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Functional renormalization group

Functional integral with an IR regulator

Z[J] = [(gé)exp{ — S[®] — AS,[®] + J‘@a}

W, [J]=InZ[J]

regulator:

1
AS = —
Lol 3

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

flow of the Schwinger function:

1 1 -
oW ] =— ESTf[(arRIJ Gk] — 5 PaORy ‘D, Grap = }’Ca<r,(€2)[q>] + AS,EQ)[CD]) .

Legendre transformation:

[ [®] = — W,[J] + J°D, — AS,[D]

flow of the effective action:

1 1
T [®] = ESTr[(atRk) Gk] ==

Wetterich formula Review: WE, CTP 74 (2022) 097304,
C. Wetterich, PLB, 301 (1993) 90 arXiv: 2205.00468 [hep-ph]



Chiral symmetry breaking in RG

— SL - = . - - - = =

08 T T [ |

® [ function of 4-quark coupling:

FY | PP .
L d ~
’

‘\\g:O, T>0

i WF, Huang,
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1 SciPost Phys. 14
5 (2023) 069,
1 arXiv:2209.13120
/ 0.6 0.8 1.0
Braun, Gies, JHEP 06 (2006) 024. k/A RG scale



Mass production in RG

® flow in the plane of the °

) couplings of different channels vs RG scale:
mass and coupling:

Ai=p = 22.5591
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] e Mq’k:A — 2 * 1073 N'—
1 o Ajp = 24.5 I
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] e My =15%1072 Y SciPost Phys. 14
| @ Ma=25 I (2023) 069,
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(i) =
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iy M= _1 . . . .
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(iv) )\_k:A =434 k [A]
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o (iv) ® Understanding quark mass
F v — -3 . . .
= | (iii)  Marea=5x10 production from the viewpoint of
= o D phase transition.
! IR ® Analogue of gap equation in
102 | (i) "‘~~..____f terms of RG flow.
|
0.0 0.0 02 0.4 0.6 0.8 1.0




Bound states in RG

® Bound states encoded in n-point correlation functions:

Pc— mMesol Meson

. | — S 0,z 1 (PP = CUP?AZ(P?) + A(PY),

j“Jt,k=A
% = :g:é:Jr " l”’kzo(Pz) - 0 dk
1 - /17[,](=A IA Ck(Pz)T

Note: playing the same role as the Bethe-Salpeter equation.

Gell-Mann--Oakes--Renner relation
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WF, Huang, Pawlowski, Tan, SciPost Phys. 14 (2023) 069, arXiv:2209.13120



QCD within fRG

Glue sector: Or00e00iQeoeee = 0; (émi_i:?mw"" %&_m m_ )

WF, Huang,
Pawlowski, Tan,

n preparation
Matter sector: ( I: E : : )




QCD within fRG in vacuum

Gluon dressing: Gluon propagator:
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QCD within fRG in vacuum
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QCD with dynamical hadronization

Introducing a RG scale dependent composite field:
(0h) = Ay Geg + By ¢ + €, &,

Flow of four-quark couplings:

d (@), with § = (A,¢,¢,4,7),

Wetterich equation is modified as

Gies, Wetterich , PRD 65 (2002)
065001; 69 (2004) 025001
Pawlowski, AP 322 (2007) 2831
Florchinger, Wetterich, PLB 680
(2009) 371

1 5(9p) [ — [ —hA= @
OT{®] = ZSTr(G @] 9,R,) + Tr(GqM,a[CI)] Tk R¢> 0idy =2 (1 + %) Ag — h A = FIOW (50)1g) »
A 5T, [®] choosing
- <al¢k,l> 5 + C0'5i(7 ’ = 0, =0 + -+ u-channel
Z =0, V&, | -
WEF, Pawlowski, Rennecke, PRD 101 (2020) 054032
Flow equation: Hadronization function: Sl e XY pedoma
| ! 4 AN
1 ® 1 I 1 F @) , SR VAR
OTx[2] = 5 — S +2 - Z OW (G29)(Grq) > i
14 R T T : 104é —————r — —————
L= e | S S— -~ o]  four-quark
e T = i " iamel]  interaction encoded
| Sl | in Yukawa coupling:
I T,
| = | ] R -

k[MeV]



Gluon dressing functions
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Natural emergence of LEFTs from QCD

102: ! ! L ! ! L | ! ! o B ! ! L | ! ! UL L | T T UL L
: : |—— 11w} — 1/(1+m2) Z5N ) 24
I ——== 1/(1+m}) ———== 1/1+m)
101 - 100 [ | \
100 L
101 : .
1 [ 972Al !
10 E ———— g2
z — R2/(1+m2)
——== h*/(1+m?)
10-2 . L ] — L 10-2 . A L] . L] . N,
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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.

WEF, Pawlowski, Rennecke, PRD 101 (2020) 054032
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Renormalized light quark condensate
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Other fermionic observables
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Phase boundary and curvature
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CEP from fu

>
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® No CEP observed in /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.

