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Auflösung Aufgabe 32
Welche der folgenden Aussagen über Neutrinooszillationen sind korrekt? 
A. Die Idee der Oszillationen wurde zunächst für Neutrino-Antineutrino-

Zustände betrachtet, dann auf Flavor-Zustände übertragen. 
B. Alleine aus der Evidenz für Neutrino-Flavor-Oszillationen kann auf die 

Existenz von nichtverschwindenden Neutrinomassen geschlossen werden. 
C. Bei Oszillations-Experimenten verwendet man die Erde als „Filter”, um 

Neutrinos von Antineutrinos zu trennen. 
D. In der Auswertung werden häufig Experimente mit Sonnen- und 

Reaktorneutrinos kombiniert, sowie ebenso Experimente mit 
Beschleuniger- und Atmosphärenneutrinos. 

E. Mit ausreichend hoher Energieauflösung können zukünftige Oszillations-
Experimente auch die Neutrinomassenskala messen.
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Kurze Wiederholung
Neutrinooszillationen: theoretische Beschreibung 

Propagation der Masseneigenzustände (physikalische Teilchen)  
→ Mischung der Flavoreigenzustände (Wechselwirkung mit W-Boson) 
Drei-Flavor-Oszillationen: PMNS-Matrix (drei Mischungswinkel, eine CP-
verletzende Phase?), zwei Differenzen der Massenquadrate Δmij2 

Experimentell: Beobachtung von Neutrinooszillationen  
Atmosphärische und Beschleunigerneutrinos: 𝜈𝜇 in 𝜈3 → großes Δmij2   

Sonnenneutrinos und Reaktorneutrinos: 𝜈e in 𝜈2 → kleines Δmij2  

Reaktor- und Beschleunigerneutrinos: 𝜈e in 𝜈3 mit sehr kleinem Mischungswinkel 

Offene Fragen der Neutrinophysik: Neutrinos = Dirac- oder Majorana-
Fermionen? Absolute Neutrinomasse? CP-Verletzung?
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Offene Fragen und 
Querverbindungen

Kapitel 9
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Überblick

Viele Querverbindungen zwischen  
Teilchenphysik – Astroteilchenphysik– Kosmologie: 

Inhaltlich: Wie bestimmen kleinste Teilchen und ihre Wechselwirkungen die 
Entwicklung des Universums? Wie funktionieren kosmische Beschleuniger? 
Woraus besteht kosmische Strahlung? 
Methodisch: Detektortechnologie, statistische Analyse der Daten 

Standardmodell der Teilchenphysik: offene Fragen 
Experiment: Neutrinomassen, diverse kleinere Abweichungen von 
Erwartungen des Standardmodells (→ signifikant?) 
Theorie: mehrere Defizite → nur gültig bei „niedrigen” Energien?
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Quarks & Kosmos
Kosmologie: 

Elemententstehung: nukleare Astrophysik (Kapitel 4.3)  
Evidenz für expandierendes Universum, dunkle Materie, dunkle Energie 
Standardmodell der Kosmologie = konsistentes Modell von Entwicklung 
des Universums? 

Astroteilchenphysik: Schnittstelle zwischen Teilchenphysik, Astrophysik 
und Kosmologie 

Kosmische Strahlung → Beschleunigung im Universum? 
Suche nach Antimaterie, dunkler Materie, Gravitationswellen, … 
Multimessenger-Ansatz: Verknüpfung vieler Beobachtungen (optisch, 
Radioteleskope, Luftschauer, Neutrinos, Gravitationswellen …)
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Grenzen des Standardmodells

Kapitel 9.1
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Probleme des Standardmodells
Theoretische Defizite des Standardmodell: 

Viele freie Parameter: >20 Massen und Kopplungen 
Higgs-Mechanismus: ad hoc eingeführt, keine Erklärung für 
elektroschwache Symmetriebrechung und Yukawa-Kopplung 
Eichkopplungen: keine Erklärung für Eichgruppe SU(3)×SU(2)×U(1)  
Keine (einfache) Vereinheitlichung aller Kräfte bei hohen Energien 
Hierarchieproblem: Gravitation viel schwächer als alle anderen Kräfte 

