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» Event-by-event fluctuations to study QCD phase diagram
* Theory vs Experiment

» What have we learned so far from low to high energies?
* Take away messages (TA)
* Room for improvement (RI)

» What do we expect from the future?
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Evolution of QGP

~15 fm/c

Temperature & time

Pre-Equilibrium
Phase (< 1) <1fm/c
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Increased fluctuations — Statistical vs critical
Long/short range correlations — Early vs late production
Small vs large volume/system < Low vs high energy

How much of the full history survives until freezout?
Is all experimental evidence consistent?
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QGP as a thermodynamic system

Theory
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Chiral condensate, susceptibilities ...
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Event-by-event fluctuations: Big picture

M. Stephanov,
PRL107, 052301(2011)
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Event-by-event fluctuations: Big picture

)
0’0

VYV VV

How to interpret: “Establishing a non-critical baseline”

Critical fluctuations & Critical End Point (CEP)
Global/local charge conservation

Different hadronisation mechanisms

Annihilation, resonances, hydrodynamic evolution ...

VVVYVY

Experimental challenges:

Detection efficiency correction
Event pileup

Particle identification

Volume fluctuations

M. Stephanov,
PRL107, 052301(2011)
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How to design an observable?

LQCD

Susceptibilities
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How to design an observable?

LQCD Experiment

/1] F——T "~ " T "~ " 1 "~ T T [ T T | T T 1]
o £ 0.1 Y5y (GeV) Au+Au Collisions | |4
Susceptlbllltles Q C e 77 0%-5% Central 11 2
% oogl_ ® 115 04<p <20 (GeVfc), lyl <05 | =
B _ 0“[P(fp)/T"] 2 o0os|— © 196 =1
Xk = & 5 f oo I
0fis Z 004f s 39 Ik
8 -+ 544 1t s
T 002~ x 624 =11
£ C e 200, mll JN
S ofererests - &
z & L I | Ml | I = F|F
-10 0 10 20 30 40 3
Net-proton (AN, = N, - Np) =

EuNPC, 22.09.2025 Mesut Arslandok, Yale University 5



How to design an observable?

LQCD Experiment
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How to design an observable?

LQCD Experiment
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How to design an observable?

LQCD Experiment
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STAR Others
Cumulants (C) Cumulants (k)
Factorial cumulants (k) Factorial cumulants (C)
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Acceptance & baseline

What is the source of deviation from baseline?

KZ (TlB - nE)
K, (Skellam)
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* Baryon number conservation
*  Volume fluctuations

* Resonance decays

* Initial-state fluctuations

* Effect of initial magnetic field
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Acceptance & baseline

What is the source of deviation from baseline? Event generator (HIJING)
( ) Experimental Poissohian
K2\lg — g acceptance at the LHC baseline
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Acceptance & baseline

What is the source of deviation from baseline? Volume Fluctuations (VF)
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How to overcome volume fluctuations?

Mix events in a given category wrt event shape and centrality

A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641, V.Koch, R. Holzmann, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924
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How to overcome volume fluctuations?

» ldea: Mix events in a given category wrt event shape and centrality
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B IR I B B I L I L I i LA RS IS IS I L I IR o) [T T T T T
\\g/— [ Centrality interval 10% 5% ALICE Simulation ] % 4 B ALICE Simulation Centrality interval 10% 5% — < ALICE Simulation 4
[ - Same event ¢ ¢ Pb-Pb, {5y =5.02TeV - ¥ L Pb-Pb, s, =5.02TeV Same event ¢ - x 1.5 Pb-Pb, {8y = 5.02 TeV 7
< 1'1-_Mi><ed event Q ¢ 7 <0.8,0.4<p<1.0GeV/c ] % [ 7<08,04<p<1.0GeV/c  Mixed event @ ] Ig i Inl <0.8,0.4 < p < 1.0 GeVlic ]
%] - . ;:r 3_— 5 . Vol. fluct. corr. % . ;:r 1: % _
1:-0 o o o o >0 0--0-0 o o] B ¢ ° ] g % &ﬁ&* MNM
- ] 2 - .
N i N ] 05 1% centrality interval N
095 . e eee o0 o000 oo ° od R i : & Same event ]
C ] r . ¢ Mixed event 4
C i Lni 3 # Vol. fluct. corr. .
PN TP UM I I S S I B Eooil E T T T T T T T T
0 10 20 30 40 50 60 70 80 90 0 0 10 20 30 40 50 60 70 80 90
Centrality (%) Centrality (%) Centrality (%)
It kills all correlations Volume fluctuations remain Very narrow CBW do not help

