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Phase structure of QCD and the CEP
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Functional approaches are the only first principles approaches to date

that allow for direct computations at finite density with
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Ripples of the CEP
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net-baryon fluctuations in QCD vs net-proton fluctuations at STAR
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Experimental signatures of the critical end point
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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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The unreasonable effectiveness of low energy effective theories

1 @ /////®\\\\\ @ 1 @ fQCD
L'y [®] = 2 - '\\ /,‘ — + B

Sequential decoupling of gluon, quark, sigma, pion fluctuations

| | | | |
102F —— aga -~ - 2
F—— g /'/ ) Jrai
S s :
1 o 7 ;
10 JREREEEE Qe A ‘/ / E g_
n / / : 5As
QA / [ A i
| kQ )\(77) ./““"":/’ N i
100 —.— 1.2 \(0) V2 X E
5 oA L0 N\ 5
- 7 :
_ /" /

]_0—1 — ,/ / i —@ @
: R 7 : | |
S }:‘/ // : ]{52)\(7T’0) | |
I-I- ------ 1 12 v nd 1 VAV EE 1 L1 11l 1 L1 1 1l ] ‘ ‘

10~ 10~ 10~ 10" 10
k |GeV]

Vacuum: Ihssen, JMP, Sattler, Wink, arXiv:2408.08413
Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032



The unreasonable effectiveness of low energy effective theories

@ I @ @ fQCD
8tI‘k[<I>]:§ - '\\ /,‘ — +§

Sequential decoupling of gluon, quark, sigma, pion fluctuations

| | [ | | |
102 e ll—A “'\‘ - 2
: 7 E gia
—— aan 7 /\ Al
C—— aA3 /0/ /~ -
101 e e Qi A ./’ ‘/' E ggA
N / / : SAS
Q{A4 . . |
/. Jorrrra i
100 —.— 7.2 )\(0) /57 N E
R A /7 N ]
R4 7/ i
L
10~ Lk A _ e = =
R 4 - | |
““‘.‘/ ./ E kZA(T‘-7J) | |
............ S - oo
| ] 121 111114 ] RV AViEEEE ] L1 1 a1l ] L1 11l
1073 1072 1071 10° 10!
k |GeV]
Vacuum: Ihssen, JMP, Sattler, Wink, arXiv:2408.08413
Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032
PQM-model PNJL-model QM-model NJL-model
® ®
\| 1 1 / Y 1
J + - "2 B 0 ) + - - +3 _

QCD-assisted low energy effective theories
I I



The unreasonable effectiveness of low energy effective theories

O SR OIS o
8tI‘k[<I>]:§ - '\\ /,‘ — —|—§

Sequential decoupling of gluon, quark, sigma, pion fluctuations

| | [ | | |
102 e ll—A “'\‘ = 2
: 7 - gia
—— aan 7 /\ Al
C—— aA3 /0/ /~ -
101 e e Qi A ./’ ‘/' E ggA
N / / 5 SAS
Q{A4 . . |
/e forrrrnn, | 1
100k —.— 7.2 \(0) /5 N |
WA 7 N\ :
R4 7/ ]
L
10~ Lk A | e = =
R 4 5 | |
““‘.‘/ ./ E kZA(T‘-7J) | |
............ S - oo
| ] 121 111114 ] RV AViEEEE ] [ I 1 L1 1 1l
1073 1072 1071 10° 10!
k |GeV]
Vacuum: Ihssen, JMP, Sattler, Wink, arXiv:2408.08413
Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032
PQM-model PNJL-model QM-model NJL-model
® ®
\| 1 1 / Y 1
J + - "2 B 0 ) + - - +3 _

