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Menue

• The Beginning of Quantum Mechanics

• Early Contributors 

• Milestone experiments: Estabslishing the quantum world

• Quantum technologies

• From Relativistic Quantum Mechanics and Quantum Field Theory

• Quantum Theory in Particle Physics

• Quantum Electrodynamics: The Blueprint for modern Particle Theories

• Renormalization and Renormalization Group

• The Standard Model of Particle Physics

• Outlook: What could come next?   



The Beginning of Quantum Mechanics

• At the end of the 19th century: 
• Classical Mechanics

• Waves and Fields: Classical Electrodynamics

• Some problems remained 
• Blackbody radiation

• Spectra of atoms

• Development of empirical formulae and simple models

• Inherent paradigm shift ...  



(from quantum-history.de)



Early Contributors



Towards the theoretical Desription

• Particle-Wave Dualism  

• Matrix Mechanics 

• Wave Mechanics

Heisenberg: Vacation on Helgoland 1923



The Papers laying out the Theory Foundations





Spin and Relativistic Equations 

• Interpretation of the Wave Function

• Development of Special Relativity
• Klein Gordon Equation

• Dirac Equation 

• Intrinsic Properties: Spin of particles

• Exclusion Principle, Spin-Statistics Theorem  





(Early) Milestone Experiments   



Implications of QM: Entanglement   



John S. Bell´s Inequality





• Numerous technological 
applications of quantum 
effects 



Quantum Theory in Particle Physics 



Quantum World at highest Energies



• Strictly speaking, there is no such thing as relativistic Quantum Mechanics

• Neither the Klein-Gordon nor the Dirac Equation can be interpreted as a 
single particle wave equation

• Quantum Field Theory = Ensemble of infinitelty many (coupled) harmonic 
oscillators

• Transition from a finite number of d.o.f. to an infinite number is non-trivial

• For an infinite set, this algebra has infinitely many inequivalent reps.

• Hilbert Space is not unique   

Some Remarks



• Coupling constant = Fine structure constant  ⍺ = 1/137  

• Perturbative expansion in ⍺: Feynman Diagrams

• ... corresponding to mathematical expressions

• Some diagrams yield divergent expressions:   

Prototype Theory: Quantum Electrodynamics



• The old problem of the electron mass re-occurs:                                                
How large is the contribution of the Coulomb field to the mass of the electron?

• Electron Self Energy is divergent:      Σ =

• Renormalize the mass: mphys = mbare + Σ is the measured value of 511 keV

• Likewise for the coupling 

• ⍺phys = ⍺bare + 

Renormalization and Renormalizibility

=



• This also works for higher orders in the perturbative expansion 

• Quantum Electrodynamics is a Renormalizable Theory: 
• The redefinition of mass and coupling is suffient to make the Feynman diagrams at 

all order finite, 
• The remaining finite parts of the divergent diagrams are uniquely defined.   





Lamb Shift

• Self Energy of a bound electron is slightly different from the one of a free electron: 

QED on Trial II: The Lamb Shift

(1955)



• In the “early days“, renormalization was considered a “dirty trick“ 

• ... despite of the success of QED 

• QED served as a blueprint of the Standard Model of particle physics 

• ... and renormalizability became a criterion for a “good“ (i.e. predictive) theory

Some Remarks on Renormalization 

• Nobel price for t‘hooft and Veltman  in 
1999 for the proof of the renormali-
zability of the Standard Model    



• Renormalization introduces a scale into the theoretical description 

• Dimensional transmutation: The coupling “runs“   

• Scale Change including the change in ⍺s: Renormlization group transformation

• This changes the dimensional analysis: 
• The coupling also changes once the scale is changed. 

• Breaking of conformal invariance 

• Renormalization theory opened the road to understand also critical 
phenomena and  phase transitions 

Renormalization group in a nutshell 





Putting the Standard model to trial 

Before the Higgs Discovery

The Standard Model without the Higgs particle 
is not renormalizable!



The Discovery of the Higgs Boson





Second Remark on Renormalizability

• A renormalizable theory can be scaled up to (almost) arbitrarily high energies

• ... It is constructed such that it is insensitive to effects from high scales 

• Thus it is a parametrization of our ignorance about the physics at high scales

•  The Standard model alone cannot give us a hint on a scale where it fails 

• This motivates the searches for searches for effects beyond the SM 

• No significant deviations have been found in particle physics experiments

• ... Despite of intensive searches! 



• The Standard Model is one of the most successful theories ever

• Its observed spectrum and interactions corresponds to a 
renomalizable quantum field theory

• ... So it does not tell us, at what scale it fails!  

• The situation resembles a bit the one at the end of the 19th century

Where do we go from here?

• There are various elefants in the room: 
• Dark matter 

• Dark Energy

• Matter-Antimatter Asymmetry   



• Gravitation is not included in the Standard Model

• General Relativity is formulated as a theory of space-time geometry: 

• Left hand side: Space-time geometry

• Right hand side: Energy momentum operator(?)

• Add in a “cosmological constant“?

• Do we need to quantize Gravitation, and if yes, how does a consistent 
Quantum Theory of Gravitation look like?    

A word on Gravitation ...



• There are in total three constants of nature characterizing the progress in 
fundamental physics of the last century:  
• ℏ: Plancks constant, relating particles and waves 

• c: The speed of light, relating mass with energy 

• G: Newtons gravitational constant, relating space-time geometry with energy density 

Outlook ...

• Quantum Field Theory has 
sucessfully combined quantum 
mechanics and special relativity

• Gravitation remains „isolated“ 

• Can a theory that combines ℏ, c and 
G solve the „Dark problems“?  
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