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Probing EoS with event-by-event fluctuations
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Experiment vs. Theory

o Canonical Thermodynamics

o Comparison to STAR results

Experimental challenges © Metropolis algorithm
o Comparison to ALICE results

© Volume fluctuations O Qutlook

o Conservation laws

O First ALICE results
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Bridging experiment with theory

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

PHYS'CS in relativistic nuclear collisions, P. Braun-Munzinger, A. Rustamov, J. Stachel, Nucl. Phys. A 960 (2017) 114-130.
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Wounded nucleons, Ny: Nucleons which collided at least once inelastically
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Contributions from wounded nucleon fluctuations

model of iIndependent sources
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Volume tluctuations
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Ideal Gas in GCE + conservation laws
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It baryon number is conserved in full phase space
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Ideal Gas in GCE + conservation laws
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First Alice results (Identity Method)

: free quark gas |

0.3 | X2 it

. & @ pES

— 025 | o g' .‘.ﬁ\l"t 7=\ ]

A T T T T l | T T T | T T | T | T T ,_ a ﬂB PDG-HRG —

A~ — ] - cont. extrap. ,

ol e ALICE, Pb-Pb s, = 2.76 TeV 0.2 | 15 o wev /@i~ Ne=16 5.

NN | (2 -

| i i / ' s |

Q. +Q_ 1 1 0.6 < p< 1.5 GeV/c, centrality 0-5% 0.15 | ‘z ;1

N i -/ acc | -

V. - i @ ratio, stat. uncert.  ------ local conserv.Ay_ =5 | / <np> 0.1} el

V syst. uncert. local conserv.Ay =2 |/ a An — W ms/m,=§c7> ng::;)) |

0.05
lobal conserv. —— HIJING ' T < N >4JZ'
B Sl S T Mey

140 160 180 200 220 240 260 280

A.Bazavov et al [HotQCD], PRD 101 (2020) 074502
A. Bazavov et al., Phys.Rev. D85 (2012) 054503

Consequences:

o Support for the validity of the HRG model

o Further support for freeze-out at the phase boundary

A. R., Nucl.Phys.A 967 (2017) 453-456 (QM 17) Identity Method A.R., M. |. Gorenstein, PRC 86, 044906 (2012)
ALICE: Phys. Lett. B 807 (2020) 135564, M. Arslandok, A.R., NIM A946, 162622 (2019)
Phys. Lett. B (2022) 137545 A. R., Phys.Rev.C 110 (2024) 6, 064910
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First ALICE results (Identity Method)
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https://arxiv.org/abs/1907.03032

Ideal gas EoS plus global baryon number conservation

¢ exploiting Canonical Ensemble in the full phase space
CE suppression

¢ no fluctuations in 47 (like in experiments) /'
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Experimental acceptance
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The strategy

full phase space
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« print analytic formulas

+ Generate .cc file

calculate

Recalculated value of z
z=164.1317794

Numerical values

kappa_1 =10.8

kappa_2 = 25.9223
kappa_3 = 8.87839
kappa_4 =20.7358

Analytic formulas:

kappa_1 = NB*pB - NBar*pBar

kappa_2 = -1.0/2.0*(NB - NBar)*(pB*(pB - 1) - pBar*(pBar - 1)) - 1.0/4.0*(NB + NBar)*(pow(pB, 2) + 2*pB*pBar -
pow(pBar, 2) - 2*pBar) - 1.0/4.0*pow(pB - pBar, 2)*(4*NB*NBar + NB + NBar -

kappa_3 = (1.0/2.0)*(NB - NBar)*(pB*(2*pow(pB, 2) - 3*pB + 1) + pBar*(2*pow(pBar, 2) - 3*pBar + 1)) + (1.0/8.0)*(NB +
NBar)*(3*pow(pB, 3) + 3* pow(pB 2)*pBar - 6*pow(pB, 2) - 3*pB* pow(pBar 2) + 4*pB - 3*pow(pBar, 3) + 6*pow(pBar, 2)

Authors: B. Friman, A. Rustamov

NB: number of baryons in 4pi
NBar: number of anti-baryons in 4pi
pB: accepted protons

pBar: accepted anti-protons
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Comparison to baseline
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https://github.com/e-by-e/Cumulants-CE.git

Baseline Calculator

A. Rustamov, B. Friman
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Results from STAR vs. canonical baseline

the first quantitative and most precise canonical baselines
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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, is not consistent
with the LQCD predictions

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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Energy excitation function of k,/k, in central Au-Au collisions

HADES: Phys.Rev.C 102 (2020) 2, 024914
STAR: Phys.Rev.Lett. 126 (2021) 9, 092301

4 | L)I | | 1 1T 1 | | | | | 1 1T 1 | |
- E X STAR (0-5%) -
- o B HADES (0-10%) s
- . y | - - - HRG T
2- S = | —
v V ¥ {
B Vo _ i
IR I-I ___________ o -
_ T ¥ _
|
N [ ¥ _
O O \_i_\
| V ]
L >
i X ly| < 0.5 )
g 0.4 <pr<2GeV/c
_2 | | | | | 11 1 | | | | | | 11 1 | |
1 10 107

