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The QCD phase diagram

k—ifferent phase of nuclear matter

;200
>  Dilute hadron gas low 7', URB §
> Quark-gluon plasma high T, up : ol
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Different type of transition? =
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> Lattice: Crossover at muB = 0 GeV = 100

Y. Aoki et al., Nature 443, 675

> Effective QCD: 1st order?

LIGO/VIRGO,
Cosmic Explorer
Einstein Telescope

Is there a critical point
in the QCD phase diagram?
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https://arxiv.org/abs/hep-lat/0611014
https://www.openaccessgovernment.org/article/physics-quarks-and-gluons-explained/189722/

The phenomenology of the QCD critical point

Higher order moments of the net-proton number distribution

1In the critical point region the

fluctuations are largely enhanced (5N,)?) o €2 (GN,)) o €45 (BN, o €7

M.A. Stephanov, Phys. Rev. lLett. 102, 032301
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T Net-proton distribution as a function of the
collision energy in Au-Au collisions at STAR
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https://link.aps.org/doi/10.1103/PhysRevLett.102.032301
https://link.aps.org/doi/10.1103/PhysRevLett.126.092301

Multi stage challenges for fluctuations

Highly dynamical environment
Short lived

Finite size effects

V. Vovchenko, R. Poberezhnyuk et al Phys.
Lett. B 811, 135868

Proxies observables

VV, Jiang, Gorenstein, Stoecker, PRC
98, 024910

Finite acceptance

0. Savchuk, R. V. Poberezhnyuk, V.
Vovchenko and M. I. Gorenstein Phys.
Rev. C 101, 024917

Coordinate / momentum space
Ling, Stephanov, PRC 93, 034915

Late stage interactions

Steinheimer, Vochenko, Aichelin, Bleicher,
Stoecker, PLB 776, 32
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https://link.aps.org/doi/10.1103/PhysRevC.93.034915
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.98.024910
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https://arxiv.org/abs/2003.13905
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.024917

Roadmap from theory to experiment

Input equations
of state

Dynamics and
chemistry of the
hadron gas

Collision
energy

Thermodynamics Baryon to proton
Baryon number PG VoG Charge
Y fluctuations &

fluctuations . conservation
1n acceptance

Collision event

Initial
stage

Binomial
geometry Maximum Entropy Sub ensemble

freeze out LFE e Tty method 3.0
+ Cooper-Frye
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Simulation of the collision event

Collision event )

Smooth collision event: iEBE-MUSIC

Trahsverse: Giauber madéiiﬁ

0-5% Au+Au 5w = 200 GeV

-7 71—
Initial Stage

G(CL‘, Y, 773) X e("’ls)frProj (a:, y)TTarg(xa y)

Freeze-out

nB(xa Y, ns) X f}?ﬁ)j (ns)TProj (CC, y) + f’}l:rg(ns)TTarg(x7 y)

Longitudinal: Density enveloppes

e(ns, your) o exp - u 011, — you| = m0)|
77130 0 (ns+mB0)*
fprej < 0(ns — M) exp|— ]'* (ns + nB,0) exp[— 200, ]
Fraeg o 0(ns +115,0) exp|— "”ZB‘] J+6(=n UB,O)eXP[_%?B(:)] : e
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https://github.com/chunshen1987/iEBE-MUSIC

Simulation of the collision event

SmOOth CO-L-L'iS'ion event: _iEBE_MUSIC = Collision event

Freeze-out: constant energy density

025580 01752
200 GeV

Posteriors energy density for the BES energies
s s
|

Working Values
19.6 GeV

19.6 GeV

esw = 0.18 GeV /fm®

T
0.3

T
0.4
esw [GeV/fm?3]

0.5
Jahan et al, Phys. Rev. C 113, 024919

eew = 0.25 GeV /fm®
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https://journals.aps.org/prc/abstract/10.1103/y962-1lyg
https://github.com/chunshen1987/iEBE-MUSIC

Net Baryon number fluctuations

Baryon number

NetB fluctuations on the hypersurface e Bea . Tlucnetions

Ideal HRG

> Ideal Poisson/Skellam baseline
> Deviations?