QCD-assisted low energy effective theories
I I



The unreasonable effectiveness of low energy effective theories

(0 OO o
8tI‘k[<I>]:§ - '\\ /,‘ — —|—§

Sequential decoupling of gluon, quark, sigma, pion fluctuations

| | [ | | |
102 e ll—A “'\‘ = 2
: 7 - gia
—— aan 7 /\ Al
C—— aA3 /0/ /~ -
101 e e Qi A ./’ ‘/' E ggA
N / / 5 SAS
Q{A4 . . |
/. Jovrrrean, | i
100k —.— 7.2 \(0) /5 N |
WA 7 N\ :
R4 7/ ]
L
10~ Lk A | e = =
R 4 5 | |
““‘.‘/ ./ E kZA(T‘-7J) | |
............ S - oo
| ] 121 111114 ] RV AViEEEE ] [ 1 L1 1 1l
1073 1072 1071 10° 10!
k |GeV]
Vacuum: Ihssen, JMP, Sattler, Wink, arXiv:2408.08413
Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032
PQM-model PNJL-model QM-model NJL-model
® ®
\| 1 1 / Y 1
J + - "2 B 0 ) + - - +3 _

QCD-assisted low energy effective theories
I I



The unreasonable effectiveness of low energy effective theories

@ I @ @ fQCD
8tI‘k[<I>]:§ - '\\ /,‘ — —|—§

Sequential decoupling of gluon, quark, sigma, pion fluctuations

| | L | | |
102 | — all—A ."\‘ = 2
5 4 5 9rai
—— O 7 /\ :
— aA3 /0/ /~ -
101 = e Qi A ./’ ./’ E ggA
i / / 5 SAS
aA4 . i
/. Y _
—_ ]2 )\(7‘(‘) ey . ]
]_OO E o b — 2 (0') ./:‘“ ’/ D =
k2 )\ . X :
/" 4 i
R4 4
10~ Lk L/ | —
ra 4 S | |
““‘.‘/ ./ E kZA(T‘-7J) | |
............ s - oo
| ] L1 1 11114 ] RV AV/EEE ] L1 13l 1 L1 1 1l
1073 102 101 107 10*
k |GeV]
Vacuum: Ihssen, JMP, Sattler, Wink, arXiv:2408.08413
Phase structure: Fu, JMP, Rennecke, PRD 101, (2020) 054032
PQM-model PNJL-model QM-model NJL-model
B @
\| 1 1 / y 1
J + - "2 B 0 ) + - - +3 _

QCD-assisted low energy effective theories
I I



180 ] | | . |
I:( T p— 3 MTB pu— 4
160 g2 b -
140 .
120 -
100 H=== FRG: Fu et al. 2019 : -
---------- DSE: Gao et al. 2020 o
80 ——:= DSE: Fischer et al. 2021 @ |
FRG: inhom g O
Lattice: WB ® = o
60 H Lattice: HotQCD ! 7
B freezeout: STAR OO
40 <l freezeout: Alba et al. |
@ freezeout: Andronic et al.
20 P>  freezeout: Becattini et al.
[l & freezeout: Vovchenko et al. B
#® freezeout: Sagun et al.
O T T | |
200 400 600 800

chiral phase structure

QCD-assisted low energy effective theory

g [MeV]

1000

Direct functional QCD input

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

+

(0)

(Z+1)
qcp, 0

(T)/h

1)
k

h(Z—I—

QCD>

quark-antiquark — meson scattering

1.1 T T T T T T
1.0 pmmmmme 0 :
. @ |-—-= T=100MeV
0.9 | \\ T=150MeV | 4
N T= 200 MeV
0.8 | S\ b _
|
\\
0.7} N |
\\
0.6 \ ]
\\
\,
05 ™ .
\\
~\
0.4 [ N\ —
u,
0.3

| | | | | |
0 100 200 300 400 500 600 700
k[MeV]

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



180

chiral phase structure

QCD-assisted low energy effective theory
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chiral & ‘confinement’ phase structure
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Functional QCD

chiral & ‘confinement’ phase structure
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chiral & ‘confinement’ phase structure
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Functional QCD

Observables
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Functional QCD
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Ripples of the critical point

barvon number fluctuations in the phase structure
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Fluctuations of conserved charges

Validity regime of extrapolations
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Great opportunity for a combined analysis of high density QCD (Exp. data + lattice QCD + functional QCD)
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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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fixing the subensemble volume

subensemble volume system volume

V1:C\5V

R:?z = (1 - QQ)R:?Q

3.5 |

fRG (CE), freezeout: Andronic et al.
3.0 fRG (CE), freezeout: STAR Fit | _
fRG (CE), freezeout: STAR Fit Il

\ fRG (GCE), freezeout: Andronic et al.

