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1. Introduction

We live in a universe where only 4-5 % of the energy density is provigeortinary matter.
The remaining 95 % is composed of two agents we still know very little aboutjtgtiawally
repulsive dark energy (72 %) and gravitationally attractive dark mattet, @3 %). Whereas
additional knowledge about dark energy, whether is it a cosmologicatant or a time-dependent
expectation value of a scalar field, or something even more exotic, may taeadelor more to
gather, dark matter may in this respect, in favourable cases, be more reguiyable. It can be
argued that within a few years we will have tested most of the seemingly hatersarios where
the dark matter particles are thermodynamically produced in the early umivarparticular the
WIMP scenario [1]. If we still have not found the solution by then, thebfgm may on the other
hand well turn out to be at least as difficult as that of the dark energy.

One of the pioneers of dark matter research was Fritz Zwicky, who alied®33 pointed out
that galaxy clusters, in particular the Coma cluster, seem to have virial mationgathe galaxies
in the cluster which, based on the virial theorem, would mean that a much tamatating mass
than the visible mass is present. We will later return to the potiential of galaxiecdu®r pinning
down the nature of the dark matter.

According to the last results from the WMAP satellite [2], the data are exd¢hlldascribed
by the cosmological standard model, a flattominated universe seeded by a nearly scale-invariant
adiabatic Gaussian fluctuations, with the Hubble congtan0.72+ 0.05, Qgh? = 0.024+ 0.001,
Quh? = 0.14+0.02. The difference between the matter density (normalized to the criticatylens
Qum and the baryon densit§g, is given by cold dark matter with densiffcpmy = 0.234 0.04.
The problem for cosmology and particle physics is to explain this numbetocagigle candidates
for the identity of the dark matter particles. The fact that dark matter is defimesyed on the
largest scales (probed by WMAP), on galaxy cluster scales (as paintdyy Zwicky, and verified
by gravitational lensing and the distribution of X-ray emitting gas) all the wayndo the smallest
dwarf galaxies, means that solutions based on changing the laws of ggegitys less natural. In
particular, the direct empirical proof of the existence of dark matter giyetie "Bullet Cluster"
[3] is very difficult to circumvent, as the X-ray signal from the baryonidtersand the gravitational
lensing signal from dark matter are clearly separated.

The particle physics connection is particularly striking in the WIMP scenawamely that
for typical gauge couplings and a mass at the weak interaction scale of laufedred GeV, the
relic density computed using standard big bang thermodynamics (as testellydtwgp succesful
calculaton of the abundances of light elements) turns out to be the cosnadipgieasured one.
Although this is not a completely convincing argument for WIMP dark matter — it pgxhaps
be a coincidence — it nevertheless gives WIMP candidates a flavoatwfatity. For non-WIMP
candidates there is, on the other hand, usually a finetuning involvedeafusn-standard cos-
mology, to obtain the correct relic density. Even limiting oneself to WIMP modeldddk matter,
the literature is extensive, and among some recent developments, whigdt bardiscussed in this
short review in any detail, can be mentioned:

e Dark stars. Since cosmological structure in WIMP models occurs hiecailyh starting
from scales as small as 1 — 10 ®my,,, [4], the idea has been put forward that the earliest
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dense, small structures created by dark matter may play a role in star forraatighthe
dark matter particles annihilate within the stars, unual stellar evolution may [gkult

¢ Inelastic dark matter. These are dark matter candidates which may excitedate &ih
slightly higher mass and therefore casue a higher than usual detectioi6]raded also
relieve the tension between the different direct detection experimentia{sge

e Dynamical dark matter. As it is not obvious that there is only one type of partiaking up
the dark matter (neutrinos should, for example contribute up to a few pggre@nextreme
solution could be to have a very large number, with different spins, mestse$7].

