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Structure of matter

W

UNIVERSITY OF

HOUSTON

J’!»

nucleus
~10""%2cm

atom~10%cm

electron

<10"%cm
proton
(neutron)
quark
<10"%cm

~10"%cm

(0\0"\\ \
o \&
oN A o

2

Inflation

»
A [\ Gam

w yep o|qiss0d

Q
=~
D
=
o)
=
2
%]

9/qu!
i Uonepe; saemoioi OMWSO°

& 5 3 & D

Key: W, Z bosons /\f\, photon

g quark "% meson '. galaxy

g glon g e baryon
* star

€ electron a® ion

Wmuon Ttau
o O black A
V neutrino hole | Particle Data Group, LBNL, © 2013. Supported by DOE and NSF




T

Strongly interacting matter HOOSTON

 Theory of strong interactions: Quantum Chromodynamics (QCD)
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g=u,d,s,...

* Basic degrees of freedom: quarks and gluons that carry color charge

* At smaller energies confined into baryons (qqq) and mesons (qq)

Scales

e Length: 1 femtometer = 107> m
 Temperature: 100 MeV/kg = 101? K

Where is it relevant?
* Early Universe

* Astrophysics: Neutron star (mergers)
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Net-Baryon Density

Studied in laboratory with heavy-ion collisions



QCD features and emergent phenomena
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o Asym ptotic freedom GI’OSS, POIltzer, WIlCZEk (1973) Aa Deep Inelastic Scattering
& | oe ete— Annihi!align
 Interaction becomes weaker at high energies/small distances § Ty s
* Theory is in perturbative regime at small distances ol
e
* Hadrons (confinement)
=QCD (MZ)=0.1189£0.0010
* No free quarks or gluons ever observed ! fo i
Q[GeV]
*  They must form composite, color-neutral objects — the hadrons S. Bethke
e Proton (uud) and neutron (udd 3T p=60 r—u— T
(uud) (vid) e N =
*  No small parameter makes the theory virtually untractable ® e (e ‘fi’i
e
& :.
. . >
* Dynamical mass generation S 4y
*  Proton (uud) mass is m, = 938 MeV/c? but m,, + m,, + my~15 MeV/c? =T
*  >05% of proton’s mass from QCD, only <5% is from Higgs = ’
4 U
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QCD under extreme conditions
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Figure courtesy of V. Koch

MUSES Collaboration, LRR 27 (2024) Figure from Bzdak et al., Phys. Rept. '20 & 2015 US Nuclear LRP

e Dilute hadron gas at low T & ug due to confinement, quark-gluon plasma high T & ug

* Nuclear liquid-gas transition in cold and dense matter, lots of other phases conjectured



QCD Phase Diagram:
From zero to non-zero density



Non-perturbative methods

First-principle tool: Lattice QCD

Ab-initio calculation of hadron masses

M[MeV]
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BMW Collaboration, Science 322, 1224 (2008)

Remarkable agreement of QCD with the experiment
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QCD transition from lattice QCD

o —(H=pN)/ Ty _ —Sym —
Z =Tr(e ( )/ ) = /DU det M[U, ] e —> P = P(T, u)
equation of state
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Figure from HotQCD Collaboration, PRD ‘14 Figure from Bzdak et al., Phys. Rept. 20

Analytic crossover at vanishing net baryon density at T, = 155 MeV - a first-principle result
[Y. Aoki et al., Nature 443, 675 (2006)]

Finite density: up > 0 (excess of baryons over antibaryons) encounters the sign problem

det M[U, u] = | det M[U, ]| ™



The challenge of discovering the
QCD critical point



QCD critical point R
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Figure from Bzdak et al., Phys. Rept. '20 and 2015 Nuclear Long Range Plan

What is the nature of the quark-hadron transition at finite baryon density?

Is there a QCD phase transition and critical point? Where?

Lattice QCD: sign problem prevents simulations at non-zero baryon density

Heavy-ion collisions: access to finite density but might be too short-lived to observe a signal
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Extrapolating critical point from lattice QCD T,

van der Waals (1873)

2

change the variables

R

Critical Point:

2
(22 —o (22 o (é‘_T) o (@‘_T) o
opp ) op% ) - ds ) . 0s* )

Shah, Hippert, Noronha, Ratti, VV, arXiv:2410.16026 EXtraPO/ate from Up = 0!



Looking for entropy crossings
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 Critical point ruled out (20 level) at ug < 400 MeV

Borsanyi et al., arXiv:2502.10267

e Try going further

20¢

—[JB=750 MeV |
— g =602 MeV |
— Ug =450 MeV .

90 100 110 120 130 140 150 160

Expansion around ug =0

2
T, (us; To) = To + 02(Tp) 22

T [Me\/] Shah, Hippert, Noronha, Ratti, VV, arXiv:2410.16026

e First-order phase transition emerges at ug > 600 MeV

10



QCD critical point estimates
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QCD Critical Point

‘. " >~_ Shahetal., 2410.16206
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Critical point estimate at O(u3):
T.=114+7 MeV, ug =602+ 62 MeV

Estimates from recent literature:

YLE-1: D.A. Clarke et al. (Bielefeld-Parma), arXiv:2405.10196
YLE-2: G. Basar, PRC 110, 015203 (2024)

DSE/fRG: Gao, Pawlowski., PLB 820, 136584 (2021)
DSE: P.J. Gunkel et al., PRD 104, 052022 (2021)
FSS: A. Sorensen et al., arXiv:2405.10278

Optimist’s view: Different estimates converge onto the same region because QCD CP is likely there

Pessimist’s view: Different estimates converge onto the same region because it's the closest not yet ruled out by LQCD

Can be tested in laboratory with heavy-ion collisions

11
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Critical point and heavy-ion collisions versiy Qe
150
Control parameters 140! B¢
* Collision energy /syny = 2.4 — 5020 GeV 130'-'V~\S\//
» Scan the QCD phase diagram _ /7. .- QCDCritical Point
. o . > 120_ \\\\ “\\\Shahetal.,2410.16206
 Size of the collision region %
* Expect stronger signal in larger systems i:' 110+
100§
Measurements
* Final hadron abundances and momentum =)
distributions event-by-event 82 : - — :
00 500 600 700 800
Us [MeV]

