Precision QCD Thermodynamics

from fluctuation measurements to precision thermal baselines
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Looking for Trends ,/

At my PhD defense (2006)

e Our only photo together from my entire PhD!
e Those were different times...
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Looking for Trends -/

First question in 2002:

why does the pion have negative
parity?

L=0
P, = (=D »P=-1

At my PhD defense (2006)
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Elementary p+p reactions in HADES

One innocent question = a PhD in HADES

Electromagnetic transition form factor of the 7 meson
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2 A.R., PhD Thesis, 2006 , : :
Fortunately, today there will be no questions from the committee

A. Rustamov, Unlocking the QCD phase diagram, 7-9 September, 2026, Darmstadt



Big transition in 2011

from p+p to A+A collisions: extending from HADES to NA49, NA61/SHINE
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NA49: Phys.Rev.C 89 (2014) 5, 054902

An innovative method for fluctuation analysis, ldentity Method

AR, M. |. Gorenstein, PRC 86, 044906 (2012)
M. Arslandok, AR, NIM A946, 162622 (2019)
A. Rustamov, Phys.Rev.C 110 (2024) 6, 064910

In 2016, the circle closed: back to Peter, this time in ALICE
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Our first paper

Bridging the gap between event-by-event fluctuation measurements and theory predictions
in relativistic nuclear collisions, P. Braun-Munzinger, A. Rustamov, J. Stachel, Nucl. Phys. A 960 (2017) 114-130.

© NUCLEAR
PHYSICS

fluctuating sources
Ny = (n)(Ny)
Kz(n)<Nw> T

fixed volume/sources

(N) ~V, (N)~ Ny,
K(N) ~V, 5(N) ~ Ny,

V. Skokov, B. Friman, and K. Redlich, Phys.Rev. C88 (2013) 034911

Ky (V)

projectile
spectators

projectile
wounded
nucleons

target
spectators

Wounded nucleons, Ny: Nucleons which collided at least once inelastically
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Our first paper

Bridging the gap between event-by-event fluctuation measurements and theory predictions

EE'%'%\% in relativistic nuclear collisions, P. Braun-Munzinger, A. Rustamoyv, J. Stachel, Nucl. Phys. A 960 (2017) 114-130.
fixed volume/sources fluctuating sources
(N) ~V, (N) ~ Ny (N)y = (n){(Ny)
Ky(N) ~ V, ky(N) ~ Ny K(N) = K(M)(Ny,)  +
V. Skokov, B. Friman, and K. Redlich, Phys.Rev. C88 (2013) 034911
-~ projectile
projectile spectators . .
m Artifact of baryon number conservation
wounded
nucleons
= D0 — N — | - - - LR - — — - K(p — D)
b =1 -«
i B 101/, M (1, + 1)

M: a - fraction of accepted protons

target
spectators

Wounded nucleons, Ny: Nucleons which collided at least once inelastically
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First Alice results with the Identity Method
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A. Bazavov et al [HotQCD], PRD 101 (2020) 074502
A. Bazavov et al., Phys.Rev. D85 (2012) 054503

(Np =Np) _ 1 "nZ(V,T,pup) _ g
— = = ){n
VT3 VI? 0 (up!T)

An Conseqguences:

o Support for the validity of the HRG model

A. R., Nucl.Phys.A 967 (2017) 453-456 (QM 17)
ALICE: Phys. Lett. B 807 (2020) 135564, o Further support for freeze-out at the phase boundary

B2 0=2) 137545 Paper committee: M. Arslandok, P. Braun-Munzinger, A. R., J. Stachel
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Exact conservation suppresses fluctuations

2 d¢ /1 %
_ —.B . _. . B ZB .
ZB(V’ T) — J' 2—6 ! ¢€Xp (/IBZB61¢ —- ﬂBZBe l¢) — (ﬂ - ) IB(ZZ\/A«B /IB) I[/tB — ZT¢
0 27 B<B
. 2 P. Braun-Munzinger, B. Friman, K. Redlich, AR., J. Stachel , NPA
B net baryon number, conserved in each event 1008 (2021) 122141
IB modified Bessel function of the first kind > A. Bzdak, V. Koch, V. Skokov, Phys.Rev.C 87 (2013) 1, 014901

Zp, 2 single particle partition functions for baryons, anti baryons
Ag, Az auxiliary parameters for calculating cumulants of baryons, anti baryons

— P A L B E e s s
RO SR | (o (Nv)) (5~ ) ag 't e
— | —\{VB/\!VB <y
<nB + nB) <nB + nB> <nB + nB> —CE baseline
(Ng), (N3) - in4rx canonical suppression

(ng), (np) - inside acceptance
ap = (ng)/(Ng) - acceptance for B
az = (ng)/(N3) - acceptance for B

Z - single baryon partition function
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Canonical baselines explain much of STAR BES-I
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remarkable agreement between
canonical baseline and STAR BESI data

O significant reduction of canonical

baseline for k¢/x, going from positive

values at LHC to negative values at

lower energies

© STAR DATA for k./k, show tension with
the LQCD prediction

STAR: PRL 126 (2021) 9, 092301, PRL 130 (2023) 8, 082301

P. Braun-Munzinger, B. Friman, K. Redlich, A.R., J. Stachel, NPA 1008

(2021) 122141
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The significance depends on the baseline

