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‣ Electromagnetic probes ( ) 
• Emitted throughout the entire evolution of heavy-ion collisions.
• Penetrate the strongly interacting QGP medium without further interaction. 
• Carry details about the local production point.

γ/ll̄

Electromagnetic probes in heavy ion collision

[ALICE, Eur.Phys.J.C 84 (2024) 8, 813]
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Electromagnetic sources ( ) γ/ll̄
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Drell-Yan dilepton

Pre-equilibrium photon/dilepton
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(PDF…)

(Chemical equilibrium…)

(Radial flow/temperature/lifetime… )
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(Chiral symmetry restoration)

Dilepton polarization⊕
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Why Dileptons as Pre-equilibrium Probes

10

[e-Print: 2308.16704 ]

LMR IMR HMR

Late emission Early emission

• Emitted throughout the evolution, carrying information about its local 
production point.

• Invariant mass M: frame-independent and not affected by blue-shift.

• Mass windows correspond to different stages/sources:
• LMR: Decays of light mesons.
• IMR: Thermal dileptons and decays of open heavy flavor.
• HMR: Drell–Yan process and quarkonium decays.



iEBE-MUSIC Framework
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Initial condition: IP-Glasma τ = 0+ fm

• Color glass condensates.
• Evolved by Yang-Mills equations.

[Schenke, Tribedy & Venugopalan, PRL 108, 252301 (2012)] 
[Schenke, Tribedy & Venugopalan, PRC 86, 034908 (2012)]



iEBE-MUSIC Framework
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Initial condition: IP-Glasma 

Pre-equilibrium stage: KøMPøST

• Background and perturbation.
• Kinetic theory scaling curve and linear response.

τ = 0.1fm

τ = 0.8fm

Tμν(τ, x) = T̄μν(τ, x) + δTμν(τ, x)

• Color glass condensates.
• Evolved by Yang-Mills equations.

τ = 0+ fm

τ = 0.1 fm

[Kurkela, Mazeliauskas, Paquet, Schlichting & Teaney, PRC 99, 034910 (2019)] 
[Kurkela, Mazeliauskas, Paquet, Schlichting & Teaney, PRL122, 122302 (2019)]



iEBE-MUSIC Framework
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Initial condition: IP-Glasma 

Pre-equilibrium stage: KøMPøST

Hydrodynamic evolution: MUSIC

• (2+1)-D event-by-event  viscous hydrodynamics model.
• Shear viscosity  and bulk viscosity .
• HotQCD+hadron gas equation of states. 

2nd

η/s = 0.12 ζ/s(T )

• Color glass condensates.
• Evolved by Yang-Mills equations.

• Background and perturbations.
• Kinetic theory scaling curve and linear response.

τ = 0+ fm

τ = 0.1 fm

τ = 0.8 fm

τ ≈ 10 fm

[Paquet, Shen, Denicol, Luzum, Schenke, Jeon & Gale, PRC 93, 044906 (2016)] 
[Schenke, Jeon & Gale, PRC 82, 014903 (2010)]  
[Schenke, Jeon & Gale, PRL 106, 042301 (2011)] 
[Gale, Paquet, Schenke & Shen, PRC 105, 014909 (2022)] 



iEBE-MUSIC Framework
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Hadronic cascade: URQMD

τ = 0+ fm

τ = 0.1 fm

τ = 0.8 fm

τ ≈ 10 fm

• Elastic collisions.
• Resonance formation and decays.

Initial condition: IP-Glasma 

Pre-equilibrium stage: KøMPøST

Hydrodynamic evolution: MUSIC

• (2+1)-D event-by-event  viscous hydrodynamics model.
• Shear viscosity  and bulk viscosity .
• HotQCD+hadron gas equation of states. 

2nd

η/s = 0.12 ζ/s(T )

• Color glass condensates.
• Evolved by Yang-Mills equations.

• Background and perturbations.
• Kinetic theory scaling curve and linear response.

[S. A. Bass et al, Prog. Part. Nucl. Phys. 41, 255–369 (1998)]



Model Calibration 

15

• Hydrodynamic results agree well with hadron multiplicity in all centrality bins. 

