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Experimental & Theoretical Landscape

experimental landscape

Onset of new physics (CEP)

theoretical landscape
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Phase structure of QCD and the CEP
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Phase structure of QCD and the CEP
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Phase structure of QCD and the CEP
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Phase structure of QCD and the CEP
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Functional approaches are the only first principle approaches to date

that allow for direct computations at finite density with

_ Phase structure from functional QCD: how to
Supplementary Material: _ o _
Phase structure from functional QCD: Predictions & estimates



Ripples of the CEP
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Experimental signatures of the critical end point
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Modified from Fabian Rennecke’s

QCD PHASE DIAGRAM & THE CEP plenary talk @ QM 2025
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Direct functional QCD input
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QCD-assisted low energy effective theory

Direct functional QCD input

chiral phase structure quark-antiquark — meson scattering
180 . — — S— Fu, JMP, Rennecke, PRD 101 (2020) 054032 1.1 . . . . . .
@ - f— 'M_B —
160 B He - 3 = . 1.0 kmmmma —_— T=0 i
< Py ~‘~~~ ----- T=100MeV
140 i S 009} RN T=150MeV | -
120 . + jfé sl “\\ T=200MeV | |
— . 5 :
= 100 H=== FRG: Fu et al. 2019 . - .Q@ KN
2N | N DSE: Gao et al. 2020 © ~ 0.7} N\ =
2 80 H——- DSE:;iEcher et al. 2021 @ _ [ \‘
FRG: Moat (©] ~—
=~ Lattice: WB ® 8 , Ps — 0.6 \\\ }
60 Lattice: HotQCD 8 n + A N
I freezeout: STAR PR N8 05F ™ .
40 < freezeout: Alba et al. . < N
&) freezeout: Andronic et al. \\
20 B>  freezeout: Becattini et al. 0.4 ~\~ 7
&  freezeout: Vovchenko et al. 7 ™
0 #® freezeout: Sagun et al. | | 0.3 | | | | | |
0 500 400 600 300 1000 0 100 200 320M Q/YOO 500 600 700
pp [MeV] MeV]

low energy quantum, thermal & density fluctuations via fRG (QCD-assisted PQM model)

renormalised chiral condensate baryon number fluctuations
0'5 ! ! ! ! ! ! ! ! 12 | | | | | | | | | | | | | |
fRG-QCD, pp=0 | 1.5} - s
fRG-LEFT, up =0 . L0} IR—— " 5 ]
0.4 - .. fRG-QCD, sy — 400 MeV R ' 10
T e g M) Benchmarks with lattice and fQCD 08| ]
03l % s . 0.5
at %:Q 061 This work (Set 1) i CB:S
0.2} s ===~ This work (Set ) 0.0
vanishing density and fQCD at finite density 0.4 | Reterr aoany .
o1f - gt 0
0.2 () WB(()201(8) ! Eeem o
O O I - . . . . ___-I HRG | | | | | | _10 i | | | | | | | |
00 02 04 06 08 1.0 12 14 16 O'080 100 120 140 160 180 200 220 80 100 120 140 160 180 200 220
T/T, TMeV] T[MeV]

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



chiral & ‘confinement’ phase structure
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Functional QCD

chiral & ‘confinement’ phase structure Crossovers with width
W] 200 —————— -
j uelT=3 =3
150 _ ..... 2 uglT=4 _ 150 4 — ug/T =4
; /= Chiral crossover - . ~~~ . . ;I 5 .
(()) 1==--- Confinement, L ’ ’ ) I P ]
2 100 H-- - Confinement, [, 7 2100 _ ,'/ _
- T Reneat - T .
] E;Eée(?wléel et al. ] 50_ //’i‘_."‘“ -
90 Lattice: HotQCD ) . ,’/,."" 8AZ,R/8T: peak [ |half max.| .
_ freezeout: Alba et.al. . /,"’_." 8L/8T: ______ peak half max.
Y freezeout: Andronic et al. ; S —
v freezeout: Becattini et al. 1 . ,fx"" 8L/8T: —-—- peak half max.
0 1 ® freezeout: STAR ' o+
— 1 - - T 1 - T T T T T 2 4
0 200 400 600 800 0 00 00 000 800
ug [MeV]
ug [MeV] DSE
renormalised chiral condensate baryon number fluctuations
0.5 | 4 1 v 1 v 1 i I i I i I i I : i : i : i : . . 12 ' I ' I ' I ' I
: 0.3 ] free quark 1 Kurtosis with ¢
3 04- ~ e 1.0 MR R ruatal 2021 ]
] . . ; Lattice: Bazavov et al.| |
g ] Benchmarks with lattice and fQCD . 0.8 o Latice: Borcany! ot ol |
0.3 4 - Sl 0oy ]
(_83 : at R S 0.6-;
] 1 ] ]
= 0. Wi ! c— L = - u = = = = n ] 0.4 -
£ %47 he s w1 vanishing density and fQCD at finite density 0.1 e T |
E —ug = 660 MeV 1 Lattice: Bazavov et al.| 1 0.2-
9 0.1 W.0. @ = = ug = 0 | . —e—i Lattice: Borsanyi et al. . ] .
o =450 MeV| | 00 . | . | . | . | . | ] | | | | | ree Iquark. | .
e = 660 MoV : 120 140 160 180 200 220 020 140 160 180 200 220
0.0 T [MeV] T [MeV]

