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Short description of “Non-Perturbative QCD and Hadron Physics 
I” course @ IPM 
                                                         
   Hadrons are bound states of the strongly interacting quarks and 
gluons. The quantum field theory of this fundamental interaction is 
“quantum chromodynamics (QCD)”. QCD has two main properties: 
asymptotic freedom and confinement. The asymptotic freedom has 
been analytically proven. However, we have no analytic proof for the 
confinement yet but it has been widely accepted that the QCD is a 
confining theory since it explains the failure of the free quark 
searches. The best laboratory to search for the properties of QCD is  
hadron physics as hadrons contain both the perturbative and non-
perturbative aspects of QCD.  Investigation of different properties of 
hadrons will help us not only understand their internal quark-gluon 
organizations but also gain valuable knowledge on the perturbative 
and non-perturbative natures of QCD as one of the known four 
fundamental interactions of nature. 
  
  
    



In this course we aim to cover the non-perturbative QCD and its 
application in hadron physics. After a brief introduction to 
perturbative QCD and dynamics of the quarks and gluons we will 
introduce some non-perturbative QCD-based tools to calculate the 
hadronic properties. The hadrons are divided into two main 
categories: the standard hadrons (mesons and baryons) and non-
conventional or exotic hadrons (tetraquarks, pentaquarks,, 
sexaquarks, meson/baryon molecules, hybrids, glueballs, etc), which 
will be covered in some details. One of the most applicable, powerful 
and attractive non-perturbative tools in hadron physics is the “QCD 
sum rule”. We will discuss this method in details and introduce the 
traditional SVZ and light cone QCD sum rules. We will apply this 
method to calculate some parameters of both the standard and exotic 
hadrons in vacuum as well as the hot and dense medium. 
 

  



                                                       
                                                         Outline of the course:  
 
 
  
 - Introduction to perturbative QCD: quarks and gluons                                           2 sessions 
 
 - The standard and non-conventional hadrons (exotics)                                         1 session 
  
  
 - Non-perturbative methods in QCD: QCD sum rules                                              2 sessions 
    . SVZ sum rules 
    . Light-Cone sum rules 
  - Determination of the interpolating currents for the standard and exotic hadrons   1 session 
  
  - Calculation of the mass, residue and other spectroscopic parameters of hadrons :     
                                                                                                                                  12 sessions 
     . B meson in vacuum 
     . Nucleons in hot and dense medium 
     . X(3872): tetraquark 
  
  - Mathematica-based programming methods and numerical analyses                    2 sessions   
                                                          
 



  -  Weak decays of hadrons:  
                                                                                                      6 sessions 
    . Semileptonic decay of B to D meson: form factors 
    . Anomalies in B meson decays 
    . Λb to Λ semileptonic decays 

  - Radiative decays of hadrons and their multipole moments   
                                                                                                       3 sessions    

 -   Strong decays of hadrons: the strong coupling constants 
                                                                                                      3 sessions 
  

  Note:  
 This is a four-credit advanced PhD course.  Background knowledge of quantum 
field theory and particle physics will be useful.  The evaluation and grading will be 
based on homeworks and one take-home exam. The lectures will be 14:00-16:00, 
Wednesday and Thursday, in Farmanieh Building  and they will start on  12 Mehr 
1396 (04 October 2017).  
 





q  Introduction 
The idea of strong interaction (~1932): 

Two positive charges repel each other 

      the nucleus should therefore fly apart 

Atomic model 



 The atomic nuclei are stable 

there will be an attractive force among the 
 protons and neutrons against the protons'  
mutual electromagnetic repulsion.This is  
 called the strong nuclear force. It’s strength  
is 100 times that of the electromagnetic force. 

In 1934, Hideki Yukawa made the earliest 
attempt to explain the nature of the nuclear 
force. According to his theory, some  
bosons (mesons) mediate the interaction 
between two nucleons.  



