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Electromagnetic probes
Invariant mass spectrum of dileptons pairs, e.g. from qq̄ → γ∗ → e+e−

Intermediate Mass Range (IMR) = 1 ... 3 GeV
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Beginning: (initial conditions)
Pedestrian approach:

sample nucleons with,
Monte Carlo (Glauber)

public code: TRENTO
[Moreland, Bernhard, Bass (2014)]

For the connoisseur: IP-Glasma / KLN / EKRT / ...
(classical YM action in 2D, sat. scale Qs ... valid at high-E )

[Eskola, Kajantie, Ruuskanen, Tuominen (1999)]
[Schenke, Tribedy, Venugopalan (2012)]
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https://arxiv.org/abs/1412.4708
https://arxiv.org/abs/hep-ph/9909456
https://arxiv.org/abs/1202.6646


Middle: (hydrodynamical simulation)
from IC: get energy density e(x, y, ...) at τ0 [Kurkela, et al. (2019)]
... then discretize & evolve in spacetime:
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VISH2+1 = VIScous Hydrodynamics in (2+1) dim. [Song, Heinz (2008)]
(using SHASTA = SHarp And Smooth Transport Algorithm)

MUSIC = MUS(cl) for Ion Collisons [Schenke, Jeon, Gale (2010)]
(MUSCL = Monotonic Upstream-centered Schemes for Conservation Laws)
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 https://arxiv.org/abs/1805.01604 
https://arxiv.org/abs/0712.3715
https://arxiv.org/abs/1004.1408


End: (“particlization”)
convert Tµν(X) and Jµ(X) into hadrons [Huovinen, Petersen (2012)]
(in a way that conserves E and p) [Cooper, Frye (1974)]

freeze-out: E dN
d3p =

∫
Σ

dσµPµ fB/F

(
P · u(X)

T(X)

)
(
for MUSIC, this is done with iS3D:

https://github.com/derekeverett/iS3D
)

... then hadronic transport, e.g.:

UrQMD = Ultra-relativistic Quantum Molecular Dynamics
[Bleicher, et al. (1999)]

SMASH = Simulating Many Accelerated Strongly interacting Hadrons
[Weil, et al. (2016)]
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https://arxiv.org/abs/1206.3371
https://doi.org/10.1103/PhysRevD.10.186
https://github.com/derekeverett/iS3D
https://arxiv.org/abs/hep-ph/9909407
https://arxiv.org/1606.06642


photons in A+A

8/19



photons in A+A

decay photonsdirect photons

hard (‘‘prompt’’)
pre-eq. photons

thermal

scattering fragmentation QGP hadron gas
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Basic relations from pert. theory [McLerran, Toimela (1995)]
[Gale, Kapusta (1991)]

ℓ

ℓ̄
K = (ω, k)

γ⋆
q̄

q

g

‘hydro cell’ w/ local T, µ
B

invariant mass:

M =
√
ω2 − k2

Emission rate per unit volume, Γℓℓ̄, of an equilibrated QGP

dΓℓℓ̄

dωd 3kkk =
α2

em
∑nf

f=1 Q 2
f

3π3 M 2 (eω/T − 1) × B
( m2

ℓ

M 2

)
× ρV(ω, k)

• Quark charge-fractions: Qf (in units of the electron charge)

• Kinematic factor: B(x) ≡ (1 + 2x)Θ(1 − 4x)
√

1 − 4x

• Spectral function ρV ≡ ρ µ
µ

ρµν(ω, k) = Im
[
Πret

µν (ω + i 0+, k)
]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.31.545
https://www.sciencedirect.com/science/article/abs/pii/055032139190459B


QCD corrections
Πµν =

[ ∑∞
l=0 g2l

s Πµν
(l)

]
+ O(e2) ; αs =

g2
s

4π

= + + + . . .

Project 2-loop result onto ‘basis’ of master diagrams and evaluate:

K

P, a

Q, b

R, c

L, d

V, e

ρ
(m,n)
abcde(ω, k ) ≡ Im

∑∫
P,Q

pm
0 qn

0
P 2aQ 2b(K − P − Q) 2c(K − P) 2d(K − Q) 2e

[1910.07552] 10/19
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[1910.07552]

Not applicable for K2 → 0!
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https://arxiv.org/abs/1910.07552


ω

√
αT

T

k

real photons

Thermal Screening

dσ
dt =

−π αemαs
3s2

t2 + s2

t s

+ . . . ∼ αsT
2

[ Kapusta, Lichard, Seibert (1991) ]
[ Baier, et al (1992) ]

Landau-Pomeranchuk-Migdal (LPM)∫ d cos θ

E(1 − cos θ)
= ∞

θ

LO: [ Arnold, Moore, Yaffe (2001) ] , NLO: [ Ghiglieri, et al (2013) ]
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https://doi.org/10.1103/PhysRevD.47.4171
https://link.springer.com/article/10.1007/BF01625902
https://arxiv.org/abs/hep-ph/0111107
https://arxiv.org/abs/1302.5970


