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Outline

Ø Introduction

Ø Selected Results from RHIC Beam Energy Scan
1) Net-Proton Fluctuations (BES-II Collider)
2) Baryon-Strangeness Correlations (BES-I&BES-II)
3) Light Nuclei Production (BES-I)

Ø Summary and Outlook
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Relativistic Heavy-Ion Collisions

Phase Transition

Ordinary Nuclear Matter Quark-Gluon Plasma (QGP)

Matter under Strong Interaction
Quantum Chromodynmaics (QCD) is the fundamental theory of strong interaction

Vary T and density
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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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QCD Phase Diagram

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

Emergent Properties of Strong Interactions, rich structure at high baryon density

Q1 : Can we find the experimental signature of the smooth crossover ?
Q2 : Can we map out the 1st order phase boundary and find the QCD Critical Point ?
Q3 : What is the equation of state of the dense nuclear matter ?
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Holography+ Bayesian : Hippert et al., arXiv : 2309.00579

Location of the QCD Critical Point : Theoretical Estimation/Prediction

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

CPOD2024

F. Karsch et al.
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RHIC Beam Energy Scan (BES) Program (2010-2021)
STAR Fixed Target Mode

Ø x10-20 more statistics in BES-II compared to BES-I at collider energies

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

Ø μB coverage : 25 < μB < 750 MeV
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Detector Upgrade and Performance in BES-II

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

Skewness (S) → asymmetry

Kurtosis( ) → Sharpness

κ > 0

κ < 0

S<0 S>0

κ

Observables: Higher Moments of Conserved Charge Distributions

CP Signature

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

1. Sensitive to correlation length (ξ)  
2. Directly related to system susceptibility (𝝌)
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STAR, Phys. Rev. Lett. 105, 022302 (2010)

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

Higher Moments of Net-Proton Multiplicity Distributions

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

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), X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017), T. 
Nonaka et al, Nucl. Inst. Meth. A 984(2020)164632, Y. Zhang et al. Nucl. Inst. Meth. A 1026(2022)166246

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

Higher Moments of Net-Proton Multiplicity Distributions
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STAR, Phys. Rev. Lett. 105, 022302 (2010) 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)

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), X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017), T. 
Nonaka et al, Nucl. Inst. Meth. A 984(2020)164632, Y. Zhang et al. Nucl. Inst. Meth. A 1026(2022)166246

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

Higher Moments of Net-Proton Multiplicity Distributions
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1. Multiplicity of charged particles except (anti-)protons is used for centrality determination

2. Larger acceptance and multiplicity lead to better centrality resolution:
RefMult3X (BES-II, |	𝜼	|<1.6) > RefMult3 (BES-II, |	𝜼	|<1) > RefMult3 (BES-I, |	𝜼	|<1)

w/ iTPC w/ iTPC w/o iTPC

BES-II : Centrality Determination
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• Identified protons in selected kinetic region are used for analysis:
0.4 < 𝑝! < 2.0 GeV/c and 𝑦 < 0.5

ü Bin-by-bin proton/antiproton purity > 99%
Stat. error 𝐶" ∝

#!

$

(Anti-)Proton Particle Identification and Net-Proton Distributions
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Centrality Dependence and comparison with BES-I

STAR

Centrality Dependence: Net-proton Cumulants
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1.  Precision measurements: smooth variation across centrality and collision energy observed. 
2.  Higher centrality resolution leads to lower ratios (especially in mid central collisions): 

  
3.  For 0-5% , weak effect of centrality resolution seen.C4/C2
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Centrality Dependence and comparison with BES-I

Results from Refmult3X (BES-II) < Refmult3 (BES-II) < Refmult3 (BES-I)  

STAR

1. Smooth variation across centrality and collision energy is seen from BES-II measurement;
2. Better centrality resolution leads to lower cumulant ratios (especially for mid-central collisions):

Calculations from RefMult3X < RefMult3 < RefMult3 (BES-I)
3. For 0-5% most central collisions, weak effect of centrality resolution of 𝐶!/𝐶" is observed

Centrality Dependence: Net-proton Cumulant Ratios
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Events used for net-proton 
fluctuation studies Deviation between BES-II and BES-I data

BES-II and BES-I results are consistent !

