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Introduction

m Exploring the QCD Phase diagram

QCD has a rich phase structure depending on Quark-gluon plasma
the temperature and chemical potentials (QGP) phase
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Introduction

m How to make the quark-gluon plasma (QGP)

nucleons

BNL Relativistic Heavy lon Collider (RHIC)
CERN Large Hadron Collider (LHC)
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Introduction

m A more precise view of nuclear collisions
protons

neutrons

BNL Relativistic Heavy lon Collider (RHIC)
CERN Large Hadron Collider (LHC)
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Nuclear collisions

m Conserved charges

The QGP in nuclear collisions are made of light quarks (u, d, s) (T ~ 200 MeV)

Baryon (B)

Electric charge (Q)

Strangeness (S)

T/\

.uQ) Us

v
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are conserved

The QCD phase diagram has to be
extended to 4 dimensions

T Temeperature
Upg: Baryon chemical potential
Uq: Charge chemical potential

Ug: Strangeness chemical potential
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Nuclear collisions

m Relativistic hydrodynamic model

t = .4 fn/c

o LelVEIHIOJM A relation among state variables
of state such as pressure, temperature, etc.

y{fn)

Observa-

Initial Hydro

condition evolution bles

x{fn)

We construct a 4-dimensional QCD equation of state at finite chemical
potentials for nuclear collisions
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NEOS-4D

m A |attice QCD-based equation of state model

P/T* T = 0.05 (GeV) - It has B, Q, S charges without constraints,
% i.e., itis fully 4-dimensional

e _9°
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Hg (GeV) o $oe

- Generalization of NEOS BQS, that is tuned
to ng = 0.4 ng,ng = 0 for heavy nuclei

S (°7Au, 298Pb, etc.)
/@@ 5 AM, B. Schenke, C. Shen, Phys. Rev. C 100, 024907 (2019)

Hg (GeV)
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- Applicable to systems with various nuclei
and with fluctuations and diffusion
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Construction

m QGP phase: Taylor expansion method of lattice QCD

Plat Xl mn ‘uQ U\ HotQCD Collaboration, PRD 86, 034509 (2012);
+ — PRD 90, 094503 (2014); PRD 92, 074043 (2015);

T4 : ['m! Tl' T T PRD 95, 054504 (2017)
mn
T/\
Calculable el
B,Q,S e C e .
PoXimn N\ Pro: Ab initio calculation
el , U .
Con: not reliable when el CRtele large
- > UB,0,s

- Susceptibilities up to the 4™ order from lattice QCD

)(6,)(5 1 )(5 | > parametrized as required by thermodynamic conditions
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Construction

m Hadronic phase: Hadron resonance gas model

g:d°p

e5E In[1 + e~ Eimwi)/T) Particle Data Group: PRD 98, 030001 (2018)
A
i

Phaq = T

- Hadrons and resonances with u, d, s components with the mass below
2 GeV are used

0.35

SB

0.25

Pro: Consistent with lattice QCD

continuum extrap.

N2« Con: Describes only the hadronic phase
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Construction

m The crossover-type EoS is obtained by smoothly connect the two EoS

i T —T, 1 T
o — E (1 — tanh AT )Phad + = > (1 + tanh AT )Plat
Hadron resonance gas model Lattice QCD with Taylor expansion
g;d’ P, . P ¥ 1 Lo\
P = 4T nl1 + (Ei—ui)/T at 2 lmn Q .
had — (7.[)3 n[l1xe ] T4 +l llmlnl (T) (T)
mn

