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Highlights: Measurement of QGP thermodynamic properties

Measurements that can 
constrain the EoS: 
❑ speed of sound (𝑐𝑠

2) and 
temperature (𝑇eff)
▪  in ultracentral PbPb collisions 

(UCC) at 5.02 TeV
▪ in pPb collisions at 2.76 and 

5.02 TeV with two methods
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Long time back, L. Van Hove… 

3

… in P.L. B118 (1982) 138: 
❑ observing ISR data in 𝑝p collisions, 

suggests:
▪ flattening of pT  spectrum with dN/dy in 

central rapidity region → probe of EoS 
of hadronic matter

▪ correlation 𝑝𝑇  vs Τ𝑑𝑁 𝑑𝑦 → QGP signal 
(deconfinement phase transition)

▪ measuments  → decades after: speed of 
sound 𝑐𝑠

2 (essential ingredient)
– Expected correlation of 

𝑝T  versus dN/dy resulting 
from the phase transition

– sharper structure 
expected for a given 
impact parameter



Speed of sound extraction: SPS 
Access the Equation of State (EoS) of the medium 
❑ Relativistic hydrodynamics 
▪                                                   ; 𝑃:= pressure, 𝜀:= energy density 

                              L.D. Landau & E.M. Lifshitz, Fluid Mechanics 

Studies using PbPb collisions at SPS energies 
❑ Landau hydrodynamics model
▪ Fits to rapidity distribution of hadrons related to 𝑐s 

• Dashed line: Ideal gas : 
• Solid line: 

– 𝑐s
2 from fits − below the the ideal gas expectation 
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Phys. Rev. C 68, 064903 (2003)
J. Phys. G: Nucl. Part. Phys. 31, 1345 (2005)



Speed of sound: Lattice QCD, RHIC & LHC
❑ Lattice QCD calculations 
▪ (2+1)-flavor 
▪ deconfined medium 

❑ Bayesian analysis: constraints on 𝑐𝑠
2

▪ significant overlap between  
constrained and predicted 𝑐𝑠

2

– PRL 114, 202301 (2015)
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𝑐 𝑠2



New estimates and measurements



Thermodynamical properties: 𝑐s
2 using AA data in different 𝑠𝑁𝑁

Nature Physics 16 (2020) 615F. Gardim et al., Nature Physics 16 (2020) 615:
o Mimicking QGP at freeze-out, with entropy S & energy E...

                          … by uniform gas at rest with effective Veff and Teff 
❑                         (in this "effective system" E and S are conserved!) 
❑ )

❑ Varied collision energy at a fixed centrality (∼constant 𝑉) 
❑ Using ALICE data (0-5%): PbPb at 2.76 & 5.02 TeV <pT> vs. dNch/dη 

▪ 𝑐s
2 𝑇eff = 𝑑𝑃

𝑑𝜀
= ቚ𝑠𝑑𝑇

𝑇𝑑𝑠 𝑇eff
= 𝑑𝑙𝑛 𝑝T

𝑑𝑙𝑛 Τ𝑑𝑁ch 𝑑𝜂

Main assumptions: 
❑ S∼Nch ,  Teff ∼ <pT>/3,  dVeff ∼ 0

• Limitations discussed in Sun, Yan, arXiv:2407.05570; 
Gavassino et. al.: arXiv:2503.20765 7

https://www.nature.com/articles/s41567-020-0846-4


Another approach: using UCC events

PLB 809 (2020) 135749:

Non-trivial prediction by relativistic 
hydrodynamics 
❑ Trento MC for IC
▪ rescale entropy to match S per rapidity in data

❑ When impact parameter 𝑏 ≈ 0 (UCC)
o Increasing entropy 𝑆 ∼ 𝑁ch
o 𝑠  ⇒ 𝑇  ⇒ 𝑝T

❑ Analytical model: capture trend from hydrodyn.

o ⟨𝑝T⟩norm = 𝑁ch
norm

𝑃𝑟𝑜𝑏 𝑁ch
norm

𝑐s
2

❑ Slope associated with 
▪ 𝑐s

2 = 𝑑ln⟨𝑝T⟩/𝑑ln𝑁ch
▪ 𝑁ch , 𝑝T  → in the same rapidity window

– Gardim et al., PLB 809 (2020) 135749:8

UCC 
(b≈0)

https://doi.org/10.1016/j.physletb.2020.135749


Measuring 𝑐s
2 in UCC events in PbPb collisions

PLB 809 (2020) 135749:Based on PLB 809 (2020) 135749:
❑ 𝑝T  (∼Teff) vs 𝑁ch (∼ 𝑠 = 𝑆/𝑉)
▪ expected: 𝑝T  increase for 𝑏 ≈ 0