Hinweise auf Physik jenseits des Standardmodells: 
Labor: Neutrinomassen, Abweichungen in Präzisionsobservablen 
Kosmologie: dunkle Materie und dunkle Energie (→ später), starke 
Asymmetrie zwischen Materie und Antimaterie
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g–2: Theorie und Experiment
Dirac-Gleichung: magnetisches Moment 
von Myonen mit g-Faktor g𝜇 = 2  

Quantenkorrekturen  
→ anomales magnetisches Moment: 
 

a𝜇 extrem genau messbar und berechenbar: 
relative Unsicherheit < 10–6 
3,3 Standardabweichungen  
Unterschied zwischen Theorie und 
Experiment → neue Physik? 
Muon g–2 (Fermilab): Resultat noch 2020?

aµ ⌘ gµ � 2
2
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Figure 1: Representative diagrams contribut-
ing to aSM

µ . From left to right: first order QED
(Schwinger term), lowest-order weak, lowest-
order hadronic.

The QED part includes all photonic and leptonic (e, µ, τ) loops

starting with the classic α/2π Schwinger contribution. It has

been computed through 4 loops and estimated at the 5-loop

level [8]
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Employing α−1 = 137.035999084(51), determined [8,9] from the

electron ae measurement, leads to

aQED
µ = 116 584 718.09(0.15)× 10−11 , (6)

where the error results from uncertainties in the coefficients of

Eq. (5) and in α.

Loop contributions involving heavy W±, Z or Higgs parti-

cles are collectively labeled as aEW
µ . They are suppressed by at

least a factor of
α

π
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" 4 × 10−9. At 1-loop order [10]
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= 194.8 × 10−11 , (7)

for sin2θW ≡ 1 − M2
W/M2

Z " 0.223, and where Gµ " 1.166 ×
10−5 GeV−2 is the Fermi coupling constant. Two-loop correc-

tions are relatively large and negative [11]

aEW
µ [2-loop] = −40.7(1.0)(1.8)× 10−11 , (8)

July 30, 2010 14:34

Beiträge zu aµ

P
D

G
 2020 

a𝝁: Vergleich von Theorie und Experiment
55. Muon anomalous magnetic moment 5
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Figure 55.2: Compilation of recent results for aµ (in units of 10−11), subtracted
by the central value of the experimental average (55.3). The shaded (dark shaded)
vertical band indicates the total (systematic) experimental uncertainty. The SM
predictions are taken from: DHMZ 2019 [20], KNT 2018 [31], and J 2017 [32].
Note that the quoted errors in the figure do not include the uncertainty on the
subtracted experimental value. To obtain for each theory calculation a result
equivalent to Eq. (55.13), the errors from theory and experiment must be added in
quadrature.

where F (x) =
∫ 1
0 2z(1 − z)2/[(1 − z)2 + x2z] dz. For values of ε ∼ 1–2 × 10−3 and

mV ∼ 10–100MeV, the dark photon, which was originally motivated by cosmology, can
provide a viable solution to the muon g − 2 discrepancy. However, recent experimental
constraints disfavor such a scenario [36] under the assumption that the dark photon
decays primarily into charged lepton pairs. Direct searches for the dark photon continue
to be well motivated [37], but with primary guidance coming from phenomena outside
the muon anomalous magnetic moment discrepancy. More recent popular solutions to
the muon anomaly discrepancy have focused on loop contributions coming from relatively
light new scalar or pseudoscalar particle appendages from physics beyond the SM.

References:

1. A. Czarnecki and W.J. Marciano, Phys. Rev. D64, 013014 (2001).
2. M. Davier and W.J. Marciano, Ann. Rev. Nucl. and Part. Sci. 54, 115 (2004).
3. J. Miller, E. de Rafael, and B. Lee Roberts, Rept. Prog. Phys. 70, 795 (2007).

June 1, 2020 08:27

https://muon-g-2.fnal.gov


Sommersemester 2020Moderne Experimentalphysik III (4010061) – 19. Vorlesung10

Jenseits des Standardmodells

Theorien jenseits des Standardmodells 
(engl.: beyond the standard model, BSM):  

Lösung der Probleme des Standardmodells 
Querverbindung zu Kosmologie und 
Astroteilchenphysik 

Viele Ideen für BSM-Physik: 
Neue Symmetrie?  
Neue starke Kraft? 
Zusätzliche Raumdimensionen?