[ Te(up) = 0.16 — 0.4(0.139u3 + 0.053up) GeV, AT,= 0.1T,(0) ayornore o2l FRETS J

034905 (2006)
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Numerical results
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Results

m Pressure

(a) T-ug plane (b) T-uq plane (c) T-ug plane

p/T*

The dimensionless pressure on the 2D slices of temperature and
chemical potentials in the 4D phase space
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Phase diagram

m Regions explored in nuclear collisions

s/ng is constant when entropy and net
baryon number are conserved

s/ng =
s/ng =
s/ng =
s/ng =

420
144

51
30

VSyn =
VSyn =

VSyn =
VSyn =

200 GeV
62.4 GeV

19.6 GeV
14.5 GeV

J. Gunther et. al., Nucl. Phys. A 967, 720 (2017)

0.45

0.35

0.05

s/ng=420 ——

s/ng=144
s/ng=51
s/ng=30

nQ = 04nB
ng = 0

The QGP phase has straight lines because s/ng = T /ug
Larger L is required in hadronic phase because protons are heavy
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RESU‘tS i ﬂdzgﬂB_§MQ>.llu=§lJB+§,uQ

1
i 11 0 i
. . . . 1 MS:_#B__M —HS: 1
m Trajectories in the phase diagram : 3E 3 |
0.45 0.45 T T T T T 0.45 T T T T T T §/ing=420
s/ng=144
04| 04} B 0.4} b s/ng=51
s/ng=30
0.35 0.35 N 0.35 |
nQ = 047’13
0.3 03} . 03} ng =0
% 0.25 % 0.25 | R % 0.25 |
0 ) ©)
= 02 = 02 = 0.2
0.15 0.15 - R 0.15
0.1 0.1} R 0.1
0.05 0.05 R 0.05 k
0 0‘.1 O‘.2 0‘.3 0‘.4 O‘.5 0.6 -0.15 —6.1 —0.‘05 6 0.‘05 0‘.1 0.15 0 0.‘05 0‘.1 O.‘15 0‘.2 0.‘25 0‘.3 0.35
ug (GeV) iq (GeV) up (GeV)

The estimated region explored in nuclear collisions is narrow in g
with the “nucleon” approximation of ny/ng = 0.4
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Nuclear collisions

m The charge-to-baryon ratio in nuclear collisions

Ng
np

— ~ (0.4 on average for heavy nuclei (°/Au, ?°%Pb) and ng = 0

O g

npg

s
n . . . n . . .
g&tﬁfﬁ’ —2 — 1 in proton-rich regions and —2 = ( in neutron-rich regions
.

/N Additional dynamics (e.g. fluctuation, diffusion) can lead to

Akihiko Monnai (OIT), HHIQCD 2024, 7t November 2024

ng

np
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n
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Results

m Trajectories in the phase diagram

0.45 0.45 045 s/ng=420 ——
s/ng=144
04 0.4 R 0.4 N s/ng=51
s/ng=30
0.35 0.35 - - 0.35 |- -
nQ = 04TlB
0.3} 03} . 03} . ng =0
o 025} > 025} 1 < 025} 1
O O} O}
= oo02f = o2t : = 02t :
0.15 - 0.15 - 0.15 -
0.1} 01} - 0.1 -
0.05 - 0.05 - - 0.05 k -
0 0.1 0.2 0.3 0.4 0.5 0.6 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0 0.05 0.1 015 02 025 03 0.35
ug (GeV) uqg (GeV) ug (GeV)

Akihiko Monnai (OIT), HHIQCD 2024, 7™ November 2024 16 /23



Results

m Trajectories in the phase diagram

0.45 0-45 T T T T T 0.45 T T T T T T S/nB=30
avi
041 041 i 0.4 - : s/n(B=591)
(avg)
035} 0.35 | E 0.35 | 1 | s/ng=144
3 (avg)
03 03} s : 03 | | s/ng=420 s
— — . (avg)
< 0.25 < 0.25 > 0.25
9] 9 9]
— 02 — o2} — 0.2
0.15 0.15 0.15
0.1 01} 1 0.1
0.05 | 0.05 | 1 0.05 k
015 -01  -0.05 0 005 01 0.15 0 005 01 015 02 025 03 035
uq (GeV) ug (GeV)

