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相对论重离⼦碰撞中QCD相图的实验研究
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E. Fermi: “Notes on Thermodynamics and Statistics ” (1953)

极端物质形态

Water Phase Diagram

How to create extreme condition similar to early universe ?
What is the relevant degree of freedom and dominated interactions ?

E. Fermi
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相对论重离子对撞机(RHIC)

大型强子对撞机(LHC)

李政道先生

相对论重离子碰撞和夸克胶子等离子体(QGP)

Ø 夸克胶子等离子体性质：

Ø 强相互作用物质相结构

sQGP: 强耦合理想流体
强耦合低粘滞
强涡旋场
强电磁场 RHIC White Paper :nucl-ex/0501009

Hot QCD White Paper：2303.17254
ALICE: 2211.04384 (review)

T. D. Lee and G. C. Wick, Phys. Rev. D 9, 2291 (1974).
Vacuum stability and vacuum excitation in a spin-0 field theory.

人类制造的最高温度：~2万亿度
太阳中心温度：~2000万度
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强相互作用(QCD)相图

关键科学问题：高重子密度区是否存在一级相变边界和QCD相变临界点
马余刚、许怒、刘峰，基于HIAF集群的QCD相结构研究，中国科学:物理学力学天文学,2020,50(11):124

Smooth Crossover at μB=0.
QCDTransition Temperature : Tc ~ 156 MeV

Y. Aoki, et al. Nature 443, 675 (2006).
A. Bazavov, H.-T. Ding et al.(HotQCD)，
B. Phys. Lett. B 795, 15 (2019)

夸克胶子等离子体

强子物质

临界点？

高重子密度下QCD物质的性质 (2022)

核技术“QCD相图和临界点专刊”(2023)

客座编辑：陈列文、黄梅、刘玉鑫、罗晓峰、马余刚
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Holography+ Bayesian : Hippert et al., arXiv : 2309.00579

QCD相变临界点的位置：理论和模型计算

(𝛍c, Tc) = (495 - 654, 100 - 119) MeV 3.5 < s!! < 4.9 GeV

CPOD2024
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STAR探测器
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RHIC Beam Energy Scan (BES) Program (2010-2021)

STAR Fixed Target Mode

Øx10-20 more statistics in BES-II compared to BES-I at collider energies

ØBES-II: Collider energies (7.7 – 27 GeV), FXT energies (3.0 - 13.7 GeV)

ØμB coverage : 25 < μB < 750 MeV
STAR, arXiv:1007.2613
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
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1.与系统感应率 (𝝌) 相关
2.与关联长度 (ξ) 敏感

实验观测量

κσ 2 = χ (4 )

χ (2) ∝ξ 5
𝜅𝝈2

1

0

理论预言的QCD临界点信号

M.A. Stephanov, 
Phys. Rev. Lett. 102, 032301 (2009)
Phys. Rev. Lett. 107, 052301 (2011)

碰撞能量

泊松涨落基线

χq
(n) = 1

VT 3 ×Cn,q =
∂ n (p /T ^ 4)

∂ µq( )n
,q = B,Q,S

守恒荷涨落
(系统关联长度的响应)

临界点:关联长度(ξ)、
系统感应率 (𝛘)发散

N

q

逐事件守恒荷分布 高阶矩：
方差(二阶，σ2)、
偏度 (三阶，S)、
峰度 (四阶，𝜅)

守恒荷：净重子 (B)、净电荷 (Q)、净奇异数 (S)

临界点的灵敏观测量：守恒荷分布的高阶矩
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STAR, Phys. Rev. Lett. 105, 022302 (2010)

Verified the feasibility of the high moments observable in heavy-ion experiment.

净质子数分布高阶矩的首次测量

First measurement
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研究非临界效应：
为寻找QCD临界点提供非临界参考基线

综述：XFL, N. Xu, Nucl. Sci. Tech. 28,112 (2017)

建立和完善数据分析方法:
统计误差计算、去除自关联、压低体积涨落、探测效率修正等

13

a) 运用统计中的Delta定理，推导出高阶矩统计误差解析公式并
将其应用到实验数据，精确计算出观测量统计误差

J.Phys.G:39, 025008 (2012)

b)提出中心度宽度修正,压低体积涨落及消除自关联背景影响

J.Phys.G:40, 105104 (2013)

c)发展逐粒子探测效率修正方法,使效率修正更加简化和精确

Phys. Rev. C 91, 034907(2015)

Phys. Rev. C 99, 044917(2019)

Chin. Phys. C45, 104001 (2021)

d)发展出修正高阶矩测量中的事件堆叠效应方法

Nucl.Instrum.Meth.A1026,166246 (2022)

a)研究核平均场以及重子数守恒效应对净质子数涨落的影

Phys. Lett. B 762, 296(2016)

Phys. Lett. B 774, 623(2017)

b)运用输运模型研究净奇异数和净电荷涨落能量依赖

Phys. Rev. C 94, 024901(2016)

Phys. Rev. C 95, 014914(2017)

Phys. Rev. C 96, 014909(2017)

c)研究共振态衰变、强子散射以及体积涨落对净质子数涨落的影响

Phys. Rev. C101, 034902 (2020)

Phys. Rev. C101, 034909 (2020)

Chin. Phys. C45, 064003 (2021)

建立和完善数据分析方法、研究非临界效应
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理论预言:临界点信号