Each hydro cell is in local equilibrium (GCE)

4D TExS

| > Lattice QCD expansion

k() = 6V (2)T(2)* x5 (x)
> Strangeness neutrality (HIC)

oV = dzuu” (>0) Tr; = (Ti,a:,',yi,m) Xf(a?) = nB(w) Abuali, Jahan et al, Phys. Rev. D 112, 054502

2D TExS Ising

> Lattice QCD expansion

| >  Custom position of the CEP
Kahangirwe et al, Phys. Rev. D 109, 094046

Cells are statistically independent

B __ B
K n - Z 5K’ n
i€cells

Constant Entropy Contour (CEC)

> Lattice QCD expansion

> Prediction of CP from CEC
Shah et al, arXiv:2601.08823
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https://arxiv.org/abs/2601.08823
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.094046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.094046
https://link.aps.org/doi/10.1103/2dmh-26yh

Net Baryon number fluctuations

_ i = Baryon number
C°111§1°n eventﬁ fluctuations

NetB fluctuations on the hypersurface

Ideal HRG

> Ideal Poisson/Skellam baseline

Each hydro cell is in local equilibrium (GCE)

> Deviations?

O (2) = 5V ()T (&) x5 (2) IR -

S

.| Any other equation of
OV =dX,ut (>0) = (7,2, Yi,M) xB(z) = np(z) : state adapted for
heavy-ion collisions
conditions
(strangeness neutral)
can be used too!

N

Sl

Cells are statistically independent

B __ B
Kn _' E: 5ﬁn
i€cells

&)

Constant Entropy Contour (CEC)

Lattice QCD expansion

Prediction of CP from CEC
Shah et al, arXiv:2601.08823
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https://arxiv.org/abs/2601.08823
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.094046
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.094046
https://link.aps.org/doi/10.1103/2dmh-26yh

Net Baryon to positive baryon fluctuations

Proton number

X . . == fluctuations
The maximum entropy freeze-out : _ in acceptance
: '!!III-!!-!---------------------Hl e

The Max Ent method provides the least-biased
reconstruction of particle multiplicity fluctuations
consistent with the hydrodynamic correlations.

A A k a;
AGAl . Ak — AHG&. Ak Hi:l PAl

A Irreducible relative cumulants
(IRC) operator M.S. Pradeep, M.A. Stephanov Phys. Rev. Lett.

130, 162301

P

A,
Hydro matching

conditions projectors

ZX?ialn.ak IRC of the K-points correlator of hydrodynamic fields a; = €,np

ASC:AJH.Ak IRC of the K-points correlator of particles A; € Particles

T R e e e e s s e =
e e A s e S s s e o
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.162301

Net Baryon to positive baryon fluctuations

Proton number
fluctuations

- The maximum entropy freeze-out 1} in acceptance

= Assumptlons

> BT B~ joint cumulants Bi:{fli / in:il}

icParticles

> Net-baryon density field only a;=ngVi

Maximum Entropy B B~ factorial cumulants

B (2) = R (2) + AMoyy (@) (P)" (P2)"

=
=
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The maximum entropy freeze-out

= Assurr:r'\Aptions
> Bt B~ joint cumulants Bi::{Ai/ %“:jﬂ}mmmms
> Boltzmann approximation  particle TRCs - particle factorial cumilants
> Cells are statistically independent No correlation between cells
> Net-baryon density field only w—npv¥i

Maximum Entropy B B~ factorial cumulants
o (2) = R (@) + Atn(2) (P2)" (P2)”
The ideal-HRG factorial cumulants

Rom (Z) = 07,10m,0(Np+)(2) + 02,00m,1(Np-)(2)

Gregoife Pihan P ——  sQM 2026 ':'Q/igr



fluctuations
n acceptance

The maximum entropy freeze-out

. = Assurhptions
> Bt B~ joint cumulants Bi::{Ai/ %“:jﬂ}mmmms
> Boltzmann approximation  particle TRCs - particle factorial cumilants
> Cells are statistically independent No correlation between cells
> Net-baryon density field only w—npv¥i

Maximum Entropy B B~ factorial cumulants
~_ =4 A n m
Rpm (CIZ) = Fnm (CL‘) + AHn_|_m(£E) (P+) (P—)