Chemical freeze-out curve and CP
* Sets the lower bound on the temperature of the CP [Lysenko, Poberezhnyuk, Gorenstein, VV, arXiv:2408.06473]

« Caveats: strangeness neutrality (,uS * 0), uncertainty in the freeze-out curve

* CP may be close to freeze-out at \/syy ~ 3.5 —5 GeV
12
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Critical point and fluctuations o

Density fluctuations at macroscopic length scales

Critical opalescence

Unfortunately, we cannot do this in heavy-ion collisions .
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Event-by-event fluctuations and statistical mechanics s

Consider a fluctuating number N

oo

Cumulants: G,V(t) — |n<et’V> — Z ,{nt_

~ nl Experiment:
Nevenis(N
variance Ky = ((AN)?) = o2 /N width P(N) ~ e/\/etot:a(/t )
events
skewness ks = ((AN)?) N asymmetry
kurtosis ka = ((AN)*) — 3{(AN?))? _——_ peak shape

Statistical mechanics:

é )
n gce
Grand partition function InZ&¢(T,V, 1) = In [Z e'NZe(T, V,N)|, K OC 0 (‘gl(n Z) )
pn)"
N
\. J

Cumulants measure chemical potential derivatives of the (QCD) equation of state
14
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Example: (Nuclear) Liquid-gas transition uNIYERSITY oF

* (QCD) critical point: large correlation length and fluctuations ko ~ %, kg ~ &*, Ky ~ &
p ! | r r  o[N] 5 — O

‘ [ n (fm—3) 40
35

i M. Stephanov, PRL '09, ‘11
30
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=20 § 20 . .
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VV, Anchishkin, Gorenstein, Poberezhnyuk, PRC 92, 054901 (2015) 15
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Example: Critical fluctuations in microscopic simulation uNIvERSITY o

V. Kuznietsov (grad student QUH) et al., Phys. Rev. C 105, 044903 (2022)

Instead of observing system macroscopically, track each single particle

Classical molecular dynamics simulations of the Lennard-Jones fluid
near critical point (T = 1.06T,, n = n.) of the liquid-gas transition

| | | thermod. limit . . e
I R :
6.00 - - ,’*-..z".‘-:.":g',.
o o ! -}..'ﬁ ;-'oé.'.-
IS EE N = 25000 A L R
S N =5000 A
S 4.00 N = 1000 ] '..,‘0"0’:::..‘
8 008 o, ool ¢
3 s PR, S R S
o t".z?l.“.'i ol Sl
2.00
| | o/ i o
o 5
0.00 0.25 0.50 0.75 1.0 > -

Qa

Large fluctuations survive despite strong finite-size effects and are large as advertised

near the critical point 6



Non-Gaussian fluctuations from molecular dynamics
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simulation
point

0.6

0.5

Scaled variance k, /K

0 (O]

liquid
mixed phase o
1 é 3
n
---- fit
[0 n=0.95n,
5 10 15 20

t

25

V. Kuznietsov, R. Poberehzniuk, Gorenstein, Koch, VV, arXiv:2511.00755
Kurtosis k4 /K5

Skewness K3 /K,

400 nucleons
in a box

0.30

0.25
© 0.20
0.15

0.10

5 10 15 20 25

* (Non-)Gaussian cumulants equilibrate on comparable time scales

see also X. An et al., PRL 127, 072301 (2021); C. Chattopadhyay et al., PRL 133, 032301 (2024)

17
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Equilibrium Expectations and Beam Energy Scan e

Expectation from Calculations

0.6
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Scaling

region
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5]

baseline

Characteristic “Oscillating pattern”
is expected for the QCD critical
point but the exact shape depends
on the location of freeze-out with
respect to the location of CP

- M. Stephanov, PRL107, 052301(2011)

- V. Skokov, Quark Matter 2012

- J.W. Chen, J. Deng, H. Kohyyama, arXiv:
1603.05198, Phys. Rev. D93 (2016) 034037

Compare recent CP estimates and
the freeze-out curve

150

140¢

130

> 120

=,

=110}
100}
90/

Rty
Q
-W/
7.7 . QCD Critical Point
\\ i‘\\\\Shah etal.,, 2410.16206

Chemical freeze-out

00 500 600 700 800

g [MeV]

One of primary motivations for beam energy scan (BES) programs at RHIC
BES-I (7.7-200 GeV) and BES-Il (3-4.5 & 7.7-39 GeV)

18
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Measuring cumulants in heavy-ion collisions I

Nevents (A Np)

N total
events

Count the number of events with given number of e.g. (net) protons P(AN,) ~

STAR Collaboration, Phys. Rev. Lett. 126, 092301 (2021)
T I T T T
\/SNN (GeV)
o 7.7

11.5

x 145

19.6
27

I T T T T I T T T T I T T I T T . l. T I
A Au+Au Collisions
0%-5% Central

Ava 4 <P, <20 (GeV/c), lyl < 0.5

© 5 oA o
YA ey vOOAY N o o9 o yo
N R - o ANA o « w ey o ooy qsm (GeV

0.1
lees- WBes-i frxt |

0.08

0.06

Events (M)

m}

0.04

01 02 03 04 05 06 07
Uy (GeV)

0.02

& X + D

Statistics-hungry observables

Normalized Number of Events

Net-proton (AN, = N, - Np)

Cumulants are extensive, k,~V, use ratios to cancel out the volume
Ko K3 Kq

<—>' Ko K2

Look for subtle critical point signals 19



Statistical ensemble in HICs is neither CE or GCE
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K>
K1

Experimental measurements apply momentum cuts

The idea is to mimick GCE conditions

dN/dY

|

//

///f-—» A

However, in reality, the measured subsystem is of comparable size
to total system where baryon number does not fluctuate and the

canonical ensemble (CE) applies

_J2

X1

Grand Canonical Ensemble

Reservoir (Thermostat) V>

Observed
Subsystem

V1

b
) €

L

—_> 0

Correlation length §

VS

asV,/V
(0K a<« 1)

