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QCD phase diagram

* Lattice QCD (small g finite T): Y. Aokiet al, Nature 443, 675 (2006).
* Crossover (2" order phase transition)

* Effective models (large g ) -
1%t order phase transition 0 4 ““‘6;
- Critical End Point 7 qucowon —§

PLASMA (QGP)

9 &) Deconfined, colored quarks e
and gluons. High energy density.

Liquid-like behavior.

W.J.Fu et al., PRD 77, 014006
S.X.Qin et al., PRL. 106, 172301
K. Fukushima et al, PPNP. 72, 99

- Heavy-ion collisions :

Critical

TEMPERATURE (MeV)

* tuning syy,mapping QCD phase diagram:

NORMAL \ \

RHIC(BES),NICA,FAIR,]_PARC,HIAF.... wariee | | IR or csomont B

NET BARYON DENSITY (or chemical potential or pg)
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Net-proton fluctuations with Beam Energy Scan

Characteristic feature of critical point:

* Jong range correlation

* large fluctuations

Non-monotonicity net-proton fluctuations

STAR, Phys.Rev.Lett. 135, 142301
M.Stephanov, 2410.02861

Wei-jie Fu, et al., PRD 111, L031502 (2025)

NHFOHFHFNWARUOCQC

SNN 3/24



Net-proton fluctuations with Beam Energy Scan

Characteristic feature of critical point:

* Jong range correlation

* large fluctuations

Non-monotonicity net-proton fluctuations

STAR, Phys.Rev.Lett. 135, 142301
M.Stephanov, 2410.02861

Wei-jie Fu, et al., PRD 111, L031502 (2025)

Ideal |
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HIC is a hybrid process

EoS
Relativistic Viscous LRTE
Initial State Hydrodynamics + Freeze-out adronic Observables
Afterburner

Criticality
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Critical fluctuations at Freezeout

EoS
Relativistic Viscous LRTE
Initial State Hydrodynamics + Freeze-out adronic Observables
Afterburner

Criticality
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Freeze-out the critical fluctuations

* Freeze-out: fluid to particles
d3N

u
e(X, t); n(x) t)l u (xl t) — dy dzpl

* Freeze-out with fluctuations: Maximum Entropy
d3N d36N

Hx,t) + out -
e(x,t) + de,n(x,t) + on, ut(x,t) + du dy d?p, + dy d?p,

7/24



Particlization from hydro

R-z.Zhao, SYin, SW, L.Du, X.Luo,W.-j. Fu, 2607.26912
e Equilibrium fluctuations: fRG(wei-jie Fu,

etal.,, PRD 111, LO31502 )

/xZ

. . Bl /sy =7.7Ge 10
* Freeze-out: fluid to particles )yl
e(x,t),n(x, t),ut(x,t) - > o crp
dy d DL 3000
%2500 ¥ &
22000
* BES hydro(pu, Gao, Jeon, Gale, PRC 109 © 1500 150 W
1000 160
(2024) 014907) 500 y
. 0
* Inhomogeneous QGP fireball: : “120 & -10
. < PR3
Fluid cells occupy a large area of 80{
phase diagram _
Freezeout profile CEP
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Modeling the Particlization

Freeze-out: fluid to particles R
d3N 3
e(xl t); n(x) t)) ul't (x, t) - 2 £ l i
dy d“p, R -
Finite acceptance cut: AY, o < AY;p¢q AN
Proton-baryon cut:proton detected, Isospin Ay
symmetry( ) aeeept
AYt:otal

P(p) = Binomial * P(p + n)

Global conservation: subensemble acceptance method (

)
Pﬁf _ ZPigceche6

out Yin+out, baryon
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Cs/Cy

Cy/Cy

Net-proton fluctuations after Particlization
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Particlizations process do impacts on the

cumulants

Better agreement with measurements
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Net-proton fluctuations after Particlization

Cy/Cy
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Rapidity

Transverse
momentum

More pronounced non-monotonic
fluctuations with increasing acceptance
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Dynamics of critical fluctuations

EoS

Initial State

Relativistic Viscous
Hydrodynamics +
Criticality

Freeze-out

Hadronic
Afterburner

Observables
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Theory far away from QCD critical point

Hydrodynamics:
 d.o.f: fluid cell with
e(x,t), n(x,t), u(x,t)

H.Song et al, Phys.Rev.Lett. 106, 192301 I’l'B

Pure hydro is Macroscopic

[ MC-KLN VISHNU: /s
0.0
025 (a)

* Energy-momentum conservation

i > u,{d 2\ , |
N | - -
021 016
aﬂT‘“’ =0 Mm 0.15}- o

* Charges conservation
J,N* =0

0 10 20 ,30 1
(1/S) dN_/dy (fm ™)

Great success in heavy-ion collisions
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Theory CLOSE to QCD critical point

Hydrodynamics + fluctuations:
e d.o.f: fluid cell with
e(x,t) + e, n(x,t) 4+ n, u*(x,t) +

