hierarchical clustering [252] from
individual galaxies [196, 214] over galaxy clusters [216] to super clusters [298] in
the local universe. An often quoted disadvantage of CDM structure formation is the
over-prediction of smaller dark halos (see [215] and references there in). If they are
identified as hosts of dwarf galaxies, then the simulated numbers are often in dis-
agreement with the observed number of dwarf galaxies. However, recent simulations
reduce the predicted numbers of dwarf galaxies by tidal disruption caused by bigger
galaxies nearby [166, 291] and by feed-back of star formation, supernovae wind,
and ultraviolet radiation of the luminous matter [188, 194]. Also newer observations
increased significantly the number of ultra-faint dwarf galaxies [99, 308] and dark
matter dominated satellites [314]. Combining both effects, an agreement between
simulations and observations seems possible. Recent weak lensing observation con-
firms also the predicted filaments of CDM between individual galaxies [164].

From studies of the cosmic microwave background (CMB), the energy density
£2 in units of the critical density (see Eq.A.7) of the total non-relativistic matter
(£2m), of the baryonic matter (£2p), and of active neutrinos (§2,) can be deduced
on cosmological scale. As neutrinos affect the matter power spectrum, 2, can be
deduced from its effect on the CMB via weak gravitational lensing since the time of
recombination [226]. The peak-height ratio of the accoustic oscillations in the CMB
power spectrum (Fig.2.6) are sensitive to 2n,, £2p at the time of recombination
[203, 277]. Consequently, the cold dark matter density can be calculated: 2¢qm =
2 — §2p. Observation of the CMB with the PLANCK satellite [28] gives the latest
values for the energy densities®:

2m = 0313 (2.4a)
Qedm = 0.263 (2.4b)
2y = 0.0486 (2.4¢)
2, < 0.0156 (2.4d)

5The energy densities for matter, cold dark matter, and baryons are calculated from the PLANCK
best fit values 2mh? = 0.1423 [28, Eq. 15], 2camh? = 0.1196 [28, Eq. 18], and £2,h? = 0.02207
[28, Eq. 17] with a Hubble constant of Hy = h - 100km sflMpc*l = 67.4kms*lMpc*l [28,
Eq.13]. The energy density of active neutrinos is based on £2,h% = > imi/93.14eV [226, 296]
with >, m; < 0.66eV [28, Eq.69]. All densities are given to three decimal places.
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Fig. 2.6 Foreground-subtracted temperature power spectrum on a logarithmic-linear hybrid scale
as observed by Planck. Power spectrum shown as multipole-by-multipole (grey points) and averaged
over width of 31 (blue). The red line shows the temperature spectrum for the best-fit based ACDM
cosmology. The dashed line indicates the change from logarithmic scale to linear scale. Figure and
description adapted from [28, Fig. 1]

The relative small contribution of baryonic matter is in agreement with results from
the big bang nucleosynthesis [301]. These numbers clearly show that most of the
matter content of the Universe is provided by non-baryonic, cold dark matter.

According to the production process, candidates for nonbaryonic CDM are divided
into two groups, either being produced in nonthermal processes or produced in ther-
mal equilibrium in the early universe, hence called thermal relict. Even particles from
both categories may contribute to the observed §2.q, in context of multicomponent
scenarios [120, 173].

An example for nonthermally produced candidates is the axion. It is the pseudo-
Nambu-Goldstein boson of the Peccei-Quinn symmetry postulated to solve the strong
CP problem [212, 261]. If the Peccei-Quinn symmetry exists, it would be broken by
the Peccei-Quinn phase transition when the Universe cools below the axion decay
constant f,, resulting in the nonthermal production of axions with mass m,. As the
axion is not yet observed, the observed $2.4m can be produced by a wide range of
the axion parameter space [173]:

102 GeVO™ = f, > 10° GeV 2.5)

~

61eV> < mac® < 6meV,

where 6 < 1 depends on the phase transition.



20 2 Searching Dark Matter: The Quest for the Missing Mass
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A thermal relic particle X produced in the early universe, was initially in ther-
mal equilibrium. When the temperature 7' drops below the particle mass my, its
comoving number density ny becomes Boltzmann suppressed: nx ~ (myx T /2m1)>/?
exp(—myx/T) [173, 206]. As the Universe expands with the inverse Hubble’s con-
stant 1/H, the particles eventually become chemically decoupled [269], and they
freeze out as their number density approaches a constant relic density [153, 323].
The actual evolution of the number density nx is described by the Boltzmann equa-
tion [173, 206],

dn X

= —3Hnx — (o) (n§ - n;eq) (2.6)

where (o,v) is the thermal average of the annihilation cross section times the rela-
tive velocity and ny eq is the number density in thermal equilibrium. A numerical
solution is shown in Fig.2.7. The number density nf = H /{o,v) at decoupling can
be approximated as [173]

2

ORI
ng o~ ————, 2.7

mpi(oav)

with the Planck mass mpj and the freeze-out temperature 77. This leads to a present
day relic density of [173]:

T3
Qx ~ X201y )1 2.8)

X0,
pemp Tt

For a weakly interacting particle, the cross section can be approximated in leading

order by [173]
gt 1, S-wave annihilation
Ol ~

~ o7 2.9
16m2m?% |v?, P-wave annihilation 29)
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with the weak interaction gauge couping g =~ 0.65. As a consequence, the WIMP
miracle [173, 206] occurs: Each weakly interacting massive particle (WIMP) with
myx ~ 1TeV can produce the observed amount (£2y ~ §2.qm) of cold (Tt ~ mx /20
[186, 206]) dark matter. To reproduce the observed dark matter abundance (Eq.2.4b),
an annihilation cross section of [264]

(oav) ~ 3 x 1070 cm’s™! (2.10)

is necessary.

Several theories like universal extra dimensions or supersymmetry (SUSY) can
motivate particle candidates that qualify as WIMPs [173]. In the following we will
focus on the classical example of supersymmetric WIMPs.

SUSY is a symmetry between bosons and fermions: it transforms each boson
(fermion) of the standard model of particle physics, called particle, in a yet undis-
covered fermion (boson), called sparticle, and vice versa [240]. Supersymmetry is
motivated by the gauge hierarchy problem of the standard model: the loop-corrections
Amy, of the Higgs mass mﬁ = m}zlo + Am%1 are only limited by an ultraviolet momen-
tum cut-off A. The cut-off is assumed to be on the order of the Planck mass mp)
where the standard model is expected to break down [173, 240]:

A2 A d4p A2
Am? ~ —— —N—Az, 2.11
h 1671'2/ p? 1672 @1

with a dimensionless coupling A ~ O(1).

However, the recent discovery of the Higgs boson [2, 147] fixed its mass to
126 GeV « mpy, i.e. the single contributions to the loop correction must cancel
out within 1 part in 1030 [173]. As the contribution of fermions to Eq.2.11 differs
from the contribution of bosons by a sign change, an exact SUSY would lead to the
needed cancellation as it provides a fermionic (bosonic) sparticle for every bosonic
(fermionic) particle. As up to now no sparticles were detected, they must be heavier
than the standard model particle, and hence SUSY must be broken with a mass
splitting between particles mgy and corresponding sparticle msysy. This results in
a loop correction to the Higgs mass of [173, 240]:

)\2 A d4 )\2 A d4
a2 [N | 2t e
)\2
~ 5 (musy — ) In , 2.13)
167 msusy

and therefore stabilizes the gauge hierarchy problem for msy ~ msysy < mpi.
From the experimental constraints on the Higgs mass, one can deduce the mass
splitting, and therefore the mass of the lightest supersymmetric particle (LSP), to be
of O(1 TeV). This is the same mass scale needed for a WIMP to produce the observed
relic density £2.qm. Quantitative constraints on the WIMP mass from global fits of
SUSY to recent observations will be discussed in Sect.2.1.3.
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As further advantage, the LSP is stable in SUSY theories with preserved R-parity.
The R-parity Pr of a given particle or sparticle is a discrete symmetry [240]

Pr = (—1)3B-D+2s (2.14)

_ H—H, particle 2.15)

—1, sparticle

associated with baryon-number B, lepton-number L, and spin s. It is motivated to
prevent any baryon- and lepton-number violation, as under conserved R-partity only
pairs of sparticle can be produced or annihilate. Consequently, a stable LSP results.

The minimal supersymmetric standard model (MSSM) contains all sparticle part-
ners to the known particles, the latter are extended by an extra Higgs doublet [206],
and it conserve R-parity [240]. Depending on the parameter space, the MSSM-LSP
x is usually the lightest of four neutralinos i?, el )22, i.e. it is a linear combination
of gauginos (1~3, W3) and higgsinos (ﬁo, I:Ig) [206, 240]:

X = nioB + n3yW? + nioHY + njH). (2.16)

Here, B, W3 are the supersymmetric partners of the U (1) gauge field B and the third
component of the SU(2) gauge field W? that mix to the photon and Z° boson, and
I:I(l), Hg are neutral Higgs bosons [206].

Therefore, the neutralino provided by the MSSM is the classic example of a
supersymmetric WIMP as particle candidate for non-baryonic, cold dark matter.

2.1.3 Constraints on the WIMP Parameter Space Including
Latest LHC Results

As discussed in the previous section, a supersymmetric WIMP is a well motivated
particle candidate for dark matter. Furthermore, the observed thermal relic abun-
dance constrains the supersymmetric parameter space. Therefore the question arises
whether this constraint is consistent with various accelerator based measurements
which affect also the parameter space, like searches for sparticle production. A promi-
nent example of a recent result that affects the parameter space is the discovery of
the Higgs boson at the Large Hadron Collider (LHC).

This section starts with a short review of the relevant supersymmetric parameters
in the most common models. Afterwards, we will list the most recent global fits [85,
137, 182, 302] to results from direct dark matter searches, thermal relic abundance,
and results from the LHC. Finally, we note the implications for future direct searches
for dark matter.

The general soft supersymmetry-breaking Lagrangian of the MSSM that is con-
sistent with gauge invariance and R-parity conservation has 105 free parameter [240,
Ref.77]. Consequently, usually simplified phenomenological SUSY models are used
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to interpret experimental results, like the Constrained Minimal Supersymmetric Stan-
dard Model (CMSSM) which serves as canonical model for supersymmetric studies
[174]. In the CMSSM, the supersymmetry breaking is mediated by gravity, hence it
is also called minimal supergravity IMSUGRA) [240, Refs. 152,153]. The number
of free parameter is reduced to 5 (mo, My,2, Ao, tan 3, sign p) at the GUT scale
~ 2 x 10'°GeV, under the three assumptions of [208]: a universal gaugino mass
M2, a universal scalar mass mq, and a common trilinear scalar coupling Ay.

Some regions of the parameter space are named according to the possible interac-
tions that could contribute to the LSP self-annihilation [240]: a resonance annihilation
with the neutral Higgs scalar A° of the MSSM is possible in the A-funnel, a coan-
nihilation with the lightest stau or stop is possible in the sfermion coannihilation
region, t-channel squark or slepton exchange and coannihilation can occur in the
focus point.

Global fits of the CMSSM parameter space consider as inputs [85, 137, 182, 302]:
the thermal WIMP relic abundance from CMB observations (see Sect.2.1.2), limits
from direct dark matter searches which will be discussed in Sects.2.2 and 2.3, and
constrains from accelerator results. Usually all of the following three categories of
accelerator based observations are used to fit the CMSSM parameter space’:

As already mentioned in the previous section, the mass of the lightest Higgs boson
is sensitive to the supersymmetric particle spectrum via radiative corrections [206].
Additional, SUSY may open new, invisible channels for the Higgs decay [139].
Recently, the ATLAS [2] and CMS [147] experiments discovered at the LHC a new
particle at 126 GeV, consistent with evidence from the DO and CDF experiments
[11], and in agreement with the Higgs boson of the standard model. It is therefore
an important test to reproduce this Higgs mass within the CMSSM.

It is expected that a hadron collider like the LHC will produce mainly colored
supersymmetric particles [174] e.g. stops. As astronomical observation favours a
weakly interacting LSP, the strong interaction particles have to decay. Their cascade
decay to the LSP would cause a high jet (j) multiplicity as signature [174, 221].
The signature for the LSP would be missing transverse energy (£7) in the final state
accompanied by standard model particles [174]. Both ATLAS and CMS searched
for these signatures in several finals states, e.g. (E1 + j) [3, 83, 146, 211], (E1 +1)
(11, (E1 + ) [149], (E1 + IT17) [148], but found no signal so far.

Also precision measurements of electroweak interactions, e.g. the anomalous
magnetic moment of the muon a,, = (g, — 2)/2 [102], and b-physics is used to
constrain the CMSSM parameters. An example for the latter category is the exclusive
dimuon decay of B(S), BY mesons which are helicity suppressed in the standard model,
but its branching ratios are enhanced in SUSY models [82]. Therefore, the CMSSM
parameter space is sensitive to the limits on BR(BY — wr™) [4, 82] and the
observation of BS — pt~ at the LHC [4].

