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New era of experiments

This year a new era of particle and astro physics experiments
will begin

e The LHC at CERN will start
taking data and will probe pp-
collisions at 14TeV — Higgs
particle, supersymmetry, more
exotic theories

* The Planck satellite will be
launched to measure the
anisotropies in CMB with
new precision — descriminate
among various inflationary
scenarios
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New era of experiments

* The Glast (Gamma-ray Large
Area Space Telescope) will be
launched into orbit to take a
gamma-ray image of the sky —
dark matter
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* The gauge hierarchy problem, stability of the
electroweak scale (100 GeV) against quadratically
divergent quantum corrections
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Open problems in particle physics

* The gauge hierarchy problem, stability of the
electroweak scale (100 GeV) against quadratically
divergent quantum corrections

* The SM contains 26 free parameters, which one might
hope to derive or predict from a more fundamental
theory

* Neutrino sector: Explanation for the smallness of
neutrino masses, e.g. the seesaw mechanismus involves a
new intermediate mass scale of 1011 — 100 GeV

* Unification of QFTs and gravity
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Cosmology

Experimental evidence for a Big Bang scenario with an
inflationary epoch

e

WMAP: CM anisotropies
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Cosmology

Experimental evidence for a Big Bang scenario with an
inflationary epoch

* The observable universe
s flat with 3, = 0.3 and
Qp = 0.7 — dark matter
and dark energy
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Cosmology

Experimental evidence for a Big Bang scenario with an
inflationary epoch

* The observable universe
s flat with 3, = 0.3 and
Qp = 0.7 — dark matter
and dark energy

e existence of extremal ob- :

jects in the universe as for  \W/MAP: anisotropies
instance Black Holes
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e What is dark matter made of?
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Open problems

e What is dark matter made of?
* What is dark energy?

* |f it is a cosmological constant, why is it so tiny
compared to M, or Mgyey !
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Open problems

What i1s dark matter made of?
What is dark energy?

If it is a cosmological constant, why is it so tiny
compared to M, or Mgyey !

What is the mechanism for inflation in the early
universe?’
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Open problems

e What is dark matter made of?
* What is dark energy?

* |f it is a cosmological constant, why is it so tiny
compared to M, or Mgyey !

* What is the mechanism for inflation in the early
universe?’

The solutions of these problems seem to lie beyond the
established theories of the Standard Model and General
Relativity.
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Beyond the Standard Model

The new particles hopefully detected at LHC will have masses
of the order M, .., = 102 — 10* GeV — Moy < My, effective
QFT in this energy regime
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Beyond the Standard Model

The new particles hopefully detected at LHC will have masses
of the order M, .., = 102 — 10* GeV — Moy < My, effective
QFT in this energy regime

e Softly broken supersymmetric gauge theory like MSSM
e Extension of SM with little Higgs, etc.
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Beyond the Standard Model

The new particles hopefully detected at LHC will have masses

of the order M, .., = 102 — 10* GeV — Moy < My, effective
QFT in this energy regime

e Softly broken supersymmetric gauge theory like MSSM
e Extension of SM with little Higgs, etc.

String Theory is a candidate solution to more ambitious
theoretical questions like

e Ultraviolet finite quantisation of gravity, space-time at
very short distances

e Statistical interpretation of black hole entropy

* Unification of gauge theories and gravity in one
theoretical framework
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String Theory

Fundamental objects: Strings s

of length ¢, = 1/M, (fun- 1L~ B
damental length scale) + D- e |
branes ks
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String Theory

Fundamental objects: Strings 2 R

Of |ength 53 — 1/M8 (fun_ t_il jT‘H
damental length scale) + D- oo |l
branes 2

string

* The fundamental theory is 10 (11)-dimensional
* At string scale M, there is supersymmetry

e Contains gauge fields and gravity and consistency
conditions for their mutual appearance
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String Theory

Fundamental objects: Strings st R

Of |ength fs — 1/MS (fu n- qectr_on._-;ﬂf; -‘quirk-
damental length scale) + D- oy
branes 5

string

* The fundamental theory is 10 (11)-dimensional
* At string scale M, there is supersymmetry

e Contains gauge fields and gravity and consistency
conditions for their mutual appearance

Fundamental questions:
* How does our large 4D space-time arise?
* What is the value of the string scale M,?

* How and at which scale is supersymmetry broken?
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string

* The fundamental theory is 10 (11)-dimensional
* At string scale M, there is supersymmetry

e Contains gauge fields and gravity and consistency
conditions for their mutual appearance

Fundamental questions:
* How does our large 4D space-time arise?
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D-Branes

Massless strings excitation: G, ¢, C)
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D-Branes

Massless strings excitation: G, ¢, C)
These p-forms C), couple to a p-dimensional object, so-called

(p-1)-branes.

