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Fluctuations measured in BES-I
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Net proton kurtosis
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® The kurtosis in the energy regime of fixed-target experiments, 1.e. 3 GeV
Sa/San S 7.7 GeV, then become pivotal.

® s there a “peak’ structure? also cf. talk by Xiaofeng Luo
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® The kurtosis in the energy regime of fixed-target experiments, 1.e. 3 GeV
Sa/San S 7.7 GeV, then become pivotal.

® s there a “peak’ structure? also cf. talk by Xiaofeng Luo
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QCD flow equation:

Glue sector:
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CEP from first-principles functional QCD
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Passing through strict benchmark
tests in comparison to lattice QCD

at vanishing and small p.

® No CEP observed in p5/T < 2 ~ 3 from lattice
QCD. Karsch, PoS CORFU2018 (2019)163

Regime of quantitative ® Recent studies of QCD phase structure from both
reliability <0f functional QCD fRG and DSE have shown convergent estimate
with p,/T S 4. for the location of CEP: 600 MeV < HBcgp S

also cf. talks by Jan M. Pawlowski and Rui Wen 6 650 MeV.




QCD-assisted LEFT
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® Yukawa couplings obtained in QCD

QCD flow equation: inputted in QCD-assisted LEFT
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® Chiral condensates in QCD and QCD-
assisted LEFT in agreement
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Baryon number fluctuations
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HotQCD: A. Bazavov et al., arXiv: PRD 95 (2017), 054504; PRD
101 (2020), 074502

WB: S. Borsanyi et al., arXiv: JHEP 10 (2018) 205

fRG: WF, Luo, Pawlowski, Rennecke, Yin, arXiv: 2308.15508;
WEF, Luo, Pawlowski, Rennecke, Wen, Yin, PRD 104 (2021) 094047

baryon number fluctuations
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Grand canonical fluctuations at the freeze-out

STAR: Adam et al. (STAR), PRL 126 (2021) 092301;
Abdallah et al. (STAR), PRL 128 (2022) 202303;
Aboona et al. (STAR), PRL 130 (2023) 082301

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

Sa/sSun S 7.7 GeV.
® Agreement between the theory and

N
o

=
ol

e experiment is worsening with
IR R R /xS 115 GeV.
v'snn [GeV ® Effects of global baryon number
fRG (GCE), freezeout: Andronic et al. con.se.rvatlon 1n the regime Of lOW
fRG (GCE), freezeout: STAR Fit | collision energy should be taken
fRG (GCE), freezeout: STAR Fit I into account.

STAR collider (0-5%)
STAR fixed-target (0-5%)
STAR collider (0-40%) Caveat:

STAR fixed-target (0-40%)

o o

Fluctuations of baryon number in
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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STAR: Adam et al. (STAR), PRL 126 (2021) 092301:
Abdallah et al. (STAR), PRL 128 (2022) 202303;
Aboona et al. (STAR), PRL 130 (2023) 082301

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

250

200

150

100

50

250

200

150

100

50

250

200

150

100

50

freezeout: Andronic et al.
freezeout: STAR Fit |

- === freezeout: STAR Fit Il

-
T

0

100 200 300 400 500 600 700
pp [MeV]

800

freezeout: Andronic et al.

B
R42

freezeout: STAR Fit |

- === freezeout: STAR Fit Il

CEP

-

(Tegps Hp,,,) = (98,643) MeV

0

100 200 300 400 500 600 700
UB [MGV]