"The examples we give in the text may differ from the specific data set used in [137, 182, 302] as
we try to select the common and recent references. For the actually used data sets we refer to the
references in [137, 182, 302].
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For the following review, we will focus on the global fits from O. Buchmueller et al.
[137], C. Strege et al. [302], and A. Fowlie et al. [182], as they contain predictions for
the elastic WIMP-nucleon scattering cross section (Sect.2.1.5), an important para-
meter for the direct dark matter searches listed in Sect.2.2. Here, O. Buchmueller et
al. and C. Strege et al. used the most recent results.

The actual best-fit values of these studies are less robust and depend on the used
technique (frequentist or Bayesian with logarithmic or flat prior), however the con-
tours seem more robust [ 182, 302], see Fig. 2.8: to some extent all fit contours enclose
the stau coannihilation region (moc? < 0.5TeV) and the A-funnel region (11 /202 ~
1.2TeV). O. Buchmueller et al. [137] found in the frequentist approach a best fit value
in the stau coannihilation region, but the contour also encloses the A-funnel, this is
confirmed by C. Strege et al. [302] in the Bayesian approach. A. Fowlie et al. [182]
has the best-fit point in the A-funnel, but the contour also enclose the coannihilation
region. However, the A-funnel is excluded in the frequentist approach of C. Strege
et al. According to C. Strege et al. and O. Buchmueller et al. (as cited in [302]),
the deviation between the frequentist approaches in [137, 302] can be explained by
differences in the used code. C. Strege et al. accuse A. Fowlie et al. to have used
unreliable code settings, resulting in the different best-fit points in [182, 302].

Therefore, we will not discuss actual predictions for sparticle masses or spin-
independent WIMP nucleon scattering cross section, but reproduce some of the
discussed contours in the mg —m12- and USEN —m-plane in Fig. 2.8. The results of

O. Buchmueller et al. for ang (my) are shown in Fig.2.11. However, by comparing
the results some general tendencies can be stated:

The rather high mass of the discovered Higgs has a significant impact, as pre-
Higgs constraints favoured a lower best-fit value of mpc? ~ 116 GeV [302]. The
measured value can be fitted either by including radiative corrections or allowing
maximal mixing scenarios. The first is most sensitive to the stop mass and favours
large mo in the A-funnel, the second favours small m1 > in the stau coannihilation
region [137, 182, 302], but the best-fit for the Higgs mass of all three studies is below
the experimental value [137, 182, 302].

However, the A-funnel is disfavoured in the frequentist approach by the mea-
sured anomalous magnetic moment a,, . Its strong deviation from the standard model
prediction favours new physics, e.g. in form of a significant SUSY contribution.
Therefore, small masses in the coannihilation region are favoured by a,, [137, 302].

This is in tension with the results for BR(B® — pTp), BR(B(S) — pntpo)
which are consistent with the standard model prediction and disfavour new physics
at low masses [137, 182]. Also the null-result of SUSY particle production at the
LHC is in tension with a,, [137, 302]. A. Fowlie et al. and C. Strege et al. argued
that remaining uncertainties in the modelling of a;, may justify to remove it from the
constraints. By doing so, they found a greatly improved goodness of fit [182, 302].

Higher m values are limited by the XENON100 direct dark matter search [68],
which disfavor the complete focus-point region (large mo and small my,) [137,
302]. The more sensitive result of the LUX experiment [42] may further strengthen
this exclusion, but it is not yet included in global fits.
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Fig. 2.8 Overview of current global fits of the CMSSM, 95 % CL regions in a the my —m 2-plane
and b a;sch — my-plane: [302] Bayesian with logarithmic prior including a,, (blue), [302] Profile
likelihood including a,, (green), [182] Bayesian with logarithmic prior including a,, (red), [182]
Bayesian with logarithmic prior excluding a,, (black)

All three studies discussed have different best-fit values and different 95 % CL
contours. However, all three contours overlap in one region of the O')S(IN — my-plane,

see Figs.2.8b and 2.11. Therefore, a WIMP with mxc2 ~ 400 GeV at O')SJN o

10719 pb seems in agreement with all three studies [137, 182, 302] at 95 % CL.

The question whether the CMSSM is still a reliable model to fit the data is open:
O. Buchmueller et al. state a p-value of 0.085 and emphasize the tension between
ay, and null-results for SUSY production at LHC. Consequently, they call to look
for alternatives beyond CMSSM [137]. C. Strege et al. state a p-value of 0.21 and
argue that the CMSSM is not ruled out by any statistical significance [302]. However,
they admit that the parameter space is shrinking [302]. The underestimation of the
Higgs mass in all three studies increase the pressure on CMSSM. The MSSM may
be an alternative, but it seems to need fine tuning to get a suitable Higgs mass. Such
fine tuning could be avoided in the next to minimal suppersymetric standard model
(NMSSM) [138].

2.1.4 Limits on the WIMP Self-annihilation Cross Section
by Astroparticle Data

As shown in the Sect.2.1.2, the WIMP miracle can lead to the observed relic abun-
dance of non-baryonic, cold dark matter if WIMPs are self-annihilating. To match the
thermal relic density (Eq.2.4b) an annihilation cross section of (o,v) &~ 3 x 10726
em3s™! (Eq.2.10) would be needed. This prediction can be tested by searching for
particles produced in present day WIMP annihilation. Signatures for annihilation
products are predicted for various astroparticle data, including cosmic rays, gamma
rays, and neutrinos. In this section we will follow the reviews [206, 264] and will
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Fig. 2.9 Compilation of exclusion limits at 95 % CL on (o, v) as function of m, .. The results from
AMS [108, Fig.3] (solid lines) and from FermiL AT [26, Fig.5] (dashed-dot lines) are shown for
the final states e~e™ (blue), W~ * (red) T=t+ (green). The gray area indicates the uncertainty
due to the dark halo model in the H.E.S.S. exclusion limit [34, Fig. 1]. The dotted parts of the
AMS results are potentially affected by solar modulation [108]. The black solid line indicates
(oav) = 3 x 10720cm3s ™!, the value necessary to match the WIMP relic abundance, often called
natural scale

briefly list the most recent results, the associated techniques, and report the obtained
limits on o, in Fig.2.9.

Searching for a dark matter signal via the potential annihilation products is com-
monly know as indirect search. The direct search for scattering of galactic dark
matter off terrestrial targets will be discussed in Sect.2.1.5.

The type of annihilation products depends on the dark matter candidate and its
interaction with standard model particles. Therefore, only given dark matter models
are testable. Within the MSSM, the annihilation products depend on the LSP, its
mass, and the MSSM mass spectrum. In principal, the dark matter particle may
annihilate to any standard model particle as final state: Z, W=, g.1,q, v [264]. Even
an annihilation to monochromatic ~y-rays is possible, but suppressed to loop level,
as the parent particle is by definition dark matter [206]. The source spectrum for
standard model particles is the convolution of the annihilation final states and the
branching ratios. To be more independent from the involved dark matte physics, most
searches express the limits for specific final states like , ™, or bb.

Assuming the final state particle to be unstable, it will decay or hadronize until
reaching a stable particle like v, e, ve, v, V7, P, d, and their respective anti-particles.
Each of these particles can undergo secondary processes like inverse-Compton scat-
tering in case of . These messengers can be divided in three categories: cosmic rays
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(e~ /et, p/p, d/d), ~-rays, and neutrinos (ve, v, V7V;). For each category we will
shortly report the results from the most recent experiments.

Besides being directly the final states, e can be produced via p*- and 7*-decay
and via ¥ -decay subsequent to W*- and Z-decay or hadronization. Charged hadrons
(p/p, d/d) can be produced via W*-, and Z-decay or hadronization.

Charged cosmic rays scatter on magnetic fields in the interstellar medium and the
galactic halo, therefore their incident direction get mostly randomized. Furthermore,
energy loss via inverse-Compton scattering limits the sources of e* with <100 GeV
to a few kiloparsec around the Earth. Therefore, the propagation through and inter-
action with the interstellar medium has to be considered, adding additional model
dependence to potential signals.

As little directional information is available for charged cosmic rays, one relys on
the spectral shape to distinguish it from background. In most scenarios it is a hard
continuum spectrum on top of the background, with a bump or edge near the WIMP
mass [264].

The Advanced Thin Ionization Calorimeter (ATIC) [145] and the Balloon-borne
Electron Telescope with Scintillating fibers on the Polar Patrol Balloon (PPB-BETS)
[310] found a bump in the combined e~ +e™ spectrum at ~300-800 GeV [264]. This
bump was not confirmed with the more precise data of the satellite experiment Fermi
Large Area Telescope (FermiLAT), but it found a smaller excess at 2200 GeV [13].
However, these excesses can be explained with additional, non-exotic sources like
pulsars [266].

As the WIMP annihilation produces the same amounts of matter and anti-matter,
anti-matter is a potentially better signal due to its lower astrophysical background
[264]. A positron background arises from the collison of cosmic ray protons with the
interstellar medium [108]. The space-based Payload for Antimatter Matter Explo-
ration and Light-nuclei Astrophysics (PAMELA) [29, 30] observed a positron excess
in the e*/e~-fraction at > 100 GeV over the background. Contrary, the p/p-fraction is
in agreement with the prediction. The observation may be explained as a dark matter
signal, but it would require an exotic scenario where the dark matter annihilates pre-
dominantly into leptons, e.g. [155]. Contrary, also additional, yet unknown nearby
pulsars are proposed to explain the excess, e.g. [163].

The positron excess is confirmed by the Alpha Magnetic Spectrometer (AMS)
on the International Space Station [108]. However, a fit of the observed spectral
shape found no indication of the expected sharp, edge-like feature from dark matter
annihilation. Consequently, AMS data can be used to set limits on (o, v), depending
on the final states of the decay [108], see Fig.2.9.

A ~y-ray signal may be produced directly as final state of the annihilation, but
also via Tco—decay subsequent to W=-, Z-, and hadronic Ti-decay; or hadronization
[264]. As «y-rays are unaffected by magnetic fields, they indicate the direction of their
source.

Contrary to the case of charged cosmic rays, y-ray signals can be distinguish from
background by their directional information. As the annihilation rate is proportional
to the density squared, an increased signal from dark matter self-annihilation is
expected from regions with high dark matter densities, like the centre of the galaxy, the
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centers of galaxy clusters, or dark matter dominated dwarf galaxies [264]. Therefore,
the predicted y-flux due to annihilation is strongly affected by uncertainties in the dark
matter distribution from N-body simulations. A background of diffuse y-emission
arises from propagation and interaction of cosmic rays: inelastic collision of nuclei
with the interstellar gas can produce ©t°, and its subsequent decay leads to y-rays;
e® can produce y-rays via bremsstrahlung and inverse-Compton scattering with the
interstellar radiation field. Searches for y-signals therefore also strongly depend on
a correct modelling of the propagation and interaction of cosmic rays.

The FermiLAT experiment searched for monochromatic ~y-lines from the galactic
centre [15] and studied also the diffuse galactic [14] and extragalactic [16, 18]y-
emission. C. Weniger [316] found in 43 months of FermiLAT data an indication of a
~-line at 130 GeV and stated a significance of 3.20, considering the look-elsewhere
effect. However, reanalysis with data of 4.4 years and including the systematic effect
of different data selection chains reduces the global significance to less than 1.00
[197]. In case of diffuse galactic emission, the proposed excess in the data of the older
EGRET experiment [125] was not confirmed by FermiLAT. Based on the absence
of a galactic monochromatic ~y-line, an upper limit on the y-flux from annihilation
could be set. Depending on the used dark matter halo model it corresponds to (o, v) <
10> em3s~! [15].

Dwarf galaxies, especially dwarf spheroidals (dSph), have a high mass-to-light
ratio and thus a presumably high abundance of dark matter [291]. They have prob-
ably a low v-background and only a few pulsars [264]. Three imaging atmospheric
Cherenkov telescopes searched for dark matter signal in dwarf galaxies: MAGIC
observed the Draco [49] and Segue 1 [51]; VERITAS observed also Segue 1 [53]
and the galaxies Draco, Ursa Minor, Bootes 1, and Willman 1 [24]; and H.E.S.S.
observed Sagittarius [32, 34] and Canis Major [33] Sculptor and Carina dSph [21].
No dark matter signal was found and exclusion limits on (g,v) were set. A simulta-
neous fit to 15 Milky Way dwarf spheroidal satellite galaxies out of 25 observed by
FermiL AT set the most competitive limit on (o,v) [17, 26], see Fig. 2.9, as FermiLAT
has a lower threshold than the imaging atmospheric Cherenkov telescopes [264].

A search in galaxy clusters by MAGIC [50] and FermiLLAT [22, 25] found also no
dark matter signal. FermiLAT set an exclusion limit which can go down to (o,v) <
10~ em3s 1, depending on the used halo model [25]. Searches in galaxy clusters
are difficult due to the strong ~y-background from e.g. active galactic nuclei [264].