A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641, V.Koch, R. Holzmann, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924

EuNPC, 22.09.2025 Mesut Arslandok, Yale University 9



How to overcome volume fluctuations?

» ldea: Mix events in a given category wrt event shape and centrality
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» TA: CBWC does not completely eliminate VF, but mixed event technique does

A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641, V.Koch, R. Holzmann, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924
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Can we test different hadronization scenarios?

Early correlations — longer correlation length

A B -~ / detection

freeze out

latest correlation

_1 _
T S Ttreeze out € 2 |yA yB'

A. Dumitru, F. Gelis, L. McLerran, and R. Venugopalan,
Nucl. Phys. A 810 (2008) 91
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Can we test different hadronization scenarios?

Early correlations — longer correlation length

t

detection

freeze out

latest correlation
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A. Dumitru, F. Gelis, L. McLerran, and R. Venugopalan,
Nucl. Phys. A 810 (2008) 91

ALICE, Phys. Lett. B 844 (2023) 137545
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Can we test different hadronization scenarios?

Early correlations — longer correlation length

t
A B -~ / detection

freeze out

latest correlation

_1 _
T S Ttreeze out € 2 |yA yB'

A. Dumitru, F. Gelis, L. McLerran, and R. Venugopalan,
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» TA: String fragmentation picture fails to describe data on the second order. Data suggests much earlier correlations

“Enhancement of p/m in jets” — Can this be the reason for increasing locality at 5 TeV? Implications for the higher orders?
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Probing magnetic field with cumulants?
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Probing magnetic field with cumulants?
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Probing magnetic field with cumulants?
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» TA: Very promising signal
: Does momentum range make a difference? Higher orders?
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Any light at the 4t order in A-A collisions?
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Any light at the 4t order in A-A collisions?
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» TA: Hint of deviation from Poissonian baseline
CE baseline for the peripheral collisions + larger acceptance and statistics + mixed event correction
for the VF at low energies
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How about critical fluctuations in pp collisions on the 6th order?

— LN W
o -
|. - ALICE Preliminary 13 Tev
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L N = | olo oo _olo olo oo _|
< I - . g 2 6 2 o8 e s o0
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D
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o 010
o 0 5 10 15 20 25 30
© dN  /d
fa ( ch n>|n|<o.5

EuNPC, 22.09.2025 Mesut Arslandok, Yale University 13



How about critical fluctuations in pp collisions on the 6th order?

— L A o B e e R A RN
o S
' L ALICE Preliminary 13 TeV
2 " pp,Vs=13TeV, INEL >0 ]
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< |71 <0.8,05<p_<1.5GeV/c n
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= 0 ) v e 200 GeV
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B aith g © (] Qe
0.5— o — = L] A A
B — ] S e e it
i ] 5 b
L i o B 7]
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» TA: Looks like no sign of criticality
VFC using mixed event & analysis wrt event shape & higher multiplicities & non-critical baseline
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Nonmonotonic behavior as a function of energy?

@ Data (0-5%) J
¢ Data (70-80%)

- Au+Au Collisions at RHIC .