800

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

@ CEP

B
R42

-y
~~~~~
=
—19

(Tegps Hp,,,) = (94,704) MeV

0

100 200 300 400 500 600
upB [MGV]

8

6 4.0
4

3 3.5
i RE 3.0
-4 2.5
oas g

Hpegp = 600 MeV
' '/ | | I' | I’ L |
fRG (CE, Set I)
————— fRG (CE, Set Il) ]
= === fRG (CE, Set Ill)
%  STAR collider (0-5%) 7
Y%  STAR fixed-target (0-5%)

freezeout: Andronic et al.

) 1
&

fRG (CE, Set I)

fRG (CE, Set Il)

fRG (CE, Set Ill)

STAR collider (0-5%)
STAR fixed-target (0-5%)
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STAR: Adam et al. (STAR),
PRL 126 (2021) 092301
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Rennecke, Yin, arXiv:
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Position of the
peak is insensitive
to the location of
CEP.

Height of peak
decreases as CEP
moves towards

larger pg.



Ripples of the QCD critical point

Position of peak: Height of peak:
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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
slowing down.

® But, the information of CEP, such
as its location and properties, etc.,
is still encoded in the ripples.
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Net baryon (proton)
number Kurtosis:

T — T 1 T A L B L T
fRG (CE), freezeout: Andronic et al.
fRG (CE), freezeout: STAR Fit | _
fRG (CE), freezeout: STAR Fit Il
STAR BES-| (0-5%)

STAR BES-II (0-5%)

STAR fixed-target (0-5%)

® In comparison to BES-I, BES-II results are better consistent
with the theoretical prediction.
® Experimental results in the energy regime of fixed-target

experiments, i.e. 3 GeV < /sy S 7.7 GeV, are now very
important!! It will finally tell us whether there is a CEP.
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® The magnetic equation of state (EoS) is obtained via

the chiral condensate:
oQ(T;m,(T))

amq

A, =my,

T
= mqvj (7(x) g(x))

Magnetic equation of state

® The chiral properties of the magnetic EoS are encoded
in the magnetic susceptibility:

0A

6ml

Al=_

A,
m

® [n the critical region, the magnetic EoS can be
expressed as a universal scaling function f;(z) through

Al — mllléfG(Z)

with

z=tm- V6

l and

z 1s the scaling variable and ¢ 1s the reduced temperature.
e The pseudo-critical temperature

through the peak location of y,,, 1s readily obtained

from the scaling function as

T,(m) =T .+cmb,

t =(T—T)IT.

with

pe?

T . which 1s defined

p =2/(po)
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Critical exponent in fRG for 3d-0O(4):
f=0405, 5§=4.784, 0,=0272,

obtained from the fixed-point equation for the
Wilson-Fisher fixed point, which leads us

Critical exponent in mean field:

Pup =112, oyp =3,

thus, one has pyp = 4/3

41 fQCD: HotQCD:

—— my =140 MeV —F m, =140 MeV
—— m, =110 MeV 483 x 12

—— m, =80 MeV \i —f— mr =110 MeV
—— mg, =55MeV \ 603 x 12

3 \ —§F— mx =80 MeV
.\ 723 X 12

\ —f— mg =80 MeV
\\ 603 x 12

\ —- m,=55MeV

[\

n 563 x 8

l, —(,
XE\/IS)(Tv mﬂ)/XE\/IS)

[a—
i

130 140 150 160 170 180
T [MeV]
Braun, WF, Pawlowski, Rennecke, Rosenbliih, Yin, PRD 102 (2020), 056010.



Magnetic equation of state

Lattice (HotQCD):

H [x1077]
0 008 03 07 13 20 29 38 Lt ;
- T — T T T T T ; Tcattlce — 1321‘6 MeV,
155 @ e = e
[~ ([ J
) Ding et al., PRL 123 (2019) 062002.
150} . : .
g = ® R fRG:
= a ® 150 2x10 2x 10 2x10 fRG N _
g 1451 L= mg © T TC ~ 142 MeV R PRG = 1.024
= pet 2l -
N & | __J!' Braun, WF, Pawlowski, Rennecke, Rosenbliih, Yin, PRD 102
Hor [ees == @ (2020) 056010.
135 I I I I I M [M?V] I DSE'
0 20 40 60 80 100 120 140 .

TPSE x~ 141 MeV,  ppsg = 0.9606

Gao, Pawlowski, PRD 105 (2022) 9, 094020, arXiv: 2112.01395.
T, (m,) = T, +cmy (2022)

® The almost linear dependence of the pseudo-

Braun, Chen, WE, Gao, Huang, Thssen. critical temperature on the pion mass has

Pawlowski, Rennecke, Sattler, Tan, Wen, and nothing to do with the criticality.
Yin, arXiv:2310.19853. ® So what is the size of the critical region in
QCD?
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® QCD at physical light quark mass is far away
from the critical region.

® The scaling behavior is observed for the first
time in the calculations of first-principles QCD.

Braun, Chen, WF, Gao, Huang, Thssen,
Pawlowski, Rennecke, Sattler, Tan, Wen, and
Yin, arXiv:2310.19853.
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Relaxation dynamics of the critical mode

S A2 -

® [angevin dynamics of the critical mode:

20,0 — Z,)076 + U'(o) = &

with the correlation of the Gaussian white noise

(E(t, x)E(,x)) =2 Zf T6(t —t)o(x —x')

® Inputs from first-principles functional QCD: WEF, Pawlowski, Rennecke, PRD 101 (2020) 054032

: : ol'[ D]
Effective potential: U'(o) =
00 o(x)=o0
P = &)EOM
@ (p,,
Spatial wave function: Zé’) _ oo (1720 p)
ap po=0
p=0
Temporal wave function: ZW = lim lim —Im F(z)R(a), )
¢ |p| =0 w—0 ow o0,

with
r'? (@,p) = lim I'Y(py = —i(w +ie), p)

e—0
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Relaxation time in QCD phase diagram

i = s < \g i N T 7 o 7 2 - A S~ 7 o e \ Gl

Relaxation time:

Andronic et al.

. . freezeout: STAR Fit Il
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==== phase transition line
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0.6} 7 M. Bluhm et al., NP4 982 (2019) 871
£
= ;
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R ® Relaxation time drops quickly once the
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summary
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* Recent BES-II fluctuation data indicate that, very possibly, there is no CEP with ug < 400
MeV.

* A prominent peak structure is predicted in baryon number fluctuations in the collision energy
range of 3 GeV S /syn S 7.7 GeV, which need to be confirmed in experiments in the near

future.

* The size of critical region near CEP 1s found to be small from first-principles functional QCD
from both static and dynamic perspectives.
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summary
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fRG (CE), freezeout: Andronic et al.
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= fRG (CE), freezeout: STAR Fit Il
STAR BES-I (0-5%)
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freezeout: Andronic et al.
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==== freezeout: STAR Fit I|

@ CEP
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Andronic et al.

freezeout: STAR Fit Il
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* Recent BES-II fluctuation data indicate that, very possibly, there is no CEP with ug < 400

MeV.

* A prominent peak structure is predicted in baryon number fluctuations in the collision energy
range of 3 GeV S /syn S 7.7 GeV, which need to be confirmed in experiments in the near

future.

* The size of critical region near CEP 1s found to be small from first-principles functional QCD
from both static and dynamic perspectives.

Thank you very much for your attentions!
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® 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
AS = —
Lol 3

d*q
[ 20 (=R (q)p(q)

flow of the Schwinger function:
A %STr[(atRk) Gk] - %CbaatR,j”’CDb
Legendre transformation:
[ [®] =—-WI[J]+JD,— AS,[D]
flow of the effective action:

1 1
T [®] = ESTr[(atRk) Gk] ==

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

Review: WF, CTP 74 (2022) 097304,
arXiv: 2205.00468 [hep-ph]



Dependence of the location of CEP
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