— AY,_,
AY,

. —i

Subensemble

total

V. Koch, arXiv:0810.2520

Reservoir (Thermostat) V>

Observed
Subsystem

Correlation length €

Total system V

K
—~=(1- )_

Statistical ensemble relevant for heavy-ion collisions is something “in-between” GCE and CE

Solution: Subensemble acceptance method (SAM), Vv, Savchuk, Poberezhniuk, Gorenstein, Koch, PLB 811, 135868 (2020) 21
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Theory vs experiment HOUSTON

guidance from theory (e.g. lattice) experiment (the real thing)

1.2 F7 T T
1 HRG cont. est. 1
* Ni=6 &
8 &
0.8 | ]

mg/m;=20 (open)

moy .
o 27 (filled)
oy 0.6 L] 1
4
04 .!m
0.2 Eg =2

et free quark gas

140 160 180 200 220 240 260 280

T [MeV]

- (3) C,/LC, 1

BES-II
O BES-I
Hydro (cons)

—— Hydro (cons+EV)

10 20 100 200
Collision Energy \s,,, (GeV)




Theory vs experiment
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guidance from theory (e.g. lattice)

12 F

0.2 | @
EEN

free quark gas |
8

140 160 180 200 220 240 260 280

T [MeV]

experiment (the real thing)

Full hydro simulation

Lattice QCD-like baryon susceptibilities (interacting HRG)

ﬁhis was done in [VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)]\

Global baryon conservation (SAM)

Experimental kinematic cuts

¥

\ Non-critical baseline (hydro EV) prediction

- (3)C,/C,

@ BES-II
O BES-I
Hydro (cons)
—— Hydro (cons+EV)

10 20

~100 200

Collision Energy |s,,, (GeV)




Hints from RHIC-BES-I
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Quantitative calculations of critical fluctuations are still not available

State-of-the-art non-critical baseline computed using hydrodynamics
VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)

Subtract it from the data and look for a possible signal of CP

net proton x,/x, minus baseline

3.0
2.5
2.0
1.5

1.0

0.5
0.0

-0.5 I
-1.0 I
-1.5
-2.0

Temperature

[ Au-Au 0-5%, net protons, 0.4 <p, <2.0 GeVig, ly| < 0.5

[ ® RHIC-BES-I (STAR)
N L3 g aaal

Baryon chemical potential

10 S5 [GeV] 100
Analysis of RHIC-BES-II data in progress

proton x,/x, minus baseline

0.15

0.10

0.05

0.00

-0.05

-0.10

g
2
T 1 S
2
=
(]
}_
Baryon chemical potential
=
i
non-critical baseline LS F § """

Au-Au 0-5%. protons, 0.4 <p, <2.0 GeVic. |y < 0.5
B RHIC-BES-I (STAR)
11 l 1 L L 1 ) l

10 100

S5 1GeV]

23



First data from RHIC-BES-II
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PHYSICAL REVIEW LETTERS 135, 142301 (2025)

Editors' Suggestion Featured in Physics

Precision Measurement of Net-Proton-Number Fluctuations
in Au+ Au Collisions at RHIC

(STAR Collaboration)

M (Received 26 March 2025; accepted 18 July 2025; published 29 September 2025)

‘We report precision measurements on cumulants (C,) and factorial cumulants (x,) of (net) proton
number distributions up to fourth order in Au + Au collisions over center-of-mass energies /syy =
7.7-27 GeV from phase II of the Beam Energy Scan program at RHIC. (Anti)protons are selected

High-order analysis reveals more
signs of phase-change
'turbulence’ in nuclear matter

Lisa Lock, reviewed by Robert Egan ' Editors'r

The STAR detector at the U.S. Department of Energy's Brookhaven National C...

L~ - Hydro EV (d)=2
o4k - HRGCE K1
5 . jLaco
c [ UrQMD (0-5%) '
2  Op--------emmemmeooo oo
¥l e o 0% - -m |
o 00 0% o
0.1+ i
AT | 1 MR S | L

5 10 20 50 100 20

Collision Energy ys,, (GeV)

physicsworld

PARTICLE AND NUCLEAR | RESEARCH UPDATE

Hints of a boundary between phases of nuclear matter found at
RHIC

09 Oct 2025

STAR at RHIC The experiment at Brookhaven National Laboratory has revealed hints of a critical point in
the phase transition of nuclear matter. (Courtesy: BNL)

In a major advance for nuclear physics, scientists on the STAR Detector at the Relativistic
Heavy lon Collider (RHIC) in the US have spotted subtle but striking fluctuations in the number

Meanwhile, theorists are racing to catch up. “The ball now moves largely to theory’s court,”
Vovchenko says. He emphasizes the need for “quantitative predictions across energies and
cumulants of various order that are appropriate for apples-to-apples comparisons with these

data.”

24



Factorial cumulants from RHIC-BES-II
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From M. Stephanov, SQM2024 & arXiv:2410.02861

Wp = é\:.n/&l

(universal EOS) critical x 1, :

n=2

Pmax < HCP

Bzdak et al review 1906.00936

baseline

baseline(?) \/g‘”

~

SNN

omiloasd — pw

as

a
W
2
2
Factorial Cumylant Ratios
=)
T
@

STAR data:

— PO

Kg 0-5% Au+Au Collisions |
(anti-) proton, lyl < 0.5
0.4 <p, <2.0GeV/c

o

e —

1IO 20 1(I)0 200
Collision Energy s, (GeV)

A. Pandav, CPOD2024

Expected signatures: bump in w2 and ws, dip then bump in w4

for CP at us > 420 MeV

baseline (hydro EV):
VV, V. Koch, C. Shen, PRC 105, 014904 (2022)

« describes right side of the peak in C;

* signal relative to baseline:
* positive C, > 0
* negative C3 < 0

Conclusion:

Controlling the non-critical baseline
is essential

25



Subtracting the baseline

If 1l =~ kST + ngg try to isolate the critical part™ by subtracting the baseline (here hydro EV)
0.15 =B
0 | - q
@ o0 ; . o2 W (d) =& = = HydoEV -
| - R—
3 » HRG CE
0 i w S 01 UrQMD -0.5<y<05 4 -
> 0.05 o S - % — <y
= O . urQMD —O.5<y-yCM<0’
—
_ Of===r==mmmm e e e e e e m T 41 -
5 299 Mion'critical hydro. @ @@ - = \ /
—0.1}f aa -@ 2
§ 0.05 | il @‘@@ | -
2 e
5 & 5.8 10 20 30
040 L v il el
10 100
JSw [GeV]

