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Introduction

Chiral partner particles

P I I
J ]P
(Decay width) (Decay width)
T 0~ o 0t (400-700) MeV
a 17 (250 - 600) MeV p 1~ 149 MeV
K, 1t 90 MeV K* 1~ 47 MeV
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Introduction

Mass of chiral partner

Weinberg Sum Rule:
Chiral order parameter

2 2
<Gg>F0 e <Gg>=0 1, — Iy, « (my — my)
x < gqq >
Mass
L {{1(}2.7.01 B when chiral symmetry is
M restored
$
*. MKl(T) — MK*
K*(892) .. QCD Sum rule result:
—> Axial vector meson
; > mass goes down to vector
Sm— T meson vacuum mass.
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Introduction

Mass of chiral partner

Weinberg Sum Rule:
Chiral order parameter

2 2
<qgqg>+#0 <qgqg>=0 HA_HVOC(mA_mv)
x < qq >
Mass
Ki(1270) when chiral symmetry is
restored
K*(892) QCD Sum rule result:
—> Axial vector meson
* - mass goes down to vector
. o T meson vacuum mass.
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Introduction

Chemical & Critical temperature
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Bazavov et al. [HotQCD], Phys. Lett. B 795, 15-21 (2019). 10| 2

S. Borsanyi et al. [Wuppertal-Budapest], JHEP 09, 073 (2010) | I ; _
v 0.‘
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« < gq > (chiral order parameter) decreases substantially at 7°..... .,

e T

critical close to chemical freeze out temperature in statistical model

» Nk, and N are similar at initial hadronization temperature because

their masses are degenerated at 7
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Introduction

In heavy ion collisions
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K, and K* mesons
are produced

During hadron phase,
K| number is reduced

1 fm/c

(chemical freeze-out)

It

(kinetic freeze-out)
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Cross Sections of
K, scattering with
T and p mesons
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K, Scattering Cross Sections

In-medium K; mass

H. Sung et al, Phys. Lett B 819 (2019) 136388
1 ¢ Previous work: phase transition immediately

19177171 7T T T
2, 59G>1
<q g>o -
E ..... I')’7K1(-|-)=I’)’7K1 —(mK1—mK*) G(T—Tc) E

2 2
My, — My*
(M= Mk”) my (1) = My = 892 MeV

v

- H. Sung et al, Phys. Rev. C 109 (2024), 044911
1 < Current work: phase transition smoothly

my (T,) = 1.08 GeV

(q9q)¢

2 2
me (1) =mg, + ———
. K (qq) 1

2 2

« Weinberg relation for K; and K* show that K| in-

medium mass depends on the quark condensate.
S. H. Lee, Symmetry 15, 799 (2023), arXiv:2303.14415

L &, |
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T (MeV) my () = 1.08 GeV
T.= 156 MeV
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K Scattering Cross Sections

(99)0
In-medium K; mass /(1) = my. +—=(m, —mjc.)
(99)r
T dependence of K, cross sections Thermal averaged cross
sections
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K* Scattering Cross Sections

S. Cho and S. H. Lee Phys. Rev. C 97, 034908 (2018)
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Fugacity

Constant S/A and effective particle numbers

Jun Xu, Che Ming Ko, Physics Letters B 772 (2017) 290-293

. SIA, z KY N - V.7 7, 7, » Particle and entropy

d’p
p = Z 8i[ 27)3 z:./(p)

d3
§= - Z gi[ (2;’3 (z;fpIn(z; 1)

S(T)IA(T) = S(T,)IA(T,),
N (T) = N (T),

w,k,n w,k,n

o Effective numbers

ng"(T) = 2,0} + 251 + 2, 2x g + Z:%ZK”IQ + 2 an) + -,

eff Ty = - n? T 2, T 4 2,7
nK (T) - ZKnK + Zﬂ'ZKnK* + ZEZKI’lKl + ZK]/Z¢ + e,

ffery — T T
ny (T) = zyny + 2,2y, + - .

i . I . I . I . . I . I .
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C
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Kinetic Equations

K, and K* numbers during hadron evolution

3
N, _ N N N E n' = “ Ji{p)
where . * Light mesons are determined

from thermal distribution

_(<6K1p—>K*7rv> + <6K1p—>va>)Z7%in

_<FK1—>K*7I> - <FK1—>Kp>’

ZnT .
Yk K+ = (<0K1n—>K*pV>”;zT + <6K1p—>K*ﬂv>Z7zin ) - TKl . % .
g ; K, regeneration processes
T . .
O k. ; are determined from the
! nlg* . . .
2 : detailed balance relation
yKl,K = (<6K1n—>Kﬂv>nﬂT + <6K1p—>va>Zn'in) i 7{{1 .
Nk
- TR
+< K1—>KP> I”l}é , § NO:NK1+NK+NK
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Kinetic Equations

