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The universe is mostly dark

Atoms
Dark
4.6% Energy
Dark (<¥
Matter
23%

... One of the major discoveries in our time

What is the dark energy?
What is the dark matter (DM)? <



Plan
Evidence of DM

— Astrophysical observations
— Cosmology

DM as a new particle

— What we do (not) know about DM
— Candidates for DM

Experimental probe

— Direct/indirect detections
— Colliders

Hints already?

— DAMA
— PAMELA/ATIC

cf.
E. Kolb & M. Turner, “The Early Universe”

G. Bertone, D. Hooper, J. Silk, Phys. Rep. 405, 279 (2005)
M. Taoso, G. Bertone, A. Masiero, JCAP 03, 022 (2008)
and refs therein, ......



Evidence of DM

Rotation curves of galaxies
Rotation curves are typically flat well beyond the edge of visible disks
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Other Evidences
Gravitational lensing, velocity dispersion of satellite galaxies, ...



On larger scales

The mass of a cluster of galaxies: Virial theorem, lesnsing, ...
The amount of baryons (gas): X-ray observations, SZ effect...
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Why not baryons we just missed?
Big bang nucleosynthesis (BBN)
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Latest cosmology confirms the picture
Cosmic microwave background (CMB)

Cosmic concordance

Supernova Cosmology Project
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DM as a new particle
What do we know about DM?

DM is neutral [ My (V)
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* DM is cold — nonrelativistic at z ~ 3000 (t ~ 104 yrs)
SDSS data Simulation
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Relativistic DM at z ~ 3000 (hot DM) erases small scale structures
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For SM neutrinos Q.h? = TIPS
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free-streeming length: Apg ~ 20 ( ) Mpc (small mixture of hot DM allowed; =m_, < 0.2eV)



Standard model particles?
Stable particles — electrons, photons, neutrinos, protons

Three Generations
of Matter (Fermions)

Bosons (Forces)

Leptons

None of them qualifies
— New physics beyond the standard model



Know more? — not much
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Some “model-independent” constraints
Bullet cluster

colliding galaxies
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Connection to particle physics?
DM as a thermal relic of the early universe
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... Weakly Interacting Massive Particle (WIMP)



TeV — the most important scale in particle physics

The standard model of particle physics

... contains only a single mass scale:
the scale of electroweak symmetry breaking (EWSB)
t

stability ofthe » / \ h - - A
Higgs potential Q — New physics at ~ TeV*

The lightest particle in the new sector can easily be stable
... (approximate) conserved quantum number cf. QED, QCD, ...

Such a quantum number most likely needed

N < O

bad for LEP

OK (extra loop factor)



ex. Supersymmetry with R parity
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ex. Kaluza-Klein DM

certain special cases in theories with extra dimensions,
although not solving the hierarchy problem



Caveats
* Production of DM may be nonthermal
e.g. Gravitino

1010  decay of the next-to-lightest
supersymmetric particle (NLSP)
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decay of heavy (e.g. moduli) particles —> Cross section

may be larger
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non-WIMP example — axion
The symmetries of the standard model allows the term

L = o4 e (F
leading to unwanted EDMs for neutron, ...
(strong CP problem)
— 6] s 109 ... why?
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Spin—independent cross section [em

Experimental probe

WIMP has cross sections of weak interaction strength
Direct detection experiments

spin independent

spin dependent
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Axion search
Primakoff effect: @ -------- 0
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Indirect detection experiments

DM SM SM
SM

or DM i

DM SM )

* Photon signals (gamma ray, X ray, radio, ...)

— Galactic center region :
— Dwarf galaxies e WNAP, EGRET.
— Extra galactic ®._
* Neutrino signals .
— Galactic center region / N
uper-namiokanae,
— Center of the sun Py ceCube, ..
— Center of the earth Earth
 Antiparticle signals (e*, p, ...) .
— Galactic halo R ‘% i BESS:

Earth



Colliders (LHC, ...)
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What if DM is superweakly interacting?

e.g. Gravitino

« NLSP — G (wide range of possibilities for the lifetime)
—x NLSP -y + F, ...

— T NLSP — stable charged track, ...

stopper detector

may affect BBN
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* may slowly decay (indirect detection)



DAMA annual modulation

Residuals (cpd/kg/keV)
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Hints already?
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PAMELA / ATIC excesses

PAMELA: ATIC: —
Payload for Antimatter Advanced <L
Matter Exploration Thin
and Light-nuclei lonization
Astrophysics Calorimeter

“Anomalies” in e* cosmic rays
clear rise of the positron fraction bump around several hundred GeV
above ~ 10 GeV in et+e- data
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Possible interpretations

» Astrophysical sources (pulsars, ...)
» Dark matter decay
e Dark matter annihilation

... seems to suggest not “minimal” WIMP

— antiproton consistent with BG
— leptonic final states

— larger rate than oV eee0ut
— enhanced W

— large mass scale ~ TeV
... future observations will clarify

galaxy

cf. Talk by Y.N. on next Wednesday:
Feb. 11, 3:10-4:10pm, 402 Old Le Conte



Conclusions

 Evidence of DM is solid
— Physics beyond the standard model

* |dentity of DM (very) unknown

 Various experiments can (potentially) probe

— Direct detection

— Indirect detection

— Colliders

— Astrophysical/cosmological observations

Future experiments will give us further insights
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