Enhancement relative to the baseline at lower /Sy Which continues at fixed target energies

*May be a useful quantity for finite-size scaling analysis compared to the bare k, /K, 26



F(2-0) /F(1 :0)

Attraction vs repulsion

Friman, Redlich, Rustamov, arXiv:2508.18879

~0.4\/Syy = 17.3 GeV -
P S S S S SO S A T T L
0 2 4 6 8

Recently, attractive and repulsive interactions implemented through a potential in rapidity

E (yl y2) = q e —ly1—y2|/pr
repulsion s 04
T T T T T T T T T T T T | AI&
L , o
0_4— (a) VS = 8.8 GeV, canonical repulsive 1 @:
- v@ﬁ 17.3 GeV, canonical repulsive 7 LL
- 17.3 GeV, Hydro EV n
\(ENN 62.4 G:V cayn;?ucal repulsive 0.2

STAR data, |, = 17.3 GeV —

dashed lines: canonical baseline

P(y1,y1) = 7

e_E(yl ay2)

L
% O CElocal, 3-particle attractive T

Illllll T 1 IIIIIII

AL STARBESII (0-5%) 2
2 STARBESI (0-5%) a4
A STAR FXT (0-5%, QM25)

B HADES (0-10%, QM25)

- -3 - CE local, 2-particle repulsive

lllllll 1

10 10
I'syn [GeV]

E.(y1,92) = aalys — ya2|P

attraction

8 T T I T T T T |
= N —m— HADES Ag+Ag Data, 0-10% (QM25) |
L 0.4+ —— STAR Au+Au Data, 0-5% —
o~ - ——— CE with 3-particle attraction =

(=} ——— CE with 2-particle attraction

ol - - CE global conservation 7
o - UrQMD (STAR) =
O 2_ e  Binomial folding =1
0 | e -
-0.2r =
_____ d
_O 4_ SNIV =24 GeV __

1 1 | 1 I 1 |

3
y

Interplay of repulsive (high /syy) and attractive (low /syy) interactions?

>
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Time to celebrate!

Adapted from V. Koch, ERICE2025

28



The (possible) culprit

X. Zhang, Y. Zhang, X. Luo, N. Xu, arXiv: 2506.18832

Cumulants Factorial Cumulants o
_ - _ - Fluctuating impact parameter
145 UHGMD Aiii A o Central Au + Au Collisions / STAR centrality selection
ol _
L2 o1k .
2] Spe® ¥ CZ/C g : ]
2 08f : L c o : .
@ - C ] . .
c O ] ‘—é’ 0.0F st H bl —S8 -;\ Fixed impact parameter (b < 3 fm)
C E C i . .
S 5 = 1 305k E minimal volume fluctuations.
E i 04< P, (GeV/c)<2.0 ] S C ]
3 1 -0 g
c 0.0F C/C,] B ; Ka/Ky 3
o f © t
8 [ w o ;
O O #Hfges— - g %5 ; N.B.: Centrality Bin Width Corrections
: refmult3 b <3fm e C ] .
2f wsey<o o & | @ O e i E applied to both
[ (iyl <0.5) O o C {P ]
4+ -0.5r- + 7
i C,/C, ] i WUSE
3 45 7 10 3 45 7 10 Possible culprit:
Colision Energy \syy (GeV) volume fluctuations /centrality selection

Other challenges: Antiproton puzzle (not described by hydro)
Adapted from V. Koch, ERICE2025 Bzdak, Koch, VV, arXiv:2503.16405 9
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QGP HG

Charge fluctuations as a signature of QGP

« J. Parra, R. Poberezhniuk, V. Koch, C. Ratti, VV, arXiv:2504.02085 (Phys. Rev. Lett., in print)
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Charge fluctuations HOUSTON

An old idea: Hadrons carry integer electric charges, quarks carry fractional electric charges.

Koch, Jeon, PRL (2000); T e
Asakawa, Muller, Heinz, PRL (2000) ; i ’
® g . _© g

Hadrons Quarks

HG: large fluctuations QGP: small fluctuations

Fluctuations depend on the square of the charges
and are smaller in the QGP

Quantified by: Naive grand canonical ensemble (GCE) expectations:
DHG ~ 28—4
D:4I£2[N—|—_N—]:4 fZ[Q]— o DQGP ~1—15
<Nch> <Q +@Q >

No quantitative calculations have been done for QGP beyond GCE
31
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Charge fluctuations: stages HoOSTON

. . . . . final detected
Relativistic Heavy-Ion Collisions Peicle distr e i .
made by Chun Shen Kinetic 4. Kinematical cuts
Y freeze-out

never done for QGP

Hadronization

=

3
3
3
3

Initial energy
density

3. (Local) charge conservation

-

s &

\ \ . .

* partonisation

\\ \\
AY N \

incident projectiles

/| N\
Castorina, Satz, IJMPE ‘14
never done both for HG and QGP

1. Fluctuations at hadronization 2. Resonance decays

. . T
(primordial charges)
pO mtm™ are correlated!

w — Distinguishes hadron gas (w = 1)
from QGP (w = 0.25 — 0.40)

never done for QGP

Here we model these effects through novel charge density correlations formalism [VV, PRC '14] 39
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Charge fluctuations: hadronization ey o

Define w as a measure of charge fluctuations at hadronization

/ variance Hadron gas: wpgyg = 1 (Poisson statistics)
k2@
- <Nprim> Free QGP: wggp = 0.36 (Stefan-Boltzmann limit)
ch /™~ charged multiplicity
More genera"y: w from lattice QCD
3., 1.2
W — Ko Q)] _ VIFxs S R
= <Nprim> = S <Nprim> %% 1.0FN-Naeon 250
ch ch \Z, 0.8t
X2Q N;;; 0_62_ jattice QCD [WB, JHEP (2012)]
— \“/ 04- e
ST T I
The EoS N s

f th | model .
T[MeV]

