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Speed of sound — a probe of EoS

Equation of State (EoS) of nuclear matter — Main goal of nuclear physics!
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For the system — Speed of sound

o Inthermal equilibrium
o Adiabatic process
o Fixed u

dpP . .
_ ¢ = — = a direct probe of equation of state
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How to measure it?

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

~ o non-int. limit —

T [MeV]
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PRD 90 (2014) 094503

Bayesian analysis —
significant overlap between
constrained and predicted c?!

PRL 114 (2015) 202301
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Can we measure it directly?
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Early attempts
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Ideas go back to 80s

L Multiplicity — directly proportional to the entropy

1 Temperature — 1/3 of energy per particle for massless ideal gas
= T = (pt)/3 in ultra-relativistic collisions at midrapidity

o proposed (pt) vs dN.;/dy to search for phase transition
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New approach

In HI experiment thermodynamic relations do not apply directly:
o Longitudinal expansion
o Limited acceptance

|dea: 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 (Veff) and temperature (Teff)
o In this "effective system" E and S are conserved!

dinT

“dlns
Teff

B dP sdT

B _ dIn(pr)
de Tds

B d In NCh

cs

Teff

Method 1

For the same centrality (same Ve r):

_ o _ Nature Physics 16 (2020) 615
o (pt)vs N, at different (close) collision energies
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First Direct Constraint

, dP sdT dinT d In(pt)
CS e = = —
de Tds Toss dInS Toss dinNep.

The cZ extraction done with ALICE data 05l I i
o Using 2.76 and 5.02 TeV oo ]
~— B J
o Agreement with prediction S 04F -
o Large uncertainties due to only two points [ L Hea‘_”y'ion data 1
Lattice quantum -
0.3F chromodynamics -

Method 1 150 200 250

T (MeV ki')

For the same centrality (same Ve r):

_ o _ Nature Physics 16 (2020) 615
o (pt)vs N, at different (close) collision energies
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Another method

Ultracentral (UCC) collisions Centrality estimation
171 JHEP 08 (2011) 141
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Method 2

For the same same energy:

o (pt)vs N, at different UCC centralities
—> same Verr

Centrality percentile:
» fraction of events based on XE; distribution

Proposed by: PLB 809 (2020) 135749
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Another method

Ultracentral (UCC) collisions
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Radius change ~1% — Same V,sr

Entropy density change ~ 13% Q O O

Method 2
For the same same energy: Nontrivial prediction by hydrodynamics
o (pt)vs N, at different UCC centralities o direct constraints on the equation of state

— same Vegy Proposed by: PLB 809 (2020) 135749
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CMS measurement

Method 2 cms _____ _  PbPb(0.607nb")5.02 TeV

et o - T T T T T T T T T //.:

1.025F p,>0 GeV, Inl<0.5 =

i e Data ,{ ]

1.02F — - Fit to extract ¢ ,':774 .

o orsf 7 TRAJECTUM ./ :

Significant increase of (pt) toward UCCevents & [ - Gardim et al. :

_ _ _ o 101F c2=0.24120.002 (stat) = 0.016 (syst) 4 E

o as predicted by the simulations ™ oos| by :

. . : =y . :

o dip before the rise 1;v::t.‘..’.:.:.-_?_-.'_-.'_-.e_,e;-_.“_.‘--,-;_-;""_“.~’ ‘ =

0995 - | | | | | | | | | E

2 . 0.8 085 09 095 1 1.05 1.1 115 1.2

cs extracted from fit N /NP

o Region Ny /N3, > 1.12
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CMS Measurement

CMS PbPb (0.607 nb™) 5.02 TeV

Method 2 0'35; - ;

noninteracting limit
0.3

Good agreement with Lattice QCD
calculations g

o Deconfined phase 0.2

® CMS Ultra-Central Data ]
——— Lattice Quantum Chromodynamics —
TRAJECTUM Hydrodynamic Simulation |
Nat. Phys. 16 (2020) 615 i
. . ] . . . ] . .

o pug = 0and (2+1)-flavors 015}

0.1_ L | L L L L | L L L L L | L
Significantly higher precision compared to 150 200 250 300 350

the previous result T (= (p,)"/3) or T (MeV)

Rep. Prog. Phys. 87, 077801 (2024)
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How reliable is the measurement?