Yukawa potential: 

g is a magnitude scaling constant and µ is the mass of the mediating particle 

v  At small separations between nucleons (less than ~ 
0.7 fm between their centers, depending upon spin 
alignment) the force becomes repulsive, which keeps 
the nucleons at a certain average separation, even if 
they are of different types. This repulsion is to be 
understood in terms of the Pauli exclusion principle for 
identical nucleons 

v  The strong interaction is observable in about 1 to 3 fm 

It was later discovered that protons and neutrons were not fundamental particles, 
but were made up of constituent particles called quarks. The strong attraction 
between nucleons was the side-effect of a more fundamental force that bound the 
quarks together in the protons and neutrons. neutron proton 

Gluons are mediators of the strong intraction 



QCD  is a theory of the strong interactions, a fundamental force describing interactions 
                                   of the color carrying  quarks and gluons 



Interaction Current Theory Mediators Relative Strength Long-Distance 
Behavior Range (m) 

Strong 
Quantum 
chromodynamics 
(QCD) 

gluons        1038              1 
 10−15 

Electromagnetic 
Quantum 
electrodynamics 
(QED) 

photons        1036 ∞ 

Weak Electroweak 
Theory W and Z bosons         1025 10−18 

Gravitation 
General 
Relativity 
(GR) 

Gravitons 
(hypothetical)          1     ∞ 

q  Fundamental Interactions 



q  Fundamental Particles in the Standard Model 

2012: CERN 



....................................................................................... 

Q=2/3 e 

Q= -1/3 e 



....................................................................................... 

...................................................................................... 

....................................................................................... 



The gluons are  massless vector bosons; like the photon, they have spin of 1. 
However against the photons glouns interact with each other due to color. 



Particle Data Group: PDG 















Quarks come in three different colors 

Hence a  quark state in QCD requires not only the Dirac spinor                   
describing   its momentum and spin but also a color factor 

The quark color changes at a quark gluon vertex and the difference carried off 
 by the gluon 



Each gluon carries one unit of color and one of 
anticolor 

 It  does not exist in the nature. If it exists as a mediator it should appear as  
free partice since confinement requires that all naturally occuring particles be  
color singlets. 



HW1: 



Color octet 
 There are many ways of presenting these independent states, which are known as 

the "color octet". One commonly used list is: 

These are equivalent to the Gell-Mann matrices. 
These matrices are one possible representation of the infinitesimal generators 
of the special unitary group called SU(3), which is the non abelian gauge 
group of QCD. 



Gell-Mann matrices 
 

HW2: Obtain the  above matrices using the eight gluon color states from  
the previouse slide. 

HW4: Show that: 

HW3: Show that the octet gluons are not invariant under U discussed in HW1. 



HW5: Show that the nonzero structure constants are: 

And those obtained by antisymmetry from the above set. 



q  Properties of QCD 

v   Asymptotic freedom: in very high energies, quarks and gluons 
interact very weakly (discovered by David Politzer, Frank Wilczek and David 
Gross: 2004 Nobel Prize). (we will come back later) 

v  Confinement: the force between quarks does not diminish as they 
are separated. It would take an infinite amount of energy to separate two 
quarks, so they are forever bound into hadrons. Although analytically 
unproven, confinement is widely believed to be true because it explains the 
consistent failure of free quark  searches, and it is easy to demonstrate in 
lattice QCD.  All experimental searches for free quarks since 1977 have had 
negative results. (we will come back later) 



        QCD Lagrangian 

The gluon field 

The dynamics of the quarks and gluons are controlled by the quantum 
chromodynamics Lagrangian 

HW6: Using QCD lagrangian find equations of motions describing dynamics of quarks 
and gluons. 



v  In principle, this Lagrangian is also  responsible for all properties of the 
hadrons* and hadronic processes. However, a direct use of it is possible only 
within the limited framework of the perturbation theory. 

v At high energies or small distances, due to the asymptotic freedom, the 
quarks move almost freely. Hence, we can use perturbation theory in this 
regime. Although limited in scope, the perturbation theory has resulted in 
the most precise tests of QCD to date.  

.  

........................................................................................................................................................................

. 
* Hadrons are objects formed from quarks in low energies. The famous hadrons are mesons (containing one quark and one antiquark) and baryons 
(containing 3 quarks). We will briefly describe the hadrons in our last lecture.  

.  

v   In low energies and hadronic scales, it is difficult to get reliable 
theoretical results using the perturbation theory since the effective strong 
coupling constant between quarks and gluons becomes large in such 
scales and perturbation theory fails. Therefore, in such scales, we need 
some non-perturbative approaches to describe the non-perturbative 
phenomena. (we will introduce some nonperturbative approaches later) 



Feynman rules for evaluating the tree-level diagrams in QCD 

q  Perturbative QCD 



Propagators 

Vertices 



Three and four gluon vertices 



Quark-antiquark interaction, Comparison with QED 



Calculation of color factor in quark-antiquark interaction 

In this interaction also the possible color configurations are    
 (a color octet and a color singlet) . 