STAR : CPOD2024, SQM2024

Cumulant Ratios from BES-II and BES-I
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Reduction factor (BES-II vs. BES-I ) in
uncertainties on 0-5%

Events used for net-proton 
fluctuation studies Deviation between BES-II and BES-I data

BES-II and BES-I results are consistent !

STAR : CPOD2024, SQM2024
BES-II : Better statistical precision

Better control on systematics !

Cumulant Ratios from BES-II and BES-I



Xiaofeng Luo 20The 20th International Conference on QCD in Extreme Conditions (XQCD 2024)

Reduction factor (BES-II vs. BES-I ) in
uncertainties on 0-5%

Events used for net-proton 
fluctuation studies Deviation between BES-II and BES-I data

Cumulant Ratios from BES-II and BES-I

Ø0-5% centrality results show good agreement between 
Refmult3 and Refmult3X and centrality resolution effect is small.
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Energy Dependence of : Quantifying deviationC4/C2
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Non-critical
References

Hydro PRC105(2022)
HRG-CE NPA1008(2021)
UrQMD (5% collisions)

Data: 70-80% collisions

  shows minimum around ~20 GeV comparing to non-CP models, 70-80% data 
1. Maximum deviation:  at 20 GeV (  at BES-I) 

2. Overall deviation from 7.7 -27 GeV:  (  at BES-I)

C4/C2
3.2 − 4.7σ sNN = 1.3 − 2σ

sNN = 1.9 − 5.4σ 1.4 − 2.2σ
HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)  
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)

STAR
STAR

C4/C2
data − C4/C2

ref.

σtot.

Ø Most central 𝐶)/𝐶* shows minimum around 20 GeV comparing to non-CP models 
and 70-80% collisions
1) Maximum deviation: 3.2 − 4.7𝜎 at 20 GeV (1.3 − 2𝜎 at BES-I)
2) Overall deviation from 𝑠++ = 7.7 to 27 GeV: 1.9 − 5.4𝜎 (1.4 − 2.2𝜎 at BES-I)37

Energy Dependence of : Quantifying deviationC4/C2

2 3 4 5 6 10 20 30 100 200
1−

0

1

2

Pr
ot

on
(- 

0.
5 

< 
y 

< 
0)

 < 2.0 GeV/c
T

0.4 < p
Net-proton, |y| < 0.5
Au+Au Collisions at RHIC BES-II: 0-5%

BES-I: 0-5%
BES-II: 70-80%
BES-I: 70-80%

 

Hydro
HRG CE
UrQMD: 0-5%

2
/C 4

C
um

ul
an

t R
at

io
 C

 (GeV)NNsCollision Energy 
2 5 10 20 50 100 200

0
1
2
3

-1
-2
-3
-4
-5

 (GeV)NNsCollision Energy 

2
/C 4

R
es

id
ua

ls
 in

 C

Au+Au Collisions at RHIC Net-proton: 5% collisions
 < 2.0 (GeV/c)

T
 |y| < 0.5, 0.4 < p

Non-critical
References

Hydro PRC105(2022)
HRG-CE NPA1008(2021)
UrQMD (5% collisions)

Data: 70-80% collisions

  shows minimum around ~20 GeV comparing to non-CP models, 70-80% data 
1. Maximum deviation:  at 20 GeV (  at BES-I) 

2. Overall deviation from 7.7 -27 GeV:  (  at BES-I)

C4/C2
3.2 − 4.7σ sNN = 1.3 − 2σ

sNN = 1.9 − 5.4σ 1.4 − 2.2σ
HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)  
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)

STAR
STAR

C4/C2
data − C4/C2

ref.

σtot.

