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临界点附近：
关联长度发散 、密度涨落增强
-> 临界乳光

Critical Point and Critical Phenomena

Critical Point

水的液气相变临界点温度：374摄氏度

水的相图
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Critical Point and Critical Phenomena

1822年

1869年,英国物理化学家托马斯安
德鲁斯在二氧化碳液气相变实验
中发现“超临界流体”，发表论
文《论物质气态与液态的连续性》
并首次命名“临界点”

1873年，荷兰物理学家范德瓦尔
斯（J. H. van der Waals，
1837-1923）首次从理论上清晰
地解释了物质气相和液相之间的
连续性。麦克斯韦和玻尔兹曼对
范德瓦尔斯的结果给予高度评价

1936年，苏联物理学家
朗道，朗道相变理论,
L.D. Landau, On the 
theory of phase 
transitions, Nature 
137 (1936) 840-841.

1869年

1873年
1822年, 法国物理学家查尔斯·
卡格尼亚德·德拉图 (Charles 
Cagniard de la Tour，1777-1859）
首先在实验当中发现临界现象

1936年

1971年

1971年，美国物理学
家威尔逊, 重整化群
理论
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Critical Point and Critical Phenomena

1822年

1873年，荷兰物理学家范德瓦尔
斯（J. H. van der Waals，
1837-1923）首次从理论上清晰
地解释了物质气相和液相之间的
连续性。麦克斯韦和玻尔兹曼对
范德瓦尔斯的结果给予高度评价

1936年，苏联物理学家
朗道，朗道相变理论,
L.D. Landau, On the 
theory of phase 
transitions, Nature 
137 (1936) 840-841.

1869年

1873年

1936年

科普书(国家科技进步奖获奖丛书)
边缘奇迹：相变和临界现象
于渌，郝柏林，陈晓松著

Cyril Domb, The Critical Point, 
Taylor and Francis, 1993

1971年

1971年，美国物理学
家威尔逊, 重整化群
理论

1822年, 法国物理学家查尔斯·
卡格尼亚德·德拉图 (Charles 
Cagniard de la Tour，1777-1859）
首先在实验当中发现临界现象

1869年,英国物理化学家托马斯安
德鲁斯在二氧化碳液气相变实验
中发现“超临界流体”，发表论
文《论物质气态与液态的连续性》
并首次命名“临界点”

https://book.jd.com/writer/%E4%BA%8E%E6%B8%8C_1.html
https://book.jd.com/writer/%E9%83%9D%E6%9F%8F%E6%9E%97_1.html
https://book.jd.com/writer/%E9%99%88%E6%99%93%E6%9D%BE_1.html
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E. Fermi: “Notes on Thermodynamics and Statistics ” (1953)

Water Phase Diagram

E. Fermi

Matters and Phase Transition in Extreme Condition

极端高温高密环境中的
物质形态及相结构是什么？

1) 早期宇宙演化
2) 可见物质结构
3) 致密星体状态方程
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Relativistic Heavy-Ion Collisions

Ø Properties of Quark-Gluon Plasma (QGP)
Ø Phase structure of Strongly Interacting Matter (QCD phase structure)

RHIC White Paper :nucl-ex/0501009
Hot QCD White Paper：2303.17254
ALICE: 2211.04384 (review)

sQGP: Perfect liquid
• Small eta/s ~ quantum limit
• Strong electromagnetic field
• Large vorticity
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中子星

被写入国家科技部十四五规划和核物理学科长远规划，是我国大科学装置强流离子加速器
HIAF(计划2025年12月建成)的主要物理目标之一

Y. Aoki et al., Nature 443, 675 (2006) ;
A. Bazavov et al (HotQCD),  PRD 85, 054503 (2012).
K. Fukushima and C. Sasaki, PPNP, 72, 99 (2013). 
A. Bzdak et al., Phys. Rep. 853, 1 (2020).