80 100 120 140 160 180 200 220 240
T [MeV]
Lu, Gao, Liu, JMP, arXiv: 2504.05099



Functional QCD

Observables
Thermodynamics
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Functional QCD

Observables
Thermodynamics Fluctuations of net-baryon charge
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Fluctuations of conserved charges

Validity regime of extrapolations
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Fluctuations of conserved charges

Validity regime of extrapolations
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Ripples of the critical point

Canonical corrections via subensemble acceptance
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Ripples of the critical point
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Great opportunity for a combined high precision analysis of high density QCD (Exp. data + lattice QCD + functional QCD)
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Summary
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Phase structure from functional QCD: how to



How to: systematic error estimates & the LEGO® principle
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The unreasonable effectiveness of low energy effective theories
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How to: systematic error estimates & the LEGO® principle

>
Example: Disect quark-gluon box
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Three remarks on Functional Methods for QCD

= off-shell representation of thermodynamic observables

eq. 1T <(](QZ‘)(](QZ‘)> on-shell
off-shell i Z :tsaytr:spt. > < :tsaytr:Spt.
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fluctuations, volume flucs,, ...

» gauge fixing = parameterisation

(@) - q(zon) Ap(yr) - - Ap(ym) h(z1) - - - h(z1))

Consequences

I: simple correlations
II: Difficult access to some observables

‘No free lunch theorem’

" ‘Your mean field is not my mean field’
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¢ Those are my interpretations, %

How to: direct computations and the minimal point of view

and if you don’t like them....

~well, | have others  _/

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

on(a()a(y) ) (1) = Loop [{a(2)a(w) )(u), (a(x)4u(0)a(2) ) (i) -5 g
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» Consequences for functional QCD predictions at finite density

180 |
. KB
ik - —_— 4:
160 Eo. Ll T i
140 | By now the best truncations to functional
QCD pass lattice benchmark tests at
- 120 ] vanishing and small chemical potential
% 100 === FRG:Fuetal 2010 s
z ---------- DSE: qao et al. 2020 O@
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e oD 7 | current best truncation
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0 ' ' ' ' that satisfy the lattice benchmarks }
0 200 400 600 800 1000 : : i
at small chemical potential. 3

Great opportunity for a combined analysis of high density QCD (Exp. data + lattice QCD + functional QCD + LEFTSs)



Phase structure from functional QCD: Predictions & estimates
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Four-quark scattering channels
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Braun, Leonhardt, Pospiech, PRD 101 (2020) 036004

Predictions & estimates
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FRG: Fu et al. 2019

DSE: Gao et al. 2020 &
DSE: Fischer et al. 2021 @

FRG: inhom
Lattice: WB
Lattice: HotQCD
freezeout: STAR

freezeout: Alba et al.
freezeout: Andronic et al.
freezeout: Becattini et al.
freezeout: Vovchenko et al.
freezeout: Sagun et al.
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800 1000

" Dominance of scalar-pseudoscalar fluctuations

' Pions & sigma mode



. Moat regime }

Pisarski, Rennecke, PRL 127 (2021) 152302

Predictions & estimates
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current best truncation
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Predictions & estimates
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Predictions & estimates

Prediction
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Pion spectral functions
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Predictions & estimates
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Predictions & estimates

Prediction
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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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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)



Predictions, estimates & extrapolations and how to judge them

Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)
Functional QCD
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Predictions, estimates & extrapolations and how to judge them

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
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Location of CP : Theoretical Prediction
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Functional QCD
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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)
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Chiral dynamics & quasi-massless modes

Scaling coefficient as function of the pion mass
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Scaling coefficient as function of the pion mass

5.5¢
5.0 : ‘chiral scaling’
 — |
o 45 | Trivial A; ™ scaling
4.0

—— FRG-QCD: leading scaling
3.5 —— FRG-QCD: leading + subleading scaling
- —— FRG-QCD: fixed—point value

0.01 0.10 1 10 100

Aj(my) x m?r/(s [1 + amm2H 4 .. ] My [MeV]

Braun, Chen, Fu, Gao, Huang, Ihssen, JMP, Rennecke, Sattler, Tan, Wen, Yin, 2310.19853



1/6

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Chiral dynamics & quasi-massless modes

180

T [MeV] '

100

WO

Scaling coefficient as function of the pion mass

3.5}

3.0l

5.5¢
5.0F
4.5}

4.0

‘chiral scaling’
T
. . 1+6 :
Trivial A, 19 scaling
| —— FRG-QCD: leading scaling
- — FRG-QCD: leading + subleading scaling
- —— FRG-QCD: fixed—point value

0.01 | 010 | 1 | 10 | 100 |

m,. [MeV]

Small chiral scaling regime

Small critical regime around pot. CEP

06 0.7
0.4 0.5
0.3 )

0.1 ' H

Braun, Chen, Fu, Gao, Huang, Ihssen, JMP, Rennecke, Sattler, Tan, Wen, Yin, 2310.19853



1/6

Chiral dynamics & quasi-massless modes

Scaling coefficient as function of the pion mass
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Full order parameter potential

Measure: correlation length
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