S = / C,
(p—1)—Brane
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D-Branes

Massless strings excitation: G, ¢, C)
These p-forms (), couple to a p-dimensional object, so-called

(p-1)-branes.

S = / C,
(p—1)—Brane

non-perturbative, solitonic
objects, fluctuations — open
strings
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D-Branes

Massless strings excitation: G, ¢, C)
These p-forms C), couple to a p-dimensional object, so-called

(p-1)-branes.

S = / C,
(p—1)—Brane

10D

Q1

entropy of black holes: S = A/4
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D-Branes

Massless strings excitation: G, ¢, C)
These p-forms C), couple to a p-dimensional object, so-called

(p-1)-branes.

S = / C,
(p—1)—Brane

gauge fields propagate on
D-branes:  U(N), SO(2N),
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Fundamental problems of fundamental string theory
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Fundamental problems

Fundamental problems of fundamental string theory

* What is the underlying ten/eleven dimensional theory
having what we call string theory as its perturbative
expansion?
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* What is the underlying ten/eleven dimensional theory

having what we call string theory as its perturbative
expansion?

* Does there exist a background independent formulation
of string theory?
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Fundamental problems

Fundamental problems of fundamental string theory

* What is the underlying ten/eleven dimensional theory

having what we call string theory as its perturbative
expansion?

* Does there exist a background independent formulation
of string theory?

* |s there any relation to other approaches of quantum
gravity?
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Fundamental problems

Fundamental problems of "applied” string theory (string
phenomenology):

Bad Honnef, 14.04.2008 — p.11/25



Fundamental problems

Fundamental problems of "applied” string theory (string
phenomenology):

* How do universes with four flat large dimensions arise
from this underlying higher dimensional theory?

Bad Honnef, 14.04.2008 — p.11/25



Fundamental problems

Fundamental problems of "applied” string theory (string
phenomenology):

* How do universes with four flat large dimensions arise
from this underlying higher dimensional theory?

* Description of four-dimensional string models,
construction of string vacua?

Bad Honnef, 14.04.2008 — p.11/25



Fundamental problems

Fundamental problems of "applied” string theory (string
phenomenology):

* How do universes with four flat large dimensions arise
from this underlying higher dimensional theory?

* Description of four-dimensional string models,
construction of string vacua?

* How many string vacua exist?

Bad Honnef, 14.04.2008 — p.11/25



Fundamental problems

Fundamental problems of "applied” string theory (string
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from this underlying higher dimensional theory?

* Description of four-dimensional string models,
construction of string vacua?

* How many string vacua exist?

* Does there exist a string vacuum with the properties of
the SM at £ < 100GeV and the cosmological features of
our universe?
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Fundamental problems

Fundamental problems of "applied” string theory (string
phenomenology):

* How do universes with four flat large dimensions arise
from this underlying higher dimensional theory?

* Description of four-dimensional string models,
construction of string vacua?

* How many string vacua exist?

* Does there exist a string vacuum with the properties of
the SM at £ < 100GeV and the cosmological features of
our universe?

* Does there exist (a so far unknown) dynamical process
which (uniquely) selects this vacuum? (vacuum selection
principle)
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Hidden Dimensions

Where are the extra six dimensions?
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Hidden Dimensions

Where are the extra six dimensions?
Scenario |:

They are compactified on éf(lK >

1 TeV scales — compactifications
of string theory.
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Hidden Dimensions

Where are the extra six dimensions?
Scenario |:
They are compactified on éf_(lK >

1 TeV scales — compactifications
of string theory.

Scenario Il:

The gauge interactions are con-
fined on 4D hypersurface (Brane)
in 10D. Only gravity in 10D.
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Compactifications

Data: Calabi-Yau manifold X and vector bundle V' with
c3(V) = 3. Gauge group G C ExM x B
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Data: Calabi-Yau manifold X and vector bundle V' with
c3(V) = 3. Gauge group G C ExM x B

Getting the right values for

2 M8 Vy I MY Vy
pl — 2 2 — 2
9s 9y s gs

fixes the scales V)zl ~ MY and My ~ M,,.
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Compactifications

Data: Calabi-Yau manifold X and vector bundle V with
c3(V) = 3. Gauge group G C ExM x B

Getting the right values for

pl — 2 2 — 2
9s 9y \r 9s

fixes the scales Vot ~ MS and M, ~ M.
X S pl

Natural to embed SUSY GUTS.

Supersymmetry breaking: Dynamical supersymmetry breaking
on hidden Eéq mediated gravitationally to observable Fg.
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Compactifications

Conservative scenario, where the MSSM with GUT gauge
coupling unification is up to My, the only physics happening.
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Compactifications

Conservative scenario, where the MSSM with GUT gauge
coupling unification is up to My, the only physics happening.