Neutrinos may be produced via u*-, 7*-decay, in addition to direct production as
final states. Due to their low interaction probability, neutrinos, like v-rays, provide
the direction of their source. The direction is used to search for neutrinos capture
inside the Sun or Earth. Due to scattering during passing through celestial bodies,
WIMPs may lose enough energy to get gravitationally bound to them. Consequently, a
neutrino signal from dark matter annihilation in the Sun or Earth is not only sensitive
to the annihilation cross section o, but also on the scattering cross section o, N
(Eq.2.20a). Depending on the theory, the energy of the neutrino signal can reach
up to 1/3 of the WIMP mass [206]. Thus, WIMPs annihilating inside the sun would
produce a high energy neutrino signal which is clearly distinct from solar neutrinos.
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The IceCube neutrino telescope at the South Pole search for Cherenkov light
caused by neutrino-induced interactions in the ice. Including its denser subarray
DeepCore, the IceCube experiment searched for neutrinos from the sun caused by
WIMP annihilation in the range 20 GeV < m,c?> < 500 GeV. The measurement
was consistent with atmospheric muon and neutrino background, and IceCube set
limits on the spin-dependent and spin-independent cross section for elastic WIMP-
proton scattering [12]. Its results are therefore comparable to the direct searches, see
Fig.2.11, which we will discuss in Sect.2.2.

InFig.2.9 we compiled the exclusion limits from FermiL AT [26], AMS [108], and
from the H.E.S.S. observation of the Sagittarius dwarf [34]. As far as we know, the
latter is the leading exclusion limit for imaging atmospheric Cherenkov telescopes.
AMS and FermiLAT already reached the (o, v) value needed to match the WIMP relic
density (Egs.2.4b and 2.10), assuming e~ eV in the final state. Thus, they indicate
WIMPs with m,c? > 10-100GeV.

2.1.5 WIMP Signature in Direct Searches for Dark Matter

Astronomical and cosmological observations strongly indicate the existence of dark
matter (see Sect.2.1.1), and indirect searches try to further constrain its properties
(Sect.2.1.4). Possible particle candidates for dark matter are motivated by extensions
of the standard model of particle physics (Sect.2.1.2) and their existence is tested at
accelerators (Sect.2.1.3). However, even if a particle candidate exists and its prop-
erties match the astronomical observations, this is no unambiguous proof that the
constituent of cosmic dark matter is identical to the candidate. Direct searches try
to establish this identity by searching for scatterings between galactic dark matter
and terrestrial targets. In this controlled conditions, a more detailed comparison with
possible candidates is possible.

In this section we review the connection between the microscopic physics of
supersymmetric WIMP candidates, the galactic WIMP distribution, and the signa-
tures in direct searches. This will prepare the discussion of the results of current
direct searches in Sects.2.2 and 2.3.

Assuming the lightest neutralino as WIMP candidate, in direct searches one usu-
ally restricts WIMP interaction with ordinary matter to WIMP-quark coupling.®
Consequently, scattering of WIMPs off target nuclei leads finally to recoiling nuclei
in the detector [206]. The energy of the recoiling nucleus E; with mass mpycl can be
given as function of the scattering angle in the centre of mass frame 6 [120]:

szz(l — COS 9) My Mapycl
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= . 2.17)
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8However, we note that also WIMP coupling to leptons is studied, e.g. [115] and references therein.
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In general the WIMP-nucleus cross section has contributions from spin-dependent
(SD) and spin-independent (SI) interactions and can be expressed as [120]:

dgx,nucl _ Mnycl
dE, 22?2

(o8 F&(ED + o3P Fép (ED) (2.18)

with the spin-independent (ng) and spin-dependent (USD ) cross sections at zero
momentum transfer and v denoting the WIMP velocity relative to the nucleus. The
dependence on the momentum transfer and the loss of coherence for heavy WIMPs
or nuclei are considered by the form factors® Fsr, Fsp.

The spin-dependent contribution arises from the coupling of the WIMP to the
axial-current of the quark, which leads to [120, 206]:

a3 o (ap(Sp) +an(Sp)) (J + 1), (2.19)

where (S)) ((S,,)) are the expectation values of the spin content of the proton (neutron)
group of the nucleus and J is the nucleus spin. The a;,, a;, depend on the theoretical
WIMP-quark coupling and the quark spin distribution in the nucleon, which has to
be experimentally determined from polarized deep inelastic scattering.

The spin-independent contribution arises via scalar—scalar and vector—vector cou-
pling leading to [120, 206]:

oSl o (fPZ+ f"(A—2))° (2.20a)
~ A% (2.20b)

Similar to the a,, a,, the terms f?, f" depend on the theoretical WIMP-quark
coupling and the experimental quark densities in the nucleon. In most cases 7 ~ f”,
i.e. the WIMP couples in a similar way to neutrons and protons, and the cross section
scales with the atomic weight A% of the target.

Both, the nucleon number and the form factor, have to be considered by select-
ing a target for direct searches. In example, on one side xenon has a higher spin-
independent cross section than germanium due to its higher atomic mass, but on the
other side it has a larger form factor suppression of events with high momentum
transfer [186].

Finally, the properties of the galactic WIMP distribution affects the differential
event rate d R /d E; of recoiling target nuclei [97, 120, 227]:

dR Vesc . d .
Y / vf (3, Ug) Tenuel o B dp (2.21a)
dE; MauclMy Jvmin E;
Muucl Er
Umin = 2—'”27 (2.21b)

9For the spin-independent case, the form factor of R.H. Helm [199] is usually used in direct searches.
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resulting in a quasi-exponentially falling spectrum. Here, f (v, Ug) is the distribu-
tion of the WIMP velocity v in the reference frame of the detector and vg is the
velocity of the detector relative to the galactic frame. The local WIMP density is po.
The distribution f (v, Ug) is limited by the escape velocity for gravitationally bound
WIMPS, vegsc, and by the minimal velocity v, that is needed to induce a recoil with
E above an experimental threshold.

Because the actual galactic WIMP distribution is still unknown and numerical
simulation results are not commonly accepted, see Sect.2.1.1, acanonical distribution
is assumed in context of direct dark matter searches. This is the isothermal halo
(Eq.2.2a with « = 2.0, 8 = 2.0, v = 1.0, R = 3.5kpc) [121]. The isothermal halo
leads to a Maxwellian velocity distribution [120]:

F @) = — 3 + B _\/g 2.22)
U, Vg _mgexp 52 . 0=4/5 .

with the local circular speed vy. Most of the direct detection experiments listed in
Sect.2.2 apply the following standard values [120]'°:

Vese = 544kms™!, vy =220kms™!, poc? = 0.3GeV em7. (2.23)

Reasonable variations of the halo model may affect the detection rate by about ten
percent [207].

Earth’s absolute velocity projected on the galactic plane [97] can be parametrized
as

2
VE = Ugun + Vrot COS 7y COS (?W(t — to)) (2.24)

where vy, is the proper motion of the sun and vy is the rotation velocity around the
sun with a period of T = lyear, a phase of 79 ~ 2nd June, and an inclination of v
relative to the galactic plane.

Therefore, nuclear recoils induced by galactic WIMPs features an annual modu-
lated event rate following a cosine [120, 227]. However, the cosine may be distorted
in the presence of halo substructures such as streams [281]. Additionally, the incident
WIMP flux in the lab frame is peaked in the direction of Earth’s motion due to the
motion of the detector relative to the galactic restframe. This produces a directional
dependence of a potential WIMP signal. As both, the annual modulation and the
directional dependence, do not depend on the assumption of the WIMP physics,

10J D. Lewin and P.E. Smith [227] originally proposed slightly different values: vese = 600kms~!,
vg = 230kms~!. Within the stated uncertainties, they agree with the more recent values from
[120].
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potential signals with these characteristics are regarded as model independent. An
overview of experiments using these characteristics as detection signature are given
in Sects.2.2.1 and 2.2.7.

Without such characteristic features, one has to search for an excess in the mea-
sured event rate over the known background of the experiment. For o5 ~ 10710 pb
as expected in some theoretical models, see Fig. 2.8b, only one event within an expo-
sure of 3 t.yr is expected [76]. This event has to be identified against the background,
especially neutrons which also induce nuclear recoils. Possible sources for neutron
background in direct dark matter searches are [181]: neutrons from uranium/thorium
decay or (o, n)-reactions near the detector, and neutrons induced by atmospheric
muons. The latter ones can reach kinetic energies up to several hundred GeV, which
makes a passive shielding of the detector difficult. Instead, one has to use active muon
vetos to reject events associated with tagged muons and to go deep underground to
reduce the muon flux.

Another difficulty, maybe even a final background for direct searches is the coher-
ent scattering of neutrinos on the target nucleus which starts at 05! ~ 10713 pb [123].
However, this is no limitation for running experiments, as this magnitude of cross
section is only reachable for the most ambitious future experiments, see Sect. 2.2 and
especially Sect.2.2.4.

In any case, direct dark matter experiments search for a very rare signal and
need therefore a good knowledge of the expected background where muon-induced
neutrons are a central component.

2.2 Overview of Direct Searches for Galactic WIMPs

In the previous section, we motivated the existence of dark matter and introduced
the WIMP as possible particle candidate. This section will give an overview of
current results of direct searches for WIMPs.!! We will focus on running experiments
and their obtained exclusion limits or claimed signals for elastic, spin-independent
WIMP-nucleon scattering. Detailed reviews of finished, running, and planned direct
dark matter searches can be found in e.g. [45, 88, 120, 151, 179, 284, 297]. An
overview of already finished experiments from mid-1980s till mid-2000, e.g. IGEX,
UKDMC, and HDMS, is given in [186, Tables 1 and 2].

Most theories predict a very weak signal, e.g. in CMSSM a cross section of roughly
oS ~ 10719 pb is expected for elastic WIMP-nucleon scattering (Sect. 2.1.3). There-
fore, the experiments aim to measure signals as rare as one WIMP-induced nuclear
recoil event within an exposure of 3t.yr, see Sect.2.1.5. To reach this sensitivity, a
low background is important. Typical background sources are $- and «-decays which
result in electron recoils. Neutrons, either from (o, n) reactions or induced by cosmic
muons, cause nuclear recoils [ 186]. Especially neutrons are an important background,

11'We note that planned experiments searching for neutrinoless double beta decay, like MAJORANA
[10] and CUORE [265], will be also sensitive to dark matter [190, 315].
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as they can mimic WIMP induced nuclear recoils (Sect.2.1.5). Active and passive
techniques are used to suppress these kinds of background. On the active side, most
of the experiments feature some kind of rejection for electron recoils, like pulse shape
analysis (e.g. GoGeNT [9] and COUPP [91]) or a dedicated detector design using
the simultaneous measurement of two signal channels (e.g. EDELWEISS [76] and
XENON [68]). Also a muon veto to tag muon-induced background produced inside
the veto is not unusual, e.g. [7, 63, 283]. On the passive side, most experiments have
neutron and gamma shields, and usually they are located at deep underground sites
to reduce the cosmogenic background. An overview of the underground laboratories
where most of the experiments are located is given in [122], their shielding power
being expressed in meter water equivalent (mwe). The physics of this shielding and
the creation of muon-induced neutrons will be discussed in detail in Chap. 3.

We will first shortly introduce the experiments and their latest results, classified by
the used technique: scintillators (Sect.2.2.1), ionisation detectors (Sect.2.2.2), cryo-
genic detectors like EDELWEISS (Sect.2.2.3), two-phase and single-phase noble
liquids (Sects.2.2.4 and 2.2.5), superheated liquids (Sect.2.2.6), and directional
experiments (Sect.2.2.7). If not stated otherwise, the results are given for a stan-
dard isothermal halo [227], (Eq.2.23).

Most of the experiments set upper limits on the cross section for elastic WIMP-
nucleon scattering, but some claimed also indication for a WIMP signal. Due to
the A2-enhancement, the limits on spin-independent scattering are lower than the
limits on spin-dependent scattering, see Sect.2.1.5. In the following we will focus on
limits on the spin-independent cross section for WIMP-nucleon scattering ang (my)
(Eq.2.20a). An overview of the possible signals is shown in Fig.2.10. The upper
limits on Uf(TN (my) at 90 % CL, hereafter called exclusion limits, of the discussed
experiment are shown on Fig.2.11. The tension between the possible signals and
the exclusion limits will be discussed in Sect.2.2.8. Section 2.3 will then discuss the
experimental aspects and possible background contributions based on the example
of the EDELWEISS experiment.

2.2.1 Scintillators

Scintillators are in principle capable to discriminate events with high stopping power
dE/dX like nuclear recoils via pulse shape analysis. However, the low light yield
prevents an event-by-event discrimination at low energy [297].

