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Relativistic heavy-1on collisions
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A direct measurement of QCD equation of state 1s challenging in heavy-1on 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.
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Extract the speed of sound in experiments
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Extract the speed of sound in experiments
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averaged values over the
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Extract the speed of sound from [pt] fluctuations

[ATLAS collaboration, 2407.068413]
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Two sets of model studies

e Thermal model
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Quantum fluctuations 1n realistic collisions

(a) PbPb (Hydro) (b) pPb (Hydro) (c) pPb (HIJING) (d) pPb (PYTHIA)
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Extracting the speed of sound 1n the presence of quantum fluc.

In a thermalized system,
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Quantum fluctuations are anti-correlated with N
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* The slope from simple linear fit can be suppressed by the quantum fluctuations.



Quantum fluctuations are anti-correlated with N

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

1.16f —— pPb@8.16TeV (a) (b) _:0_2 E—Nch E (Il < 0.8, Pl > 0.15 GeV) (e)-s

1.14f -<- pPb@5.02TeV - [ -
-~ HIING pPb@5.02TeV | | - PbPb, Vsnn=5.02 TeV

1.12 _ . ]
o Lof 1 PDPb@5.02Tev —e2 e 0.122, 0.144)‘ o
= , | : ]
2108 , 11 | :
= [ 1t 1 : -
51.06_— y ;i_ i : : . ]
~ ; i1y : . : j
i—«;—_ . o ;

I VIS
o’ N [ : j :
' b . Trajectum:

08 10 1.2 14 16 1.8 20 1.0 1.2 14 16 18 2.0 09 10 ll 12
N/Ng Nc/Ng
dN/dy | dN /d ny_s.
{Ap}i > {Ani+ {6} [G. Nijs, 2312.04623]
0 ——_— CS
(PT)o No

{6};,= —af{Ay}; which leads to ¢Z = ¢Z — a.

* The slope from simple linear fit can be suppressed by the quantum fluctuations.
12



Extracted speed of sound from different methods
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Probe of thermalization

* 0 behaves differently in thermalized and non-thermalized systems.

. A .
Thermalized system: b _ c? An + 0 — thermal response + quantum noise
(PT)o No
. Ap A+ O ,
Non-thermalized system: e} = K N — quantum response + quantum noise
PT/0 0

* The extracted value 1s physical only in thermalized systems.
* § distribution is Gaussian only in thermalized systems.
* Dewviations from thermalization can be quantified by the standard kurtosis.

kg = {6%3/{6°}* =3
14



Probe of thermalization

(a) PbPb (Hydro)
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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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Back up

* Small systems

p-Pb @ 8.16 TeV
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hydro model

TRENTo model

 Initial geometric size determined by the proton size 1s almost fixed

in all centralities.
 Effective volume only saturates in ultra-centra events.
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Back up
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