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e QCD phase structure: Where do we stand?

e QCD phase structure: observables, estimates & systematics
e Chiral dynamics & phenomenological applications

e Many flavour QCD & the conformal window

e Summary & outlook



Interaction rat

—_ —_ —_ —k
o o o o
N w ESS (¢}

¢
o

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?
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QCD with Functional Approaches

Diagrammatic Functional relations for the free energy I [qb]
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vacuum fQCD: current set of correlation functions
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Analyticity considerations at finite density

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

0 (a(@)a(y) ) (1) = Loop | (a(@)a(y) )(in), {a(=)a(y) )(un),--: o]

l\.|H

) ﬁ% E .
v 4 G (®\

-.—(X)—.——.——C— \ @/




Analyticity considerations at finite density

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

|

0:(a(@)a(y) ) (1) = Loob | {a(x)a(y) ) (s

p). {a(@)aw))(u), 5 o

* Consequences for functional QCD predictions at finite density

180 |
] =4
160 g 0 . : :
By now the best truncations to functional
140 | QCD pass lattice benchmark tests at
vanishing and small chemical potential
120 -
% 100 H=== FRG: Fuetal. 2019 :
= DSE: Gao et al. 2021 ©
SO DSE: Fischer et al. 2021 @ _
B' FRG: inhom @ ©
Lattice: WB @ = o
60 | I Lattice: HotQCD 7
[l freezeout: STAR OO
40 H < freezeout: Alba et al. -
©  freezeout: Andronic et al.
20 P>  freezeout: Becattini et al.
[| © freezeout: Vovchenko et al. ]
@ freezeout: Sagun et al.
O I

I ] ]
0 200 400 600 800 1000
pp [MeV]



Analyticity considerations at finite density

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

|

6‘t<q($)(j(y)>(ﬂ ) = Loop {<q($)§(y)>(ﬂB

) (a@)alw) )(u), 5 g

* Consequences for functional QCD predictions at finite density

180 T
\ @ — 4
160 B2 1, T - . .
ST By now the best truncations to functional
‘ QCD pass lattice benchmark tests at
140 - L ) .
vanishing and small chemical potential
120 -
% 100 H=== FRG: Fu et al. 2019 -
2 ---------- DSE: Gao et al. 2021 ©
S8OH——- DSE: Fischer et al. 2021 @ _
B‘ FRG: inhom @ ©
Lattice: WB @ ﬂ o
60 1" Lattice: HotQCD 7 Reai £ reliabili f b .
B freezeout: STAR OO egime of reliability of current best truncation
40 H < freezeout: Alba et al. .
©  freezeout: Andronic et al.
20 P> freezeout: Becattini et al.
[l © freezeout: Vovchenko et al. }
@ freezeout: Sagun et al.
O I I | |
0 200 400 600 800 1000

pp [MeV]



Analyticity considerations at finite density

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

|

6‘t<q($)(j(y)>(ﬂ ) = Loop {<q($)§(y)>(ﬂB

) (a@)alw) )(u), 5 g

* Consequences for functional QCD predictions at finite density

180 |
\ /4 @ p— 4
160 B £ T . . .
ST By now the best truncations to functional
140 | QCD pass lattice benchmark tests at
vanishing and small chemical potential
120 -
% 100 H=== FRG: Fu et al. 2019 -
2 ---------- DSE: Gao et al. 2021 S
S8OH——- DSE: Fischer et al. 2021 @ _
B‘ FRG: inhom @ ©
Lattice: WB ® ﬂ o
60 | . Lattice: HotQCD 7] . e .
B freezeout: STAR & Regime of reliability of current best truncation
40 H < freezeout: Alba et al. L .
1} freezeout: Andronic et al.
20 P> freezeout: Becattini et al.
[l © freezeout: Vovchenko et al. } A
#® freezeout: Sagun et al. f Unique: QCD-based analytic continuations ‘
0 : that satisfy the lattice benchmarks §

I ] ]
0 200 400 600 800 1000
pp [MeV]

at small chemical potential.



Analyticity considerations at finite density

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

|

6‘t<q($)(j(y)>(ﬂ ) = Loop {<q($)§(y)>(ﬂB

) (a@)alw) )(u), 5 g

* Consequences for functional QCD predictions at finite density

180 .
\ @ p— 4
160 B2 L g : , ,
S 4 By now the best truncations to functional
140 E | QCD pass lattice benchmark tests at
vanishing and small chemical potential
120 .
% 100 H=== FRG: Fuetal. 2019 .
2 ---------- DSE: Gao et al. 2021 ©
80 H——- DSE: Fischer et al. 2021 @ _
B‘ FRG: inhom g O
Lattice: WB -] = o
60 | . Lattice: HotQCD 7] . o .
B freezeout: STAR & Regime of reliability of current best truncation
40 H < freezeout: Alba et al. L .
©  freezeout: Andronic et al.
20 P>  freezeout: Becattini et al.
[l © freezeout: Vovchenko et al. ] g
@ freezeout: Sagun et al. § Unique: QCD-based analytic continuations ‘
at satis e lattice benchmarks }
0 : : ' ' that satisfy the lattice benchmark
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)



Outline

e QCD phase structure: Where do we stand?

