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® The non-monotonicity of the kurtosis 1s observed with 3.1¢ significance.
® s there a “peak’ structure in the regime of low colliding energy?

2



Temperature (MeV)

300

250 |

200 |

150

100

50

Critical slowing down near QCD critical point
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® Recal-time description of strongly interacting systems.

® Nonperturbative approach of QCD.
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Relaxation time:
T = ¢ f(kS)

Z: dynamic critical exponent



Outline

* Introduction
* Brief review about real-time fRG
* Universality of Pseudo-Goldstone damping

* Relaxation dynamics of QCD in phase
diagram

* Summary



Schwinger-Keldysh path integral
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® two-point closed time-path Green's function:
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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:
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flow of the Schwinger function:
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Legendre transformation:
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flow of the effective action:
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Wetterich equation Review: WF, CTP 74 (2022) 097304,
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FRG in Keldysh path integral

® Implement the formalism of fRG in the two time branches:
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® Then we derive the flow equation in the closed time path:
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® The effective action on the Schwinger-Keldysh contour reads  Hohenberg and Halperin, Rev.
Mod. Phys. 49 (1977) 435.

Model A

g #4] = J d'x (Zé” Pasg O Pae = 2 Bag OF bue + V(PO g bue =220 T2, —V/2c aq)

" = 1/Z": relaxation rate V'(p.): potential p. = ¢p>/4 Gaussian white noise with
coefficient determined by
Z\: wave function c: explicit breaking fluctuation-dissipation theorem

pseudo-Goldstone:
® Retarded propagator

T\
Gab =
5¢a,q 6¢b,c

Retarded propagator of Goldstone

| Mass of pseudo-Goldstone
Ggq,(a), q) = - , Gell-Mann--Oakes--Renner
—iZg)a) + Z(E,’) <q2 + m(%) m2 — Vi(po) __¢ (GMOR) relation
A R VAL




Universal damping or not?
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The relaxation rate at zero momentum reads Tan, Chen, WF, Li, arXiv: 2403.03503
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¢ Zg) ¢ Holographics, Hydrodynamics, and EFT
Holographics:
Amoretti, Arean, Goutéraux, Musso, PRL 123 (2019) 211602;
Amoretti, Arean, Goutéraux, Musso, JHEP 10 (2019) 068;
® If7T<T, Ammon et al., JHEP 03 (2022) 015:
Cao, Baggioli, Liu, Li, JHEP 12 (2022) 113
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9 Baggioli, Landry, SciPost Phys. 9 (2020) 062



Breaking down of the universal damping

In the critical region, the two wave function
renormalizations read

(D) — p—vngd) () — —vn,@)
Here f(z), f(2): scaling functions; z = tc~ /P9
scaling variable; t = (T, — T)/T: reduced
temperature. The static and dynamic anomalous
dimensions are
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in the critical region
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From the fixed-point equation we determine in the
O(4) symmetry

n ~ 00374, n, ~ 0.0546

Thus

A, =n,—n=0.0172

Estimate of size of the dynamic critical region:

my,S0.1~1MeV



In the large N limit, the static and dynamic
anomalous dimensions can be solved analytically
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= = = 1), large N
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® In the limit N — oo, the breaking down of the

universal damping disappears.

® One should not expect that the anomalous
scaling regime can be observed in classical
holographic models.




Relaxation dynamics in QCD phase diagram

® Langevin equation of the sigma mode Relaxation time:

Relaxation Time 7/
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160 260 300 400 500 600 19
pp [MeV]



summary

Andronic et al. freezeout: STAR Fit Il
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1 T R DL R B RS I LR B T
v
0.96 /w')ﬁ
L S T S —0 oW ot
E&ogz =
~—
S T=0.702197, | |
(T . T=0.94560T, |||
0.88 T=0.995757T, |-
T=0.99968 T,
T=T
----- B S ¢
” - )
0.84 |- A 1/ -
: s v t=cY
'. M PR BT PR BRI EFETTTT B SR IT MEFETETT EEEE T MR
10-10 10°% 1076 1074 1072 1
C

* Two different universalities of pseudo-Goldstone damping are found.

* Relaxation time drops quickly once the system is away from the critical end point.
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* Two different universalities of pseudo-Goldstone damping are found.

* Relaxation time drops quickly once the system is away from the critical end point.

Thank you very much for your attentions!
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