The DAMA [109, 116] experiment claims a discovery of galactic dark matter
interacting with their target based on an annual modulation of the count rate statistic.
As stated above, this is extracted without specifying the kind of interaction on an
event-by-event base. Experiments like KIMS [213, 225], ANAIS [56], and DM-ICE
[152] are aimed to test this claim and possible systematic effects with similar targets
but different experimental set-ups. KIMS already finished its data taking, whereas
ANALIS and DM-ICE are in their prototype stages.
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The DAMA project searched, with two experimental set-ups, for WIMP signatures
in Nal(TI) crystals at the Laboratori Nazionali del Gran Sasso (LNGS, Italy) at a
depth of 3600 mwe [109, 117]. Until July 2002, the DAMA/Nal set-up collected in
Tyears [111] 107,731 kg.d exposure with nine crystals of 9.7 kg mass [112]. After-
wards the set-up was upgraded to DAMA/LIBRA with 25 crystals of the same indi-
vidual mass [114], which collected additional 317,697 kg.d until September 2009
[116]. Already in the DAMA/Nal data, the DAMA collaboration found a sinusoidal
modulation of the residual hit rate at low energy with a period of 1 year and a phase
equivalent to a peak in June 2nd [110], as expected for the interaction of galactic
WIMPs with an Earth based detector, see also Sect.2.1.5. As expected for the low
interaction cross section of a WIMP, the modulation is only observed in single hits,
i.e. when only one crystal fires [110]. This modulation persisted in the combined
exposure of DAMA/Nal and DAMA/LIBRA (1.17 t.yr) at a significance of 8.90 CL,
spanning 13 annual cycles [109]. According to the DAMA collaboration, possible
modulated backgrounds, like muon-induced neutrons, can not explain the observed
topology of the events and amplitude of the modulation [109, 116, 117]. Therefore,
the DAMA collaboration claims evidence for a dark matter induced signal [109,
116]. Since January 2011 DAMA/LIBRA is running in phase 2, using new PMTs
with higher quantum efficiency. The aim of phase 2, among others, is an increased
sensitivity at low energies and the investigation of the distribution of dark matter in
the galactic halo [118, 119].

The DAMA collaboration stresses that their observation is model independent
as far as the modulation would occur regardless of the specific dark matter particle
candidate [109, 116]. To compare the DAMA signal with the results of other exper-
iments in the JEN — m,-plane (Sect.2.2.8), we use in this work the interpretation

[98] as suggested by [109, 127].'% In the light neutralino model [127], the observed
modulation would correspond to a particle mass of 7GeV < m Xc2 < 50GeV [98],
see also Fig.2.10. Including constraints from the LHC reduces the mass range to
18GeV < mXc2 < 38GeV [127].

The Korea Invisible Mass Search (KIMS) experiment searched for elastic scat-
tering of WIMPs with CsI(T1) crystals at the Yangyang Undeground Laboratory
(Republic of Korea, 2000 mwe) [224, 225]. Twelve crystals, each of 8.7kg mass,
were installed in the last stage [213]. Identifying nuclear recoils via pulse shape
analysis, no excess was found in the total exposure of 24524.3 kg.d and an exclusion
limit at 90 % CL is set [213].

The Annual Modulation with Nal(Tl) Scintillators experiment (ANAIS) at the
Canfranc Underground Laboratory (LSC) (Spain, 2450 mwe) aims to confirm or
refute the annual modulation observed by DAMA [109, 116] with the same target
and technique [56]. It plans to operate in total 250kg of ultrapure Nal(TI) crys-
tals. Currently it investigates the intrinsic background with a sample of two Nal(T1)
crystals of 12.5kg each [56].

2However, the analysis used non-standard parameter for their isothermal galactic halo (ppc> =
0.45GeV cm™3, vo = 270kms ™!, vese = 650kms! [98]), therefore it is questionable if the
analysis is really comparable to the results of other experiments.
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The DM-ICE collaboration [165] proposed to test the DAMA signal [109, 116]
with 250kg of Nal(TI) crystals installed at a depth of 2450 m below the IceCube
neutrino detector at the south pole [152]. As seasonal effects are opposite on the
northern and southern hemisphere, a dark matter induced annual modulation in DM-
ICE that agrees with DAMA’s signal will occur 6 months out of phase from seasonal
modulated background [152]. Currently, data are taken with a prototype of two
crystals of 17kg total mass deployed at 2450 m depth [152].

2.2.2 Ionisation Detectors

Experiments like CoGeNT and TEXONO search for an ionisation signal caused
by WIMP-induced recoils in diodes. By using high purity germanium (HPGe) or
silicon crystals as target, these experiments have a low intrinsic background, but
they lack the capability for a discrimination between nuclear recoils, as expected for
WIMP interactions, and electron recoils, as expected for y-background via Compton
scattering [297]. However, the situation may be improved in future detectors: recently
experiments searching for neutrinoless double beta decays, like GERDA [23] and
MAJORANA [10], developed segmented diodes, enabling the active rejection of
Compton background due to their multiple, spatially separated interactions [297].

The dual use of this detector techniques for dark matter searches and neutrino
physics is illustrated by CoGeNT [8, 9] and TEXONO [229, 233]. Both experiments
started searching for low energy neutrino interactions, but published recently results
for their dark matter searches.

The Coherent Germanium Neutrino Technology (CoGeNT) [9] collaboration uses
a p-type point contact (PPC) germanium detector (HPGe) [5], a detector design with
low threshold and noise but large mass and high energy resolution, suitable for
searches of coherent neutrino scattering, but also WIMP scattering [87]. First mea-
surements were taken at the Chicago’s Tunnel And Reservoir Plan (US, 330 mwe)
[5, 6], later measurements with a 440 g detector at the Soudan Underground Lab-
oratory (US, 2100 mwe) for 145kg.d live days [7-9]. Here, the experiment reports
an irreducible excess of bulk-like events above the analysis threshold of 400eVe.
Based on fits to the exponential spectrum, neither the hypothesis of pure background
nor the hypothesis of an additional WIMP signal was favored [7]. However, later
investigations found ~2.8¢ significance for an annual modulation of the event rate
as one would expect for a WIMP signal, with a best fitting mass of mXc2 = T7GeV
[8], see also Fig.2.10. Known backgrounds like muon-induced neutrons or a-recoils
from radon contamination can not explain the measured excess [7-9]. Also a com-
parison with the measured annual modulation of the radon level in the laboratory
and the muon flux found no correlation with the observed signal by CoGeNT [27].
The CoGeNT collaboration plans to further investigate the observation with the C-4
upgrade. Its aims are: an increase of the target mass to four PPCs of up to 1.3kg
mass each, a lowering of the threshold, an improved muon veto, and an increased
shielding against - and neutron background [126].
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The TEXONO experiment is located at the Kuo-Sheng Power Plant in Taiwan
at 30mwe. Its main objective is low energy neutrino physics, such as neutrino-
nucleus coherent scattering [287]. However, the experiment searches also for elastic
scattering of WIMPs [229, 233]. The latest results are obtained with a PPC of 840 g
fiducial mass and an analysis threshold of 500eVe. [229]. Due to the low threshold,
the obtained exclusion limit at 90 % from a fiducial exposure of 39.5kg.d [229] is
especially sensitive at low m-values, see Fig.2.11.

The dark matter search was later separated from the neutrino investigation and
is continued by the CDEX-TEXONO collaboration as China Dark Matter Experi-
ment (CDEX) at the China Jin-Ping Underground Laboratory (CJPL) (PR China,
6720 mwe [320]), taken advantage from the increased shielding against cosmic back-
ground [322]. First data are obtained with a PPC-Ge of 994 g total mass [324].
However, as the rejection of Compton and surface background is not yet applied,
the obtained exclusion limit [324] is slightly worse than the latest TEXONO result
[229].

2.2.3 Cryogenic Crystal Detectors

Contrary to experiments which measured only scintillation light or ionisation, exper-
iments like EDELWEISS, CDMS, or CRESST measure two signal channels in par-
allel: heat and ionisation in EDELWEISS and CDMS, and heat and scintillation in
CRESST.

The heat channel enables true colorimetric measurements at mK temperature as
the heat capacity follows Debye’s law, being proportional to 73, therefore the energy
deposit from a single nuclear recoil can yield a measurable temperature increase
[189].

The second channel, ionisation or scintillation light, is quenched and allows a
discrimination of events with high energy loss d E /d X. For example, compared to
electron recoils (low d E /d X ), nuclear recoils (high d E /d X ) of the same energy pro-
duce the same heat signal, but a reduced ionisation signal [189, 297]. Consequently,
this technique allows an event-by-event discrimination of nuclear recoils, as expect
from elastic WIMP scattering, over electron recoils as expected from ~y-background.
This will be discussed in detail on the example of EDELWEISS in Sect.2.3.

The advantage of active background rejection led to intensive developments since
its first proposal and is reported in detail elsewhere, see e.g. [189, 297] and references
therein. Currently the experiments CDMS [37-39], EDELWEISS [38, 76, 77], and
CRESST [63] published results. ROSEBUD [158] was more focused on R&D of new
target materials, but was defunct in 2012 [168]. EDELWEISS and CRESST plan to
merge to EURECA in the future [64, 218, 219].

The EDELWEISS experiment is located at the Laboratoire Souterrain de Modane
(LSM) (France, 4850 mwe [106]). It will be discussed in detail in Sect.2.3. As result
of its second stage (EDELWEISS-II), EDELWEISS can set an upper limit of 4.4 x
1078 pb on JE}N at 90% CL for myc* = 85GeV [76]. To further improve the
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exclusion limits, the exposure of EDELWEISS-II [76] was combined [38] with the
exposure of CDMS II (Ge) [37], also a direct search experiment using cryogenic
germanium bolometers. The combined exclusion limit is with J)S(fN <33 x1078pb

at 90 % CL minimal at mxc2 = 90 GeV [38]. The obtained exclusion limits are the
most sensitive limits for any germanium based experiment and third only to the xenon
based experiments XENON100 [68] and LUX [42]. With a special data selection [77],
the exclusion limit is extended to lower WIMP masses: J)S(fN <1073 pbat 90% CL
for myc* = 10GeV [77].

For the Cryogenic Dark Matter Search, the most recent results are published for the
second stage (CDMS-II), which was located at the Soudan Underground Laboratory
[37]. It used Z-sensitive Ionization and Phonon detectors (ZIP) to search for WIMP-
induced nuclear recoils in germanium (19 detectors with 250 g each) and silicon (11
detectors with 100 g each) [37, 39]. With the germanium detectors, an exposure of
121.3kg.d was taken between October 2006 and July 2007 [36] and an exposure of
612 kg.d between July 2007 and September 2008 [37]. In the last period, the CDMS
collaboration found two events in their WIMP search region [37]. By an estimated
background of 0.8 evts from surface electron recoils and 0.1 evts from neutrons, the
result is no evidence for a WIMP signal. Combining both data sets, CDMS-II set
an exclusion limit with a minimum of O')SJN < 38x 10 8pb at mX02 = 70GeV

[37]. To increase the sensitivity on cr)S({N, the CDMS and EDELWEISS collaborations
had combined their data as mentioned above. Selecting only data from germanium
detectors with especially low threshold, a reanalysis [39] of the data set [36, 37]
together with older data taken with germanium and silicon detectors at the shallow
Stanford Underground Facility (SUF) (US, 17mwe) [41] results in an improved
exclusion limit below mXc2 = 9GeV. Also, no evidence for a modulation in the
low mass CDMS-II data [39] was found [40]. Within the 140.2kg.d exposure taken
with 8 silicon detector between July 2007 and September 2008, in total 3 event
were identified in the WIMP search region [31]. Albeit a profile likelihood test
favoured the hypothesis that the events were caused by a signal of a WIMP with
mXc2 = 8.6 GeV, see also Fig.2.10, the CDMS collaboration stated that this result
does not rise to the level of a discovery [31]. CDMS-II was upgraded to SuperCDMS
[268] with detectors of higher mass and a more efficient rejection of surface events
using interleaved electrodes, similar to EDELWEISS, and additional phonon sensors.
Currently, SuperCDMS is running with 15 of these new iZIP detectors at Soudan
Underground Laboratory, aiming for a sensitivitiy of O'>S£N < 5x 1077 pb [268].
The next stage is to move SuperCDMS to SNOLAB (Canada, 6000 mwe) due to
the increased shielding against cosmogenic background and to further increase the
individual detector mass [268].

The Cryogenic Rare Event Search with Superconducting Thermometers
(CRESST) experiment is located at the LNGS [63]. Initially, it measured the thermal
signals of sapphire crystals (Al,O3) (CRESST-I) [61]. In its current second stage
(CRESST-II) a dual readout of phonon and scintillation signals from CaWOy is used
[63]. Within 730kg.d of exposure between July 2009 and March 2011, 67 events in
the WIMP search region were found [63]. With a significance of 40, a maximum
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likelihood analysis shows that the estimated background from leaking electromag-
netic events, a-particle and recoiling nuclei from a-decay, and neutron scattering is
not sufficient to explain the observed events. Also a dedicated Geant4 simulation
confirmed that ambient and muon-induced neutrons are only a minor contribution to
the observed events [285]. In case scattering WIMPs are the missing contribution and
considering the different nuclei in the target, a maximum likelihood analysis found
two maxima in the JS{N—mx—parameter space, corresponding to potential WIMP
signals at 11.6 and 25.3 GeV, respectively [63]. Figure 2.10, shows the contours at
95.45% CL for these excesses. This is in mild tension with earlier results from
CRESST-II [62], both in the analysis provided by the CRESST collaboration [63]
and in the analysis by A. Brown et al. [135], as they partially exclude the potential
WIMP signals from [63]. To investigate this situation further, the experiment was
recently upgraded to reduce the still high background contribution: depending on the
chosen likelihood maximum, a background of 37.6 events or 42.8 events remains,
mainly recoiling nuclei and a-particles from a-decay [63].

