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相对论重离子碰撞中QCD相图的实验研究

QCD与中高能核物理暑期学校,山东大学, July 10th - 25th, 2023

罗晓峰

华中师范大学
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“⼀尺之棰，⽇取其半，万世不竭”《庄⼦-天下篇》

物质是否无限可分？
组成我们物质世界的基本单元是什么？

~公元前300年

古希腊唯物主义哲学家：德谟克利特(~公元前370年)
率先提出原子论（万物由原子构成）

马克思和恩格斯赞美他是古希腊人中“第一个百科全书式的学者”
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Ø 四种基本相互作用力
Ø 61种基本粒子,如三代夸克、轻子
、中微子等

Ø 1897年:人类发现的第一个基本粒子：电子， J.J.汤姆森发现
Ø 1911年：卢瑟福散射实验发现原子具有内部结构，带正电的原子核
Ø 1967年：斯坦福直线加速器的电子-质子散射实验发现质子内部有结构

electron

nucleus 

nucleons

proton 

neutron

gluons quarks

Ø 夸克是组成物质的基本单元，自然界没有发现自由的夸克：夸克禁闭
Ø 量子色动力学是较好描述强相互作用力的成功理论

10-10m， 10-14m 10-17m

物质世界的基本单元和相互作用

“标准模型”
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More is different –多即不同

安德森 (1923-)：美国理论物理学家
“对磁性和无序体系电子结构的基础
理论研究”获1977年诺贝尔物理学奖

http://science.sciencemag.org/content/177/4047/393

凝聚态物理的<<独立宣言>>
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Quantum Chromodynamics (QCD)

Ø Asymptotic freedom: Quarks 
and Gluons weakly interacting 
1): when getting close
2): large momentum transfer.

Ø Color Confinement
Free the quarks and gluons from hadrons !
如何研究夸克层次的凝聚态物理？
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相对论重离子碰撞：加热到万亿度(1012 ℃)！！

T. D. Lee (1926-)

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

获得1957年诺贝尔物理学奖
重离子被加速到接近光速发生对撞，创造出高温
高密环境使夸克解禁闭形成夸克胶子等离子体。

人类目前为止制造的最高温度：约为太阳中心温度的10万倍。

太阳核心温度：20000000 K (夸克仍被禁闭在强子中)
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RHIC@BNL, USA LHC@CERN, Geneva

- LHC: The highest energy heavy-
ion collider √s = 5.4 TeV

- LHC: The highest energy proton 
collider √s = 14 TeV

High Energy Nuclear Collision Experiments

- RHIC: The high energy heavy-ion 
collider √s = 200 – 7.7 GeV

- RHIC: The highest energy
polarized proton collider (500 GeV)
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RHIC和LHC上的高能物理实验

PHENIX

STAR

CMS

ATLAS ALICE

LHCb

PentaquarkHiggs Discovery
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STAR Collaboration
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STAR Detector System 
TPCMTDMagnet BEMC BBCEEMC TOF

HFT
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研究课题

STAR时间投影室探测到的带电粒子径迹 1、夸克胶子等离子体性质：集体流、奇异粒子产
生、重味以及喷注、两粒子关联、双轻子产生等

2、QCD相图结构、寻找QCD相变临界点：守恒荷涨落
与关联、轻核产生、间歇等

3、新粒子以及奇异粒子态 ：超核、反物质等

4、QCD真空性质与强电磁场：手征磁效应、手征磁波
超子极化、UPC光光相互作用
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Scientists Serve Up “Perfect” Liquid

GAS state Liquid state

Experimental observations support the formation of strongly couple
and liquid like Quark-Gluon Plasma (sQGP) in Heavy-ion Collisions.

Eur.Phys.J. C
72,1945

(2012).

Partonic Collectivity v2

Jet Quenching

Quark matter studied in nuclear collisions, since 1987 at BNL/AGS (2.7-
4.8 GeV), 1996 at CERN/SPS (6.2-17.3 GeV), since 2000 at BNL/RHIC
(7.7-200 GeV), since 2010 at the CERN/LHC at √sNN = 2.76-5.02 TeV.