Sy [GEV]

KL

>

[ 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 3.1
relative to GCE expectation”
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Energy excitation function of k,/k, in central Au-Au collisions

HADES: Phys.Rev.C 102 (2020) 2,024914
STAR: Phys.Rev.Lett. 126 (2021) 9,092301
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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)

22



STAR BES 1 vs. BES Il DATA, k,/x,
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The NEW data show significantly reduced uncertainties

CE Baseline: P. Braun-Munzinger, B. Friman, K. Redlich, A.R., J. Stachel, NPA 1008
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P. Braun-Munzinger, A. R., N. Xu, Annual Review of Nuclear and Particle Science (under preparation)

A. Rustamov, Never at Rest: A Lifetime Inquiry of QGP, 9-12 February, 2025, Physikzentrum Bad Honnef

23






. PPy LA PP
e o . - O

Ideal gas EoS plus local conservation laws

' exp|0itin9 Canonical Ensemble in the full phasespaC

O no fluctuations in 4z (like in experiments)

9 correlations in rapidity space (local conservations)
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Metropolis algorithm (Simulated annealing)

start with uncorrelated { vz}, { vz}

Py(y?)

4 3 0)
R ¢
A
vy ys
AV

U * )

initial
Po=0

works for arbitrary rapidity distributions

P,(y%)

4 7 )
ye o s yy
s Y
A

- * )

31
p1#0

m iterations

iteratively swap {yz}, start with the high value of temperature T

covlyg, P,(yp)]

n iterations

l P =

A\

GYBG)’B
[ croonaveo

yes A=|p—pl|l—=1p,_1—P]

p: desired corr. coefficient

@ @ retain old conf.

<>

decrease T

A. R., P. Braun-Munzinger, J. Stachel, QM 2022
P. Braun-Munzinger, K. Redlich, A. R., J. Stachel, JHEP 08 (2024) 113
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Details of implementation

Ny N3 3
Z,(V, T) = Z Z (/IBZB) (45 23) 5(Ny — Nj — B) = (ﬂBZB) IB(ZZ\//IB/IB)

=0 N3=0 Nb 4525

b net baryon number, conserved in each event A. R., P. Braun-Munzinger, J. Stachel, QM 2022
L : : : P. Braun-Munzinger, K. Redlich, A. R., J. Stachel, JHEP 08 (2024) 113
I,  modified Bessel function of the first kind : (2024)

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

baryon number conservation correlations in y space

(CE partition function) (Metropolis algorithm)

Input from experiments 7= \/ZBZB is calculated by solving
¢ baryon rapidity distributions (N = ] d1n Zj - Iy ,(22)
¢ measured (canonical) (Ny), (Nz) T o0 hodn= 1 - I5(22)
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ALICE Results (Identity Method)

P. Braun-Munzinger, B. Friman, K. Redlich, A.R., J. Stachel, NPA 1008 (2021) 122141 ALICE: Phys. Lett. B 807 (2020) 135564, Phys. Lett. B (2022) 137545
P. Braun-Munzinger, K. Redlich, A.R., J. Stachel, JHEP 08 (2024) 113

. /\ | L N L A I B B A _I T T T | T T T T | T T T T T |_
1= 1.5 *p=010 « Ay, =120 - i@ |Je [ ®ALICE Pb-Pb s, =276Te ]
@a T - ®p=080 < Ay =56 - o |F 11— 0.6 < p < 1.5 GeV/c, centrality 0-5% B
< S i ®p=095 < Aycorr =28 | \;\l CQ- . B — p=0.10 <« A ycorr =12.0 _
n 0p=099 < A ycorr =13 7 V i - - p=080 < A ycorr =5.6 ]
i —CE baseline i i -= p=0.98 < A y = 1.7 |
L1 S B I — Hijing
L extra essential to constrain 1—Huﬂ
B ' i : i ~N0
°f suppression baryon production 3%
RS i _ i
05- % - mechanism i
. N
L ‘\\ ‘.\ |
HE
0.9
B L% |
O | | | N _|

o Alice data: best description with p = 0.1 (Ay. ..=12) <> Global baryon nhumber conservation

o Agreement with LQCD predictions
o (Calls into question baryon production mechanism in Hjing (Lund String Fragmentation)
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Near tfuture, CBM
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o Systematic measurements of fluctuations
stemming from critical point

o Measuring fluctuations induced by spinodal
decomposition

O Search for cluster formation

P. Braun-Munzinger, K. Redlich, A. R., J. Stachel, JHEP 08 (2024) 113
C. Sasaki, B. Friman, K. Redlich, Phys.Rev.D 77 (2008) 034024
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Near fUture’ ALICES e-Print: 2211.02491 [physics.ins-det]
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3 E Opens new avenues, such as study of charm fluctuations
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Happy Birthday, Dear Johanna!

May your journey, both 1n physics and 1n life, be filled
with breakthrough moments, smooth trajectories, and
just the right amount of fluctuations to keep things
interesting.

A. Rustamov, Never at Rest: A Lifetime Inquiry of QGP, 9-12 February, 2025, Physikzentrum Bad Honnef

31