Energy Dependence and Model Comparison
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Energy Dependence and Model Comparison

30

Net-proton cumulant ratios
Proton/antiproton  

factorial cumulant ratios

HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)  
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)

Energy Dependence: Model Comparison
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 observed.  decreases with 
decreasing . 

2. Non-CP models used for comparison:  
A.  Hydro: Hydrodynamical model 
B.  HRG CE: Thermal model with canonical treatment of 

baron charge 
C. UrQMD: Hadronic transport model 

 (All models include baryon number conservation) 

3. Proton factorial cumulant ratios deviates    
from poisson baseline at 0.    

  Antiproton ,  closer to 0. 

4. Qualitative trend described by model. 
Quantitative differences exist b/w data and 
non-CP model.   
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STAR
1. 𝐶"/𝐶# and 𝐶$/𝐶" change smoothly as a function of 

collision energy;

2. 𝐶!/𝐶" decreases with decreasing 𝑠%%;

3. Proton factorial cumulant ratios deviate from 
Poisson baseline at 0;

4. Antiproton’s 𝜅$/𝜅# and 𝜅!/𝜅# are close to 0;

5. Non-CP models are used for comparison:
1) Their trends follow STAR data qualitatively;
2) Quantitative differences exist between them 

and STAR measurements

30

Net-proton cumulant ratios
Proton/antiproton  

factorial cumulant ratios

HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)  
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)

Energy Dependence: Model Comparison
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STAR
Net-proton Cumulant Ratios

(anti-)Proton 
Factorial Cumulant Ratios

• Hydro: hydrodynamical model

• HRG CE: thermal model with canonical treatment of baryon charge

• UrQMD: hadronic transport model

üBaryon number conservation is included in all models

V. Vovchenko et. al.: Phys. Rev. C 105 (2022) 1, 014904

P. Braun-Munzinger et. al.: Nucl.Phys.A 1008 (2021) 122141

M. Bleicher et. al.: J.Phys.G 25 (1999) 1859-1896
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STAR Measurement：Au+Au 3-200 GeV

Continue the Critical Point Search
Wei-jie Fu, et al., arXiv : 2308.15508

Two important things :
Ø Experimental Results between 3 – 5 GeV
Ø Precise dynamical modeling and non-CP baselines

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

HADES: PRC102, 024914(2020)
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STAR Measurement：Au+Au 3-200 GeV

Continue the Critical Point Search

eTOF

eTOF eTOF

eTOF

eTOF

eTOF is crucial for mid-rapidity coverage at 3.5– 4.5 GeV

Two important things :
Ø Experimental Results between 3 – 5 GeV
Ø Precise dynamical modeling and non-CP baselines

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

HADES: PRC102, 024914(2020)
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C3/C1 > C4/C2 > 0 > C5/C1 > C6/C2

Tylor expansion at small μB：

Baryon Number Fluctuations from Lattice QCD

Two features：1) Ordering of cumulant ratios, 2) Negative in fifth and sixth order fluctuations

A. Bazavov, D. Bollweg, H.-T. Ding, et al. (HotQCD),
Phys. Rev. D 101, 074502 (2020);
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Consistent with Lattice QCD :
1)   The sixth-order net-proton fluctuations progressively become negative values from peripheral to
      central collisions
2)   Ordering from lower to higher orders in central collisions.
3)   Analysis of BES-II data is ongoing

Higher-Order Net-Proton Fluctuations

STAR : PRL 127, 262301 (2021).
STAR : PRL 130, 082301 (2023).
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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 calculation 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
200 GeV Au+Au: PRC 104 (2021) 024902; PRL 126.092301 (2021), PRL 127, 262301 (2021).
p+p : STAR, arXiv : 2311.00934
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Baryon-Strangeness Correlations : Theory