e Leptophilic dark matter. There was somewhat of an explosion of suggsstfdhis kind of
models in 2009, when the dark matter interpretation of the anomalous positromesio
sured by PAMELA[8] and Fermi [9] was proposed to be explained bk daatter annihi-
lation. Leptophilic means that these dark matter particles annihilate mainly to lefons,
example by proceeding through axion-like particles below the pion mass [10]

e Supersymmetric models beyond the MSSM [11]. These models may among dtiger th
give a higher Higgs mass than the limit of 130 GeV given by minimal SUSY models.

e Asymmetric dark matter. This is a class of dark matter models which may also exmain th
baryon (or lepton) asymmetry of the universe [12]. This generally ordyks/for masses
around or below 10 GeV, and this mass range has been in focus receatly d (possible)
signal in direct detection experiments.

e Emergent dark matter. This is a version of asymmetric DM with larger possibéeneder
range, such as mass up to 100 GeV [12].

WIMPs are arguably the leading candidates for Dark Matter, due to lafikesfuning to get
correct relic density. In most models, the annihilation cross section whishiserelic density also
implies observable rates in various DM detection experiments. A word of ceigtia place here,
however. There are many non-WIMP models that also have good paitigsicg motivation, and
may be detectable, like: axions, gravitinos, superWIMPS, non-thermiahaigiter, decaying dark
matter, sterile Neutrinos, Q-balls. .. See, e.g., the recent 700-pagsiegtezview of these as well
as more standard WIMP models [14]. Noticeable progress the last faw lyaa especially been
made in axion searches [15]. However, this talk will deal mainly with a main templatié1Ps,
and in particular SUSY WIMPs.

Supersymmetry, invented already in the 1970’s, and obtained as a phaslogieal manifes-
tation of the most realistic string theories, has since the early 1980’s, wa&bik paradigm first
won universal acclaim, been the prime template for a WIMP [16, 17]. Fariety of reasons, the
lightest neutralino in th&-parity conserving minimal supersymmetric standard model (MSSM),

X2 = a;B? + apWP° + agH? + a4H?

is the most natural choice explaining the dark matter. Even in the MSSM, leowtbere are in
principle more than a hundred free parameters, meaning that for praei&sans the templates,
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for instance used at the LHC experiments, are drastically simplified verdib@<CMSSM or the
even more constrained mSUGRA), which do not, in contrast to the full MS®kirespond very
well to more recent thinking about supersymmetry breaking [18]. Thisthdee kept in mind
when discussing the impressive LHC limits discussed extensively at thisreoiee. Even in still
simplified versions, like the 19 to 24-parameter "phenomenological MSSB]; {thie bounds on
particle masses given, e.g., by fulfilling the WMAP relic density, are not genstraining at the
moment [20]. Of course, the outlook for the MSSM would be much bleakeligiha Higgs (with
mass below roughly 130 GeV) were not to be found by the end of the 7 TieMm 2012.

2. Detection Methods for WIMPs

There are basically three different, and complementary methods for dgt&¢tMPs. First,
the dark matter particle may be directly produced at accelerators, in parttutee LHC, which
today is the only high-energy accelerator running (although data fremiked’s Tevatron collider
will still be analyzed and may give surprises in the coming year or so). Ofseg it is not clear
that the particle will be kinematically allowed, and even if it is produced, onenaiilknow that
the lifetime is of the required cosmological order of magnitude. Anyway, tetea candidate and
determining its mass would be a great gain when combining with the other twdsaathods of
dark matter, namely direct and indirect detection. In particular, directtieteexperiments have
seen an impressive gain of sensitivity during the last few years. Thaddeaegister rare events
giving a combination of scintillation, ionization and nuclear recoil signals imkbluwf matter
shielded from cosmic rays in underground sites.

