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Introduction to QCD sum rules 

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

QCD Lagrangian: 

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

In principle, besides the dinamics of  quarks and gluons, this lagrangian should be  

responsible for determination of hadronic properties. Unfortunately, it is valid only in a 

limited region.  

 

This is one of the most attractive and applicable non-perturbative  

phenomenological  tools to Hadron physics. 



In very high energies, due to “asymptotic freedom” we can use this Lagrangian 

    and perturbation theory. However, when energy is decreased the coupling  

    constant between quarks and gluons becomes large and perturbation theory 

fails. 



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

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

 

 Hadrons are formed in low energies very far from the “asymptotic 

    freedom”  and perturbative region. 

To investigate their properties, we need some  

non-perturbative approaches. 

 

 Some non-perturbative methods: 

  

 Different “relativistic” and “non-relativistic” quark models 

HQET 

Nambu–Jona-Lasinio mode 

Lattice QCD 

.............................. 

QCD sum rules and 

   its extension:  

   light cone QCDSR.  

 

 

One of the most  

Applicable tools to 

Hadron physics 

o does not include any free parameter 

o is based on QCD Lagrangianin 

o gives results in a good consistency  

   with existing EXP. data 

o its results agree with Lattice predi. 

o can be expanded  to thermal QCD 

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



Formation of hadrons and QCDSR  

asymptotic freedom 

             region 

(perturbative effects) 
energy 

distance 

quark and  gluon 

  condensates 

(non-perturbative  phen.) 

hadrons: 

mesons & baryons 

= 

Under some conditions 

hadron 
hadron 



QCD sum rules in technique language  

 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. 



In this version, the OPE is done in terms of distribution amplitudes of the on-shell 

particles with different twists. This can be used in all electromagnetic, weak and 

strong decays. 

These correlation functions are calculated in two different ways: 

 

 Phenomenological or physical side: in terms of hadronic parameters 

 QCD side: in terms of QCD degrees of freedom 

The QCD sum rules for physical observables: 

 

 Phenomenological = QCD side 

 



Hadrons: subatomic colorless  particles made of quarks   

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

Baryons: 3 quarks 

Hadrons 

Exotic particles (experimentally not seen): Gluballs, tetraquark (dimeson), 

pentaquarks, hexaquarks (dibaryon), octaquarks,... 



anti u-d 

PS Mesons (light) 



Vector  Mesons (light) 



Light Baryons 







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





Doubly Heavy baryons: contain two heavy b or c quarks 

Symmetric wavefunctions 

With respect to exchange of 

Two heavy quarks 

Asnti-symmetric wavefunctions 

with respect to exchange of 

two heavy quarks 

Thriply Heavy baryons: contain three heavy b or c quarks: \Omega_{QQQ} 

====================================================== 







All hadrons except protons are unstable and they decay.  Neutrons are stable only  

inside  the atomic nuclei. 

Only symmetric part 



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. 

İnterpolating currents correspond to the wavefunctions in quark model. 



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 



Jdiquark=qTCГq 

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

η~εabc(u
aTCГdb)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 

εabcu
aTCГub=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 (B
T)ji=  -(CTBT)ki   

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

(εabcu
aTCГub)T = -εabcu

bT ГTCTua 

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

(εabcu
aTCГub)T =  εabcu

bT C(CГTC-1) ua Where, 

CГTC-1= 

Г  for Г=I, γ5, γ5γµ 

-Г  for Г= γµ, σµν 



Switching color dummy indicies, one obtains 

(εabcu
aTCГub)T =  

- εabcu
aTCГub  for Г=I, γ5, γ5γµ 

εabcu
aTCГub  for Г= γµ, σµν 

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

εabcu
aTCГub =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(u
aTCdb)Г1’u

c 

η2=εabc(u
aTC γ5 d

b)Г2’u
c 

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[(γ0u
a)TCγ0d

b]Г1’ γ0u
c=- εabc(u

aTCdb)Г1’ γ0u
c   

η'2=εabc[(γ0u
a)TC γ5 γ0d

b]Г2’ γ0u
c= εabc(u

aTC γ5 d
b)Г2’ γ0 u

c 



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

 a whole gives 

η'1=εabc 

η'2=εabc 

(uaTCdb) γ0Г1’u
c 

(uaTC γ5 d
b) γ0Г2’u

c 

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 u
c 

η2=εabc (u
aTC γ5 d

b) uc 

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

η(t)=2        [(uaTCdb) γ5 u
c+  β                         ] εabc (uaTC γ5 d

b) uc β is an arbitrary real parameters. 