Phys. Rev. Lett. 117, 212301 (2017).

• Low viscosity
• Rapid thermalization
• Heavy quark suppression and Jet quenching
• Partonic collectivity
• Strong electromagnetic field and large vorticity

RHIC White Paper
2005 :
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η/s q^

Quantifying the Properties of Hot and Dense QCD Matter 

Hot QCD White Paper, arXIv : 2303.17254
Hot and Dense QCD Matter : https://www.bnl.gov/npp/docs/bass_rhi_wp_final.pdf
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QGP新物态
一定温度和密度下的热力学性质，如：
Ø 状态方程
Ø 粘滞系数
Ø 输运系数

改变外部条件：研究发生相变形成QGP
的条件和信号，探索相结构，一级相变边
界、临界点？

水的相图

内因：相互作用、系统对称性
外因：外部条件的改变

QGP物质形态与相变

水的固液气相变：
电磁相互作用主导



Xiaofeng Luo 15QCD与中高能核物理暑期学校, 山东大学, July 10-25, 2023

强相互作用(QCD)物质相图

关键科学问题：高重子密度区是否存在一级相变边界和对应的相变临界点。

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.
Transition Temperature : Tc ~ 156 MeV

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

夸克胶子等离子体

强子物质

临界点？

温
度

QCD相图结构被发现杂志评为：本世纪物理学11大未解决难题之一
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临界点和临界现象

First CP is discovered in 1869
for CO2 by Andrews.

Can we discover the critical
point of quark matter ?

Ø 临界点：一级相变线终结点，
发生二级相变

Ø 密度涨落增强与关联长度增大：
临界乳光现象

Ø 系统的对称性决定临界指数：即热力
学量的临界发散行为

Ø 有限尺度效应.

Tc ~ Trillion (1012 ) °C

Tc = 31°C

T. Andrews.Phil. Trans. Royal Soc., 159:575, 1869.

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

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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Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2021)

理论上确定QCD相变临界点的位置有较大的不确定性。

QCD临界点位置：理论模型计算
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QCD临界点位置：理论模型计算

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2021)

Ø 格点QCD: μB/Tc > 2
Ø DSE、FRG (临界点重子化学势范围 μB ~ 600 - 670 MeV ).
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Organizers: T. Ludlam, H. Ritter, G. Stephans, M. Gazdzicki, B. Friman, F. Videbaek, T. Satogata, K. Rajagopal, L. McLerran

Motivation & Plans
The workshop is motivated by a growing body of theoretical and experimental evidence that the critical point on the QCD phase diagram, if it exists, 
should appear on the QGP transition boundary at baryo-chemical potential ~100 - 500 MeV, corresponding to heavy ion collisions with c.m. energy in 
the range 5 - 50 GeV/u. Identifying and pinning down this point with experimental measurements would be a major step forward in the world-wide 
effort to determine the properties of QCD at high temperature and density.

https://www.bnl.gov/riken/QCDRhic/default.asp

Relativistic “Minds” Collisions (2006.03)

https://www.bnl.gov/riken/QCDRhic/default.asp
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Ø BES first proposed to PAC 2006.
Ø STAR BES campaign formally started in 2010 
Ø BES-II officially requested in 2014, starts 2019(18)

BES-II White Paper (2014)

STAR, arXiv:1007.2613
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

STAR Beam Energy Scan Adventure

Ø Looking for turning off QGP signals observed at RHIC top energy.
Ø Mapping out the crossover and/or 1st order QCD phase boundary
Ø Search for the signatures of possible QCD critical point.

Main Motivation:

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
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Fluctuations Probes the QCD Phase Transition

2. Fluctuations signals the Quark Deconfinement. 

1. Fluctuations signals the QCD Critical Point.

S. Jeon and V. Koch, Phys. Rev. Lett. 85, 2076(2000). 
M. Asakawa, U. Heinz and B. Muller, Phys. Rev. Lett. 85, 2072 (2000).

