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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    ∞

Fundamental Interactions

SM



QCD is a theory of the strong interactions, i.e. a theory of fundamental

interactions between colored quarks and gluons



Weak interaction: It is responsible for the radioactive decay of subatomic 

particles and initiates the process known as hydrogen fusion in stars. 

Nuclear level

Quark level



Fundamental Particles

The gluons are  

massless vector 

bosons; like the 

photon, they have 

spin of 1. However 

against the 

photons gluons 

interact with each 

other due to color 

charge

Quarks come in 

three different 

colors: r, g, b

Periodic table of

SM

The particles acquire their masses interacting with the 

Higgs boson which was recently discovered at 

Large Hadron Colliders 



Hadrons: -subatomic colorless  particles made of quarks  

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

Baryons: 3 quarks

Hadrons

Exotic particles (newly experimentally seen!!!!!!): Glueballs, tetraquark 

(dimeson), pentaquarks, hexaquarks (dibaryon), ...



anti u-d

PS Mesons (light)



Vector  Mesons (light)





Light Baryons







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





All hadrons except protons are unstable and 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 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 arXiv:1205.2873 [hep-ph]



Exotic Hadrons:

In recent years, beside the standard hadrons, some new objects composed of

combinations of quarks and gluons but in different structures have been predicted

and some of them have been detected and confirmed by different experiments.

These new hadrons are called the exotic particles.

tetraquarks, 

pentaquarks, 

glueballs, 

hybrids, 

meson molecules, 

dibaryons, etc. 



Particle 𝑱𝑷𝑪 M (MeV) 𝚪 (MeV) Decay Modes EXP.

𝑋(3872) 1++ 3871.4 ± 0.6 < 2.3 𝛾𝐽/𝜓, 𝐷ഥ𝐷∗ Belle, CDF, D0, 

BaBar (2003)

𝑍𝑐(3900) 1+ 3899 ± 6 46 ± 22 𝜋±𝐽/𝜓 Belle, BESIII* 

(2013)

𝑍(3930) 2++ 3929 ± 5 29 ± 10 𝐷ഥ𝐷 Belle  (2006)

𝑍𝑐(4020) 1(? )+ ? − 4024 ± 2 10 ± 3 ℎ𝑐𝜋
+ BESIII  (2013)

𝑍1(4050) ? 4051−23
+24 82−29

+51 𝜋±𝜒𝑐𝑙 Belle   (2008)

𝑍(4200) 1+− 4196−32
+35 370−149

+99 𝐽/𝜓𝜋+ Belle (2014)

𝑍2(4250) ? 4248−45
+185 177−72

+320 𝜋±𝜒𝑐𝑙 Belle  (2008)

𝑍(4430) ? 4433 ± 5 45−18
+35 𝜋±𝜓𝑙 Belle (2007)

𝑋(3915) 0/2++ 3914 ± 4 28−14
+12 𝜔𝐽/𝜓 Belle (2009)

𝑋(3940) 0?+ 3942 ± 9 37 ± 17 𝐷ഥ𝐷∗ Belle (2005)

𝑌(3940) ??+ 3943 ± 17 87 ± 34 𝜔𝐽/𝜓 Belle , BaBar

(2005)

𝑌(4008) 1−− 4008−49
+82 226−80

+97 𝜋+𝜋−𝐽/𝜓 Belle  (2005)

𝑌(4140) ??+ 4144 ± 3 17 ± 9 𝐽/𝜓𝜙 CDF, CMS (2011)

𝑋(4160) 0?+ 4156 ± 29 139−65
+113 𝐷∗ഥ𝐷∗ Belle (2008)

𝑌(4260) 1−− 4264 ± 12 83 ± 22 𝜋+𝜋−𝐽/𝜓 Belle , BaBar* , 

CLEO  (2005)

𝑌(4350) 1−− 4361 ± 13 74 ± 18 𝜋+𝜋−𝜓𝑙 Belle, BaBar*

(2007)

𝑋(4630) 1−− 4634−11
+9 92−32

+41 Λ𝑐
+Λ𝑐

− Belle (2008)

𝑌(4660) 1−− 4664 ± 12 48 ± 15 𝜋+𝜋−𝜓𝑙 Belle (2007)