& . I~ o
o e
R
;‘ p J - x »
e L o} Ny 4
) - . el
.- Pa

Correlation length comparable,
requires Critical Fluctuations d.o.f

* Energy-momentum conservatior,
0, (TH + 6THY) =0

e Charges conservation
d,(N* +6NH) =0
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Example: Charge conservation (a_uN” = 0)

0

« Charge current: ®

NH = nu®* + DA#n 2Nz
—r atn — DVZTL NE i S~ ~
o . M~ N
diffusion S 67 S

Scenario Il N
87 - = = Scenario | -

* Charge current near critical point o | | |
N#* = nu* + DA*n 4+ §N# ° 1 2 3
= d.,n = DV*n + noise
Stochastic diffusion (hydro fluctuations)

Stochastic differential equations for simulation
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Deterministic hydro fluctuations

 Example: stochastic diffusion
d.,n = DV?n + noise

e Correlator equationS: X.An et al, Phys.Rev.Lett.127,072301
0:Wo(q) = —2Dq*[W,(q) — erq]

» N\ = qumax: renormalization is easier to implement
Y.Akamatsu et al, Phys.Rev.C.95,014909
> statistics economical

Deterministic hydro fluctuations are amenable to simulation
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Fick to Maxwell-Cattaneo diffusion

N* = (n,J): Fick current - Maxwell-Cattaneo current:
N* = nu* + DA*n + 6N* - 19, N* + N* = nut + DA*n + 6N¥

Maxwell-Cattaneo diffusion (2pt.): Wy, = (8nén), Wy, = (618n)
» 0Whn = 2%71' Fick diffusion:
> 0 Wy = —T Wyn — = qiWoy + ng, 0 Whn (@) = —2Dq* Wiy (@) — Wit

> at%g = _Z[T_lm(gg +;an + T_qu - q7]

Maxwell-Cattaneo diffusion (3pt.):
» O0Wonn = B%nn;

> at%nn — _T_l%nn qlwnnn + Zngn 2 (]/) WonWhn;

T Similar for 4pt.

> 0 Wggn = 2[ " Wogn + 7 qWQWt]"‘ 999 Z(V)’CIZW Wan

T

> at%gg = =3[t 1%gg qB%gn ( ) Q1anan] 17/24



X3 [GeV]

Maxwell-Cattaneo diffusion near critical point

Transport coefficients: from Ising mapping

207

014"

X2 [GeVz]
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Maxwell-Cattaneo diffusion Wn(q)

1.0ke= —_— q:lvﬂfm_l

¢g=15fm™"

0.8 === ¢ =2.0fm™ )

- equilibrium -
> 0.6

o~

l% 04
0.2
0.0

Black:equil.
MC: solid
Fick: dashed

More pronounced and
| Oscillating behavior near CEP
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Maxwell-Cattaneo diffusion Wn(q)
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So

Maxwell-Cattaneo diffusion on observable

12? —— equilibrium Ay = 0.5 ' 3t
1.0f — 7=0 : j
08:- 7=10.2fm ol
7=12fm o I
0.6 - I
[ 2 1+
0.4F |
0.0 ——x —— ; . \/
S0 R e -
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45

p[GeV] p[GeV]

See also Koichi Thus 22:
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Summary and Outlook

 QGP fireball system in

EoS

heavy-ion experiments is not an ideal system:

Initial State

Relativistic Viscous
Hydrodynamics +
Criticality

See e.g. Review,

Transport coefficients

Freeze-out ARRIEHE Observables
Afterburner

EoS:

Dynamics:
Freeze-out:

M.Asakawa M. Kitazawa, PPNP, arXiv: 1512.05038
X.Luo, N.Xu, NST, arXiv: 1701.02105

S.Wu, C.Shen, H.Song, CPL, arXiv: 2104.13250

Outlook: hybrid model incorporating critical fluctuations
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The 3rd International Workshogj on Physics at High Baryon Density

(PHD2026, E=RSEFZE}

Nov 10 - 13, 2026 g s
Crgwne Plaza Xinghai, Dalian, China https://indico.thep.ac.cn/event/29146/ Q

Asia/Shanghai timezone

IBE RN R)

Physics Topics :

1) QCD Phase Structure at High Baryon Density froon

L]

2) Nuclear Matter at High Density and Equation of State

e

3) Dynamical Evolution of Heavy-ion Collisions o

PEARRKE

4) Nuclear Matter Under Extreme External Fields
5) Hadron Properties in Nuclear Medium

6) Nuclear Physics in Compact Stars

Local Organizing Committee ‘
Heng-Tong Ding (Central China Normal University) T Wm‘ﬁ.
Weijie Fu (Dalian University of Technology, co-Chair) % s " f "H! !/” ”

Defu Hou (Central China Normal University)
Sophia Han (T.D. Lee Institute, Shanghai Jiao Tong University)

Xiaofeng Luo (Central China Normal University, co-Chair) "
Guoliang Ma (Fudan University) 7
Zebo Tang (University of Science and Technology of China)
Chi Yang (Shandong University)

Pengfei Zhuang (Tsinghua University, co-Chair)

Yapeng Zhang (Institute of Modern Physics, CAS)

Welcome to

PHD2026 in
Dalian!
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Thank You!



