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Spontaneous breaking of chiral symmetry & Mass generation (1)

Order parameter:

Spontaneous symmetry breaking:

8 Goldstone bosons: = 0: Restored

: Broken



Spontaneous breaking of chiral symmetry & Mass generation (1)

Mass generation:

In analogy with BCS theory for superconductivity

Order parameter:

Spontaneous symmetry breaking:

8 Goldstone bosons: = 0: Restored

: Broken

In-medium mass Current mass Condensate

U. Vogl and W. Weise, PPNP 27, 195 (1991)



Chiral symmetry restoration (2)
Phase diagram of NJL model



Chiral symmetry restoration (2)



Signals of chiral symmetry restoration？ (3)

Rapp and Hohler: Phys. Lett. B 731 (2014) 103-109

s (GeV2) s (GeV2)

Degeneracy of chiral partner
𝒎𝒂𝟏

𝟐 ≈ 𝒎𝝆
𝟐 + 𝟒𝑴𝒒

𝟐



Signals of chiral symmetry restoration？ (3)

Rapp and Hohler: Phys. Lett. B 731 (2014) 103-109

s (GeV2) s (GeV2)

Degeneracy of chiral partner Dilepton spectral function modification

NA60+

20-30% extra excess

𝒎𝒂𝟏
𝟐 ≈ 𝒎𝝆

𝟐 + 𝟒𝑴𝒒
𝟐



Dilepton probes early dynamics (4)

STAR, Nature Commun. 16 (2025) 1, 9098

Dileptons are produced through all stages in heavy-ion collisions



Dilepton production (5)

Physical background can be determined using the well-established 
cocktail simulation techniques

Thermal signals:
• QGP radiation

• In-medium ρ decays 

Physical background 
(Cocktails):
• Drell-Yan

• π0, η , η’ →γe+e-

• ω, φ → e+e-, ω→ π0e+e-, φ → ηe+e-

• J/ψ → e+e-, cത𝒄 → e+eX

Thermal signals Physical backgroundInclusive signals

Inclusive signals (space-time integral)Slide from Zaochen Ye 



J. Churchill, L. Du, et al., PRL 132, 172301 (2024).

Dilepton production as a thermometer (6)
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HADES, Nat. Phys. 15, 1040 (2019).



Dilepton production as a thermometer (7)

STAR, Nature Commun. 16 (2025) 1, 9098

Slide from Zaochen Ye 

Low Mass Region (LMR): 0.4-1.2 GeV/c^2

Intermediate Mass Region (IMR): 1.0-2.9 GeV/c^2



➢ Dilepton and photon productions are not affected
by strong force and emitted continuously at all

stages of evolution.

➢ Hadronic rescatterings tend to wash out the

information from the EoS-driven expansion i.e.

spinodal decomposition.

➢ EM radiation may be sensitive to a local density

clumping and a longer lifetime of the fireball

when the medium undergoes a first-order phase

transition.

➢ The dilepton production rate is proportional to the

square of parton density, more dileptons are

produced when the density fluctuation is large.

F. Seck et. al., Phys. Rev. C 106, 014904 (2022).

R. Rapp and H. van Hees, Phys. Lett. B 753, 586 (2016).

F. Li and C. M. Ko, Phys. Rev. C 95, 055203 (2017).

O. Savchuk, et. al., J. Phys. G: Nucl. Part. Phys. 50, 125104 (2023).

first-order
crossover

F. Seck et. al., Phys. Rev. C 106, 014904 (2022).

first-order

crossover

Dilepton production and QCD phase transitions (8)



Equation of State (extended NJL model)

K. J. Sun, C. M. Ko, S. Cao, and F. Li., Phys. Rev. D 103, 014006 (2021)

M. Buballa, Phys. Rept. 407, 205 (2005)

Lagrangian density for an extended Nambu-
Jona-Lasinio (eNJL) model

The eNJL provides a flexible equation of state (EoS) . The critical temperature can be easily changed by 
varying the strength of the scalar-vector interaction without affecting the vacuum properties.

(9)



Box Simulation

K. J. Sun, C. M. Ko, S. Cao, and F. Li., Phys. Rev. D 103, 014006 (2021)
M. Buballa, Phys. Rept. 407, 205 (2005)

Effective mass: Test –particle method:    J. Xu, arXiv:1904.00131 (2019)

Strong EM fields

Small irregularities will grow exponentially 
and soon the evolution becomes ’chaotic’. 

For  small  𝑘, Γ𝑘 = −𝑖 𝑣𝑘,

𝑣2 =
𝑛

𝜀+𝑝
(

𝜕𝑝

𝜕𝑛
)𝑆 or  𝑣2 =

𝑛

𝜀+𝑝
(

𝜕𝑝

𝜕𝑛
)𝑇< 0

(10)



➢ Cross section for massive quark, anti-quark pair to dilepton

➢ Production rate for dileptons per space-time volume

➢ Dilepton production rate as function of invariant mass

➢ By fitting dilepton spectrum, one could

extract both the medium temperature

and the in-medium quark masses.