𝑌𝑠(2175) 1−− 2175 ± 8 58 ± 26 𝜙𝑓0 980
𝜋+𝜋−𝐽/𝜓

Belle, BaBar*, 

BESII (2006)

𝑍𝑏(10610) 1+ 10,607 ± 2 18.4 ± 2.4 𝜋±ℎ𝑏 1,2𝑃 , 𝜋±Υ(1,2,3𝑆) Belle (2011)

𝑍𝑏(10650) 1+ 10,652 ± 2 11.5 ± 2.2 𝜋±ℎ𝑏 1,2𝑃 , 𝜋±Υ(1,2,3𝑆) Belle (2011)

𝑌𝑏(10890) 1−− 10,890 ± 3 55 ± 9 𝜋+𝜋−Υ(1,2,3𝑆) Belle (2008)

𝐵± → 𝐽/𝜓𝐾±𝜋+𝜋−



Particle

s

𝑱𝑷𝑪 Structure Mass Residue Strong

Decay

Electromag

netic Decay

Weak 

Decay
𝑋(3872) 1++ 𝐷ഥ𝐷∗, 

dörtkuark, 

(𝑐 ҧ𝑐𝑞 ത𝑞),𝐷𝑠𝐷
∗,

ഥ𝐷𝐷∗,hybrid

[54] ? [52-54,61-

74,76,119]

[145] ?

𝑍𝑐(3900) 1+ dörtkuark ? ? [76] [145] ?

𝑍(3930) 2++ 𝐷ഥ𝐷 ? ? [54] ? ?

𝑍𝑐(4020) 1(? )+ ? − 𝐷∗ഥ𝐷∗ ? ? [144] [145] ?

𝑍𝑐(4025) 1−, 2+ Dörtkuark,𝐷∗ഥ𝐷∗

, hadronik 

molekül

[79,82,83] ? [76,79-

83,91,144]

? ?

𝑍1(4050) ? 𝐷∗𝐷∗ [60] [60] [60] ? ?

𝑍(4200) 1+− dörtkuark ? ? [143] ? ?

𝑍2(4250) ? 𝐷1𝐷 [60] [60] [52,60] ? ?

𝑍(4430) 0−,1− 𝐷∗𝐷1,𝐷∗ഥ𝐷1,

dörtkuark

[55] [55] [52,55-59] [145] ?

𝑋(3915) 0/2++ ? ? ? ? ? ?

𝑋(3940) 0?+ 𝐷∗ഥ𝐷 ? ? [54] ? ?

𝑌(3940) ??+ ? ? ? ? [145] ?

𝑌(4008) 1−− ? ? ? ? ? ?

𝑋(4160) 0?+ ? ? ? ? ? ?

𝑌(4260) 1−− hybrid ? ? [84-86] [145] ?

𝑌(4350) 1−− ? ? ? ? ? ?

𝑋(4630) 1−− ? ? ? ? ? ?

Y(4630) ? Λ𝑐ഥΛ𝑐 ? ? [90]

𝑌(4660) 1−− dörtkuark [76] ? [76,78] ? ?

𝑌𝑠(2175) 1−− ? ? ? ? ? ?

𝑋(1835) 0−+ glueball ? ? [141,142] ? ?

𝑋(3020) ? glueball [130] ? [130] ? ?

? ? 𝑢𝑑 ҧ𝑠 ҧ𝑠 [51] ? [51] ? ?

? ? 𝑞𝑞𝑞𝑞𝑞𝑄 [89] ? [89] ? ?

? ? ഥ𝐷(∗)𝑁𝑁 ve 

𝐵(∗)𝑁𝑁

[92] ? [92] ? ?

? ? hybrid ത𝑏𝐺𝑐 [117] ? [117] ? ?

𝜋1(1400) 1−+ hybrid [96-100] [96,99,100] [96-100] ? ?

𝜋1(1600) 1−+ hybrid [101,102] ? [101,102] ? ?

𝜋1(2000) 1−+ hybrid [108,111] ? [108,111] ? ?

𝜋1(2015) 1−+ hybrid [116] ? [116] ? ?

𝑑1
∗(1956) ? dibaryon ? ? [95] ? ?

𝐷03(2370) ? ΔΔ ? ? [94] ? ?

