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1. INTRODUCTION

There is strong evidence coming from various scales that oeatter (DM) dominates over
luminous matter in the universe. First revealed in rotatanves of galaxies and galaxy clusters,
the presence of DM is also required to amplify the small flatans in the Cosmic microwave
Background (CMB) to form the large scale structure of theerse. In recent years the relic density
of DM has been extracted with very good precision from meamants of small anisotropies in
the CMB, Qh? = 0.1099+ 0.0062 [1]. This single measurement, although precise, isfficgent
to elucidate the nature of DM as any new weakly interactingigga (WIMP) has roughly the right
annihilation cross section to reproduce this value.

A variety of DM candidates in extensions of the standard rhbdee been proposed [2]. The
best motivated ones are those that arise in models coretrt@tsolve the electroweak symmetry
breaking problem. This includes: the Majorana neutralmthe minimal supersymmetric standard
model (MSSM) or its extensions; the right-handed Dirac neatin models of warped extra dimen-
sions [3]; the gauge boson or scalar photon in universaheaditnension models [4, 5]; the gauge
boson of the little Higgs model [6]; the right-handed snietiof supersymmetric models [7]; the
scalar in extensions of the standard model [8]. To this esxterlist one should add candidates mo-
tivated by recent experimental results [10, 11] as well as¢twith super weak interactions such as
the gravitino [12]. The latter have different signaturesnfrthe WIMP candidates, they will not be
discussed here. All of these models can in some region ofrpetea space fit the measured value
for the relic density. To unravel the nature of DM, searchasaf new neutral stable particle are
being pursued actively in astroparticle experiments a$ ageht colliders.

Direct detection experiments would unambiguously esthttihat a stable particle constitute
the DM. For now the upper bounds on the elastic scatteringscsection constrain the DM mod-
els [9] although some dependence on astroparticle quesytsuch as the DM distribution are in-
troduced. Indirect detection experiments that searcheproducts of DM annihilations have, in
the last year, reported anomalous signals. In particulaviPBA [13] and Fermi [14] have seen
excesses of positrons orG electrons. It is premature tonclaM discovery since astrophysical
sources such as pulsars could also display a signal in tiesmels.

This leaves a double challenge for DM studies at colliderke first goal is the search for
the DM candidate and other new patrticles predicted in thexdsgork of the various theoretical
models. The second, if a signal is found, would be to detegrtiie properties of the DM particle,
its mass, spin and couplings. This information could therused to infer the DM annihilation
and elastic scattering cross sections. These could be cethpa the value of the relic density
extracted from cosmological observations as well as toithgdfrect detection rates. The former
would allow a test of the underlying cosmological model, éxmample the relic density can be
reduced by orders of magnitude in non-standard scenaritbslovi reheat temperature and/or late
entropy production [15, 16]. The latter would allow selfrsistency checks and provide additional
information on quantities such as the DM distribution, thepgagation model, etc... How well the
properties of DM can be determined strongly depend on thigcpaphysics model. In this lecture
we first review the main new results from DM searches befoseudising the role of colliders in
unravelling the nature of DM. At this point it will be more esfant to consider specific DM models
such as the neutralino in supersymmetry and a little Higgdeho
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2. SEARCHES FOR DARK MATTER

The DM relic density is obtained after solving a Boltzmanoaipn and depends in particular
on the effective DM annihilation cross section [18]. In tharglard cosmological scenario, the
measured value d2h? ~ 0.1 implies that the annihilation cross secti@v) = 3 x 10-25cm? /sec
at the freeze-out temperature. Barring some strong vglaleipendence a similar cross section is
expected at the small velocities relevant for indirect digbe.