❑ fixed volume (similar to previous procedure)
▪ Radius change by 1% → ∼ Same 𝑉eff

▪ Entropy density increase by ∼ 13% 
❑ By varying 𝑝T  and 𝑁ch
▪ slope: ∝ 𝑐𝑠

2 

Collision centrality
❑ experimentally: sum of transverse energy (𝐸T) 

in HF
❑ related to impact parameter (𝑏), system 

volume (geometry)
❑ For b ≈ 0 (~0-1% centrality)
▪ volume 𝑉 ≈ constant
▪ energy density (𝜀) → can fluctuate 9

b ≈ 0
UCC

Ultracentral (UCC) collisions

https://doi.org/10.1016/j.physletb.2020.135749


Measurement using the CMS detector

10

Tracker

Hadron Forward (HF) 
Calorimeters

Nch, pT →
with tracks 
in |η| <0.5

− event selection
− collision centrality
   in  3<| η |<5
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Analysis method (observables) and measurement of 𝑐s
2

PLB 809 (2020) 135749:From PLB 809 (2020) 135749: 

𝑐𝑠
2: depends on the relative variation of 

𝑝T  vs 𝑁ch  
❑ Can be extracted using

▪
𝑝T

𝑝T 0 ~ 𝑁ch
𝑁ch

0

cs
2

 

o ratios: cancel some syst. uncert.
o reference 𝑝T

0 and 𝑁ch
0  → 

chosen in 0-5% centrality
– extrapolated to 𝑝T ≈ 0 

• (see extra slides)
o 𝑇eff ≈ 𝑝T

0/3  in 0-5% 

Analysis observables

❑ 𝑝T
norm = 𝑝T

𝑝T 0  vs  𝑁ch
norm = 𝑁ch

𝑁ch
0

❑ 𝑝T
0 (used to estimate 𝑇eff)

11 Rep. Prog. Phys. 87, 077801 (2024) 

https://doi.org/10.1016/j.physletb.2020.135749


Analysis method - 𝑝T  and 𝑁ch
To avoid other sources of correlations 

between 𝑝T  and 𝑁ch 
❑ Both are measured first in bins of 𝐸T, sum

HF  
(bin width of 50 GeV)
▪ 𝜂-gap of 2.5 units

❑ 𝑝T  and 𝑁ch are corrected for tracking 
efficiency

❑ Extrapolation to 𝑝T ≈ 0 by fitting the 
spectrum in 𝑝𝑇 > 0.4 GeV (see extra slides)

❑ After corrections, for each bin of 𝐸T, sum
HF  →

𝑝T
norm vs 𝑁ch

norm

12

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



Extracting the speed of sound: CMS data 
PLB 809 (2020) 135749

https://arxiv.org/abs/2305.00015

Gardim et.al.: EoS from 2+1 flavors 
Lattice QCD (PLB 809 (2020) 135749)

𝑝T
norm =

𝑁ch
norm

Prob 𝑁ch
norm

𝑐𝑠
2

❑ Models the trend from hydrodynamics
❑ Does not model the dip in data
❑ fit starts to have better χ2 for 

𝑁ch
norm>1.12 → 𝑐𝑠

2 from the fit
❑ 𝑇eff ≈ 𝑝T

o/3= 219 ± 8 (𝑠𝑦𝑠𝑡) 𝑀𝑒𝑉 
❑ Trajectum: global Bayesian analysis 

based on many data observables
▪ Uncertainties within the allowed 

parameter space 
(https://arxiv.org/abs/2305.00015)

Significant increase of 𝑝T  toward UCC events as 
predicted by the simulations 

13

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

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

https://doi.org/10.1016/j.physletb.2020.135749
https://arxiv.org/abs/2305.00015


Extracted results 
Speed of sound (cs

2) → determined for 1st time 
with high precision in AA  UCC
❑ In agreement with Lattice QCD 
▪ 𝜇B~0 and 2+1 flavors
▪ and with previous measurements 

