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Lecture Plan 

1. Introduction and review 

2. Quark model 

3. Fundamentals of QCD   

4. QCD in e+e- annihilation 

5. QCD in lepton-hadron collisions 

6. QCD in hadron-hadron collisions 

7. … 
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Fundamental Forces 

 Known “fundamental” interactions: 

“Strong” – QCD 

 Weak – Fermi’s theory, … 

 Electromagnetic – QED 

 … 

 Gravity – GR, SuperGravity, String, … 

Electro- 

Weak 

Standard 

“Model” 

A
d
S

/C
F

T
 

 QED is the best tested, but, can only be an effective theory 

 Electro-weak is only tested at low energy (as an effective theory) 

 GR is successful, what is the theory for quantum gravity? 

 QCD is successful at short distance, but, connection to hadrons? 

 Status: 
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Quantum Chromodynamics (QCD) 

Quantum Chromodynamics (QCD – ) is a  

quantum field theory of quarks and gluons  

 Fields: Quark fields:  spin-  Dirac fermion (like electron) 

Color triplet:   

Flavor: 

Gluon fields:  spin-1 vector field (like photon) 

Color octet: 

 QCD Lagrangian density: 

 Color matrices: 
Generators for the fundamental  

representation of SU3 color 
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Questions 

 Why do we need a quantum field theory? 

A quick review from classical mechanics  

                            to quantum mechanics 

                            to relativistic quantum mechanics  

                                (classical quantum field theory) 

                            to quantum field theory  

 Why do we need quarks, gluons, and colors? 

Hadrons are NOT fundamental particles 

A quick review of the Quark Model 

 Have we seen quarks and gluons? 

Jets – the trace of quarks and gluons 

 How quarks and gluons make up the hadrons? 

Not sure!  Mass, spin, … A lot of work are waiting to be done!!! 



QCD Lec1 Jianwei Qiu 6 

Classical Mechanics 

Dynamics system of finite physical observables 

 Variables and degrees of freedom:   

 Equation of motion: 

 Boundary conditions: 

(2nd order differential equation) 

Time-dependence of all physical observables 

 Predictive power: 
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Lagrangian Mechanics 

Another way to do the classical mechanics 

 Variables and degrees of freedom:   

 Lagrangian: 

 Equation of motion (Lagrange equation): 

One for each independent degree of freedom (or each i) 

 Advantages: 

 Treat all d.o.f equivalently and systematically 

 More systematic way to find all forces 

 Better to deal with the symmetries and conservations 

 …  
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Hamiltonian Approach 

Another way to do the classical mechanics 

 Variables and degrees of freedom:   

 Hamiltonian: 

 Advantages: 

 1st order differential equations 

 explicit connection between the symmetries and conservations 

 …  

Generalized position: 

Generalized momentum: 

 Equation of motion (Hamilton’s equations): 
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Non-relativistic Quantum Mechanics 

1st quantization 

 Classical variables:   

 Degrees of freedom:   

 Hamiltonian: 

 Quantization – assumption: 

 classical variables to operators – quantum Hamiltonian:  

 quantization conditions (equal time):  

(the “hat” was neglected)  
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Equation of Motion – Time Dependence 

 Classical case:   

Dynamical equation of physical variables:  

 Quantum mechanics:   

Dynamical equation of the wave function or quantum operators: 

 Schrödinger equation – wave equation:  

Wave function:  

 a property of the whole system 

 not a direct physical observable/variable 

 normalization condition:   

 Heisenberg equation – operator equation:  

Quantum operator:  
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Physical Observables 

 Classical case:   

Functions of classical variables: 

Dynamics            the time-dependence of: 

Examples:  

 Quantum mechanics:   

Expectation values of Hermitian operators: 

Hermitian operator: 

Dynamics            the time-dependence of: 

Examples:  
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Relativistic Quantum Mechanics 

 Relativity:   

 Quantization:   

– Klein-Gordon Equation 

 Equation of motion: 

Compare to Schrödinger equation – linear in   

– Dirac Equation 

 Physical meaning of            and           : 

 Called as relativistic fields – classical functions of space and time 

    – analog to the wave functions of Schrödinger Eq. of non-rel. Q.M. 

             is a 4X1 matrix – each element is a function of space and time 

    – including both positive and negative energy states, antiparticle 

 Equation of motion          the propagator theory, … – Bjorken & Drell 
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Classical Field Theory 

 Relativistic quantum mechanics = classical field theory: 

 Variables – classical fields: 

 Lagrangian density of fields: 

 Lagrangian: 

 Action: 

 Equation of motion – Euler-Lagrange’s equation: 

 Physical observables – Hermitian operators: 

Not independent from the spatial components – Lorentz invariance 

 Time-dependence:  
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Hamiltonian Approach 

 Variables and degrees of freedom:   

for classical field theory 

Generalized fields: 

Generalized “momentum”: 

 Hamiltonian density:   

 Hamiltonian:   

 Equation of motion (Hamilton equations):   

 Compare to classical mechanics: 
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Quantum Field Theory 

2nd quantization 

 Fields:   

 Canonical quantization – equal time: 

Scalar fields: 

Dirac fields: 

 Physical observables: 

Expectation value of a hermitian operator is still an operator: 

Physical observable  =  eigenvalue of            on a specific state: 
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Quantum Mechanics vs Quantum Field Theory 

 Variables:   

QM: 

QFT: 

 Quantization:   

QM: 

QFT: 

 Physical observables:   

QM: 

QFT: 

 Symmetry of physical observables in QFT:   

Requires the symmetry of Lagrangian AND symmetry of the state!!! 
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Hadrons 

 Protons, neutrons, and pions:   

 “Historic” –     as          bound state:   

Fermi and Yang, 1952; Nambu and Jona-Lasinio, 1960 (dynamics) 

Yang-Mills theory, SU(2) Non-Abelian Gauge theory (1953)   
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Hadrons are NOT Elementary 

 Nucleons are not point-like spin-  Dirac particles:   

 “Modern” – common constituents for         :  Quarks 

 Quarks at point-like spin-  Dirac particles:   

 How to “see” the quark and its dynamics, as well as the color?   



QCD Lec1 Jianwei Qiu 19 

How to “See” the Substructure of a Nucleon? 
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Lepton-Hadron Deep Inelastic Scattering 

 Process:   

 Kinematics:   
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General Analysis without QCD 

Only unknown! 
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Hadronic Tensor and Structure Functions 

 Hadronic tensor:   

EM current 
 Structure functions:   
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The Parton Model 
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Structure Functions in Parton Model 
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Need a better Dynamical Theory! 

 Total momentum carried by the partons: 

Missing momentum 

 Need particles not directly interact with photon  

 (or EM charge)    

 the gluon? 

 Scaling violation: 

     – dependence of structure functions? 

 Are partons the same as the quarks? 

Feynman say:  No!    Gell-Mann say:  Yes! 

A combination of Quark Model and Yang-Mills non-Abelian gauge theory 

 The birth of QCD: 