Details of MSSM physics depend on geometry of (X, V), i.e
the details of moduli stabilisation and the details of susy
breaking + generated soft susy breaking terms.

Also gs = exp(¢) is a modulus.
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Brane Worlds

Gauge fields can be localised on
D-branes
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Brane Worlds

Gauge fields can be localised on
D-branes

S

L 2-brans

This changes the analysis of scales for a D(p + 3) brane

0 M8 Vx 1 MLV,
Mpl — 2 2 —
s 9y M s

so that with g5 < 1 one gets M]? = MJ7PV;, (Vx =V V).
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Brane Worlds

Gauge fields can be localised on
D-branes

S

L 2-brans

This changes the analysis of scales for a D(p + 3) brane

0 M8 Vx 1 MLV,
Mpl — 2 2 —
s 9y M s

so that with g5 < 1 one gets M]? = MJ7PV;, (Vx =V V).

A small Mg can be traded for a large transversal dimension V!
Three cases: M, =1 TeV, M. = 10" GeV , M, = 1017 GeV.
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Brane Worlds
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Brane Worlds

M, = 1017 GeV: Susy at string scale + susy breaking by
fluxes or dynamically
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Brane Worlds

M, = 1017 GeV: Susy at string scale + susy breaking by

fluxes or dynamically

* Gauge fields on D-branes

e Chiral matter fields on
D-brane intersections

* Gauge couplings indepen-
dent + extra exotic matter

II// \

f . SU(3)
Lo Er N
//\ r Nr \ "

SU2) u(1)

Bad Honnef, 14.04.2008 — p.16/25



Brane Worlds

M, = 1017 GeV: Susy at string scale + susy breaking by
fluxes or dynamically

* Gauge fields on D-branes

/ - Sl
* Chiral matter fields on N
D-brane intersections
\LL ikl U@
/ \

* Gauge couplings indepen- g N
dent 4+ extra exotic matter

Possible string compactifications, mechanisms for moduli
stabilisation and the determination of the 4D effective action

for the light m < Mg modes are under investigation (string
phenomenology).
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TeV scale Brane Worlds
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TeV scale Brane Worlds

Mg =1 TeV: no susy at M, necessary + large extra
dimensions
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TeV scale Brane Worlds

My =1 TeV: no susy at M, necessary + large extra
dimensions

* String or KK modes at TeV
scale
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TeV scale Brane Worlds

My =1 TeV: no susy at M, necessary + large extra
dimensions

* String or KK modes at TeV
scale

* Missing energy events,
graviton emission into bulk
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TeV scale Brane Worlds

My =1 TeV: no susy at M, necessary + large extra
dimensions

* String or KK modes at TeV
scale

. ]

T

N
GHE e

* Missing energy events,
graviton emission into bulk
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* Black Hole production at
LHC

Bad Honnef, 14.04.2008 — p.17/25



TeV scale Brane Worlds

My =1 TeV: no susy at M, necessary + large extra

dimensions
* String or KK modes at TeV
scale

* Missing energy events,
graviton emission into bulk

* Black Hole production at
LHC

e Corrections to Newton's law
at scales [;
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TeV scale Brane Worlds

My =1 TeV: no susy at M, necessary + large extra
dimensions

* String or KK modes at TeV
scale

* Missing energy events,
graviton emission into bulk

* Black Hole production at
LHC

e Corrections to Newton's law
at scales [;

Gauge hierarchy problem: Shifted towards explaining the
hierarchy of compactification scales [; > [,,!
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Moduli Stabilisation

|. Background fluxes of the 10D String Theory F}+1 = dC):

Ex: 6D fluxes F, # 0, yield a po-
tential in 4D

F

AAAADAAA

N
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Moduli Stabilisation

|. Background fluxes of the 10D String Theory F}+1 = dC):

Ex: 6D fluxes F, # 0, yield a po-
tential in 4D

Il. Non-perturbative effects:

F

AAAADAAA

N

* String instantons generate terms of the form

V(R) = exp(—R/gs).

e Corrections to MSSM couplings like Majorana masses,

Yukawa couplings, u-terms
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Bad Honnef, 14.04.2008 — p.19/25



The String Landscape

How many string vacua do exist?

e Calabi-Yau manifolds: order of 10? toric varieties

* For each Calabi-Yau of the order of 10'° supersymmetric
brane configurations

e For each CY of the order of 10°% flux vacua

The later estimate is based on the tree level GVW flux
superpotential

W:/Q/\G

and G is expanded in H3(X) so that N = L% /b3! for
L > bs..
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Frequency distributions

lgnoring flux, just classifying tadpole cancelling D-bane
configurations, one can generate distributions of 4D
quantities over the solution space:
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Frequency distributions

lgnoring flux, just classifying tadpole cancelling D-bane
configurations, one can generate distributions of 4D

quantities over the solution space:

