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Collider searches for new physics and direct searches for dark matter are important topics at
this conference. In this contribution, I discuss their potential synergy and complementarity
by means of the minimal supersymmetric standard model with a neutralino dark matter
candidate.

1 Introduction

Cosmological data ranging from the cosmic microwave background to rotation curves of spiral
galaxies tell us that most of the mass in the Universe is provided by non-luminous, hence
‘dark’ matter 123, More precisely, the recent measurements from WMAP # and SDSS® imply
a (dominantly cold) dark matter density of Qh%? ~ 0.1 to an accuracy of about 10%.¢ The
nature of this dark matter is one of the big open questions of present-day physics. Many lines
of reasoning suggest, however, that it consists of a new weakly interacting massive particle, a
so-called WIMP.

At the same time, we know that the Standard Model (SM) of particle physics, despite its
tremendous success at energies up to ~ 100 GeV, is incomplete. In attempts to embed the SM
in a more fundamental frame, theorists have come up with a wealth of Beyond the Standard
Model (BSM) theories, which typically predict new particles and phenomena at the TeV energy
scale. To probe this exciting new frontier is indeed the primary motivation to build the LHC!
It is even more exciting that the lightest of these new BSM particles is often stable by virtue of
a new discrete symmetry (introduced to match electroweak precision measurements and/or the
non-observation of proton decay) and hence provides a natural dark matter candidate.

The dark matter candidates such put forth by particle physics are quite numerous ° and
contain, for example, the lightest supersymmetric particle in supersymmetry with R-parity con-
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%The exact mean value and error depend on the data combination and number of parameters fitted, see Ref. ©.



Standard Model particles and fields Supersymmetric partners
Interaction eigenstates Mass eigenstates

Symbol Name Symbol Name Symbol Name

q=d,c,bu,s,t quark qr, 4r squark Q1, G2 squark

l=e,u,T lepton l~L, Ir slepton l~1, Iy slepton

V = Ve, Vy,Vr neutrino 1 sneutrino 1 sneutrino

g gluon g gluino J gluino

W W-boson w* wino

H™ Higgs boson H 1 higgsino } )2%,2 chargino

HT Higgs boson H 2+ higgsino

B B-field B bino

w? W3-field w? wino

H? Higgs boson ~o o X124 neutralino
o . Hi higgsino

H; Higgs boson ~ 0 Rl

HY Higgs boson H; higgsino

Table 1: Standard Model particles and their superpartners in the MSSM 2.

servation; the lightest Kaluza—Klein (KK) excitation in models with extra dimensions and KK-
parity; the lightest T-odd state in little Higgs models with T-parity; etc. Note that all these
possibilities are generally testable in collider experiments. This creates a strong interplay "® be-
tween particle physics, astrophysics and cosmology, at both theoretical and experimental levels.

2 Supersymmetry

Of the existing BSM theories, supersymmetry (SUSY) Y is arguably the best motivated one.
SUSY is a symmetry between fermions and bosons. A SUSY generator ) changes a fermion
into a boson and vice versa:

Q|fermion) = |boson), @Q|boson) = |fermion). (1)

This is an extension of space-time to include anti-commuting coordinates =¥ — (z*,0%) with
{6%,0°} = ¢ combining the relativistic ‘external’ symmetries (such as Lorentz invariance) with
the ‘internal’ symmetries of a field, such as weak isospin. It is in fact the unique(!) extension of
the Poincaré algebra (the algebra of space-time translations, rotations and boosts).

From the phenomenological point of view, SUSY predicts a partner particle, a so-called
‘superpartner’ or ‘sparticle’, for every SM state.® The particle content of the Minimal Super-
symmetric Standard Model (MSSM), is given in Table 2. In its local gauge theory version,
SUSY also includes spin-2 and spin-3/2 states, the graviton and its superpartner the gravitino
and is hence potentially capable of connecting gravity with the other interactions (so-called
supergravity or short SUGRA). A few more things are important to observe:

i) SUSY must be a broken symmetry, else SM particles and their superpartners would
have equal mass. In order to still solve the hierarchy problem of the SM (i.e. to stabilize the
electroweak scale against quadratically divergent radiative corrections) and to achieve gauge-
coupling unification, one expects the superpartners to have masses of m < O(1) TeV.

ii) After electroweak symmetry breaking, we are left with three neutral Higgs bosons: two
scalars h, H and one pseudoscalar A. Moreover, sparticles with the same SU(3)xU(1) quantum
numbers mix, c.f. Table 2. In particular, the bino, wino and neutral higgsinos mix to mass
eigenstates called neutralinos )297”'74 (with ¥ the lightest one by definition).

®This is nothing new, just recall that introducing space-time symmetry predicted anti-particles. Now intro-
ducing supersymmetry predicts super-particles.
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Figure 1: Left: Meg distribution for a SUGRA point with gluino and squark masses of about 700 GeV (histogram)

and Standard Model background (shaded) after cuts. Right: Di-lepton invariant-mass distribution from %y —

[F1F = 1117 %Y decays. From '.

iii) If SUSY comes with a new conserved parity, so-called R-parity, under which SM particles
are even and SUSY particles are odd, the lightest supersymmetric particle (LSP) is stable. in
this case it has to be electrically and colour neutral and constitutes a natural dark matter
candidate.