关键科学问题：高重子密度区是否存在QCD临界点和一级相变边界？

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
赵红卫, 从HIAF到CNUF,现代物理学知识，第36卷(2024年), 第1期

Tc ~ 156 MeV

QCD Phase Diagram

HIAF Physics, NU XU, 28号
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理论或模型估计的QCD临界点位置 (2004-2025)
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聚焦区: μB
CEP: ~ 550 – 650 MeV, TCEP: ~ 90 – 118 MeV

格点QCD: F. Karsch, H.-T. Ding, et al., (HotQCD): μB/Tc > 3

理论或模型估计的QCD临界点位置 (2004-2025)

更多理论细节，请见
黄梅老师、庄鹏飞老师报告
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2019-2020年，付伟杰、高飞与其合作者率先基于FRG、DSE方法分别计算出落在聚焦区的临界点位置： (TCEP, 
μBCEP ) = (107, 635), (109, 610) MeV.结果一致, 需要进一步研究其误差范围。
付伟杰, J. M. Pawlowski, and F. Rennecke, Phys. Rev. D 101, 054032 (2020) [# of citations : 335]
高飞, J. M. Pawlowski, Phys. Lett. B 820, 136584 (2021) [# of citations : 121]

理论或模型估计的QCD临界点位置 (2004-2025)

更多理论细节，请见
黄梅老师、庄鹏飞老师报告
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RHIC Beam Energy Scan (BES) Program (2010-2021)
STAR Fixed Target Mode

Ø BES-I (2010 – 2014): 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4 GeV.

Ø BES-II (2018-2021): Collider mode (7.7, 9.2, 11.5, 14.6, 17.3, 19.6, 27 GeV),
FXT mode: (3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 6.2,…,13.7 GeV)

Ø μB coverage : 25 < μB < 750 MeV Review Article : Properties of the QCD matter: review of selected results
from the relativistic heavy ion collider beam energy scan (RHIC BES) program
Jinhui Chen, et al., Nucl. Sci. Tech. 35, 214 (2024)
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χq
(n) = 1

VT 3 ×Cn,q =
∂ n (p /T ^ 4)

∂ µq( )n
,q = B,Q,S

M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009); 107, 052301 (2011). M.Asakawa, S.
Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009). Cheng et al, PRD (2009) 
074505. F. Karsch and K. Redlich ,  PLB 695, 136 (2011). B. Friman et al., EPJC 71 (2011) 
1694. S. Gupta, et al., Science, 332, 1525(2012). A. Bazavov et al., PRL109, 192302(12) // 
S. Borsanyi et al., PRL111, 062005(13) 

δN( )3
c
≈ ξ 4.5 , δN( )4

c
≈ ξ 7

Observables: Cumulants of Conserved Quantities

Conserved Charges q : Net Baryon Number (B), Net Charge (Q), Net Strangeness (S)

1) Sensitive to correlation length (ξ)  
2) Directly related to the susceptibility ratios

Ø At critical point with an infinite system
- correlation length should diverge 
- susceptibilities should diverge 

M. A. Stephanov, PRL 102 (2009) 032301 

Ø Experimental Observables: Cumulants of Conserved Quantities

CP Signature

𝜅4 
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净质子数分布高阶矩的首次测量

STAR, Phys. Rev. Lett. 105, 022302 (2010)

净质子数涨落的首次测量，
验证了该观测量的可行性
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STAR, Phys. Rev. Lett. 105, 022302 (2010)

净质子数涨落的首次测量，
验证了该观测量的可行性

净质子数分布高阶矩的首次测量
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净K介子数涨落

STAR, Phys. Rev. Lett. 113 092301 (2014).

STAR, Phys. Lett. B 785, 551 (2018).