-2
-4 Log (P(x, rank))

Correlations on the landscape?
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The String Landscape

Comments on flux vacua:
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The String Landscape

Comments on flux vacua:

* TV deals only with the complex structure moduli and
neglecting Kahler moduli gives AdS vacua

* For Kahler moduli there are perturbative and instanton
corrections (KKLT), whose generic vacuum structure is
harder to control (runaway)
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The String Landscape

Comments on flux vacua:

* TV deals only with the complex structure moduli and
neglecting Kahler moduli gives AdS vacua

* For Kahler moduli there are perturbative and instanton
corrections (KKLT), whose generic vacuum structure is

harder to control (runaway)

* Toy models with all Kahler moduli stabilised are known
(KKLT, large volume scenario)

If there is really such a vast num-
ber of string vacua with different
physical features in 4D, then this
leads to a new view on fine tuning
problems
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The String Landscape

Potential with many meta-stable minima — Landscape of
string vacua
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The String Landscape

Potential with many meta-stable minima — Landscape of

string vacua

This landscape and its
complexity is analo-
gous to the problem of
protein folding in bio-
chemistry.
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complexity is analo-
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For the form of the protein there exist a vast number of
meta-stable configurations

Levinthal's paradox: How do the amino acids manage to find
a stable folding in such a short time?
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The String Landscape

Potential with many meta-stable minima — Landscape of
string vacua

This landscape and its
complexity is analo-
gous to the problem of
protein folding in bio-
chemistry.

For the form of the protein there exist a vast number of
meta-stable configurations

Levinthal's paradox: How do the amino acids manage to find
a stable folding in such a short time?

Evolution, which might be called the A-(mino) principle
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String Multiverse

So far: The gauge hierarchy problem was the main reason to
suspect new physics at the TeV scale, supersymmetry or low
My string models.
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So far: The gauge hierarchy problem was the main reason to
suspect new physics at the TeV scale, supersymmetry or low
My string models.

Fine tuning problems in physics:
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String Multiverse

So far: The gauge hierarchy problem was the main reason to
suspect new physics at the TeV scale, or low
My string models.

Fine tuning problems in physics:

Flatness of the universe

Inflation
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String Multiverse

So far: The gauge hierarchy problem was the main reason to
suspect new physics at the TeV scale, or low
My string models.

Fine tuning problems in physics:

Flatness of the universe Cosmological constant prob-
lem
1

No dynamical explanation
Inflation yet
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String Multiverse
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String Multiverse

Fine tuning problems can in principle be solved
environmentally

. Pvac ~ —120 ¢ ;
A: (M;fz) ~ 10 fine tuning

2
M, (%;Ul) ~ 10773 fine tuning
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String Multiverse

Fine tuning problems can in principle be solved
environmentally

. Pvac ~ —120 ¢ .
A: (M;fz) ~ 10 fine tuning

2
M, (%Z) ~ 10773 fine tuning

If the string landscape provides vacua with uniformly
distributed vacuum energies, then with enough models in the
ensemble some of them will have the cosmological constant

we observe.
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String Multiverse

Fine tuning problems can in principle be solved
environmentally

. Pvac ~ —120 ¢ .
A: (Mﬁz) ~ 10 fine tuning

2
M, (%Z) ~ 10773 fine tuning

If the string landscape provides vacua with uniformly
distributed vacuum energies, then with enough models in the
ensemble some of them will have the cosmological constant
we observe.

However, given the accuracy with which SM parameters are
measured, one can estimate that we might even get too
many, like 10'%°, vacua with acceptable 4D parameters —
predictivity?!
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String Multiverse
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String Multiverse

Fine, string vacua with A = 10120 might exist, but how was
It selected?
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String Multiverse

Fine, string vacua with A = 10120 might exist, but how was
It selected?
(contents of Bousso's talk)
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One might be worried whether the estimate NV = L% /b3!
with L ~ 1000 is realistic, as the presence of D-branes (i.e.
gauge and matter fields) is expected to reduce L.
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String Multiverse

0—120

Fine, string vacua with A =1 might exist, but how was

it selected?
(contents of Bousso's talk)

e Statistical reasoning, entropic measure, ...
* eternal inflation, baby universes in connection with the
"A-principle”

One might be worried whether the estimate NV = L% /b3!
with L ~ 1000 is realistic, as the presence of D-branes (i.e.
gauge and matter fields) is expected to reduce L.

Concerning the problems of applied string theory | am looking
forward to

L HC results!
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