In indirect detection, one rather registers products of dark matter artichifaom regions in
the surrounding universe with a high dark matter density like the galacticecelviarf spheroidal
galaxies, or the interior of the Earth or the Sun. An interesting feature okttdietection is that
the expression for the local annihilation rate of a pair of DM partigtethere assumed, like in
supersymmetry, to be self-charge-conjugate, of relative velogity

MMann O n)z( Oann(Vrel ) Vrel (2.1)

is the dependence on the square of the number density. Also, the cctiss sray depend in
non-trivial ways on the relative velocity. In particular, for low velocitieg ttate may be much
higher than at high velocity, for models containing an attractive force legtvilee annihilating
particles. This is in particular true for models with so-called Sommerfeld eenaemt [21], a

resonant enhancement by in some cases orders of magnitude. Thistha¢alvearf galaxies (dark
matter subhalos) may be particulary intesting objects to study, as they are talyngbek matter

dominated with low rate of cosmic ray-induced gamma-rays, and their low massmaeelatively

low velocity dispersion, meaning higher possible rates if Sommerfeld entmamtes active.

So far, indirect methods have not been as competitive as direct detdatibrecently the
Fermi collaboration has started to probe the interesting WIMP region byistpdlta from several
dwarf galaxies [22].

For non-WIMP dark matter, like sterile neutrinos (warm DM), the produatéda in the early
universe generally has to be tuned to give the observed relic densiph&@uomenologically warm
DM is possible, and according to some analyses even preferred in cagoabbata [23]. However,
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Experiment | Status of claim

DAMA/LIBRA annual modulation[25] Unexplained at the moment; not confirmed by
other experiments [26, 27]

CoGeNT excess events and annual modul@ension with other data [26, 27]
tion [29]
EGRET excess of GeV photons [30, 31] Due to instrument error (?) — not confirmed
by FERMI [32]
INTEGRAL 511 keV y-line from galactic| Does not seem to have spherical symmetry —

centre region [33] shows an asymmetry which follows the disk
(?) [34]

PAMELA: Anomalous ratio of cosmic ray May be due to DM [35], or pulsars [36] — en-

positrons/electrons [8] ergy signature not unique for DM

FERMI positrons + electrons [9] May be due to DM [35], or pulsars [36] — en-

ergy signature not unique for DM
FERMI y-ray excess towards galactic centré&nexplained at the moment — astrophysical

[37] explanations possible [38, 39], no statement
from the FERMI collaboration
WMAP radio “haze” [40] Has a correspondence in “FERMI bubbles”

[41] — probably caused by outflow from the
galactic center

Table 1: Some of the recent experimental claims for possible darkendetection, and a comment on the
present status.

the significance is weak and may be influenced by statistical bias [24]. @ydimctive neutrinos
have too small mass to contribute significantly to the dark matter density, althotigh éxtreme
case may contribute a couple of percent to the critical density today.

There have recently been a number of claimed possible detections of diaek, see Table 1.
Of the items in Table 1, it seems that only the positron excess at high en€rgye(2 - 1 TeV)
and they-ray excess towards the galactic center, inferred by an anlysis of FpRiMic data [37],
may have a chance to be due to dark matter annihilation. However, they magdrbtips more
naturally be explained by ordinary astrophysical processes. In aulditie DM explanation of the
PAMELA and FERMI data needs a leptophilic particle of TeV-scale mass &edyanuch boosted
cross section. Although this may perhaps be obtained, stretching alltainties involved [42],
and employing Sommerfeld enhancement [43], the remaining window seemsigjolite

The DAMA/LIBRA annual modulation is a statistically very strong signal (sigaifice of
the order of &), however the lack of supporting data from other experiments is disturfiing
annual modulation hinted at by CoGeNT [29] is statistically much weaker, aulitported excess
unmodulated signal may in fact be incompatible with the level of modulated repoAkso, it
seems that the DAMA/LIBRA and GoGeNT signals, if interpreted as beingaldark matter, may
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be in tension with each other, even if one uses freedom in isospin violat&astit scattering, and
non-standard halo properties [44]. At the moment this is one of the ursdhegjuently debated
issues in the dark matter community.