• Small discrepancy in mean transverse momentum  and anisotropic flow  originates from vanishing 
bulk viscosity in IP-Glasma and KøMPøST.

⟨pT⟩ vn{2}

• The discrepancy increases in peripheral collision due to shorter lifetime in hydrodynamic phase.

[X.Y. Wu, L. Du, C. Gale and S. Jeon, Phys.Rev.C 110 (2024) 5, 054904]



Dilepton Sources
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DYTurbo package: NLO order in p+p collision.

In A+A collisions

dNDY
ee

dMdy
= dσDY;pp

ee

dMdy
⋅ Ncoll

σpp
in

Drell-Yan dilepton

nPDF: EPPS16nlo-CT14nlo-Pb208.

Thickness function: MC-Glauber.

τ = 0+ fm

τ = 0.1 fm

τ = 0.8 fm

τ ≈ 10 fm Hadronic cascade: URQMD

Initial condition: IP-Glasma 

Pre-equilibrium stage: KøMPøST

Hydrodynamic evolution: MUSIC

[Camarda et al., EPJC 80, 251 (2020)] 
[Eskola, Paakkinen, Paukkunen & Salgado, EPJC 77, 163 (2017)] 
[Loizides, Kamin & Enterria, PRC 97, 054910 (2018) ]



Dilepton Sources
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Drell-Yan dilepton

Thermal dilepton

dNll̄

MdMdy′ 
= ∫ d4xp′ Tdp′ Tdϕ′ 

dΓll̄

d4P
Pμ=Λνμ(U(X))P′ ν

dNll̄

p′ Tdp′ Tdy′ 
= ∫ d4xMdMdϕ′ 

dΓll̄

d4P
Pμ=Λνμ(U(X))P′ ′ 

:  the differential dileption emission rate at NLO with finite .
dΓll̄

d4P
μB

LO

NLO

LPM

T(x), U μ(x)

T(x), Uμ (x)

τ = 0+ fm

τ = 0.1 fm

τ = 0.8 fm

τ ≈ 10 fm Hadronic cascade: URQMD

Initial condition: IP-Glasma 

Pre-equilibrium stage: KøMPøST

Hydrodynamic evolution: MUSIC

[Churchill, Du, Gale, Jackson & Jeon, PRC 109, 044915 (2024), PRL 132, 172301 (2024)]

*(1)

* (αs)

* (αi
s), i ≥ 2



Dilepton Sources

18

Drell-Yan dilepton

Thermal dilepton

:  the differential dilepton emission rate at NLO with finite .
dΓll̄

d4P
μB

τ = 0+ fm

τ = 0.1 fm

τ = 0.8 fm

τ ≈ 10 fm Hadronic cascade: URQMD

Initial condition: IP-Glasma 

Pre-equilibrium stage: KøMPøST

Hydrodynamic evolution: MUSIC

[Churchill, Du, Gale, Jackson & Jeon, PRC 109, 044915 (2024), PRL 132, 172301 (2024)]

NLO

LO

T(x), U μ(x)

T(x), Uμ (x)

dNll̄

MdMdy′ 
= ∫ d4xp′ Tdp′ Tdϕ′ 

dΓll̄

d4P
Pμ=Λνμ(U(X))P′ ν

dNll̄

p′ Tdp′ Tdy′ 
= ∫ d4xMdMdϕ′ 

dΓll̄

d4P
Pμ=Λνμ(U(X))P′ ′ 



Chemical Equilibrium

19

Systems with higher temperatures reach chemical equilibrium 
faster than those at lower temperatures.

dNll̄

MdMdy′ 
= ∫ dV SF(T, τ)n dΓll̄

d4P
Pμ=Λνμ(U(X))P′ ν

p′ Tdp′ Tdϕ′ 

dNll̄

p′ Tdp′ Tdy′ 
= ∫ dV SF(T, τ)n dΓll̄

d4P
Pμ=Λνμ(U(X))P′ ′ 

MdMdϕ′ 

Here . n = 0,1,2

• The effective suppression factor  is introduced in relation to chemical relaxation time .SF(T, τ) τR = 4πη/Ts

• The gluon fields dominate in the early stage.