净电荷数涨落

STAR, Phys. Rev. Lett. 105, 022302 (2010)

净质子数涨落
STAR, Phys. Rev. Lett. 112, 032302 (2014)
(横动量范围：0.4<pT<0.8 GeV/c)

净质子数涨落的首次测量，
验证了该观测量的可行性

寻找QCD临界点：BES-I守恒荷分布的高阶矩测量
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净K介子数涨落

STAR, Phys. Rev. Lett. 113, 092301 (2014).

STAR, Phys. Lett. B 785, 551 (2018).

净电荷数涨落

STAR, Phys. Rev. Lett. 105, 022302 (2010)

净质子数涨落
STAR, Phys. Rev. Lett. 112, 032302 (2014)
(横动量范围：0.4<pT<0.8 GeV/c)

寻找QCD临界点：BES-I守恒荷分布的高阶矩测量

净质子数涨落的首次测量，
验证了该观测量的可行性
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STAR分析团队建立观测量的统计误差计算、去除自关联、
压低体积涨落、探测效率修正等分析方法

综述文章：X. Luo, N. Xu, Nucl. Sci. Tech. 28,112 (2017)
STAR, Phys. Rev. C 104, 024902 (2021)

建立数据分析方法、完成BES-I中净质子数涨落测量

Ø 首次在中心碰撞中观测到净质子数分布四阶涨落的
非单调能量依赖(3.1𝛔)

Ø 3 GeV结果与输运模型一致，强子相互作用占主导。
为寻找QCD相变临界点给出能量下限

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

BES-I : Phys. Rev. Lett. 126, 092301 (2021)
Phys. Rev. C 104, 024902 (2021)

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

X.Luo, 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

X.Luo, J. Xu, B. Mohanty, N. Xu, 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

X. Luo, Phys. Rev. C 91, 034907(2015)
X. Luo,T. Nonaka, Phys. Rev. C 99, 044917(2019)
A Chatterjee, S. Esumi, X. Luo, T. Nonaka, CPC45, 104001 (2021)
Fan Si, Y. Zhang, X. Luo, Chin. Phys. C 45, 124001 (2021)

d)发展出修正高阶矩测量中的事件堆叠效应方法
Y. Zhang, Y. Huang, T. Nonaka, X. Luo, NIMA1026,166246 (2022)
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HADES实验合作组NA61/SHINE实验合作组

ALICE实验合作组

其他实验合作组陆续开展守恒荷涨落测量
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BES-II : Au+Au Collisions at 3 - 27 GeV (Collider + FXT)

High Statistics BES-II Datasets (2019-2021)
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STAR: PRL126, 92301(2021); PRC104, 024902 (2021)
PRL128, 202303(2022); PRC107, 024908 (2023)

HADES: PRC102, 024914(2020)

STAR: 2504.00817

Comparing to non-CP baselines

回顾：BES-II对撞能区(7.7-27 GeV)净质子涨落测量结果

Ø 2-5𝜎 deviations to non-CP baselines at 19.6 GeV
Ø Data from low energies are needed to establish 

the oscillation pattern of CP signal.

CPOD2024, SQM2024
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STAR: PRL126, 92301(2021); PRC104, 024902 (2021)
PRL128, 202303(2022); PRC107, 024908 (2023)

HADES: PRC102, 024914(2020)

STAR: 2504.00817

Comparing to non-CP baselines

Experimental results between 3 and 7.7 GeV :
are crucial for the Critical Point search！

回顾：BES-II对撞能区(7.7-27 GeV)净质子涨落测量结果
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Energy Dependence of (factorial) Cumulant Ratios

1) All cumulant ratios deviate below Poisson baseline (unity). C4/C2 shows deviation at ∼ 20 
GeV w.r.t non-CP references (models and peripheral data) 2 – 5𝜎.

2) Negative 𝜅2, positive 𝜅3; 𝜅4/𝜅1 consistent with Poisson baseline at zero within uncertainties 
3) Lattice QCD (net-baryon) describe the data up to 27 GeV.

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

STAR: 2504.00817
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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

Consistent with the expectation of CP ?

