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T. D. Lee and G. C. Wick, Phys. Rev. D 9, 2291 (1974).
Vacuum stability and vacuum excitation in a spin-0 field theory.  ������������
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Smooth Crossover at μB=0.
Temperature : Tc ~ 156 MeV

Y. Aoki, et al. Nature 443, 675 (2006).
A. Bazavov,��q(HotQCD Coll.)a�Phys. Lett. B 795, 15 (2019)
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Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2021)
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Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2021)

DSE, FRG/*���QCD�'$�!�-��(����
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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
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Higher Order Fluctuations 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); 107, 052301 (2011).
M.Asakawa, S. Ejiri and M. Kitazawa, Phys. Rev. Lett. 103, 262301 (2009).

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

Cheng et al, PRD (2009) 074505. 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

,

T [MeV]

χ4
B/χ2

B
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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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STAR Detector System 
TPCMTDMagnet BEMC BBCEEMC TOF

HFT

Ø Large, uniform acceptance at mid-rapidity
(2π azimuthal, |η|<1)

Ø Excellent Particle Identification
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BES-I & II at RHIC (2010-2017, 2018-2021)

√sNN

(GeV)

Events 

(106)

BES II / BES I μB 

(MeV)

TCH

(MeV)

200 238 2010 25 166

62.4 46 2010 73 165

54.4 1200 2017 83 165

39 86 2010 112 164

27 30 (560) 2011/2018 156 162

19.6 538 / 15 2019/2011 206 160

14.5 325 / 13 2019/2014 264 156

11.5 230 / 7 2020/2010 315 152

9.2 160 / 0.3 2020/2008 355 140

7.7 100 / 3 2021/2010 420 140

17.3 250 2021 230 158

Collider mode

√sNN

(GeV)

Events 

(106)

BES II / BES I μB 

(MeV)

TCH

(MeV)

7.7 50+112 2019+2020 420 140

6.2 118 2020 487 130

5.2 103 2020 541 121

4.5 108 2020 589 112

3.9 117 2020 633 102

3.5 116 2020 666 93

3.2 200 2019 699 86

3.0 259 2018 750 80

3.0 2000 2021 750 80

FXT modeAu+Au Collisions

Ø Most precise data to map the QCD phase diagram :
3 ≤ √sNN ≤ 200 GeV, 25 < μB < 750 MeV

(μB, TCH) : J. Cleymans et al., PRC73, 034905 (2006)

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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Analysis Details- I
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1. Statistical errors estimation : Delta theorem or bootstrap

2. Avoid auto-correlation effects: New centrality definition.

3. Suppress volume fluctuation�Centrality bin width correction (CBWC)

4. Detector efficiency correction : Binomial model

X.Luo, J. Phys. G39, 025008 (2012); A. Bzdak and V. Koch, PRC86, 044904 (2012); X.Luo, et al. J. Phys. G40,105104(2013); X.Luo, Phys. Rev. C 91, 
034907 (2015); A . Bzdak and V. Koch, PRC91, 027901 (2015). T. Nonaka et al., PRC95, 064912 (2017). M. Kitazawa and X. Luo, PRC96, 024910 
(2017). S. He, X. Luo, Chin. Phys. C43, 104001 (2018), X. Luo and T. Nonaka, PRC99, 044917 (2019); Arghya Chatterjee, PRC 101,034902 (2020)
Fan Si, et al. CPC 45, 124001 (2021)

Review Article : X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017).[��297�]

Analysis Details- II
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STAR, Phys. Rev. Lett. 105, 022302(2010).

���� �K����!��

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

2010�&��$�'�����$
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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)

��,�#!,�� , Phys. Rev. C 94, 024918 (2016)
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Raw Event-by-Event Net-Proton Distributions

Mean values increase when decreasing energy:
Interplay between baryon stopping and pair production.
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STAR, Phys. Rev. Lett. 126, 092301 (2021)
STAR, Phys. Rev. C 104, 024902 (2021)

M. Stephanov, PRL107, 052301(2011); JPG 38, 124147 (2011).
JW Chen�J. Deng et al., PRD93, 034037 (2016);
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Central Au + Au Collisions at RHICCentral Au + Au Collisions at RHIC
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Fixed-target mode at STAR (2018-2021)

1'4�
��250�( ,
�,�.%TPC���Z=201 cm

3 GeV is the lowest energy of STAR fixed target experiment which
extends the coverage of !B up to 750 MeV !

���
����
������STAR
������	� ,2	$�-�*0�

�/37�*0!�3�3.2�3.5�3.9,
4.5�5.2, 6.2, 7.7 GeV
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Ø The suppression of C4/C2 is consistent with fluctuations driven by baryon number
conservation which indicates a hadronic interaction dominated region in the top 5%
central Au+Au collisions at 3 GeV.

