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Probing the chiral symmetry restoration
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Signatures of chiral symmetry restoration
→ Degeneracy of the masses of chiral partners
→ 𝝆 − 𝒂𝟏 mixing

Meson mass

Chiral partner:
Same spin
Opposite parities

QCD phase transition



Extrapolation to high temperature

→ Maximal mixing 𝜖 =
1

2

→ No mass degeneration

Chiral mixing of 𝜌 and 𝑎1 at low temperature
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Low-temperature “mixing theorem”
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Fig. Spectral function
False CSR

𝜖 = 𝑇2/6𝑓𝜋
2 valid for 𝜖 ≪ 1

𝐺𝑉,𝐴: current correlators

M. Dey, V. L. Eletsky, B. L. Ioffe, Phys. Lett. B 252, 620 (1990)

R. Rapp, Acta Phys. Polon. B 42, 2823 (2011)



ALICE-3 LoI

Extrapolation to high temperature

→ Maximal mixing 𝜖 =
1

2

→ No mass degeneration

Chiral mixing of 𝜌 and 𝑎1 at low temperature
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Low-temperature “mixing theorem”
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Fig. Thermal dilepton mass spectraFalse CSR

𝜖 = 𝑇2/6𝑓𝜋
2 valid for 𝜖 ≪ 1

𝐺𝑉,𝐴: current correlators

M. Dey, V. L. Eletsky, B. L. Ioffe, Phys. Lett. B 252, 620 (1990)

Increase the dilepton yield by 20-30%
→ Overestimate?



Chiral mixing of 𝜌 and 𝑎1 at finite temperature
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Chiral symmetry restoration:
Degenerate mass 𝛿𝑀 = 𝑚𝜌 −𝑚𝑎1 → 0

𝛿𝑀 = const.     w/o CSR
𝛿𝑀 → 0 (dropping 𝑎1 mass) w/ CSR Chiral  mixing  vanishes (= 0)

Chiral mixing
Chiral Lagrangian
One loop calculation

M. Harada, C. Sasaki, W. Weise, Phys. Rev D 78, 114003 (2008)

Chiral perturbation theory with generalized hidden local symmetry (GHLS)



Dilepton production in heavy ion collisions
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Fig. Invariant mass spectra

Purpose of study:
Study the effect of chiral symmetry restoration on 
dilepton invariant mass spectra
• Spectral function (Chiral symmetry restoration) 
• Hydrodynamic model

Upcoming measurements:
NA60+, CBM, ALICE 3

Lepton emitted at all stages of a collision
Observable:
Integrated over space-time evolution

Dynamical model:
Improvement in hydrodynamics

arXiv:2308.16704
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Model： Spectral function
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Chiral mixing: One loop calculation

Without chiral symmetry restoration:
Constant 𝜌, 𝑎1 mass    𝛿𝑀 = const.

Y. Aoki, et al., JHEP 06, 088 (2009)
A. Bazavov, et al., Phys. Rev. D 85, 054503 (2012)

M. Harada, et al., Phys. Rev D 78, 114003 (2008)

With chiral symmetry restoration:
Dropping 𝑚𝑎1 𝛿𝑀~0 at 𝑇𝑐 = 154 MeV

Reactions: 𝑎1 + 𝜋 → 𝜌, 𝑎1 → 𝜌 + 𝜋



Model： Spectral function
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Chiral mixing: One loop calculation

𝑚𝜌

Threshold 
effect
𝑚𝑎1 ±𝑚𝜋

𝑚𝑎1 ±𝑚𝜋

Without chiral symmetry restoration:
Constant 𝜌, 𝑎1 mass    𝛿𝑀 = const.

With chiral symmetry restoration:
Dropping 𝑚𝑎1 𝛿𝑀~0 at 𝑇𝑐 = 154 MeV

Y. Aoki, et al., JHEP 06, 088 (2009)
A. Bazavov, et al., Phys. Rev. D 85, 054503 (2012)

M. Harada, et al., Phys. Rev D 78, 114003 (2008)

Reactions: 𝑎1 + 𝜋 → 𝜌, 𝑎1 → 𝜌 + 𝜋



Model： Spectral function
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Chiral mixing: One loop calculation

Compare

Chiral mixing:
Low-temperature mixing theorem

False chiral symmetry restoration:
Maximal mixing 𝜖 = 1/2
No mass degeneration

𝑚𝑎1 ±𝑚𝜋

With chiral symmetry restoration:
Chiral  mixing ~ 0
Dropping 𝑚𝑎1 𝛿𝑀~0 at 𝑇𝑐 = 154 MeV

𝑚𝜌

𝑚𝑎1



QUARK MATTER 2023 @ HOUSTON, TEXAS SEP 3-9, 2023 13

𝒕

𝒛

𝑙+ 𝑙−

𝑙+ 𝑙−

𝑙+ 𝑙−

Model: hydrodynamic model

Initial condition: TRENTO
J. S. Moreland, et al., Phys. Rev. C 92, 011901 (2015)

Viscous hydrodynamic model with 
𝜂

𝑠
𝑇 and 𝜁 𝑇

K. Okamoto and C. Nonaka, Phys. Rev. C 98, 054906 (2018)
H. Fujii, K. Itakura, K. Miyachi, and C. Nonaka, Phys. Rev. C 106, 034906 (2022)

