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Formalia (nur für offizielle Anmeldung):
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Empfang der Klausur mit Unterschrift bestätigen

Bitte auf Klausurbögen schreiben, zusätzliche Blätter 
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2



Kapitel 10

Teilchenphysik, 
Astroteilchenphysik 

und Kosmologie 
im 21. Jahrhundert
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Physik des 20. Jahrhunderts 
Kleine Längenskalen: Quantenphysik (Planck, Bohr, 
Heisenberg, Schrödinger,!…) ! Struktur der Materie

Teilchenphysik: Quantenfeldtheorie ! Untersuchung immer 
kürzerer Längenskalen (d.h. höherer Energien)

Bausteine der Natur: Atom ! p/n/e ! Quarks/Leptonen

Große Längenskalen: Allgemeine Relativitätstheorie 
(Einstein) ! Struktur der Raum-Zeit

Bisher keine akzeptierte Theorie, die auf allen 
Längenskalen gültig ist („Theory of Everything”) ! 
Quantentheorie der Gravitation
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SM der Teilchenphysik
Standardmodell der Teilchenphysik (SM)

Experimentell mit hoher Präzision bestätigt

Bisher noch nicht entdeckt: Higgs-Boson ! Tevatron? LHC?

Offene Fragen und Probleme

Teilchenspektrum: warum 12 Teilchen in 3 Generation?

Erklärung für Massen und Kopplungen der Teilchen?

Kein Kandidat für dunkle Materie

Keine Gravitation

SM = „effektive Theorie” für Energien unterhalb ca. 1 
TeV (vgl. Newton’sche Mechanik für v<<c)
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SM der Kosmologie 
Allgemeine Relativitätstheorie (ART) mit hoher Präzision 
bestätigt: Lichtbeugung, schwarze Löcher, 
expandierendes Universum, … ! Grundpfeiler des SM 
der Kosmologie ("CDM)

Probleme:

Warum ist Gravitationskraft so schwach?

Keine Erklärungen für kosmische Inflation und Wert der 
kosmologischen Konstante "

Keine Quantentheorie der Gravitation zur Behandlung von 
Singularitäten (Urknall, schwarze Löcher)

ART = „effektive Theorie” für große Längenskalen
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Längen- und Energieskalen
Skalen im Standardmodell der Teilchenphysik:

QCD: Confinement der Quarks ! 10–15 m, 200 MeV

Elektroschwache WW: Masse der Eichbosonen ! 10–18 m, 
100 GeV

Planck-Skala: 10–35 m, 1019 GeV ! „Hierarchieproblem”: 
warum ist die elektroschwache Skala << Planck-Skala?
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Supersymmetrie
Symmetrieprinzip = Paradigma der Theoriebildung: 
Postuliere Symmetrie ! leite Theorie ab 

Supersymmetrie (SUSY) = Symmetrie zwischen 
Bosonen und Fermionen ! zu jedem SM-Teilchen gibt 
es ein Partnerteilchen

Bisher verträglich mit allen Beobachtungen

Enthält DM-Kandidat

Vereinigung der Kräfte

SUSY-Energieskala: 1–10 TeV(?) ! „Teraskala”

Bisher keine Beobachtung von SUSY-Teilchen ! LHC?
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Vereinigung der Kräfte
Ziel: Vereinigung der 
elektroschwachen und 
starken Kraft ! Grand 
Unified Theories (GUT)

Idee: SM ist in umfassendere 
Theorie „eingebettet”

Vorhersagen: leichte 
Neutrinos, Protonzerfall 
(experimentell: >1030 Jahre)

Mit Supersymmetrie: 
Vereinigung der Kräfte an 
der GUT-Skala: ca. 1016 GeV
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seems unnatural and requires some special justification. Supersym-
metry, if it is not too badly broken, largely solves this problem, for it
ensures that these unsavoury radiative corrections are small42. 

The fact that our unification calculations point to an enormous
new mass scale for unification is profound. This enormous mass scale
is inferred entirely from data taken at much lower energies. The
disparity of scales arises from the slow (logarithmic) running of
inverse couplings, which implies that modest differences in observed
couplings must be made up by a long interval of running. The
appearance of a very large mass scale is welcome on several grounds. I
will mention three of the most important.

First, right-handed neutrinos, which as we have seen can enhance
the symmetry of unification, naturally acquire masses of the order of
the unification scale. Masses of that magnitude remove these
particles from direct experimental accessibility, but they can have a
most important indirect effect43,44. This is because, in second-order
perturbation theory, the ordinary left-handed neutrinos make virtual
transitions to their right-handed relatives and back. This exotic
process generates non-zero masses for the ordinary neutrinos, but
these are much smaller than the masses of other leptons and quarks.