HW8  

HW9: Using the equations, 

Show that 

and  the amplitude becoms: 



HW10: Suppose we put the quarks into a spin 0 (singlet) state, show that the 
amplitude reduces to 

HW11: If the quarks occupy the color singlet state calculate the color factor  

 HW12: Show that in the spin singlet, color singlet configuration with the          
quarks at rest  for                             ,the amplitude is:  



 
 
 

       Strong coupling constant 
             Asymptotic freedom 

Feynman rules for non physical particles or ghosts 
 
In QCD against the QED, such loop diagrams are also appear in calculations  

and besides physical transeversal polarization states, non-physical 
components of the gluons contribute to closed loops. Therefore one has for 
every inner line to subtract the nonphysical gluonic  contributions. This can 
be achieved by introducing an artificial particle without any physical meaning. 
The couplings and the propagator of this particle are chosen in such a way 
that graphs containing this particle cancel the nonphysical  
gluonic contributions. The corresponding graph is  



Because of their nonphysical nature these particles are called "ghosts" or "ghost 
fields".  

Feynman rules for ghosts  



The diagrams contributing to the strong copling constants are: 
 
a) Vacuum polarization diagrams 

b) Self energy diagram 

c) Vertex correction diagrams 



We will not discuss the detail of calculation since it is out of the scope of our 
school.  After  renormalization of the coupling (you learned in QFT cources) 
 one obtains 

A parameter coms from dimension regulization. Some times 
An integral diverges in 4 dimention. In such cases we go to d 
 dimension but multiply the integrand by           to keep the 
 total dimension of the expression unchanged. After doing  
calculations, we set d=4-2ԑ then expand the result interms 
of ԑ and finally set ԑ---->0 

(#1) 



Now we introduce new variable     such that 

The running coupling constant can be expressed in terms of a single parameter 
     as: 
 

HW13: Using the equation (#2) from the above and equation (#1) from the 
 previouse slide, derive the equation (#3).   

(#2) 

QCD scale: the energy scale where the interaction 
strength reaches the value 1 

ΛQCD ~ 200 MeV ~ 1 fm-1 Hadronic scale 

(#3) 



S. Bethke, J Phys G 26, R27 (2000) 



Confinement-Hadronization  
v  As we previousely mentioned color charged particles (such as quarks) cannot 
 be isolated singularly, and therefore cannot be directly observed. The reasons for  
quark confinement are somewhat complicated; no analytic proof exists that QCD 
 should be confining, but intuitively, confinement is due to the force-carrying gluons 
having color charge. As two quarks separate, the gluon fields form narrow 
tubes (or strings) of color charge, which tend to bring the quarks together as though 
 they were some kind of rubber band. 

v  When quarks are produced in particle accelerators, instead of seeing the  
individual quarks in detectors, scientists see "jets" of many color-neutral particles 
 (mesons and baryons), clustered together. This process is called hadronization. 

q  Non-perturbative QCD 



Hadrons: subatomic colorless  
particles made of quarks and gluons   
 Two main categories:   

Standard Hadrons, Exotics  
The standard hadrons are well described by the quark model 
(classification scheme for hadrons in terms of their valence quarks), 
independently proposed in 1964 by  

Murray Gell-Mann George Zweig 



Mesons: one quark and one anti-quark (color+anticolor=white)  

Baryons: 3 quarks or 3 anti-quarks 

Standard  
Hadrons 



Light mesons:  composed of light “u”, “d” or “s” quark and their antiquarks  

Light scalar mesons 

i) confirmed: K0
*(1430): 

ii) candidates: K0
*(800) or kappa, f0(600) or sigma, f0(980), 

 a0(980), f0(1370), f0(1500), f0(1710), a0(1450) 

with + charge  

neutral 

with - charge  

iii) unconfirmed resonances: f0(1200-1600), f0 (1790) 

These mesons are most often observed in proton-antiproton annihilation, 
radiative decays of vector mesons, and meson-meson scattering. 



anti u-d 

PS Mesons 



Vector  Mesons 



Light axial-vector mesons 

h1(1170), b1(1235), h1(1380) 

f1(1285), a1(1260), f1(1420) 

K1(1270), K1(1400) 

Light tensor mesons 

 f2(1270)      f2(1270)     

f2(1270) 

Heavy mesons: one “b” or  “c”  quark-one light antiquark,  
one light quark-one heavy “b” or “c” antiquark 
one “b” or “c” quark-one “b” or “c” antiquark 
 

Some heavy mesons:B, D, Bc,   B*,D*,Jψ,                  ,     ,,,          Ds1(2460) ,......... 