𝜃𝑐(3250) ? beşkuark ? ? ? ? ?

𝑍𝑏(10610) 1+ ? ? ? ? ? ?

𝑍𝑏(10650) 1+ 𝐵∗ ത𝐵∗ ? ? [144] ? ?

𝑌𝑏(10890) 1−− Dörtkuark [62] ? [62] ? ?



 The aim of  physics             to describe 4 fundamental interactions in a

simple and unified way.

 Up to now                                We have electroweak theory. GUT: 

electroweak+strong interaction

 Theory of strong interaction                          QCD

Hence, first we need to 

understand the QCD. 

Properties of QCD asymptotic freedom ----- confinement

Has been proven:2004 Nobel There is no 

analytic 

proof yet
As a result of confinement             hadronization

To understand the QCD, 

the best laboratory is 

hadron physics.

Introduction to QCD: perturbative & non-perturbative



Hadron or Particle Physics

Experiment

Lattice 

Theory

 Phenomenology

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

QCD Lagrangian:

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

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

responsible for hadrons and determination of their properties. Unfortunately, it is valid 

only in a limited region. 

Experiment and Lattice are more reliable

But facilities in EXP.  & Lattice are very limited

Phenomenological models

play an important role



In very large momentum transfers, due to “asymptotic freedom” we can use this 

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

coupling constant between quark-gluon becomes large and perturbation theory fails.



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

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

 Hadrons are formed in low energies far from the “asymptotic

freedom”  and perturbative region.

To investigate their properties, we need some 

nonperturbative approaches.

Some nonperturbative methods: 

 Different “relativistic” and “nonrelativistic” quark models

 Chiral perturbation theory

 HQET

Nambu–Jona-Lasinio model

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, internal structure and spectroscopy of hadrons

Formation of hadrons:
asymptotic freedom

region

(perturbative effects)
energy

distance

quark and  gluon

condensates

(non-perturbative  phen.)

hadrons:

mesons & baryons

 internal structures of hadrons:

 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



QCD sum rules:  technical details 

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









Physical Side:



QCD Side:



Now, we proceed to calculate the spectral density ρ(s). Making use of the 

tensor current into the correlation function and contracting out all quark fields 

applying the Wick’s theorem, we get:









PROPERTIES OF D2* IN THERMAL QCD SUM RULES



Thermal average of the energy density 

obtained using the Lattice QCD:

Thermal average of the energy density 

obtained using the Chiral Perturbation:



































MASS AND LEPTONIC DECAY CONSTANT OF ZC(3900)

The Zc
± states discovered by BESIII in the process e+e− → π+π−J/ψ were observed by the

Belle collaboration in 2013. 

Their existence were also confirmed on the basis of the CLEO-c data analysis. 

The Zc
± → J/ψπ± decays demonstrate that Zc

± are tetraquark states with constituents
𝑐 ҧ𝑐𝑢 ҧ𝑑 and 𝑐 ҧ𝑐𝑑ത𝑢.

In order to calculate the mass and decay constant of the Zc
+ state in the framework of

QCD sum rules, we start from the two-point correlation function



In order to derive QCD sum rule expression we first calculate the correlation function
in terms of the physical degrees of freedom. Performing integral over x in Eq. (1), we
get

Physical Side:



QCD Side:

The same function in QCD side, ΠQCD
µν (q), has to be determined employing of the

quark-gluon degrees of freedom. To this end, we contract the heavy and light quark
fields and find

where



the heavy-quark propagator Sc
ij(x):

The light-quark propagator: 



The QCD sum rule expression for the mass and decay constant can be derived after
choosing the same structures in both ΠPhys

µν (q) and ΠQCD
µν (q). We choose to work with

the term ∼ qµqν and invariant function ΠeQCD(q2), which can be represented as the
dispersion integral

The correlation function ΠQCD
µν (q) has also the following decomposition over the

Lorentz structures:

…………………



Applying the Borel transformation on the variable q2 to the invariant amplitude Πμν
𝑃ℎ𝑦𝑠

equating the obtained expression with the relevant part of 𝐵𝑞2Πμν
𝑃ℎ𝑦𝑠

(𝑞) , and

subtracting the continuum contribution, we finally obtain the required sum rule. Thus,

the mass of the Zc state can be evaluated from the sum rule:

whereas to extract the numerical value of the decay constant fZcwe employ the formula





THE ZcJ/ψπ VERTEX

We start our analysis from the vertex ZcJ/ψπ aiming to calculate gZcJ/ψπ: we consider
the correlation function:

where



THE ZcJ/ψπ VERTEX

To derive the sum rules for the coupling, we calculate Πµν(p,q) in terms of the physical
degrees of freedom.