The hydrodynamics correlators IRCs

AHn+m (ZIJ) = 6V(ZL‘)T($)3)_(TB;_|_anm(X2B7 X3B7 Xf)

Gregoife Pihan“ : ne—— —— 77$QM 2026 3'9/13'



Net Baryon to positive baryon fluctuations

The maximum entropy freeze-out

— ~ Assumptions
> Bt B~ joint cumulants Bi::{Ai/ %“:jﬂ}mmmms
> Boltzmann approximation  particle IRCs = Particle factorial comilants
> Cells are statistically independent Vo correlation between cells
> Net-baryon density field only w—npv¥i

Maximum Entropy B B~ factorial cumulants

Fom (%) = Ko () + AH'thm(CE) (P+)n(P—)m

The hydrodynamic matching condition projectors

SN* HRG
Pj:(w) = <5N+><HRG_|_><5N—>HRG
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Net Baryon to positive baryon fluctuations

e s e e e T
Proton number
fluctuations

- The maximum entropy freeze-out -

~ Assumptions

> Bt B~ joint cumulants Bi:{jd/ %“:jﬂ}mmmms
> Boltzmann approximation  Particle TRCs - particle factorial cumulants
> Cells are statistically independent Vo correlation between cells
> Net-baryon density field only w=nsvi

Maximum Entropy BT B~ factorial cumulants and cumulants

R (2) = R (@) + Ay (2) (PL)" (P)"

Fopm () — K (T)
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Positive Baryon to proton cumulants in the acceptance

= s = =

fluctuations
n acceptance

Binomial protons in binomial acceptance

= - Cooper-Frye ratio

Isospin randomization
Niro A E Estimating the ratio of Acc/full

At equilibrium in the hadronic phase

froe B2, (29" (@) ol P T () )
J B2 A% ) () foluw DT (1) g )

p(z) =

P(N,|NZ) = Binomial(Ny, g4 )

ﬁFD

q:(z) = 7

’FLBi

P(Np Acc|Np) = Binomial(N,, p)

e
e o
L X
awa, M. Asakawa Phys. Rev. C 86, 024904

Phys. Rev. C 86, 044904
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https://link.aps.org/pdf/10.1103/PhysRevC.86.024904
https://link.aps.org/doi/10.1103/PhysRevC.86.044904

Positive Baryon to proton cumulants in the acceptance

e e

Proton number
fluctuations

Binomial protons in binomial acceptance

Baryon to proton

Isospin randomization

Total binomial distribution
At e

)
ai(z) = g+ (z)p(z) b(ao)
P(Np acc|N5) = Binomial(N5, L) Vp, )

'UBI

M. Kitazawa, M. Asakawa Phys. Rev. C 86, 024904 , Koch, Phys. Rev. C 86, 044904
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https://link.aps.org/pdf/10.1103/PhysRevC.86.024904
https://link.aps.org/doi/10.1103/PhysRevC.86.044904

Positive Baryon to proton cumulants in the acceptance

ETTasTees— -

Proton number
fluctuations

 Towards the global B conservation = e

GCE proton, total Baryon number joint cumulants

| K (Npaces B) = 3051 Bug(crseay ooy nirn) Dogto () (D)™ 081 s

Bn,k Partial bell polynomials Cr = atk H(t, Oé+)‘t:O 9(t,a+) = ln(l — a4 + oy et)

Gregoi re P-i'hanu' ;
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Grand Canonical to canonical fluctuations

Charge

~ Sub ensemble Acceptance Method (SAM 3.0) conservation
'lfj!!-!E!g-!-—------------------.' S : >

e

~ Connecting CE and GCE cumulants

fn' (Npace) = SAM [KEgE(Np,Accv B)]

R. Poberezhniuk, V. A. Kuznietsov, GP, V. Vochenko 1in prep

Two first orders

“?E(NP,ACC) = “E(()JE(NP,AW B)

GCE 2
CE GCE K71 (NpAce,B)
ks (N, =K N, B) —
2 (Npace) = k3" (Npace, B) A )

SQM 2026
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QCD Phase diagram setups