PS V S T AV 





Light Baryons 







Heavy Baryons: contain one-two or three heavy “b” or “c” quarks 







All hadrons except protons are unstable and they decay.  Neutrons are stable only  
inside  the atomic nuclei. 





Proton (uud) 



Both the quark model and theory of strong interactions, QCD, do not exclude the 
non-conventional structures out of                                     .  For this, both 
experimentalists and theoreticians are searching for these structures for many 
decades. They have made a good progress: they have found many exotic states 
and could describe their physical properties.  

Well-known exotic states:  

Tetraquarks: diquark-antidiquark 
Meson molecules: bound states of two mesons 

Famous Candidates:  
 
X (3872): 2003 Belle 
DsJ(2632): 2004 Fermilab SELEX 
Z(4430): 2007 Belle 
Y(4140) : 2009 Fermilab, 2012 CMS, 2013 D0, 
                Belle did not found, LHCb ? 
Zc(3900): 2013 BESIII, Belle 
Z(4430):2014 LHCb 
X(5568): February 2016 D0, LHCb and CMS did not found. 
X(4274), X(4500) and X(4700): June 2016 LHCb 
 
 
 
 
                                                          5 
 
    
 
 

For a history on theoretical studies see for instance:  S. S. Agaev, K. Azizi,  H. Sundu, 
Phys.Rev. D93 (2016) no.7, 074002 ; Phys.Rev. D93 (2016) no.11, 114036 . 

 



X (3872) 

6 



Pentaquarks:  

4 quark-1 antiquark 
Baryon-Meson Molecule 

Famous Candidates:  

Pentaquarks have a long experimental history:  

Θ+: 2003, LEPS reported a resonance of 1540 MeV (uudd----anti-s).  
LEPS (Laser Electron Photon Experiment)  at  
SPring-8 (an acronym of Super Photon Ring – 8 GeV)  
Is located at  hyogo Japan 

7 



The 2008 review of PDG ruled out the existence of this resonance. Despite null 
 results from many collaborations LEPS announced a Penta state of 1524 MeV in 
  2009.  
 For a historical review see the following Ref. and references therein:  
 
   K. Azizi, Y. Sarac, H. Sundu, arXiv:1612.07479 

 

LHCb Pentaquarks, 2015:Pc (4380) and Pc(4450)   
R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett.115, 072001 (2015). 

8 



Di-baryons: six quark states, baryon molecules 

2014: WASA detector@Cooler Synchrotron (COSY) Collaboration-Jülich, 
Germany 

…... 

More investigations are needed. 
9 



Hybrids:  quark-antiquark, Gluon 

Candidates (seen by different collaborations) : 
 
π1(1400 ), π1(1600), π(1800), η2(1870) ,….     

Glueballs (gluonium, gluon-ball): made of only gluons  

Candidates (seen by different collaborations) : 

f0(500), f0(980), f0(13800), f0(1500), f0(1710), 
  X(3020),.....  

Possible light and heavy Hybrids and Glueballs need more theoretical and 
Experimental investigations. 

10 



q  Nonperturbative  methods in QCD 

Hadrons are formed in low energies  very far from perturbative regime.  Therefore 
to calculate their parameters (properties) such as: mass, decay constant or residue 
lifetime, width as well as their decay properties (strong, weak and electromagnetic  
decays), we need some non-perturbarive methods. 

Some non-perturbative methods are: 

v  QCD sum rules 

v  Lattice QCD 

v  Chiral perturbation theory, 

v  Heavy quark effective theory (HQET) 

v  Soft-collinear effective theory 

v  Nambu-Jona-Lasinio model. 

v Different relativistic and non-relativistic quark models 
........................................................................... 



In most of non-perturbative approaches, hadrons are represented by their  
interpolating currents. 

interpolating currents of mesons 

scalar: JS(x)= 

Pseudoscalar: JPS(x)= 

Vector: JV(x)= 

Axial-Vector: JAV(x)= 

interpolating current of each particle can create that particle from the vacuum with 
the same quantum numbers as the interpolating current. 



Interpolating currents for baryons 

We start to derive the interpolating field for nucleon (proton). The proton consists of 
two “u” quarks and one “d” quark and has the quantum numbers I=1/2, I3=1/2 and 
JP=(1/2)+. The simplest way to obtain the approciate isospin is to consider the proton 
 to be an up-down “diquark” with I=0 with an up quark ( I3=1/2 ) attached. Therefore, 
 one must first consider the construction of an interpolating field for diquark. 