The Rare Objects SEarch with Bolometers UndergrounD (ROSEBUD) [142, 158]
at the LSC investigated the prospects of different target materials (BGO, Al,O3, LiF)
for WIMP searches and in situ neutron monitoring based on the dual measurement
of phonon and scintillation signals.

Finally, EDELWEISS, CRESST and new groups merged to the European Under-
ground Rare Event Calorimeter Array (EURECA) [64, 218, 219], planned to be
installed in the extension of the LSM [220]. In the final stage, it aims for a sensi-
tivity of <2 x 107! pb with a target mass of ~1000kg [64, 218]. A multi-target
(e.g. Ge, Al;03) approach is planned to control systematic effects and to investi-
gate the A2 dependence (Eq.2.20a) in case of a detected WIMP candidate [218].
To reduce the neutron background with respect to current experiments like EDEL-
WEISS, CRESST, it is planned [218] to shield the cryostat by &3 m of water, with
the cryostat immersed in a water Cherenkov detector [309], also used as muon veto.
The amount of muon-induced neutrons will be further reduced by a reducing high-Z
material near the detectors [283]. The mechanism of muon-induced neutron produc-
tion will be discussed in Chap. 3.

2.2.4 Two-Phase Noble Liquids

Similar to cryogenic crystal detectors, existing and planned experiments based on
two-phase noble liquids, like ZEPLIN, XENON, WArP, LUX, ArDM, DarkSide,
XAX, MAX, LZ, or DARWIN, use the dual measurement of two signals to identify
nuclear recoils as dark matter signature: the first signal is scintillation light, the
second the ionisation signal which is quenched relative to the scintillation signal
[45, 151].

As experimental design a time projection chamber is used, filled with noble gas
in a liquid phase as target and a gaseous phase. An interaction in the liquid phase
will cause scintillation light and free charge carriers via ionisation. The latter are
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drifted into a gaseous phase above the noble liquid via electric fields and are mostly
measured indirectly via electroluminescence [45, 151]. Only the ArDM experiment
proposed to use large electron multiplier for a direct detection of the ionisation signal
[273]. As target mostly liquid xenon (LXe, A = 131.3 [65]) is used, i.e. in XENON
and LUX, as its high atomic weight makes it a suitable target for spin-independent
interaction which scales like A% and a good kinetic match to likely WIMP masses
[297]. However, also liquid argon (LAr, A = 40.0 [65]) is used, currently only in
DarkSide, as it has three advantages: first to test the A2-scaling (Eq.2.20a) of a
possible dark matter signal with a lighter target, second it has better discrimination
power for nuclear recoils, and third it is cheaper than LXe [297].

To suppress the background further, most of the experiments use self-shielding
[151]. As noble liquids can be purified to high levels, the target is usually separated
in an inner fiducial volume and an outer region. Whereas the inner fiducial volume is
used to search for dark matter signals, the outer region acts as shield against ambient
backgrounds, but produces little background by itself due to its high radiopurity.
With respect to radiopurity, LAr has, with the long-lived radioactive isotope 3° Ar, an
intrinsic background which requires the sourcing from special, depleted underground
reservoirs [151, 179, 297].

The experiments ZEPLIN [47, 223], XENON [60, 68], WArP [101], and LUX
[42] have recently published results of their search for dark matter, whereas ArDM
[84, 273], and DarkSide [52, 318] are still under construction or in commissioning.
Proposals for future experiments are Panda-X [231], XAX [73], MAX [72], Darwin
[89], and LZ [238].

The ZEPLIN programme spans the experiments ZEPLIN I, ZEPLIN II, and
ZEPLIN II1, using targets of liquid xenon (LXe) at Boulby Underground Science
Facility (UK, 2800 mwe) [54]. ZEPLIN I used pulse shape analysis to identify scin-
tillation caused by nuclear recoils in &5 kg LXe [54]. Starting with ZEPLIN IT (31 kg
LXe), the simultaneous readout of scintillation and ionisation signals was used to
identify nuclear recoils [55]. ZEPLIN III, a two-phase xenon time-projection cham-
ber containing 12kg LXe, collected data in two science runs: first in 2008 and later
between June 2010 and May 2011 [47, 223]. During the second run, ZEPLIN III
was equipped with a gadolinium based anti-coincidence veto system to reject neu-
tron background [46]. In the combined fiducial exposure of 1344kg.d 13 events
were found in the WIMP search region in agreement with the expected background
from electron recoils [47]. The resulting exclusion limit is crf(fN <39x%x 10" 8pbat
myc? = 52GeV [47].

The multi-stage experiment XENON is a dual phase liquid xenon time projec-
tion chamber at the LNGS [59]. The target mass is continuously increased over
the individual stages: XENON10 had a target of 25kg [66] (5.4kg fiducial mass
[59]), the current stage XENON100 has a target of 62kg [67] (34kg fiducial mass
[68]), and for XENONIT a target of ~2500kg (1000kg fiducial mass) is planned
[67, 100]. Within an exposure of 7636.4kg.d, collected by XENON100 during 2011
and 2012, two events were found in the WIMP search region [68]. The expected
background, mainly leakage of B- and ~-radioactivity in the WIMP search region,
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is estimated to 1.0(2) event [68]. The minor contribution from ambient and muon-
induced neutrons is deduced to 0.171‘8:(1)% [69]. Therefore the observed events are
no indication for a dark matter signal. Consequently a 90 % CL exclusion limit of
UEN <2.0x 10 pbatm xC2 = 55GeV [68] is set. Based on data collected during

12.5 live days in 2006 with XENONI10, also an limit of o}y < 7.0 x 107° pb for

light WIMPs with mXc2 = 7GeV could be set [60]. With a background reduced
by a factor 100 with respect to XENON100, it is planned to start data taking with
XENONIT in 2015 [100]. The next stage is XENONnT, an upgrade to ~6 t target
mass [136].

The Large Underground Xenon (LUX) experimentally uses a two-phase detector
with 370kg LXe (250kg active monitored volume) aiming for USIN <2x10"10pb
[42, 44]. After a test run of the fully assembled detector at surface [43], the detector
was installed in 2012 at the Davis laboratory (4300 mwe) of the Sanford Under-
ground Research Facility (US)[317]. Over 85.3 live-days between April 2013 and
August 2013, it collected first physics data with a fiducial volume of 118kg [42].
The observed 160 events are consistent with the predicted background of electron
recoils. Therefore, it could set a 90 % CL exclusion limit on J)S(fN <7.6x 10710 pb

for m Xc2 = 33 GeV, cutting also into the range of low mass WIMPs due to a lower
threshold than XENON100 [42]. It is planned to continue the search until 2015 with
an improved set-up and aiming for 300 live-days of data.

The Wimp ARgon Programme (WArP) at the LNGS [175] is a two-phase drift
chamber searching for WIMP recoils in 2.6 kg (1.83 kg fiducial mass) liquid argon
(LAr) [101]. In an exposure of 96.5 kg.d no events were found in the WIMP search
region and an exclusion limit at 90 % CL was published 2008 [101]. The next stage
of the programme is the WArP 100L detector, containing 100 1 of LAr [303]. The
project is continued as the DarkSide experiment [168].

The multi-stage DarkSide programme at LNGS uses a two-phase time projection
chamber with depleted argon, to reduce background from 3 Ar [318]. The prototype
detector DarkSide-10 with 10kg LAr is currently running at LNGS [52, 318]. The
first stage to collect physics data will be DarkSide-50 with 50kg LAr [318], featuring
a neutron veto based on boron-loaded liquid scintillator [319]. Currently, DarkSide-
50 is under construction at LNGS [276]. The next stage would be DarkSide G2 with
a multi-tonne target [72, 276].

The Argon Dark Matter experiment (ArDM) is a two-phase detector with a tonne-
scale LAr target [84, 273]. Instead of relying on electroluminescence to measure the
ionisation signal, it extracts the ionisation signal via large electron multipliers in
the gaseous phase [273]. After detector assembling and testing at surface [239], the
detector was deployed at the LSC and is currently commissioned [84].

Panda-X is a multi-stage experiment, planned to be installed at the CJPL [231].
The first stage of the LXe dual-phase detector will contain 25kg L. Xe, going up to
1.5 t LXe in the final stage [231].

The "2/ Xenon-Argon-"3Xenon (XAX) experiment is a proposal to use three
different targets of 10 t mass each [73]: LXe enriched with 129% e 131Xe to search for
spin-dependent interaction of WIMPs, LXe enriched with '3 Xe for spin-independent
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interaction, and LAr to compare possible interactions in LXe to a target with lower
atomic weight. A similar multi-target experiment is MAX, proposed by a consortium
of the XENON and DarkSide collaborations [72].

Dark matter wimp search with noble liquids (DARWIN) is a design study for a
dual-phase detector with a multi-tonne target of LAr or LXe, aiming for a sensitivity
of ai{N < 1072 pb [89].

The LUX-ZEPLIN programme (LZ) aims for a sensitivity of O’i%N <5x107Bpb
with a two stage experiment at Sanford Underground Research Facility [238]: the
dual-phase detector will contain 1.5-3t LXe in the first stage (LZS) and 20t LXe in
the second stage (LZD).

2.2.5 Single-Phase Noble Liquids

Contrary to experiments using two-phase noble liquids, single-phase experiments
like XMASS and CLEAN/DEAP use only the scintillation light as signal. Therefore,
a gaseous phase is missing and the target consists only of a liquefied noble gas.

A passive background reduction is still possible by using the self-shielding of
the target [297]. For an active background rejection and discrimination of nuclear
recoils, a pulse shape analysis of the scintillation signal is possible [297].

XMASS [19, 20] is the only experiment using this technique that recently pub-
lished results on dark matter search. The first detectors of the CLEAN/DEAP project
dedicated to search for dark matter, i.e. MiniCLEAN and DEAP-3600 are currently
under construction [129, 192, 200].

The XMASS detector is located at the Kamioka underground laboratory (Japan,
2700mwe), using a target of 835kg LXe [19]. Commissioning runs ended in 2012
[19]. With an exposure of 5591.4kg.d taken in February 2012 and a low threshold
of 0.3keVee, the experiment set an exclusion limit, dedicated for low-mass WIMPs
[20]. However, the systematic uncertainty of the scintillation efficiency for nuclear
recoils relative to electron recoils has a large impact in the limit, see [20, Fig. 8]

The Dark matter Experiment using Argon Pulse shape discrimination/Cryogenic
Low Energy Astrophysics with Noble liquids (DEAP/CLEAN) programme proposed
and built several experiments based on single-phase detectors using LAr and noble
neon (LNe) targets [192] including four prototypes: DEAP-0 and picoCLEAN were
R&D prototypes, microCLEAN measured the nuclear quenching factor and DEAP-1
studied discrimination based on pulse shape analysis. The first detectors expected
to deliver physics data are currently under construction at SNOLAB: MiniCLEAN
and DEAP-3600 [192]. MiniCLEAN will have a LAr target of 500kg mass (150kg
fiducial mass) [200]. DEAP-3600 will be a detector with 3.6 t LAr, its commissioning
is expected for the end of 2013 [129].
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2.2.6 Superheated Liquids

Experiments using superheated liquids (PICASSO [70], COUPP [91], SIMPLE
[172]) detect the bubble-nucleation after interactions occur. Via tuning of temper-
ature and pressure, the detectors become insensitive to ionising particles with low
stopping power d E/d X, such as electron recoils. Only events with high stopping
power, like nuclear recoils, cause nucleation [88]. All experiments have an increased
sensitivty to spin-dependent interaction via '°F in their targets. However, they also
published limits on the spin-independent interaction cross section.

The Project In Canada to Search for Supersymmetric Objects (PICASSO) [70,
128] at SNOLAB uses C4F¢ as target. With a subset of 10 detectors, a combined
exposure of 114.3kg.d was collected [70]. A low background allowed to lower the
threshold as low as 1.7keV, resulting in an increased sensitivity for WIMPs with
mass below 10 GeV with a minimum at ang < 6.1 x 107 pb for mxc2 =20GeV
at 90 % CL [70].

The Superheated Instrument for Massive ParticLe Experiments (SIMPLE) at the
Low Noise Underground Laboratory (France, 1500 mwe) use CoCIF as target [171,
172]. The experiment’s second stage (SIMPLE-II) collected data in two runs: in
the first run [171] an exposure of 14.1kg.d was obtained with 208 g active mass
and in the second run [172] an exposure of 13.67kg.d with 215 g active mass.
The combined exposure contained eleven events in the WIMP search region, in
agreement with the estimated neutron background [172]. Therefore an exclusion
limit of O')SJN < 7.6 x 107 pb for mxc2 = 35 GeV was obtained [172]. It is planned
to increase the active mass by a factor of 25 and add additional neutron shielding for
SIMPLE-III [191].

The Chicagoland Observatory for Underground Particle Physics (COUPP) uses
CF3l as target [90, 91]. Between September 2010 and August 2011 a total exposure
of 553.0kg.d was collected with a 4.0 kg-target at SNOLAB. Within the exposure 20
events in the WIMP search region were observed, with an estimated background of
5.3 events. However, the observed events show a clustering in time which is unlikely
for true nuclear recoils induced by WIMPs. Therefore, no discovery is claimed, but
an exclusion limit is set [91]. The upper exclusion limit at 90 % is presented as a
band to consider systematic uncertainties in the nucleation efficiency due to '°F and
12C recoils [91]. The next stages contain a 60kg target (COUPP-60kg) currently
installed at SNOLAB and a tonne scale detector (COUPP-500kg) currently in R&D
phase [313].