❑ Compatible w/ deconfined phase at high 𝑇
❑ Extract 𝑐𝑠

2 from UCC events: robust method  
▪ can be used to scan 𝑐𝑠

2 at various  energies
▪ Limitations recently pointed out
o relation of the ratio to 𝑐𝑠

2 → more complex than 
initially thought; very big theory uncertanties; 
dVeff ~ 0? → need to consider fluctuations and  
volume correction 

• Gavassino et. al.: arXiv:2503.20765 
Sun, Yan, arXiv:2407.05570; 
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Rep. Prog. Phys. 87, 077801 (2024) 



Partial Summary        
Extracted the speed of sound for the first time using ultracentral AA collisions
❑ c𝑠

2 = 0.241 ± 0.002 stat ± 0.016 (syst)    at    𝑇eff = 219 ± 8 syst  MeV

Under assumptions, in agreement with Lattice QCD (𝜇B~0 and 2+1 flavors)
❑ Constraint on the QCD equation of state
❑ Compatible with a deconfined phase at high temperature

Robust method to extract 𝑐𝑠
2 → can be applied to different energies 

15 Rep. Prog. Phys. 87, 077801 (2024) 



Thermodynamical properties 
measured in pPb collisions?



Probe thermodynamics in small 
colliding systems with <pT> vs. dNch

❑ Gardin et al., PRC109 (2024) 0140904
▪ Hybrid model: 

Trento IC + MUSIC + UrQMD
▪ ⟨𝑝T⟩= 3.05 Teff  (179 < Teff < 257 MeV) 
▪ Compatible with LQCD for 30% 

highest Nch

17

Could  these methods apply to small colliding systems? 

?



Study by Mu et. al. (arXiv:2501.02777)
❑ Limitations/Complications (Mu et. al.: arXiv:2501.02777)
▪ Quantum fluctuations tend to reduce the extracted cs

2 

especially for smaller systems 

❑ Teff not well defined for non-boost invariant system 
▪ <pT>∼ (2.22 – 2.8) Teff for 5.02 TeV
▪ <pT>∼ (2.16 – 2.58) TeV for 8.16 TeV 

 
18

Could  these methods apply to small colliding systems? 



19

    
                                                                                                Fit with  𝑝𝑇 ~ 𝑁ch

𝑐𝑠
2

CMS-PAS-HIN-25-001

Method 1: energy depedence, fixed centrality
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Assuming boost invariant medium: T
eff

~ 𝑝𝑇 /3
❑ Data on pPb together with those from PbPb

Method 1: energy depedence, fixed centrality

CMS-PAS-HIN-25-001
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Assuming boost invariant medium: T
eff

~ 𝑝𝑇 /3 (Trajectum)
❑ Data on pPb together with those from PbPb

❑                                                                             Trajectum model predictions: 
                                                                     consistently below both data (1-2𝜎)  
                                                                     and LQCD EoS input 
▪                                                                       (reflects small system size?) 

21

Method 1: energy depedence, fixed centrality

CMS-PAS-HIN-25-001
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Assuming boost invariant medium: T
eff

~ 𝑝𝑇 /3 (Trajectum)
❑ Data on pPb together with those from PbPb

                                                                                Trajectum model predictions: 
                                                                         consistently below both data (1-2𝜎)  
                                                                         and LQCD EoS input 
▪                                                                         (reflects small system size?) 

                                                                             HIJING (incoherent N-N interactions):
                                                                        fails to describe the data 
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Method 1: energy depedence, fixed centrality

CMS-PAS-HIN-25-001
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Assuming non-boost invariant medium: Teff~ 𝑝𝑇 /2.45 
❑ Data on pPb together with those from PbPb

❑                                                                    

❑                                                                    HIJING (incoherent N-N interactions):
                                                                   fails to describe the data 

Method 1: energy depedence, fixed centrality

CMS-PAS-HIN-25-001

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-25-001/index.html
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o Initially rapid rise, followed by a near 
plateau

o Indication of a second rise at very high Nch 
(“UCC” in  pPb) → Systematic uncert.? Not 
identified so far)

UCC in pPb : ∼10-8 in 𝐸T,sum
HF , centrality

▪ NB: reference 𝑝𝑇
0 , 𝑁ch

0 → chosen from 
0-0.01% centrality
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Method 2: multiplicity depedence, fixed energy

CMS-PAS-HIN-25-001
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Summary 
Extraction of 𝑐𝑠

2 with UCC in PbPb
❑ enhanced precision 
❑ good agreement with Lattice QCD
❑ May constrain the QGP thermodynamics (EoS)

First inspection of thermodynamical 
properties in pPb collisions 
❑ Faster increase of <pT> vs. Nch at different 

collisions energy than Trajectum, albeit 
large uncertainties

❑ Indication of a faster rise in <pT> vs Nch toward 
UCC pPb (syst. uncert. related?)