H. Murayama
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SUSY – Supersymmetrie
SUSY: postulierte neue Raum-Zeit-Symmetrie 
zwischen Bosonen und Fermionen 

Jedes Boson hat ein Fermion als Superpartner 
und umgekehrt 
Superpartner: dieselbe Masse, dieselben 
Quantenzahlen (außer Spin) 
Populäre SUSY-Modelle: leichtestes SUSY-
Teilchen stabil → Kandidat für dunkle Materie  
(WIMP = weakly interacting massive particle) 
Lösungen für viele weitere Probleme des SM…  
Noch keine Superpartner entdeckt  
→ SUSY gebrochen (oder nicht realisiert in Natur)

D
E

S
Y
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Kurze Wiederholung
Grenzen des Standardmodells der Teilchenphysik: 

Theoretische Defizite: freie Parameter, Vereinheitlichung der Kräfte, … 
Keine Erklärung für manche Beobachtungen, z. B. g–2 des Myons, dunkle 
Materie (→ später) 

Mögliche Erweiterung des Standardmodells: Supersymmetrie 
Symmetrie zwischen Bosonen und Fermionen → SUSY-Partner für alle 
Teilchen des Standardmodells 
Falls in Natur realisiert: Lösung für viele Probleme des Standardmodells, 
aber: bisher keine SUSY-Teilchen entdeckt 

Viele weitere Modelle für Physik jenseits des Standardmodells, bisher 
keine signifikanten Abweichungen in Daten (LHC, B-Fabriken, …)
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Astroteilchenphysik  
und Kosmologie

Kapitel 9.2
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Astroteilchenphysik
Forschungsgeschichte: 

Entdeckung der kosmischen Strahlung 
(Hess, 1912): ionisierende Strahlung nimmt 
mit Höhe über Erdboden zu 
Teilchenphysik mit kosmischer Strahlung 
(z. B. Positron 1932, Myon 1936, 
Strangeness 1947) 
Astronomie und Astrophysik: 
Radioteleskope, Satelliten, … 
(ab 1950er Jahre) 
Astroteilchenphysik als eigener 
Forschungszweig (ab 1980er Jahre)

Ballonflug V. Hess

A
P

S
, H

essballon.jpg, gem
einfrei

https://commons.wikimedia.org/w/index.php?title=File:Hessballon.jpg&oldid=137015741
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Astroteilchenphysik

Kosmische 
„Botenteilchen”: 
Nachweis z. B. über: 

Detektion geladener 
kosmischer 
Strahlung, direkt oder 
über Luftschauer 
Teleskope für TeV-
Gammastrahlung  
Neutrinoteleskope

astro.desy.de 

http://astro.desy.de
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Pierre-Auger-Observatorium

Ziel: Detektion kosmischer Schauer 
mit Primärenergien > 1020 eV 

Funktionsprinzip: Hybriddetektor 
1600 Wasser-Cherenkov-Detektoren 
(1,5 km Abstand) → 3000 km2  
4 Stationen mit Detektoren für 
Fluoreszenzlicht aus Luftschauer 

Standort: Malargüe (Argentinien)

https://w
w

w
.auger.org  

https://www.auger.org
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Energiespektrum kosmischer Strahlung
16 29. Cosmic rays
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Figure 29.8: The all-particle spectrum as a function of E (energy-per-nucleus)
from air shower measurements [91–106].

energy. Some types of expanding supernova remnants, for example, are estimated not
to be able to accelerate protons above energies in the range of 1015 eV. Effects of
propagation and confinement in the Galaxy [111] also need to be considered. A discussion
of models of the knee may be found in Ref. 112. The Kascade-Grande experiment [101]
has reported observation of a second steepening of the spectrum near 8 × 1016 eV, with
evidence that this structure is accompanied a transition to heavy primaries.