• Quarks and anti-quarks are produced via   and .gg → qq̄ g → qq̄

[Kurkela & Mazeliauskas, PRL 122, 142301 (2019), PRD 99, 054018 (2019)]
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• Thermal dilepton production dominates in the LMR.

• The pre-equilibrium dileptons are the dominant source over 
thermal dileptons in the IMR.

• Drell-Yan dileptons are consistently smaller than the pre-
equilibrium contribution until the HMR.

• Dilepton production during the pre-equilibrium phase will 
be sensitive to the power of suppression factor for 
chemical equilibrium.

Dilepton  spectrumM

[Wu, Du, Gale and Jeon, PRC 110 (2024) 5, 054904]



Dilepton vee
n {SP}(M)
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vll̄
n {SP}(X) =

⟨vll̄
n (X)vh

n cos {n [Ψll̄
n (X) − Ψh

n]}⟩
⟨(vhn)2⟩

• The total  will be suppressed due to the almost zero 
momentum anisotropy in the pre-equilibrium stage.

vee
2 (M)

• For the higher order of the suppression factor, the total 
dilepton flow  moves closer to that of thermal 
dileptons.

vee
2 (M)

• The scalar-product (SP) method:

[Wu, Du, Gale and Jeon, PRC 110 (2024) 5, 054904]



Dilepton vee
n {SP}(pT)
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•  GeV: 
‣ after considering the pre-equilibrium stage, the total dilepton flow  is significantly suppressed.
0 < M < 1

vee
2 (pT)

•  GeV: 
‣  the total dilepton elliptic flow   shows a noticeable reduction compared to that in the LMR.
2 < M < 3

vee
2 (pT)

• Total elliptic flow  is highly sensitive to the effects of chemical equilibrium.vee
2 (pT)

[Wu, Du, Gale and Jeon, PRC 110 (2024) 5, 054904]
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Dilepton polarization
• The dilepton production rate:

dRll̄

d4K
∝ ρL + 2ρT

• The angular distribution of leptons in the virtual photon’s rest frame:

dN
d4K dΩℓ

= 0 (1+λθ cos2 θℓ+λϕ sin2 θℓ cos 2ϕℓ+λθϕ sin 2θℓ cos ϕℓ+λ⊥
ϕ sin2 θℓ sin 2ϕℓ+λ⊥

θϕ sin 2θℓ sin ϕℓ)
• Polarization parameters  are frame-dependent.λ*

{Helicity (HX): direction of the virtual photon momentum.

Collins-Soper (CS): bisector of the angle between the two beam momenta.

Gottfried-Jackson (GJ): direction of one of the colliding beam momenta.

What is  ? ρT − ρL

z-axis

[Wu, Gao, Forster, Gale, Jackson and Jeon, PRL 134 (2025) 24, 242301]
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Dilepton polarization
• The dilepton production rate:

dRll̄

d4K
∝ ρL + 2ρT

• The angular distribution of leptons in the virtual photon’s rest frame:

dN
d4K dΩℓ

= 0 (1+λθ cos2 θℓ+λϕ sin2 θℓ cos 2ϕℓ+λθϕ sin 2θℓ cos ϕℓ+λ⊥
ϕ sin2 θℓ sin 2ϕℓ+λ⊥

θϕ sin 2θℓ sin ϕℓ)
• Polarization parameters  are frame-dependent.λ*

• For a plasma at rest  and at the HX-frame: uμ = (1,0)

λθ ≃ ρT − ρL

ρT + ρL

• The dilepton polarization provides another unique tool to study medium properties.

{λθ = 1
λθ = − 1
λθ = 0

transverse polarization
longitudinal polarization
unpolarized

with

[Wu, Gao, Forster, Gale, Jackson and Jeon, PRL 134 (2025) 24, 242301]
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The importance of including NLO processes

• NLO and LO results differ significantly.

• , the virtual photon behaves like a real photon, 
exhibiting only transverse polarization.
M → 0

[Wu, Gao, Forster, Gale, Jackson and Jeon, PRL 134 (2025) 24, 242301]
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The importance of including NLO processes

• NLO and LO results differ significantly.

• , the virtual photon behaves like a real photon, 
exhibiting only transverse polarization.
M → 0

• , both LO and NLO dilepton polarization 
vanish, corresponding to the vacuum limit , 
resulting in no polarization.