❑ Expect to explore more observables and other 
small systems (OO, pO, NeNe)! 
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Rep. Prog. Phys. 87, 077801 (2024) 



T H I S  M A T E R I A L  I S  B A S E D  U P O N  W O R K  S U P P O R T E D  B Y  T H E  S Ã O  P A U L O  
R E S E A R C H  F O U N D A T I O N  ( F A P E S P )  G R A N T S  N O .  2 0 1 8 / 0 1 3 9 8 - 1  A N D  N O .  

2 0 1 3 / 0 1 9 0 7 - 0 .  A N Y  O P I N I O N S ,  F I N D I N G S ,  A N D  C O N C L U S I O N S  O R  
R E C O M M E N D A T I O N S  E X P R E S S E D  I N  T H I S  M A T E R I A L  A R E  T H O S E  O F  T H E  
A U T H O R ( S )  A N D  D O  N O T  N E C E S S A R I L Y  R E F L E C T  T H E  V I E W S  O F  F A P E S P

THANK YOU!



E X T R A  S L I D E S



cs
2 extraction depends on centrality estimator?

Extracted cs
2 vs. minimum |Δη| gap

❑ The extracted cs
2:is higher with the ET estimaor than the Nch estimator 

❑ ET-based: 
▪ effects from 

hard scattering 

❑ Nch-based:
reduced by 
multiplicity fluctuation 

28 ALICE-PUBLIC-2024-002 



Different choices of centrality estimator

29

Slopes at high Nch does not depend 
on centrality estimators  (at high Nch)
with 𝜂 separations from POI

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



ET-based: strong bias 
by (semi)hard processes

Nch-based: reduced 
by multiplicity fluctuation

30

ALICE

Slopes at high Nch does not depend 
on centrality estimators  
with 𝜂 separations from POI

Different choices of centrality estimator

Gardim et. al., PLB 856 (2024) 138937
Rep. Prog. Phys. 87, 077801 (2024) 

ALICE-PUBLIC-2024-002 



Full 𝑝T range: extrapolation of 𝑝𝑇 → 0
𝑝T  and 𝑁ch are corrected for 

tracking efficiency
Extrapolation to 𝑝T ≈ 0 by fitting the 

spectrum in 𝑝𝑇 > 0.4 GeV
❑ Hagedorn function 

❑ 𝑚 is the pion mass and 𝛽T , 𝑛, 𝑇 are 
free parameters

❑ contributes to about 4% on syst. 
uncertainty on extracted 𝑐𝑠

2 in data

31

𝑑𝑁ch
𝑑𝑝T

= 𝑝T 1 +
1

1 − 𝛽T
2

𝑝𝑇
2 + 𝑚2 − 𝛽T 𝑝T

𝑛𝑇

−𝑛

After corrections, for each bin of 𝐸T, sum
HF  → 𝑝T

norm vs 𝑁ch
norm 

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



Multiplicity fluctuations in UCC collisions

Excellent description by the model fit!

Fitted by                               , with

▪ multiplicity distribution at fixed b 

▪ Fitted values: Nch
knee=1.1, σ=0.02732

PRC 97, 014905 (2018)

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



Systematic uncertainties and cross-checks
Systematics

❑ Tracking efficiency corrections

❑ Extrapolation to 𝑝T ≈ 0

❑ Choice of fit range (only for 𝑐s
2)

Main cross-checks
❑ HF energy resolution
▪ Data HF energy smearing
▪ Vary bin width 
o 50GeV → 25GeV and 100GeV

❑ Efficiency correction
▪ Dependence on particle species

❑ Extrapolation to 𝑝T ≈ 0
▪ Use of different fit function
▪ Closure using simulations

35
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