Concerning the ankle, one possibility is that it is the result of a higher energy
population of particles overtaking a lower energy population, for example an extragalactic
flux beginning to dominate over the galactic flux (e.g. Ref. 107). Another possibility is
that the dip structure in the region of the ankle is due to pγ → e+ + e− energy losses
of extragalactic protons on the 2.7 K cosmic microwave radiation (CMB) [114]. This
dip structure has been cited as a robust signature of both the protonic and extragalactic
nature of the highest energy cosmic rays [113]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above 1018 eV.

June 5, 2018 19:57

Fluss kosmischer Strahlung skaliert mit E2.6

Rate: 1 Teilchen  
pro km2 pro Jahr

Äquivalente  
Fixed-Target-Energie  
LHC (√s = 13 TeV)

PDG 2019

Grund für Potenzgesetz  
F(E) ~ E–𝛾? „Knie” = Änderung 
des spektralen Index 𝜸? 

Änderung der Element-
zusammensetzung?  

Unterdrückung kosmischer 
Strahlung bei höchsten 
Energien? 

Punktquellen? (Kandidaten: 
Pulsare, aktive Galaxienkerne, 
schwarze Löcher)

http://pdg.lbl.gov/2019/reviews/rpp2018-rev-cosmic-rays.pdf
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Kosmische Neutrinos: IceCube

Ziel: Suche nach Quellen  
kosmischer Neutrinos  
bis zu PeV-Energien 

Funktionsprinzip: 
Cherenkov-Detektor 
(Medium: 1 km3 Eis) 

Standort: Südpol

icecube.wisc.edu   

http://icecube.wisc.edu
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Gravitationswellen

Gleichungen der Allgemeinen 
Relativitätstheorie gelöst durch 
Wellen für zeitliche Änderung des 
Massen-Quadrupolmoments  
(Einstein 1916) 

Erster indirekter Nachweis: 
Doppelsternsystem mit Pulsar PSR 
B1913+16 (Hulse, Taylor, 1974)  
→ Energieverlust des Pulsars 

Raoul NK, Quadrupol_Wave.gif, CC BY-SA 3.0
(Pulsar = schnell rotierender Neutronenstern)

https://commons.wikimedia.org/w/index.php?title=File:Quadrupol_Wave.gif&oldid=187409035
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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Advanced LIGO
Direkter Nachweis: Michelson-
Interferometer → Differenz der 
Deformation der Interferometer-
arme: ΔL/L < 10–21  

Aktueller Gravitationswellen-
detektoren:  

LIGO: 4 km Armlänge 
(Hanford, Livingston, USA) 
Virgo: 3 km (Cascina, Italien) 
KAGRA: 3 km (Kamioka, Japan) 
Kombination:  
Richtungsinformation

the gravitational-wave signal extraction by broadening the
bandwidth of the arm cavities [51,52]. The interferometer
is illuminated with a 1064-nm wavelength Nd:YAG laser,
stabilized in amplitude, frequency, and beam geometry
[53,54]. The gravitational-wave signal is extracted at the
output port using a homodyne readout [55].
These interferometry techniques are designed to maxi-

mize the conversion of strain to optical signal, thereby
minimizing the impact of photon shot noise (the principal
noise at high frequencies). High strain sensitivity also
requires that the test masses have low displacement noise,
which is achieved by isolating them from seismic noise (low
frequencies) and designing them to have low thermal noise
(intermediate frequencies). Each test mass is suspended as
the final stage of a quadruple-pendulum system [56],
supported by an active seismic isolation platform [57].
These systems collectively provide more than 10 orders
of magnitude of isolation from ground motion for frequen-
cies above 10 Hz. Thermal noise is minimized by using
low-mechanical-loss materials in the test masses and their

suspensions: the test masses are 40-kg fused silica substrates
with low-loss dielectric optical coatings [58,59], and are
suspended with fused silica fibers from the stage above [60].
To minimize additional noise sources, all components

other than the laser source are mounted on vibration
isolation stages in ultrahigh vacuum. To reduce optical
phase fluctuations caused by Rayleigh scattering, the
pressure in the 1.2-m diameter tubes containing the arm-
cavity beams is maintained below 1 μPa.
Servo controls are used to hold the arm cavities on

resonance [61] and maintain proper alignment of the optical
components [62]. The detector output is calibrated in strain
by measuring its response to test mass motion induced by
photon pressure from a modulated calibration laser beam
[63]. The calibration is established to an uncertainty (1σ) of
less than 10% in amplitude and 10 degrees in phase, and is
continuously monitored with calibration laser excitations at
selected frequencies. Two alternative methods are used to
validate the absolute calibration, one referenced to the main
laser wavelength and the other to a radio-frequency oscillator

