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Phase transition

0

50

100

150

200

250

300

0 200 400 600 800 1,000 1,200 1,400 1,600

Te
m

pe
ra

tu
re

 (M
eV

)

Baryon Chemical Potential 𝜇𝐵 (MeV)

Color 
Superconductor

Critical End Point

Hadron Gas

LHC Experiments

Inhomogeneous phase ?

Quark-Gluon Plasma

The Phases of QCD

Quarkyonic 
Regime ?

Vacuum Nuclear Matter Neutron Stars

Early Universe

RHIC Experiments

Critical phenomena and functional renormalization group,

S. Yin, Y.-y. Tan and W.-j. Fu

DOI: 10.11889/j.0253-3219.2023.hjs.46.040002

Collection of phase boundaries



Heavy Ion Collision

STAR Collaboration, K. H. Ackermann et. al., STAR detector overview, 

Nucl.Instrum.Meth.A 499 (2003) 624-632

Time



Baryon number distribution
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J. Adam et. Al., Phys.Rev.Lett. 126 (2021) 9, 092301



Baryon number fluctuations

J. Adam et al. (STAR), arXiv: 2001.02852
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Baryon number fluctuations
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Looking for ripples
First Step: QCD-assisted LEFT within fRG
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QCD-assisted LEFT
Benchmarked by linear scale-matching
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HotQCD: A. Bazavov et al., PRD 95 (2017), 054504; PRD 101 (2020), 074502

WB: S. Borsanyi et al., JHEP 10 (2018) 205

fRG-LEFT: Fu, Luo, Pawlowski, Rennecke, Wen, SY, PRD 104 (2021) ,094047

     is determined by matching the pseudo-critical temperatures


     is determined by matching the curvature of the phase boundaries
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QCD-assisted LEFT

Fu, Luo, Pawlowski, Rennecke, Wen, SY, PRD 104 (2021) ,094047

Finite density



Fu, Luo, Pawlowski, Rennecke, Wen, SY, PRD 104 (2021) ,094047

Andronic, Braun-Munzinger, Redlich, 
Nature 561 (2018) 7723, 321

three freeze-out curves

1. freeze-out: Andronic et al. µBCF
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2. freeze-out: STAR Fit I
L. Adamczyk et al. (STAR), PRC 96 (2017), 044904

all data points

3. freeze-out: STAR Fit II neglecting first two at low  
and the last one

μB

• freeze-out curve should not rise with  
• convexity of the freeze-out curve

μB

Freeze-out curves



Fu, Luo, Pawlowski, Rennecke, Wen, SY, PRD 104 (2021) ,094047

Freeze-out curves



Fu, Luo, Pawlowski, Rennecke, Wen, SY, PRD 104 (2021) ,094047

Baryon number fluctuations on Freeze-out curves
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Summary of our first step

1. We use a QCD-assisted LEFT to compute baryon number fluctuations.


2. Fluctuations have a non-monotonic energy dependence.


3. Non-monotonic behavior can arise with the sharper crossover.

A. Reliable only in low-density areas


B. Only Grand Canonical Ensemble results

Shortcoming



Looking for ripples
Second Step: Updated QCD-assisted LEFT
Call support from fRG-QCD

Fu, Pawlowski, Rennecke, PRD 101 (2020), 054032

First Principle QCD flow equation:
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Four-quark interaction

Yukawa coupling
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LEFT flow equation:

 fRG-LEFT have been improved. 
 Dynamics of first-principle fRG-QCD has been 

encoded in the LEFT via the Yukawa coupling.
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Updated QCD-assisted LEFT

Yukawa coupling

Fu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Updated QCD-assisted LEFT
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µB = 0

Fu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Fluctuations Phase diagram

2.2

μB ≃ 800 MeV

 Calculations have been extended from 500 to 800 MeV in the improved fRG-LEFT.


 A “peak” structure is found in the regime of low collision energy.

μB ∼

Fu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Different location of CEP
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µBCEP ' 600MeV

μBCEP
≃ 600 MeV

μBCEP
≃ 650 MeV

μBCEP
≃ 700 MeV

 Location of the peak, i.e., the 
corresponding collision energy 
shows very mild dependence 
on the location of CEP in the 
range  
MeV.


 While the height of the peak 
shows significant dependence.

μBCEP ≃ (600 ∼ 700)

Fu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Different freeze-out curves

μBCEP
≃ 650 MeV

μBCEP
≃ 650 MeV

 Height and location of the peak are influenced by 
different freeze-out curves, especially for the height.


 Closer the freeze-out curve is to the phase boundary, 
higher the peak.

Fu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Different location of CEP & freez-eout curves

Fu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Fluctuations within GCE

Fu, Luo, Pawlowski, Rennecke, SY; arXiv: 2308.15508



From GCE to CE

Fu, Luo, Pawlowski, Rennecke, SY; arXiv: 2308.15508V. Vovchenko et al., Phys.Lett.B 811 (2020) 135868

V1 = αV

β = 1 − α

Proportion of subsystems to total systemα

Proportion of remaining systemsβ

• Subensemble acceptance method



From GCE to CE

Fu, Luo, Pawlowski, Rennecke, SY; arXiv: 2308.15508

CE



Different location of CEP & freez-eout curves

Fu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Non-monotonic energy dependence
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 Non-monotonic energy dependence comes from            
gradually sharp crossover


 Freeze-out curves are outside the critical regionFu, Luo, Pawlowski, Rennecke, Wen, SY, arXiv:2308.15508



Non-equilibrium effect

Fu, Pawlowski, Rennecke, Tan, SY; in preparation

Obtained by Langevin equation with fRG-QCD data
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Summary
• Two steps toward quantitative calculation of baryon number fluctuations


• QCD-assisted LEFT

• Updated QCD-assisted LEFT


• Included global charge conservation effect

• Subensemble acceptance method

Outlooks
• The third step: Fluctuations from full QCD system


• Include non-equilibrium effect


• Looking forward to more accurate freeze-out curve

Thank you 
very much !!!!
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