Bands denote the regions between ny/ng = 1 and 0; Wide regions of
the phase diagram will be explored in colliders
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Application to hydrodynamic model

m Hydrodynamic model require P, T, ug, Ug, s as functions of e, ng, ng, ng

_ T T w_
9,T™ =0, 9Nf =0, 9,Ny=0, 9N{=0

One often prepares pre-calculated tables of the EoS for efficient
numerical simulations

ﬁ\ﬁi | However, a grid with equal spacing in e, ng, ng, ng
0.35 NN b . . .
_ 0_3\\\\\<\\\\\ N | resultsinawarpedgridinT, ug, g, Us

¥ Covering it leads to a huge redundancy in the 4D g %
T | case, making hydro simulations difficult
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Application

m We introduce T, fp, o, s, defined as the temperature and chemical potentials

of a parton gas with the given e, ng, ng, ng, for tabulation

T(e,ng,ng, ng) = (

12 )
1972 ¢
Sng — Ny + 2ng

1/4

fig(e,ng,ng, ng) = 72

—MNp + ZnQ — Ng
fig(e,ng,ng,ng) = 72
_ 2ng —ng + 2ng
fis(e,ng,ng,ng) = 72

A grids with equal spacing in T, fig, fo, s is relatively straightin T, ug, Ug, Us
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Application

m Schematic of EoS implementation to hydrodynamic model of nuclear collisions

e, nB) nQ; nS ~
Hydro model T(e,np,ng,ns) EoS table
fig(e, ng,ng, ng)

fig(e,np,ng, ng)

fis(e,npg,ng, ng)

P(T, fig, fig, fis)

T(T, fig, fig, fis)

ug(T, fig, fig, fis)

M uo(T, fip, fig, fis)

aﬂNS =0 us(T, fig, fig, fis)
P,T,up, o, Us

0,TH* =0
9,Ng =0
no_

Calculations become efficient; see our recent analyses of isobar collisions for
successful applications G. Pihan, AM, B. Schenke, C. Shen, Phys. Rev. Lett. 133, 182301 (2024)
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Summary and outlook

m \We have constructed a crossover-type QCD EoS model, NEOS-4D, with net
baryon (B), electric charge (Q) and strangeness (S)

—

. ) P/T* T = 0.05 (GeV)
» Lattice QCD results from Taylor expansion method b
s utilized s \w i:
: ol 1 N =H |
» It is smoothly matched to the hadron resonance Mitinn
oas model at lower temperatures // e 4 .
- wg@ev)
» One can distinguish protons and neutrons; wide o]
ranges in the T-ug-uo-us space are explored 5

0.15 |

0.1

0.05 |

015 01 005 0 005 01 015
Hq (GeV)
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Summary and outlook

—

» An efficient method of numerical implementation

Hydro model

of the 4D EoS to the hydrodynamic model is o
developed using T, fig, fig, iis Variables s

—

m Outlook

» Estimation of the effects of fluctuations and diffusions

Akihiko Monnai (OIT), HHIQCD 2024, 7" November 2024

T(e,np,ng,ns)

fg(e, np,Ng, ng)
fig(e,ng,ng,ng)

is(e,ng,ng,ng)

> Introduction of higher order susceptibilities from Lattice QCD

» Application to the hydrodynamic analyses of nuclear collisions at
beam energy scan energies and of different nuclear species

EoS table
P(T, g, flg, fis)
T(T, fip, g, fis)

Up (T" i, g, as)
(T, fip, iy, i)
#s('r: A, ﬁQ: iis)

22 /23



Summary and outlook

m The results of our equation of state model NEOS-4D are publicly available:

https://sites.google.com/view/qgcdneos4d/home

QCD equation of state

QCD equation of state

NEOS-4D

Reference: A. Monnai, G. Pihan, B. Schenke, C. Shen, arXiv:2406.11610 [nucl-th]

chemical potentials of net baryon, electric charge, and strangeness that could be explored in relativistic nuclear collisions.

