























choose one:

- neutralino

- axion

-wimpZILLA

- LKP

- sterile neutrino



















QUANTUM UNIVERSE

THE REVOLUTION IN 21ST CENTURY PARTICLE PHYSICS

EINSTEIN'S DREAM OF UNIFIED FORCES

1
ARE THERE UNDISCOVERED PRINCIPLES OF NATURE :

NEW SYMMETRIES, NEW PHYSICAL LAWS?

The quantum ideas that so successfully describe familiar
matter fail when applied to cosmic physics. Solving the
problem requires the appearance of new forces and new
particles signaling the discovery of new symmetries-

undiscovered principles of nature’s behavior.

2

HOW CAN WE SOLVE THE MYSTERY OF DARK ENERGY?

The dark energy that permeates empty space and
accelerates the expansion of the universe must have
a quantum explanation. Dark energy might be related
to the Higgs field, a force that fills space and gives

particles mass.

3

ARE THERE EXTRA DIMENSIONS OF SPACE?

String theory predicts seven undiscovered dimensions
of space that give rise to much of the apparent
complexity of particle physics. The discovery of extra
dimensions would be an epochal event in human
history; it would change our understanding of the
birth and evolution of the universe. String theory

could reshape our concept of gravity.

4

DO ALL THE FORCES BECOME ONE?

At the most fundamental level all forces and particles
in the universe may be related, and all the forces might
be manifestations of a single grand unified force,

realizing Einstein’s dream.

THE PARTICLE WORLD

5

WHY ARE THERE SO MANY KINDS OF PARTICLES?

Why do three families of particles exist, and why
do their masses differ so dramatically? Patterns and
variations in the families of elementary particles suggest
undiscovered underlying principles that tie together

the quarks and leptons of the Standard Model.

6
WHAT IS DARK MATTER?

HOW CAN WE MAKE IT IN THE LABORATORY?

Most of the matter in the universe is unknown dark
matter, probably heavy particles produced in the
big bang. While most of these particles annihilated
into pure energy, some remained. These remaining
particles must have a small enough mass to be

produced and studied at accelerators.

7

WHAT ARE NEUTRINOS TELLING US?

Of all the known particles, neutrinos are the most
mysterious. They played an essential role in the
evolution of the universe, and their tiny nonzero mass

may signal new physics at very high energies.

THE BIRTH OF THE UNIVERSE

8

HOW DID THE UNIVERSE COME TO BE?

According to cosmic theory, the universe began with
a singular explosion followed by a burst of inflationary
expansion. Following inflation, the universe cooled,
passing through a series of phase transitions and
allowing the formation of stars, galaxies and life on
earth. Understanding inflation requires breakthroughs

in quantum physics and quantum gravity.

9

WHAT HAPPENED TO THE ANTIMATTER?

The big bang almost certainly produced equal amounts
of matter and antimatter, yet the universe seems to

contain no antimatter. How did the asymmetry arise?

QUANTUM UNIVERSE
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Supersymmetry and fmnx ENERGY H

® in flat space, superpartners
cancel quantum vacuum
energy

SUSY is the only symmetry
that does this

but SUSY is not an exact
symmetry:

electron mass = 0.5 MeV
selectron mass > 100,000 MeV
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+ coannihilation channels
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J. Edsjé, P. Gondolo, 1997
[ Updated by P.G., 2003]
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BEWARE THEORISTS
BEARING PLOTS!

SINCE THE POST-WNAP CDM
CONSTRAINT IS TIGHT, YOU
HAD BETTER LOOK AT THE
WHOLE MSSNM, NOT JUST
RANDOM SUBSETS OF MODELS

€.G. PLOTS BASED ON
MSVUGRA OR CMSSM CAN BE
VERY MISLEADING!







regions that produce

EW baryogenesis
satisfy WMAP CDM

scanning over stop
constraint

and neutralino
masses for MSSM
magenta points
inside white lines
means stop will be
seen at Tevatron!

(Balazs, Carena, Wagner 2004)
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&8 LHC Progress
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LHC is on-track for pp collisions
at 14 TeV in 2007
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classical general relativity already tells us
that spacetime is dynamical

History of the Universe

the three spatial dimensions that
we see are changing — expanding-
and we don’t understand it!

we don’t understand what is the
dark energy driving the expansion
today




History of the Universe

we don’t understand what drove
cosmic inflation in the early
universe




History of the Universe

we don’t understand what
this was




History of the Universe

extra dimensions may be the
extra ingredient that explains
the dynamical evolution of

the universe




Force Carriers

B

Three Generations of Matter

the Standard Model
flavor structure is too complicated
for a theory of “elementary” constituents




the shape, content, and dynamics
of extra dimensions
may account for complexities
of particle physics

slice of a
6 dimensional Calabi-Yau manifold
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what is the physics that hides
extra dimensions!

if extra spatial dimensions exist, they must be
(for some reason) difficult to probe

there are several possible explanations:

e.g. the extra spatial dimensions
are compact and small




Kaluza-Klein modes

if spatial dimension is compact
then momentum in that
dimension is quantized:




hidden dimensions

e.g. it may be that not all particles
(in a certain energy range)
move, probe, or see
the same number of spatial dimensions

a dramatic realization of this is called




the braneworld

only gravitons and exotics
move in the “bulk’ of the
extra dimensional universe

Standard Model particles are trapped on a brane and can’t
move in the extra dimensions




extra dimensions change gravity

gravity gets stronger at extremely high energies

MPlanck = 1017 GeV
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ADD braneworld models

Arkani-Hamed, Dimopoulos, Dvali

assume that only gravity sees n large extra
compact dimensions with common size R:

n+2 pn
MPlanck — M R




Supernova Cooling [G8)
Coamice Difluse v-Hays:
Cosmic SNe (G4
e A hilation {71
He-heating (72
MNentron Star Halo (73]
Overclosure of Universs (719

Matter Dominated Early Universe (75)

Mentron Btar Heat Excess (73]

lower bounds on Mx , in TeV

astrophysics and cosmology constrains
ADD (or other) models with too many
low mass KK gravitons




quantum gravity at colliders

if ADD is correct, collider expts should see
effects of both real and virtual massive
KK gravitons
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mother brane

5th dimension

Randall-Sundrum
warped space

Zzero mode graviton likes to
be near mother, but Kaluza-Klein
graviton modes do not




extra dimensions can do a lot

ED’s have been invoked to:

explain electroweak symmetry breaking
break supersymmetry

explain flavor properties of the SM
explain or eliminate the hierarchy

improve grand unification




what defines an ED scenario?

® number of ED’s at each scale

® what is the compactification:

- what is the geometry?

- are there background fields,
e.g. gauge fluxes, in the EDs!?

- what symmetries are broken/unbroken?

- is there curvature in the bulk?

- are there “visible” radions or other moduli fields?




what defines an ED scenario?

® what is gravity doing?
® who is on the branes and who is in the bulk?

- who has KK modes?

- who gets volume-suppressed couplings?

® what about stability+consistency?
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these LKPs will be show up at LHC
and in direct+indirect searches




























V, /vy mixing







conclusion

there is more than one way to catch a big fish