Precise dynamical modelling (non-equilibrium) with CP
is needed to compare with the data.

Y. Shen, et al.,Phys. Rev. C 111, 014916 (2025) ;
S Mukherjee, R. Venugopalan, Y Yin, PRL 117, 222301 (2016)；
S. Wu, Z. Wu, H. Song, PRC 99, 064902 (2019).
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1. Rapidity coverage extended upto |y|<0.6 with iTPC upgrade. 
2. Cumulant ratios decrease smoothly as rapidity window grows
3. UrQMD follows the trend, but deviate quantitatively at higher energies

Yige Huang@QM25

Net-Proton Cumulant Ratios Vs. Rapidity Window
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Finite Size Scaling Study

A. Sorensen and P. Sorensen, arXiv: 2405.10278 

1) Finite size scaling study for C2 based 
on thermodynamic behavior 

2) Consistent estimation from Binder 
cumulants fit results 

Yige Huang@QM25
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3.2, 3.5, 3.9 GeV ：

Proton Number Fluctuations from STAR Fixed-Target Program

Particle Identification

Ø ETOF provided by CBM-FAIR, crucial for PID at BES-II, especially for the FXT program
Ø Good detector performance (timing resolution, matching efficiency, stability)

Z. Sweger, Yongcong Xu, Xin Zhang @ QM25
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Y. Zhang, Y. Huang, T. Nonaka, X. Luo, NIMA 1026(2022)166246
STAR, Phys. Rev. C 107, 024908 (2023)
Z. Sweger, C. Daniel and X. Dong, PRC 111 (2025) 034902

Proton Acceptance and Identification

FXTMult3: all h- and, h+ excluding protons/d/t.. 
within STAR detector to avoid auto-correlations.

Conventional PID method for Proton :
TPC PID at low 𝑝
TPC+TOF at high 𝑝
-> Acceptance gap.

Experimental methods to reduce those effects :
1) Pile-up rejection + dynamic dE/dx selection to maximize 

TPC PID and ensure >90% purity. -> (3.5 and 3.9 GeV)
2) 3.2 GeV: only TPC PID, Pile-up correction is applied.

Slow TPC/Fast TOF PID + Pile-up = Fast/Slow miss match ->
Will distort cumulant measurement
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Energy Dependence of (Net-)Proton C4/C2 from BES-II

Z. Sweger, Yongcong Xu, Xin Zhang @ QM25
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At 3.0 – 3.9 GeV central collisions (0-5%, -0.5<y<0):
1) UrQMD describe the trends of the data
2) Proton (factorial) cumulants at 2nd and 3rd order deviates from UrQMD
3) Proton C4/C2, 𝜅4/𝜅1 consistent with UrQMD

Energy Dependence of (Factorial) Cumulant Ratios 

Z. Sweger, Yongcong Xu, Xin Zhang @ QM25
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Search for the QCD Critical Point : To be Continued…

Ø Experimental results between 4 – 8 GeV are crucial.
Ø Analysis of 4.5 GeV and 2 billion events from Run21 3 GeV are ongoing.

Fabian @ QM2025, plenary
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Search for the QCD Critical Point : To be Continued…

Ø Experimental results between 4 – 8 GeV are crucial.
Ø Analysis of 4.5 GeV and 2 billion events from Run21 3 GeV are ongoing.

Fabian @ QM2025, plenary
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Baryon-Strangeness Correlations

Hanwen Feng (STAR), QM25, Young Researcher Award
3 GeV: Yu Zhang (STAR), QM25 Poster ID 1020

V. Koch, A. Majumder and J. Randrup, Phys. Rev. Lett. 95, 182301 (2005)

Ø Central Collisions : CBS consistent with FRG/LQCD at high energies (39, 62.4 GeV)
While at 19.6 and 27 GeV, it deviates above from all calculations.

