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® The non-monotonicity of the kurtosis 1s observed with 3.16 significance.
® s there a “peak” structure in the regime of low colliding energy?
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Functional renormalization group

Functional integral with an IR regulator A 1
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Chiral symmetry breaking in RG

® [ function of 4-quark coupling:

\\\g:O, T>0

1 WEF, Huang, Pawlowski,
Tan, SciPost Phys. 14
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arxiv:2209.13120
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Bound states in RG

® Bound states encoded in n-point correlation functions:
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® Flow equation of 4-quark interaction:
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Quasi-PDA of pion

® Bethe-Salpeter amplitude (unamputated):

X (k3 P) = S(k )T (k; P)S(k_) Quasi-PDA:

with P = (iEp,0,0,P,), P* = — mZ? and k, = k = P/2 _
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First-principles QCD within fRG

Glue sector: Matter sector:
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Gluon dressing functions
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Other fermionic observables
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Phase boundary and curvature
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CEP from first-principles functional QCD

- _'4 Estimates of the location of CEP from
T il first-principles functional QCD:
1  fRG:
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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 5 4. for the location of CEP: 600 MeV < HBcgp S
650 MeV.
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Natural emergence of LEFTs from QCD
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® Composite (mesonic) degrees of freedom take over active dynamics from
partonic ones when the RG scale 1s lowered down £ < 600 ~ 800 MeV.

® LEFTs emerge naturally from fundamental theory in the regime of low
energy, in agreement with the viewpoint of RG.

WE, Pawlowski, Renneck%,6PRD 101 (2020) 054032



QCD-assisted LEFT

o~ 3 S - N s = e o~ = S - AP S~
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® Yukawa couplings obtained in QCD

QCD flow equation: inputted in QCD-assisted LEFT
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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

n B
)(B = J p RB — )(_n
n O(ug/T)* T* nm B ® In comparison to lattice results and our
" former results, the improved results of
. baryon number fluctuations at vanishing
relation to the cumulants chemical potential in the QCD-assisted
) B B LEFT are convergent and consistent.
M
B _© B X3 X4
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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

o N W ~ U1 O N ©

® Results in fRG are obtained in the
QCD-assisted LEFT with a CEP at

® Peak structure is found in 3 GeV

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

N
o

=
ol

e experiment is worsening with
R SeER RS \/San S 11.5 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.
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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

S/ 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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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

Postion 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
exponents.

® But, the information of CEP, such
as its location and properties, etc.,
is still encoded in the ripples.
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® The magnetic equation of state (EoS) is obtained via

the chiral condensate:
0Q(T;m,(T))

amq

Ay, =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- Vb

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?

p =2/(po)

T . which 1s defined
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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

HotQCD:
—§ m, =140 MeV
483 x 12
\i —§— m, =110 MeV
\ 603 x 12
\ —§— my =80 MeV
\ 723 X 12
\ —f— m. =80 MeV
\ 603 x 12
\ —- m,=55MeV
n 563 x 8

4 1 fQCD:
—— m, =140 MeV
— m, =110 MeV
—— m, =80 MeV
—— MMy =55 MeV

w

l, —(,
XE\/IS)(Tv mﬂ)/XE\/IS)
b

[a—
i

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



Magnetic equation of state

Hix10-2 Lattice (HotQCD):
0 0.08 0.3 0.7 1.3 2.0 2.9 3.8
L lattice __ +3
155 : E{S(]f - o | TC -_ 132—6 MGV,
[~} ([ J
B0
150 m ° | Ding et al., PRL 123 (2019) 062002.
= . o ° , fRG:
150 2x107% 2x107% 2x107* fRG ~ _
2 To .1 * = TRO x 142MeV,  pprg = 1.024
LN LR _ ot
: 3 gg N _g Braun, WF, Pawlowski, Rennecke, Rosenbliih, Yin, PRD 102
140} T wlaag as 8" (2020) 056010.
135 ' ' ' ' e MGV ' DSE:
0 20 40 60 80 100 120 140
m, [MeV]

TPSE x~ 141 MeV,  ppsg = 0.9606
Gao, Pawlowski, PRD 105 (2022) 9, 094020, arXiv: 2112.01395.