Indirect detection of DM involves looking for the annihila products of a pair of DM parti-
cles into standard particles. After hadronization thectadeproducts can be observed. The search
channels are positrons, antiprotons, photons and nestrifibe rate of productiorQ(x,E), de-
pends both on the details of the particle physiscs modeltiirahe annihilation cross section,
(ov), as well as on astrophysical quantities such as the DM bligiain, p(X),

ov [ p(X) ZdN
Q(x,E) = > (m—x> dE (2.1)
here v=0.001c is the velocity of the WIMPmM, its mass, andN/dE the spectrum for a given par-
ticle production.dN/dE depends on the primary annihilation channel, for examptgelaranching
fractions into leptons will give a harder positron spechart into gauge bosons. For charged par-
ticles the spectrum detected differs from the one at thecgosince cosmic rays are deflected by
irregularities in the galactic magnetic field and suffer rggelosses due to interactions with the
interstellar medium. The computation of the spectrum froM Bnnihilation therefore involves
solving a propagation equation. This can be done analigticainumerically [19]. The computa-
tion of the background from standard astrophysical sous€eesmic rays, necessary for extracting
a signal from the data still suffers from large uncertamtj20]. Furthermore it has become cus-
tomary to introduce an arbitrary boost factor B that couldedgample be due to DM clumping

PAMELA reported two results last year, first that the antiprospectrum was in very good
agreement with theoretical expectations and second thet thias a large excess in the observed
positron fraction in the energy range from 10-100GeV. Ipteting these results in term of DM
annihilation implies rather peculiar DM characteristiddost surprising is the fact that the anni-
hilation cross-section needed to fit the data is much laigan the one expected from the relic
density. The second unusual feature is that the excessriosdein the positron channel. To ex-
plain this several ideas were proposed, a first solutionepphilic DM candidate of mass around
200 GeV which naturally preferentially annihilates intptens. this solution has the advantage of
requiring only a modest boost factor (less than 100). A se@bass of solutions postulates a much
heavier DM candidate which could decay in any of the SM pladicChoosing its mass to be above
2TeV leads to important deviations in the positron spectwithout affecting much the antiproton
spectrum. This is because the former is typically softele fdtent results of the Fermi/LAT tele-
scope showing some excess in éet+ e~ spectrum at energies of a few hundred GeV’s favour the
heavy DM candidate. This solution has the disadvantagegoiniag an extremely large boost fac-
tor since< gv > is inversely porportionnal to the mass. Furthermore a largev > could impact
the photon signals as photons could scatter on such higgieaalectrons [21]. At present there is
no conclusive evidence that these signals are due to DMré-tgaults of Fermi, PAMELA, HESS
and AMS in either they,e* or p channel should clarify the situation.
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Finally direct searches for DM by measuring the recoil epesfjnuclei in a large detector
offer another sensitive probes of the underlying model. sehexperiments have improved their
sensitivity in the last years to a point where they are nowstraming a fraction of the parame-
ter space of the MSSM with neutralino DM, Fig 1la. The expectath of future experiments
assuming an order of magnitude improvement over the prdiseibis displayed on Fig. 1.
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Figure 1: a) The direct detection limit as well as the expectationsiftbe CMSSM, from [9]. b) Reach for
SUSY in the CMSSM with taf8 = 10 for the LHC with 100 fb'? [22] for the LC with,/s=0.5,1.TeV and
for direct detection withoyp = 5. x 102 pb. The region wher@h? = 0.11+ 0.02 (green) and the contour
form, > 111 GeV are also displayed.

3. DARK MATTER AT COLLIDERS

The particle physics aspects of DM are best probed at cadlid€he main questions to be
addressed include: what are the prospects for new partiidesvery? After discovery of physics
beyond the standard model does this provide a solution tDkh@roblem? What are the properties
of dark matter, its mass, spin, couplings? According to theotetical argument that DM can
be related to the new physics needed to solve the EWSB prolitasmnatural to expect a DM
candidate at the electroweak scale. However it is only aéermining its properties that we will
be able to make collider predictions of the DM observablehsas the annihilation cross section
and to check whether a self consistent picture emerge framolmgical measurements, detection
rates and collider observables. Quantitative analyseseotollider potential to both search for
and determine the property of DM were performed within sfieanodels, we will illustrate these
points by considering different scenarios.