P. Hanus, A. Mazeliauskas, K. Reygers, PRC (2019)
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Charge fluctuations: other stages e,

2. Hadronic phase (resonance decays)

* Decays are local and conserve charge but increase charged multiplicity, (N.;,) = <Ncp,fim> Yo, Where yo=1.67

e Total charge susceptibility does not change, )(S’final = )(S

two-particle correlations does

prim )
p - but balance between self-correlation and

3. Local charge conservation [vv, PRC 110, L061902 (2024)]

 2-point charge density correlator with a balancing term C3 (r1,12) = (3pq(r1)dpq(r2))
* Local charge conservation introduced through modulation of the balancing term

»#(r1,r3) (m — me)?
C?(I‘l,rz) = X2Q [5(1‘1 — 1‘2) — V’ ] r =7 %<7717772) X exp [_ )
tot On
local correlation balancing contribution local charge conservation

4. Kinematical cuts

Acceptance probability p(n)

ncut/z ncut/2
K2 [Q]||n|<ncut X / d771/ dUZCQQ(mﬂ?Z)P(M)P(Uz) from blast-wave model
_"7cut/2 _nCUt/2 30
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Putting everything together HOUSTON

pair acceptance local charge conservation
hadronization hadronization

D = 4{1 _ (1 _ i) P*(n)  w (p(m)p(m)):«}

o) ) v ()

decays acceptance decays acceptance

(1) - Charge fluctuations at hadronization

Wye = 1 wQGP = 0.36
"YQ - Resonance decays

(p(m )p(772)>% - Pair acceptance weighted with Local Charge Conservation

<p2 (77)> - Momentum Acceptance Cuts
<Z?(77)> using p(n) from the blast-wave model 31




D-measure at LHC: comparison with experiment
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4.0

2
_ w '\ (p*(n))
D=4<1—1{1-—

Q) (P(n)
N e ALICE Pb-Pb 2.76 TeV, 0-5% |
N hadron gas _
NN :

‘\‘-\‘-\‘ QGP
'\?\‘.:‘s\ < e ;/
i global T I
-------- local, 6,=1.20 ST
--------- local, 6,=0.78 0.2 <p;r<5.0GeV/c
1 2 3 4
A/rlaCC

Hadron gas scenario requires a very local charge conservation range

w (p(n1)p(N2)) 5

R

(p(n)) }

Parameters used:

(UHG — 1 a)QGP — 036

Vary g, to accommodate global vs local

charge conservation
* Here values of gy are based on local

baryon conservation estimates
VV, PRC 110, L061902 (2024)

32
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D-measure at LHC: Bayesian analysis e

Vary primordial fluctuation w (HG vs QGP) and correlation volume V( (local conservation) freely
2.5

Uniform Prior e Uniform prior
é 2.0t w€eU(0,1.2), V. €U0, Vi),
__é 5l . Bayes factor (QGP : HG) = 8.74
g
.% 1.0} * Local conservation prior
:8_ 0.5 w € U(0,1.2), V. € Gaussian at (0.20+0.05)V;,¢
Bayes factor (QGP : HG) = 4.93

080 02 04 06 08 10 12

I w L]

QGP HG
Moderate evidence for freeze-out of charge fluctuations in QGP

Sensitivity to assumed prior currently under investigation 33




QCD in astrophysics ».

HOUSTON

Neutron stars are extremely compact objects (1-2 solar masses confined to an 8-mile sphere)

[

Novi I}e\yivtsi
Hosi MeTpiBui

N
o
o

Lattice QCD . - - A

Pukhivka
MyxiBka >
Hostomel' 5 ,
roctoment i RH.O'BES“ A ’
4 Kalynivka 4 : ot
BEu//ch,a gg:\ rel6)¥_., = Kannniska Critical
>3 < " Boint? SpS
s T ey o for n
Irpin ey
|pI'IiHI>,;" Brovary >

el
. _~’BpoBapu
N KotsyuHYps'!(e <
B KOL|K56MHC,:Ke

" Kniazhychi
S Kuskudi

Temperature (MeV)

Shpytky. rOpEH{/ILIi 4
Lnutbku |

Bilogorodka
binoropoaka

ﬂm=7" \
é‘:ﬂc,:‘iL/Bobrytsya \ /

}anese
Kriukivshchyna <
KptokiBwmHa /13
AL

 Haults
nNpUpoaHuiA
h na,S\KJ—)”

Bo6puus

"TonGCiiBCbKMi” 1
v THignH \ .
Vishen'ki ) ” >
L IR e el / Net-baryon density
Ivankovychi ~ Khodosivka Peslie
Hlevakha IBarKoBuyi - XOROCIBKE", Hiybok n/ No
””” _ Tnn6ok
Protsiv B
asets'ke/'i(slyn/i.vka NEORE Voronkiv
nnnnnnnn - [N .

Pressure of dense nuclear matter balances the gravitational pull

34



QCD in astrophysics
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Properties of dense nuclear matter define how heavy neutron stars can be and how large they are

a 104

T TTTT

ME 103 =T OV R = :
S . 3
% : O : : g 1-5 i
2 10°: 5 E Em :
o - ; . =

a e(%\i

a

101 3 < ~XE O E -
E «“ee}\a(\? SN : 0.57
100 Wt ‘
] Lo il L 1 3
10° 103 10

Energy density (MeV/fm?)

1.0}

|

Limit on My,.x from GW170817 ]

I

PSR J0348 + 0432

0.0—

Radius from GW170817 -

L o L N L

10 12 14 16 18
R (km)

Intermediate energy heavy-ion collisions probe same dense nuclear matter

Quark
fraction
0.8

0.6

0.4

0.2

0.0

35



The ultimate “heavy-ion” collision
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COSMOLOGY | RESEARCH UPDATE

Gravitational waves from neutron-star mergers could reveal

quark-gluon plasma
15 May 2020

Dark star crashes: the computer simulation of two merging neutron stars (left) blended with an image of
heavy-ion collisions at CERN to highlight the connection of astrophysics with nuclear physics. Courtesy:

Lukas R Weih and Luciano Rezzolla/Goethe University Frankfurt and CMS/CERN)

p lg/em?]