V. Koch, et al., PRL95, 182301 (2005).

Non-Interacting QGP

Ø Ideal QGP: 𝐵 = #
$
(u + 𝑑 + 𝑠)

if quarks are uncorrelated
𝛘&'= − #

$
𝛘s2 → 𝐶&' = 1

Ø Sensitive to the degree of freedom of strongly interacting matter

Ø Used to search for the onset of deconfinement

Ø Hadronic Matter :
Only include Lambda : 𝐶&' = 3
Adding more strange meson make 𝐶&' smaller (high energy)
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H.-T. Ding, et al., EPJA 57,202 (2021)
H.-T. Ding, et al., Phys. Rev. Lett.132.201903 (2024)

A. Bazavov, H.-T. Ding, et al. (HotQCD)
Phys. Rev. Lett. 111, 082301 (2013).

1) Higher order are more sensitive to QCD phase transition
2) Baryon-charge correlation is sensitive to the magnetic effect

Baryon-Strangeness or Baryon-Charge Correlations : Lattice QCD
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Ø Data of 14.6 and 19.6 GeV are from BES-II, other energies are from BES-I
Ø UrQMD can describe the centrality dependence of 7.7 GeV, 11.5 GeV, qualitatively and 

quantitatively, while it underestimates the higher energy. STAR, CPOD2024

Centrality Dependence of CBS
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Ø Peripheral collisions (70-80%) can be well described by UrQMD;
Ø For central collisions:

1) At high energy is consistent with FRG and LQCD, 7.7 and 11.5 GeV are reproduced by UrQMD
2) Largest deviation is found at 19.6 GeV, which is more than 5𝜎

Energy Dependence of CBS and Model Comparison

STAR, CPOD2024

ØAnalysis of BES-II data (both collider and FXT) and BQ correlation are ongoing.
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                          FRG, W. Fu et al., in preparation

Au+Au, Central Collisions (0-5%)
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STAR: Phys. Rev. Lett. 130, 202301 (2023)

Yield Ratio of Light Nuclei from BES-I

K.J. Sun, L.W. Chen, C.M. Ko, J. Pu, and Z.B. Xu, 
Phys. Lett. B 781, 499 (2018) 
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Yield ratios of light nuclei are related to nucleon density 
fluctuations and can be used to search for the QCD critical point.

Ø Non-monotonic behavior observed in 0-10%
central Au+Au collisions around 19.6 and 27
GeV with 4.1𝜎 significance (combined) deviated
from coalescence baseline.

Ø Analysis of BES-II data (both collider and FXT)
are ongoing.

STAR, SQM2024

3 GeV, arXiv : 2311.11020
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Summary and Outlook

37

Energy Dependence of : Quantifying deviationC4/C2
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Au+Au Collisions at RHIC Net-proton: 5% collisions
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T
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Non-critical
References

Hydro PRC105(2022)
HRG-CE NPA1008(2021)
UrQMD (5% collisions)

Data: 70-80% collisions

  shows minimum around ~20 GeV comparing to non-CP models, 70-80% data 
1. Maximum deviation:  at 20 GeV (  at BES-I) 

2. Overall deviation from 7.7 -27 GeV:  (  at BES-I)

C4/C2
3.2 − 4.7σ sNN = 1.3 − 2σ

sNN = 1.9 − 5.4σ 1.4 − 2.2σ
HRG CE: P. B Munzinger et al, NPA 1008, 122141 (2021)  
Hydro: V. Vovchenko et al, PRC 105, 014904 (2022)

STAR
STAR

C4/C2
data − C4/C2

ref.

σtot.

BES-II : high statistics, better acceptance and systematics
1. Continue to search for QCD critical point between 3 – 20 GeV
(BES-II high moments analysis: rapidity scan, C5, C6)

2. Understand the physics lead to the deviations around 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



Xiaofeng Luo 34The 20th International Conference on QCD in Extreme Conditions (XQCD 2024)

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

STAR FXT

CBM@FAIR

ALICE

ALICE3

sPHENIXHADES

@SPS+NA60

NA61@SPS

Heavy Ion Collisions

https://doi.org/10.1007/978-981-19-4441-3

Future High Baryon Density Frontier:
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

https://indico.ihep.ac.cn/event/22462/
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Thank you for your attention !