T, (m,) = T, +cmy

® The almost linear dependence of the pseudo-
critical temperature on the pion mass has
Braun, Chen, WF, Gao, Huang, Thssen, nothing to do with the criticality.

Pawlowski, Rennecke, Sattler, Tan, Wen, and ® So what is the size of the critical region in
Yin, arXiv:2310.19853. QCD?
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Critical region in QCD

g -

Scaling in the external field: Critical exponent o:
L TN L L L s 5'5 ' L ' L ' " Ne gy U ' L
100 ' .
0.4 | | ]
[ 03} & Vi b mﬂ,crit ~ 2 —5MeV
: 0.2 | e * = " .
0.1 / . TN
107 ol 3
i 10° 10! w 4.5}
1072 fRG-QCD | 4.0 |- fRG-QCD: leading scaling .
—————— Fit up to leading order ] I fRG-QCD: leading+subleading scaling
==== Fjt up to subleadingorder{ | [ fRG-QCD: fixed-point value
m, [MeV] mx[MeV]
Scaling in the temperature: ACO(m,) = B,m2°[1 + ,,m %]
-3 T T T T T
fRG-QCD
-4 Fit with 3=0.405
-5 o » - ® QCD at physical light quark mass is far away
F 6 | from the critical region.
E ® 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
—-12 —10 -8 —6 —4 —2 0 Yin, arXiv:2310.19853.
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Inhomogeneous instabilities in QCD phase diagam

180 : . - _
160 i!i- ey
hg < gm~ CARY .
140 i OTERy Mesonic two-point correlation function:
120 e 2;’ %
— UB =z D
T YR [ I 2 1 2] 2
% 100 - —” /e v, s é ’ F¢¢(p) - Z¢(p0, p)pO + Zq’) (pO’ p)p7|+ mq')
2 80 | FRG: inhom @ ]
& ==1 FRG: Z,<0 @ ©
60 | '@ freezeout: STAR - & @ i Wlth
<1 freezeout: Alba et al. OO 521_‘ (D
| @ freezeout: Andronic et al. a
40 B freezeout: Becattini et al. (2) < k[ ]
| | ©  freezeout: Vovchenko et al. i ,k
20 . ® freezeout: Sagun et al. ¢¢ 5¢5¢ D=
oL | | | | — “EoM
0 200 400 600 800 1000

pip [MeV]
WF, Pawlowski, Rennecke, PRD 101 (2020) 054032,
arXiv:1909.02991

I I I I I 10-2 3 I I I I
8 x 10° — =0 . | — =0
— 5 = 400 MeV — 15 =400 MeV
6 X 106 | — up=410MeV ||_| 10 3| =—— pp=410MeV
— =420 MeV — =420 MeV
6 — up=430MeV —— up=430MeV
4x10° | — up=440MeV || N A ——  up=440MeV
- i3 = 600 MeV = 107 ¢ 13 = 600 MeV
o 92 % 106 B ~— -
~— <
N Nt
0x10% |- = 105}
—2x 108 | . [
10° L
—4 %108 | ] F
—6x 108 ! ! ! ! ! 107 - i I L
0 50 100 150 200 250 300 0 50 100 150 200 250

T[MeV] 27 T[MeV]



Signature of inhomogeneous instability in heavy-ion
collisions—-¢“moat” spectrum

= - S So 7 = - -~

® two-particle correlation:

® transverse momentum

spectrum of one particle: normal phase

~ moat behavior

0.00025¢
0.00020¢

0.00015¢
: 0.12
0.08

0.04

0.00010}

o*N/(prdpr dy dg,) [MeV 2]

0.00005¢

0.00000%

pr,2 [MeV]

pr1 [MeV]

Pisarski, Rennecke, PRL 127 (2021) 152302;
Rennecke, Pisarski, arXiv:2110.02625
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Momentum-dependent mesonic wave function

Flow equation for mesonic

two-point functions: 0y -----@)------ =y | = Q ihed peetd (Y
R ----\.‘a..’.,.---
=0
Ho 1up = 550 MeV

® Inhomogeneous instability
is resulted from Landau
damping of quarks in
thermal bath in the regime
of large baryon chemical
potential.