HADES: Phys.Rev.C 102 (2020) 2,024914

STAR: Phys.Rev.Lett. 126 (2021) 9,092301
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[ Sun
a dip in the excitation function is generic

M. Stephanov, PRL102.032301(2009), PRL107.052301(2011)
M.Cheng et al, PRD79.074505(2009)

STAR: Phys.Rev.Lett. 126 (2021) 9, 092301

“non-monotonic behavior with a significance of 3.10
relative to GCE expectation”

CE Baseline: P. Braun-Munzinger, B. Friman, K. Redlich, A.R., J. Stachel, NPA 1008
(2021) 122141

no statistically significant difference between the data and
the canonical baseline (KS test: 1.20, )(2 test: 1.50)
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Inter-baryon interactions are decisive

PRL 135 (2025) 14, 142301

0-5% Au+Au Collisions at RHIC, 0.4 < pT(GeV/c) <2.0,lyl<0.5 Clear deviations from canonical baselines
@ bsasy 1w 1 Better description with inter-baryon interactions
¢ Data (70-80%) T
~ 1— 1=
I
L :
5 05 * At energies > 10 GeV-
0.9
o * Dominance of repulsive interactions
08 | | o | | 2 B. Friman, A. R., K. Redlich, e-Print: 2508.18879 [nucl-th]
eewrace 8 | o osf | nCe - > .. Vovchenko, V. Koch, Ch. Shen, PRC 105, 014904 (2022)
— HRG CE@Repulsive C ' C
0.1F = = Hydro EV TS [l T
LQCD (net-baryons) i
3 UrQMD (0-5%) i | 5 % * At lower energies
S %—k———- - |
* Repulsive part weakens
f-00sr | eesu . ees 7 | _ * Do attractive interactions take over?
5 10 20 50 100 200 5 10 20 50 100 200 > B. Friman, A. R., K. Redlich, JHEP 07 (2026) 20

Collision Energy |sy, (GeV)

K, - ordinary cumulants

C, - factorial cumulants

P. Braun-Munzinger, A. R. and N. Xu,

arXiv:2601.18666, to appear in Ann. Rev. Nucl. Part. Sci.

A. Rustamov, Unlocking the QCD phase diagram, 7-9 September, 2026, Darmstadt 13


https://arxiv.org/abs/2508.18879

Conservation can be local

(a8 ;-'.‘...' [ [ I l
20 k * Introducing correlations between baryon-antibaryon rapidities
1o ; - Minimizing cost function using Metropolis and Simulated Annealing
F E » Integrating with the Canonical Ensemble partition function
-10} - <ypyp > — < yg> < yz>
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—0 -1 010 20 » P. Braun-Munzinger, K. Redlich, A.R., J. Stachel, JHEP 08 (2024) 113 _|a T
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\ ThermoQCD

B THERMAL QCD FRAMEWORK

Putting precision thermal baselines into one framework

A. Rustamov, Unlocking the QCD phase diagram, 7-9 September, 2026, Darmstadt
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ThermoQCD - Thermal QCD Framework

o @ ThermoQCD - Thermal QCD Framework

\\ ThermoQCD

“s THERMAL OQCD FRAMEWORK

HRG calculations - yields - fluctuations - event sampling
© Anar Rustamov

Input tables

Particles ermoQCD_0/data/particles.csv Browse...

Decays ‘hermoQCD_0/data/decays.csv

D Disable resonance feed-down

Thermal parameters

T [MeV]

MB [MeV]

Radius [fm]

Advanced ensemble, numerics and cuts...

Compute yields

Save yields as CSV...

Sample Poisson event

Status: Done

Computed 484 rows.

RUN DIAGNOSTICS

IBI

240.589

absolute baryon number

particle
pi0O
anti-pi+
pi+
anti-K+
K+
anti-KO

KO

anti-Lambda

Lambda

v

stat_input
Bose-Einstein
Bose-Einstein
Bose-Einstein
Bose-Einstein
Bose-Einstein
Bose-Einstein
Bose-Einstein
Fermi-Dirac
Fermi-Dirac
Fermi-Dirac
Fermi-Dirac
Fermi-Dirac

Fermi-Dirac

PARTICLES T [MEV]

MB [MEV]

Event sample Log

Double-click a particle to inspect decays and feed-down.