The PICASSO-COUPP (PiCo) experiment is a merger of both groups, aiming for
a target volume of 250 1 at SNOLAB [71, 159].
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2.2.7 Directional Experiments

This section focuses on spin-independent interaction and thus excludes the exper-
iments searching for a directional signal as they investigate spin-dependent inter-
actions with targets containing '°F and did not publish limits on spin-independent
interactions.

Four directional experiments try to establish a correlation between the galactic
motion and the track of recoiling nuclei in gaseous time projection chambers [88, 179,
297]: Directional Recoil Identification From Tracks (DRIFT) at Boulby Underground
Science Facility [160, 247], the Dark Matter Time Projection Chamber (DMTPC)
at the Waste Isolation Pilot Plant (US, 1600 mwe) [35, 246], the NEw generation
WIMP search with an Advanced Gaseous tracking device Experiment (NEWAGE)
at Kamioka underground laboratory [244, 249], and the MIMAC experiment at LSM
[195, 271]. All these experiments are using at least partially CF4 as target, therefore
they are sensitive to spin-dependent interactions. DRIFT [160], DMTPC [35], and
NEWAGE [244] already published limits on the spin-dependent scattering cross
section.

2.2.8 Tension Between Signal Claims and Exclusion Limits

As shown in Sects.2.2.1-2.2.7, 13 experiments published currently results of their
search for dark matter.'3 In three cases'* an excess above the known background was
found, but no discovery was claimed so far. Only DAMA/LIBRA claimed discovery
of dark matter via an annually modulated signal. In twelve cases'> no excess over
the known background was found and consequently exclusion limits were set. A
compilation of the published signals and limits are shown'¢ in Figs.2.10 and 2.11,
together with a theoretical prediction [137], see Sect.2.1.4. In Fig.2.11 we show also
the limits obtained from the indirect search by IceCube [12], see Sect.2.1.4.

131n the following, an asterisk will indicate a dedicated analysis for low WIMP mass.

14CDMS 11 (Si) [31], CoGeNT [7, 8], CRESST-II [63] .

I5CDEX [324], CDMS 1I (Ge) [37], CDMS 1I (Ge) + EDELWEISS 1I [38], CDMS II (Ge)* [39],
CDMS (SUF)* [41], COUPP [91], EDELWEISS-II [76], EDELWEISS-1I* [ 77], KIMS [213], LUX
[42], SIMPLE [172], TEXONO [229], WArP [101], XENON 10* [60], XENON 100 [68], XMASS*
[20], ZEPLIN III [47] .

16The data for CDMS 1II (Ge) [37], CDMS II (Ge)* [39], CDMS SUF* [41], CDMS II (Ge)
+ EDELWEISS 1I [38], CRESST-II [63], CoGeNT [7, 8], COUPP [91], DAMA/LIBRA [282],
EDELWEISS-II [76], KIMS [213], LUX [42], SIMPLE [172], WArP [101], XENON 100 [68],
XENON 10* [60], ZEPLIN-III [47], and the prediction for the coherent neutrino background [123]
were obtained from the DMTools (http://dmtools.brown.edu). The data for CDMS 1II (Si) [31],
CDEX [324], DAMA/LIBRA [98, Fig. 1 rightpanel], EDELWEISS-II* [77], IceCube [12], TEX-
ONO [229], XMASS [20], and the theoretical model [137] were copied directly from the original
publication. For PICASSO [70], no data in the logarithmical scale needed for Fig.2.11 was found.
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Fig. 2.10 Possible WIMP signals in the O’SIN — my-plane: contours of the CoGeNT signal at
90% CL [7, 8], the excess measured by CDMS 11 with silicon detectors at 90% CL [31], the
CRESST-II excess at 95.45 % CL [63] and of the DAMA/LIBRA signal under the assumption of
light neutralino dark matter [98] (We note that this contour indicates not the usual CL. It “represent
the domain where the likelihood-function values differ more than 7.5¢ from the null hypothesis
(absence of modulation)” [98, Fig. 1,right panel]. Nevertheless, we show it, as it is the analysis
favoured by the DAMA/LIBRA collaboration [109, 127]. Also shown is the conventional analysis
[282]). Also shown are the leading exclusion limits of LUX [42], XENON10* [60], TEXONO
[229], CDMS 1I (Ge) [37, 39], EDELWEISS-II [76, 77], and CDMS 1I (Ge) + EDELWEISS-II
[38]. The inset shows the effect of channeling (green horizontally-hatched region) and the effect of
energy dependent Na and I quenching factors (green cross-hatched region) on the DAMA signal
(green filled region) according to [98, Fig. 1, right panel]. The alternative analysis [282] is shown
at 30 CL (dark red) and 50 CL (light red) for no channeling. Shown in the right lower corner are
68 % CL (red) and 95 % CL (blue) expectation for a global CMSSM fit [137]

In this section we will discuss the tension between these exclusion limits and the
observed excesses/signals and give a short review on the possible solutions discussed
in literature. Also a comparison between experimental findings and theoretical pre-
dictions (Sect.2.1.2) will be given. For the exclusion limits, we will focus on LUX
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Fig. 2.11 Experimental upper limits at 90 % CL on the spin-independent cross section for elastic
scattering of WIMPs off various targets, O'SIN, normalized per nucleon, as function of the WIMP
mass m, (CDEX [324], CDMS II (Ge) [37], CDMS 1I (Si) [31], CDSM II + EDELWEISS 1I [38],
COUPP [91], EDELWEISS-II [76], KIMS [213], IceCube for W W™, b b final states [12], LUX
[42], SIMPLE [172], TEXONO [229], WATP [101], XENON100 [68], ZEPLIN-III [47]). Dedicated
analyses for low WIMP masses are indicated by an asterisk (CDMS II (Ge) [39], CDMS (SUF)
[41], EDELWEISS-II [77], XENON10 [60], XMASS [20]). Also shown are the CoGeNT signal [7,
8] and the excess measured by CDMS II with silicon detectors [31], both at 90 % CL. The yellow
area indicate the background from coherent neutrino scattering [123]. Shown in the right lower
corner are 68 % CL (red) and 95 % CL (blue) expectations for a global CMSSM fit [137]

[42] and the combined results of CDMS II (Ge) + EDELWEISS-II [38] as they are
the leading limits for xenon and germanium targets, respectively.

If the excesses observed by CoGeNT [7, 8], CRESST [63] and CDMS II (Si)
[31] and the annual modulation observed by DAMA/LIBRA [98, 114, 116] are
interpreted as signals of an elastic scattered neutralino, the masses of the proposed
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candidates lie between m, ~ 7 GeV for CoGeNT and m, ~ 25GeV for CRESST.
The leading exclusion limits of LUX(USIN < 7.6 x 1071 pb) and CDMS 1I (Ge)

+ EDELWEISS-II (OSIN < 3.3 x 1078 pb) are less restricting for this low mass
WIMP signal, see Flg 2.10, as the respective experiments have their highest sensi-
tivities between m, ~ 33 GeV for LUX and m, ~ 90GeV for CDMS II (Ge) +
EDELWEISS 11, as the MSSM predicts heavy WIMPS, cf. Figs.2.8b and 2.10.

However, reanalysis of the XENONI10* [60], CDMS II (Ge)* [39], and
EDELWEISS-II* [77] results, aimed for lower mass at the cost of a reduced total
sensitivity, strongly limit the allowed parameter space for these light WIMPs. As
Fig.2.10 shows, the combined XENON10* and LUX limits exclude the preferred
regions for the CRESST, CoGeNT, and CDSM II (Si) signal completely, and strongly
limit the DAMA/LIBRA region. This strong reduction of the signal region is also
confirmed by other experiments: Also CDSM II (Ge) + EDELWEISS-II, in sensi-
tivity third only to LUX and XENON100, exclude the CRESST excess and strongly
limit the parameter space for the CoGeNT, CDSM II (Si), and DAMA/LIBRA signal.
This is confirmed, albeit with lower sensitivity, by experiments with a lower target
mass like SIMPLE [172] or with a low threshold like TEXONO [229]. It has to be
noted that possible signal is also at much lower mass and higher cross section than
the predictions from the canonical CMSSM, e.g. [137], cf. Fig.2.10.

To solve this tension between the observed excesses in some experiments and
no signal in other experiments, several hypotheses are discussed in literature. They
can be roughly divided into three categories: systematic effects on the experiments,
alternative dark matter distribution in the galaxy like triaxial models [97] or tidal
streams [210], and non-standard interactions between dark matter particles and the
target such as a coupling to electrons instead to quarks [115] or iso-spin dependent
interactions which suppress scattering off heavy targets like xenon [183]. However,
it seems unlikely that fine tuning of the astrophysical and particle physics properties
alone will yield a mutual solution for all observations [217].

Therefore, a correct understanding of possible systematic effects on the experi-
ments is important. Exemplary, the tension between the results of DAMA/LIBRA
and LUX may be removed by shifting the DAMA/LIBRA signal via channeling or
energy dependent quenching factors [98, 113], see Fig.2.10. It shows also the alter-
native interpretations [282] of a subset of the DAMA/LIBRA data [114]. For the
tension between DAMA/LIBRA and the older XENON100 results, the tension may
by reduced by relaxing the XENON limit by possible uncertainties in the relative
scintillation efficiency of LXe atlow energies [157, 306]. But also trivial explanations
like an unknown background is possible, e.g. the CRESST excess may be caused by
secondary cascades of nuclear recoils caused by 2!°Po decay [222]. To identify such
possible systematic uncertainties, it is important to maintain also in the future at least
two detectors with different targets and detector designs [297]. EURECA would be
an example for such a complementary approach within one experiment, i.e. heat and
ionisation signals from germanium diodes, and heat and light from scintillators.

Future experiments with target masses up to a Multi-tonne scale will also be
necessary to probe further the theoretical predictions. Increasing the target mass
up to multi-tonne scale will potentially allow to observe statistically significant rates
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at ang < 107" pb as theoretically predicted for the LSP [297], see Fig.2.8b. At

scattering cross sections below 10712 pb, the background from coherent scattering
of atmospheric neutrinos will limit the prospects of direct dark matter searches. For
low WIMP masses (m Xcz < 10GeV), coherent scattering of solar neutrinos will
limit the WIMP search already at Ung < 1078 pb [123], see Fig.2.11.

2.3 Dark Matter Search at LSM with EDELWEISS

In Sect.2.2, we gave an overview of the current state of direct searches for WIMPs.
Here, we will discuss the experimental aspects of EDELWEISS in more detail.

EDELWEISS uses cryogenic germanium bolometers to search for nuclear recoils
induced by galactic WIMPs scattering off the nuclei. It is situated in the Laboratoire
Souterrain de Modane (LSM) [76, 258]. The very first phase of the experiment
started in the mid-1990s [96], developed into the EDELWEISS-1[143, 144, 280] and
EDELWEISS-II[76, 77] stages. Itis now in the installation phase of EDELWEISS-III
[74, 258]. Continuous improvements of the detectors [258] resulted in a high power
to reject background and now qualify to aim for a sensitivity of U>s<¥N < 1072 pb
with EDELWEISS-III [80]. A sophisticated detector design and the simultaneous
measurement of ionisation and phonon signals allows an event-by-event separation of
the searched nuclear recoils from electronic recoils caused by ~y- and B-radioactivity
in the bulk and on the surface of the detector [133, 134].

In this section we will focus mainly on EDELWEISS-II, starting with a descrip-
tion of its experimental set-up in Sect.2.3.1. Then, the rejection of electronic recoils
is discussed in Sect.2.3.2. Finally, the obtained physical results, exclusion limit and
background, of EDELWEISS-II are given together with an outlook to EDELWEISS-
IIT (Sect. 2.3.3). One kind of background, muon-induced neutrons, will then be dis-
cussed in detail in Chap. 3.

2.3.1 The Experimental Set-up at LSM

To reduce cosmogenic background, EDELWEISS is located at the Laboratoire
Souterrain de Modane (LSM) besides a road tunnel below the Pointe du Fréjus in the
Alps at the French-Italian boarder. Figure 2.12 shows the location of EDELWEISS
in the main hall of the LSM, until 2011 [289] the NEMO 3 experiment [81] was
installed next to EDELWEISS. To attenuate the remaining background, the cryostat
with the germanium crystals is surrounded by passive - and neutron shields and
an active muon veto [76]. To allow maintenance access to the cryostat, the upper
part (called Niveau 1) of the shields and veto is divided and movable in an open and
closed configuration. Contrary, the lower part (Niveau 0) is fixed. The exact position
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Fig. 2.12 Location of EDELWEISS in the main hall of the LSM. Until 2011 the NEMO 3 exper-
iment was installed nearby. Figure provided by the LSM

of the movable parts are regularly monitored via laser distance measurements [283].
For an illustration of the complete set-up, see Fig.5.1b.

