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Outline

•QCD phase structure: Where do we stand?


•QCD phase structure: observables, estimates & systematics


•Chiral dynamics & phenomenological applications


•Many flavour QCD & the conformal window


•Summary & outlook
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Experimental landscape

‘The (experimental) future is bright’
Tetyana Galatyuk, Erice 2021
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QCD with Functional Approaches 
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2functional DSE :

: background fieldA0

FRG:                         JMP, NPA 931 (2014) 113 

             Dupuis et al, Phys.Rept. 910 (2021) 1

 DSE:                     Fischer, PPNP 105 (2019) 1
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Diagrammatic Functional relations for the free energy 
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Aiming at apparent convergence

vacuum fQCD: current set of correlation functions

glue sector

 quark-glue sector

 quark-meson sector

FRG
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Analyticity considerations at finite density
! Self-consistent truncations to functional relations define analytic functions in      , eg:        
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Chiral condensates

lattice: S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C. Ratti, and K. K. Szabo, JHEP 09, 073 (2010) 


�l,R(T, µB) ' �l(T, µB)��l(0, 0)
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                          Fischer, Luecker, PLB 718 (2013) 1036
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  Isserstedt, Buballa, Fischer, Gunkel, PRD 100 (2019) 074011 

DSE
fRG

10

renormalised condensate
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hotQCD, PLB 795 (2019) 15

WB, PLB 751 (2015) 559

hotQCD = 0.015(4)
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lattice

fQCD
FRG = 0.0142(2)
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Fu, JMP, Rennecke, PRD 101, (2020) 054032fRG:
Gao, JMP, PLB 820 (2021) 136584DSE:               Gunkel, Fischer, PRD 104 (2021) 054022

DSE: see also

Curvature of the chiral transition line 
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Systematic error control (CEP)

Dominant channels I (fRG)
 Braun, Leonhardt, Pospiech, PRD 101 (2020) 036004
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Systematic error control (CEP)

Dominant channels I (fRG)
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Dominant channels II (DSE)
 Eichmann, Fischer, Welzbacher, PRD 93 (2016) 034013

0 50 100 150 200
µ

q
 [MeV]

100

150

200

250

T
 [

M
eV

]

gluon-dressing loop only
+ baryon loop + diquark loop (rescaled strength)
+ baryon loop + diquark loop (rescaled strength, prefactor)

gluon dressing only
+ baryon + diquark (rescaled strength)
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Pion dispersion has minimum at 
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Dynamics of s-quark condensate

Fu, JMP, Rennecke, Wen, Yin, in prep.
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Chromo-magnetic & electric vertex splittings
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(iii) LEFTs with CEPs at large density (missing quark-gluon back reaction)
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(ii) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at     =0 
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<latexit sha1_base64="RLeksjofsLUSHwIb2r/OIbavmcc=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQlLTanelblxWsA9pQplMJ+3QmUmYmQgl9CvcuFDErZ/jzr9x0lZQ0QMXDufcy733hAmjSjvOh7Wyura+sVnYKm7v7O7tlw4OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk6vc794TqWgsbvU0IQFHI0EjipE20p0fRtDn6aA5KJUd26tVa7UKdGy36nielxP33K3XoWs7c5TBEq1B6d0fxjjlRGjMkFJ910l0kCGpKWZkVvRTRRKEJ2hE+oYKxIkKsvnBM3hqlCGMYmlKaDhXv09kiCs15aHp5EiP1W8vF//y+qmOLoOMiiTVRODFoihlUMcw/x4OqSRYs6khCEtqboV4jCTC2mRUNCF8fQr/J52Kycd2brxyo7mMowCOwQk4Ay64AA1wDVqgDTDg4AE8gWdLWo/Wi/W6aF2xljNH4Aest0+Nx5BC</latexit>µB



RHIC-BES Seminar Oct. 6th 2020, Xiaofeng Luo 

Remove CEP-predictions 

9The 10th RHIC BES theory and experiment online seminar, Oct. 6th, 2020Xiaofeng Luo

Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)

Large uncertainties for the estimation of CP location.