Acceptance probabilities and EoS A
— : i 2 = —

Proton acceptance probability
> Freeze-out = constant energy density

> Hydro cells contribution = distribution —

——

— 62.4 GeV

\

2D Ising T’ Expansion 400
3D Ising model mapped

Parameters:

T., u. = 133.3,400 MeV

No strangeness neutrality

Gregoire Pihan SQM 2026



QCD Phase diagram setups

Acceptance probabilities and EoS
e ——————————————————————————————————————————————

Proton acceptance prébability

160
> Freeze-out = constant energy density 15
5 5
> Hydro cells contribution = distribution 7:. — 6 GeV
140 =
2D Ising T’ Expansion 600 130
E >

3D Ising model mapped

Parameters:

T., e = 93.4,600 MeV

No strangeness neutrality & 100 200 300 400 5
pp (MeV)

Gregoire Pihan 7VSQM'2626'



QCD Phase diagram setups

- Acceptance probabilities and EoS

—==N —;;'- e 7:':;?:;‘_‘: :ﬁ’m =
- Proton acceptance probability

> Freeze-out = constant energy density 0.80
> Hydro cells contribution = distribution oo 19'6 GeV
~—
— | 624GV
= R e T Y
- — 0.75
Constant Entropy contour
=Y
From lattice Taylor expansion 0.7
Parameters:
0.65

T., u. = 108,715 MeV

Strangeness neutral 0 100 200 300 400 500 600 700 800
pp (MeV)

Gfegoire Pihan



EoS comparison

EoS to data comparison

Close to experimental
measurement

- > Scale: Canonical correction

> Different EoS

At im(z) = 0V (2)T(2)* X5, 1 Frm (X3 X5 X4

EoS consistency

NEOS-BQS EoS

1}b ALBJO -==:::::::::: iHRG

Gregoire Pihan

Ll ' ool
10! 10?

/33y (GeV)

000
—0.02
~0.04
~0.06

—0.08 =

2D TExS Ising, 1. = 400 MeV
2D TEXS Ising, . = 600 MeV
CE contour, . = 715 MeV
4D T'ExS

P L Lol L Lol ' R T
10! 10% 10! 10%

Vo (GeV) Vs (GeV)

GP, M. Kahangirwe, H. Shah, R. Poberezhniuk C. Ratti, V. Vovchenko in prep
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EoS comparison

EoS to data comparison
—————————————————————————————

Close to experimental = S S - ——
measurement

[ T 0.08 ‘ a ]
>  Scale: Canonical correction 0oL STAR ] “f
<l 0.06 - I

> Different EoS 4 =
. — L ] 0.04 - [
0.1 - — N

| ] 0.02 F 21 ]

<: 0.0 g 0.00 K [ %f__

. - —0.02 | ) ! _
FO energy density? —01l ] i 1 I
—0.04 - - L

esw = 0.18 GeV/fm3 esw = 0.25 GeV/fm3 : ] —04 .

3 —02 [ ] —0.06 - —— CE contour, g, = 0.18 GeV/fm? b L J

eSW ~Y 0.34 — 0.38 G—eV/fm J | [ s ICE contour, € = 0.25 IGeV/fmzs ] 06 i | | 7

- - 10! 10? —0.08 10! 10? 10 10?
V/an (GeV) Vonx (GeV) /AN (GeV)
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EoS comparison

- EoS to data comparison
= Au+Au, 1/sN\I =27 GeV

[ T 17T I LU | T T T | ! N A (R | T T T | LU I LU I T T T ]

5 7 === » L —— MUSIC + Thermal Fist + Afterburner -
S ) L I —+— MUSIC + Thermal Fist + Decays ]
Close to exper1mental 0.003 F _
measurement i |

> Scale: Canonical correction E I .
E = 0.002 - =

>  Different EoS = i ]
: 25 0.001 .