β =-1 corresponds to the famous Ioffe current 



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 



Interpolating currents for doubly heavy baryons 

T. M. Aliev, K. Azizi, M. Savci, Nucl.Phys. A895 (2012) 59-70;  Phys.Lett. B715 (2012) 149-151 

Spin-1/2 

Spin-3/2 

T. M. Aliev, K. Azizi, M. Savci, J.Phys. G40 (2013) 065003  



Interpolating currents for triply heavy baryons 

Spin-1/2 

Spin-3/2 

T. M. Aliev, K. Azizi, M. Savci, JHEP 1304 (2013) 042 

T. M. Aliev, K. Azizi, M. Savci, J.Phys. G41 (2014) 065003 



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. 



























 Hadronic spectroscopy in vacuum: 

İnterpolating current: 





 Putting all together 



QCD or theoretical side: 





normal ordering  



since 

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





Integral representation of bessel functions: 



We use these expressions for the propagators then perform integrate over x 

(Fourier transformation). 

 

 To suppress the contribution of higher states and continuum, we apply also 

the Borel transformation and continuum subtraction.  

 

These transformations bring two auxiliary parameters: 

 Borel mass parameter, M2 and continuum subtraction s0. 
 

 

 

 We should find their working regions such that the physical quantities are 

independent of them. 







PDG 

T.M. Aliev, K. Azizi, A. Ozpineci, Nucl. Phys. B 808 (2009) 137.  



Masses and residues of the doubly and triply heavy 

baryons 
Brief introduction to calculations: spin ½ triply heavy   

Hadronic side 



OPE side 





Borel mass 

parameter   

Continuum threshold 



Doubly heavy spin--1/2 baryons : 

T.M. Aliev, K. Azizi, M. Savci, Nucl.Phys. A895 (2012) 59  

Some non-perturbative approaches 



Doubly heavy spin--3/2 baryons : 

We have no experimental data yet 

T.M. Aliev, K. Azizi M. Savci, J.Phys. G40 (2013) 065003  

  



Triply heavy spin--1/2 baryons  

T.M. Aliev, K. Azizi, M. Savci, JHEP 1304 (2013) 042 

We have no experimental data yet 



Triply heavy spin--3/2 baryons  

T. M. Aliev, K. Azizi, M. Savci, J.Phys. G41 (2014) 065003 

No experimental data yet 



 mass and decay constant of vector \Upsilon meson at finite temperature QCD      

We modify the hadronic and QCD sides considering the medum conditions and use 

the following thermal propagator: 

Thermal correlation function 





Lattice QCD 

Chiral perturbation theory 



Continum threshold 

Gluon condensate 

Temperature dependent strong coupling constant 



PDG E. Veli Veliev, K. Azizi, H. Sundu, G. Kaya, A. Turkan  

Eur.Phys.J. A47 (2011) 110  



Mass and decay 

constant remain 

unchanged up to 

T=(0-100) MeV but they 

start to diminish after 

this point. At critical or 

deconfinement temp. 

The mass and decay 

constants decrease 

about %(10-20) , 

(50-80)%, respectively. 

This can be considered 

as a signal of transition 

to quark-gluon plasma 

phase. 



 Nucleons in nuclear matter 

K. Azizi, N. Er, Eur. Phys. J. C (2014) 74:2904 



































Electromagnetic intractions of hadrons /their electromagnetic   

     properties and radiative decays 

  using the radiative NN+photon transition, we investigate the electromagnetic  

    properties of the nucleons 

 One of the main objectives of QCD is to understand the properties of nucleons (p&n). 
 

Generalizing the interpolating currents of the nucleon and using distribution amplitudes of it, we 

calculated the electromagnetic form factors of the nucleons and got comparable results with 

the experiment. We observed that the Ioffe current  sometimes lies out of the reliable region. 

Using the EM form factors, we calculated the charge and multipole moments of the p &n. 

Simple picture 

Complicated 

    picture 

Decay properties of hadrons: 











Physical or phenomenological side 



QCD  or theoretical side 















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

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

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



T. M. Aliev, K. Azizi, A. Ozpineci, M. Savcı 

 Phys. Rev. D 77 (2008)114014. 











T. M. Aliev, K. Azizi, A. Ozpineci, M. Savci, Phys.Rev.D77:114014,2008  

http://arxiv.org/find/hep-ph/1/au:+Aliev_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Azizi_K/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Ozpineci_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Savci_M/0/1/0/all/0/1




QCD sum rules 

T. M. Aliev, K. Azizi, A. Ozpineci, Phys. Rev. D 79, 056005 (2009) 

We have no experimental data yet.   