K, and K* numbers during hadron evolution

dNg . Time Dependent Temperature
= Yk, x,Vk, T Yk, k+NVg= + 7k, x Nk :

dt H.Sung, S. Cho, J. Hong, S. H. Lee, S. Lim and T. Song
arXiv:2102.11665 [nucl-th] (2021)
where @
T(t)=T. - (T. - T))[ —=
: T) = —_ —
yK,,K, - (<6K17[—>K]T> + <01<,;HK*/)V>)ZH”;Z ( ) ¢ ( ¢ f) Tr — T
2T f c
_(<O_K|/)—>K*JTV> + <0K|/)—>K/)V>)Z]Tn/) .
~(Tkmron) = L) . LHC(Pb-Pb) , /Syy = 5.02 Tev
z2ng .
7R . f
]/K],K* - (<(TK1]T—>K/)V>H]Z + <6K1/)—>K7TV>Z]T”/Z_‘) ]/ll’];* : TC = 156M€V (fr::‘]c;C) (fr:]/C) a
nl : 0- 5% 8.7 28.1 0.835
r > ' K, .
Tk kn nl, 40 — 50% 4.9 13 0.9
. - Zalg, : 70 - 80% 2.2 2.9 0.847
yKl,K - (<O-K172'—>K1Tv>nﬂ' + <6K1/)—>K/)V>ern/)) T .
Ni -
. >Z,[n,€ .....................................................
+ K\—Kp T °’ . -
//lK : NO —_— NK] + NK>{: + NK
. . Kinematic E
Introduction Cross Section d Result 14




Kinetic Equations AR bl o

K, and K* numbers during hadron evolution

dt — yK1,K1NK1 + }/KpK*NK* + yKl,KNK’ . At = 7/K*,Klijl T }/K*,K*NK* + }/K*,KNK’
where
where : Ve k, = (OkamkopV)2aln + (0K, posksgV ),
+<FK1—>K*77>’
Y =— (o )+ (o w V)2 T 2T
KKy K=Kz Kim=K=p " ﬂ2 . Yks g+ = — <0-K*7r—>va>Z7zn7r — <6K*p—>Kﬂv>Zﬂnp
_(<6K1p—>K*7zv> + <6K1p—>va>)Z7rnp Zzl’lT
. T Ty “7 K
—(Tk sk — Tk k) X ~ (O kY M + (0K o k¥ ) 2 nl,
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_ T T\ " ™ . Z.n
e ARl R (k) = (Thoon) 7
K*
T
Zﬂ'nKl : Z2n£*
+<FK1—>K*7[>—nIY{w* ; Vs K = ((aK*ﬂ_)va)nﬂT + <0K*p_>Kﬂv>zﬂin ﬂn%
2T .
Zallk X 2
yKl,K = (<6K1n—>Kﬂv>nﬂT + <6K1p—>va>Zn'in) : . +<FK*—>KJI> - 7{(
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Kinetic Equation

Kinetic freeze-out temperature

S. Acharya et al. [ALICE], Phys. Rev. C 101, no.4, 044907
(2020).[arXiv:1910.07678v2]

Production of charged pions, kaons and (anti-)protons in Pb — Pb and
inelastic pp collisions at ,/syy = 5.02 TeV

ALICE Collaboration™

The system has a shorter hadronic
lifetime in more peripheral collisions

S. Cho, et al., Phys. Rev. C 97, no. 2, 024911 (2018).
larXiv:1511.08019]

Centrality (dN_,/dn) (Br) Liin (GeV) n
0/ - —
0-5%  1943+56 (1.018)0.663 +0.003 (0.947)0.090 + 0.003 | (1.032)0.735 + 0.013 0-5% : Tkin =90 MeV
5—10% 1587 +47 (1.022)0.660 +0.003 (0.938)0.091 £ 0.003 | (1.005)0.736 + 0.013
10-20% 1180 +31 (1.025)0.655 + 0.003 (0.949)0.094 £ 0.003  (1.001)0.739 £0.013
20-30%  786+20 (1.029)0.643 +0.003 (0.960)0.097 + 0.003  (0.990)0.771 £0.014
30-40% 512415 (1.030)0.622 £ 0.003 (0.953)0.101 £ 0.003 | (0.985)0.828 £0.015 40-5095 Tk' =108 MeV
40-50% 318412  (1.037)0.595 + 0.004 (0.964)0.108 + 0.003 | (0.962)0.908 £0.019 in
50-60%  183+8  (1.041)0.557 +0.005 (0.975)0.115 + 0.003 | (0.957)1.052 + 0.024
60-70% 963+ 58 (1.035)0.506 £ 0.008 (1.000)0.129 £ 0.005 | (0.977)1.262 + 0.043
70-80% 449434 (0.993)0.435 + 0.011 (1.058)0.147  0.006 | (1.063)1.678 + 0.088 _QNO0/ - _
80-90% 175+ 1.8 (0.994)0.355 + 0.016 (1.066)0.161 + 0.006 | (1.071)2.423 + 0.208 70-80% : Tkm =147 MeV
. . Kinematic Eq
Introduction Cross Section Result 106