ALICE study of potential centrality bias

—

ALICE-PUBLIC-2024-002

Observable Label Centrality estimation (pr) and (dNgp/dn) Minimum |An|
. I In| <0.8 In| <0.8 0
New n TPC I 0.5<|n]<0.8 In| <0.3 0.2
. 111 In| <0.8 In| <0.8 0
, ErinTPC 1\ 05<|n|<0.8 In| <03 0.2

Different —

: . \% In| <0.8 In| <0.8 0
centrality estimators Niackiers in SPD - VI 05<|n|<0.8 In| <03 0.2
VII 03 <|n|<0.6 In| <0.3 0
VIII 0.7<|n|<1 In| <0.3 0.4
N, in VO IX -37<n<-17and2.8<n<5.1 In| <0.8 0.9

—

Centrality estimators
A \ \ { A A
— - -
n
|
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POI ((pr) & dN . /dn)
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1.01

How reliable is the measurement?

=
c2=0.178 = 0.009

VI, N

tracklets

Il N, €05<n<08

€05=<In<0.8 ”

L IX, N, Ee37<n<-1.7and2.8<n<51 -

1 ALICE study of potential centrality bias

4 VI, N

% 2-0.11320.007
€0.3<Iyl < 0.6

tracklets

0-5%
(dN_Idm)/(dN_ /dn)

ALICE-PUBLIC-2024-002
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Selection biases
o different (pr) vs dN,/dn for

different selections

o c2depends on the centrality definition
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How reliable is the measurement?

Extracted ¢Z vs minimum |An| gap

2 . . .

The extracted cg is higher with the ET ALICE-PUBLIC-2024-002
estimator than the N, estimator (N L L B L B LA B L BRI BN B
-805:— o lll, E; €Il < 0.8 ALICE Preliminary B
T S SR %IV, E.€0.5<Iy1 <08 Pb-Pb, s, =5.02 TeV -
i E [® | .
: 13 04— i ]
| E; based . | .
. effects from hard scattering o3 % | i
e = Lattice QCD at T = 222 MeV .
] Ng, (p,—0 GeVi/c) .
. Nch-based e ¥ . 8V, N, s Il <0.8 =
. reduced by multiplicity fluctuation 12 | g * VL Niagers €05 =19l < 0.8 B
T e A 4+ VIll, Nypeygors €07 = Il = 1 _
-1/2 n = IX, N, €-3.7 -1.7 and 2.8 5.1
C2(Tﬂ‘) =11- (NCh> dln(pT) 0_1 TSR S N ISR SO S NN SO T S Ch| [ |< |n|< [ alnl | |<|n|< co

e 0% dIn N, 0 0.5 1 15 2 2.5 3

Gardim et. al., PLB 856 (2024) 138937 Minimum [Anl
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How reliable is the measurement?

CMIS Supplementary

_PbPb (0.607 nb”) 5,02 TeV_

CMS study of potential centrality bias

— pT>O GeV (extrapolated), mi<0.5 74
= / :
~ Centrality estimator E/ /;_
1 e <) A7

" Ny (1<hi<2.4, p 0.3 GeV) P ]
o & -
] e 1 Slope does NOT depend on centrality
;_l EE N ::......'.".'='.'..:.o. —; eStImatOI'SZ
_.|....|....|....|....|....|....|....|..._: >athighNCh&
085 0.9 0.95 1 105 11 115 1.2

O L] [ [ ] ] [ ] [ ]
New/Nen > if there is significant 1 separations

from POI
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How reliable is the measurement?

Extracted ¢Z vs minimum |An| gap
ALICE-PUBLIC-2024-002

Al »n | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
o —
2o 5: 8- Ill, E; €lnl <0.8 ALICE Preliminary -
S r %IV, E; €0.5<Iy1<0.8 Pb-Pb, {5 =5.02 TeV
= - # - CMS, Cent.: E; €3 <1yl <5 7
0.4 —
1 941 N
Centrality estimator choice u :
» acritical role 0 3:_ * Lattice QCD at T = 222 MeV =
0ol N, (p,.—0 GeV/c) . E
i . -V, N, s Ml =0.8 .
: s ¥ VI, N, ooriors €05 = Inl = 0.8 _
0.1 ~+ VI, Ny, s €0.7 < Il < 1 ]
u B IX, N, €-3.7<n<-1.7and 2.8 < n<5.1 ]
—I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
0% 0.5 1 15 2 55 3

Minimum |Anl
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What else can we learn from <pT> vs Nch

Slightly different observable
Nch - <[pT] > correlations

Sensitive to the speed of sound

o ¢¢ =0.23atT,rr = 0.22 GeV used as input to MUSIC
> Value consistent with measurements

Hydro calculations consistent with data

No significant difference between PbPb & XeXe

-/ e
= | 0-1% Centrality
&'_ nl< 2.5
\\/FO.OZ B 0.5< p.< 5 GeV
2— - ®Pb+Pb © Xe+Xe

- 05«< p.< 2 GeV
_ ¥ Pb+Pb &= Xe+Xe

"

Pb+Pb 5.02 TeV, 470 ub™

IIIIIIIIIIIIIIIIIIIIIIIIII

= MUSIC

= MUSIC

Pb+Pb, b =0fm
0.5< p,< 5 GeV .