M. Stephanov, K. Rajagopal, E. Shuryak, Phys. Rev. Lett. 81, 4816 (1998). 
M. Stephanov, K. Rajagopal, E. Shuryak, Phys. Rev. D 60, 114028 (1999). 比热 ->能量涨落

不可压缩系数->粒子数涨落

系统关联长度

热力学强度量与延展量的涨落相关

Two-point correlation functions of magnetic moment:

G(!r ) = S(!r )S(0) − S(!r ) S(0)

G(!r )∝ 1
r
e−r/ξ (t ) ξ(t) = ξ0 | t |

−1/2

t : reduced temperature
In 3D case:

Susceptibility
(2nd fluctuations) χ ∝ G(!r )∫ d!r ∝ξ 2 (t) Correlation length 
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Fluctuations Probes the QCD Phase Transition

2. Fluctuations signals the Quark Deconfinement. 

1. Fluctuations signals the QCD Critical Point.

S. Jeon and V. Koch, Phys. Rev. Lett. 85, 2076(2000). 
M. Asakawa, U. Heinz and B. Muller, Phys. Rev. Lett. 85, 2072 (2000).

M. Stephanov, K. Rajagopal, E. Shuryak, Phys. Rev. Lett. 81, 4816 (1998). 
M. Stephanov, K. Rajagopal, E. Shuryak, Phys. Rev. D 60, 114028 (1999). 

STAR, Phys. Rev. C 92 (2015) 21901CERES, Nucl. Phys. A 727:97,2003
STAR, Phys. Rev. C 99 (2019) 44918

Mean pT fluctuations Particle ratio fluctuations Multiplicity fluctuations

NA49, Phys. Rev. C 78 (2008) 034914
NA49, Phys. Rev. Lett. 86 (2001) 1965

比热 ->能量涨落
不可压缩系数->粒子数涨落

系统关联长度

热力学强度量与延展量的涨落相关
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https://www.int.washington.edu/PROGRAMS/08-2b.html

INT 2008-2b : The QCD Critical Point

https://www.int.washington.edu/talks/WorkShops/int_08_2b/

Gunther Roland
Massachusetts Institute of Technology
rolandg@mit.edu

Volker Koch
Lawrence Berkeley National Laboratory
vkoch@lbl.gov

Mikhail Stephanov
University of Illinois at Chicago
misha@uic.edu

Organizer:

Need sensitive experimental observable !!

mailto:rolandg@mit.edu
mailto:vkoch@lbl.gov
mailto:misha@uic.edu
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Large density fluctuations and Baryon clustering

In the vicinity of critical point and/or
1st order phase transition

Higher moments of
conserved charge
(B, Q, S) distributions

light nuclei production

Experimental Signatures:
Non-monotonic variation as a function of
collision energy.

QCD临界点灵敏观测量：守恒荷高阶矩和轻核产生
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2002

2003

2008

2009

2010

The history of higher-order fluctuations observables

2005
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Higher Moments of Conserved Quantities (B, Q, S)

δN( )3
c
≈ ξ 4.5 , δN( )4

c
≈ ξ 7

1. Higher order cumulants/moments: describe the
shape of distributions and quantify fluctuations.
(sensitive to the correlation length (ξ))

M. A. Stephanov, Phys. Rev. Lett. 102, 032301 (2009).
M.Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009).
M. A. Stephanov, Phys. Rev. Lett. 107, 052301 (2011).

2. Direct connect to the susceptibility of the system.

χq
(n) = 1

VT 3 ×Cn,q =
∂ n (p /T ^ 4)

∂ µq( )n
,q = B,Q,S

S. Ejiri et al,Phys.Lett. B 633 (2006) 275. Cheng et al, PRD (2009) 074505. B. Friman et 
al., EPJC 71 (2011) 1694. F. Karsch and K. Redlich ,  PLB 695, 136 (2011).S. Gupta, et 
al., Science, 332, 1525(2012). A. Bazavov et al., PRL109, 192302(12) // S. Borsanyi et al., 
PRL111, 062005(13)

χq
4

χq
2 =κσ

2 =
C4,q

C2,q

χq
3

χq
2 = Sσ =

C3,q

C2,q

,

First Measurement : 2009-2010
STAR, PRL105, 022302 (2010).

