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QCD Lagrangian

The gluon field

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

Introduction
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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.

vDifferent relativistic and non-relativistic quark models
...........................................................................4



Window1:

hadron

Window2:

Matching:   Window1 & Window2 QCD sum rules for physical quantities

q QCD sum rules (SVZ) 

5



Hadrons: subatomic colorless  particles made of quarks and gluons  

Two main categories:  
Standard Hadrons, Exotics 

Quark Model: generally successful, there are puzzles 
regarding excited states in some channels

Murray Gell-Mann George Zweig
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Mesons: one quark and one anti-quark (color+anticolor=white) 

Baryons: 3 quarks or 3 anti-quarks

Standard 
Hadrons
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Exotics: non-conventional hadrons

Tetraquarks Pentaquarks 

Hexaquarks, Dibaryons Hybrids Glueballs
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Doubly heavy baryons
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• Nucl.Phys.A 895 (2012) 59-70, e-Print: 1205.2873 [hep-ph]

T. M. Aliev, K. Azizi, M. Savci:

• Phys.Lett.B 715 (2012) 149-151, e-Print: 1205.6320 [hep-ph]

• J.Phys.G 40 (2013) 065003, e-Print: 1208.1976 [hep-ph]

• J.Phys.Conf.Ser. 556 (2014) 1, 012016, Contribution to: BEACH 2014

Mass of the doubly heavy
spin–1/2 baryons (GeV )

Doubly heavy baryons

QQ+q

heavy diquark: spin 1

spin 1/2

Doubly heavy baryons
with spin 3/2 or 1/2

QQ’+q

spin 1/2
heavy diquark: spin 1 or 0

Doubly heavy 
baryons with spin1/2

Doubly heavy baryons
with spin 3/2 or 1/2with * without *

Symmetric
Without prime

Symmetric Anti-symmetric
PrimedWithout prime
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https://arxiv.org/abs/1205.2873
https://arxiv.org/abs/1205.6320
https://arxiv.org/abs/1208.1976
https://inspirehep.net/conferences/1245355
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LHCb mass

Was it a new discovery??????

T. M. Aliev, K. Azizi, and M. Savcı, Nucl. Phys. A895, 59 (2012):

Mass should considerably  be higher than the SELEX result

SELEX result (2002-2005): 3518.9 +- 0.9 MeV 
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Theoretical quark Fusion/S-Sexaquark as candidate for Dark 
Matter/QCD nature of Dark Energy

✓ Theoretical quark Fusion:

Theoretical quark fusion found to be more powerful than hydrogen fusion

Nature 551, 89–91 (02 November 2017)
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Null Result
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We need more information on different properties of these baryons

• Eur.Phys.J.C 80 (2020) 7, 613, e-Print: 2003.12723 [hep-ph]

• e-Print: 2008.12715 [hep-ph]
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https://arxiv.org/abs/2003.12723
https://arxiv.org/abs/2008.12715


19



20



•e-Print: 2011.02919 [hep-ph]
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https://arxiv.org/abs/2011.02919


Tetraquarks, Pentaquarks
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Some 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

X0(2900): 2020 LHCb

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

Tetraquarks
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Zc(3900): 2013 BESIII, Belle

Its mass and width was available from the experiment 

Despite a lot of theoretical and experimental studies on exotic states
their structure and quark organizations remain unclear. 
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Main input to analyze
its strong, weak and 
electromagnetic decays 
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To calculate its width we consider its dominant decays
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Belle Data

BESIII Data

Comparision of the theoretical results on both the mass and width with the 
experimental data results in: 
Zc(3900) can be considered as a hidden charm axial vector tetraquark 
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D0 discovers a new particle consistent with a tetraquark: X(5568)

Fermilab: http://news.fnal.gov/2016/02/dzero-discovers-a-new-particle-consistent-with-a-tetraquark/

February 25, 2016

JPC=0++

Tetraquark:
diquark-antidiquark

(with 5.1 standard deviation significance)

Meson molecule:
B &K

Only particle made of 
four different quark flavors
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http://news.fnal.gov/2016/02/dzero-discovers-a-new-particle-consistent-with-a-tetraquark/


First version of D0 Paper: arxiv: 1602.07588v1

LHCb (5-6 months later): No significant excess is found.
arxiv: 1608.00435, Phys. Rev. Lett. 117, 152003 (2016)

Later: very similar conclusions were drawn by CMS
The CMS Collaboration, CMS PAS BPH-16-002.
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Final version of D0 Paper: arxiv: 1602.07588v5

Phys. Rev. Lett. 117, 022003 (2016)

Further experimental analyses are needed
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In theoretical side, however, a close and compress competition was started after
D0 announcement on 25 February 2016
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Results:

We adopted

For decay constant we get
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Its width in the same picture

35



36



37



September 1 2020
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arXiv:2008.13027 [hep-ph]

In a good agreement with LHCb data
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https://arxiv.org/abs/2008.13027


K. Azizi, Y. Sarac, H. Sundu, Phys. Rev. D 95, 094016 (2017) [arXiv:1612.07479]

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

Pentaquarks have a long experimental history: 



LHCb Pentaquarks, 2015

We consider them as meson-baryon moleculs

admixture of 

13.11.202041 41



Exp. data

13.11.202042 42



13.11.202043

Phys. Rev. D 96, 094030 (2017)

The LHCb searches for these states, as well. 
43
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arXiv:2011.05828 [hep-ph], Submitted to PRD
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https://arxiv.org/abs/2011.05828


Concluding notes

⏣ We have made a good progress on the identification of doubly heavy baryons in
the experiment: we hope we will observe more states predicted by the quark model

⏣Although we have recorded good experimental and theoretical progresses on tetraquarks
states, the nature and quantum numbers of most candidates have not been exactly fixed.

⏣ We need more theoretical and experimental studies on the discovered pentaquark states 
to clarify their nature and internal quark-gluon organization.
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Thank You
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