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Relativistic heavy-1on collisions
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A direct measurement of QCD equation of state 1s challenging in heavy-ion study.



The QCD speed of sound 1n heavy-1on collisions
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Effective temperature and effective volume
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Ultra-central nucleus-nucleus collisions (UCC)
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* Sy 18 the mean value of the entropy at b = 0.

e The volume 1s fixed in UCC events.

* The differences in N, and T are driven by fluctuations.



Extract the speed of sound in experiments
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Two sets of model studies

e Thermal model

hadronic phase
QGP and and freeze-out

hydrodynamic expansion
initial state
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* Non-thermal model HUING, Pythia



Quantum fluctuations 1n realistic collisions
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(a) PbPb (Hydro) (b) pPb (Hydro) (c) pPb (HIJING) (d) pPb (PYTHIA)
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The presence of quantum fluctuations leads to 2D distribution of Ay and A,,.



Extracting the speed of sound 1n the presence of quantum fluc.

In a thermalized system,
A,  SAN+0

c —_— ) = Mo
<pT>0 A C§<PT

0 denotes a quantum contribution.

Ay — Aw

The distribution of 6 i1s Gaussian according to Central Limit Theorem (CLT).

Zero skewness condition: {53}, = 0
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mixed skewness of (p7) and N,
which can be measured in experiments



Quantum fluctuations are anti-correlated with N
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e {§};= —a{Ay}; which leads to ¢Z = ¢z — a.

* The slope from simple linear fit can be suppressed by the quantum fluctuations.



Extracted speed of sound from different methods
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Probe of thermalization

* 0 behaves differently in thermalized and non-thermalized systems.
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Probe of thermalization

* The extracted value 1s physical only in thermalized systems.
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Probe of thermalization

* Deviations from thermalization can be quantified by the standardized kurtosis
*
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Summary

* The QCD speed of sound can be extracted even in the presence of quantum fluctuations;

* Thermalization can be probed by examining the Gaussianity of quantum fluctuation 6
and the physical validity of the extracted speed of sound, which can be quantified by the

standardized kurtosis of 6.
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The extracted value depends on kinematic cut and centrality estimators
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