NEOS-4D is a four-dimensional exten: of the QCD equation of state (EoS) model model NEOS constructed to cover a wide range in the QCD phase diagram with the

Akihiko Monnai (OIT), HHIQCD 2024, 7" November 2024

Thank you for listening!
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Backup slides
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Results

m Net baryon, charge, and strangeness densities

(a) T-ug plane (c) T-ug plane

15

ng/T®

The dimensionless conserved charges on 2D slices of the
temperature and chemical potentials in the 4D phase space
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Results

m Effects of chemical potentials on the pressure

1 /
0.8 / /

P/T*
o
»

(@) T=0.1GeV
35| () T=03GeV /
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— Hadronic phase

Lo has the largest effect followed by ug and pp

because the lightest hadrons to carry the charges
are ordered in mass asmy, > mg > my

— QGP phase

Us has the largest effect followed by 11, and pp
Can be interpreted in the parton picture as

x2 =173, x2=2/3, x5 =1hold




Results

m Sound velocity

¢.%(T,0,0,0
T ug=0.2 GeV,0,0
(T,0,uq=0.2 GeV,0
(T,O,O,HS=O.2 GgV

2
5

S

N

~ ~— ~— ~—

C
C
C

7 | | | S\
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025 03 035
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The chemical potentials have non-trivial effects on
the sound velocity

o has the largest effect in the hadronic phase and
Us has the largest effect in the QGP phase

, OP ng 0P
CS - +
de e + P ong

nB,nQ,nS

e,nQ,nS

+ +
e + P dng e + P ong

engns enpng




Particlization

m Hydrodynamic flow needs to be converted into particles using kinetic theory

dN

(a) P/Phad (HQ=HS=O GeV)
) -

g 1.1

- 1 1.05

0.12 95-105% — - .
97-103% - — -- ‘\ N 09
99-101% - - - - - .
0.11|| e=0.36GeV/im° .
e=0.26GeV/fm> — h
e=0.16GeV/fm®> —
0.1 0.9
0 0.1 0.2 0.3 0.4 05 06
ug (GeVv)
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' gi
E— = j fiptdo
d3p (27-[)3 5 l U

The EoS of hydrodynamic model and kinetic theory should match at
particlizaition for energy-momentum/charge conservation

Cooper and Frye, Phys. Rev. D 10, 186 (1974)

Dependence on the particlization energy density e

1 —

1 —

P

Phad
P

Phad

< 1% fore = 0.16, 0.26 GeV/fm?3

< 3% fore = 0.36 GeV/fm3



Application

G. Pihan, AM, B. Schenke, C. Shen, Phys. Rev. Lett. 133, 182301 (2024)

m Effects of neutron skin and baryon junction in isobar collisions (3 Ru, 7§ Zr)

3.0 \\\\|\\\\|
A= 0,
:+ )\Q:O
T == A =02

STAR, arXiv:2408.15441

T T T T I
Rn = Rpr ap = Ap
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Ap=02 |
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o

LI I
>

Normalized baryon to electric charge ratio r

=
ot
L I

0.0-\\\\|\\\\|\\\\|\\\\\
0 10 20 30 40 50 60 70

Centrality (%)

r decreases in peripheral
collisions if Zr has neurton skin
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Baryon junction
(B=1, Q=0)

r > 1 if baryon junctions carry B

= o e e o o e -




Application

B The equation of state for Nf = 3 parton gas model and the derivation of the

expressions of T, fig, flg, fis

1972 _
e = 4
12
1 1
np = §.UBT2 —gﬂst
2 1
TlQ =§MQT2—§,U5T2
Lo 1. - o s
ns=—§llBT +§HQT + fsT
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>

T(e,ng, ng, ng) = (

fg(e,ng,ng,Ng) =

12 1/4

19ﬂ2€)

Sng —Nng + 2ng
T2

—MNpg + ZnQ — Ng
T2

2ng —ng + 2ng
T2