(a)

(b)

FIG. 3. Simplified diagram of an Advanced LIGO detector (not to scale). A gravitational wave propagating orthogonally to the
detector plane and linearly polarized parallel to the 4-km optical cavities will have the effect of lengthening one 4-km arm and shortening
the other during one half-cycle of the wave; these length changes are reversed during the other half-cycle. The output photodetector
records these differential cavity length variations. While a detector’s directional response is maximal for this case, it is still significant for
most other angles of incidence or polarizations (gravitational waves propagate freely through the Earth). Inset (a): Location and
orientation of the LIGO detectors at Hanford, WA (H1) and Livingston, LA (L1). Inset (b): The instrument noise for each detector near
the time of the signal detection; this is an amplitude spectral density, expressed in terms of equivalent gravitational-wave strain
amplitude. The sensitivity is limited by photon shot noise at frequencies above 150 Hz, and by a superposition of other noise sources at
lower frequencies [47]. Narrow-band features include calibration lines (33–38, 330, and 1080 Hz), vibrational modes of suspension
fibers (500 Hz and harmonics), and 60 Hz electric power grid harmonics.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-4

PRL 116 (2016) 061102 

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102
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GW150914
11. Februar 2016: erster 
direkter Nachweis von 
Gravitationswellen (GW150914) 

Interpretation: Verschmelzung 
zweier schwarzer Löcher  
(36 und 29 Sonnenmassen) 

Bisher insgesamt >10 „sichere” 
GW-Beobachtungen

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-3

P
R

L 116 (2016) 061102 

nobelprize.org 

R. Weiss B. C. Barish K. S. Thorne

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.061102


Sommersemester 2020Moderne Experimentalphysik III (4010061) – 19. Vorlesung23

Entwicklung des Universums

DESY 

https://www.weltmaschine.de/physik/geschichte_des_universums/
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Grundlagen der Kosmologie

map.gsfc.nasa.gov

Allgemeine Relativitätstheorie (ART, Einstein, 1915) 
= geometrische Feldtheorie: alle Formen von 
Energie führen zu Verformung der Raumzeit  
→ Gravitationskraft 

Kosmologisches Prinzip: auf größten 
Längenskalen ist Universum homogen  
und isotrop (→ Friedmann-Gleichungen) 

Mögliche Geometrie der Raumzeit: 
Sphärisch: Big Bang und Big Crunch 
Hyperbolisch: asymptotische Expansion 
Flach: beschleunigte Expansion
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Expandierendes Universum
Beobachtung weit 
entfernter 
Supernovae: 
(Perlmutter; Riess, 
Schmidt, 1998) 

Messgrößen: 
Helligkeit (→ Alter) 
vs. Rotverschiebung 
(→ Größe)  
Daten kompatibel 
mit beschleunigt 
expandierendem 
Universum

S. Perlmutter

A. G. Riess

B. P. Schmidt

NobelPrize.org

cosmological models, the expansion history of the cosmos
is determined entirely by its mass density. The greater the
density, the more the expansion is slowed by gravity. Thus,
in the past, a high-mass-density universe would have been
expanding much faster than it does today. So one should-
n’t have to look far back in time to especially distant (faint)
supernovae to find a given integrated expansion (redshift). 

Conversely, in a low-mass-density universe one would
have to look farther back. But there is a limit to how low
the mean mass density could be. After all, we are here, and
the stars and galaxies are here. All that mass surely puts
a lower limit on how far—that is, to what level of faint-
ness—we must look to find a given redshift. The high-
redshift supernovae in figure 3 are, however, fainter than
would be expected even for an empty cosmos.

If these data are correct, the obvious implication is
that the simplest cosmological model must be too simple.
The next simplest model might be one that Einstein en-
tertained for a time. Believing the universe to be static, he
tentatively introduced into the equations of general rela-
tivity an expansionary term he called the “cosmological
constant” (L) that would compete against gravitational col-
lapse. After Hubble’s discovery of the cosmic expansion,
Einstein famously rejected L as his “greatest blunder.” In
later years, L came to be identified with the zero-point
vacuum energy of all quantum fields.