— 1.000e+15
1.000e+14
— 1.000e+13

. 1.000e+12

—1.000e+11

Neutron star merger simulation (GSI)

Time=8.88178e-16 (ms)

z [km z [km] z [km]

-10-50 510 -10-50 5 10 -—-10-50 5 10

EI

3.0

2.5

2.0

S/A

1.5

1.0

0.5

glh}_\Né\‘l\léill\l\l\l‘ll’\l = 60
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Summary
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* Lattice-based constraints on the QCD critical point A UL R

0.1
E LQCD

UrQMD (0-5%)

* Rule out QCD CP at ug < 450 MeV at a 2-sigma level
* New method based on contours of constant entropy places QCD CP at i g ®

Proton

A BT Sy

-0.05F

L BES-Il BES-I
r I

T, = 114 + 7 MeV, uz = 602 + 62 MeV
« RHIC-BES-II data is in

5 10 20 50 100 200

PRI | L Lo v ol :
5 10 20 50 100 200
Collision Energy ysy, (GeV)

* Non-critical physics describe the proton data at /syy = 20 GeV
¢ éz - C"véaaseline > 0 and 63 - C\‘:?Clseline > O at \/SNN < 10 GeV

* May indicate freeze-out of fluctuations on the QGP side of crossover

2.0p

—_
[¢)]

—_
o

* Net-charge fluctuations at the LHC revisited

Posterior distribution

o
2]

* Moderate evidence for charge fluctuations freeze-out in the QGP

%80 0.2 0.4 0.6 0.8 1.0\1.2
Outlook: QGP HG
e Improved description of non-critical baselines and quantitative predictions of critical fluctuations
Thanks for your attention! 37
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Dynamical approaches to the QCD critical point search VeI o

1. Dynamical model calculations of critical fluctuations BEST [X. An et al., Nucl. Phys. A 1017, 122343 (2022)]
*  Fluctuating hydrodynamics (hydro+) and (non-equilibrium) evolution of fluctuations
. Equation of state with a tunable critical point [P. Parotto et al, PRC 101, 034901 (2020); J. Karthein et al., EPJ Plus 136, 621 (2021)]

*  Generalized Cooper-Frye particlization [M. Pradeep, et al., PRD 106, 036017 (2022); PRL 130, 162301 (2023)]

Alternatives at high ug: hadronic transport/molecular dynamics with a critical point
[A. Sorensen, V. Koch, PRC 104, 034904 (2021); V. Kuznietsov et al., PRC 105, 044903 (2022)]

<<— Excluded
Trmeae- - volume

2. Deviations from precision calculations of non-critical fluctuations T e vt
. Non-critical baseline is not flat  [Braun-Munzinger et al., NPA 1008, 122141 (2021)] o] | | |
* Include essential non-critical contributions to (net-)proton number cumulants %oof—re?i'rsewe olw.o i "
«  Exact baryon conservation + hadronic interactions (hard core repulsion) S U
*  Based on realistic hydrodynamic simulations tuned to bulk data _mf%;éggw ;
[VV, C. Shen, V. Koch, Phys. Rev. C 105, 014904 (2022)] 0 NI ,;Wﬂ! 25

Figure from Ishii et al., PRL ‘07
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Factorial cumulants C,, vs ordinary cumulants C,,
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Factorial cumulants: ~irreducible n-particle correlations

Cp~ (NN —=1)(N—=2)...)c Cp ~ (ON™).
él = Cl Cl — él
éQICQ—Cl C2:é2+él

Cy = C3 — 3C, + 20,

C3=é3+3éz—|-é'1

6’4:04—6034—1102—601 04:é4+603+7é2+él

[Bzdak, Koch, Strodthoff, PRC 95, 054906 (2017); Kitazawa, Luo, PRC 96, 024910 (2017); C. Pruneau, PRC 100, 034905 (2019)]

Factorial cumulants and different effects

e Baryon conservation
[Bzdak, Koch, Skokov, EPJC '17]

Excluded volume
[VV et al, PLB ‘17]

Volume fluctuations
[Holzman et al., arXiv:2403.03598]

Critical point
[Ling, Stephanov, PRC ‘16]

Cem o (C1)"/(Neot)"™ small * proton vs baryon (B ~ 2" x CP
R [Kitazawa, Asakawa, PRC ‘12]
CEY o b" small

CF ~ (C1)"ka[V]  depends on volume cumulants

C2CP ~ 52’ 6'3CP ~ 54.5, 6:'4CP ~ 67 Iarge

Ordinary cumulants: mix correls. of different orders

same sign!



Hints from RHIC-BES-I
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Subtracting the hydrodynamic non-critical baseline

net proton k,/x, minus baseline

3.0
2.5
2.0
1.5
1.0
0.5
0.0

-0.5
-1.0 I
-15 -
-2.0

Temperature

[ Au-Au 0-5%, net protons, 0.4 <p, <2.0 GeVic, iy < 0.5

® RHIC-BES-I (STAR)

1l s aal

10 — 100
NSw [GeV]

0.15

0.10

0.05

0.00

-0.05

proton x,/x, minus baseline

-0.10

VV, V. Koch, C. Shen, Phys. Rev. C 105, 014904 (2022)

Au-Au 0-5%, protons, 0.4 <p, <2.0 GeVic. |y < 0.5
B RHIC-BES-| (STAR)

0.1
0.01

" Jsw[GeV]

I Notation: Here we use k, for cumulants and C,, for factorial cumulants, STAR Collaboration uses the opposite



Factorial cumulants from RHIC-BES-II and CP EEE

HOUSTON
Memory effect Exclusion plots
P Exclude €,<0 & C;>0 regions on the phase diagram near CP
1.6
0.8 (0]
3 2
e 0
J
-0.8
|_
-1.6
(b)
1.6
0.8
H
=
;?» 0
)

MB

Adapted from Bzdak, Koch, Strodthoff, PRC 95, 054906 (2017)

and based on the model from
VV, Anchishkin, Gorenstein, Poberezhnyuk, PRC 92, 054901 (2015)

-1.6

Mukherjee, Venugopalan, Yin, PRC 92, 034912 (2015)

Freeze-out of fluctuations on the QGP side of the crossover?
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Interplay with nuclear liquid-gas transition vERsiTe o

eV HRG with attractive and repulsive interactions among baryons |,
.o 180 B, B

of by vDW-HRG I CEE

e 160 I S 0o

| 140 .