In the following I concentrate on the MSSM with a neutralino LSP. For gravitino dark
matter, which has a quite different phenomenology, I refer to the contribution by F. Steffen in
these proceedings. Sneutrinos in extensions of the MSSM are discussed by C. Arina in the YSF.

3 Collider searches

If low-scale supersymmetry is realized in Nature, experiments at the LHC have excellent prospects
to discover it 191512 In particular, squarks and gluinos should be copiously produced at the
LHC through the QCD interaction, with cross sections of O(1) pb for masses around 1 TeV.
This is followed by (multi-step) decays into lighter sparticles. Squarks decay into gluinos plus
jets, ¢ — qg, if kinematically allowed, or into charginos/neutralinos plus jets, §; — ¢ f(ii, qf(?
and ¢p — qug (1t =1,2; j = 1,...,4). Gluinos always decay into squarks, either in the two-
body mode § — qq if kinematically open, or else § — ¢ f(fﬁ, chf(? via an off-shell squark. The

charginos )Zfz and neutralinos )2873’4 decay further, e.g. )Z;t — WEY0

; or )22 — Zf(?, until the
LSP ! is reached. The LSP, being stable and neutral, escapes undetected.

SUSY events are hence characterized by multiple hard jets, maybe accompanied by leptons,
plus large missing transverse energy E}ms’s. The significance of such a signal over the SM back-
ground is illustrated in the left plot in Fig. 1, which shows the number of events as a function
of the ‘effective mass’ computed from the missing energy and the momenta of the hardest jets,
Mg = E%Fiss + > pr ' Note that the y-axis is log-scale! The Mg distribution also provides a
first estimate of the gluino/squark mass scale.

In certain scenarios and/or with high enough statistics, electroweak production of charginos
and neutralinos, e.g., pp — )fo(f, f(ff(g, can also be important. The latter process can lead
to the goldplated tri-lepton signal, which is also searched for at the Tevatron '3. Moreover, for
slepton masses up to 300 GeV, slepton-pair production can lead to detectable di-lepton signals.

The discovery of SUSY particles will be followed by detailed measurements of their masses
and decay properties. Since the LSP escapes as missing energy, no mass peaks can be recon-
structed. Instead, mass measurements exploit kinematic distributions in cascade decays'4!®. For
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Figure 2: The cosmological evolution of a thermal relic’s comoving number density, from *. The full line is the
equilibrium abundance; the dashed lines are the actual abundance after freeze-out. As the annihilation cross
section (o4v) is increased, the WIMP stays in equilibrium longer, leading to a smaller relic density.

instance, the invariant-mass distribution of the leptons stemming from the chain Y9 — EF =
717 XY has a triangular shape with a sharp endpoint at M = [(m?{o —mlg)(mlg —m?{o)/mlg 112,
which can be measured very precisely, see the right plot in Fig. 1. If 2the leptons comza from the
three-body decay 9 — 717X}, My has a different shape and an endpoint at Mg —Mgo. Addi-
tional distributions can be constructed involving jets stemming from gluino and squark decays.
This way the masses of the sparticles appearing in the decay chains can be reconstructed.

Let us finally come back to the dark matter question. The alert reader will have noticed
that because of R-parity sparticles are produced in even numbers, and every sparticle decay
terminates in the LSP. As a consequence, each SUSY event contains two LSPs. Moreover, if
squarks and gluinos weigh about 1 TeV, we expect of the order of 100 events/day —at low
luminosity. The LHC may hence well turn out as a dark matter factory, where the nature and
properties of dark matter candidates may be studied in a controlled environment.

Typical precisions at the LHC are O(10%). Much higher precisions at the percent to permil
level might be achieved at an International ete~ Linear Collider (ILC) 6. The determination
of neutralino dark matter properties at LHC and ILC has been analyzed, e.g., in 7.

4 Relic density

The standard cosmological scenario assumes that the dark matter particle, let us call it x, is a
thermal relic of the Big Bang as illustrated in Fig. 2: When the early Universe was dense and hot,
T > m,, x was in thermal equilibrium; annihilation of x and Y into lighter particles, xx — 1,
and the inverse process [l — xx proceeded with equal rates. As the Universe expanded and
cooled to a temperature T < m,, the number density of x dropped exponentially, n, ~ e~/ T,
Eventually the temperature became too low for the annihilation to keep up with the expansion
rate and x ‘froze out’ with the cosmological abundance observed today.
The time evolution of the number density n,(t) is described by the Boltzman equation,

dny/dt + 3Hny = —(oav) [(ny)* — (n{1)?], (2)

where H is the Hubble expansion rate, n{! is the equilibrium number density, and (o4v) 18

the thermally averaged cross section times the relative velocity of the annihilating particles.
The relic density today turns out to be inversely proportional to the annihilation cross section,