E/N [GEV]

0.92229

primary HRG

stat_used
Bose-Einstein (hybrid; m<1.2 GeV quantum)
Bose-Einstein (hybrid; m<1.2 GeV quantum)
Bose-Einstein (hybrid; m=1.2 GeV quantum)
Bose-Einstein (hybrid; m=1.2 GeV quantum)
Bose-Einstein (hybrid; m<1.2 GeV quantum)
Bose-Einstein (hybrid; m=1.2 GeV quantum)
Bose-Einstein (hybrid; m<1.2 GeV quantum)
Fermi-Dirac (hybrid; m<1.2 GeV quantum)
Fermi-Dirac (hybrid; m=1.2 GeV quantum)
Fermi-Dirac (hybrid; m=1.2 GeV quantum)
Fermi-Dirac (hybrid; m<1.2 GeV quantum)
Fermi-Dirac (hybrid; m<1.2 GeV quantum)

Fermi-Dirac (hybrid; m<1.2 GeV quantum)

SIN
6.92882

primary HRG

MS [MEV]

density_fm3

0.046194692

0.045613075

0.045613075

0.012172149

0.012172149

0.011964209

0.011964209

0.002864767

0.002864767

0.0028458267

0.0028458267

0.0011339542

0.0011339542

MQ [MEV]

TARGET Q/B

0.4

constraint input

primary_yield
230.46144
227.55981
227.55981
60.725831
60.725831
59.688438
59.688438
14.292082
14.292082
14.197591
14.197591
5.6572024

5.6572024

]

VOLUME [FM?]

4988.92

final_yield

706.16586
616.84126
616.84126
112.68791
112.68791
109.64399
109.64399
39.84703

39.84703

39.752536
39.752536
21.703164

21.703164

i
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Physics

HRG, GCE/CE, B/S/Q/C
Analysis

yields, fitting, event generation

Interface
Python, with CERN/ROQOT integration
External particle lists

Compatible with particle-lists/decays from

Thermal-FIST and GSI/Heidelberg
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ThermoQCD - GUI for Fitting

ThermoQCD - Thermal QCD Framework

“B THERMAL QCD FRAMEWORK

f
e
C ’\\ ThermoQC
Q)
\lJ
HRG calculations - yields - fluctuations - event sampling

@ Anar Rustamov

Input tables

Particles ermoQCD_0/data/particles.csv Browse...

Decays hermoQCD_0/data/decays.csv Browse...

E] Disable resonance feed-down

Thermal parameters

T [Me
MeV) 143,109

B [MeV
el ] 431,612

Radius [fm]
7,7519

|, Advanced ensemble, numerics and cuts...

\

Actions

J

PARTICLES T [MEV!

143

Yields Fit Event sample
Fit parameters D uB

Initial T [MeV] T range [MeV]

Initial uB [MeV] MB range [MeV]

Initial radius [fm] Radius range [fm]

Initial Rc [fm] 2,0000 Rc range [fm]

Fit ensemble comes from Advanced —» Ensemble.

Run fit J Show fit results

Expected CSV columns: particle name or pdgid, yield, error

Live x? contours: yBvs T

MB [MEV] MS [MEV]

432

Download fitted yields

MQ [MEV)

-11.4372

Plot comparison

ThermoQCD - Thermal QCD Framework

f
(A ThermoQCD

c\ "8 THERMAL QCD FRAMEWORK

1951.29 \l/ O @ Fit comparison plot

HRG calculations - y
@ Anar Rustamov

Input tables
Particles ermoQ
Decays hermo
[:] Di
Thermal paramete:

T [MeV]
143

Yield / nPart

uB [MeV]

Radius [fm]

ThermoQCD predictions vs Exp data

B Exp

M8 [MEV] MS [MEV]

I Model (ThermoQCD)

Actions

Exp / Model

Ensemble: SCE

T =143.11 MeV (fit)
HB = 431.61 MeV (fit)
V = 1951.3 fm? (fit)

Ve: Re = 3.744 fm (fit)

Download PNG

A. Rustamov, Unlocking the QCD phase diagram, 7-9 September, 2026, Darmstadt
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ThermoQCD reproduces established HRG thermodynamics

HRG Partition function
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Good agreement with published HRG calculations: & A. Andronic, P. Braun Munzinger, K. Redlich, J. Stachel, e-Print: 2606.14799 [nucl-ex]
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ThermoQCD reproduces established HRG thermodynamics

>, [ T
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A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel,

Nature 561, 321-330 (2018)
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Fit convergence and y* profiling

Fitted: 7= 1314+ 2 MeV, up=4413£6MeV, V =1155=* 152 fm3

Constraint-solved: u¢=99.8 MeV, u, = — 11.4 MeV; Constraints: (S) =0, (Q)/(B) = 0.4
S Q

Al ;1000_'_|III|IIII|II

/>'\ 1 OOO _|_I Tl | L | 1 X X
- 3 —3500 < - —3500 <
VCD vm
=. =.
800 — 3000 800 — 3000
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100 110 120 130 140 150 160 170 180 100 110 120 130 140 150 160 170 180
T (MeV) T (MeV)

different initial conditions — different optimization trajectories — identical best-fit parameters
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What did we learn?

Particle-Number Fluctuations: A Window into the QCD Phase Structure

"\ Reliable interpretation requires

"I precision baselines

ThermoQCD

B THERMAL QCD FRAMEWORK

A

Interactions shape the baseline

f
@ Exact conservation laws are %\
essential L a_,
@ \'/

ThermoQCD brings these
ingredients together
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please don’t forget: our next photo is already scheduled!
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See you at 100! **
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Putting It All Together
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O 02 B = CE local, 2-particle repulsive

B CE local, 3-particle attractive |
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A Striking non-monotonic Pattern: Repulsive at High Energies —
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