Ø Peripheral collisions: The energy dependence from 7.7 to 62.4 GeV can be described by UrQMD.
Ø Large value observed of CBS at 3 GeV is consistent with baryon rich environment. 
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STAR: Phys. Rev. Lett. 130, 202301 (2023)
Phys. Rev. C110, 054911 (2024) 

Light Nuclei Yield Ratios from BES-II (3 – 27 GeV)

Ø Thermal model overestimate the light nuclei yield ratios for t/p and 3He/p ratio,
can be explained by the effect of hadronic re-scattering (K. Sun, et al., Nature Comm. 15,1074 (2004))

Ø Large increase is observed in compound yield ratio at low energies, which
cannot be described by transport (UrQMD,AMPT) or hydro models.

Liubing Chen, Yixuan Jin(STAR)@ QM25

The compound yield ratio is proposed to be sensitive to 
the neutron density fluctuations K. Sun et al. Phys.Lett.B 774 (2017) 103-107

刘慧，26日上午
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pT-pT fluctuations

Charged Hadrons Intermittency and pT-pT fluctuations

Rutik Manikandhan (STAR), QM25 Poster ID 774 STAR, Phys. Lett. B 845, 138165 (2023)

Non-monotonic energy dependences are observed in both charged particles
Intermittency and pT-pT fluctuations.

Intermittency李治明，26日上午
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Energy Dependence of Collective Flows (dv1/dy, v2) from BES-II

Probe the EoS of QCD medium and understand the role of
nuclear shadowing at high baryon density region.

STAR, arXiv:2504.02531v1(Φ) ~ v1(p) ~ v1(Λ) 

郑光裕 (STAR), QM25 Poster ID 696
Poster ID 171 @ this conference

吴星，27日上午
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Ø STAR reported precision measurement of (net-) proton fluctuations in
Au+Au collisions from BES-II including 3.2-3.9 GeV (FXT) and 7.7-27
GeV(Collider).
-better statistics, systematics and centrality resolution.

Ø Collider energies : for net-proton C4/C2 in central collisions,
deviations of 2-5𝜎 are observed w.r.t non-CP reference (model or
peripheral data) at 19.6 GeV.

Ø FXT energies : proton C4/C2 in central collisions are consistent with
UrQMD calculations at 3.0 – 3.9 GeV. Analysis of 4.5 GeV and high
statistics 3 GeV data (2 Billion events) are ongoing.

Ø More observables：BS correlations, intermittency, light nuclei, flow,
pT-pT fluctuations.

Summary and Outlook
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Future High Baryon Density Experiments:
Ø FAIR/CBM (2.4 - 4.9 GeV)
Ø HIAF-HNS/CEE (2.1– 4.5 GeV)
Ø NICA/MPD (4 - 11 GeV)
Ø JPARC-HI (2-6.2 GeV)

Ø Critical point and phase boundary;
Ø Nuclear matter EOS at high baryon density;
Ø Y-N interactions, inner structure of compact stars. etc.

(Observation of Strange Di-baryon, Kehao Zhang(STAR)@QM25

Rich Physics at High Baryon Density

核技术“QCD相图和临界点专刊”(2023)高重子密度下QCD物质的性质 (2022)

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)

The 2nd International Workshop on Physics at High Baryon Density (PHD2025)
期待金秋十月相聚华师桂子山！ Oct. 16-18, 2025@CCNU
https://indico.ihep.ac.cn/event/25334/

Welcome to PHD2025@CCNU !

https://indico.ihep.ac.cn/event/25334/
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Thank you for your attention!

Many Thanks to: 
Daniel Cebra, Xin Dong, ShinIchi Esumi, Yige Huang, Feng Liu, Bedanga
Mohanty, Bappaditya Mondal, Ashish Pandav, Zarchary Sweger, Fan Si, 
Zhaohui Wang, Nu Xu, Yongcong Xu, Yifei Zhang, Xin Zhang, Yu Zhang 

STAR Collaboration and Theory Colleagues 