It turns out that invoking a cosmological constant al-
lows us to fit the supernova data quite well. (Perhaps there
was more insight in Einstein’s blunder than in the best ef-
forts of ordinary mortals.) In 1995, my SCP colleague Ariel
Goobar and I had found that, with a sample of type Ia su-
pernovae spread over a sufficiently wide range of dis-
tances, it would be possible to separate out the competing
effects of the mean mass density and the vacuum-energy
density.14

The best fit to the 1998 supernova data (see figures 3
and 4) implies that, in the present epoch, the vacuum en-
ergy density rL is larger than the energy density attribut-
able to mass (rmc2). Therefore, the cosmic expansion is now
accelerating. If the universe has no large-scale curvature,

as the recent measurements of the cosmic microwave back-
ground strongly indicate, we can say quantitatively that
about 70% of the total energy density is vacuum energy
and 30% is mass. In units of the critical density rc, one
usually writes this result as

WL ! rL/rc " 0.7 and Wm ! rm/rc " 0.3.

Why not a cosmological constant?
The story might stop right here with a happy ending—a
complete physics model of the cosmic expansion—were it
not for a chorus of complaints from the particle theorists.
The standard model of particle physics has no natural
place for a vacuum energy density of the modest magni-
tude required by the astrophysical data. The simplest es-
timates would predict a vacuum energy 10120 times greater.
(In supersymmetric models, it’s “only” 1055 times greater.)
So enormous a L would have engendered an acceleration
so rapid that stars and galaxies could never have formed.
Therefore it has long been assumed that there must be
some underlying symmetry that precisely cancels the vac-
uum energy. Now, however, the supernova data appear to
require that such a cancellation would have to leave a re-
mainder of about one part in 10120. That degree of fine tun-
ing is most unappealing.

The cosmological constant model requires yet another
fine tuning. In the cosmic expansion, mass density be-
comes ever more dilute. Since the end of inflation, it has
fallen by very many orders of magnitude. But the vacuum
energy density rL, a property of empty space itself, stays
constant. It seems a remarkable and implausible coinci-
dence that the mass density, just in the present epoch, is
within a factor of 2 of the vacuum energy density.

Given these two fine-tuning coincidences, it seems
likely that the standard model is missing some funda-
mental physics. Perhaps we need some new kind of accel-
erating energy—a “dark energy” that, unlike L, is not con-
stant. Borrowing from the example of the putative
“inflaton” field that is thought to have triggered inflation,
theorists are proposing dynamical scalar-field models and
other even more exotic alternatives to a cosmological con-

http://www.physicstoday.org April 2003    Physics Today 57
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Figure 4. The history of cosmic 
expansion, as measured by the
high-redshift supernovae (the black
data points), assuming flat cosmic
geometry. The scale factor R of the
universe is taken to be 1 at pres-
ent, so it equals 1/(1 + z). The
curves in the blue shaded region
represent cosmological models in
which the accelerating effect of
vacuum energy eventually over-
comes the decelerating effect of
the mass density. These curves as-
sume vacuum energy densities
ranging from 0.95 rc (top curve)
down to 0.4 rc. In the yellow
shaded region, the curves repre-
sent models in which the cosmic
expansion is always decelerating
due to high mass density. They as-
sume mass densities ranging (left to
right) from 0.8 rc up to 1.4 rc. In
fact, for the last two curves, the ex-
pansion eventually halts and re-
verses into a cosmic collapse.