3.1 Neutralino in supersymmetry

In supersymmetric models, DM candidates include the niutrathe partner of the gauge
and Higgs bosons, as well as the gravitino [12] and the axiiig We will here concentrate on the
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weakly interacting candidate, the neutralino, which hasribher collider phenomenology as well
as good prospects for (in-)direct detection. The colliddSS phenomenology was first analysed
in the context of a constrained model with a small and mar@geamber of arbitrary parameters
defined at the GUT scale, the CMSSM. The model parameterrareoinmon scalar massy,
the common gaugino massy ,, the trilinear couplingAo and the ratio of the vevs of the two
Higgs doublets taf as well as the sign ofi. Even in this constrained model, combined fits to
all collider and precision data do not allow to select a djecegion of parameter space nor to
determine the nature of the LSP [24, 25]. The LSP can be : 1h@bSP annihilating into light
fermions through sfermion exchange at law — my /, or coannihilating with another sfermion 2)
a bino LSP annihilating through a light or heavy Higgs resmea the latter takes place at large
values of ta8, 3) a bino/Higggsino LSP that is found at large valuesgf

It has since been realised that the CMSSM might be a much taoieed scenario. Allowing
additional parrameters in GUT scale model, for example noirressality of the scalars or the
gauginos, or even going to the full MSSM model with paranmsetafined at the weak scale will
open up the possibilities for DM annihilation. thus expawgdihe range of possibilities for DM
searches. The new DM scenarios include the bino/wino LSRwannihilates into gauge boson
pairs [26] and the bino/Higgsino LSP associated with TeMlessBermions.

At the LHC, a pp collider of 14TeV, the best channels to dedt particles are via the pro-
duction and decay of heavy coloured particles, squarks hridog, as direct DM production does
not have a good signature. The cross sections for producfionloured particles are large, never-
theless finding efficient ways to cut the much larger SM bamlnd is a critical issue. Signatures
of the DM candidate always produced in the decay chainsvevabservables such &§"SSaccom-
panied by leptons and or jets. The combined reach of the LHE aviuminosity of.% = 100 fo!
is displayed in Fig. 1b in they, —my > plane of the CMSSM. The reach is almost 2TeV for gluinos
in scenarios where squarks are very heavy (largg and otherwise 3TeV for squarks [22]. In
other models than the CMSSM, the LHC discovery potentiaéims of squark and gluino masses
should not be much affected if sparticle masses are not eegfen

At the ILC the main issue is the available center of mass gn€&qgce above the threshold for
pair production all sparticles are easily detectable. Harmhore heavy charginos and neutralinos
can be produced in association with a lighter chargino otraéno respectively. Finally photon
radiation gives access to otherwise invisible final statehsas the LSP or the sneutrino. The
discovery potential of the ILC in the CMSSM is displayed irgFib. The discovery reach is
basically set by the threshold for sleptons or chargino petidn. At a LC with 1TeV center-of-
mass energy, all the cosmologically interesting regionoigeced. Furthermore because the light
higgsinos can be produced the reach of LC1000 exceeedsftimet IbHC in the region at largey
where only the gluino is available at the LHC. For a 3TeV L& thll mp—my, parameter space
displayed would be covered.

3.2 Determination of particle properties

For reconstructing the DM annihilation cross sections thangties that need to be measured
are the mass and couplings of the LSP, the mass of new parfmidower limits) that contribute
to DM (co-)annihilation and the mass of any resonance thatc#er the LSP annihilation.



Cosmology Geneviéve Bélanger

The difficulty in determining parameters of the DM model a ttHC is the large amount of
missing energy that prevents the reconstruction of a maak. p€he standard method for mass
determination relies rather on measuring end points inrkitic distributions [27]. This gives
information on the mass differences of the sparticles aouyrin the decay chain, Case studies
have shown that the precision achievable on the mass diffegeis typically at the few per-cent
level [27] assuming that the particles in a decay chain areectly identified. Combining this
method with cross sections measurements can improve tlaenpéer determination [28]. At a
linear collider the precision expected on masses is muderhet per-cent or even per-mil level.
This can be achieved either through threshold scans orghraass reconstruction. Furthermore
precise measurements on cross sections further congteiuimterlying model parameters.