04< p, < 2.0 GeVlc, lyl < 0.5

— E —
o0
I (a) —== ] o
| <p+ﬁ> i i UrQMD (0-5%) 17
5 10 20 50 100 200 5 10 20 50 100 200

Collision Energy \sy, (GeV)

151
STAR 9
i 17
1_@§r ''''' ol
........... x
i ‘é T 1 E
N
0.5} %% . §§
(@]
n -1 o
R
o Oz
_ C, |
5 10 20 50 100 200

EuNPC, 22.09.2025

Mesut Arslandok, Yale University

14



Nonmonotonic behavior as a function of energy?

| @ Data (0-5%) l - Au+Au CollisionsatRHIC { 1.5 STAR 1
QQ ¢ Data (70-80%) 04< pT <20 GGV/C, |y| <0.5 1 ;3;
1| S LR . || R R gy D e o B
o r - % ' 5
S ---- 0.5 LM 412
B 09f ® - - % =
V (0]
< ! Cg i , ol C4 4=
(a) C =
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Yoo e,
» TA: Promising signal at 20 GeV (2-3 o deviation from “hydro EV” baseline) and *\\ “chee o
below 10 GeV for both C and k Efé\\\ ;
Modelling of stopped protons and volume fluct. correction with mixed event 3 N

E | | | | L L e
0 2 4 6 8 10 12 14 16 18 20
Ay
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How about cross cumulants as a function of energy?

Cgs = —3

(BS)

c _

($%)c

= [ FRG, W. Fu et al., in preparation -
0 uramp, pE) KA EE)

(52) —(5)°

net-B : dp + IA(+6=7)
net-S: 6KT — SA(—20=")

Cgs=-3(BS) /(S?),
N

—

- Au+Au Central Collisions (0-5%) T Au+Au Peripheral Collisions (70-80%)
4T osey<o : EE::I T () K A(R):0.4<p_(GeV/c) <1.6, Iyl <0.5
3le —.—. Ideal QGP 1 STAR Preliminary

-------- QM-HRG
3 <BS> — <B> <S> [ LQCD PRD 110, 054519 (40-50%)

3 7 10 20 30 3 7 10
Collision Energy |s,, (GeV)

» TA: Calculations can describe the data below 30 GeV data
Stopped protons + VFC + non-critical baseline

20 30

EuNPC, 22.09.2025

Mesut Arslandok, Yale University

15



Critical point or first order phase transition?

0.4 T T

STAR BESII (0-5%) .
STAR BESI (0-5%) 4
STAR FXT (0-5%, QM25)

HADES (0-10%, QM25)

* K K

* CE local, 2-particle repulsive

o
ar
—
O m m
|

b CE local, 3-particle attractive

‘l‘ A. Rustamov, B. Friman, K. Redlich
arXiv:2508.18879

0.2 ] ST
1 10 102

(S [GeV]

» TA:Thereis a striking jump from repulsive to attractive interaction! Sign of a first order phase transition?
Different acceptances and VFC & Modelling of stopped protons & confirmation by another observable; intermittency?
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FUTURE?
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FUTURE?
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—— Full acceptance
—— ALICE 3, Barrel+Forward, ~52% of full acc.

— ALICE 3, Barrel, ~25% of full acc.
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Factor >10 larger acceptance! High precision at < 5GeV
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Summary

1) Experiment vs Theory: “Almost all” experimental challenges are resolved
2) A-A: Exciting signals at high (crossover) and low (first order line) energies
3) pp: No sign of critical behavior (?)

EuNPC, 22.09.2025 Mesut Arslandok, Yale University 18



Summary

1) Experiment vs Theory: “Almost all” experimental challenges are resolved
2) A-A: Exciting signals at high (crossover) and low (first order line) energies
3) pp: No sign of critical behavior (?)

Theory

Isolate critical fluct.
from the ”Baseline”

Experiment L —

High precision in
larger acceptance

EuNPC, 22.09.2025 Mesut Arslandok, Yale University 18






Counts

107

108

10°

10*

Cut based

Solution for the misidentification

LT TTTT

3

- — o x10 .
: | P 3000 4100 5
i IR 2 7 | >
[y ane £ S
- Al Hes /\‘ I |

’TT+ | i 4+ T

: L

~

/
DA

3

\

o W |(v)=a(wp)

_\

/»</

A\
N\
\

o

500

1 000

1500

2000

2500

3000

3500 4000
m/q [MeV/c?]