To investigate sources of neutron background, additional auxiliary detectors were
temporarily installed, a *He counter for the investigation of thermal neutrons [272],
and a dedicated neutrons counter for muon-induced neutrons which is a main part of
this work, see Chap. 4.

The muon flux at the LSM is attenuated by a rock overburden of 4800 mwe
and measured via the EDELWEISS muon veto to 5.2 m~2 D! [283]. A more
detailed discussion with regard to the simulation of the muon flux will be given
in Sect.5.3. The flux of ambient neutrons is 1.06 x 10 %cm=2s~1(E, > 1MeV)
[180], an overview of neutron measurements at LSM will be given in Sect.4.1.2.
The radon level at LSM is ~20 Bq m —3, due to the ventilation system renewing
the entire lab volume 1.5 times per hour [78]. The whole EDELWEISS set-up is
surrounded by a clean room and permanently flushed with deradonized air [74],
reducing the radon level to ~20 mBq m ~3 [78].

The active muon veto is the outermost layer of EDELWEISS. It consists of 46
individual plastic scintillator modules (called muon modules hereafter) and is capable
of muon track reconstruction. They are mounted in a stainless steel frame attached
to the neutron shield [283]. The modules have a cross section of 65¢m x 5cm and
lengths of 200 cm, 315 cm,375 ¢m,400 cm, for technical details of the muon modules
see also Sect.4.2.2. In total, the muon veto covers a surface of 100 m? [283]. Due to
prominent gaps in Niveau 0 for the cryogenic supply lines and the pillars on which
the experiment is mounted, the geometrical efficiency to tag throughgoing muons is
98 % [283].

A throughgoing muon deposits an energy between 11.8 MeV (horizontal modules)
and 24 MeV (vertical modules) [202]. Aimed for an as high as possible efficiency to
tag also grazing muons, the average trigger threshold is set to ~5 MeV [283]. Con-
sequently, the trigger rate of ~1s~! is dominated by ambient background, whereas
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muon candidates, selected by requiring a coincidence between non-adjacent modules,
contributes only 223.5 x 10~*s~! [283]. Including detector response and averaging
over all muon modules, the detection efficiency for muons is 95 % [283]. MC simu-
lation considering the geometrical coverage and the muon module efficiency results
in a total muon veto efficiency for a closed Niveau 1 of 93.6(15) % in agreement with
an experimental estimation of >93.5 % at 90 % CL [283].

On the inside of the muon veto follows the shield against ambient neutrons, made
of polyethylene ensuring a minimal thickness of 50 cm towards the cryostat [76, 78].
The innermost shield is the ~y-shield, consisting of an outer layer of 18 cm modern
lead and an inner layer of 2 cm roman lead [228] with a reduced ~y-activity from
210pp [78, 283].

The central part of the set-up is the cryostat, able to cool down up to 40kg of target
mass to a stabilized temperature of 18 mK [74, 75]. EDELWEISS uses a cryostat
with reversed geometry, i.e. the dilution unit is below the detectors, see [78, Fig. 1].
The detectors are placed within the thermal shields at 0.01, 1, 4.2, 40, 100 K, and
are shielded by 14 cm roman lead against the cold electronics, the dilution unit, and
the cryogenic parts [78].

All materials in the detectors’ vicinity within the 10 mK thermal shield are tested
for radiopurity by dedicated HPGe detectors [74, 78], e.g. the individual casings of
the detectors are of 99.99 % pure electrolytic copper [78]. Also the Teflon holders of
the detectors [254] are selected for lowest possible radioactivity [255, 256]. In the
EDELWEISS-III stage, also the more distant parts of the cryostat, e.g. the thermal
shields at higher temperature and the vacuum chamber at 300 K are specially selected
for radiopurity [78].

Within the cryostat, the detectors are arranged in an array of towers, each tower
with two to three detectors, to increase the granularity of the target mass [75, 76]. The
cryogenic bolometers consist of a cylindrical absorber made of a HPGe monocrystal
(<10'%m—3 impurities [75]) equipped with sputtered aluminium electrodes and a
glued Ge-NTD (Neutron Transmutation Doped) sensor [76, 256], see Fig.2.13a.
The dual readout of ionisation and phonon signal allows the rejection of electronic
recoils with a power of 3(1)x 1075 [74], see Sect.2.3.2 for details. An overview of
the historic detector development from EDELWEISS-I to EDELWEISS-III is given
in [258]. The bolometer type used in EDELWEISS-II was InterDigit (ID) [258],
explained later in more detail. In total, ten bolometers with a diameter of 70 mm and
a height of 20 mm were installed in EDELWEISS-II [75, 76, 256]. Five detectors had
bevelled edges at an angle of 45° and an average mass of 370 g!” and five cylindrical
detectors of 410 g [76].

The NTD measured the temperature of the crystal via the change of its resistance,
~1 M £ at 17mK [241]. With an optimized heat exchange with the absorber [256],
the reached sensitivity is 60 nV keV~! [258]. The FWHM baseline resolution of this
heat channel ranged from 0.6-2.0keV,. with an average of 1.2keV, [76, 258].

"However, [75] gives 360 g.
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Fig. 2.13 a Picture of a 410g InterDigit detector. Clearly seen are the interleaved electrodes on
top and the guard electrodes on side. The NTD is glued on the bottom and therefore not visible.
b Scheme of the heat and the six ionisation channels of the InterDigit detector and the related
volumes in the detector cross section: guard volume (light blue), veto volume (red), and fiducial
volume (green). Illustrated are the trajectories of positive (orange) and negative (dark blue) charge
carriers for three event types: I) bulk ionisation, II) ionisation in low field area, III) near surface
ionisation. Figures provided by the EDELWEISS collaboration and adapted by the author according
to [75], [133, Fig. 1a]

The name of the InterDigit bolometer type comes from the used electrode design.
Each germanium crystal has two types of aluminium electrodes sputtered on its
passivated surface [ 134, 288]. There are two plane electrodes at the edge, called guard
electrodes, and on the top and bottom two sets of annular concentric electrodes. In
total, each crystal has six sets of electrodes [76], which enables the rejection of near
surface events [133, 134, 161, 162] with a power of 6 x 1073 [76], see Sect.2.3.2 for
details.

The concentric electrodes are a variation of the coplanar grid design [57, 131,
237], instead of disk shape electrodes it uses four sets of interleaved strips [133,
134]. The stripes are 200 wum wide and 250 nm thick, the distance between each
concentric electrode is 2 mm [133, 134]. Each electrode is connected via ultra-sonic
bonding to its next but one neighbour, resulting in the earlier mentioned two sets of
electrodes, called fiducial and veto electrode [133, 134].

The fiducial electrodes are biased with the highest potentials of £4 V creating an
axial electric field in the detector bulk [75]. The bias of F1.5V on the veto links
adjacent electrodes via an electric field approximately parallel to the surface [75].
Plain guard electrodes cover the detector edges with a bias voltage of £1V [75].
See Fig.2.13b for a map of the resulting field lines in the detector and Sect.2.3.2
for the application in event selection. For the fiducial electrode, the chosen bias
voltages and the electrode design results in a FWHM baseline resolution ranging
from 0.7-1.1keVee with an average of 0.9keV. [76, 258].
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The DAQ of the bolometers is independent from the DAQ of the muon veto, but
synchronized via a common clock. The heat and ionisation signals of the bolometers
are continuously sampled at 100kS s~! [75, 283]. In case the heat channel of one
bolometer crosses the threshold, pulse traces of all bolometers within the given tower
are stored [76]. The trigger threshold on the heat channels was continuously adjusted
online to a trigger rate of a fraction of Hz [76]. To reject muon-induced background
in the bolometer data, an offline search tags coincidences between any bolometer
and the muon veto with a time resolution of ~10 s, defined by the sampling rate of
the bolometer [283]. In case of a coincidence, any bolometer within 41 ms around
the muon tag is rejected [283].

2.3.2 Event Categories and Event Selection

With the experimental set-up described in Sect.2.3.1, EDELWEISS-II is able to dis-
criminate between nuclear recoils as expected from scattering WIMPs and electronic
recoils. This is a main advantage, as it provides an active rejection of background
from - and p-radioactivity. In this section we report the basic functionality of this
rejection technique, which enables EDELWEISS-II to obtain its physical results
discussed in Sect.2.3.3.

The events occurring in the cryogenic bolometers of EDELWEISS can be cate-
gorized according to their interaction type and the penetration depth [103]: Nuclear
recoils are expected to be induced by elastic scattering of WIMPs, and are also
induced by neutrons and recoiling nuclei from a-decays, like the 2!°Po(, )2%° Pb
reaction of the radon daughter nucleus 210pg [103]. Whereas WIMP and neutron
scattering occurs throughout the crystal, recoiling nuclei are restricted to the surface
due to the short penetration depth. Similar, electronic recoils are induced by Comp-
ton scattering of ambient y-rays throughout the crystals, whereas B-particles interact
electronically near the surface.

Aiming for a sensitivity of o'\ < 5 x 107 pb for 20 GeV < myc? < 100 GeV,
the challenge is to detect a nuclear recoil rate of < 5 x 10 3evts kg.d~! in germa-
nium at 15keV < E. < 65keV [134]. However, already the average v-rate within
the EDELWEISS shield is ~10evts kg.d~!, hence an active rejection of electronic
recoils better than 10™* is needed [134].

As electron recoils have a three times higher ionisation yield'® Q; as nuclear
recoils, the dual measurement of ionisation and phonon signals with the cryogenic
bolometers allows an active, event-by-event rejection of electronic recoils [74, 133].
However, this technique is limited by surface events where poor charge collection
mimics nuclear recoils in the bulk of the detector [133]. Therefore, a clean inner
fiducial volume has to be defined [74]. In the following, we will first introduce the
rejection of electronic recoils in the bulk and then the rejection of surface events.

18Sometimes also called quenching factor, see e.g. [280].
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The responses Ey, of the phonon channel and E; of the ionisation channel to a
nuclear recoil with energy Er. is normalized to the response to an electronic recoil of
the same energy. As a result, Ey, and Ej are given in electronvolt electron equivalent
(eVee) and can be parametrized as [105]:

Ei = Erec (2.25a)

Ei,n = QiErec (2.25b)

Eh,w = Erec (2.25¢)
i \%4

Eh,n — MErec v = ﬂ (2.25d)
1+v €

Here, e = 3.0eV is the energy needed to create an electron-hole pair in cryogenic
germanium [105] and e is the elementary charge. Equation2.25d also corrects the
signal for the Luke-Neganov-effect [236, 257] i.e. the Joule heating of the detector
via the drifting charges along the bias potential V of the electrode [75]. Also the
effect of energy leakage out of the bolometer, e.g. via photon emission, is considered
and experimentally described via the heat quenching factor Qp = 0.91 [105].

For nuclear recoils, the ionisation yield Q; = Qj(Ere.) depends on the electronic
and nuclear stopping power dE/dX of germanium ions in germanium [105] and
is described by the Lindhard theory [234, 235]. However, instead of a theoretical
description EDELWEISS [75, 241, 279] uses an experimental fit [300]:

Qi =0.16- E%I® (2.26)

rec

It also includes systematic effects like the heat quenching, therefore no separate Qy
values are needed [300]. Consequently, the recoil energy is [241, 280]:

1% 1%
Eree = (1 4 ') g Vg (2.27a)
€ €
E 1%
- b (1 L ') (2.27b)
1+ 09 €

€

Figure2.14 shows the distribution of events from a neutron calibration in the
Qi — Erec-plane. Two clear populations from bulk events are visible: caused by the
normalization of the detector response (Eq.2.25a), the electronic recoils form a pop-
ulation around Q; = 1 and the nuclear recoils form a population around the central
line according to Eq.2.26 [279]. Between both populations are situated electronic
recoils near the surface, below the bulk nuclear recoils occur nuclear recoils near the
surface [105]. The distributions of the ionisation yield Q in the electronic and nuclear
recoil bands are to a good approximation Gaussian and can be calculated from the
experimental baseline resolution [76, 241]. These populations are parametrized by
the gamma band and the nuclear recoil band: Assuming a Gaussian fluctuation of
the Qj, the gamma band reached 99.99 % (7.72¢0) below unity [76]. The nuclear
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Fig. 2.14 Ionisation yield Q; as function of the recoil energy Ep. of fiducial events recorded
during neutron calibration. The two main populations are pure electron (Q; = 1, black solid line)
and nuclear recoils (Q; &~ 0.3). The red lines indicate the Qj(Eec)-parametrization for nuclear
recoils according to Eq.2.26 together with the 90 % CL band. Deexcitation of short lived states of
73Ge results in inelastic nuclear recoils with associated electromagnetic energies of 13.26keV and
68.75keV (dashed black lines). Figure adapted from [76]

recoil band is the 90 % (1.640) acceptance region around Eq.2.26, considering the
online-adjusted trigger threshold on the heat channel and the baseline FWHM reso-
lution of the heat and ionisation channel [76]. The intersection of gamma band and
nuclear recoil band at 10-20keV [76], depending on the detector, defines the lower
threshold the gamma rejection. Therefore, EDELWEISS used a threshold of 20keV
for the standard WIMP analysis [76].

