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¢ Those are my interpretations, %

and if you don’t like them....

@ Direct computations and the minimal point of view

* Self-consistent truncations to functional relations define analytic functions in 15, eg:

% well, | have others  _/

on(a()a(y) ) (1) = Loop [{a(2)a(w) )(u), (a(x)4u(0)a(2) ) (i) -5 g

Yang-Lee: see talk of Fei Gao

Extrapolations: See talk of Shi Yin
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QCD phase structure at finite density: Facts & Fiction

Facts Fiction

= Chiral crossover at about » Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small M, < 10 MeV
T, ~ 155 MeV JTe9 v J

Soft modes are commonplace

= Strongly correlated phase for temperatures = Confinement crossover is at XXX
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* No chiral critical end point for *There is a CEP
up S 600 MeV Onset of new phases 600 MeV < %" < 700 MeV
* No chiral crossover for » Scaling regime (Ising) of the CEP is humongous

up = 700 MeV No, itis not!  Most likely: too small to be measured
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Facts Fiction

= Chiral crossover at about

T, ~ 155 MeV
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Chiral crossover at about 1, ~ 155 MeV

Functional QCD Lattice QCD
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Facts Fiction

= Chiral crossover at about » Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small M, < 10 MeV
T, ~ 155 MeV JTe9 v J

Soft modes are commonplace
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Scaling regime of QCD for m, S 10 MeV
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Chiral dynamics & quasi-massless modes

Scaling coefficient as function of the pion mass
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Chiral dynamics & quasi-massless modes

Scaling coefficient as function of the pion mass
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Chiral dynamics & quasi-massless modes

Scaling coefficient as function of the pion mass
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Chiral dynamics & quasi-massless modes

Scaling coefficient as function of the pion mass
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Facts Fiction

= Chiral crossover at about » Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small M, < 10 MeV
T, ~ 155 MeV JTe9 v J

Soft modes are commonplace

= Strongly correlated phase for temperatures
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Functional QCD

QCD phase structure at finite density: Facts & Fiction

Strongly correlated phase for temperatures 17, ST S 27T,

| | ' | |

DSE: Lu et al. [2504.05099] )
wp/T=0 pp/T=1.5 up/T=3.0
ng/T=0.5 up/T=2.0 up/T=3.5 -
wp/T=1.0 up/T=2.5 pp/T=4.0 |
Lattice: Borsanyi et al. [2502.10267] |
00 Lattice: HotQCD [1407.6387], stout HISQ
. | | ' | |
120 160 200 240 280 320
T [MeV]

Lu, Gao, Liu, JMP, arXiv:2504.05099

Lattice QCD



QCD phase structure at finite density: Facts & Fiction

Spin symmetry for 7, ST S 27T,
Functional QCD Lattice QCD
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Facts Fiction

= Chiral crossover at about » Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small M, < 10 MeV
T, ~ 155 MeV JTe9 v J

Soft modes are commonplace

= Strongly correlated phase for temperatures = Confinement crossover is at XXX
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‘Confinement’ related crossovers at 7, < Tions S 27,

Functional QCD Lattice QCD

Variants of the
traced Polyakov loop
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‘Confinement’ related crossovers at 7, < Tions S 27,
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‘Confinement’ related crossovers at 7, < Tions S 27,

Lattice QCD
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Facts Fiction

* Chiral crossover at about * Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small M, < 10 MeV
T, ~ 155 MeV JTe9 v J

Soft modes are commonplace

= Strongly correlated phase for temperatures = Confinement crossover is at XXX
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* No chiral critical end point for

up < 600 MeV

chiral: driven by scalar-pseudoscalar fluctuations
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No chiral critical end point for 1z < 600 MeV
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QCD phase structure at finite density: Facts & Fiction

Facts Fiction

= Chiral crossover at about » Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small M, < 10 MeV
T, ~ 155 MeV JTe9 v J

Soft modes are commonplace

= Strongly correlated phase for temperatures = Confinement crossover is at XXX

L SEESE ik Sk Syl

* No chiral critical end point for *There is a CEP

up S 600 MeV Onset of new phases 600 MeV < %" < 700 MeV

= No chiral crossover for

g > 700 MeV



QCD phase structure at finite density: Facts & Fiction

Onset of new phases at 600 MeV < p%"" < 700 MeV
Functional QCD Lattice QCD
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Predictions & estimates
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Predictions & estimates
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" Dominance of scalar-pseudoscalar fluctuations *

Pions & sigma mode
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Predictions & estimates
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Predictions & estimates
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Predictions, estimates & extrapolations and how to judge them

Most functional computations
(LEFT or QCD) have not been
set-up for CEP-predictions!