Bkup
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Particlization: inhomogeneous QGP

R-z.Zhao, S.Yin, SW, L.Du, X.Luo,W.-j. Fu, 2607.26912
Wei-jie Fu, et al., PRD 111, L031502 (2025)

Homoge. Profile with fRG
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Particlization at freezeout

R-z.Zhao, S.Yin, SW, L.Du, X.Luo,W.-j. Fu, 2607.26912
Wei-jie Fu, et al., PRD 111, L031502 (2025)
Homoge. Profile with fRG
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Particlization at freeze-out

Rapidity

Transverse
momentum
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* More pronounced non-monotonic fluctuations with increasing

acceptance
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Example: Charge conservation(a_uN” = 0)

* Charge current:

N* = nu* + DA#n 2N ==l
= d.n = DV?n “g 4 RN
. . M~ A
diffusion S -6} A

Scenario Il N o
87 - = = Scenario | -

* Charge current near critical point

N#* = nu* + DA*n + [# ° 1 2 3
= d.n = DV?n + noise
Stochastic diffusion (hydro fluctuations)

Stochastic differential equations for simulation
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Simulation of hydro fluctuations

 Example: stochastic diffusion
d.n = DV*n + noise

* Noise term in simulations:

noise ~ &
. Ax
> v A: |lattice spacing dependence,

renormalization is non-trivial
» & — oo: diverge fluctuations, high
statistics requires

Simulation of stochastic hydro is a non-trivial task
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Acceptance cut

oo

P(Npz)= Y B(Mp:, Nptipacc)P(Mps).

Mgi+=Ng4+

A/-TBi' )A/IB:E_NB:I:

B ﬂ/j N ; Pacc acc BE 1 - Macc
( B, 4V P ) NBi (A/IBi - NBi) (p ) ( p

K1(Np=) = Pace K1(Mp=),

k2(Np=) = Pace(1 — Pace) k1 (Mp=) + phocria(Mp=),

’f:a(NBi) Pac (1 - pacc)(]‘ QPacc)fﬁ(MBi) + 31'92@:( Pacc)ﬁz(ﬂ/fBi) +pacc (I'VfBi)

ka(Np=) = Pace(l = Pace) (1 = 6Pace + 6pnce) it (Mp=) + Prce(1 = Pace) (7 — 1pace) o (Mp=)
+ 6P5cc (1 = Pace)kia(Mp+ ) + pccia(Mp=).

Joeap., S260, (@)p? f [u” (:)po, T(x:), 1y ()]

pacc(:l:i; Apacc) — 3
Jﬁ%;?50p ﬂh)p“f?hﬁ%ﬁ%)puijﬁ%)yﬂj($iﬂ
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Proton cut

P(Np+,Nyx) = B(Np+,N,+;q)P(Np=).

]‘V_TB:I:!

= Ng+(1 _ M+—Nyt
N NBi!(A/fBi — NBi)! (pacc) (1 pacc)

B(Mp+, Np+; Pacc)

Ko Np:t = Hll(NB:t)
Ko,2(Np+) = 1*@)"{1(N3i)+q2ffz(NBi)>
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Conservation law

pyce (Bin' Bout) — Piﬁce (Bin)Po%LCte (Out) Bin + BDut

Pi(I:f(Bin) = Z IDEICC(Bi]l)PC?;Lftc(BOUt)5Bi11+30ut;B°
B

out

.ce _ gce
Ko, 1;:in = 0,100
(58)”
.ce _,.gce h'l.l;iu
Ro,2;in = Ko 2:in — A
- . 2 e ) 3
o gce  gee ; gee gee _gee
jce e ‘5K'1,1;i11h'112;i1'1 3 ("‘1,1;111) K3 1.in B (“1.1;1;1)
'0,3:in — 0,3:in - ) __,.mce gee
H A A2 A'% A - K‘Q‘O;in + K‘Q‘O;out‘,
4. .8Cce  pgce - gee 2 . gce gee | gee gce  gee ce co
ce  __ _gee 4"'1,1;111""1.‘3;111 +3 (K'I‘E;in) 6KT 1.in (K'l,l;inh‘Z“z;in + 2"“1,2;111’“’2,1@) B = H%‘n:m + K-g‘n:mm
Ko 4iin = K0,45in — 1 + A2 ' '

_ . .gce gee
C= K1.0:n T K4,00ut

. 2 i N . . 2
gee gce  gce 4 gee . [ gce ) 3 o .
2 (K1) [2"“1,1;111’“’3.1;m +3BKY 5, + 6 (K5 ) ] (k3Tam) (CRST + 12BRST )
FE Al
e 4
a2 gce
B 3B ("“-‘1.1;111)
A5 '
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