S. Perlmutter, Physics Today, April 2003
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Kurze Zwischenbilanz

Astroteilchenphysik: Verbindung von Astrophysik und Teilchenphysik 
Physikalische Fragestellung: Quellen und 
Beschleunigungsmechanismen kosmischer Strahlung 
Experimente mit kosmischen Photonen, Neutrinos, Atomkernen  
→ Beispiele: AUGER, IceCube 
Seit 2015: erste Signale in Experimenten mit Gravitationswellen  
→ Beispiele: LIGO, Virgo, KAGRA 

Kosmologie und Entwicklung des Universums 
Expandierendes Universum → dunkle Energie, flache Raumzeit
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Kurze Wiederholung
Astroteilchenphysik: Verbindung von Astrophysik und Teilchenphysik 

Experimente mit kosmischen Photonen, Neutrinos, Atomkernen  
→ Beispiele: Pierre Auger Observatory, IceCube 
Seit 2015: erste Signale in Experimenten mit Gravitationswellen  
→ Beispiele: LIGO, Virgo, KAGRA 

Physikalische Fragestellung: Quellen und 
Beschleunigungsmechanismen kosmischer Strahlung 

Kandidaten: Pulsare, aktive Galaxienkerne  
Suche nach Punktquellen 

Kosmologie und Entwicklung des Universums 
Expandierendes Universum → flache Raumzeit
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Evidenz für dunkle Materie

Fehlende Masse im Universum: 
Bahngeschwindigkeit von Galaxien im 
Coma-Cluster (Zwicky 1932)  
→ Name: dunkle Materie (DM) 
Rotationskurven von Galaxien  
(Rubin 1970) → DM-Halo 

DM als Gravitationslinse („Lensing”) 

Körnigkeit größter Strukturen im 
Universum → nicht-relativistische DM 
(cold dark matter, CDM)

w
w

w
.aip.org

V. Rubin

w
w

w
.zw

icky-stiftung.ch
 

F. Zwicky
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33_rotation_curve_H
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Evidenz für dunkle Materie
Kollisionen von 
Galaxienhaufen: 

Gesamtmasse aus Lensing 
→ benötigt  dunkle Materie 
Baryonische Materie: 
Gaswolken stoßen 
aneinander  
→ Röntgenemission 
Dunkle Materie durchdringt 
sich (fast) ohne Stöße  
→ höchstens schwache 
Wechselwirkung

N
A

S
A

, 1e0657_scale.jpg, gem
einfrei

Bullet-Cluster: Optisches Bild + Massenbestimmung  
(blau, aus Gravitationslinseneffekt) + Röntgenemission (pink)

https://commons.wikimedia.org/w/index.php?title=File:1e0657_scale.jpg&oldid=153870058
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Kosmischer Mikrowellenhintergrund
Schwarzkörperstrahlung aus 
Universum (ca. 2,73 K) 
(Penzias, Wilson, 1965):  

Entstehung: Entkopplung der 
Photonen aus thermischem 
Gleichgewicht, ca. 380.000 Jahre 
nach Urknall 
Temperaturschwankung O(100 µK): 
„Fingerabdruck” der 
Dichteschwankungen im frühen 
Universum (z. B. Planck-Satellit) 
→ kosmologische Modelle

(engl.: cosmic microwave background, CMB)

Multipolentwicklung Strahlungsleistung

https://w
w

w
.cosm

os.esa.int/w
eb/planck/picture-gallery 
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ΛCDM-Kosmologie

Standardmodell der Kosmologie: ΛCDM   
Zutaten: ART, kosmische Inflation, kalte 
dunkle Materie (CDM), dunkle Energie 
(symbolisiert durch kosmologische 
Konstante Λ) 
Mit allen derzeitigen kosmologischen 
Daten verträglich (Spannungen im Detail) 

Standardmodell der Teilchenphysik: keine Kandidaten für dunkle 
Materie und dunkle Energie → SUSY-WIMP? Andere Kandidaten?

NASA
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Suche nach Dunkler Materie
Drei Suchstrategien: make it – shake it – break it 

Paarproduktion in Kollisionen von Standardmodell-Teilchen  
→ Nachweis: Rückstoß und fehlender Transversalimpuls 
 
 
 
 
 
 

Streuung an SM-Teilchen → Nachweis durch Rückstoß 
Annihilation der DM-Teilchen im Universum  
→ Nachweis der resultierenden SM-Teilchen

SM

SM DM

DM

DM

SM SM

DM

DM

DM SM

SM

q

q̄

χ

χ̄

gq

q

g DM

DM

Beispiel: Monojet-Signatur
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Suche nach Dunkler Materie
Direkter Nachweis: 