Observable: Dilepton yield
Integrate the dilepton production rate 
over space-time evolution

𝑙+ 𝑙−
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Results: Invariant mass spectrum

15

Settings:
Pb-Pb 2.76 TeV, Centrality 0-5 %
0.2 < 𝑝𝑡 < 5.0 GeV,  |𝜂| < 0.8

Fig. Dilepton yield
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Results: Invariant mass spectrum

16

Settings:
Pb-Pb 2.76 TeV, Centrality 0-5 %
0.2 < 𝑝𝑡 < 5.0 GeV,  |𝜂| < 0.8

Fig. Dilepton yield

Fig. Spectral function

w/o CSR
Reflects the structure at 𝑚𝑎1 ±𝑚𝜋
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Results: Invariant mass spectrum
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Fig. Spectral function

w/ CSR
Smooth enhancement in 1.1 < 𝑀 < 1.4 GeV
→ Due to lighter 𝑎1

Chiral symmetry restoration signal
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Results: Invariant mass spectrum

18

Fig. Spectral function

False wCSR
Overestimate in 1.1 < 𝑀 < 1.3 GeV
→ Comes from extrapolation to high temperature

FALSE CSR signal
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Invariant mass spectra:

With chiral symmetry restoration (w/ CSR):  Chiral  mixing ~ 0

→ Smooth enhancement in 1.1 < 𝑀 < 1.4 GeV

False CSR scenario: Maximal mixing 𝜖 = 1/2

→ Overestimate in 1.1 < 𝑀 < 1.3 GeV

Summary and Outlook
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Analyzed the dilepton production with:

Spectral function with different chiral symmetry restoration scenario

Taking account of space-time evolution with viscous hydrodynamic model

Dropping 𝑎1 mass fills in this region

Extrapolation of low-temperature theorem

Outlook:

Spectral function with 𝜔 meson and 𝜙 meson

Chiral mixing in a dense medium



Backup
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Model: Dilepton rate
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Time
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Im𝐺𝑉 : Spectral function (w/ and w/o CSR)

𝑑𝑅had
𝑑4𝑞

=
𝛼𝐸𝑀
2

𝜋3𝑠

Im𝐺𝑉 𝑞; 𝑇

𝑒𝑞0/𝑇 − 1

𝑇𝑐 = 154 MeV

Δ𝑇 = 𝑇𝑐 × 0.1

𝑇𝑓 =116 MeV

Initial condition: TRENTO
J. S. Moreland, et al., Phys. Rev. C 92, 011901 (2015)

Viscous hydrodynamic model with 
𝜂

𝑠
𝑇 and 𝜁 𝑇

K. Okamoto and C. Nonaka, Phys. Rev. C 98, 054906 (2018)
H. Fujii, K. Itakura, K. Miyachi, and C. Nonaka, Phys. Rev. C 106, 034906 (2022)

Dilepton production rate:

Integrate the dilepton production rate over space-time evolution → Dilepton yield

Dilepton emission rate from QGP mediumDilepton emission rate from hadronic matter

𝑛± = 1 + exp −
𝑞0 ± 𝒒

2𝑇

𝑑𝑅QGP
𝑑4𝑞

=
𝛼𝐸𝑀
2

6𝜋4
1

𝑒𝑞0/𝑇 − 1
1 −

2𝑇

|𝒒|
ln

𝑛−
𝑛+



Mass degeneration

𝛿𝑀 → 0 (dropping 𝑎1 mass)

𝛿𝑀2 𝑇 = 𝑐 𝑇 𝑔2𝐹2

𝑐 𝑇 = 𝑐𝛩 𝑇𝑓 − 𝑇 + 𝑐𝛩 𝑇 − 𝑇𝑓
𝑇𝑐
2 − 𝑇2

𝑇𝑐
2 − 𝑇𝑓

2

Critical temperature: 𝑇𝑐 = 154 MeV
Flash temperature: 𝑇𝑓 = 0.7𝑇𝑐
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H. van Hees, R. Rapp, Nucl. Phys. A806, 339 (2008)



Hydrodynamic model
Temperature dependence of viscosity:

𝜂

𝑠
𝑇 =

𝜂

𝑠 min
+ 𝑐1 𝑇𝑐 − 𝑇 𝜃 𝑇𝑐 − 𝑇 + 𝑐2 𝑇 − 𝑇𝑐 𝜃 𝑇 − 𝑇𝑐

𝜁

𝑠
= 𝑏

𝜂

𝑠

1

3
− 𝑐𝑠

2

2

𝜂

𝑠 min
= 0.08

𝑐1 = 10
𝑐2 = 0.7
𝑏 = 10

H. Fujii, K. Itakura, K. Miyachi, and C. Nonaka, Phys. Rev. C 106, 034906 (2022)
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Results: Profile function

Profile function:

Φ 𝑇 = න𝑑4𝑥 𝛿 (𝑇 𝑥 − 𝑇)
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• Smooth transition between QGP phase and 
hadron phase

• Thermal dileptons produced in the hadronic
phase amount to 70%

න
𝑑𝑅

𝑑4𝑞
𝑑4𝑥 = න

𝑇𝑖

𝑇𝑓 𝑑𝑅

𝑑4𝑞
𝑞; 𝑇 Φ 𝑇 𝑑𝑇
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