* QCD phase structure: observables, estimates & systematics

e Chiral dynamics & phenomenological applications

e Many flavour QCD & the conformal window

e Summary & outlook



0.4

renormalised condensate

_MB=O _’.—_'.—'
F - - -u=200MeV T
-+ -+ =400MeV
[ —-—-u=600MeV |
|
DSE ..
50 100 150 200 250
T[MeV]

Chiral condensates

2.5

0.5

0.0

, .
‘e, N

‘e
|

pwp=0

= = p=400MeV
= pup=500MeV

pp =600MeV

,;
.
T

100

150

200 250

TMeV]

300

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

DSE: quark condensates

See also

Fischer, Luecker, PLB 718 (2013) 1036

Fischer, Luecker,Welzbacher, PRD 90 (2014) 034022
Isserstedt, Buballa, Fischer, Gunkel, PRD 100 (2019) 074011

10

fRG:
DSE:

fRG-DSE

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

Gao, JMP, PLB 820 (2021) 136584



0.4

Chiral condensates

renormalised condensate

_MB=O _’.—_'.—'
F - - -u=200MeV T
-+ -+ =400MeV
[ —-—-u=600MeV |
|
DSE L
0 50 100 150 200
T[MeV]

OA, /0T

25 T L T T I
_EE wp=0
=z - = up=400MeV
20} = up=>500MeV
:E ----- g =600MeV
15} D -
Dl
: A
10 [~ -: ‘ .
0.5 i -
fRG . '; "'1:’ ,\
0.0 ' MR, .
0 50 100 150 200 250
TMeV]

300

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

1.0

reduced condensate

Al,s

0.8

0.6

0.4

0.2

0.0

fRG

1My — 17 = 120 MeV

—_— 1y —m;=150MeV
— — 1, —m; =155 MeV
- 1, — 1y =160 MeV
Lattice: WB Continuum

I
o

KB

50

|
100

|
150

Ty L
200 250

TMeV]

300

10

fRG:
DSE:

fRG-DSE

AT i) — (25) Du(T )
A(0,0) — (m—§)2AS(O,O)

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

Gao, JMP, PLB 820 (2021) 136584



Curvature of the chiral transition line
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Systematic error control (CEP)
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Systematic error
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Location of CP : Theoretical Prediction

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)
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Large uncertainties for the estimation of CP location.
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Most functional computations Lack of predictive power
(LEFT or QCD) have not been for CEP-predictions

set-up for CEP-predictions! is no quality measure!
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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 (1B =0
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(i) ‘old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)

(ii) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at (1B =0

(iii) LEFTs with CEPs at large density (missing quark-gluon back reaction)
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(i) ‘old’ CEPs: lattice, Functional QCD approaches, LEFTS (updated computations available)

(ii) LEFTs & Functional Results (qualitative approximations) that miss lattice benchmarks at (1B =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)

Chiral transition temperature
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Chiral dynamics & quasi-massless modes

Scaling coefficient as function of the pion mass
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Gao, JMP, arXiv:2112.01395
QM: Chen, Wen, WF, PRD 104 (2021) 054009
QCD: fQCD collaboration, in preparation



fQCD

Chiral dynamics & quasi-massless modes

Critical O(4) scaling
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Scaling coefficient as function of the pion mass
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On the unreasonable effectiveness of low energy effective theories
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Fluctuations of conserved charges
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STAR measurements

Fluctuations of conserved charges

Au+Au collisions at RHIC
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Fluctuation of conserved charges

QCD-assisted LEFT: Taylor expansion vs full results
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fQCD

The need for dynamics

Showcases in linear sigma models
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The phase structure of many-flavour QCD
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The future is bright

Experimental landscape

T T T BT 1 1 || T T T T T T 1 || T ?
E Heavy ion collisions -
CBM@FAIR SIS100 .
3 s k-7 E CEP or other NEW physics/phases
e ]
By =
§ ;‘% B NAGO+@SPS -
Eo e .
‘g_“' ¢ gan ALICE@LHG =
- BE H SPHENIX@RHIC 3
= ES@GSI MPD@NICA -
L
B FooededeseAe—It  NAG1/SHINE ]
E STAR FXT )__( STAR@RHIC —
= =
C i i
3 % 3 Chiral phase structure (theory) & freeze out data (Exp. data+Pheno)
E 1 ] l 1 L1 1 | I l 1 1 ] | 11 1 | | =
I 2 34567 10 @ 20 30 100 20 180
Collision energy \'s,, [GeV] 160 18 &
Galatyuk, A982 (2019) update 2021 140
CBM, EPJA 53 3 (2017) 60
( ) 120
% 100 |[===FroFu ol 2010
---------- DSE: Gao et al. 2020
Freezeout curve E 80 H——- DSE: Fischer et al. 2021
I B‘ 77777 FRG: inhom
e B2 Lattice: WB
60 17 Lattice: HotQCD
Fu, Luo, JMP, Rennecke, Wen, Yin, PRD 104 (2021) 9 @ freezeout: STAR
40 H @ freezeout: Alba et al.
@/ freezeout: Andronic et al.
20 By freezeout: Becattini et al.
[| @ freezeout: Vovchenko et al.
0 @ freezeout: Sagun et al.
] ] ] ]
0 200 400 600 800 1000
pip [MeV]
Fu, JMP, Rennecke, PRD 101, (2020) 054032
29 Gao, JMP, PLB 820 (2021) 136584

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