FO energy density? ! ~ i 1

esw = 0.18 GeV/fm® ey = 0.25 GeV/f:I))n?’ 0.000 L N
esw ~ 0.34 — 0.38 GeV /fm i ]
—0.001 |- ép’p C1i -

Late stage interactions i — 1

f LI (Np)(Np)

i 11 1 | I | (. . | 1 1 11 | 11 1 1 I 1 1 11 | 111 | 1111 l 11 1| i

> long range correlation 0.00 025 050 075 1.00 125 150 175 2.00

Rapidity cut
> Annihilations pidity Ymax

J. Parra, GP, V. Koch, V. Vovchenko 1in prep
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Conclusion

> Measuring fluctuations in heavy-ion experiments 1is not straightforward

> Corrections on the cumulants can be evaluated using the pipeline:

: : Data
EoS :ﬁ?g?g?zL Sub ensemble
v g method 3.0
hydro + Cooper-Frye

I \ |
e i e s on S i N T AR |

> Calculation of the factorial cumulants based on the literature
susceptibilities, relatively good agreement.

HRG baseline? Freeze-out energy density EoS Mixing
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Conclusion
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> Corrections on the cumulants can be evaluated using the pipeline:

Data

EoS

\
hydro

Sub ensemble
method 3.0

> Calculation of the factorial cumulants based on the literature
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> Measuring fluctuations in heavy-ion experiments 1is not straightforward

> Corrections on the cumulants can be evaluated using the pipeline:

Data

EoS

\
hydro

Sub ensemble
method 3.0

> Calculation of the factorial cumulants based on the literature
susceptibilities, relatively good agreement.

HRG baseline?
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Extracting QCD susceptibilities

e

Au+Au 0-5%

Bayesian analysis on STAR data

R =
m\fi v/ SNN — 19.6 GeV
‘:Qm
=

v = x5 /xE

SQM 2026
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Extracting QCD susceptibilities

Bayesian analysis on STAR data
I ——————————————————————————————————————

Extraction of QCD static response

Data driven approach to constrain QCD
susceptibilities!

Gregoire Pihan

—30

Y= x2/x%

—100

2026

0.787+0.028

Au+Au 0-5%
VN =196GeV [

0.1537939
L L | L _3134:%%
Clnnnndlnn o T B T R Tl LTI
0.7 0.8 0.9 0 2—100 =50 0
72::X§/X§nua YS:ZX?/X? 71:§Xf/X§




Extracting QCD susceptibilities

; 0.787+0.9%5
Bayesian analysis on STAR data | e g
; % 2153 AU—I-AU. 0—5%
e | .= ¢t
= == S o | Raiqg L —
PrE——— - g 10 C v/ SNN 19.6 GeV
; Extraction of QCD static response 2 ﬁ 5 F
i = - BEN
| Data driven approach to constrain QCD dert == 0.153103
' susceptibilities! | the 2nd orders = 2r
' possible at : o T
=
. , <
R | . L N ¥ XO —
~ - Hydro EV (d) LY} ot
ok HRG CE K] I
k: ) :LQCD : 4 PRI R R Lo L _313t%§
c UrQMD (0-5%) 1 [
.9 0 —————————————————————————— Qe 0r =
c 6 0% _ - -m N :
o 996000 " Sl S ;
—0.1F i [l =50 - N
IEIIEIJEE@ &t
’[ l _100_IJIIIIIIII _|||||||| T v LT
- v EE— . 0.7 0.8 0.9 0 2—100 =50 0
5 10 20 50 100 200
% = X5/ X5nra 7= X5 /Xt M= XP/XE

Collision energy /snN
STAR Collaboration

==
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https://arxiv.org/abs/2504.00817

Extracting QCD susceptibilities

HB [MeV]

Deviations energy dependence 400 300 200 100 50 25

e

e |
== 1
Deviations from Poisson baseline 0
O
E | o=
Significant! | Qﬁ
a
I 0.9
CQ\
N {
X +
0.8

Non-monotonic structure ' ¥ { i%

A change from repulsive to 0.7 1
attractive 1interactions | ' - —T .
. ’\ ’L ‘0 ") N Q D ™ N
at small energies A- '\’ '\’/\\' q (0%,1, ,LQQ
"tl‘:‘if’r'i'-‘,zli ::‘»:-_" . ';7\ \/% [GeV]
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Extracting QCD susceptibilities