The magnitudes that arise in this way are broadly consistent with the
tiny observed masses of neutrinos. No more than order-of-
magnitude success can be claimed because many relevant details of
the models are poorly determined. 

Second, unification tends to obliterate the distinction between
quarks and leptons, and hence to open up the possibility that protons
decay (their building-block quarks turn into electrons or muons).
Heroic experiments to observe this process have so far come up
empty-handed, with limits on partial lifetimes approaching 1034

years for some channels. It is very difficult to ensure that these
processes are sufficiently suppressed, unless the unification scale is
very large. Even the high scale indicated by the running of couplings
and neutrino masses is barely adequate. Spinning it positively, exper-
iments to search for proton decay remain a most important and
promising probe into the physics of unification. Similarly, it is diffi-
cult to avoid the idea that unification brings in new connections
among the different families. There are significant experimental
constraints on flavour-changing neutral currents, lepton number
violation and other exotic processes that must be suppressed, and this
makes a high mass scale for the virtual particles that mediate them
most welcome. 

Third, with the appearance of this large scale, unification of the
strong and electroweak interactions with gravity becomes much
more plausible. Newton’s constant has dimensions of mass, so it runs
even classically. Or, to put it another way, gravity responds to
energy/momentum, so it gets stronger at large energy scales.
Nevertheless, because gravity starts out extremely feeble compared to
other interactions on laboratory scales, it becomes roughly equipo-
tent with them only at enormously high scales, comparable to the
Planck energy of 1018 GeV. By inverting this thought, we gain a deep
insight into one of the main riddles about gravity: if gravity is a pri-
mary feature of nature, reflecting the basic structure of space-time,
why does it ordinarily appear so feeble? Elsewhere45, I have traced the
answer down to the fact that, at the unification (Planck) scale, the
strong coupling is about 1/2!

In view of all this, our accounting of the ‘economy of ideas’ is
altered. For it seems that with five Higgs particles you can buy a lot
more than with one. 

Cosmological implications 
In the very early Universe, when temperatures were much higher, the
Higgs condensate that now fills all space could not have maintained
its alignment over extended distances. In a word, it melted46. Just as a
superconductor heated beyond its critical temperature goes normal,
or a magnet heated above its Curie temperature loses its magnetiza-
tion, the Universe would then have been in a different, more symmetric
phase. In this phase, W and Z bosons — like photons, colour gluons
and gravitons — had zero mass, as did quarks and leptons. (Ironi-
cally, the Higgs particles themselves retained a finite mass.) 

Thus, during the early evolution of the Universe there was a dra-
matic change in the properties of matter. The detailed physical nature
of this change is at present unknown. It may have been a sharp phase
transition in the thermodynamic sense, or a smooth crossover. Such a
cosmic phase transition might have been accompanied by unusual or
violent physical events that left lasting consequences. One possibility
is that the current imbalance between the abundance of matter and
antimatter might have been generated when the Higgs condensate
froze in. Another is that the Higgs freeze-in catalysed an epoch of
extremely rapid cosmic acceleration, akin to or even identical to the
inflationary epoch, whose occurrence is widely conjectured in
modern cosmology47 but whose physical nature is highly uncertain.
It is only by studying the Higgs system in detail that we can begin to
assess these possibilities reliably. 

The existence of a Higgs system with properties of the general 
sort I have discussed, notably including one or more accessible, rec-
ognizable Higgs particle, appears to be a compelling consequence of
quantum field theory and the standard model of fundamental physics

year of physics review articles
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Figure 5 Unification of the forces. The strengths of the couplings of the weak,
electromagnetic and strong forces are hugely disparate (represented here as !1

"1,
!2

"1 and !3
"1). But their perceived strength changes with the energy scale of the

process (#), through corrections due to virtual particles. Assuming there are only
the particles known to us in the standard model and extrapolating beyond the reach
of experiment to very high energies, the couplings move towards each other but do
not converge at a single point (top). If, however, the extra particles needed to
implement low-energy supersymmetry are included in the calculation, the couplings
meet neatly at an energy of about 1016 GeV (lower plot). Note that the energy scale is
logarithmic (and the existence of other unknown particles is overlooked), so this
calculation is a bold — perhaps reckless — extrapolation of the laws we know to
apply to energies vastly larger than those at which these laws have been tested. 
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Stringtheorie
Idee: punktförmige 
Teilchen ! Strings