𝜅𝝈2

1

0

泊松涨落基线

碰撞能量

1)净质子数四阶涨落(κσ2)的非单调能量依赖,与理论预言临界点信号一致
2)3 GeV为强子相互作用占主导，给出寻找QCD临界点的能量下限
7.7-200 GeV: STAR, Phys. Rev. Lett. 126, 092301 (2021) ; Phys. Rev. C 104, 024902 (2021)

3 GeV: STAR, Phys. Rev. Lett. 128, 202303 (2022) ; Phys. Rev. C 107, 024908 (2023)

M.A. Stephanov, 
Phys. Rev. Lett. 102, 032301 (2009)
Phys. Rev. Lett. 107, 052301 (2011)

净质子数涨落的能量依赖：第一阶段能量扫描实验结果
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𝒔𝑵𝑵 (GeV)
Event
s

BES-I
(106)

Event
s

BES-II
(106)

7.7 3 45

9.2 - 78

11.5 7 110

14.6 20 178

17.3 - 116

19.6 15 270

27 30 220

iTPC:
Improves dE/dx
Extends 𝜂 coverage from 1.0 to 
1.5
Lowers pT cut-in from  125 to 60 
MeV/c
Ready in 2019 

EPD:
Improves trigger
Better centrality & event plane 
measurements 
Ready in 2018

eTOF:
Forward rapidity coverage
PID at 𝜂 = 0.9 to 1.5
Provided by FAIR-CBM
Ready in 2019

STAR Major 
Upgrades for BES-

II STAR BES Program: 
Au+Au collisions

Precision Measurement on BES-II

BES-II and BES-I results are consistent !
BES-II : Better statistical precision

Better control on systematics !STAR : CPOD2024, SQM2024

净质子数涨落的能量依赖：STAR实验第二阶段能量扫描实验结果
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Energy Dependence and Model Comparison

1) UrQMD: hadronic transport and the
results are analyzed in the same way as
data. S. Bass et al., Prog. Part.
Nucl. Phys., 41, 255 (1998);

2) HRG CE: P.B. Munzinger et al.
Nucl. Phys. A1008, 122141(2021);

3) Hydro: HRG CE + EV, V. Vovchenko et
al., Phys. Rev. C105, 014904 (2022).

4) LQCD: done for net-baryon
A. Bazavov et al., Phys. Rev. D101,
074502 (2020). arXiv : 2407.09335

1. Baryon conservation in all model calculations
2. All proton factorial cumulant ratios show clear non-monotonic dependence
3. Lattice QCD describe the data up to 27 GeV.
4. Precise dynamical modelling is needed to fully understand the data.
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“The release of the BES-II data by STAR represents a major
step towards uncovering the structure of the QCD phase
diagram. It is remarkable that the non-monotonic features of
the data are in qualitative agreement with the expectations
from equilibrium thermodynamics near the QCD critical point,
if one assumes such a point is located at µB ≳ 420 MeV.
Such a location of the critical point would be consistent with
recent estimates from various theoretical approaches…..”

arXiv : 2410.02861



罗晓峰 15第九届手征有效场论研讨会，湖南长沙，Oct. 18-22, 2024

FRG计算：付伟杰, et al., arXiv : 2308.15508

Ø Experimental Results between 3 – 4.5 GeV (STAR FXT)
Ø Precise dynamical modeling and non-CP baselines

Continue the Critical Point Search

Future High Baryon Density Experiment :
Ø FAIR/CBM (2.4 - 4.9 GeV)
Ø HIAF/CEE (2.1– 4.5 GeV)
Ø NICA/MPD (4 - 11 GeV)
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STAR FXT
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ALICE

ALICE3

sPHENIXHADES

@SPS+NA60

NA61@SPS

Heavy Ion Collisions
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Summary and Outlook

BES-II : high statistics, better acceptance and systematics
1. Understand the reason lead to the peaks or dips around 20 GeV

2. Continue to search for QCD critical point between 3 – 20 GeV

3. Need reliable dynamical modeling and non-CP baselines

STAR, PLB 845, 138165 (2023)

Net-Proton Fluctuations BS correlations

STAR: PRL130, 202301 (2023)

Yield Ratio of Light Nuclei Intermittency

STAR, CPOD2024, SQM2024
STAR, CPOD2024

Pion HBT
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1)研究夸克胶子等离子体性质及其相结构
2)强子物理 : Baryon-Baryon Interactions -> Understand YN, YY

interaction and EoS at high baryon Density

Rich physics at high baryon density : QCD phase structure, EoS etc.

Future High Baryon Density
Experiment :
Ø FAIR/CBM (2.4 - 4.9 GeV)
Ø HIAF/CEE (2.1– 4.5 GeV)
Ø NICA/MPD (4 - 11 GeV)

Summary and Outlook
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Physics Topics :
1) QCD Phase Structure at High Baryon Density

2) Nuclear Matter at High Density and Equation of State

3) Dynamical Evolution of Heavy-ion Collisions

4) Nuclear Matter Under Extreme External Fields

5) Hadron Properties in Nuclear Medium

6) Nuclear Physics in Compact Stars

Local Organizing Committee:
Hengtong Ding (Central China Normal University)

Weijie Fu (Dalian University of Technology)

Sophia Han (T.D. Lee Institute, Shanghai Jiao Tong University)

Xiaofeng Luo (Central China Normal University, co-Chair)

Guoliang Ma (Fudan University)

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)

International Workshop on Physics at High Baryon Density (PHD2024)

https://indico.ihep.ac.cn/event/22462/ Nov. 1-4, 2024@CCNU

第一届高重子密度物理国际研讨会

https://indico.ihep.ac.cn/event/22462/
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谢谢大家！