Comparison with 4D T’ExS EoS

Vsun [GeV]
.. Q x © “

. S 29 A GRS o~ v A

. = ) Q % o RN ~ ) A

Hadron Resonance Gas with Quark Model f . . . . - . . .

particle list

0504 = 4D-TExS
——- QMHRG2020
® STAR

0.45
Strangeness neutral freeze-out line E

. S . 0.40
0.35
mg: 0.30
> . E '
()
= 0.25 1
— " HRG GCE, SCE prhib T/j‘”KC' 1
80 m Po+PbNA49 . 0.20 1
L A AutAUAGS Ar+KCl— T
» Au+Au HADES T.
| v AutAusIS (a) 0.15
40 L " L " 1 L " " " 1 " " 1 2 N L X I‘H‘n N
0 200 400 600 800 0.10
0 100 200 300 400 500
ug [MeV] s [MeV]

| V. Vovchenko et al Phys. Rev. C 93, 064906

GP, R. Poberezhniuk, V. Vovchenko 1in prep

18/19
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https://journals.aps.org/search/field/author/V%20Vovchenko

Extracting QCD susceptibilities

Comparison with 4D T’ExS EoS o =
_— 7 e

Vsun [GeV]
N be © \? b
| LN AR ~ o A}
- L L L 1
: 0.50] = 4DTExS
- -+ QMHRG2020

® STAR

Agreement with lattice QCD based
equation of state at low UB

Deviation at large baryon chemical
potential

-
-
—
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Conclusion II

> Measuring fluctuations in heavy-ion experiments 1is not straightforward

> Data driven constraints on the QCD susceptibilities:

: : Data
EoS Jﬁ?g?ﬂ?zL Sub ensemble
X g method 3.0
hydro + Cooper-Frye

Possible extensions?

> Inclusion of hydrodynamics energy density correlators and mixed correlators

> Consider B, Q and S as conserved charges for canonical corrections?

> Extend the bayesian analysis to other observables?

e SR e S S R S N e R R R e B e - e i - =
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Thank you for your attention!



Simulation of the collision event

Collision event

Smooth collision event: iEBE-MUSIC

- R Parameters tuned on the BES Au+Au

Transverse: Glauber model charged hadron and net-proton rapidity
distributions

E(CB, Y, 773) X e(ns)TProj (CL‘, y)TTarg(xa y)

np(z,y,ns) < fﬁﬁ)j (1s) Teroj (2, y) + f’?:rg(ns)TTarg(x’ Y)

Ldngitudinal: Density enveloppes

e(ms, your) o« exp |~ L= (|, — yoy| — o)

E
|

fPI'OJ ( — 7B, 0) eXP[ L;O] —+ 0(773 + 7730) exp[ (775;‘72730) ]

Bm

(000 (=1, — o) exp|— el |

2
B in 20 B out

fTarg X 0(773 + 773 0) exp[

GregO'l re Pihan


https://github.com/chunshen1987/iEBE-MUSIC

Simulation of the collision

3D Ising mapping

Parameters

" y T.
_ P ﬁ e
First Order  : rossover’.r i r‘aiz C.‘_ /’LB,C — 600 MeV

A
Tr

M<0 i Ty - w'hsin o, o
»
2 2
BB — FBC _ o i—rp'— R al,) o
Ferromagnetic Paramagnetic = =w'(-rp COs U1, 9 0
=l 2upcTc ~ W a 12 e
» —
3D Ising coordinates : T’ coordinates 2upc
T & ;
r e
<'-a7. A =0 —x w —_— 2.25

2 4
T=T [1 + <"7”) KEE(T) + O ("7”) ]

(Tes wp)

p=1.0

A 4

QCD coordinates



Simulation of the collision event

- Maximum Entropy FO details
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- Maximum Entropy cumulants !

' |

General definition of the particle cumulants |

__________________________________________________________________ 1

_ kSN |

RA A~ <Hi=1 d Ai> |

Ai = (T4,P4,94,84,94,M4,...)i I

|

| Cumulants from single particle distributions correlators |

| T 25 """""""" |
’i A ~ p— f/s N

Ay A, T A, A T AL A :

Gar.a,=(0fa, - fa) :

I

IRCs from single particle distributions IRCs 1

I
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