® Considering relatively larger errors when
ug!/ T Z 4, one arrives at a reasonable
estimation : 450 MeV S yip o, S 650 MeV.

nctio

nal QCD

> By

Prediction of location of CEP from functional
QCD in literature

fRG:

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

DSE:

DSE (fRG): Gao, Pawlowski, PLB 820 (2021) 136584

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



Update: CEP from functional QCD
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improved truncations for the sector of s quark and the
full mesonic potential of Ny = 2+1.

fRG: WF, Pawlowski, Rennecke, Wen, Yin, in preparation

DSE:
(T, luB)CEP = (1 10, 610)MeV (preliminary)

Effects of thermal splitting on the location of CEP is small.

DSE: Gao, Schneider, Pawlowski, private communications.



Upda
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Update: CEP from functional QCD
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improved truncations for the sector of s quark and the
full mesonic potential of Ny = 2+1.

Passing lattice benchmark
tests at vanishing y.

fRG: WF, Pawlowski, Rennecke, Wen, Yin, in preparation

DSE:
Regime of reliability of

(T, 2 B)CEP = (1 10, 610)MeV (preliminary) current best truncation.

Effects of thermal splitting on the location of CEP is small.

DSE: Gao, Schneider, Pawlowski, private communications.



Inhomogeneous instabilities in QCD phase diagam
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Signature of inhomogeneous instability in heavy-ion
collisions—-¢“moat” spectrum
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Momentum-dependent mesonic wave function

Flow equation for mesonic

two-point functions: Oy -----@)------ =y | = Q ihed peetd (Y
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® Inhomogeneous instability
is resulted from Landau
damping of two quarks in
thermal bath in the regime
of large baryon chemical
potential.
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Real-time mesonic two-point functions

Analytic continuation on
the flow equation:
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Real-time mesonic two-point functions
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Spectral functions for mesons

® spectral function:
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Baryon number fluctuations
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Convergence radius of Taylor expansion?

expanding the pressure at yz =0
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Fluctuations on the freeze-out curve
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Update: Fluctuations at large

S 7 < - g J B 7 4 - J 52

T[MeV]

. Swv =~ 5.4 GeV, ~ 510 MeV
sz on the phase diagram / V/ ONN . Up
250 T T T T 8 N o "”'Ilf —
- | reezeout: STAR Fit Il I
* gzszeout: STAR Fit Il 7 * STAR data (0-10%) |
200 | 6r 1
5F i
R
150 | = 4r 1
~—
CQ><<|4 3} i
100 - 2r ¥ 1
1F i
(T, tg)cpp = (98, 643)MeV %
50 B ] ] ] ] _ I‘ ] ] O | |
_1 MR | L L MR SR | L L P
0 100 200 300 ?13[0 V] 500 600 700 800 100 10l 102 103
€
" V/Sxw [GeV]
fRG: STAR:
WF, Luo, Pawlowski, Rennecke, Yin, in preparation J. Adam et al. (STAR), PRL 126 (2021) 092301

® Calculations have been extended from pz ~ 500 to 800 MeV 1n the improved fRG-LEFT.
® A “peak” structure is found in the regime of low collision energy.
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® [ ocation of the peak, 1.e.,
the corresponding collision
energy shows very mild
dependence on the location
of CEP 1n the range
Hpopp = (600 ~ 700) MeV.

® While the height of the
peak shows significant
dependence.



Error estimate: Different freeze-out curves

sz on the phase diagram
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® The height of peak 1s significantly influenced by different freeze-out curves.
® The location of peak shows weak dependence on freeze-out curves.
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Fluctuations: canonical ensemble
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summary

~

* Recent years have seen significant progresses in studies of QCD in vacuum, QCD phase
structure, phase transitions and properties of QCD matter in heavy-ion collisions within the
fRG approach.

* Estimates for the location of the CEP from fRG and Dyson-Schwinger Equations converge
in a rather small region at baryon chemical potentials of around 600 MeV.

* Theoretical calculations in fRG indicate that there would be a peak structure in the kurtosis
of the baryon number fluctuations as a function of the collision energy in the regime of low

collision energy, which would provide us a promising probe to pin down the location of
CEP.



summary

i

* Recent years have seen significant progresses in studies of QCD in vacuum, QCD phase
structure, phase transitions and properties of QCD matter in heavy-ion collisions within the
fRG approach.

* Estimates for the location of the CEP from fRG and Dyson-Schwinger Equations converge
in a rather small region at baryon chemical potentials of around 600 MeV.

* Theoretical calculations in fRG indicate that there would be a peak structure in the kurtosis
of the baryon number fluctuations as a function of the collision energy in the regime of low
collision energy, which would provide us a promising probe to pin down the location of
CEP.

Thank you very much for your attentions!






Flow of 4-quark coupling—gluon versus
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Vacuum QCD within fRG

Input: fundamental parameters of QCD at a large
momentum scale: A = 20 GeV

2-flavor QCD
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QCD strong couplings
among quarks and gluons
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