Streuung an Kernen: Wärme, 
Szintillation, Ionisation 
Derzeit führend: Zweiphasen-
Zeitprojektionskammer mit 
flüssigem Xenon (XENON, LUX) 

Indirekter Nachweis:  
Annihilationsprodukte aus  
DM-Paarvernichtung  
→ Überschuss von Antiteilchen 
Diverse Teilchendetektoren,  
z. B. AMS-02 auf der ISS
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Kurze Zusammenfassung
Astrophysikalische Evidenz für kalte dunkle Materie: 

Rotationskurven von Galaxien 
Größte Strukturen im Universum 
Gravitationslinseneffekt 
Kollisionen von Galaxienhaufen  

Standardmodell der Kosmologie: ΛCDM 
Allgemeine Relativitätstheorie + Inflation → flaches Universum 
Kalte dunkle Materie und dunkle Energie 

Suche nach dunkler Materie: bisher kein signifikantes Signal 
Direkt durch Kernrückstoß in Streuung und in Collider-Experimenten 
Indirekt durch Nachweis der Annihilationsprodukte
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Zusammenfassung  
und Ausblick

Kapitel 10
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Kern- und Teilchenphysik
Experimentelle Methoden: 

Teilchendetektoren 
Teilchenbeschleuniger 

Struktur der Materie: 
Streuexperimente: vom Rutherford-Experiment zum LHC 
Fundamentale Bausteine der Natur:  
Atome → Kerne → Nukleonen → Quarks und Leptonen 

Grundlagen der Kernphysik: 
Radioaktivität: Alpha-, Beta- und Gammazerfall 
Anwendungen: Entstehung der Elemente im Universum, 
Energieerzeugung, …
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Kern- und Teilchenphysik
Symmetrien und Erhaltungssätze: 

Eichsymmetrien → Wechselwirkungen 
Diskrete Symmetrien C, P, T und ihre Verletzung in der Natur 
Quantenzahlen der Elementarteilchen 

Fundamentale Wechselwirkungen: 
QCD: Theorie der starken Wechselwirkung 
Elektroschwache Wechselwirkung: vereinheitlichte Theorie  
der elektromagnetischen und schwachen Wechselwirkung 

Moderne Teilchenphysik: 
Teilchenphysik bei höchsten Energien am Collider: LHC, LEP, B-Fabriken, … 
Neutrinophysik mit und ohne Beschleuniger 

Querverbindungen zu Astroteilchenphysik und Kosmologie



Sommersemester 2020Moderne Experimentalphysik III (4010061) – 19. Vorlesung39

Experimentelle Teilchenphysik am KIT

Neutrinomasse – KATRIN

Hadron-Collider – CMS

ETP 
IKP

CERN

K
IT

Institut für Experimentelle Teilchenphysik, KIT

W. de W. de BoerBoer
CMS, AMSCMS, AMS--22

G. Drexlin
KATRIN, DARWIN

(M. Feindt)
Belle, Belle II

ETP Professoren

Th. Müller
CMS, Belle II

G. QuastG. Quast
CMS, GRIDCMS, GRID

U. U. HusemannHusemann
CMSCMS

F. Bernlochner
Belle II, ILC

Assoziiert:       
T. Schwetz-

Mangolt
Theorie, IKP
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M. Weber

IPE

R. Engel
AUGER, ICETOP
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Astroteilchenphysik am KIT

ETP 
IKP

Kosmische Strahlung –  
Auger-Observatorium, Tunka-Rex

Dunkle Materie – XENON/DARWINDunkle Materie – Edelweiss

Kosmische Neutrinos – 
IceCube-Gen2

Christoph Schäfer  DPG 20181/14

  Search for Hidden Photon Dark Matter in 
Visible Range with a Large Spherical Mirror

Christoph Schäfer, A. Andrianavalomahefa, K. Daumiller, B. Döbrich,
R. Engel, J. Jaeckel, M. Kowalski, A. Lindner, H.-J. Mathes, J. Redondo, 

M. Roth, T. Schwetz-Mangold, R. Ulrich, D. Veberic

Dunkle Photonen – FUNK

ETP-webIKP-web

https://www.etp.kit.edu/forschung.php
http://www.ikp.kit.edu/forschungsvorhaben.php
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Ende.