2.5 1 \ fRG (GCE), freezeout: STAR Fit | |
/ ‘ fRG (GCE), freezeout: STAR Fit Il
o 20/ \ ¥  STAR collider (0-5%) i
Q’? / \ S&%  STAR fixed-target (0-5%)
4 - ‘ T
15+ 7§ A -
7/ \
1.0
O"ﬁ
0.5
0.0 :

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



Canonical corrections via subensemble acceptance
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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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Ripples of the critical point
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Unfolding the high density regime with new phases & physics

Great opportunity for a combined high precision analysis of high density QCD (Exp. data + lattice QCD + functional QCD)
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Ripples of the critical point: Sneak preview

iIsentropes with strangeness neutrality
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Summary

= Functional QCD provides direct 15! principle results for the phase structure at finite density 1s0
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Supplementary material



Phase structure from functional QCD: how to



How to: systematic error estimates & the LEGO® principle
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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.

pressure, trace anomaly,

i e.g. hadron resonances
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’

6Salol|  _, oTlo 0

5¢ Qb_ﬁg 5¢ Qs:?gquant

25 full quantum equation of motion
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How to: direct computations and the minimal point of view

and if you don’t like them....

S 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

» Consequences for functional QCD predictions at finite density
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Great opportunity for a combined analysis of high density QCD (Exp. data + lattice QCD + functional QCD + LEFTSs)
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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

Preliminary collection from Lattice, DSE, FRG and PNJL (2004-2020)
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*  L3: Gavai & Gupta, NPA 904, 883c (2013) (Taylor Expansion)
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V¥  Fl: Weijie Fu et al., Phys. Rev. D 101, 054032 (2020)
V¥  F2: Defu Hou et al., PRD 96, 114029 (2017) //'
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® DI:Y.X. Liuetal, PRD 90, 076006 (2014) it
® D2 YX Liuetal, PRD94,076009 2016) | 7 T e
2001 ¢ p3yvx Livet al,PRL106, 1723012011 | T T e ]
® D4: Hong-shi Zong et al., JHEP 07, 014 (2014) g el T=3
® D5: C.S. Fischer et al., PRD 90, 034022 (2014) 12 (360, 162) el ell=3 up/T =4
S ®  D6:F.Gao, J. M. Pawlowski, PRD 102, 034027 (2020) L3 (279, }555 N ’ //,/ ............................
o ® D7:F. Gao, J. M. Pawlowski, PLB 820, 136584 (2021) . 7 B e
= PNIL T e
: P : Mei Huang et al., EPJC 79, 245 (2019) D2 (262.3, 126.3) D1 (372;1290 T
e o & e el D7 (610, 109)
g ) D5 (504, 115 ’
D3 (330,128) D4 (4,953--1-;7) ° ( ) F1 (635, 107)
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100} E—— D3 L=2fm P (720, 90)
..................... (450, 109) ¢
......................... D6 (672, 93)
/”/”, ””,z”” ......................... v
e F2 (780, 55)
................................. Updated version, Luo 2022
L 200 400 600 800
tB (MeV)
Xiaofeng Luo The 10" RHIC BES theory and experiment online seminar, Oct. 6™, 2020 9

RHIC-BES Seminar Oct. 6th 2020, Xiaofeng Luo
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!
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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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Full order parameter potential

Measure: correlation length

[ Use for chiral dynamics in heavy ion collisions }
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