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江⾓晋⼀

• Beam energy scan at high baryon density
• Temperature, partonic phase, phase transition
• Flow, correlation, fluctuation studies
• Summary and outlook

高エネルギー重イオン衝突の物理 チュートリアル研究会
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J-PARC, FAIR, NICA

臨界点 / Critical Point

〜10 GeV 〜100 GeV
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QCD Phase diagram and Beam Energy Scan 

PRC 96 (2017) 4, 044904 
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M. Kaneta and N. Xu,
J. Phys. G27 (2001) 589

130 GeV Au+Au Central

STAR Preliminary

Simple chemical freeze-out model
remarkably well agrees with data.

Qi : 1 for u and d, -1 for #u and #d
si : 1 for s, -1 for s̅
gi : spin-isospin freedom
mi : particle mass
K2 : the second-order modified

Bessel function

Tch : Chemical freeze-out temperature
µq : light-quark chemical potential
µs : strangeness chemical potential
gs : strangeness saturation factor

Thermal (Chemical Freeze-out) model
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Thermal di-lepton measurements
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Di-electron mass spectra

• p0, h, (r), w, h’, f mesons, J/y
• Thermal radiation
• r modification
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High pT prompt photon

• RAA ~ 1 and v2 ~ 0
• consistent with small interaction
• as a penetrating probe of QGP  

elliptic 
expansion

Phys. Rev. Lett. 109, 122302 (2012) , PHENIX

v2
prompt photons v2 
reasonably small

(at high pT)
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Thermal photon radiation and collective flow

Phys. Rev. Lett. 104, 132301 (2010) , PHENIX

• significant low pT photon excess
• Initial temperature 300-600MeV
• comparable v2 with hadrons

elliptic 
expansion

thermal photon v2
surprisingly large

(at low pT)

Phys. Rev. Lett. 109, 122302 (2012) , PHENIX

v2
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通常の核吸収から更にJ/yの減少

Normal nuclear absorption
6.4 +- 0.8 mb

Color Screening

cc
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J/y (𝒄#𝒄) の
QGP中での消滅

カラー遮蔽

ShinIchi Esumi, Univ. of Tsukuba, TCHoU



J/y suppression and threshold-like behavior
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0−90％ (min. bias)

0−20％
(central)

20−40％
(semi-central)

40−90％
(peripheral)

J/y suppression and re-generation
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LHC

RHIC

LHC

RHIC
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Transition from Quark Matter 
back to Hadronic Matter

Thermal freeze-out Strangeness

Blast Wave model (Tkin, bT)
- radial flow
- hydro-base 

K/p horn
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Thermal (Kinetic) Freeze-out
with radial flow

locally thermal
collective radial expansion

• end of elastic interactions
• end of inelastic interactions 

(Chemical freeze-out)

Teff  = Tfo + 0.5 m á v^ ñ 2 

p : pT spectraKp

Blast Wave model 
(Tkin , bT)

- radial flow  
- hydro-base 

(Tfo , vT) 
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Phys.Rev.C78 (2008) 034907

d-quark

s-quark

d-quark

s-quark

Hadron

Radial flow of quark (quark coalescence)
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Departure from 
the Quark Number Scaling of v2

STAR, Phys. Rev. Lett. 118, 212301 (2017) 

STAR, Phys. Lett. B 827, 137003 (2022) 

x-z平⾯
反応平⾯
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Quark Number Scaled v2 at FXT beam energies (3.0 ~ 4.5 GeV)



RHIC (200GeV)

LHC (2.76TeV)

ハドロン質量依存性

クォーク数依存性
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Test of NCQ scaling with 
high stat. RHIC/LHC data
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v1  vs rapidity and 
v1 slope of hyper-Nuclei
at FXT beam energies

x-z平⾯
反応平⾯
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Excess-proton v1 or Net-proton v1 

𝑣!
"#$"%%&' =

𝑣!(𝑝) − 𝑣!(𝑝𝑏𝑎𝑟)
1 − 𝑟

𝑣!
(")&' =

𝑣! 𝑝 − 𝑟 𝑣!(𝑝𝑏𝑎𝑟)
1 − 𝑟

𝑟 =
𝑁'*+,
𝑁'

STAR Preliminary

STAR, Phys. Rev. Lett. 112,162301 (2014) 
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Proton and anti-proton v1 vs rapidity
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Proton and 
anti-proton 
dv1/dy
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Comparison with JAM calculations
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pz

px
vn(pT, eta)

z

x
en(pT, eta)

Various correlations studies

• geometry, expansion, interaction
• identical, non-identical correlation
• meson-meson, baryon-baryon
• global/local polarization
• vorticity and EM-field

BES2

v1

v2,3
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Beam energy dependence of 
2-particle interferometry 

measurement (HBT effect) 

Rside

Rout

Beam 
direction

Rlong
pT direction
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Charged pions
(coulomb corrected)

Charged Kaons
(coulomb corrected)