M → ∞
T → 0

λθ ∼ M
T

[Wu, Gao, Forster, Gale, Jackson and Jeon, PRL 134 (2025) 24, 242301]
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The importance of including NLO processes

• NLO and LO results differ significantly.

• , the virtual photon behaves like a real photon, 
exhibiting only transverse polarization.
M → 0

• , both LO and NLO dilepton polarization 
vanish, corresponding to the vacuum limit , 
resulting in no polarization.

M → ∞
T → 0

•  also depends on the flow effects.λθ

uμ = (1,0)
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The importance of including NLO processes

• NLO and LO results differ significantly.

• , the virtual photon behaves like a real photon, 
exhibiting only transverse polarization.
M → 0

• , both LO and NLO dilepton polarization 
vanish, corresponding to the vacuum limit , 
resulting in no polarization.

M → ∞
T → 0

•  also depends on the flow effects.λθ

•  is sensitive to early-time dynamics.λθ

[Wu, Gao, Forster, Gale, Jackson and Jeon, PRL 134 (2025) 24, 242301]
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The importance of including NLO processes

• NLO and LO results differ significantly in the limit .M → 0

• , the virtual photon behaves like a real photon, 
exhibiting only transverse polarization.
M → 0

• , both LO and NLO dilepton polarization 
vanish, corresponding to the vacuum limit , 
resulting in no polarization.

M → ∞
T → 0

•  also depends on the flow effects.λθ

•  is sensitive to early-time dynamics.λθ
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Heavy ion collision at RHIC-BES energy
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Longer overlap time Finite baryon density

[G. S. Denicol et al., Phys. Rev. C 98, 034916 (2018), arXiv:1804.10557]                           [C. Shen and B. Schenke, Phys. Rev. C97, 024907 (2018), arXiv:1710.00881] 
[L. Du and U. Heinz, Comput. Phys. Commun. 251, 107090 (2020), arXiv:1906.11181]    [A. Schafer, I. Karpenko, XYW, J. Hammelmann, and H. Elfner, (2021), arXiv:2112.08724]
[XYW, G.-Y. Qin, L.-G. Pang, and X.-N. Wang, (2021), arXiv:2107.04949] 



3D-Glauber+MUSIC+URQMD
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τ [fm]
3D dynamical MC-Glauber model

• Transverse geometry is determined 
by MC-Glauber Model.

• Longitudinal dynamics is modelled 
by a string tension.

T[MeV]

≈ 0.5 ∼ 400

∼ 270

∼ 155≈ 10

[Shen and Schenke, PRC 97. 024907 (2018), 
 Shen and Schenke, PRC 105.064905 (2022)]
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τ [fm]
3D dynamical MC-Glauber model

• Transverse geometry is determined 
by MC-Glauber Model.

• Longitudinal dynamics is modelled 
by a string tension.

T[MeV]

≈ 0.5 ∼ 400

∼ 270

∼ 155

Hydrodynamic evolution: MUSIC
∂μTμν = Jν

source
∂μJμ = ρsource

• , η(μB) ζ(T, μB)

A piece-wise 
parameterization

 η/s(μB)

≈ 10 Hadronic cascade: URQMD

[Schenke, Jeon and Gale, PRC 82, 014903 (2010),  
 Schenke, Jeon and Gale, PRL 106, 042301 (2011), 
 Denicol, Gale, Jeon, Monnai, Schenke and Shen, PRC 98, 034916 (2018),   
 Jahan, Roch and Shen, PRC 110.054905 (2024)]

3D-Glauber+MUSIC+URQMD

A two-piece 
asymmetric Gaussian 

parameterization
 ζ/s(T )• NEOS ( )T, nb, ns = 0, nQ = 0.4nb



Bayesian inference at RHIC-BES energies 
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20 model parameters  
+544 data points

[PRC 110. 054905 (2024)]



Bayesian inference at RHIC-BES energies 
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• After model calibration, the full model simulation based on the posterior distribution provides a prediction for 
-differential observables.

pT
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Thermal dilepton as a QGP thermometer 
• The model calculations show reasonable agreement with 

the STAR preliminary data at RHIC-BES energies.