The precision that could be achieved on a collider predictibthe relic abundancéQ/Q,
was studied in a few generic scenario and benchmark analysesperformed for both the LHC
and the ILC [33]. As a first example consider the CMSSM scesawhere the LSP is a light
bino. In this case annihilation into fermion pairs throudarsion exchange dominate together
with bino/stau coannihilation. The relevant parameteesthe LSP mass, the LSP couplings and
the slepton masses. It was shown that to have a 10% precisiarcollider prediction of the relic
abundance would require a precise measurement of the nféa®nteA(m;, — m)?f) (at the %
level) while other parameters of the neutralino sedidr, {4, tanf3) need to be measured at the 10%
level, Fig. 2 [31]. For the LHC it seems difficult to achievetiequired level of precision on the
mass difference. Indeed a study of a benchmark point (SP8téch belongs to this class of
scenario was performed by two groups. In [32] it was showimgughe endpoint methods that
even with a high luminosity? = 300fb~! one could expect onlAQ/Q ~ 20%. Similar results
were obtained in [33]. Improving the determination of theinalino and stau masses as well as
the neutralino couplings as could be done at the ILC wouldtdrally reduce the uncertainty in
the Qh? prediction to the few percent level [33]. For these scersittie collider prediction for the
elastic scattering cross section are expected to have abmasder of magnitude uncertainty.

A more challenging scenario is the one where the LSP is a mexdtibino and higgsino, in
the CMSSM this means that scalars are very heavy. This islaahd1SSM scenario from the
DM point of view as annihilation of the bino/higgsino into Waips through chargino or boson
exchange is efficient. The annihilation is governed by trggé$ino fraction of the LSP which
in turn depends strongly odl; and . It has been shown that an uncertainty of 1% on these two
parameters induces an uncertainty of 10% in the predictidimeorelic abundance [31]. Achieveing
this level of precision is a real challenge for the LHC esalégithat in this scenario the gluinos
are the only coloured particle that can be produced directly ATLAS benchmark study [34],
showed that exploiting end point measurements the gluinesmaa well as the mass difference
between neutralinos and the LSP could be determined with @rll0% accuracy. At the ILC,
the measurement of 3 neutralinos and a chargino mass altodstérmine all parameters of the
neutralino sector assuming that these states are kinathataccessible. Furthermore the cross
sectionso(ete” — X X1, ;(g, ;(g) also constrain the higgsino fraction of the LSP. A case study
has shown that one can expect a precigily Q ~ 15%.

INew variables have been proposed for mass determinatierdipsexample [29, 30].
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Figure 2: a) Required precision on t@h u (left axis) andVi; (right axis) for a 10% precision on the collider
prediction ofQh? in CMSSM bino scenarios, from [31] b) Collider prediction®@i? for benchmark Spsi1A,
from [33].

3.3 The little Higgs model

As a final example, consider the little Higgs model where thggsl is a pseudo Goldstone
boson originating from the spontaneous breaking of a glsfpalmetry at a higher scale. The global
symmetry protects the Higgs mass from large correctionsongtconstraints from electroweak
precision observables can be avoided by imposing T-paritg model contains new heavy gauge
bosons as well as heavy top quarks (both T-oddand T-even,T,). The DM candidate is the
lightest T-odd patrticle, a new heavy neutral gauge bdggthat annihilates preferentially through
Higgs exchange into W pairs [6]. The minimal version of thisdal, called the littlest Higgs model
has only 3 free parameters: the Higgs mass, the mass of tkig paton and the mixing between
standard and heavy quarks. Because of electroweak caristthe spectrum is rather light, with
ma, < 300 GeV andmy, < 1TeV. The production of heavy quarks which further decay itap
quarks and the heavy photon is therefore quite large at th€.lA&ldetermination of the mass of
the T, quark as well as some combination of the Higgs, heavy phobtokira quark masses are
sufficient to overconstrain the model and allow a "LHC prédit’ of the DM relic abundance with
a precision around 10%. At the ILC all new gauge bosons candskipede’ e — Ay Zy, WiW; .
The first process allows to measure the mass of the heavy rphdide the second has a large
cross section and gives a precise determination of the h8B\2) gauge boson, thus improving
the precision on the determination of the model paramet&rge uncertainty on the theoretical
prediction ofQh? is expected to go down to a few percent at a 1TeV LC [35].

4. CONCLUSION

Understanding the nature of dark matter is an exciting ehgk for colliders. While the
prospects for discovering physics beyond the standard haddee LHC are excellent, a precise
determination of the properties of the DM patrticle, to theelavhere the theoretical predictions of
DM observables reach the precision of the cosmological oreasents is much more difficult and
requires a precision machine such as the linear collider.
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