The recent improvement of the upper limits on the WIMP-nucleon scattergs @ection
reported by CDMS Il [26] and, in particular, XENONZ100 [27] are truly iragsive. Not only does
it cast some doubt on other reported experimental results, the sensitalitpigood enough to start
probing the parameter space of supersymmetric models [28]. The newatialibof the sensitivity
to low-energy recoils of Xenon adds to the credibility of the new limits. The gegd news is
also that the installation of the next stage, a 1 ton liquid Xenon detector, leaslglstarted in the
Gran Sasso experimental halls in Italy.

A somewhat different, and complementary, method is indirect detecton tinmmu As the
most of the elements in the interior of the Earth have spin zero, capture oP®& I the Earth
takes places through the same type of spin-independent scattering thatlibin the CDMS and
XENON100 detectors. Therefore, the neutrino limits from the interior of thehEare not com-
petitive at the moment. However, the Sun consists mostly of hydrogen whichsntleat spin-
dependent scattering on protons will be important for the capture radecarsequently for the
annnihilation rate, from the Sun. The spin-dependent limits thus obtainad arany cases su-
perior to present-day direct detection limits on spin-dependent scattdbhgespecially with the
low-threshold inset Deep-Core and the full 80-string outer IceCutextter now in place.

Antimatter does not seem to be present in large quantities in the universa &g inferred
from the absence of-ray radiation that would have been created in large amounts if astrophys-
ical anti-objects would annihilate on their matter counterparts (this would alssecdeviations
from the pure black-body form of the cosmic microwave background¥adt, both the analysis
of primordial nucleosynthesis and the CMB, give non-zero numbemard0-1° for the baryon-
antibaryon asymmetry, which means that matter dominated over antimatter alréaglyemny early
universe. On the other hand, dark matter annihilation occurs from a naatienatter symmetric
initial state and thus equal amounts of matter and antimatter would be createéal leaadn inter-
esting possible primary source of positrons and antiprotons (i.e. stableaatities) in the cosmic
rays of dark matter halos, including the one where the Milky Way residé®rélis always a small
amount of antimatter produced as secondary particles in collisions with gadastiand dust by
ordinary cosmic rays, of course.) As discussed in the EPS-HEP emfetwo years ago [47] this
was an extremely hot topic then, as the PAMELA and FERMI collaboratiodgus discovered
an anomalously high ratio of positrons over electrons up to 100 GeV [8]sam of positrons and
electrons up to 1 TeV [9], respectively. During the last two years, thisraaty, although possible
to explain by dark matter annihilation, needs such large boost factorsf(erg.Sommerfeld en-
hancement), and the somewhat contrived, leptophilic models, whereaghgsical explanations
are possible with quite standard assumptions. One cannot say that thmatéek explanation is
yet ruled out, but it sees tension from other measurements, especiatigénmma-rays.

Returning to more standard WIMP models, there have recently been impmigeimethe
computations of the annihilation rate at low velocity as is the case in galaxiese whe~ 10~3.
An amusing effect is caused due to the suppression of$ndor an initial initial state of two
Majorana spinors (such as neutralinos) at zero velocity, due to th@eswnt of Femi statistics
for the two idenitcal fermions if they are in the same spin state. This means thihtlaion only
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occurs from the pseudoscal& state, causing for instance the annihilation amplitude into a light
fermion-anntifermion pair, like"e ™, to be suppressed by an explicit helicity factor of the fermion
mass. Direct annihilation inte"e~ was thus thought to be very subdominant. However, it was
realised [48] (building on an old idea [49]), that a spin-flip by one of ttegdvina fermions caused
by emitting a photon could first of all relieve the helicity suppression of theqe® to a mere
a/m ordinariy radiative factor. And, in addition, the spectral shape of the airjtteton is very
favourable for detection, causing a shoulder which peaks close to tharddter particle mass.

In particular, for heavy (TeV-scale) WIMPs this could be quite importamd, @sing the radiative
peak would help extracting the signal over background [50]. Recehtge radiative processes
have been generalized also to emission of other gauge bosons, anbielervehown to be quite
important generally [51].