1.20 T T T T T ,l
up =440 MeV s
1.15 || === #p=550MeV pp = S50 MeV | 0.5} A
- 5= e 2 . g e .
........ oy S : : : . creation or annihilation
= 110) Y Dispersion relation: > ol
= ug = 440MeV & I :
S 1.05| T=145MeV S =Y
~ LO5F - Ly N -
= g =610 MelV E (p) — [Zl(p) p2 + mZ] 1/2 < o5t
= R ¢ ¢ ¢ S Landau dampi
iﬂk 1.00 | e IO ST o R ] N u ping
e = - e
0.95 , BTt —-1.0} / full |4
. - N . . . partl
WE, Pawlowski, Pisarski, Rennecke, part2
0.90 Wen, Yin, in preparation. -1

0 100 200 300 400 500 600 207 10T 109 10l 107 107 10°
[p| [MeV] 29 k [MeV]



Real-time mesonic two-point functions

Analytic continuation on
the flow equation:

o) _qs o) . .
ng;ﬁ R(co, p) = 111r(r)1+ ngq)ﬁ( — 1(w + 1€), p) Spectral
’ €— °
_ function
Note: not on data! = ]
& e w=20MeV, jip=600MeV, T=120MeV ~‘~;
s (9 =50 MeV, pp=600MeV, T=120MeV
10°1° e W= TOMEV, i = 600MeV, T= 120 MeV .
== =20MeV, up=0, T=160MeV ]
= w=50MeV, up=0, T=160MeV
L e w=70MeV, up=0, T=160MeV
10-16 I | | | | |
0 100 200 300 400 500 600 700
p| [MeV]
(2) : - (2) :
Real part of I' ’ ¢,R( Do P): Imaginary part of I' p ¢,R( Pos P):
2'0 | | | | | | 7 | | | | | |
() = 20 MeV, pup =600 MeV, T=120MeV 1
------ w=50MeV, ZB:(SOOMeV, T=120MeV 6 | /" TN 4 ¢ Imagln.ary part Of the
sl w=T0MeV, 5= 600MeV, T= 120 MeV N\ mesonic two_p()lnt
. = w=20MeV, pup=0, T=160MeV N\

-
3 >
(@)
X ; 5F \\ ] .
X et G=SOMOV, i =0, T=160MeY =h functions and spectral
o e =T0MeV, up=0, T=160MeV _:':":"'n .
= = 4l [ =~ \ 1 function are enhanced by
= L — .
o 2 3 the Landau damping
= )
e 3 effect
105 = 2
o oK C o .
3 — 1 WEF, Pawlowski, Pisarski,
=5 0.0 é Rennecke, Wen, Yin, in
E ' _ l 0 preparation.

| | | | | | | | | |
100 200 300 400 iOO 600 700 100 200 300 400 500 600 700

p| [MeV] py =70 MeV p| [MeV]
Po = 20 MeV 30
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Real-time mesonic two-point functions

20 7

I
< 25y
,“

15 T %) =
2N
W

\

1.0 T

05 7

Rel'()(w, [7])/Rel' (0, 0)

Rel')(w, |7]) /Rel (0, 0)

200 150 200

o 150 200 4@\///14 100 100
/MGW 100 0 0 50 Uljo\i/[ev\ e[/7 0 0 ¥ w\MeV\
. WEF, Pawlowski, Pisarski, Rennecke,
Spectral function: Wen, Yin, in preparation.

1'. 1y = 630 MeV

oSS oS OSSINS SO
77755 S SIS AN
052 SIS INANNY

pr(w; |P])[x107 1 MeV 2]
o r N W & U O ~

pr(w, [p)[x107° MeV 7]

200 200
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summary

T T LA L B B T 5.5
,'". fRG (CE), freezeout: Andronic et al.
5| i ————— fRG (CE), freezeout: STAR Fit |
H: === fRG (CE), freezeout: STAR Fit Il &
al i ¥*  STAR collider (0-5%) ] 5.0} Z
i ¥%  STAR fixed-target (0-5%) =
[ BES Il (0-5%) 2‘
=
w 4.5 X
=
3
4.0 | fRG-QCD: leading scaling &
I fRG-QCD: leading+subleading scaling
------- fRG-QCD: fixed-point value 200
3.5 n il n el n el n el
0.01 0.1 1 10 100

m,[MeV]

vV SNN [GGV

—

* A prominent peak structure 1s found in baryon number fluctuations in the collision energy
range of 3 GeV S /spn S 7.7 GeV.