A. Rustamov, Phys.Rev.C 110 (2024) 6, 064910
A. Rustamov, M. Gazdzicki, M. |. Gorenstein, PRC 86, 044906 (2012), PRC 84, 024902 (2011)
A. Rustamov, M. Arslandok, Nucl. Instrum. A946 (2019) 162622}
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2" order net-Q; Subvolume vs Correlation length

» Question: What is the right modeling of charge conservation?

Subvolume approach Gaussian correlation Gaussian correlation
§ I ALICE Preliminary i § I ALICE Preliminary 1 § I ALICE Preliminary NEW
o || HRG Pb_Pb @ 5.02 TeV ] @ | HRG Pb-Pb @ 5.02 TeV | o || QGP Pb-Pb @ 5.02 TeV ]
4 [g--..__ Cent=(0-5)%,02<p <2.0GeVic 7 4 e Cent = (0-5)%, 0.2 < p_< 2.0 GeV/c 4 Gent = (0-5)%, 0.2 < p, < 2.0 GeV/c ]|
o ke[Q | 3f | e 3} -
@T+Q7)| | 8
| [#) Data I HDadron gas | QGP RS
i J | (o] Data i Data

2F —V.=26dVidy R 2" —Local 6, =1.20 (V, = 2 dV/dy) ] 2™ oo 5, =1.20 (V, ~2 dV/dy)

r —V,=3.0dV/dy 1 | — Local o, = 0.78 (V, ~ 3 dV/dy) ] | — Local o, =0.78 (V, ~ 3 dV/dy)
[ ---Global 1 | ---Global 1 | ---Gilobal ]
0 05 ] 15 > 0 05 1 15 2 0 05 1 15 2
An an Particles may contain An

the memory of where the
Q-fluctuations freeze out

» TA: Gaussian correlation is the right answer, possibility to probe the QGP
Different conserved charges and higher orders to be studied
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Acceptance & Baseline

Canonical Ensemble (CE) with the Metropolis Algorithm

©p=010 <« Ay =120 —

corr

©p=0.80 < Ay =56 1

corr
p=095 < Ay _ =28 1
©p=099 = Ay =13 1

—CE baseline

acceptance factor o

A T ‘ T ‘ T T T T T T T ‘ T T T
Q| o 1.5 ©p=010 < Ay =120
L ©p=080 = Ay, =56 -
Jle L/ p=095 < Ay =28 -
v o N corr
i o . ©p=099 < Ay =13 -
’., \l —CE baseline bl
1 * N

0.5

O\\\\\\\\\\

Il correlations between B — Band B — B

0 02 04 06 038 1
acceptance factor o

P. B.-Munzinger, K. Redlich, A. Rustamov, J. Stachel, JHEP 08 (2024) 113
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4% order cumulants of net-p in Pb—Pb

P. B.-Munzinger, K. Redlich
A. Rustamov, J. Stachel,
JHEP 08 (2024) 113

|’$_ rrrrrrrrrr T T T T T T T T T T Ty New a rrrrrryrrrryrTTTTT T T YT T T T T T T T T T T T T NeW ‘ﬁ‘a15, ‘“0‘;:‘0,1‘0‘;“A)‘/‘:‘12‘,0‘7
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i -~ GEglobal conservation 04<p<1.0GeV/c 1 [ - [ JHuNG In1<0.8,04<p<1.0GeV/ic - i 0p=080 = Ay, =13 ]
% - CE local, p= 0.8 0-10% Centra“ty . % L . 4’ —CE baseline 7
e L [JHIUING ] e i J !
1 E!"--Iﬂ -------- m___m _________ I — 11— —
- m LT_l = I}J - - m Iﬁ . orr IN 2015 data measure ment
L 4 L oo i / ]
0.5 .
i | I [ﬂ O N I ]
08 — - 08 — 1 : global conservation :
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Higher order cumulants of net-p in small systems
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Higher order cumulants of net-p in small systems
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2"d order p: Annihilation

> Question: Can we test annihilation with cumulants?