0 o o o . “10.00 4 [MeV] 120 P 6 10 20 40 100 200

Collision Energy [GeV]

Floerchinger, Wetterich, NPA (2012) 6 100 Fukushima, PRC (2014)

7% xf/ x? ~ 80 Ko/ \ 1w
1501 3
" ‘
1251 ! 60
31001 ”
=
=4 - 40
50 I: Teo= 165 . 2
o] T T N\ /L 20
e |5t Order
0 2(I)0 4(I)0 660 860 10b0 1200
g [MeV] 0 > B :
Mukherjee, Steinheimer, Schramm, PRC (2017) 0 100 200 300 400 500 600 700 800 900 1000 50 200 400 600 800 1000

baryon chemical potential ps [MeV]
IJB (MeV) Sorensen, Koch, PRC (2020)
VV, Gorenstein, Stoecker, Phys. Rev. Lett. 118, 182301 (2017)

Increasingly relevant at lower energies probed through RHIC-FXT



Lower energies /syy < 7.7 GeV
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.................

(@) CJ/Cy -

[72]

2

©

1

2

C |

s O 100 200 300

=

£

8 Au+Au s, = 3.0 GeV
c 0.4 <p_ <20GeV/c
i=] -0.5<y<0

o

o O Data

e VFC (Glauber)
» VFC (UrQMD)
UrQMD

_2 :_ 1 1 1
0 100 200 300
Number of Participating Nucleons (Npan>

STAR-FXT

e 1
Glauber Model

E —— UrQMD

[ Glauber Model Top 5%

10 uwomo Top 5%

Events/Bin

10°°F

STAR Collaboration, Phys. Rev. Lett. 128 (2022) 202303

Volume fluctuations/centrality selection appear to play an important role
 UrQMD is useful for understanding basic systematics associated with it

Indications for enhanced scaled variance, k5 /Kk{>1
K4/Ko negative and described by UrQMD (purely hadronic?), note -0.5<y<0 instead of |y|<0.5

HADES

10

- xo?p]

4 06 08 10

A
Figure from O. Savchukgt al., PLB 835, 137%‘0 (2022)

Proper understanding of k5 /x1>1 in both HADES and STAR-FXT is missing



Dense matter EoS from flow measurements
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* Use hadronic transport (UrQMD and SMASH) with adjustable mean field to use a flexible EoS
* Extract the EoS from proton flow measurements
0 107% 5x10® 102 5x102 107
[ ] S
300 : : . e — 1.0 250
o MESN O SMASH prior ® EB895 [ T=0
r === MAP mmetric nuclear matter
250 —— SMASH posterior % STAR g0 I
200} 3, 0.51 e =
150¢ % [ S 150
Experimental inference N p L
100} 15 data points e 0 O' 'g' 100
50 g :
= 50
= 0 :
= ‘ -
— —90 ‘ o R
= —- MEAN ‘ o 1 2 3 4 5
250p === MAP II 0.051 baryon density n_ [n,]
200f 2 =)
Il
150}
Experimental inference \>‘ 0 . O O ]
100F 13 data points v
>
% —0.05 o
0
—50 : 0 3 1 3 5 2 4 6 8 10

Density ng [ng)

M. Kuttan, Steinheimer, Zhou, Stoecker,

PRL 131, 202303 (2023)

E;ap [GeV/nucleon]

Oliinychenko, Sorensen, Koch, McLerran, PRC 108,

034908 (2023)
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Other observables

* Azimuthal correlations of protons « Light nuclei
* points to repulsion at RHIC-BES Spinodal/critical point enhancement of density

fluctuations and light nuclei production

ﬁAttractive 20.0 -~ —— MD simulation 0.8 | Central Au+Au collisions (0-10%) |y|<0.5
0.000 F ' / Cluster model : Data: Model: _
Repulswe 17.5}F 1 ---- Minecraft model s STAR (Pre.) With critical point (T [MeV])
Y 07} | o Es64 39 (EoS-ll) — 80
—0.001 T 15.0b i — 100 —120
3 i ~ 140 =154 (E0S-l)
—~-0.0027 4 STAR 1250 Z 06 st 1
(o} ! ~ +
s, ; 7= Gev 3 100k ! = UrQMD+COAL
—0.003 ¢— 11.5 Gev I S 05 MUSIC+UrQMD+COAL 4
[ —4— 19.6 GeV 75k I
— STAR Preliminary 27 GeV : -
-0. i 5.0+ AL
—— 39 GeV i i
—— 62.4 GeV 25}
—0.0051 % -- AMPT Fit ' o Fot ] 03
J 1 1 1 1 1 n
0 100 200 300 400 500 600 700 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 1'0 1(')0
n
/SN [GeV]

Reference Multiplicity

e Proton intermittency
No structure indicating power-law seen by NA61/SHINE

* Directed flow, speed of sound

Consistency in understanding all the observables is required



Effect of the hadronic phase
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Sample ideal HRG model at particlization with exact conservation of baryon number using
Thermal-FIST and run through hadronic afterburner UrQMD

0.05 . T ' ‘ ' '
: Au-Au 27 GeV, 0-5%
: 04<p,<20GeV/clyl<y,,, ]
0.00 _ antiprotons ]
: —
~-0.05 | ]
@) X
R : Ol
O .o10f
-0.15F
- [ hydro + decays
- [ |hydro + UrQMD
-0.20 L : : ' ‘ ‘
0.0 0.5 1.0 1.5 2.0
Rapidity cuty



Dependence on the switching energy density
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/C.

Al

Normalized Correlation Function C

Au-Au 0-5%, 200 GeV
| ! | ! | !

