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( )• Introduction (Chap. 1)

• Special Relativity (Chap. 2)

• Quantum Mechanics (Chap 3)• Quantum Mechanics (Chap. 3)
– Hydrogen Atom

– Meson wave function

Baryon wave function– Baryon wave function

– Magnetic moments

• Detector 

• Data Processing

• Feynman diagram (Chap. 4)

QED (Chap 5) & Weak interaction• QED (Chap. 5) & Weak interaction

• QCD (Chap. 6)



In this chapterIn this chapter….

• Dirac equation.

• Feynman rules for quantum electrodynamicsFeynman rules for quantum electrodynamics

• Useful calculational tools

• Some examples



7 1 The Dirac Equation7.1 The Dirac Equation

We must include spin

R l ti i ti t h i

Nonrelativistic quantum mechanics Schrödinger’s equation

Kl i G d tiRelativistic quantum mechanics Klein-Gorden equation

Spin 0

Relativistic quantum mechanics Dirac equation

S i 1/2Spin 1/2

Relativistic quantum mechanics Proca equation

Spin 1
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Weak Interactions
Some Weak Interaction basicsSome Weak Interaction basics
Weak force is responsible for decay e.g. n → pev (1930’s)
interaction involves both quarks and leptons
not all quantum numbers are conserved in weak interaction:

Chapter 8 M&S

o qu u u be s e co se ved we e c o :
parity, charge conjugation, CP
isospin
flavor (strangeness, bottomness, charm)( g , , )

Weak (+EM) are “completely” described by the Standard Model

Weak interactions has a very rich history
1930’s: Fermi’s theory described  decay1930 s: Fermi s theory described  decay. 
1950’s: V-A (vector-axial vector) Theory: 

Yang & Lee describe parity violation
Feynman and Gell-Mann describe muon decay and decay of strange mesonsFeynman and Gell Mann describe muon decay and decay of strange mesons

1960’s: Cabibbo Theory
N. Cabibbo proposes “quark mixing” (1963)
"e plains" h rates for deca s ith S 0 > S 1

Chapter 8.2.3 M&S
"explains" why rates for decays with S =0 > S =1

%9.99)(%5.63)(  
  BRKBR

Quarks in strong interaction are not the same as the ones in the weak interaction:Q g
weak interaction basis different than strong interaction basis

previous example: ),(),( Ls
oo KKKK 
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Weinberg-Salam-Glashow (Standard Model 1970’s-today)

unify Weak and EM forces

predict neutral current (Z) reactions

gives relationship between mass of W and Z

predict/explain lots of other stuff!..e.g. no flavor changing neutral currents

i t f Hi (“ t ” i St d d M d l)existence of Higgs (“generates”mass in Standard Model)

Renormalizable Gauge Theory

But the picture is still incomplete:But the picture is still incomplete:

must input lots of parameters into the Standard Model (e.g. masses)

where’s the Higgs and how many are there ?where s the Higgs and how many are there ?

how many generations of quarks and leptons are there ?

mass pattern of quarks and leptons ?mass pattern of quarks and leptons ?

neutrinos have mass!

CP violation observed with quarks!q

is there CP violation with leptons?
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7 1 The Dirac Equation7.1 The Dirac Equation

It f il d t du th B h l l f h dIt failed to reproduce the Bohr energy levels for hydrogen
because electron has spin ½ but the Klein-Gorden equation applies 
to particles with spin 0.
The Klein Gorden equation is incompatible with Born’s statisticalThe Klein-Gorden equation is incompatible with Born s statistical 
interpretation
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7.2 Solutions to the Dirac 
Equation
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7.2 Solutions to the Dirac 
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7.2 Solutions to the Dirac 
Equation

)()( kuaex xik 
We look next for plane-wave solutions

Bispinor
Four-vector)()( kuaex
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7.2 Solutions to the Dirac 
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7.2 Solutions to the Dirac 
Equation
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Relate to the energy-momentum four-vector

/ pk  p

Positive sign -> particle state 
Negative sign -> antiparticle state 
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7 3 Bilinear Covariants7.3 Bilinear Covariants

The components of a Dirac spinor do not transform as a four-vector

If you go to a system moving with speed v in the x direction

 S '

If you go to a system moving with speed v in the x direction
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7 3 Bilinear Covariants7.3 Bilinear Covariants

W t t t u t l u tit ut f i

2222  †

We want to construct a scalar quantity out of a spinor
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7 3 Bilinear Covariants7.3 Bilinear Covariants

I t du th dj i t i
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Introduce the adjoint spinor
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7 3 Bilinear Covariants7.3 Bilinear Covariants
Parity transformation
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7 4 The Photon7.4 The Photon
Maxwell’s equations
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7 4 The Photon7.4 The Photon
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7 4 The Photon7.4 The Photon
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7 4 The Photon7.4 The Photon
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In QED, vector potential becomes the wave function of the photonIn QED, vector potential becomes the wave function of the photon

0J 0J
Free photon0A□

Pl
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Plane-wave

PolarizationPolarization



7 4 The Photon7.4 The Photon

Lorentz condition
0

p

0so,00  p
Coulomb gauge

0 so    ,0 p



7 5 The Feynman Rules for QED7.5 The Feynman Rules for QED

Electrons PositronsElectrons
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7 5 The Feynman Rules for QED7.5 The Feynman Rules for QED

PhotonsPhotons
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7 5 The Feynman Rules for QED7.5 The Feynman Rules for QED

Feynman RulesFeynman Rules
1. Notation

Associate a momentum.

Draw an arrow next to the line

Indicating the positive direction (forward in time)

2. External lines.

Electron

Positron

Photon
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Feynman RulesFeynman Rules
3. Vertex Factors

eig  4/4  cege 

4. Propagators
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7 5 The Feynman Rules for QED7.5 The Feynman Rules for QED

Feynman RulesFeynman Rules
5. Conservation of energy and momentumgy

)()2( 321
44 kkk 

6. Integrate over internal momenta
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7. Cancel the delta function



7 5 The Feynman Rules for QED7.5 The Feynman Rules for QED

Feynman RulesFeynman Rules
8. Antisymmetrizationy

Include a minus sign between diagrams that 
differ only in the interchange of two 
incoming (or outgoing) electrons (orincoming (or outgoing) electrons (or 
positrons), or of an incoming electron with 
and outgoing positron (or vice versa).



7 6 Examples7.6 Examples
Electron-Muon ScatteringElectron Muon Scattering
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7 6 Examples7.6 Examples
Electron-Electron ScatteringElectron Electron Scattering
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7 6 Examples7.6 Examples
Electron-Positron ScatteringElectron Positron Scattering
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7 6 Examples7.6 Examples
Electron-Positron ScatteringElectron Positron Scattering
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7 6 Examples7.6 Examples
Compton scatteringCompton scattering
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7 6 Examples7.6 Examples
Compton scatteringCompton scattering
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7 7 Casimir’s Trick7.7 Casimir s Trick
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7 7 Casimir’s Trick7.7 Casimir s Trick
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7 7 Casimir’s Trick7.7 Casimir s Trick

C l iConclusion
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7 8 Cross Sections and Lifetimes7.8 Cross Sections and Lifetimes

Mott and Rutherford scattering
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7 8 Cross Sections and Lifetimes7.8 Cross Sections and Lifetimes

Mott and Rutherford scattering
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