Location of CP : Theoretical Prediction
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Disclaimer

Lack of predictive power
for CEP-predictions
Is no quality measure!

" CEPis standing for
 ‘regime with new physics’}



Predictions, estimates & extrapolations and how to judge them

, Common folklore

Most functional computations
(LEFT or QCD) have not been
set-up for CEP-predictions!

_since~2004 __J °
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Predictions, estimates & extrapolations and how to judge them

Location of CP : Theoretical Prediction
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(i) ‘old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)

(iif) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at (/B =0

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



Predictions, estimates & extrapolations and how to judge them

Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)
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Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2023)
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Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2023)
Functional QCD
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Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2023)
Functional QCD

300 200 62.4 39 27 19.6 17.1 14.5 11.5 7.7 7.2 6.2 52 4.5 3.9 3.5 32 3.0 VSNN (GeV)
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‘ GaO, LU, JMP, Schneider, in prep (DSE) ---- LI1: F. Karsch et al., NPA 956, 352 (2016) o
%  L2: Fordor & Katz, JHEP, 0404, 050 (2004) (Reweighting)
. . *  L3: Gavai & Gupta, NPA 904, 883c (2013) (Taylor Expansion)
@ Fu, JMP, Rennecke, Wen, Yin, in prep (fRG) FRG
V¥  Fl: Weijie Fu et al., Phys. Rev. D 101, 054032 (2020) +
® Gunkel, Fischer, PRD 104 (2021) 054022 (DSE) Vo anetal. PRD %6, THAG @OID

® DI1:Y.X. Liuetal, PRD 90, 076006 (2014)
® D2:YX. Liuetal, PRD94,076009 2016) | e i
2007 ® D3:YX Liuetal, PRL106,172301 2011) | e 1
® D4 Hongshi Zongetal, JHEP07,014(2014) | e
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Lattice extrapolations: Basar, PRC 110 (2024) 015203 100F e | 7
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Holographic models: Hippert, Grefa, Manning, Noronha, | " Sodated vorsion. Luo 2022
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Rougemont, Truijillo, arXiv: 2309.00579 Bs (MeV)
¢ Still small juncertainties for the estimation of CP location /Onset of new phases }
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Remove CEP-predictions RHIC-BES Seminar Oct. 6th 2020, Xiaofeng Luo
(i) ‘old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)

(iif) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at (/B =0

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



Ripples of the critical point

net-baryon fluctuations in QCD vs net-proton fluctuations at STAR

! N T T r— 1  rTr !
fRG-LEFT (CE), freezeout: Andronic et al.
fRG-LEFT (CE), freezeout: STAR Fit |
fRG-LEFT (CE), freezeout: STAR Fit Il _ o

-------- DSE-QCD (GCE), freezeout: Andronic et al. I Dominated by non-critical soft modes
STAR BES-| (0-5%) —

STAR BES-II (0-5%)

STAR fixed-target (0-5%)

Results:
15tprinciples functional QCD computations
& low energy effective theories/extrapolations
explicit & implicit assumptions

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9
Fu, Luo, JMP, Rennecke, Yin, PRD 111, L031502

Lu, Gao, Liu, JMP, arXiv:2504.05099



Position of the peak of RfQ

Ripples of the critical point

Height of the peak of RfQ
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Reconstructing the CEP
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Demand: Precise freeze-out line at high density
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Dominated by non-critical soft modes

Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502




VSN at the peak of R [GeV]
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Ripples of the critical point

Reconstructing the CEPN
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I Dominated by non-critical soft modes

Unfolding the high density regime with new phases & physics
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Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 111, L031502
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Great opportunity for a combined high precision analysis of high density QCD (Exp. data + lattice QCD + functional QCD)



Ripples of the critical point: Sneak preview

isentropes with strangeness neutrality resolution of the moat regime in QCD
VK B I | | | |
DSE, n¢= 0: : _ :
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Lu, Gao, Liu, JIMP, arXiv:2504.05099 & in preparation JMP, Rennecke, Sattler, in preparation
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QCD phase structure at finite density: Facts & Fiction

Facts Fiction

= Chiral crossover at about » Physical QCD is in the chiral scaling regime

Chiral scaling regimes are very small M, < 10 MeV
T, ~ 155 MeV JTe9 v J

Soft modes are commonplace

= Strongly correlated phase for temperatures = Confinement crossover is at XXX

L SEESE ik Sk Syl

* No chiral critical end point for *»There is a CEP

up S 600 MeV Onset of new phases 600 MeV < %" < 700 MeV
* No chiral crossover for » Scaling regime (Ising) of the CEP is humongous

up = 700 MeV No, itis not!  Most likely: too small to be measured

See talk of Shi Yin



