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Quark-Gluon Plasma

QGP  a (locally) thermally equilibrated state of 

matter in which quarks and gluons are deconfined

from hadrons, so that color degrees of freedom 

become manifest over nuclear, rather than merely 

nucleonic, volumes.



Quantum Chromo Dynamics 

• Quantum Chromo Dynamics is the theory describing the interactions of 
quarks and gluons, the building blocks of the nucleons (proton + neutron).

• Quarks are never observed as free particles, they turn in hadrons 
“confinement” (qq, qqq or qqq ).

• All known hadron states are colors singlets (“white”)

• The quantities one wants to calculate in quantum theory are: probabilities 
and expectation values of a certain combinations (functionals ) of fields.

• From these numbers one can subsequently extract information about 
particles mass, life time decay amplitudes …etc



Lattice QCD

At high energies s is small. In this regime we treat quarks

as free particles and observables can be calculated using 
perturbation theory.

• At low energies s is high. Perturbation theory fails we 
need a different approach.

Lattice QCD  Path integral method 

 Discretization of space-time …

Systematic errors :

the lattice discretization from the lattice spacing a.

the number of point in the lattice universe (finite volume)

Statistical errors : 

- the finite number of configurations used to compute the value of path 
integrals.



QGP phase diagramm



Heavy-Ion Collisions



QGP signatures

• Single particle spectra (photons and dileptons)

• Strangeness production

• Photon and muon rates (and J/ψ melting)

• Elliptic flow

• Jet quenching

• Fluctuations



Jet quenching, disappearing away jet



Heavy-Ion Collisions. Hydrodynamic model



Monte Carlo simulations

HYDJET++ (HYDrodynamics plus JETs is a Monte-Carlo event generator for

simulation of relativistic heavy-ion AA collisions considered as a superposition of

the soft, hydro-type state and the hard state resulting from multi-parton

fragmentation.. HYDJET++ is designed for studying the multi-particle production

in a wide energy range of heavy-ion experimental facilities: from FAIR and NICA

to RHIC and LHC.

•HIJING (Heavy Ion Jet INteraction Generator)) is Monte Carlo generator with

special emphasis on the role of minijets in pp, pA and AA reactions at collider

energies. Based on a pQCD-inspired model, multiple minijet production is

combined together with Lund-type model for soft interactions. Binary

approximation and Glauber geometry for multiple interaction are used to simulate

pA and AA collisions.



Ginzburg-Landau Model

Second order

is the order parameter.( )z
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In original GL model

free energy density is

HadronsQGP

Hwa R. C., Phys. Rev. D47, (1993), 2773.



Generalized Ginzburg-Landau Model

of phase transitions
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First order phase transition

Generalized Ginzburg-Landau free 

energy density is

Hadrons
QGP

Babichev L. F., Klenitsky D. V., Kuvshinov V. I., 

Phys. Lett.  B345, (1995), 269.



Ginzburg-Landau model of first order

phase transitioins

2nd order

1st order
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The normalized factorial moments (NFMs)
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n=n(d) is a multiplisity of particle  in the bin of the size d

q is order factorial moment 

Pn(d) is probability of finding n particles in bin d .

Local multiplicity fluctuations  as a signature of phase transitions 
in heavy-ion collisions

The factorial moment of order q is defined as average
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The normalized factorial moments (NFMs)

The phase transitions and  scaling behavior of factorial moments
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n=n(d) is a multiplisity of particle  in the bin of the size d

q is order factorial moment 

Pn(d) is probability of finding n particles in bin d .

Local Multiplicity Fluctuations as a Signature of QGP 
Hadrons Phase Transition

The factorial moment of order q is defined as average



Intermittency and scaling
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Intermittency is defined as power-law dependence:

in the region of small 

phase bin size.

intermittency 
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( 1)q q   
scaling exponent

Scaling is defined as dependence

In heavy-ion experiments.

1.459 0.021   1.550 0.120  



Multiplicity distribution and fluctuations
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Coherent States
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Coherent states multiplicity distribution

- displacement operatorD̂



Coherent States (GL)
Second order potential

Hwa R. C., Phys. Rev. D47, (1993), 

2773.
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Coherent States
First order potential

Babichev L. F., Klenitsky D. V., Kuvshinov V. I., 

Phys. Lett.  B345, (1995), 269.

b = -3; a = 0.5 b2/4
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Scaling Exponent. Experimental data

1.459 0.021  

Heavy ion collisions

Hwa R. C., Nazirov M. T., Phys. Rev. Lett. {\bf 69}, (1992), 741.

Jain P. L. et al., Phys. Lett. B 236, (1990), 219;

Phys. Rev.C44, (1991), 854; Phys. Rev. C48, (1993), 517.

1.550 0.120  

1.305 

1.32< <1.33

Coherent states, second order potential (GL)

Coherent states, first order potential (GL)



Squeezed States
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Squeezed states multiplicity distribution

- Hermite polynomials; - squeeze factornH | |r 

- squeezing operator;   - displacement operatorD̂Ŝ

Л.Ф. Бабичев, А.А. Букач, В.И. Кувшинов, В.А. Шапоров

Ядерная физика. – 2004. - Т. 67,  №  3. - С. 593-600. 



Intermittency

Coherent squeezed states
a = -1.0, b = 0.007,

r = 3.0

Scaling squeezed states
a = -10, b = 0.20055,

r = 0.3876
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Scaling

Coherent Squeezed States

a = -1.0, b = 0.007

Scaling Squeezed States

a = -10, b = 0.20054



Distribution fit

Experimental data are 

taken from NA36 

experiment

Theoretical results 

corresponds to 

parameters 

a = -0.99871

b = 0.39610

r  = 0.81358

-ln d = -2.3485

2/(N-4) = 0.450

(n = 6...99)



Data Center of JIPNR-Sosny
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We simulated N = 105 Pb+Pb

collisions for center of mass 

energies in range          from 500 

to 1400 GeV.
NNS

Simulation of the heavy ions interaction processes

at high energies with Monte Carlo generator HIJING



Simulation of the heavy ions interaction processes

at high energies with Monte Carlo generator HIJING



Simulation of the heavy ions interaction processes

at high energies with Monte Carlo generator HYDJET++ 



Event-by-Event Multiplicity Fluctuations

for first order phase transition



Event-by-Event Multiplicity Fluctuations



Conclusion

• With Monte Carlo generator HIJING we can simulate the effects of first-

order phase transition of QGP  hadrons.

• The scaling exponents g calculated by Monte Carlo generator HYDJET++

have large errors

• The developed method can be used to take in account the growth of

fluctuations near the 1st order phase transition. This method can be used to

get information on signatures of phase transitions in nuclear matter.



Thank you for your attention!