The interpolating current for a diquark is expected to be similar to that of a meson. 

Jmeson= 

 a Dirac matrix:{I,γ5,γµ,γ5γµ,σµν} 

How does one construct the diquark? It is possible by replacing antiquark with  
its charge-conjugation analog: 

=qTC 

C=γ0γ2 CT=C-1=C+=-C γ0C γ0=-C 

HW15 



Jdiquark=qTCГq 

Now add the other “u” quark. The current must be color singlet so, 

η~εabc(uaTCГdb)Г’uc 

{I,γ5,γµ,γ5γµ,σµν} 

one should determine Г and Г’. The form of Гcan be constrained through  
isospin considerations. Since the “u” quark quark attached to the “ud” diquark 
has I=1/2 and I3=1/2, one can most readily guarantee that the proton has 
these same quantum numbers by insisting that the diquark has I=0. 

Consider an infinitesimal isospin rotation. Under this transformation, the “u”  
quark obtaines a small “d” quark component and vice versa. If the diquark has 
 vanishing isospin, then its contribution to the nucleon interpolating field must  
remain  invariant under this transformation, i.e., one must have 

εabcuaTCГub=0                (1) and analogous relation for “d” quark 



A simple way te determine those values of Г that satisfy the Eq. (1)  is to 
 consider the transpose of both sides of this equation. One must first develop a  
simple theorem. If A=BC, where A, B and C are matrices whose elements are  
Grassmann numbers (anticommuting numbers or anticommuting  c-numbers),  
then AT=-CTBT  

Proof: 

(AT )ki = Aik  = Bij Cjk=-Cjk Bij= -(CT)kj (BT)ji=  -(CTBT)ki   

Now consider the transpose of the left-hand side of Eq. (1): 

(εabcuaTCГub)T = -εabcubT ГTCTua 

Using CT=C-1=C+=-C one obtains 

(εabcuaTCГub)T =  εabcubT C(CГTC-1) ua Where, 

CГTC-1= 
Г  for Г=I, γ5, γ5γµ 

-Г  for Г= γµ, σµν 



Switching color dummy indicies, one obtains 

(εabcuaTCГub)T =  
- εabcuaTCГub  for Г=I, γ5, γ5γµ 

εabcuaTCГub  for Г= γµ, σµν 

The transpose of a 1 bye1 matrix, such as  εabcuaTCГub  İs equal to itself. Therefor, 

εabcuaTCГub =0 for Г=I, γ5, γ5γµ 

Thus isospin considerations impose the constraint             or γ5γµ. Now consider 
 the spin. The “u” quark attached to the diquark has J=1/2 and J3=    ½. In constrac- 
ting the interpolating field for the proton, it is simplest to take the proton to have the 
 same total spin and spin projection as the “u” quark. Thus the spin of the diquark 
 is zero . This implies Г=I, γ5; therefore, the two possible forms of the proton 
 interpolating field can be written as: 

Г=I, γ5 



η1=εabc(uaTCdb)Г1’uc 

η2=εabc(uaTC γ5 db)Г2’uc 

The values of Г1’ and Г2’ are determined through considerations involving Lorentz  
structure and parity. Since η1 and η2 are Lorentz scalars, one must have  

Г1’ , Г2’ =I or γ5 

Under the parity transformation the spinor ψ(x) becomes 

Ψ’(x’) = γ0 ψ(x) 

Applying this transformation to the individual quark fields in      and        
one obtains 

η1 η2 

η'1=εabc[(γ0ua)TCγ0db]Г1’ γ0uc=- εabc(uaTCdb)Г1’ γ0uc   

η'2=εabc[(γ0ua)TC γ5 γ0db]Г2’ γ0uc= εabc(uaTC γ5 db)Г2’ γ0 uc 



On the other hand, applying the parity transformation to the interpolating fields as 
 a whole gives 

η'1=εabc 

η'2=εabc 

(uaTCdb) γ0Г1’uc 

(uaTC γ5 db) γ0Г2’uc 

Thus  -γ0Г1’= Г1’ γ0 and Г2’ γ0=γ0Г2’ , which implies 
 

Г1’= γ5  Г2’=I 

Therefore, the two possible interpolating fields are given by 

η1=εabc (uaTCdb) γ5 uc 

η2=εabc (uaTC γ5 db) uc 

These two fields can be combined in an arbitrary linear combination. A useful form is 

η(t)=2        [(uaTCdb) γ5 uc+  t                       ] εabc (uaTC γ5 db) uc t is an arbitrary real parameters. 