One dificulty when estimating gamma-ray rates from dark matter annihilation is tréy/po
known distribution of dark matter on galactic and subgalactic scAldsody simulations indicate
that the halo should be very abundant with dark matter clumps, but sincatéhis & line-of sight
integral along a given directon which is sensitive to the square of thedecaity along the way,

Dy () 13 Ny <ov> \ [100GeV\?
————— ~0.94.-10 J
cm2stsrt 10-2°cmis 1 My @)
with the astrophysical part residing in the dimensionless function

2
W)= 8.51kpc' (0.3Ge1V/cm3> /I.o.s pA(H dl(w). (2:3)

even enhancements of the density on very small scales may be importaniaiplexs the region
near the galactic centre, where gravity is dominated by the black hole andlaa stesp, with
unknown effects on the annihilation rate ingerays. Unfortunately, the contribution from dark
matter to the rotation curve is much too small to enable to determine if the halo densigpis as
favoured by the results M-body dark matter-only simulations, or if it has a milder dependence or
even a core [52]. As a simple template of the DM distribution, an NFW profilej&8ing an ¥r
cusp near the center is often used, but it is as said unknown whetheralhdistribution is more
cuspy or less, and predictions vary by several orders of magnitugléodhis uncertainty. Even if
the center of the galaxy plausibly is the most interesting place to searchnfiongaays from DM
annihilation, fore- and backgrounds from astrophysical proceasgde large, and thus it may be
advantageous to search in directions close to, but not exactly at, thége&der [54].

Interesting objects are the dwarf galaxies mentioned above, there FERMIdiraiteow get-
ting close to the predicted WIMP cross section [22]. The abundance otDMps may in fact
be much higher, as star formation probably only occurs above somedldashss, and the pres-
sure from a few supernovae may be enough to empty a dwarf galaxydfaopons. Simulations
indicate that DM clumps will be destroyed by tidal forces near the centealakies but can be
very aboundant in the outer regions [55]. It also seems that when gwlagger scale objects like
galaxy clusters, the number of undestroyed DM clumps may be even largking these clusters
— in a perhaps unexpected agreement with the discovery of Zwicky — quiteiging targets for
indirect searches [56].

(2.2)
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In the first runs at LHC, no signs of a Higgs patrticle, nor supersymmetany other of the
prime candidates for dark matter, have been discovered. On the otlterthamass region 115 -
130 GeV, interesting for the lightest Higgs boson in the simplest versiongpefrsymmetry, has
yet to be investigated. One possible scenario might be that such a Hidigéepiarindeed found,
but the particles carrying non-trivifd-parity all have masses beyond reach with the LHC. This is
not impossible, depending on the amount of fine-tuning one is willing to tolehatfact, if one
puts no prior constraints on the supersymmetric parameter space othemthahauld have the
WMAP-measured relic density, and fulfil all other experimental constréafit§20]), a mass for
the lightest supersymmetric neutralino in the TeV region is generic. For selyldark matter
neutralinos, the rate for direct detection will also be small, and it would seerosisitgde to test
such a scenario. However, for this particular case indirect detectionghrgamma rays turns out
to have an interesting advantage, as the new imaging air ChererenkywlékeaCTA [57] will have
their peak sensitivity in the energy range between a few hundred Ge\éto &fV. Depending on
the particular model realized in nature, Sommerfeld enhancement of indé@ecttion may also be
operative. However, these large arrays will be served by a largepagsical community which
will be very much interested in transient or periodic events, meaning thadrantfy search for a
stationary dark matter spectral signature during hundreds or everatiasisf hours seem out of
the question. One may therefore consider a dedicated particle physargeept, the “Dark Matter
Array”, DMA [58] only used for dark matter search. This would havealr and complementary,
potential to the large direct detection experiments that are presently bemgeplaln fact, there
are ideas [59] on how to decrease the lower threshold for detectiontlsoméhat could increase
the sensitivity for DM detection considerably. If a working prototype of tigfge could be built,
this idea may materialize in the next decade as a new way to search for phrenbeyond the
Standard Model — with an expensive dedicated detector, still far belowasieof a new high-
energy accelerator.
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