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The Standard Model of Particle Physics
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Gravitational Waves
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Albert Einstein
1879-1955

computer simulation of gravitational waves in space-time, 
caused by two black holes rotating against each other

→ predicted in 1916 (Albert Einstein)
→ discovered in 2016 (LIGO-Collaboration)
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The Standard Model

6



- Christian Schwanenberger -Experiments on BSM Physics Chapter 1

Feynman Rules of QED
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Feynman Rules of QED
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Dirac Matrices and Spinors
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Dirac Matrices and Spinors
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Measurement of Landé ge Factor
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cylindrical Penning trap cavity lowest cyclotron and 
spin levels

experiment:
theory: 

1/α = 137.035 999 084 (51)
1/α = 137.035 999 070 (98)

PRL 100, 120801 (2008)

PRL  99, 039902 (2007)
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Quantum Electrodynamics
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PETRA and DORIS e+e- Colliders at DESY
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DORIS 
(Doppel-Ring-Speicher)

PETRA 
(Positron-Elektron-

Tandem-Ring-Anlage)

HERA 
(Hadron-Elektron-Ring-Anlage)
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The LEP e+e- Collider at CERN
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√s=90-209 GeV
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Running of fine structure constant
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Gell-Mann Matrices and Structure Constant
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Feynman rules of QCD
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Feynman rules of QCD
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Feynman rules of QCD
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Search for Different Quark Flavors
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u+d+s u+d+s+cu+d+s+c+b

where is the top?

→ structure of quark 
families suggested 
existence of a 6th quark: 
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The Top Quark
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The Tevatron pp Collider at Fermilab
_
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The Top Quark
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The Top Quark
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1000s of events

Tevatron
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The Top Quark
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1000s of events

Tevatron
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The Top Quark
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1000s of events

Tevatron
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The Top Quark
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Dimensional Regularisation
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Asymptotic Freedom
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Asymptotic Freedom
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Asymptotic Freedom
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Asymptotic Freedom
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Discovery of J/ψ
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Discovery of J/ψ
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Discovery of J/ψ

37



- Christian Schwanenberger -Experiments on BSM Physics Chapter 1

Discovery of J/ψ
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Confinement
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Confinement
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Quark Pair Production
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Gluon Discovery
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The HERA ep Collider at DESY
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HERA 
(Hadron-Elektron-Ring-Anlage)



- Christian Schwanenberger -Experiments on BSM Physics Chapter 1

Deep Inelastic Scattering: Neutral Current
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Parton Density Functions
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Quantum Chromodynamics
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Comparison between QED and QCD

47



- Christian Schwanenberger -Experiments on BSM Physics Chapter 1

Standard Model Particles
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Spontaneous Symmetry Breaking (SSB)
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Summary QFD Lagrangian
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Summary QFD Lagrangian
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Flavor quantum numbers of quarks & leptons
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Mass eigenfields and CKM Matrix
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SM Lagrangian
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SM Lagrangian: Yukawa term
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SM Lagrangian: Yukawa term
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SM Lagrangian: interaction
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SM Lagrangian: em interaction
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SM Lagrangian: em interaction
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SM Lagrangian: NC interaction
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SM Lagrangian: CC interaction
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General Form of CKM matrix

62



- Christian Schwanenberger -Experiments on BSM Physics Chapter 1

Wolfenstein parameterisation of CKM matrix
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Measurements of CKM matrix
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QFD Feynman rules
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QFD Feynman rules
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QFD Feynman rules
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BACKUP
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Maxwell Equations
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MG1

MG2

MG3

MG4

Lorentz force: 
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Quantum Electrodynamics
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Quantum Chromodynamics
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Fermion-gauge boson vertices
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Gauge boson propagators
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