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Speed of sound – a probe of EoS

Equation of State (EoS) of nuclear matter – Main goal of nuclear physics!

Speed of sound
𝑐!" =

#$
#%
⟹ a direct probe of equation of state
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For the system
o In thermal equilibrium
o Adiabatic process
o Fixed 𝜇



How to measure it? 
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PRD 90 (2014) 094503

PRL 114 (2015) 202301

Lattice QCD calculations 
o (2+1)-flavor 
o Deconfined medium

Bayesian analysis –
significant overlap between 
constrained and predicted 𝑐!"!

Can we measure it directly?
3Milan Stojanovic, CIPANP 2025



Early attempts 

Ideas go back to 80s 
o proposed 𝑝# vs 𝑑𝑁$%/𝑑y to search for phase transition 
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q Multiplicity – directly proportional to the entropy

q Temperature – 1/3 of energy per particle for massless ideal gas
⟹ 𝑇 = 𝑝! /3 in ultra-relativistic collisions at midrapidity



New approach

Nature Physics 16 (2020) 615

𝑐!" =
𝑑𝑃
𝑑𝜀 =

'
𝑠𝑑𝑇
𝑇𝑑𝑠 #!""

= '
𝑑 ln 𝑇
𝑑 ln 𝑆 #!""

=
𝑑 ln 𝑝$
𝑑 ln 𝑁%&

Method 1
For the same centrality (same 𝑉&''): 

o 𝑝! vs 𝑁"# at different (close) collision energies
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In HI experiment thermodynamic relations do not apply directly:
o Longitudinal expansion
o Limited acceptance

Idea: a hypothetical system at the end of hydro evolution of the collision with entropy S and energy E
o An uniform fluid at rest with an effective volume (𝑉&'') and temperature (𝑇&'')
o In this "effective system" E and S are conserved!



First Direct Constraint
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Lattice quantum
chromodynamics

Nature Physics 16 (2020) 615

𝑐!" =
𝑑𝑃
𝑑𝜀 = -

𝑠𝑑𝑇
𝑇𝑑𝑠 #!""

= -
𝑑 ln 𝑇
𝑑 ln 𝑆 #!""

=
𝑑 ln 𝑝$
𝑑 ln 𝑁%&

The 𝑐!" extraction done with ALICE data

o Using 2.76 and 5.02 TeV

o Agreement with prediction 

o Large uncertainties due to only two points
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Method 1
For the same centrality (same 𝑉&''): 

o 𝑝! vs 𝑁"# at different (close) collision energies



Another method

Proposed by: PLB 809 (2020) 135749
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Centrality percentile: 
Ø fraction of events based on ΣET distribution

Ultracentral (UCC) collisions

Method 2
For the same same energy: 
o 𝑝! vs 𝑁"# at different UCC centralities 

⟶ same 𝑉&''
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Centrality estimation



Another method

Proposed by: PLB 809 (2020) 135749
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Nontrivial prediction by hydrodynamics
o direct constraints on the equation of state

Ultracentral (UCC) collisions

Method 2
For the same same energy: 
o 𝑝! vs 𝑁"# at different UCC centralities 

⟶ same 𝑉&''
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CMS measurement
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Gardim et al.Significant increase of 𝑝# toward UCC events 

o as predicted by the simulations

o dip before the rise

𝑐!" extracted from fit

o Region 𝑁)*/𝑁)*
+ > 1.12

Method 2
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CMS Measurement
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noninteracting limit

Good agreement with Lattice QCD 
calculations
o Deconfined phase

o 𝜇$ = 0 and (2+1)-flavors

Significantly higher precision compared to 
the previous result

Method 2
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Rep. Prog. Phys. 87, 077801 (2024)



How reliable is the measurement?
ALICE-PUBLIC-2024-002

ALICE study of potential centrality bias

Different 
centrality estimators

11Milan Stojanovic, CIPANP 2025
POI ( 𝒑𝑻 & 𝒅𝑵𝒄𝒉/𝒅𝜼)

Centrality estimators

𝜼



How reliable is the measurement?

ALICE-PUBLIC-2024-002
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Selection biases

o different 𝑝! vs d𝑁%&/𝑑𝜂 for 
different selections

o 𝑐'(depends on the centrality definition

ALICE study of potential centrality bias

12Milan Stojanovic, CIPANP 2025



0 0.5 1 1.5 2 2.5 3
| ηΔMinimum |

0

0.1

0.2

0.3

0.4

0.5

2 sc
 E

xt
ra

ct
ed

 

Lattice QCD at T = 222 MeV

0 GeV/c)→
T
p (chN

 0.8≤| η |∈ trackletsNV, 
 0.8≤| η |≤ 0.5 ∈ trackletsNVI, 

 1≤| η |≤ 0.7 ∈ trackletsNVIII, 
 < 5.1η < -1.7 and 2.8 < η -3.7 < ∈ chNIX, 

 0.8≤| η |∈ TEIII, 
 0.8≤| η |≤ 0.5 ∈ TEIV, 

| < 5η 3 < |∈ TECMS, Cent.: 

ALICE Preliminary
 = 5.02 TeVNNsPb, −Pb

How reliable is the measurement?