• As a plasma thermometer, the temperature T can be 
extracted by fitting the spectrum in the range 1 < M < 3 
GeV. 

dNℓℓ̄

dM
∝ (MT )

3
2 exp(− M

T ) .

•  : an average value over the temperatures of the fluid cells.Teff

[Churchill, Du, Gale, Jackson & Jeon, PRC 109, 044915 (2024), PRL 132, 172301 (2024)]
[X.-Y. Wu et al., in preparation] 
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Thermal dilepton as a QGP thermometer 

• Temperature estimates from model simulations are statistically consistent with experimental data measurements.

• Additional components: pre-equilibrium evolution, non-equilibrium corrections to rates…

[Nat Commun 16, 9098 (2025)]
[X.-Y. Wu et al., in preparation] 
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How well we can extract the temperature?

• Initialization affects the slope of dilepton yield and the extracted temperature.
• The dynamical initialization lies between the two instantaneous limits, and is closer to the profile at .τhydro = 1.5 fm/c

[X.-Y. Wu et al., in preparation] 
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τ [fm] T[MeV]

≈ 0.5 ∼ 400

∼ 270

∼ 155

Hydrodynamic evolution: MUSIC
∂μTμν = Jν

source
∂μJμ = ρsource

• , η(μB) ζ(T, μB)

E
dNγ

d3p
= ∫ d4x E

dΓγ

d3p (p, T(x), uμ(x), μB(x), …) .

≈ 10

Thermal photon

Hadronic cascade: URQMD

3D dynamical MC-Glauber model
• Transverse geometry is determined 

by MC-Glauber Model.
• Longitudinal dynamics is modeled 

by a string tension.

Prompt photon

[Paquet, Shen, Denicol, Luzum, Schenke, Jeon and Gale PRC 93, 044906 (2016)]

• NEOS ( )T, nb, ns = 0, nQ = 0.4nb

Photon Sources

Photon: 
• QGP rates: Compton scatterings,  annihilation 

& LPM effects 
• Hadronic rates: meson scatterings & baryon interactions 

qq̄

E
d3NAA

d3p
= Ncoll

σpp
in

∑
a,b,c,d

fp
a(xa, Qfact) ⊗ fp

b (xb, Qfact) ⊗ ̂σ(Qren) ⊗ Dh/c(zc, Qfrag) .
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Photon production and flow

• Direct photon puzzle still unsolved
• Thermal photons have sizeable elliptic flow, but the direct photon flow is suppressed by prompt photon contribution.
• Thermal photon dominates the low-  region (  < 3 GeV).pT pT

• At high  (  > 4 GeV), prompt photon production follows  scaling, showing good agreement with STAR& 
PHENIX data.

pT pT Ncoll

Q = 0.5pT → Q = 2.0pT

Uncertainty of prompt photon

[X.-Y. Wu et al., in preparation] 
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Photon production at the RHIC-BES

• The slope of the direct photon spectrum steepens as the 
collision energy decreases, due to reduced blue-shift 
effects and lower temperatures.

• Thermal photons contribute significantly at low energies, 
but the uncertainty of the prompt photon contribution is 
still large.

• The measurements of prompt photons in low-energy p+p 
collisions are essential to constrain and extract the thermal 
component.

[X.-Y. Wu et al., in preparation] 
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Scaling of direct photon yield

• Universal scaling behaviour has been observed in the 
direct photon yield.

• With a fixed scale factor ( ) for prompt photons, the 
scaling better matches the STAR data.

• After accounting for the uncertainty in prompt photon 
production, the theoretical results are not sufficiently 
precise to distinguish between the STAR and PHENIX 
data.

λ = 0.5

[X.-Y. Wu et al., in preparation] 
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Summary
• Dilepton observables offer a valuable opportunity to probe the quark production during the 

pre-equilibrium stage.

• Including NLO corrections is essential for obtaining a physically meaningful dilepton 
polarization prediction.

• Dileptons act as effective thermometers of the QGP medium.

• A new era of multi-messenger heavy-ion physics is emerging.

• Current theoretical models predict prompt photons with large uncertainties, demanding more 
inputs from experimental measurements.

Thank you for your attention!


