
A quick introduction into perturbative 

Quantum ChromoDynamics 

 

 

Quantum chromodynamics (QCD)  

      is the quantum field theory of the strong        

     interaction. This interaction acts between        

       the six quarks of the standard model and is        

also responsible for the existence of the  

 proton, neutron and pion and ultimately nuclei.  

The interaction acts between so-called 

 "colour charges": the quarks can carry  

   three types of charge, or colour, 

R, G, or B. 
 

 

The interaction is mediated by  

   vector bosons called gluons. The  

gluons also carry colour in contrast to 

photons which are electrically neutral. 

Quarks and gluons (collectively named 

partons) are confined into colourless  

structures called hadrons and no one has  

 ever observed a free parton before. Hadrons  

 can be divided into two subgroups: mesons  

 contain one quark and one antiquark, and  

baryons which are built up from three 

quarks (or three antiquarks).  
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  The Lagrangian of QCD is invariant  

under global and local transformations 

in colour space taken from the group 

SU(3)C. These invariances lead to the  

conservation of colour (global) and the 

interaction between quarks via gluons (local). 

Using Feynman rules, the possible basic QCD 

graphs can be derived from the Lagrangian  

itself (see Figure 2). From these any other  

  graph can be built up and then translated  

back into mathematical formulae. 

QCD is an asymptoticly free theory which means the 

strength of the interaction gets weaker as the interaction 

energy rises. At high energies one can think of hadrons 

as groups of non-interacting partons and use 

perturbative methods to calculate physical quantities. In 

perturbation theory the higher order corrections can be 

represented as graphs with more and more extra 

particles added to the graphs of the basic process. 

(Figure 4 (below): gg → H → bb; coloured particles 

denotes perturbative corrections.) 

 

During actual calculations physicists  

have to deal with some serious technical 

 issues. In particular, some graphs translate  

to mathematical formulae which involve  

 integrations over momenta form zero to infinity  

can be divergent. Divergences originating from 

 the upper limit of integration are called  

 ultra-violet (UV) divergences, while those  

associated with the lower limit of  

integration are the infra-red (IR)  

divergences.  

 

To make sense of the expressions  

one has to use a regularization method, in  

QCD usually the dimensional regularization. 

This means that we analytically continue our  

formulae from d=4 space-time dimension to  

D=4-2ε dimension. Then the divergences  

appear as poles in the parameter epsilon.  

After performing the calculation, we must  

remove the regularization by taking  
ε → 0. 

UV divergences can be handled  

at any order in perturbation theory by  

renormalization: upon expressing the  

"bare" parameters of the Lagrangian (like  

masses, couplings, etc.) in terms of physical  

 ones, all the UV divergences cancel. However  

 IR divergences are still present and are much  

harder to manage: at higher perturbative  

orders, even though the final result is  

 known to be free of IR divergences, the  

 various pieces build up the computation  

are separately IR divergent. 

 

Hence one must deal with these IR divergences in intermediate 

stages of the calculation and there are no general methods for 

doing this at higher orders in perturbation theory. One possible 

solution is to use a so-called subtraction scheme. The basic 

idea is that by subtracting and adding back suitably defined 

subtraction terms to the original formulae, one can reshuffle the 

IR divergences between the various pieces of the computation, 

such that each piece becomes separately finite. At present 

general subtraction schemes are only known at next-to-leading 

order (NLO) in QCD perturbation theory. Hence computer 

programs for calculating NLO corrections in QCD to any 

process are available. At next-to-next-to-leading order (NNLO) 

accuracy the development of subtraction schemes is still in 

progress, but hopefully in some years these too will be available 

in form of computer programs. 

 

Figure 1: Parton density 

functions of the proton 

The quarks in hadrons are bound 

together by gluons and these gluons 

also play an important role in proton-

proton collisions. The probability of 

momentum fraction carried by a single 

parton in a hadron can be measured 

in different scattering processes and 

is described by the so-called parton 

density function (Figure 1.). 

Figure 2 (top): Basic graphs 

of QCD 

Figure 3 (bottom): The QCD 

running coupling 
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