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

Energy Dependence of Fourth-order Fluctuations

STAR, Phys. Rev. Lett. 128, 202303 (2022)
3 GeV : Yu Zhang (��), Ph.D thesis



��
 20�	���������������	����
������, 2022�8�8-11�

Higher-order baryon number fluctuations

Ø First principle Lattice QCD calculation predicts C6/C2 < 0.

Ø C6/C2 progressively negative from peripheral to central collisions
Indicate smooth crossover at 200 GeV.

STAR, Phys. Rev. Lett. 127, 262301 (2021)
A. Bazavov, ���(HotQCD )�,
Phys. Rev. D 101, 074502 (2020);

Lattice QCD
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AuAu: PRC 104 (2021) 024902; PRL 126.092301 (2021), PRL 127 (2021) 262301 (2021).

Isobar data and p+p data : QM2022 (��

���#��)

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.

C6/C2 : System Size Dependence

Lattice QCD and FRG Model : Negative C6 when T ~ Tc could serve as

experimental evidence of chiral crossover.
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Energy Dependence of Fifth- and Sixth-order cumulants

1. C5/C1 (0-40%) fluctuates around zero.
2. C6/C2 progressively negative with decreasing collision energy down to 7.7 GeV.
~ 1.7 sigma to be negative sign.
3. Consistent with lattice QCD with μB < 110 MeV.

STAR, arXiv : 2207.09837, submitted to PRL.
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Even higher-order baryon number fluctuations

Ø Higher-order fluctuations are more sensitive to QCD phase transition.
Ø Negative C6 and C8 − crossover transition.
Ø Exp. : Statistical hungry and background effects maybe complicated.

���, XFL&, Phys. Rev. D 104, (2021) 094047 (Editor Suggestion)

STAR : 2023-2025��,0..200 GeV�20�������'$ -5-8/!*�
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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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Summary

1) BES-I : Indicate QCD critical point between
3– 40 GeV.

2) Au+Au collisions at 200 GeV, !B ~ 25 MeV, 
QGP EOS dominant, smooth crossover 
transition.

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

4) BES-II (completed !), analysis ongoing.
7.7 ~ 19.6 GeV (collider)
3 ~ 7.7 GeV (FXT)

5) Other sensitive observable : light nuclei
production, intermittency.

Stay tuned for the exciting physics from
RHIC BES-II (2019-2021) !
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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.

Outlook

 �(��&�)�
XFL����%�,����50(2), (2021)
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A collective effort of many experts from several subfields.
Editors : XFL, Qun Wang, Nu Xu, and Pengfeng Zhuang
Springer 2022 in production.

Book “Properties of QCD Matter at High Baryon Density”
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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). H. Liu et al, Phys.
Lett. B 805, 135452 (2020). K. Sun, C. M. Ko, Phys. Rev. C 103,064909 (2021)�W. Zhao et al., Phys. Rev. C102, 044912 (2020); X. G.
Deng, Y. G. Ma, Phys. Lett. B 808, 135668 (2020);

Neutron density fluctuations

Based on coalescence model:

Ø The compound yield ratio is a powerful tool to probe the signature of critical point and
distinguish the different production mechanism of light nuclei in heavy-ion collisions

W. Zhao, K.J. Sun, C.M. Ko, X. Luo, Phys. Lett. B 820, 136571 (2021)
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Ø FXT 3 GeV shows different trend compared to BES-I Au+Au collisions, indicating a
different medium equation of state (EoS) at 3 GeV

Ø The AMPT model with 1st order P.T. EoS with a critical temperature (~154MeV) shows the 
same centrality dependence as that observed by STAR experiment

Ø BES-I triton paper is under collaboration review.

Light Nuclei Production in Au + Au Collisions

3 GeV STAR data :��, QM2022 talk
Centrality (%)

K. J. Sun et al. arXiv: 2205.11010
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Intermittency (��) for Charged Particle at BES-I 

Probing the density fluctuations and long range correlations
near the QCD critical point via intermittency analysis in
transverse momentum plane.

!"($) =
< 1
$) ∑+,-./ 0+(0+ − 1). . . (0+ − 3 + 1) >

< 1
$) ∑+,-.6 0+ >"

7!"($) = !"89:9($) − !";+<($)
7!" $ ∝ 7!>($)?@ Scaling exponent exhibits a non-monotonic energy dependence in

central Au+Au collisions with a minimum around ABB = 20-30 GeV.
Paper is under collaboration review.

STAR Preliminary

STAR Preliminary

C" ∝ (3 − 1)D

��(for STAR)�ISMD2021