Compilation by X. Luo & Y.G. Huang

(iii) LEFTs with CEPs at large density (missing quark-gluon back reaction)

Gao, JMP, PLB 820 (2021) 136584 (fRG-DSE)

Gunkel, Fischer, PRD 104 (2021) 5, 054022 (DSE)

Still

(ii) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at     =0 

(i) ‘old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)

<latexit sha1_base64="RLeksjofsLUSHwIb2r/OIbavmcc=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQlLTanelblxWsA9pQplMJ+3QmUmYmQgl9CvcuFDErZ/jzr9x0lZQ0QMXDufcy733hAmjSjvOh7Wyura+sVnYKm7v7O7tlw4OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk6vc794TqWgsbvU0IQFHI0EjipE20p0fRtDn6aA5KJUd26tVa7UKdGy36nielxP33K3XoWs7c5TBEq1B6d0fxjjlRGjMkFJ910l0kCGpKWZkVvRTRRKEJ2hE+oYKxIkKsvnBM3hqlCGMYmlKaDhXv09kiCs15aHp5EiP1W8vF//y+qmOLoOMiiTVRODFoihlUMcw/x4OqSRYs6khCEtqboV4jCTC2mRUNCF8fQr/J52Kycd2brxyo7mMowCOwQk4Ay64AA1wDVqgDTDg4AE8gWdLWo/Wi/W6aF2xljNH4Aest0+Nx5BC</latexit>µB

Fu, JMP, Rennecke, Wen, Yin, in prep (fRG)



RHIC-BES Seminar Oct. 6th 2020, Xiaofeng Luo 

Remove CEP-predictions 

9The 10th RHIC BES theory and experiment online seminar, Oct. 6th, 2020Xiaofeng Luo

Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)

Large uncertainties for the estimation of CP location.

Compilation by X. Luo & Y.G. Huang

(iii) LEFTs with CEPs at large density (missing quark-gluon back reaction)

Gao, JMP, PLB 820 (2021) 136584 (fRG-DSE)

Gunkel, Fischer, PRD 104 (2021) 5, 054022 (DSE)

Still

(ii) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at     =0 

(i) ‘old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)

<latexit sha1_base64="RLeksjofsLUSHwIb2r/OIbavmcc=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAiuQlLTanelblxWsA9pQplMJ+3QmUmYmQgl9CvcuFDErZ/jzr9x0lZQ0QMXDufcy733hAmjSjvOh7Wyura+sVnYKm7v7O7tlw4OOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemGk6vc794TqWgsbvU0IQFHI0EjipE20p0fRtDn6aA5KJUd26tVa7UKdGy36nielxP33K3XoWs7c5TBEq1B6d0fxjjlRGjMkFJ910l0kCGpKWZkVvRTRRKEJ2hE+oYKxIkKsvnBM3hqlCGMYmlKaDhXv09kiCs15aHp5EiP1W8vF//y+qmOLoOMiiTVRODFoihlUMcw/x4OqSRYs6khCEtqboV4jCTC2mRUNCF8fQr/J52Kycd2brxyo7mMowCOwQk4Ay64AA1wDVqgDTDg4AE8gWdLWo/Wi/W6aF2xljNH4Aest0+Nx5BC</latexit>µB

Gao, JMP, Schneider (fRG-DSE)

Fu, JMP, Rennecke, Wen, Yin, in prep (fRG)



Outline

•QCD phase structure: Where do we stand?


•QCD phase structure: observables, estimates & systematics


•Chiral dynamics & phenomenological applications


•Many flavour QCD & the conformal window


•Summary & outlook


15



To be (critical) or not (to be)

0 200 400

140

160

180

0.0 0.1 0.20

150

300

450

T c
[M
eV
]

mπ[MeV]

 This work
fRG: Braun et al.
Tc,phys=154.7MeV

m
π[
M
eV
]

H=ml/ms

Braun, Fu, JMP, Rennecke, Rosenblüh, Yin, PRD 102 (2020) 056010

Gao, JMP, arXiv:2112.01395

Chiral transition temperature

0 100 200 300 400

140

160

180

200
 HotQCD: Nτ=8
                Nτ=12
 Kotov et al: TΔ

  This work
 fRG:Braun et al.

T c
[M
eV
]

mπ[MeV]

fQCD

DSE: Gao et al.