0.5< p.< 2 GeV
== HIJING 7

HIJING

PRL 133 (2024) 252301
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Applying to small systems?

Can one use the same observable ({p7) vs dN.p) to probe thermodynamics in small systems?

Pb

T~26x102%K |QG.P

Mu et. al.: arXiv:2501.02777

| - Limitations/Complications
~ ‘—% e Quantum fluctuations tend
Pb
o,.

to reduce the extracted c.?

V = 780 fm3 (pT>0 ° No

esp. for smaller systems

“
ol

Pb

$ V=18fm3

!

« T, not well defined for non-

) — N — boost invariant system

(pr) =~ 2.22 ~ 2.8 Tex for 5.02 TeV
(pr) ~ 2.16 ~ 2.58 Tyg for 8.16 TeV

PRC 109 (2024) 014904
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(p.) [GeV]

Applying to small systems?

CMS Preliminary CMS-HIN-25-001
T T T T ' i T

0.85 I T T T ]
0. >0GeV, <15 pPb (186 nb™) 8.16 TeV - P °0! Pb
0.8 pPb (0.509 nb!) 5.02 TeV 3 « "
075 e ° —
= 7 T 1 = HF Tracker
0.7F -’ =
0.65 i—” Data HIJING —i Er-based centrality estimator: 4 < nf2 < 5
= e 8.16 TeV o 8.16 TeV 3
0.6F 5.02 TeV 5.02 TeV 1
s o H —." 4 Method 1
e — - N
B il R R R S RS RS B S
40 60 8 100 120 140 160 180 200 For the same centrality (same Ve ry):

Nch

o (pt)vs N, at different (close) collision

Fit with (pr)~(Nep) |
energies
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Applying to small systems?

CMS Prellm/nary

Assuming boost invariant medium

0-4 T T T
= pr (0.509 b ) 5.02 TeV
035 bh (186 nb™) 8.16 TeV
0.3
0.25F
0.2 _+_
o15] Lo
- ——= c2(T) Lattice
01:_ %] —-o— Data
0'05:_p >0GeV, < 1.5 —e—pr HIING

noninteracting limit

® CMS PbPb UCC 5.02 TeV
—=— pPb Trajectum - FCAL Cent

Terr = (p1)/3

Trajectum systematically below data

HIJING unable to describe data

0 200 250 300
= (p.) /3 [MeV]

| | |
350
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0.4

0.35

Applying to small systems?

CMS Preliminary
—

- | T T T T
" pPb (0.509 nb) 5.02 TeV

“pPb (186 nb™) 8.16 TeV

‘pT>OGeV, ml<1.5

— C2(T) Lattice

%] —e— Data
[ Data: Theo. Unc.on T
—=— pPb HIJING

noninteracting limit

-

N I R TR N AN T SO T T N T N
150 200 250

| | | | | | | |
300 350

Toe=(p )/ 2.45 [MeV]
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Assuming non-boost invariant medium

Terr = (p1)/2.45

HIJING unable to describe data



Summary

0.357

First direct measurements of speed of sound :
in QGP 0'35

dapP _ dln{pt)

: 2 _
o Using cg = 2 dlnN.,

0.2}

o Good agreement with Lattice QCD for deconfined medium |

PbPb (0.607 nb™!) 5.02 TeV

noninteracting limit

® CMS Ultra-Central Data ]
——— Lattice Quantum Chromodynamics —
TRAJECTUM Hydrodynamic Simulation ]
Nat. Phys. 16 (2020) 615 ]

o A critical choice of centrality estimator ol
dIn C §
1) _ way to probe hydrodynamics in small systems &

o Models fail to describe data
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L |

0
T (= (p,) /3) or T (MeV)
[ I T T ‘ T T T T ‘ T T T T T T T T ‘ T T T T ‘ T T T T I ]
- ol E; €lnl < 0.8 ALICE Preliminary _:
C * IV, E; €05=<In<0.8 Pb-Pb, \s\=5.02TeV
C # 8-CMS, Cent.: E; €3 <1yl <5 ]
- * Lattice QCD at T = 222 MeV B
- N, (p,—0 GeVic) 0 B
 ® % + -V, Ntracklets E|7]| =08 -

o

| | | | | | | | | | | | | ‘ | | |
05 1 1.5 2 25 3
MIHITiJm IAnl



Open Questions and Future Work

o Validity of the thermodynamic assumptions
» 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 (p1) vs N, in different systems

o Scan of ¢, at different energies

Milan Stojanovic, CIPANP 2025



