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What’'s hot in QCD? The cool stuff!

For the purpose of the talk/workshop!!
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Chiral symmetry breaking

Chirality for massless particles
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Chiral symmetry breaking

chiral symmetry Mean field expansion

(qq) =0 /m((iq)2 = L<§q>éq+---
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Chiral symmetry breaking

chiral symmetry Mean field expansion
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Chiral symmetry breaking

physical masses

strong chiral symmetry breaking Am,gp ~ 400 MeV

bottom

2 light flavours, one heavy flavour 2+1



Confinement

Free energy I, of a quark - antiquark pair
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Confinement

Free energy I, of a quark - antiquark pair

Wilson loop
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Free energy I, of a quark - antiquark pair
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Confinement

Free energy I, of a quark - antiquark pair
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Temperature T'
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renormalised light condensate
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renormalised light condensate

Strongly correlated QCD
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renormalised light condensate

Strongly correlated QCD

Temperature T'
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renormalised light condensate

Strongly correlated QCD
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Unfolding strongly correlated QCD with heavy ion collisions
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Unfolding strongly correlated QCD with heavy ion collisions
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Unfolding strongly correlated QCD with heavy ion collisions
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Unfolding strongly correlated QCD with heavy ion collisions
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Unfolding strongly correlated QCD with heavy ion collisions
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Interaction rate [HZz]

Experimental landscape

‘The (experimental) future is bright’
Tetyana Galatyuk, Erice 2021
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Interaction rate [HZz]
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How bright does it get?

Experimental landscape
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CEP or other NEW physics/phases

Chiral phase structure (theory) & freeze out data (Exp. data+Pheno)
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Sneak preview on some results

" QCD phase structure, 'CEP' estimate & phenomenological applications

= (Non-critical) chiral dynamics & fluctuations of observed charges
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Sneak preview on some results

" QCD phase structure, 'CEP' estimate & phenomenological applications
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Sneak preview on some results

" QCD phase structure, 'CEP' estimate & phenomenological applications
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Additional material & technical details
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Outline

e QCD phase structure: Where do we stand?

e Chiral dynamics

® Fluctuations of conserved charges

e Summary & outlook
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Interaction rate [HZz]

Experimental landscape

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

ab initio & closed form

Diagrammatic functional relations for the free energy I [qb]
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Fu, Commun.Theor.Phys. 74 (2022) 097304
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Fischer, PPNP 105 (2019) 1



Functional Methods for QCD
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Functional Methods for QCD

glue hadronic
quantum fluctuations quantum fluctuations
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grand potential

quark
quantum fluctuations

Correlation functions

gluon propagator
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Pure glue

+ matter loops
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Functional Methods for QCD
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Functional Methods for QCD

glue hadronic
quantum fluctuations quantum fluctuations
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gluon propagator quark propagator quark-gluon vertex

(AuAu)(p) (aq) (p) (9 AL) (1, p2)

Eight tranverse tensor structures
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Functional Methods for QCD
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Functional Methods for QCD
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Functional Methods for QCD

glue hadronic
quantum fluctuations quantum fluctuations
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Functional Methods for QCD

glue hadronic
quantum fluctuations quantum fluctuations
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grand potential
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Curvature of the chiral transition line
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Analyticity considerations at finite density

* Self-consistent truncations to functional relations define analytic functions in UB, eg:
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Analyticity considerations at finite density

* Self-consistent truncations to functional relations define analytic functions in UB, eg:
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* Consequences for functional QCD predictions at finite density
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Analyticity considerations at finite density

* Self-consistent truncations to functional relations define analytic functions in UB, eg:
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Analyticity considerations at finite density

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

00 (a()a(w)) 12) = Loop [{a(w)a(w) (s

) (4@ Au)a(e) ) (), 5 s

i) gl

* Consequences for functional QCD predictions at finite density

180 |
\ 4 @ pu— 4
160 B2 i ' -
140 | By now the best truncations to functional
QCD pass lattice benchmark tests at
120 . vanishing and small chemical potential
% 100 H=== FRG: Fuetal. 2019 -
2 ---------- DSE: Gao et al. 2020 ©
80 H——- DSE: Fischer et al. 2021 @ _
B‘ FRG: Moat ragime @ ©
Lattice: WB ® = S
60 Heoo Lattice: HotQCD ] ) . )
Bl freezeout: STAR & Regime of reliability of current best truncation
40 <l freezeout: Alba et al. L .
©  freezeout: Andronic et al.
20 P> freezeout: Becattini et al.
(| © freezeout: Vovchenko et al. | i A i S i e
@ freezeout: Sagun et al. § Unique: QCD-based analytic continuations ‘
0 : : : : that satisfy the lattice benchmarks }
0 200 400 600 800 1000 |

at small chemical potential.

pp [MeV]
Great opportunity for a combined analysis of high density QCD (Exp. data + lattice QCD + functional QCD)



Sneak preview on the QCD moat
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Sneak preview on the QCD moat
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Sneak preview on the QCD moat
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EoS with the minimal DSE
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EoS with the minimal DSE
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EoS with the minimal DSE
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EoS with the minimal DSE
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Remove CEP-predictions

(i) 'old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)
(ii) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at (15 =0

(iii) LEFTs with CEPs at large density (missing quark-gluon back reaction)
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To be (critical) or not (to be)

Chiral transition temperature
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To be (critical) or not (to be) fQcD

Chiral transition temperature
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Chiral dynamics & quasi-massless modes  T@CP

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

Critical O(4) scaling
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Chiral dynamics & quasi-massless modes

Critical O(4) scaling

Critical scaling .
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Scaling coefficient as function of the pion mass
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Chiral dynamics & quasi-massless modes fQch

Measure: correlation length
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Dynamics and the size of the critical regime fQCD

Showcases in linear sigma models

Transport with fRG spectral functions & effective potential Dynamical universality
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On the unreasonable effectiveness of low energy effective theories

1 R 1 fQCD
OTw[®] = 5 ~ - +3

Sequential decoupling of gluon, quark, sigma, pion fluctuations
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On the unreasonable effectiveness of low energy effective theories

1 R 1 fQCD
OTw[®] = 5 ~ - +3

Sequential decoupling of gluon, quark, sigma, pion fluctuations
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Fluctuations of conserved charges 1RES

Benchmark at vanishing density
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Sneak preview towards QCD

Full QCD input
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fQCD

Fluctuations of conserved charges

Canonical ensemble
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