DSE: Gao et al.



To be (critical) or not (to be)

0 200 400

140

160

180

0.0 0.1 0.20

150

300

450

T c
[M
eV
]

mπ[MeV]

 This work
fRG: Braun et al.
Tc,phys=154.7MeV

m
π[
M
eV
]

H=ml/ms

Braun, Fu, JMP, Rennecke, Rosenblüh, Yin, PRD 102 (2020) 056010

Gao, JMP, arXiv:2112.01395

Chiral transition temperature

60

80

100

120

140
160

180
200

0.00

0.02

0.04

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

Δ[GeV 3]

P
o
te
n
ti
a
l

T[MeV
]

<latexit sha1_base64="zreDcyKFF2Mxy8N5LEyMEW7uLo4="></latexit>

V�(�l)

Order parameter potential & scaling

<latexit sha1_base64="ojdSKx4E04iJqyePCIhAKzFm1E0=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjNS1GVRFy4r2Ad0xiGTZtrQTBKSjFiGght/xY0LRdz6E+78G9PHQlsPXDiccy/33hNLRrXxvG9nYXFpeWW1sFZc39jc2nZ3dhtaZAqTOhZMqFaMNGGUk7qhhpGWVASlMSPNuH858pv3RGkq+K0ZSBKmqMtpQjEyVorc/UYU4B6FAZJSiQcYXBFmUMTuOIzcklf2xoDzxJ+SEpiiFrlfQUfgLCXcYIa0bvueNGGOlKGYkWExyDSRCPdRl7Qt5SglOszHPwzhkVU6MBHKFjdwrP6eyFGq9SCNbWeKTE/PeiPxP6+dmeQ8zCmXmSEcTxYlGYNGwFEgsEMVwYYNLEFYUXsrxD2kEDY2tqINwZ99eZ40Tsr+ablyUylVL6ZxFMABOATHwAdnoAquQQ3UAQaP4Bm8gjfnyXlx3p2PSeuCM53ZA3/gfP4AGxGXMA==</latexit>

V� ⇡ �n
l

<latexit sha1_base64="23HQIU+7xQbMonHa7Q64+5/djlI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCVgSpBFTBWwNCxSPQhNSFyXKe16jiR7SBVUX6AhV9hYQAhVnY2/ga3zQAtR7J0dM69uj7HjxmVyrK+jcLS8srqWnG9tLG5tb1j7u61ZZQITFo4YpHo+kgSRjlpKaoY6caCoNBnpOOPrid+54EISSN+p8YxcUM04DSgGCkteeaRc0OYQh6rNE6gE4soVhFs3DuBQDi1s5Sf2hn0zLJVtaaAi8TOSRnkaHrml9OPcBISrjBDUvZsK1ZuioSimJGs5CSSxAiP0ID0NOUoJNJNp2kyeKyVPgwioR9XcKr+3khRKOU49PVkiNRQznsT8T+vl6jg0k0pjxNFOJ4dChIGdeJJNbBPBcGKjTVBWFD9V4iHSBehdIElXYI9H3mRtM+q9nm1dlsr16/yOorgAByCCrDBBaiDBmiCFsDgETyDV/BmPBkvxrvxMRstGPnOPvgD4/MHramasQ==</latexit>

�l(H) / H
1

n�1

<latexit sha1_base64="TIn/wuu3DQEqrUzxi4xTHu/kFBw=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmkqAhCwU2XFewD2lAm00k7dCYJMxOlxHyKGxeKuPVL3Pk3TtsstPXAvRzOuZe5c/yYM6Ud59sqrK1vbG4Vt0s7u3v7B3b5sK2iRBLaIhGPZNfHinIW0pZmmtNuLCkWPqcdf3I78zsPVCoWhfd6GlNP4FHIAkawNtLALjdu+oHEJBUDnpmmsoFdcarOHGiVuDmpQI7mwP7qDyOSCBpqwrFSPdeJtZdiqRnhNCv1E0VjTCZ4RHuGhlhQ5aXz0zN0apQhCiJpKtRorv7eSLFQaip8MymwHqtlbyb+5/USHVx5KQvjRNOQLB4KEo50hGY5oCGTlGg+NQQTycytiIyxSUKbtEomBHf5y6ukfV51L6q1u1qlfp3HUYRjOIEzcOES6tCAJrSAwCM8wyu8WU/Wi/VufSxGC1a+cwR/YH3+AJ2wlDo=</latexit>

H =
ml

ms

0 100 200 300 400

140

160

180

200
 HotQCD: Nτ=8
                Nτ=12
 Kotov et al: TΔ

  This work
 fRG:Braun et al.

