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Chiral Partner Particles

𝐽𝑃𝐶 Γ
𝐷𝑒𝑐𝑎𝑦 𝑤𝑖𝑑𝑡ℎ

𝐽𝑃𝐶 Γ
𝐷𝑒𝑐𝑎𝑦 𝑤𝑖𝑑𝑡ℎ

𝝅 0− 𝝈 0+ (400 − 700)𝑀𝑒𝑉

𝒂𝟏 1++ (250 − 600) 𝑀𝑒𝑉 𝝆 1−− 149 𝑀𝑒𝑉

𝑲𝟏 1+ 90 𝑀𝑒𝑉 𝑲∗ 1− 47 𝑀𝑒𝑉
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< ത𝑞𝑞 >→ 0

𝑚𝐾1 = 𝑚𝐾∗

• Weinberg Sum Rule

𝛱𝐴- 𝛱𝑉 = (Const)[𝑚𝐴
2-𝑚𝑉

2]

In chiral limit

= 0
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Mass

< ത𝑞𝑞 > ≠ 0
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• 𝑇𝑐 ≅ 156𝑀𝑒𝑉

Bazavov et al. [HotQCD], Phys. Lett. B 795, 15-21 (2019).

S. Borsanyi et al. [Wuppertal-Budapest], JHEP 09, 073 (2010)

Introduction

• < ത𝜓𝜓 > decreases substantially at 𝑇𝑐

• 𝑇𝑐 close to chemical freeze-out temperature in statistical hadronization 

model

• N𝐾1 and N𝐾∗ will be similar at this initial hadronization temperature

≈ 𝑇𝑠ℎ
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K1 and K* are produced 

with equal number During hadron phase 

K1 number are reduced
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𝑁𝐾1/ 𝑁𝐾∗

Hadron phase
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Γ 𝐾∗ → Κ𝜋 = 50 𝑀𝑒𝑉

7Introduction Coupling Rate equation Results 7

Calculated Experiment

Γ 𝐾1 → Κ𝜌 12.8 𝑀𝑒𝑉 38 MeV

Γ 𝐾1 → 𝐾∗𝜋 81.6 𝑀𝑒𝑉 14 MeV

An Effective Chiral Lagrangian
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Decay channels Calculated Experiment

Γ(K∗(892) → K𝜋) 48 MeV 50 MeV

Γ(K∗(1410) → K𝜋) 15 MeV 15 MeV

Γ(K1(1270) → K𝜌) 40 MeV 38 MeV

Γ(K1(1270) → K∗𝜋) 9 MeV 14 MeV

Γ(K1(1400) → K𝜌) 15 MeV 5 MeV

Γ(K1(1400) → K∗𝜋) 99 MeV 163 MeV

An Effective Chiral Lagrangian



𝑲𝟏 + 𝝅 → 𝑲 𝝅
→ 𝑲∗𝝆

𝑲𝟏 + 𝝆 → 𝑲∗ 𝝅
→  𝑲 𝝆

9

• 𝐾1𝜋 → 𝐾 𝜋

• 𝐾1𝜋 → 𝐾∗𝜌

• 𝐾1𝜌 → 𝐾∗𝜋

The Cross Section 

of 𝐾1 by 𝜋 and 𝜌

• 𝐾1𝜌→ 𝐾𝜌



𝑁𝐾1 𝜏 = 𝑒
−∫𝜏𝑐

𝛾𝐾1 𝜏 𝑑𝜏
× [∫𝜏𝑐

(𝛾𝐾∗ 𝜏 𝑁𝐾∗ 𝜏 + 𝛾𝐾𝑁𝐾(𝜏)) 𝑒
∫𝜏𝑐

𝛾𝐾1 𝜏 𝑑𝜏
𝑑𝜏 + 𝑁𝐾1 𝜏𝑐 ]
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Rate equation

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

𝑑𝑁𝐾1(𝜏)

𝑑𝜏
= −𝛾𝐾1 𝜏 𝑁𝐾1 𝜏 + 𝛾𝐾∗ 𝜏 𝑁𝐾∗ 𝜏 + 𝛾𝐾𝑁𝐾(𝜏)

𝑁𝐾1 𝜏𝑐 = 𝑁𝐾∗ 𝜏𝑐
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Tc = 

156MeV
tc

(fm/c)

tf

(fm/c)

R

(fm)

v

(c/fm)

a

(𝒄𝟐/fm)
𝜶

0 − 5% 8.7 28.1 14.9 0.93 0.04 0.835

40 – 50% 4.9 13 7.8 0.78 0.052 0.9

70 – 80% 2.2 2.9 4.43 0.481 0.161 0.847
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Kinetic freeze-out temperature

12

S. Acharya et al. [ALICE], Phys. Rev. C 101, no.4, 

044907 (2020).[arXiv:1910.07678v2]

0 – 5 % : 𝑇𝑘𝑖𝑛 = 90MeV
40-50% : 𝑇𝑘𝑖𝑛 = 108MeV
70-80% : 𝑇𝑘𝑖𝑛 = 147MeV

S. Cho, T. Song and S. H. Lee, Phys. Rev. C 97, no. 2, 

024911 (2018). [arXiv:1511.08019]
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The system has the shorter hadronic 

lifetime at more peripheral collisions

https://arxiv.org/abs/1511.08019
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0-5 % 40-50 % 70-80 %

Initial temperature distribution 
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The fraction of initial energy where the temperature is higher than 156MeV 
is larger than 98% in all three centrality ranges.

M. L. Miller et al, Ann. Rev. Nucl. Part. Sci. 57, 205 (2007).
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LHC (Pb+Pb) 𝑠 = 5.02𝑇𝑒𝑉

LHC (Pb+Pb)    𝑠 = 5.02𝑇𝑒𝑉

Centrallity 0 - 5% 40 – 50% 70 – 80%

N𝐾1(t𝑓) 1.37 1.17 0.7

N𝐾1(t𝑐) _𝑠𝑡 5.6 0.87 0.13

Ratio ~ 0.08 ~ 1 ~ 5.4
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tc tf

0-5 %

40-50 %

Results H.  Sung, S. Cho, J. Hong, S. H. Lee, S. Lim and T. Song 
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LHC (Pb+Pb)    𝑠 = 5.02𝑇𝑒𝑉
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(70-80)%
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X 5
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Results

For 𝑲𝟏

For 𝑲∗

0.15

0.9

H.  Sung et al, arXiv:2102.11665 [nucl-th] (2021)
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Summary

• As centrality decreases, the evidence of K1 enhancement at Tc is likely to be seen 
more clearly 

• The K1 production will be about five times greater than that of the thermal prediction 
in Pb-Pb peripheral collisions(70-80%) at the energy 𝑠 = 5.02𝑇𝑒𝑉.

• Therefore the chiral symmetry restoration in heavy-ion collisions can be seen 
through centrality dependence of K1 and K* production.