                              HW14:  
Show that  ,\beta =-1, reduces the above current to the  
               famous Ioffe current as:  



From similar manner one can obtain the following interpolating currents for the 
 light and heavy baryons. 

 light spin ½ (octet) baryons:  



light spin 3/2 (Decuplet) baryons 



Heavy spin ½ baryons 

Q=b or c 



Heavy spin 3/2 baryons 



QCD sum rules method is one of the most powerfull and applicable non-perturbative 
tolls to hadron physics. It is based on QCD lagrangian and does not containe any 
model dependent parameter. This method developed about thirty years ago by 
Shifman, Vainshtein and Zakharov and it is also called the SVZ sum rule.  
 
In this approach, we relate the hadronic parameters such as mass, decay constant, 
and etc... to the fundamental QCD parameters such as quark mass and ...... by the  
help of dispersion relation. In other language, we see a hadron once from outside and 
another from inside, then we equate these two windows to get QCD sum rules for  
physical quantities. 

Window1: 

hadron 
We see a hadron which has a mass, 
Decay constant, lifetime and other ha- 
Dronic parameters 

Window2: 
We see quarks and gluons and their  
interaction 

Setting       Window1= Window2 QCD sum rules for physical quantities 

q  QCD sum rules  



v  Formation of hadrons and QCD sum rules 

Ø Formation of hadrons: 

asymptotic freedom 
             region 
(perturbative effects) 

energy 

distance 

quark and  gluon 
condensats 
(nonperturbative  phen.) 

hadrons: 
mesons & baryons 

Ø  internal structures of hadrons: 

ü  some hadrons like D_{sJ} mesons have not exactly known quark structure. Using QCD sum rules 
     approach, we can get information about their  internal structures as well as the strong interactions 
     inside them. 

= 

Under some conditions 

QCDSR: 
hadron 

hadron 

Using QCD sumrules, we can determine: 



Ø  Hadronic spectroscopy: mass & decay constant (residue), etc. 

Ø Form factors characterizing their electromagnetic interactions and decays & 
the electromagnetic multipole moments: charge, electric and magnetic dipole 
moments, electric quadrupoles, magnetic octupoles, etc.   

Ø Form factors responsible for the weak decays of hadrons 

Ø  Strong coupling constant among hadrons 

Using the above form factors and coupling constants, we can calculate many 
observables related to the electromagnetic, weak and strong interactions of 
hadrons like: Decay width, branching ratio, different polarization 
asymmetries, .... 

Analyzing the above physical quantities, we can get useful information about their  
internal structure, the nature of weak and strong interaction as well as search for new  
Physics effects beyond the SM. 



QCD sum rules in technique language  
As previousely mentioned, in this method, hadrons are represented by their 
interpolating quark currents. The main object in this approach is the so called 
correlation function expressed in terms of these interpolating currents. 

Time ordering product 





normal ordering  



since 

So the time ordering product between vacuum states=all possible contractions 







The main advantage of the QCD sum rules as a nonperturbative method is that, it 
is based on the fundamental QCD Lagrangian. 

As we previously said a direct use of this Lagrangian is possible only within the 
limited framework of the perturbation theory. The condition that guarantees the  
smallness of the corresponding effective quark-gluon coupling   
and adequacy of the perturbative expansion is that, at least some of the quarks or 
gluons in a hadronic process have to be highly virtual. 
 
 

Mainly, high virtuality is obtained in a scattering of hadrons at large momentum 
transfer. However, even for these hard scattering processes, a perturbative 
calculation of the quark-gluon Feynman diagrams is not sufficient, since the 
quarks participating in the hard scattering are confined inside hadrons. Therefore, 
one should combine the perturbative QCD result with certain wave functions or 
momentum distributions of quarks in hadrons. 

We consider the two-point correlation 
function 

where q is the momentum of the quarks, j(x) is the quark current that injects 
quarks into the QCD vacuum at point x. 





HW15 







HW16 









HW17 









Asian Side 
 
Hadronic Side 

European Side 
 
OPE Side 

QCD sum rules: Bosphorus Bridge Istanbul 
Borel transf. to suppress the contr. of higher states and cont. with the same quantum numbers 

Continuum subtraction & quark hadron duality assumption 