T c
[M
eV
]

mπ[MeV]

fQCD

DSE: Gao et al.

DSE: Gao et al.



QCD: fQCD collaboration, in preparation

Critical O(4) scaling

QM: Chen, Wen, WF, PRD 104 (2021) 054009

Trivial             scaling
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‘Non-critical chiral scaling’

Gao, JMP, arXiv:2112.01395
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On the unreasonable effectiveness of low energy effective theories 

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

Sequential decoupling of gluon, quark, sigma, pion fluctuations
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Fluctuations of conserved charges

Benchmark at vanishing density

QCD-assisted LEFT

19

QCD-assisted LEFT

Fun QCD, in progress

Baryon number conservation?

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9
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Fluctuations of conserved charges

20

The 5th, 6th order fluctuation of 
net-proton including pp collisions

New data of net-p cumulants  
at 200 GeV pp collisions 
will be shown by Risa N.

New data of net-proton  C5 , C6 at BES-I 
will be shown by Ashish P.

NPA 1005
(2021) 
121882
(STAR) 

negative c6 could be taken as an indication 
of cross-over transition at small µB
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BES Results from RHIC-STAR, CPOD2021, 15-19/Mar, Online ShinIchi Esumi 17

S. Esumi, CPOD 

Benchmark at vanishing density

QCD-assisted LEFT

QCD-assisted LEFT

Fun QCD, in progress20

STAR measurements

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9



Fluctuations of conserved charges

Benchmark at vanishing density

QCD-assisted LEFT

Freezeout curve
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QCD-assisted LEFT

Fun QCD, in progress

Great opportunity for a combined analysis 

of high density QCD 

(Exp. data + lattice QCD + functional QCD)
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Fluctuations of conserved charges
Fluctuation of conserved charges

QCD-assisted LEFT: Taylor expansion vs full results
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Great opportunity for a combined analysis of high density QCD (Exp. data + lattice QCD + functional QCD)
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The need for dynamics  
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Equilibration time of sigma-kurtosis

Transport with fRG spectral functions  & potential Dynamical universality

fQCD

Showcases in linear sigma models 

Spectral functions

Dynamical O(4) critical exponent

Tan, Chen, Fu, SciPost Phys. 12 (2022) 026
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Outline

•QCD phase structure: Where do we stand?


•QCD phase structure: observables, estimates & systematics


•Chiral dynamics & phenomenological applications


•Many flavour QCD & the conformal window


•Summary & outlook
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The phase structure of many-flavour QCD
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chiral dynamics & confinement
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fRG schemes converges ‘easily’
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Non-perturbative infrared 
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IR beta functions

fRG schemes converges ‘easily’

fRG: Braun, J.Phys.G 39 (2012) 033001
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Critical flavour number Transition temperature 

Braun, Gies, Fischer, PRD 84 (2011) 034045

Scaling: Miransky & beyond

Jarvinen, Sannino, JHEP 02 (2011) 081

LQCD (2 flavor) (Philipsen & Pinke, 2016)
LQCD (2+1, chiral limit) (Ding et al., 2019)

LQCD (2+1, chiral limit) (Kotov et al., 2021)
fRG & DSE (2+1, chiral limit) (fQCD, 2020)
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Comprehensive depiction
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Summary & Outlook
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Galatyuk, A982 (2019) update 2021

               CBM, EPJA 53 3 (2017) 60

The future is bright

Gao, JMP, PLB 820 (2021) 136584

Experimental landscape

CEP or other NEW physics/phases

Freezeout curve

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9

Chiral phase structure (theory) & freeze out data (Exp. data+Pheno)

CBM/STAR HADES

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

Gunkel, Fischer, PRD 104 (2021) 5, 054022