ALICE-PUBLIC-2024-002
Extracted 𝑐78 vs minimum |∆𝜂| gap

The extracted 𝑐'( is higher with the ET 
estimator than the 𝑁%& estimator

ET based
effects from hard scattering 

Nch-based
reduced by multiplicity fluctuation
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How reliable is the measurement?
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Slope does NOT depend on centrality 

estimators:

Ø at high 𝑵𝐜𝐡 &

Ø if there is significant 𝜼 separations

from POI

CMS study of potential centrality bias
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Lattice QCD at T = 222 MeV

0 GeV/c)→
T
p (chN

 0.8≤| η |∈ trackletsNV, 
 0.8≤| η |≤ 0.5 ∈ trackletsNVI, 

 1≤| η |≤ 0.7 ∈ trackletsNVIII, 
 < 5.1η < -1.7 and 2.8 < η -3.7 < ∈ chNIX, 

 0.8≤| η |∈ TEIII, 
 0.8≤| η |≤ 0.5 ∈ TEIV, 

| < 5η 3 < |∈ TECMS, Cent.: 

ALICE Preliminary
 = 5.02 TeVNNsPb, −Pb

How reliable is the measurement?

ALICE-PUBLIC-2024-002
Extracted 𝑐78 vs minimum |∆𝜂| gap
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Centrality estimator choice 
Ø a critical role



What else can we learn from <pT> vs Nch

PRL 133 (2024) 252301
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Slightly different observable 
Nch - <[pT] > correlations 

Sensitive to the speed of sound

o 𝑐!" = 0.23 at 𝑇'(( = 0.22 GeV used as input to MUSIC
Ø Value consistent with measurements

Hydro calculations consistent with data

No significant difference between PbPb & XeXe
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Applying to small systems?

17Milan Stojanovic, CIPANP 2025

Can one use the same observable ( 𝒑𝑻 vs 𝒅𝑵𝒄𝒉) to probe thermodynamics in small systems?

PRC  109 (2024) 014904



Applying to small systems?
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Method 1
For the same centrality (same 𝑉&''): 

o 𝑝! vs 𝑁"# at different (close) collision 

energies

CMS-HIN-25-001

18Milan Stojanovic, CIPANP 2025



Applying to small systems?
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Assuming boost invariant medium
𝑇!"" = 𝑝# /3

Trajectum systematically below data

HIJING unable to describe data
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Speed of sound?



Applying to small systems?
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Assuming non-boost invariant medium
𝑇!"" = 𝑝# /3
𝑇!"" = 𝑝# /2.45

Trajectum systematically below data

HIJING unable to describe data
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Summary

Assuming boost non-invariant medium
𝑇,-- = 𝑝$ /2.45
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) 5.02 TeV-1PbPb (0.607 nbCMS

noninteracting limit
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Lattice QCD at T = 222 MeV

0 GeV/c)→
T
p (chN

 0.8≤| η |∈ trackletsNV, 
 0.8≤| η |≤ 0.5 ∈ trackletsNVI, 

 1≤| η |≤ 0.7 ∈ trackletsNVIII, 
 < 5.1η < -1.7 and 2.8 < η -3.7 < ∈ chNIX, 

 0.8≤| η |∈ TEIII, 
 0.8≤| η |≤ 0.5 ∈ TEIV, 

| < 5η 3 < |∈ TECMS, Cent.: 

ALICE Preliminary
 = 5.02 TeVNNsPb, −Pb
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First direct measurements of speed of sound
in QGP

o Using 𝑐'( =
)*
)+
= ) ,- ..

) ,- //0

o Good agreement with Lattice QCD for deconfined medium

o A critical choice of centrality estimator

# &' (0
# &' )12

– way to probe hydrodynamics in small systems

o Models fail to describe data



Open Questions and Future Work
o Validity of the thermodynamic assumptions

Ø Discussed more in: arXiv:2407.05570 and arXiv:2503.20765

o Further investigation on the effects from centrality estimator

o Effect of initial density fluctuations

o Look for the rise of 𝑝# vs 𝑁$% in different systems

o Scan of 𝑐! at different energies
22Milan Stojanovic, CIPANP 2025


