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QCD flow equation:

1

Glue sector:

|

. ) '; . .
Oy @ = (), E::?bmm-+ é ot
% : -7
05 T T T I I
quark
0.4}
condensate:
0.3} RN
B! e
3
0.2} 0
— =0
- = 5 =400MeV
0.1} == =500MeV .
""" pp =600MeV
1] Lattice: WB, pup=0
0.0 l l 1 1
0 50 100 150 200 250
T[MeV]

300

..

.
ce

— up=0

= = p=400MeV
== up=>500MeV
wp =600MeV

fRG:WF, Pawlowski, Rennecke,
PRD 101 (2020) 054032

1

Lattice: Borsanyi et al. (WB),
JHEP 09 (2010) 073

50

100

150
TMeV]

200 250

300



CEP from first-principles functional QCD

Estimates of the location of CEP from
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® No CEP observed in p5/T < 2 ~ 3 from lattice
QCD. Karsch, PoS CORFU2018 (2019)163
® Recent studies of QCD phase structure from both

fRG and DSE have shown convergent estimate
for the location of CEP: 600 MeV < HBopp <

650 MeV.
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CEP from first-principles functional QCD
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QCD-assisted LEFT
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® Yukawa couplings obtained in QCD
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Baryon number fluctuations
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Grand canonical fluctuations at the freeze-out
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® Results in fRG are obtained in the
QCD-assisted LEFT with a CEP at

® Peak structure is found in 3 GeV
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theory are compared with those of
proton number in experiments.



Canonical corrections with SAM
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Canonical fluctuations at the freeze-out
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® Peak structure is found in 3 GeV

SA/SNN S 7.7 GeV.

e Position of peak in Ry, is uy =

peak

536, 541 and 486 MeV for the three
freeze-out curves, significantly

smaller than yz = 643 MeV.
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Dependence on the location of the CEP
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larger pg.



Ripples of the QCD critical point

Postion of peak: Height of peak:
%‘ 6.0F T T T T T L‘ ] 35 ] ! ' '
<] odemmmmmm T TETTTE ~30F & ®—@ freezeout: Andronic et al. | _
e ,—'"’ Cg:?'“ @----E freezeout: STAR Fit |
Si 55} &7 . s 251 A--A freezeout: STAR Fit Il )
S
< 20 _
Aﬁj‘j 50L ___._.-.-.-..:-. 1 ’fo 0
=T e - T ‘D 15} .
e R Re
ﬁ ) @—® freezeout: Andronic et al. 24 10} i
= 4.5} [@----E freezeout: STAR Fit | } S
Z, A--A freezeout: STAR Fit |l I T .
gz 1 e— T e A
40 | | | | | | O | | | |
600 620 640 660 680 700 50 100 150 200 250
ILLB CEP [MeV] ’LLB CEP o MBpeak [MGV]

fRG: WF, Luo, Pawlowski, Rennecke, Yin, arXiv: 2308.15508

® Note that the ripples of CEP are
far away from the critical region
characterized by the universal
scaling properties, e.g., the critical
exponents.

® But, the information of CEP, such
as its location and properties, etc.,
is still encoded in the ripples.
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summary
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A prominent peak structure 1s found 1n baryon number fluctuations in the collision energy
range of 3 GeV S /sy S 7.7 GeV.

The height of peak depends on the location of the CEP, while its position 1s more
sensitive to the location of the freeze-out curve.

Information of the peak, 1.e., the ripples of CEP can be used to reconstruct the location
and properties of CEP.
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* A prominent peak structure is found in baryon number fluctuations in the collision energy
range of 3 GeV S /sy S 7.7 GeV.

* The height of peak depends on the location of the CEP, while its position 1s more
sensitive to the location of the freeze-out curve.

* Information of the peak, i.e., the ripples of CEP can be used to reconstruct the location
and properties of CEP.

Thank you very much for your attentions!
13






160 f= @@ o S ET freezeout: STAR Fit Il

=& - Andronic et al.

@ STAR

O freezeout: Andronic et al.
freezeout: STAR Fit |

130
60 0 100 200 300 400 | | W
0 100 200 300 400 500 600 700 800
MUB [MGV]

three freeze-out curves

1. freeze-out: Andronic et al.

Andronic, Braun-Munzinger, Redlich, Nature 561
(2018) 7723, 321

2. freeze-out: STAR Fit I

L. Adamezyk et al. (STAR), PRC 96 (2017), 044904

3. freeze-out: STAR Fit 11

neglecting first two at low uz and
the last one

150

145

140
0

Determination of the freeze-out curve

=& - Andronic et al.
@ STAR
O freezeout: Andronic et al.
freezeout: STAR Fit |
-------------- freezeout: STAR Fit Il

3
o
“, N
%,
OBEN
| | 2 KN

50 100 150 200 250 300 350 400
pip [MeV]

a
HBor = 110288 /5nn |
- T

"1y exp (2.60 — In(y/snn)/0.45)

all data points

15

® freeze-out curve should not rise with pig
® convexity of the freeze-out curve



Functional integral with an IR regulator

Z1J] = [(@ci))exp{ — S[®] — AS[D] + J@a}
Wk[J] = In Zk[']]

regulator:

1
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flow of the Schwinger function:
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Legendre transformation:
[ [®] =—-WI[J]+JD,— AS,[D]
flow of the effective action:

1 1
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Wetterich formula
C. Wetterich, PLB, 301 (1993) 90
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Functional renormalization group

Gas = 1o TP1@1 + AP )
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Review: WF, CTP 74 (2022) 097304,
arXiv: 2205.00468 [hep-ph]



Dependence of the location of CEP
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