L} I L}
0.00
-0.05
-0.10
L I 1 I 1 l 1 l L
| | T | ) ' ) l T
0.00 fms g~~~ = m e
005} 0 T FTie.
switching energy density €_, SSSi~ tema.
- 0.26 GeV/fm® Tees
— - =0.50 GeV/fm’
-0.10 - ... 060 GeV/im® ® STAR (2101.12413)
1 l 1 l 1 I 1 I L
0.0 0.2 0.4 0.6 0.8 1.0
Rapidity cut y

max



Summary slides
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Understanding proton cumulants from RHIC-BES-Il data  yuysens

Vovchenko, Koch, arXiv:2504.01368, plot adapted from M. Stephanov, arXiv:2410.02861 ° Factorial cumulants may be
wp = G/ G more instructive than ordinary
BES-” data: | f CP h
(universal EOS) critical x 1, : plot from A. Pandav, CPOD2024 cumulants tor searc
VSNN . i ' v
— : (12 7 . . .
e+ (baseline) | o —ovem, __S_T"E"_  signal relative to baseline:
I L O Qug@ i i .. A A 1
baseline ik "‘/.W_ e positive Cy — Cé’asellne >0
— T ee . A A ]
o o T * negative C3 —CPaseline
_02 BES-Il  BES-I Hydro  Hydro EV _ |
o OB PO o
k] - :
Polon e ‘
w(é'ritical /’-’w:’? i_ 0.4 <p, <2.0GeVe  _|
] 2 | 7 allowed region near the CP
_______________________________ . S o—% . is on QGP side of crossover
S
SNN 051 (3)';—‘: -
w/clrit.ical 0.25| ; |
o—+ *#9 e v ol Ir
Top ™ ¢ |
~0.25}
1B 10 20 100 200

Expected signatures: bump in w2 and ws, dip then bump in w4 Collision Energy sy (GeV)

for CP at ug > 420 MeV

Controlling the non-critical baseline is essential 19
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Scaled factorial cumulants and the antiproton puzzle uvERSITY O

Bzdak et al. introduced reduced correlation functions — “couplings” [Bzdak, Koch, Strodthoff, PRC 95, 054906 (2017)]

= Ci o = 210D OGO - YN -y
(N)k [ o1« prddyr - - - dyx

integrated correlation function in rapidity

Long-range correlations lead to acceptance-independent ¢, including any combination of
global baryon conservation and volume fluctuations (no need for CBWC)!

0.005

———
STAR, PRC (2021)
s e o Au-Au 27 GeV, 0-5%
Standard hydro predicts: .2 i oa aVia oy
_ la u0.000 - - - == F e A
65 ~ 65 = const. at a given \/syn o3 hydro | oo &
Q-ON -—-—-"_ﬁ-?;r'I 2 <N >2
& -0-005 - § W i u . P
. S
Experiment: = % ; ; : ez
_ 3 -0.010 - o . c‘é’:(}\,)2
|6§| < |6§| the antiproton puzzle © P
two-source
-0.015 | U Uy -
L L L | L L L |
0.0 0.2 0.4

Possible explanation: stopped and produced matter do not Rapidity cut y,

thermalize (no single fluid) A. Bzdak, V. Koch, V. Vovchenko, arXiv:2503.16405 24



Cumulant Ratios

Understanding proton cumulants from RHIC-BES-II data
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10

0.8

0.6

0.4

0.2

Net-proton cumulant ratios

(1) C/C, STAR
. @ BESHII
O BES-I ()
- Hydro (cons)

—— Hydro (cons+EV)

P net-proton, lyl < 0.5
B @

0.4 <p, <2.0GeV/c

| (2)c,C,

0-5% Au+Au Collisions _|

" (3) C,/C,

0 20 ~"Fo0 200
Collision Energy s, (GeV)

Factorial Cumulant Ratios

0.05

0.5

0.25F

-0.25F

Proton/antiproton
factorial cumulant ratios

T (1)

* Factorial cumulants may be more

instructive than ordinary cumulants

Kg 0-5% Au+Au Collisions
K, (anti-) proton, lyl < 0.5
0.4 <P, <2.0GeV/c

MB

1I0 20 160 200
Collision Energy Vs, (GeV)

contributions

 Deviations from available non-critical

\baseline at \/syy < 10 GeV
i C, —baseline > 0 & (3 —baseline < 0

* Need precise handle on non-critical

21
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Non-critical cumulants: Analytic vs Monte Carlo

HOUSTON
Proton K, /K4 Net-proton k3 /K4
1-05 ) ) ) LI | I I ] ] ) ] 1 LI | I ] T 1-2 Ll ] 1 LI ) I T ) ) ) ) ] LI} ' Ll
: MUSIC Au-Au 0-5% : i net rotons MUSIC Au-Au 0-5% i
- protons ly| <0.5,0.4 <p, <2.0 GeV/c P lyl <0.5,0.4 <p; <2.0 GeV/c
100 Fmmmmmm e 1.0
095 [ . Em 0.8
~ [ ] %
4 C i c
c 0.90 [ 1 2 oe
O i ] @)
5 r 1 5 ]
L J analytic FIST
E_ 0.85 |- 7 analytic FIST — "ql_)' 04 |- approx. sampler -1
i approx.  sampler ] c | :\ .
f e [ baryon repulsion only ] —_ - E::yzz :sz:z:zz on;);r on cons |
0.80 | —-—= [ bvaryon repulsion + baryon cons.  — 0.2 y puision + bary C -
i B baryon repulsion + BQS cons. ; B baryon repulsion + BQS cons.
. B STAR Au-Au 0-5% : I LT T
075 . 1| 00 L |
10 10 100

JSw [GeV] S5 [GeV]



Non-critical cumulants
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1.05

1.00

~ 0.95

proton x,/x
o
8

o
o)
o

o
©
S

0.75

—
o

o
e

net-proton Sc*/M
g S

o
N

o
o

T T T T T L | ! '
MUSIC Au-Au 0-5%
protons Iyl <0.5,0.4 <p, < 2.0 GeV/c

sesssssscsscsscsssscsessssacses
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Effect of the hadronic phase
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Sample ideal HRG model at particlization with exact conservation of baryon number using
Thermal-FIST and run through hadronic afterburner UrQMD
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Dependence on the switching energy density
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