https://arxiv.org/abs/1511.08019

Kinetic Equation
Kinetic freeze-out temperature

H. Sung et al, Phys. Lett B 819 (2019) 136388

0-5% 40-50% 70-80%

Pb+Pb |,,=5 TeV 06
]  b-139fm
N,o=17

0.5

0.4

0.3

0.2

0.1

The fraction of the volume where initial temperature higher

than 156 MeV is larger than 98% in all three centrality ranges.
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= Non Enhanced

: m Non Enhanced

m In-medium K; Mass#

Result

------- [ K1 Mass = K*
Ky Mass = K*
| | 0-5%
At chemical freeze-out time N
" " 80 i
Previous work: dotted lines [/
60|
my (1) = My = 892 MeV |
Current work: solid lines :
20 _‘\
my () = 1.08 GeV | - K
1 O . ! ! ! s ! ' L 1 : ' ' ' : : ' : ' ' ) t (fm/C)
t. 10 15 20 25 h
f f f f LHC(Pb+Pb) 5.02 TeV at
[.=1560MeV | I (fm/o) | 17 (fm/c) Centrality | 0-5 % | 40-50 | 70-80
~20(m/e) | N 40 | 89 | 15
40 - 50% 4.9 13 Ny 3.0 1.4 0.55
70 - 80% 2.2 2.9 Ratio 0.08 0.15 0.35
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= Non Enhanced
= Non Enhanced

{ m In-medium K; Mass}
® In-medium K; Mass}

Result

"""" m Ky Mass = K*
Ky Mass = K*
| | 70-80%
At chemical freeze-out time N
| | 2.0f
Previous work: dotted lines ;
1.5} N
mKl(tC) = Mg+ = 392 MeV |
1.0}
Current work: solid lines } N
0.5_‘ K;
my () = 1.08 GeV |
k() =108Gev t (fmic
22 23 24 25 26 27 28 29y
L k
ERETTIyR — P LHC(Pb+Pb) 5.02 TeV at
c = ‘ c tm/e) | &{im/c) Centrality | 0-5 % | 40-50 | 70-80
0- 5% 8.7 28.1 N, 10 59 1
40 - 50% 4.9 13 Ny 3.2 1.4 0.55
DN < (o | Rato | 008 | 015 | 035
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Result

— Mg, (T) « <gg>7 & Non-unity fugacity
1 — Mk, (T;) = Mg+ & Non-unity fugacity .

* At (70-80%) centrality

i ) — Without chiral symmetry i
0.8F Statistical model at T, 7]

T e mi(Te) = i & Unity fugacity (PLB 2021) 2.5 times greater than

statistical model prediction

—

statistical model: 0.14

O'_

] ] .
70-80% 40-50% 0-5%
Centrality LHC(Pb+Pb) 5.02 TeV at 7
H. Sung et al, Phys. Rev. C 109, 044911 Centrality [ 0-5% | 40-50 | 70-80
arXiv:2310.11434 [nucl-th] (2023) N+ 40 8.9 15
H. Sung et al, Phys. Lett B 819 (2019) 136388 NK] 3.2 1.4 0.55
arXiv:2102.11665 [nucl-th] (2021) :
Ratio 0.08 0.15 0.35

20



Summary

« As centrality decreases, the evidence of K| enhancement
becomes more prominent.

« K, production is about 2.5 times greater than the statistical
model prediction in Pb+Pb collisions (70-80%) at, /syy = 5.02

TeV.

e Chiral symmetry restoration in heavy-ion collision can be seen
from the K,/ K* ratio.

TV K~ - Tt K~ — KO _ 0 K0
K* = ) K*0 ) JSou S Y ¢ L
7~ KO ) 70 O 7O K* rt K*

\W_K 0 \ﬂ.OR*O
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Quark Condensate

Lattice-QCD result HotQCD
W. Weise / Progress in Particle and Nuclear Physics 67 (2012) 299-311 P Petreczky 2012 J. Phys. G: Nucl. Part. Phys. 39 093002
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