* The size of the critical region in QCD is determined for the first time.

* The moat regime is found to arise from the Landau damping.
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5L il ————— fRG (CE), freezeout: STAR Fit |
H: === fRG (CE), freezeout: STAR Fit Il &
al i #  STAR collider (0-5%) 1 5.0+ c
i ¥%  STAR fixed-target (0-5%) =
® BES Il (0-5%) 2‘
=
w 4.5 X
@
3
4.0 fRG-QCD: leading scaling &
I fRG-QCD: leading+subleading scaling
------- fRG-QCD: fixed-point value 200
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—

* A prominent peak structure 1s found in baryon number fluctuations in the collision energy
range of 3 GeV S /spn S 7.7 GeV.

* The size of the critical region in QCD is determined for the first time.

* The moat regime is found to arise from the Landau damping.
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QCD with dynamical hadronization

Introducing a RG scale dependent composite field: Gies, Wetterich , PRD 65 (2002)
065001; 69 (2004) 025001
b.(0), with & = (A, ¢.8.8.5), 0.0 =A,gra+ B, +C, e .  Pawlowski, 4P 322 (2007) 2831
P(@), with § = (4,¢,¢.4,9) (00 = 4q7q + B + Cie, Florchinger, Wetterich, PLB 680
Wetterich equation is modified as Flow of four-quark Coup]ingsg(zoog) 371
1 5(0,9) [ [ _hA= “
oI, [®] = ESTr(Gk[fb] o,R,) + Tr<G¢q,a[cD] &rb R ¢> 0y, — 2 (1 + nq> Ay —h A =Flow g,

A 5T.[D] choosing
_J<at¢k,i> < - + C05i0) ’ = d =9 + + u-channel
oP: ,=0, Vi, f B

WEF, Pawlowski, Rennecke, PRD 101 (2020) 054032

Flow equation: Hadronization function: D G
] ! 4 AN

@ R~
1 (VA A=- 1 Flow .- 2 ez % i
Ol[2] = 5 - P +35 4 ! 7 (grq)(gTq) > !
. :' 7

14— 1=0 1 =0 :
= ==  T=150MeV = e 1
12| - . - T:;OOMeV 1 - L;igﬁez E four_quark
""" T=300MeV T 300MeV | 4 interaction encoded

in Yukawa coupling:

T—><

k [MeV] k[MeV]34



=& - Andronic et al.

@ STAR

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

1300 100 200 300 400
60 [ ! | ] ! N

0 100 200 300 400 500 600 700 800
pp [MeV]

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 I1

neglecting first two at low uz and
the last one

150

Determination of the freeze-out curve

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

145

%,
s,
,
",
%, &

140 ! ! ! ! ! ! I AN
0 50 100 150 200 250 300 350 400

pip [MeV]

a
HBer = 11 0.288/snn |
- T

" 7 1+ exp (2.60 — In(/5nn)/0.45)

all data points

® freeze-out curve should not rise with pg
3% convexity of the freeze-out curve
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fRG (CE, Set I)
————— fRG (CE, Set Il)
= === fRG (CE, Set Ill)

%  STAR collider (0-5%)

%  STAR fixed-target (0-5%)

freezeout: STAR Fit |

2.5

fRG (CE, Set I)
———— fRG (CE, Set II)
= === fRG (CE, Set Ill)

%  STAR collider (0-5%)

%  STAR fixed-target (0-5%)

freezeout: STAR Fit Il
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fRG (CE, Set I)
N fRG (CE, Set 1)
= === fRG (CE, Set Ill)

%  STAR collider (0-5%) —

%  STAR fixed-target (0-5%)

freezeout: STAR Fit | _

12 T

10

fRG (CE, Set I)
———— fRG (CE, Set II)
= === fRG (CE, Set Ill)

¥  STAR collider (0-5%)

¥  STAR fixed-target (0-5%)

freezeout: STAR Fit Il
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Dependence of the location of CEP

STAR: Adam et al. (STAR),
PRL 126 (2021) 092301

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