Event-by-Event Distribution
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𝜅𝝈2

1

0

M. Stephanov, PRL107, 052301 (2011); J. Phys. G 38, 124147 (2011).
Schaefer et al., PRD 85, 034027 (2012); W. Fu et al., PRD 94, 116020 (2016).
J.W. Chen, J. Deng, et al., PRD 93, 034037 (2016). PRD 95,014038 (2017).
W. K. Fan, X. Luo, H.S. Zong, IJMPA 32, 1750061 (2017);
G. Shao et al., EPJC 78, 138 (2018) ; Z. Li et al., EPJC 79, 245 (2019).
A. Bzdak et al., Phys. Rep. 853, 1(2020). D. Mroczek et al, arXiv: 2008.04022.

κσ 2 = 1 (Poisson Fluctuations)

Characteristic signature of CP:
Non-monotonic energy dependence

“Oscillation Pattern”
Especially the Peak at low energies

Caveats : Non-equilibrium, finite size/time effects Assume "Static and Infinite” medium

Signals of QCD Critical Point : Theory/Model

M. Asakawa, M. Kitazawa, B. Müller, PRC 101, 034913 (2020).
S Mukherjee, R. Venugopalan, Y Yin, PRL 117, 222301 (2016).
S. Wu, Z. Wu, H. Song, PRC 99, 064902 (2019).
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Critical Contributions to Fourth-order Fluctuations (𝜅𝝈2)

NJL van der Waals (VDW)

邓建等, PRD93, 034037 (2016) Vovchenko et al., PRC92, 054901 (2015)

PQM V. Skokov, QM2012

PNJL

邵国运等, EPJC 78, 138 (2018)
黄梅等, EPJC 79, 245 (2019).

FRG
付伟杰等 PRD 104 (2021) 9, 094047

3D Ising Mapping
D. Mroczek et al, PRC 103, 034901 (2021)

Symmetry and Universality
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RHIC Beam Energy Scan (BES) Program (2010-2021)

对
撞

固
定
靶

STA
R
实
验
固
定
靶
模
式
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RHIC能量扫描数据统计表

STAR, arXiv:1007.2613
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

Ø x10-20 more statistics in BES-II compared to BES-I at collider energies
Ø BES-II: 8 collider energies (7.7 – 54.4GeV) / 12 FXT energies (3.0 - 13.7 GeV)
Ø μB coverage : 25 < μB < 750 MeV.

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
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Major Upgrades for BES-II
All 3 detectors fully installed prior to start of Run-19

1) Enlarge rapidity acceptance 
2) Improve particle identification
3) Enhance centrality/event plane resolution

Very successful and important for BES-II

iTPC: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0619
eTOF: STAR and CBM eTOF group, arXiv: 1609.05102
EPD: J. Adams, et al. Nucl. Instr. Meth. A 968, 163970 (2020)
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STAR, Phys. Rev. Lett. 105, 022302(2010).

净电荷数 净K介子数净质子数

STAR, PRL113, 092301 (2014). STAR, PLB 785, 551 (2018).STAR, PRL 112, 032302 (2014).

2010年首次测量：验证了该观测量
在STAR重离子碰撞实验中的可行性

第一阶段能量扫描高阶矩测量结果

寻找QCD临界点信号：非单调能量依赖
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TPC

TOF

Multi-Particle Correlations : Larger acceptance -> Larger signal

Extend pT Acceptance

Acceptance: |y| ≤ 0.5, 0.4 ≤ pT ≤ 2 GeV/c
Efficiency corrections:
TPC (0.4 ≤ pT ≤ 0.8 GeV/c): εTPC ~ 0.8
TPC+TOF (0.8 ≤ pT ≤ 2 GeV/c): εTPC*εTOF ~ 0.5

TPC

Au+Au è protons

TOF

XFL, Phys. Rev. C 91, 034907 (2015).