String = Saite (offen 
oder geschlossen), 
d.h. eindimensionales 
Objekt mit 
Eigenschwingungen

Typische Länge von 
Strings: Planck-Länge 
(10–35 m)

Stringtheorie = 
Quantentheorie von 
Strings
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Stringtheorie
String-Wechselwirkungen:

„Realistische” Stringtheorien beinhalten:

Supersymmetrie: „Superstrings”

Extra-Dimensionen (typisch: 10D = 4D-Raumzeit + 6D)

Anregungszustände der Strings = Elementarteilchen

SUSY-Teilchenspektrum qualitativ vorhergesagt

Anregungen mit Spin 0 (Higgs) bis Spin 2 (Graviton) ! 
Stringtheorie beschreibt Gravitation 
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Extra-Dimensionen
A. Einstein (1905): 3D-Raum + 
Zeit = 4D-Raumzeit

Kaluza und Klein (1919): 5D-
Raumzeit ! an jedem Punkt im 
3D-Raum gibt es eine 
„kompaktifizierte” (aufgerollte) 
Raumdimension

Stringtheorie: An jedem Punkt 
im 3D-Raum gibt es eine 
kompaktifizierte 6D-
Mannigfaltigkeit
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Kaluza-Klein-Gravitonen
Vorhersage vieler Modelle 
mit Extra-Dimensionen (ED)

Energieskala der ED um 1 TeV 
! für 6D: Radius der ED ca. 
10 MeV, d.h. R = 20 fm

Modell: 5D-Teilchen in 
aufgerollter ED = stehenden 
Wellen mit Wellenlängen 
n·2"R ! beobachtbar in 4D: 
Kaluza-Klein-Gravitonen

Test der Vorhersagen: 
Suche nach KK-Gravitonen
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FIG. 3: 95% confidence level upper limit on σ(pp → G +
X) × B(G → e+e−) from 1 fb−1 of data compared with the
expected limit and the theoretical predictions for different
couplings k/MPl.

cise normalization than the direct luminosity measure-
ment. Figure 3 shows the limits as a function of invariant
mass compared to predictions from the Randall-Sundrum
model and Table I tabulates the results. Based on the
observed and expected numbers of events we obtain lim-
its on σ(pp → G + X) × B(G → e+e−/γγ). We divide
by B(G → e+e−/γγ)/B(G → e+e−) = 3 [13] to convert
these to the quoted limits on σ(pp → G + X) × B(G →
e+e−).

Using the cross section predictions from the Randall-
Sundrum model with the same K-factor as for the stan-
dard model processes [15], we set upper limits on the cou-
pling k/MPl as a function of M1. This is shown in Fig-
ure 4 and tabulated in Table I. For k/MPl = 0.01(0.1)
we can exclude masses below 300(900) GeV at 95% con-
fidence level.

In summary, we have searched for RS gravitons as reso-
nances in the e+e− and γγ invariant mass spectrum from
about 1 fb−1 of data from the Fermilab Tevatron collider.
We find good agreement of the observed spectrum with
standard model predictions and set lower limits on the
mass of the first massive RS graviton at 95% confidence

level of 300 GeV for k/MPl = 0.01 and of 900 GeV for
k/MPl = 0.1. These are the tightest direct limits on RS
gravitons to date.
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FIG. 4: 95% confidence level upper limit on k/MPl versus
graviton mass M1 from 1 fb−1 of data compared with the
expected limit and the previously published exclusion con-
tour [3]. The area below the dashed line is excluded by pre-
cision electroweak measurements (see [14]).
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Randall-Sundrum-Modell
“Brane World”-Idee (brane = Membran)

! Gravitation schwach, weil sie auf Planck-
Brane „lebt” und nur durch ED zu uns gelangt

Experimenteller Nachweis: KK-Gravitonen, z.B. 
Suche am Tevatron nach G ! ee
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L. Randall

R. Sundrum

Bulk
Planck-Brane:

Gravitation stark

TeV-Brane:

SM-Teilchen

Gravitation schwach

Extra-Dimension
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Ausblick
Teilchenphysik, 
Astroteilchenphysik und 
Kosmologie: gut 
getestete Modelle: 

Standardmodell der 
Teilchenphysik

"CDM-Kosmologie

Viele offene Fragen am 
Anfang des 21. 
Jahrhunderts: 
Revolution im Weltbild?
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