Necessary for a great rejection power is a precise estimation of the ionisation
yield via an effective charge collection. However, a long standing issue of cryogenic
germanium detectors is the reduced charge collection efficiency near the surface [75].
Surface events are caused mainly by interaction of B~ -particles and X-rays in the
first 20-100 wm below the electrodes where the collection of free-charge carriers is
reduced due to efficient charge trapping and recombination in the electrode [253].
The reduced charge collection results in a leaking of electronic recoil events from
the gamma band down in the nuclear recoil band. For instance, EDELWEISS-I was
limited by the leaking of electron recoils, caused by B-decay of residual >'°Pb on all
surfaces [258].
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In EDELWEISS-II, the detector sensitivity to surface events is reduced via passive
and active techniques. First, the surface is passivated by an amorphous layer of silicon
or germanium, which creates a potential barrier in the band structure and prevents
the charge carriers to access the electrode [256]. To increase the rejection power,
three types of active techniques are possible [253]: via pulse shape discrimination or
via measurements of athermal phonons!® or via an interleaved electrode design, the
latter being used by EDELWEISS [75, 134].

To reject near surface events, the charge carrier trajectories in the electric field
caused by the fiducial, veto, and guard electrodes are used [132]. Figure 2.13b shows
the field and event topologies which are discussed in the following. Free charge
carriers caused by ionisation in the bulk of the detector will follow the strong axial
field between the fiducial electrodes on the top and bottom side, consequently they
induce a signal on both fiducial electrodes. Charge carriers caused near the surface
will be collected by the veto electrodes of the given surface and will only induce a
signal there. Similarly, any interaction near the side of the cylindrical detectors give
a signal on the guard electrodes. Even events in a low field volume provide signals
on fiducial and veto electrodes [133, 134] due to the extension of the carrier clouds
by Coulomb interaction [132].

The fiducial volume of the detector is the bulk of the detector with the volumes
of reduced charge collection near the surface. Events in the fiducial volume are
redundantly defined by the missing of any signal above the noise level on the veto
and guard electrodes, and by requiring that the signals on the fiducial electrodes on
the opposite sides have a the same timing and amplitude [75, 76]. The mass of the
fiducial volume was experimentally determined to 160(5) g, averaged over all ten
detectors [76]. A cut to the fiducial volume allows an experimentally determined
surface rejection of 6x 107> [76]. Its influence on the +-rejection is illustrated by
Fig.2.15: out of 1.82x 10° measured electronic interactions within 20keV < Erec <
200 keV only six events occur in the the nuclear recoil band after fiducial cut. This
is a y-rejection power of 3(1)x 107 for 20keV < Erec < 200keV [76].

Therefore, background caused by - and B-decays can be actively rejected due to
their different event signature. In contrast, neutrons mimic the WIMP event signature:
both particles induce nuclear recoils throughout the complete detector volume, the
only difference is the higher scattering cross section for neutrons. The neutron back-
ground can be suppressed by rejecting coincidences between multiple bolometers. In
a similar way, muon-induced neutrons can be suppressed by rejecting coincidences
between any bolometer and the muon veto [283].

19 As done by the CDMS experiment [37, 39], see also Sect.2.2.3.
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Fig. 2.15 Ionisation yield Q; as function of the recoil energy Ec. of fiducial events recorded by
EDELWEISS-II within an exposure of 427 kg.d. Highlighted in red are five WIMP candidates in
the WIMP search region, i.e. in the 90 % acceptance band for nuclear recoils (red) and with energies
between 20 and 200keV. The solid blue line shows the averaged one-sided 99.99 % rejection limit
for electron recoils and the solid green line the average ionisation threshold. Dashed lines indicate
the worst case of the respective quality. Figure adapted from [76]

2.3.3 Results of EDELWEISS-II and Outlook
on EDELWEISS-II1

Having reported the experimental set-up of EDELWEISS-II in Sect.2.3.1 and its
technique of active background rejection in Sect. 2.3.2, we give the obtained physical
results of EDELWEISS-II. Here, we are focusing on the spin-independent cross-
section for elastic scattering of WIMPs off nucleons?’ [76] and estimated remaining
background [78, 283]. A comparison of the EDELWEISS result with other current
direct searches was given in Sect.2.2.8 and for the set exclusion limits see Fig.2.11.

EDELWEISS-II takes physics data from July 2008 till November 2008 and from
April 2009 till May 2010 with a duty cycle of 85 % and all 10 ID detectors [76]. In total
417 live-days of WIMP data was collect [76]. This live-time is reduced by quality
cuts to exclude noisy periods, pile-ups, and coincidences between the bolometers or
between any bolometer and the muon veto. The total fiducial exposure after all cuts
is 427 kg.d, within the 90 % nuclear recoil band the exposure is 384 kg.d [76].

20However, the data of EDELWEISS-I and EDELWEISS-II was also analysed for different interac-
tion models: for inelastic scattering [76], for spin-dependent coupling to 7>Ge (natural abundance
of 4.8 % in the bolometers) [104], and for the sensitivity of EDELWEISS on axions [79].
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For the recorded fiducial exposure, one expects a background of < 5.0evts within
20keV < Erec < 200keV, mainly caused by ~y-decays and neutron scattering:

e From a surface rejection with a power of 6x 107> at 90% CL, a background of
<0.3 evts from B-decays is expected [76, 78].

e The contribution of muon-induced WIMP-like events was estimated with MC
simulation, considering also muon-induced neutrons. It showed that >90 % of the
muon-induced neutrons are produced in the lead of the ~y-shield inside the muon
veto, therefore they can be tagged by the muon veto. After rejecting muon-veto
and multiple bolometer coincidences, one expects an irreducible background of
<0.7evts at 90 % CL, dominated by a small period without running muon veto
[283].

e Based on calibration measurements, <0.9 evts at 90 % CL are expected from non-
Gaussian fluctuations of electronic recoils out of the gamma band [76]. MC sim-
ulations indicate three source which may contribute most to the y-background:
daughter nuclei from the U/Th decay chain and ®°Co in the copper of the thermal
shields and the 10mK parts may contribute 39—52 %, a contamination of 2!°Pb
near the detectors or their casings may contribute 17—18 %, and the decay of >°Ra
and 2?8Ra at the 300K stage of the set-up may contribute 27-37 % [78].

e The ambient neutron background was deduced via MC simulations [78], taken into
account the various shieldings and their holes due to pillars and cryogenic lines.
The simulated neutron transport through the shields was checked with a strong
AmBe source (2x10°s~1) [78]. It showed that ambient neutrons passing through
the shield make only a minor contribute of <0.11 evts, whereas neutron sources
within the shields are predominant, mostly from cables and connectors (1.5 evts).
In total the estimated contribution form ambient neutrons is <3.1evts at 90 % CL
[78].

e Surface recoils from a-decay are negligible according to calibration measurements
with a-source [76].

In total 1.8 x 10%evts within 20keV < Ep. < 200keV are recorded [76] in
four categories in agreement with [103], see Fig.2.15: Most events are bulk elec-
tromagnetic recoils in the gamma band. Between gamma band and nuclear recoil
band (Q < 0.65) four events are found. However, from calibration only <1.5evts
electronic surface events at 90 % CL are expected. Below the nuclear recoil band 11
events were found, probably induced by nuclear surface recoils of 2!°Pb. Within the
nuclear recoil band there were 5 events [76].

The number of nuclear recoils is consistent with the most recent background
estimation [78]. However, even with the original background estimate of 3.0evts
[76], EDELWEISS-II does not indicate evidence for WIMPs [76]. Consequently,
EDELWEISS-II sets an exclusion limit on the spin-independent WIMP-nucleon cross
section O’>S:N.

The exclusion limit was calculated with the optimal interval method [321] from
the measured event rate without background subtraction. The galactic WIMP dis-
tribution is modeled as Maxwellian with vy, = 270 km s~ a WIMP density of
p002 = 0.3GeV cm ™3, an average earth velocity of Vearh = 235km s7!, and a
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galactic escape velocity of vege = 544 km s~1 [292], see also Eq.2.23. As result,
EDELWEISS-II can exclude a minimal cross section of Ung < 4.4 x 1078 pb at

90 % CL for mxc2 = 85 GeV [76]. This is more than one order of magnitude improve-
ment compared to EDELWEISS-I [279]. At ~1078 pb the experiment probes already
predictions from the MSSM (Sect.2.1.5) [76]. For a comparison between theoretical
predictions and experimental exclusion limits see Fig.2.11.

To further improve the detection sensitivity, the data set of EDELWEISS-II [76]
was combined [38] with the one of CDMS II (Ge) [37], also a direct search experiment
using cryogenic germanium bolometer. For more information about CDMS II (Ge),
see Sect.2.2.3. The individual sets of events can simply be merged by considering the
respective exposure-weighted efficiencies and applying the optimal interval method
[321] on the combined event set [38]. The combined exclusion limit is with JifN <

3.3 x 1078 pbat 90 % CL minimal atm,.c> = 90 GeV [38]. The gain of the combined
data set relative to the previous most sensitive data set (CMDS II) reaches 1.57 at
the highest mass [38]. The obtained exclusion limits are the most sensitive limits
for any germanium based experiment and third only to the xenon based experiments
XENONI100 [68] and LUX [42].

With a special data selection [77], the sensitivtiy is extended to lower WIMP
masses: the base line resolution is improved from 1.2 to 0.8 ke V. for the heat channel
and from 0.9 to 0.7keV,. for the fiducial ionisation channel. Consequently, the
exposure decreased from 384 [76] to 113kg.d [77]. This results in an exclusion
of o'y < 1072 pb at 90% CL for myc? = 10GeV [77]. It excludes the WIMP
interpretation of the CREST-II excess [63] and sets restrictions on the excesses of
CoGeNT [8], CDMS II (Si) [31], and DAMA/LIBRA [98], see also Fig.2.10.

EDELWEISS-III aims to improve the sensitivity by roughly one order of magni-
tude in two steps: in a first step the goal is Ui}N < 5 x 1072 pb within 3000 kg.d [74]

and in a second step with increased target mass a)SJN < 1072 pb within 12,000kg.d
[80]. To reach this improvement, two strategies are applied: Increasing the fiducial
target mass and to reduce the background by active and passive techniques.

An increased fiducial mass is provided by the new FulllnterDigit (FID) design.
Figure 2.16 shows a picture of a FID detector together with a scheme of the electric
field lines in the detector. The mass of the germanium crystal is roughly doubled
to 800g. The detector is equipped with two NTDs [74]. By replacing the guard
electrodes of the ID design with interleaved electrodes also on the detector side of
the FID, the relative fiducial volume is increased to &~75 % [258] compared to ~40 %
[76] for the ID design. It is planned to install 40 FIDs with a total fiducial mass of
24 kg [74]. Large statistics gamma calibration showed also an improved rejection
power for FID detector compared to ID detectors [258].

For the passive background reduction, the main sources for background
in EDELWEISS-II are considered: neutrons originated within the shields and
~-radioactivity in the not-radiopure-copper of the thermal shield of the cryostat
[78]. By replacing the thermal shields and the copper parts at 10 mK with new ones
made from ultra pure copper, the y-activity is expected to be reduced by at least
a factor two [78]. MC simulation predicts a reduction of the neutron background
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Fig. 2.16 a Picture of an 800 g FulllnterDigit detector. Seen are the interleaved electrodes on top
and also on side. Two NTDs are glued on the fop and the bottom of the detector. b Scheme of the
two heat and the four ionisation channels of the FulllnterDigit detector and the related volumes in
the detector cross section: veto volume (red) and fiducial volume (green). Also indicated are the
two NTD sensors. Figures provided by the EDELWEISS collaboration and modified by the author

from <8.1 x 1073 evts kg.d™! in EDELWEISS-II to <1.9 x 10~*evts kg.d™! in
EDELWEISS-III by new infrastructure (cabling, cold electronics, cryogenics, and
acquisition) and an additional inner polyethylene shield inside the cryostat [74, 78].
The upgraded infrastructure aims also at a reduction of the microphonic noise [258].
Beyond EDELWEISS-III is the R&D work on NbSi superconductive resistive mean-
ders as new heat sensors with the potential of decreased threshold and increased
energy resolution [258].

A fully running muon veto and the increased granularity caused by the increased
number of detectors will reduce the muon-induced WIMP-like background to
(0.6J_r8:g) events at 90 % CL for 3000kg.d exposure [283]. This is the same order
of magnitude as the contribution of ambient neutrons: <1.9 x 10~*evts kg.d~! -
3000kg.d = 0.57evts [78]. Therefore, with an improved suppression of ambient
backgrounds, the relative contribution of muon-induced background increases. This
highlights the importance of a reliable understanding of muon interactions in the
experiment, especially of muon-induced neutrons as they can mimic the WIMP sig-
nature.

In conclusion, EDELWEISS is together with CDMS, the leading experiment
searching for elastic scattering of WIMPs in germanium. A further improvement
by one order of magnitude in the sensitivity is planned for EDELWEISS-III. Due
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to the improved reduction of ambient background, the relative importance of muon-
induced background and its understanding will increase.
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