B. Ling, M. Stephanov, Phys. Rev. C 93, 034915 (2016)
姜丽佳,李鹏飞,宋慧超, Phys. Rev. C 94, 024918 (2016)



Xiaofeng Luo 34QCD与中高能核物理暑期学校, 山东大学, July 10-25, 2023

Raw Event-by-Event Net-Proton Distributions

Mean values increase when decreasing energy:
Interplay between baryon stopping and pair production. STAR, PRL 126, 092301 (2021)

STAR, PRC104, 024902 (2021)
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HADES, Phys. Rev. C 102, 024914 (2020)

Ø HRG (GCE) and transport model predicted monotonical energy dependence. 
Suppression at low energy due to conservation.

Ø Observe a non-monotonic energy dependence (7.7-62.4 GeV) in 0-5% net-proton
κσ2 with a significant of 3.1σ

Energy Dependence of Cumulant Ratios : Sσ and κσ2

STAR, Phys. Rev. Lett. 126, 092301 (2021)
STAR, Phys. Rev. C 104, 024902 (2021)
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Ø Non-monotonic energy dependence 
in central Au+Au collisions (3.1σ)

Ø The suppression of C4/C2 at 3 GeV
is consistent with UrQMD.
Hadronic dominated.

Ø The QCD critical point, if exists in
heavy ion collisions, could likely be
at energy higher than 3 GeV.

Energy Dependence of (Net-) Proton Fourth-order Fluctuations

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

3 GeV: Phys. Rev. Lett. 128, 202303 (2022)
Phys. Rev. C 107, 024908 (2023)
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BES-I : Phys. Rev. Lett. 126, 092301 (2021)
Phys. Rev. C 104, 024902 (2021)

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

Energy Dependence of (Net-) Proton Fourth-order Fluctuations
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BES-II Collider Energies :
10-20 times more statistics
Extended acceptance and PID

Prospects from BES-II

Rapidity coverages at BES-II
Collider: |y|<ymax=0.8
FXT: -1.0<y<0.5 @ 3 GeV

Fixed-target energies
(3 - 7.7 GeV)

STAR, PRC 104 (2021) 024902
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付伟杰, XFL等, Phys. Rev. D 104, (2021)
094047 (Editor Suggestion)

Higher-order baryon number fluctuations

A. Bazavov, et al. (hotQCD),
Phys. Rev. D 101, 074502 (2020);

FRG

Ø Higher-order fluctuations are more sensitive to QCD phase transition.
Ø Negative Cn (n>4) near Tc due to chiral crossover.

-> Serve as experimental evidence for the formation of thermalized QGP and
smooth crossover transition !
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200 GeV Au+Au: PRC 104 (2021) 024902; PRL 126.092301 (2021), PRL 127, 262301 (2021).

Ø Cumulant ratios (up to C6) of net-proton from p+p, Au+Au and isobar data, systematic
decreasing trend with multiplicity, approaching LQCD calculations

Ø Most central Au+Au collision results become consistent with Lattice QCD prediction for 
the formation of thermalized QCD matter and smooth crossover transition.

C5/C1 and C6/C2 : System Size Dependence
200 GeV : p+p, Ru+Ru, Zr+Zr and Au+Au
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1. C5/C1 and C6/C2 (0-40%): Consistent with Lattice QCD with μB < 110 MeV. (> 39 GeV)
2. C6/C2 progressively negative with decreasing collision energy down to 7.7 GeV.
~ 1.7 sigma to be negative sign.
3. 3 GeV 0-40% results : large initial volume fluctuations and consistent with UrQMD.

