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Two successful theories:

e standard model (strong and weak nuclear forces,

electromagnetism)

e general relativity (gravitational forces)

These separate theories cannot, even in prin-
ciple, describe processes at very high energies
= need new theory unifying standard model
and general relativity. Only known consistent

candidate is
superstring theory

Existence and consistency of such a theory
will hopefully constrain the parameters in the
standard model, and help explain the origin of
the universe, physics of black holes, physics
beyond the standard model, etc.
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String theory makes three generic predictions

(various ifs and buts)

® gauge theory (like standard model)

® general relativity

e supersymmetry

Supersymmetry has not yet been observed in
nature (maybe at LHC?). But there are some

indications

e gauge coupling unification

e fine tuning problems




Superstrings live in 10 dimensions. We (ap-
parently) in four. = need for compactifica-
tion.

Traditional point of view:
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At length scales much larger than d the tube looks like a one-

dimensional object

Get reasonable models by compactifying on
six-dimensional Calabi-Yau spaces. Problems:

too many free parameters - recent progress

difficult to compute things

how is supersymmetry broken?

why is the cosmological constant so small?
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Do not yet understand string theory well enough
= a lot of effort has been directed at improv-
ing the conceptual understanding of string the-
ory. '

Quantities in string theory are given by an
expansion in gs, the string coupling constant.
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Good for small gs, but not for large gs. AIsO,
there are

e -
e non-perturbative effects ~ e 9

Non-perturbative effects are due to solitons,
certain extended objects.
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An example of a soliton is a monopole.

Maxwell equations:
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Equations have a symmetry E —» B,B » —E,n —
m, m — —n,e — 1/e. Maxwell theory does not
have magnetic monopoles, but if it did, there
would be a symmetry

electric charge <= magnetic charge
electric field <= magnetic field
weak coupling <= strong coupling
particle <> soliton

Such symmetries exist in other cases and are
called Dualities.



For example

for small gs one has
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for large gs on the other hand
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Two different weak coupling expansions of the
same guantity.



Solitons inrstring theory are D-branes.
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A D-brane is a dynamical extended object on
which strings can end. A Dp-brane is an ob-
ject which is p-dimensional. Thus, a DO-brane
is a particle, a D1-brane is a string, a D2-
brane is a membrane, etc.

Many dualities between string theories have
been discovered, in which D-branes play an
essential role. Many interesting applications
in physics and mathematics.



Duality between open and closed strings:

We can think of a cylinder in two ways:. as
an open string going around a loop, Or as a
closed string moving a finite distance.

This gives rise to dualities between theories
with open strings and theories with closed
strings.

Now

open strings <= gauge fields

closed strings <= gravity



The duality between open and closed strings
gives rise to a duality between theories with
gravity and theories without gravity. EXxam-
ple: AdS/CFT correspondence (Maldacena).

Strongly coupled gauge theories are mapped
into weakly coupled field theories: use gravity
to learn about gauge theory!

General problem: extra states at /\QCD.



Several important results:

concrete precise example of holography

give, for the first time, a microscopic derivation of
the entropy of certain black holes (Strominger, Vafa)

get a new qualitative picture for the confinement-
deconfinement transition in gauge theory (Witten)

compute ratios of glueball masses (Csaki et al)

get a qualitative picture of deep-inelastic scatter-

ing (Polchinksi, Strassler)

see in examples confinement and chiral symmetry

breaking (Klebanov, Strassler)

inspiration for Randall-Sundrum models



String theory and cosmology

Recent cosmological observations: a4 ~ 0.7
(WMAP data).

The universe expands at an accelerating rate.
Local geometry is that of de Sitter space.

Remarkably difficult to get realistic time-depender
geometries in string theory, especially with
A > 0.

One reason: positive A is not compatible with
supersymmetry.

Besides this, there are many conceptual ques-
tions that remain unanswered. String theory
signatures in cosmology? |

Has also triggered a renewed interest in tachyons
in string theory.






String theory at linear colliders?

—— Discovery of supersymmetric particles.

To really make any comparison to string the-
ory, need structure of the action and interac-
tions that describe the supersymmetric exten-
sion of the standard model.

—— Precision measurements such as those of
a linear collider are crucial.



Brane Worlds

/

A generic string theory compactification is one
that involves branes!

Weakly coupled brane = strongly coupled grav-
ity.

Open strings (standard model fields) are con-
fined to branes, gravity is not.

= We live on a brane 77
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features of brane worlds

e provide interesting playgrounds for cos-
mology (ekpyrosis,...)

e branes appear generically in string theory

e it is very difficult to find stable brane worlds
in string theory: tensions and interbrane
potentials are determined by string theory
and cannot be chosen at will

e supersymmetry breaking?? gauge coupling
unification??

Part of excitement: transverse dimensions can
be large due to poor testing of Newton’s law.
Can be up to 0.2mm. Higher dimensional
Planck mass can be of order ~ 1 TeV!!



Higher dimensional gravity accessible to ex-
periments!

Notice that more stringent (model dependent)
bounds on higher dimensional Planck mass

come from

e supernova cooling

e neutron star heating

e diffuse ~-ray backgrounds



signature: missing energy

e events with one or two jets
e Can measure spin
e can measure angular distribution

e can distinguish from other channels (like
gravitino emission)

e can perhaps measure the number of extra
dimensions



I
i

ey

Ty

|—|I-|..-|I A A

§  EBRR9R W
o %o

R

G- Wilson

L~ puSM - 2061 -0l



signature: intermediate gravity channels

e see resonances corresponding to spin two
particles

e difficult to sum over intermediate states:
divergent. Need high-energy completion.



exotic: intermediate black holes

p

e precise rate still matter of debate, up to
one black hole per second [LHC)

e no disaster, black hole Hawking evapo-
rates immediately

e distinct signatures - even test quantum
gravity directly?



EXxciting times ahead!