Dilepton production rate and in-medium quark mass (11)



➢ Invariant mass spectra of dileptons

➢ is obtained by local cells.

➢ is obtained by fitting the invariant mass

spectrum of dilepton.

➢ Assuming local thermal equilibrium.

𝑇𝑛 are the local temperature

of cells, 𝑤𝑛 are the weights,

which are the product of

density of quark and

antiquark.

Temperature,

Density,

Energy density,

Effective mass

…

Model validation: box calculation (12)



➢ Woods-Saxon type initial profiles

➢ Contour plots of temperature and net-baryon density

➢ Fireball becomes bubble structure as time goes on.

➢ Density gradient-driven expansion.

➢ 𝑡max = 10 fm/c.

𝑟 (fm)
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Fireball calculation (13)



J. Churchill, L. Du, et al., PRL 132, 172301 (2024).

Result I: Medium temperature from dilepton production (14)
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W. H. Zhou, C. M. Ko, and K. J. Sun, ArXiv 2412.18895 (2024)



Result II: In-medium quark mass from dilepton production

➢ Effective quark mass as a function of evolution time ➢ Temperature and in-medium quark mass extracted from

the invariant mass spectra of dileptons

➢ The effective quark mass gradually increases as the

system expands due to the spontaneous breaking of

chiral symmetry at lower densities and temperatures.

➢ Results suggest that dilepton production is a sensitive

probe to chiral symmetry restoration in heavy-ion

collisions.

(15)

W. H. Zhou, C. M. Ko, and K. J. Sun, ArXiv 2412.18895 (2024)



HIJING

minijet partons

excited strings

spectators

Quark 

Coalescence

A 

+ 

B en
er

g
y
 i

n

nuclei

fragment to

partons

partonic

evolution

quark

coalescence

hadronic

rescatterings

A 

Relativistic 

Transport 
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(ART)

Parton 

Transport 

with Nambu-

Jona-Lasinio 

(NJL)

quark-antiquark
𝑞 + ത𝑞 → 𝑙+ + 𝑙−

𝜌-mesons decay
𝜌0 → 𝑙+ + 𝑙−

Deformed 
nuclei

Transport modeling  for realistic heavy-ion collisions (16)
W. H. Zhou, L. M. Liu, C. M. Ko, K. J. Sun, and J. Xu, ArXiv 2507.18189 (2025)



➢ The spatial anisotropy, caused by the initial deformed nuclear profiles, can be

converted into the momentum space anisotropy;

➢ Dilepton and photon productions are not affected by strong force and emitted

continuously at all stages of evolution. F. Seck, et al., PRC 106, 014904 (2022).

STAR, PRC, 107, 024901 (2023).

STAR, Nature, 635, 67–72, (2024).

J. Jia, et al., PRC 107, L021901 (2023);  W. Ryssens, et al., PRL 130, 212302 (2023);  L.-M. Liu, et 

al., PLB 838, 137701 (2023);  Z. Wang, et al., PRC 110, 034907 (2024);  J. Luo, et al., PRC 108, 

054906 (2023);  S. Lin, et al., PRD 107, 054004 (2023) ...

Dilepton production and nuclear shape (17)

➢ Woods-Saxon nuclear profiles



➢ Larger 𝛽2  has a larger suppression of the multiplicity in central collisions.

Dilepton production in U+U system (18)



➢ The dilepton yields in IMR is more sensitive than

in LMR.

Result III: Dilepton probes the shape of U (19)



Summary and outlook

➢The dilepton production can serve as a

thermometer for the produced partonic matter

➢The dilepton production provides a feasible tool to

probe chiral symmetry restoration

➢ The dilepton production can also be used to

extract deformation of initial colliding nuclei

➢ Improve calculation on hadronic evolution with

chiral symmetry restoration

➢Explore the spinodal enhancement effect on

dilepton production and the spin polarization of

dilepton

➢Use dilepton to study chiral symmetry restoration

in dense matter at HIAF

Summary:

Outlook:

(20)

HIAF



Backup



Clear enhancement compared to cocktail contributions in both 
low mass region (LMR) and intermediate mass region (IMR)

Examples of Data vs. Physical B.G. (Cocktails)

LMR IMR

From ZaochenYe

LMR IMR



Is Chiral Symmetry Partially Restored?

≠ 0: chiral symmetry breaking; = 0: chiral symmetry restored. 

scalar quark condensate

Vector 
meson 

(ρ…)

Axial-Vector 
meson
(a1…)

In-medium broaden ρ at RHIC, SPS 
can be well described by models 
considering CSR

No dilepton decays 
(chiral partner of ρ)   

Direct V vs. A
comparison is 
not available! 

From ZaochenYe
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