Oy h? o 1/{o4v). Note that (c4v) includes a sum over all possible annihilation channels for the
LSP. These are annihilation into gauge boson pairs through ¢-channel chargino and neutralino
exchange, and annihilation into fermion pairs through ¢-channel sfermion exchange and s-channel
Z /Higgs exchange. Moreover, co-annihilation channels involving sparticles that are close in mass
to the LSP have to be taken into account. For details of the calculation, see %18,

The relic density of the LSP hence depends on all the MSSM masses and couplings that
enter the different annihilation/co-annihilation channels. On the one hand, this is often used to
severely constrain SUSY models by demanding that the relic density of the LSP falls within the
WMAP-SDSS range (see the YSF contribution by S. Sekmen for an example). On the other
hand, if the masses and couplings of SUSY particles are measured precisely enough, QXh2 can
be computed and compared to the cosmologically observed value.

Here notice that the standard picture heavily relies on two assumptions: i) that the initial
temperature after inflation has been high enough to fully thermalize the LSP and ii) that the
entropy per comoving volume has been constant below the freeze-out temperature. In non-
standard scenarios with low reheat temperature and/or late entropy production, the relic density
can be quite different from the value in the standard scenario. A precise determination of the
LSP annihilation cross section from collider experiments, together with a confirmation that the
LSP is indeed the cold dark matter through direct detection (see next section), will hence allow
to probe these asumptions '?, i.e. probe the evolution of the early universe up to the freeze-out
temperature T’y ~ m,,/20.

5 Direct detection

Experiments such as CDMS?’, XENON?!, ZEPLIN?2, EDELWEISS?3, CRESST?*, KIMS?® and
COUPP %6 aim at detecting WIMPs through their elastic scattering with nuclei. The current
experimental limits and projected sensitivities are shown in Fig. 3, together with predictions
from various MSSM scenarios. Principally one distinguishes two classes, spin-dependent and
spin-independent interactions. On the partonic level, WIMP interactions with quarks and gluons
in the nucleons contribute.

In the case of neutralino dark matter, the scattering off quarks can occur through ¢-channel
exchange of Z or CP-even Higgs bosons, or s-channel exchange of squarks:

The diagrams with Z and squark exchange contribute to the axial-vector (spin) interaction,
L~ )Z’y“’y‘r’x(jfyu’yg,q. The Higgs and squark exchange diagrams contribute to the scalar (spin-
independent) interaction, £ ~ xx@q. The neutralino interaction with gluons proceeds through
quark and squark loops and contributes to the spin-independent cross section. See??7 for details.
Note that since the neutralino is a Majorana particle, there is no vector interaction of the form
L~ XXqVu4-

The effective neutralino—nucleon coupling hence depends on the neutralino mass and de-
composition (i.e. the bino/wino/higgsino content) as well as on the Higgs and squark masses
and couplings. Again, if the supersymmetric spectrum is known from collider experiments, the
scattering cross section can be predicted.© A word of caution is, however, in order here because
the strange content of the nucleon is not known well; this induces a considerable uncertainty 2
in the neutralino—nucleon cross section, in particular if Higgs exchange dominates. Finally, the

“This cross section also determines the rate at which neutralinos would accrete in the Earth and Sun.
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Figure 3: Direct detection of WIMP dark matter: current experimental limits and projected sensitivities, together
with various SUSY model predictions; generated with DMTOOLS 28.

neutralino—nucleon cross sections oy, and o,, have to be translated to the neutralino-nucleus
scattering cross section o,y applying nuclear form factors.

The actual direct-detection rate depends, moreover, on the local dark matter density p,
and the velocity distribution f(v). Roughly speaking, the rate of events per day and per kg
of detector material is R ~ pyoyn(v)/(my,my), with my the target nucleus mass and (v) the
average velocity of x relative to the target. Typical estimates are p, = 0.22-0.73 GeV/cm?
and (v) = 230 £ 20 km/s. If m, and o,y are known with good precision, the local density and
velocity distribution can be tested.

At this point, let me stress the importance of direct detection for another reason: Although
collider experiments may identify a dark matter candidate and precisely measure its properties,
they will not be able to distinguish a cosmologically stable from a very long-lived but unstable
particle. Therefore validation of the collider signal through direct detection is essential. The
key to this is the WIMP mass, which may be determined 3°3! in direct-detection experiments
through the distribution of the recoil energy, Er o< 2v?my/(1 + mn/my)?. Note that Er
is sensitive to small m, but becomes almost constant for m, > my. Note also the velocity
dependence, which is source of considerable uncertainty in a single experiment. This may be
evaded by using multiple targets 3'. Precisions are, however, still poor for my > my.

6 Conclusions
For conclusions, let me cite G. F. Giudice in “Theories for the Fermi scale” 32: It is impossible to
overestimate the importance of discovering dark matter at the LHC. Such a discovery will imply

a revision of the SM, it will strenghten the connection between particle physics, cosmology and
astrophysics, and it will enormously enlarge our understanding of the present and past universe.

So be prepared for exciting times at future Moriond meetings.
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