Pb-Pb central 0-5%, 5.02 TeV

4.06001 no annihilation

P ] ~0.0005
2 AD+D EN
p+py2 *

p p -0.0010

-0.0015

0.6<p<1.5 GeV/c
0.0 05 1.0 15 2.0

Anacc

» TA: Clear signal and independent of baryon conservation — Worth to try
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Net-Q: Nonmonotonic behavior

» Question: Do we see nonmonotonic behavior?

K3/ K,

—h*-h’
[ v 0-1% Ar+Sc (NAG1/SHINE)
| o p+p (NAGI/SHINE)

Vswn (GeV)

» TAM: Hint of non-monotonic behavior for k;/k; and k,/x,
VFC + higher precision needed

EuNPC, 22.09.2025
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Understanding the stopped protons

» Question: How important is the acceptance dependence for the modelling the non-critical baseline?

STAR (Fixed target)
HADES STAR (BESII) S ‘ ‘
- 06 0.005 T T T T T T T T T T L Peripheral 50-60% 1 6 [ Peripheral 50-60% 7]
° 010 % Agrhg 1.58A GeV ST RoRen T Au-Au 27 GeV, 0-5%
S -« 0-10 % CE Baseline, attractive, p=0.8 ° C§ 0.4 <p;<2.0GeVic, ly| <Y, 4| 04<p, (GeVic)<2.0 ]
o «0.000 f----- o I
[| work IN PROGRESS [&)
041 o hydro ] 10
ao R 1
L o ] u
o -0.005 | ] i [ _ ON | &
1 O X
L 1 E + ] Oﬁ' i 52_
- c c
0.2 P 3 0.010 - § § § N 9 5 o
’ © | A ] S | e
& = L two-source o | o
L -0.015 | (N e e - ol 1
| | | | ) N ) | s L ' | ' '
00 01 02 03 04 05 0.0 0.2 0.4
+ Ay Rapidity cuty__ 0 I 0 > ]
" Central 0-5"/‘0 1 Central 0-5%
0 0.5 1 0 0.5 1
O<y'<ly' |

max

» TA: Differential measurement of the (factorial) cumulants is very essential
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Intermittency as control observable

» Question: Do we confirm what we see in cumulants using intermittency?

F(M) <“7 %"W("“”“‘(”m‘r+”> NAG61 STAR ALICE
<A7MZ> No sign of criticality A minima at 27 GeV! Sign of power-law scaling
— o Ar+Sc at 134 - 150A GeV/c - ‘ - e
R R sommee > STAR Ausau it | S [ R Pty
R . s % S e 0.6F 7 ® 0-5% 1% tFoscp ctooevn X fwesaTe ]

° * F o b lity 0-5%, n| < 0.8 ]
* oF —@- 010%7EAGolic r ® 10-40% ] I Uncertainties: Stat.,Sys. Conrasy/0=5%| 08:

QO 0-20% 150A GeV/c

O . . £ 085 | - 1 osp il ;o
AT o:a—% §+ i-? &é% é 05/ ++ . ® 1 oep et ¥
° * . * . F | ' 1 l [ = = [l : n“ 4
. / e N S f ? + 045F - o o e 041 444 .
r i 3 - 5 ) i BRI TT L
° _25 O 4i t ; (] ’_‘. ] 02_— . ! i 4 4 **4 ' o”,
. : s o I - @ . TS MM "
: ) _E E ¢ ] o ! H : : : ¢¢¢+¢+++++*" E
/ : _42)‘ = ISOJOO‘ ' ‘1‘060(‘)‘ ‘1‘560(‘)‘ ‘2‘060(‘)‘ ' 7 10 20 30 50 100 200 .“A‘”<élllléll %H I
7 2
My, bin Nyt r_1umbgr of . P " STAR, PLB 845 (2023) 138165  |/Syy (GeV) In M2
particles in my, bin

» TAM: No agreement among experiments

What about trying different ideas; mesons in coordinate space, in narrow p; window?
(R. C. Hwa, C. B. Yang, Phys. Rev. C 85, 044914)
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] e (ALICE Coll.,, Phys. Rev. Lett. 131, 041901)
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Critical point or first order phase transition?

STAR (Au-Au, 3—7.7 GeV) 0 HADES (Ag-Ag 2.55 GeV)
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