ω

√
αT

T

k

soft dileptons
LO: [ Aurenche, et al (2002) ]

NLO: [ Ghiglieri, Moore (2014) ]

light-like correlator

⇓ [Caron-Huot (2009)]

Effective
Field Theory

‘ladder diagrams’ for M 2 ≪ T 2 → LPM effect + Hard Thermal Loops

ρµν(ω, k) = Im
[
µ + . . . ν

]
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https://arxiv.org/abs/hep-ph/0211036
https://arxiv.org/abs/1410.4203
https://arxiv.org/abs/0903.3958


Combine LPM effect with strict 2-loop truncation, [Ghisoiu, Laine (2014)]

ρ(ω, k)
∣∣NLO
resummed = ρ

∣∣1−loop
+ ρ

∣∣2−loop
+ ρ

∣∣LPM
beyond O(g2)

= +
(

+
)
+ + . . .
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NB: Spectral fncs. can be
checked with Euclidean corr.
computable on the lattice:

G(τ) =

∫ ∞

0
dω ρ(ω)K(ω, τ)

⇒ see [GJ, Laine (2019)]
and [Ali, et al. (2024)]

(
ρV determined for ω > k in [Laine (2013)] , and ω < k in [GJ (2019)]

)
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https://arxiv.org/abs/1407.7955
https://arxiv.org/abs/1910.09567
https://arxiv.org/abs/2403.11647
https://arxiv.org/abs/1304.0202
https://arxiv.org/abs/1910.07552


rate from a static source: dΓℓℓ̄

dM =

∫
k

M√
M2 + k2

dΓℓℓ̄

dω d3k
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• dileptons are a good thermometer!
• ... but a poor “baryometer”

∗ in these, and subsequent, plots: αs = 0.3
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*see also: [Burnier, Gastaldi (2015)] (LHC energies) 15/19

https://arxiv.org/abs/1508.06978


for large M ≫ T and µB :
dΓℓℓ̄

dM ∝ (MTeff )
3/2 exp

(
− M/Teff

)
⇒ determine Teff from the ‘inverse slope’ of the spectrum

What physics does this effective temperature represent?

in simulations we can access the full history, so the method can be tested!

dNℓℓ̄

d4K′ =

∫
dt

∫
d3x dΓℓℓ̄

dω d3k

∣∣∣∣
Kµ=ΛµνK′

ν
e+

e−

e+

e−

note: ρV(ω, k) evaluated at ω = K ′
µuµ, k =

√
(K ′

µuµ)2 − M 2
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Callibrating the thermometer
• MC-Glauber initial conditions (at finite µB)
• Hydro with MUSIC (including viscous corrections)
• Equation of state: neos-b (neglects strangeness and µe)
• Hydro stops at efo = 0.26 GeV/fm3

• Freeze-out (iS3D) and hadronic scatterings w/ UrQMD
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code public: https://github.com/LipeiDu/DileptonEmission
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https://github.com/LipeiDu/DileptonEmission


Teff represents the initial temperature! [Churchill, et al. (2024)]
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Global fit:
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... predicted over 40 years ago (!!) [Kajantie, Miettinen (1981)] 18/19

https://arxiv.org/abs/2311.06951
http://dx.doi.org/10.1007/BF01548770


Summary Arxiv: 2211.09575
2311.06675
2311.06951

• thermal dilepton yields at NLO+LPM
⇒ predicted from first principles, at finite T and µB

• extracted ‘effective’ temperature
⇒ linear relationship between Teff and Tin
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Considerations for non-zero µB

• chemical equilibrium ⇒ µ ≡ µq = 1
3µB

• Debye mass mD and the ‘asymptotic’ quark mass m∞

m2
D ≡ g2

[(
1
2 nf + N

)T 2

3 + nf
µ2

2π2

]
m2

∞ ≡ g2 CF

4

(
T 2 +

µ2

π2

)

• large frequency limit: enhancement ↘

ρV ≃ NM 2

4π + 4g2CFN
{

3M 2

4(4π)3 +
π
(
ω2 + k2

3
)

36M 4

(
T 4 +

6
π2 T 2µ2 +

3
π4 µ

4
)}

NEW RESULTS: the full effect of µB on ρ(ω, k)
∣∣NLO
resummed ...
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What we find

pQCD spectral functions T = 280 MeV and nf = 3:
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Impact on yield (non-zero µB)

BES ⇒ probe baryon rich region work w/ Churchill, Du, Gale, Jeon

MUSIC: [Schenke, Jeon, Gale (2010)]

(↑ figure by Lipei Du)
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⇒ compensation of LO suppression & NLO enhancement! ...
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Impact on yield (non-zero µB)

BES ⇒ probe baryon rich region work w/ Churchill, Du, Gale, Jeon
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