Neutral K0
s

(strong corrected)
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p-L, d-L correlations to determine f0 and d0
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Baryon – Strangeness correlation
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Baryon – Strangeness correlation and Neutron Density Fluctuation

!!!"
(!#)$

= ($%%)($)
($%)($%)

STAR, Phys. Rev. Lett. 130, 202301 (2023) 

light nuclei coalescence
(locally) neutron rich system
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Beam energy dependence 
of net-proton, net-charge 

distribution 
QM14, STAR

BES-I final︓
PRL 126 (2021) 092301
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Ring1

Ring5

Ring16
反応平⾯検出器
（EPD） |h|=2〜5

EP
D粒

⼦
数

TPC粒⼦数

Ring1                 Ring5  Ring16

|h| < 1.0 
→ 1.5

|h| = 2〜5

h 分布
（仰⾓⽅向⽴体⾓）

-5      0      5

⽣成
粒⼦数

反応傍観部 反応関与部

・⽴体⾓の拡⼤
・統計量の増⼤
・物理的感度の改善
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STAR, QM15

Au+Au

|Δη| acceptance

Sensitivity improvement expected !?

Poisson 
base line = 1

Nbaryon ~ Nproton + Nneutron + Nhyperon
~ 2 x Nproton
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At critical point with an infinite system 
- correlation length should diverge
- susceptibilities should diverge 

Proposed Experimental Observables:

Moments of conserved quantities:   net-B, net-S, net-Q etc.
- directly related to the susceptibility ratios (calculable from Lattice QCD)
- sensitive to correlation lengths (M. A. Stephanov, PRL 102 (2009) 032301)  

C 4
/C

2
or

 k
s2

PRL107
(2011) 
052301
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New Result on 
Net-proton Cumulant Ratio C4/C2

BES-I  RefMult3
BES-II RefMult3
BES-II RefMult3X

STAR, Phys. Rev. Lett. 127, 262301 (2021) 
STAR, Phys. Rev. Lett. 128, 202302 (2022) 
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BES-I  RefMult3
BES-II RefMult3
BES-II RefMult3X

Net-proton distribution 
and Centrality determination
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Centrality resolution from worst to best: ○ < ● < □ < ■
clear centrality resolution ordering: better resolution => lower cumulants/ratios

UrQMD simulation study  : Au+Au at 7.7 GeV
Fan Si, 
grad. student
USTC/Tsukuba
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Npart

STAR, PRC 107 (2023) 024908

UrQMD simulation study  : Au+Au at 3 GeV
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HADES, PRC102 (2020) 024914

HADES at 2.4 GeV Au+Au collisions  
& STAR at 3.0 GeV

<Npart>

Au+Au 3 GeV STAR 
CBWC only

with participant based centrality
without volume correction

STAR, PRC107 (2023) 024908

Au+Au 2.4 GeV HADES

with spectator based centrality
with volume correction
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STAR, PRL 127 (2021) 262301 (2021), PRL 130 (2023) 082301

1) Increasingly negative C6/C2 down to 7.7 GeV 
(1.7s) ‒ consistent with LQCD

2) C6/C2 > 0 at 3 GeV, consistent with UrQMD
calculation

C6/C2 (hyper order fluctuation) 
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Unfolding eff. correction

Centrality resolution correction (CBWC)

Baryon conservation
Pile-up correction 

Purity correction 
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x-layer y-layer

x-layer

y-layer

x-layer

y-layer

x-layer

y-layer

Neutron detector
FAIR-CBM and

J-PARC Heavy-Ion

ZDC for centrality 
and event plane

at CEE experiment

HIAF / HIRFL-CSR
in China (2025~)



⾼エネルギー重イオン衝突 チュートリアル研究会 臨界ダイナミクス, 2024/8/8, ⼤阪 ShinIchi Esumi, Univ. of Tsukuba, TCHoU 47

EPD

eTOF

iTPC

iTPC : inner TPC, forward tracking
eTOF : end-cap TOF, forward PID
EPD : event plane / centrality 

Fixed Target Set-up (FXT)
at STAR Experiment
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STAR

NA61/SHINE
NA49

Experiments at CERN, GSI, BNL

ALICE

CBM

on-going coming soon

HADES



時間射影型粒子検出器(TPC) 3次元飛跡測定の原理
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3D reconstruction of 
charged particle trajectory

3kV
20cm

Charged particle

荷電粒子の飛跡検出器
時間射影型ガス検出器(TPC)
による3次元飛跡の再構成
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History of Heavy-Ion Facilities and My Interests … 

• Beam Energy Scan at High Baryon Density
• Flow, correlation and fluctuation studies

Quark Gluon Plasma

Hadron
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1 storder
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future high 
density projects

HIAF / HIRFL
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Back-up slides
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PHENIX

STAR

CMS

ATLAS

ALICE
RHICやLHC加速器における実験
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sPHENIX



CMS

STAR

PHENIX
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