STAR, Phys. Rev. Lett. 130, 082301 (2023)

C5/C1 and C6/C2 : Energy Dependence
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Light nuclei production as probes of QCD phase structure

Near first order P.T. or critical point :
large density fluctuations and baryon clustering

K.J. Sun, L.W. Chen, C.M. Ko, and Z.B. Xu, PLB 774, 103 (2017);
K.J. Sun, L.W. Chen, C.M. Ko, J. Pu, and Z.B. Xu, PLB781, 499 (2018)
Edward Shuryak，Juan M. Torres-Rincon, PRC 100, 024903 (2019); PRC 101, 034914 (2020); EPJA 56, 241 (2020).

Neutron density fluctuations
g=0.29

New observable : Yield ratio of light nuclei

Yield ratio of light nuclei is sensitive to the baryon density fluctuations and can be used to
probe the signature of 1st order phase transition and/or critical point in heavy-ion collisions.
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Based on coalescence model:
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Ø Due to size effect in coalescence, yield ratio shows scaling behavior and decreasing with
increasing the charged particle multiplicity.

Ø This multiplicity scaling can be used to validate the production mechanism of light nuclei and
serve as a baseline to search for the critical point in heavy-ion collisions

Size effect in coalescence production of light nuclei

R: Radius of spherical Gaussian
emission source

rt and rd: matter radius of
Triton and deuteron.

W. Zhao, K.-j. Sun, C. M. Ko, and X. Luo, Phys. Lett. B 820, 136571 (2021);
K.-J. Sun, C. M. Ko, and B. Dönigus, Phys. Lett. B 792, 132 (2019)
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Ø The yield ratio exhibits a scaling 
behavior: Trend driven by 
interplay between the size of light 
nuclei and the size of fireball
created in HIC

Ø The ratio of 19.6 and 27 GeV from 
0% - 10% centrality show 
enhancements to the coalescence
baseline with a combined 
significance of 4.1 σ

Ø The thermal model overestimates 
the experimental data, shows 
clear difference compared to
coalescence model

Charged-particle Multiplicity Dependence of Light Nuclei Yield Ratio

STAR, Phys. Rev. Lett. 130, 202301 (2023)
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Energy Dependence of Light Nuclei Yield Ratio

JAM : H. Liu et al, Phys. Lett. B 805, 135452 (2020).
AMPT : K. Sun, C. M. Ko, PRC 103,064909 (2021).

Ø Yield ratio shows a non-monotonic dependence on collision energy in 0-10% Au + Au 
collisions, with a peak around 20-30 GeV.

Ø Flat energy dependence of yield ratio observed in JAM, AMPT, UrQMD, hybrid model.
Hydro + transport + coal. : W. Zhao et al., PRC 102,044912 (2020)
UrQMD: X. G. Deng, Y. G. Ma, Phys. Lett. B 808, 135668 (2020)

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

1) Au+Au collisions at 39-200 GeV, μB < 110 MeV
QGP EOS dominant, smooth crossover 
transition.

2) At 3 GeV collisions, 𝜇B ~ 750 MeV, different 
EOS comparing to high energy.
hadronic dominated !

3) BES-I : QCD critical point between 3 – 39 GeV??
What is the physics behind the structure around
20 ~ 27 GeV ?

4) BES-II (data taken completed !), analysis ongoing:
7.7 ~ 19.6 GeV (collider)
3 ~ 7.7 GeV (FXT)
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Outlook

Mapping out the QCD phase structure at high baryon density with high precision:
(1) RHIC BES-II : Collider (√sNN =7.7 - 19.6 GeV) and FXT (√sNN = 3 - 7.7 GeV) mode.
(2) Future Facilities (√sNN =2 - 11 GeV) : FAIR/CBM, NICA/MPD, HIAF/CEE, JPARC-HI.

科普(前沿进展)：
XFL、刘峰、许怒,《物理》50(2), (2021)

Stay tuned for the exciting physics from High Baryon Density !
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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
主编：马余刚

https://inspirehep.net/literature/2611423

“高重子密度区QCD物质的性质” (2022)

https://link.springer.com/book/10.1007/978-981-19-4441-3



Xiaofeng Luo 49QCD与中高能核物理暑期学校, 山东大学, July 10-25, 2023

谢谢大家！