We introduce the matrix elements

Having used these matrix elements we can rewrite the correlation function as



Now we need to calculate the correlation function in terms of the quark-gluon

degrees of freedom and find the QCD side of the sum rules. Having contracted

heavy quarks fields we get

THE ZcJ/ψπ VERTEX

…………………..

…………



THE ZcJ/ψπ VERTEX

The width of the decay Zc → J/ψπ



Considering the transitions Zc → J/ψπ and Zc → ηcρ as dominant channels we

obtain for the total width of Zc approximately

THE ZcJ/ψπ VERTEX

Numerical results:

ΓZc= 63 ± 35 MeV Z. Q. Liu et al. [Belle Collaboration], Phys. Rev. Lett. 110, 252002 (2013).

It is in a good consistency with: 

ΓZc= 63.0 ± 18.1 MeV

ΓZc= 46 ± 22 MeV

J. M. Dias, F. S. Navarra, M. Nielsen and C. M. Zanetti, Phys. Rev. D 88,

016004 (2013).

M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett. 110, 252001 (2013).

arXiv:1601.03847

http://arxiv.org/abs/1601.03847


X(5568)???

24 February 2016, the D0 Collaboration reported the observation of a narrow

structure X(5568) in the decay chain X(5568) → Bs
0π±, Bs

0 → J/ψφ, J/ψ → µ+µ−, φ

→ K+K− (V. M. Abazov et al. [D0 Collaboration], arXiv:1602.07588 [hep-ex]) based

on pp¯ collision data at s = 1.96 TeV collected at the Fermilab Tevatron collider.

This is the first observation of a hadronic state with four quarks of different

flavors. 

Namely, from the observed decay channel Xb(5568) → Bs
0π± it is not difficult to

conclude that the state Xb(5568) consists of b, s, u, d quarks. 

The assigned quantum numbers for the Xb state are JPC = 0++, its mass extracted

from the experiment is equal to 𝑚𝑋 = 5567.8 ± 2.9 𝑠𝑡𝑎𝑡 −1.9
+0.9 𝑠𝑦𝑠𝑡 𝑀𝑒𝑉, and the

decay width was estimated as Γ= 21.9 ± 6.4 𝑠𝑡𝑎𝑡 −2.5
+5.0 𝑠𝑦𝑠𝑡 𝑀𝑒𝑉.

Thus, within the diquark-antidiquark model the Xb may be described as [bu][ ҧ𝑑 ҧ𝑠], 
[bd][ ҧ𝑠 ത𝑢], [su][ത𝑏 ҧ𝑑] or [sd][ത𝑏ത𝑢] bound state.

Alternatively, it may be considered as a molecule composed of B and K mesons.

http://arxiv.org/abs/1602.07588


X(5568)???

To calculate the mass and decay constant of the Xb state in the framework of QCD

sum rules, we start from the two-point correlation function

for 𝐽𝑃𝐶 = 0++, interpolating current:

Physical Side:

Tetraquarks

Molecule



X(5568)???

QCD Side: 

As a result:

Tetraquarks

Molecule



X(5568)???

arXiv:1603.02708

arXiv:1603.01471 arXiv:1603.00290

arXiv:1602.08642

http://arxiv.org/abs/1603.02708
http://arxiv.org/abs/1603.01471
http://arxiv.org/abs/1603.00290
http://arxiv.org/abs/1602.08642


arXiv:1602.08711

arXiv:1602.08806

arXiv:1602.08916

27 February 2016 is the important day!!!!

arXiv:1602.09041

http://arxiv.org/abs/1602.08711
http://arxiv.org/abs/1602.08806
http://arxiv.org/abs/1602.08916
http://arxiv.org/abs/1602.09041


THANKS...

Kösz...

Teşekkürler...