 Weak intractions of hadrons/ their semileptonic decays (SM) 

heavy spin 1/2  heavy ½ (neutral current) : ½ ½  Z (γ) ½ l+l- 

[FCNC transitions: 𝚲b𝚲 l+l- ] 
 

u          c        t 

d          s        b 

upper linelower line: tree level 

transitions inside a line: loop 

This decay is in agenda of 
different experiments  
nowadays.  



Transition matrix elements 

Correlation functions 

cuurent 



Functions of 
 form factors 

Our comment (2010): Order  of Br shows that this transition can be detected at LHC 

10 November 2011 

T.M. Aliev, K. Azizi, M. Savcı, Phys. Rev. D 81 (2010) 056006.  



CDF Collaboration at Fermilab: First observation on baryonic FCNC 

 

 
  Phys. Rev. Lett. 107, 201802 (2011) 

Fit of our work 

LHCb at CERN 

has also started 

 to study this decay 

 mode 



Theories beyond the SM 

The Standard Model (SM) of particle physics describes all known particles and their 

interactions except than gravity. The SM is the only minimal model which is in perfect 

consistency with all confirmed collider data despite it needs a missing ingredient, the 

Higgs boson or something else to give masses to the elementary particles. 

But 

There are some problems such as origin of the matter in the universe, gauge and 

fermion mass hierarchy, number of generations, matter-antimatter asymmetry, neutrino 

oscillations, unification, quantum gravity and so on, which can not addressed by the 

SM.  

The SM can not be the ultimate theory of nature and it can be considered as a 

low energy manifestation of some fundamental theories 

Some new physics scenarious:  

various extensions of the standard model through supersymmetry, such as the 

Minimal Supersymmetric Standard Model (MSSM) and Next-to-Minimal 

Supersymmetric Standard Model (NMSSM), SM4 or entirely novel explanations, 

such as string theory, M-theory and extra dimensions. 



FCNC transitions  loop level  

New physics such as extra dimensions, 
Suppersymmetric particles, fourth  
family quarks, light dark matter etc. 
 can contribute Consider: UED which is a kind of ED 

are modified 

Form factors remain the same 

Compactification radius 

K. Azizi, N. Katirci, JHEP 1101 (2011) 087.  



Lower limit on the compactification scale1/R: 250 GeV 

K. Azizi, S. Kartal, N. Katirci, A. T. Olgun, Z. Tavukoğlu, JHEP 1205 (2012) 024.  



 Strong interactions of hadrons/ their hadronic decays 

Heavy Baryons: 

Light baryons: 

D -D  -PS 

D-D -V 
D-O -PS 

 

3/2-3/2 –V 
3/2-3/2 –PS 
3/2-1/2 –V 
3/2-1/2 –PS 
1/2-1/2 –V 
1/2-1/2 –PS 
 

We calculated the strong coupling constant characterizing 
these strong hadronic transitions. In each group,  we have 
about  80  coupling constant.  Using different symmetry  
arguments, we could explain all 80 coupling constant in 
terms on only one invariant universal function. This is the 
first in the literature.  In the case of light baryons, our 
method includes the  SU(3)_f symmetry breaking, 
automatically.  This help us predict the order of SU(3)_f  
breaking.  In our calculations,  we used the generalized 
  interpolating currents and saw that the Ioffe Current 
remains out of the reliable regions in all cases.  The 
progress in heavy baryon spectroscopy  reported by 
BaBar, BELLE, CDF and D0 Collaborations and also 

progress at LHC, show a possibility to study such 

channels in the near future .  

Comparing our results with any experimental data can 

give valuable information about the internal structures of 

the considered baryons as well as the nature of strong 

interactions inside them. 

 

 

My Collaborators: 
Valeri Zamiralov (Moscow state university) 
T. M. Aliev, A. Özpineci, M. Savci (ODTÜ) 

Phys.Rev. D 83 (2011) 096007; 

 

 
Phys. Lett. B 696 (2011) 220 ; 

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



T. M. Aliev, K. Azizi, M. Savci, Phys.Lett.B696:220-226,2011  

Hadronic side 



OPE side 







Using similar arguments one can find the symmetry relations  

for other transitions.  



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

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

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



1/2-1/2 –PS 





   Our results can be checked by future experiments 



Thank You 


