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Outline
 Most of this talk: real and virtual(*) photons 
 Photons can be soft and still penetrating 

        They enjoy a unique status 

Anatomy of a collision: the different stages 
Cold photons: pQCD 
EM productions rates 

(QCD) dileptons@finite  
Polarization 

(*)Virtual photons == dileptons 

μB
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DIRECT PHOTONS AND HIC MODELLING
 Unlike hadrons, photons(*) are emitted throughout the 

entire space-time history of the HIC 

Late stage reactions 

Decay photonspQCD photons


“primordial” photons

“Plasma photons”

“Hadronic medium photons”

“Pre-eq. photons”
3

(*) Real & virtual
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Hard direct photons. pQCD with shadowing 
Non-thermal

Fragmentation photons. pQCD with shadowing 
Non-thermal

Thermal photons 
“Thermal”

DIRECT PHOTON SOURCES
(real and/or virtual)
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Hard direct photons. pQCD with shadowing 
Non-thermal

Fragmentation photons. pQCD with shadowing 
Non-thermal

Thermal photons 
“Thermal”

 Jet in-medium bremsstrahlung 
“Thermal”

 Jet-photon conversions  
“Thermal”

Pre-hydro?

DIRECT PHOTON SOURCES
(real and/or virtual)

Post-hydro?

4
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 About photon fragmentation functions

d
d log μ2

Dγ
i (z, μ2) = ∑

j

Pij (z, μ2) ⊗ Dγ
j (z, μ2)

The evolution kernels

Pij(z, μ2) = ∑
m,n ( α(μ2)

2π )
m

( αs(μ2)
2π )

n

P(m,n)
ij (z)

FF can be written as (LO in )α
d

d log μ2
Dγ

i (z, μ2) = kγ
i (z, μ2) + ∑

j

Pji(z, μ2) ⊗ Dγ
j (z, μ2)

Perturbative Non-perturbative

Little new info on photon FF over the last 25 years. Most data used to 
fit FF are single-inclusive photon production, in hadronic reactions 
dominated by direct photon production
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pQCD photon calculations and uncertainties

Aurenche et al., PRD (2006) 

Klasen, König, Eur. PJC (2014) 

6
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Kaufmann, Mukherjee, Vogelsang, CERN Proc. 2018

Fragmentation component:  e+e− → ( jet γ) X

pQCD photon calculations and uncertainties

Stresses the need for a 
direct photon measurement 
in nucleon-nucleon collisions

Kaufmann, Mukherjee, and 
Vogelsang, arXiv: 1708.06683 
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pQCD dilepton calculations and uncertainties

0.5 pT < μ < 2 pT

Coquet et al., PLB 2021 Wu et al., PRC 2024 

• Scale dependence: irreducible uncertainty

• Value of pp measurement(s)
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Info Carried by the thermal radiation 

Emission rates:

(photons)

E+E−

d 6R
d 3p+d

3p−
= 2e2

(2π )6
1
k 4
Lµν ImΠµν

R (ω ,k) 1
eβω −1

(dileptons)

ω d 3R
d 3k

= − gµν

(2π )3
ImΠµν

R (ω ,k) 1
eβω −1

dR = − g
µν

2ω
d 3k
(2π )3

1
Z

e−βKi (2π )4δ (pi − pf − k)
f
∑

i
∑

× 〈 f | Jµ | i〉〈i | Jν | f 〉

Thermal ensemble average of the current-current correlator

Feinberg (76); McLerran, Toimela (85); Weldon (90); Gale, Kapusta (91) 

QGP rates have been calculated up to NLO in      in FTFT α s
Ghiglieri et al., JHEP (2013); M. Laine, JHEP (2013), Jackson and Laine, JHEP (2019)


…and on the lattice
Ding et al., PRD (2011), HotQCD, PRD (2024), Krasniqi et al., 2505.10295


Hadronic rates 
Turbide, Rapp, Gale PRC (2004)

C. Gale, Landolt-Bornstein (2010)

Heffernan, Hohler, Rapp PRC (2015)

9

( =
i

2(2π)3
(Πγ

12)μ
μ)
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Photon rates@LO

Braaten, Pisarski (1990) 
Kapusta, Lichard, Seibert (1991) 
Baier, Nakkagawa, Niegawa, 
Redlich (1992)

Going to two loops:  Aurenche, Kobes, Gélis, Petitgirard (1996) 
                    Aurenche, Gélis, Kobes, Zaraket (1998) 

Co-linear singularities:

2001: Results complete at O(α s )
Arnold, Moore, and Yaffe JHEP 12, 009 (2001); JHEP 11, 057 (2001)
Incorporate LPM; Inclusive treatment of collinear enhancement, photon and 

gluon emission

ImΠR µ
µ ∼ ln ωT

mth
2

⎛
⎝⎜

⎞
⎠⎟

10

∼ ln
ωT
m2

0
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C(qT )LO =
Tg2mD

qT (qT +mD )
⇒NLO

The two main contributions:

Ghiglieri, Hong, Kurkela, Lu, Moore, Teaney, JHEP (2013)

g

Simon Caron-Huot PRD (2009)

g Larger angle bremmstrahlung

Enhanced at NLO

Suppressed at NLO

Photon rates@NLO

(d)(c)(b)(a) (e) (f) (g)

Figure 3: Tree and one-loop diagrams contributing to C(q⊥).

should cause no confusion; “
∫

p” is short for
∫

d3p
(2π)3 ):

C(q⊥)(b)/g
2TCs =

δΠ00(q⊥)

(q2⊥+m2
D)

2
− δΠzz(q⊥)

q4⊥
,

δΠ00(q)

g2TCA
= −

∫

p

[

(2q⊥ − p)2

p2((q⊥−p)2 +m2
D)

− 3

p2

]

,

δΠzz(q)

g2TCA
= −

∫

p

[

2p2z
(p2+m2

D)((q⊥−p)2+m2
D)

− 1

p2+m2
D

]

−
∫

p

[

3p2z + 2q2⊥ + p2

p2(q⊥−p)2
− 2

p2
− p2z

p2(q⊥−p)2

]

. (11)

Each bracket includes the contributions of one fish and one tadpole diagram, while the
last one also includes the ghost loop.

The (linear) ultraviolet divergences in (11) are to be canceled by matching counter-
terms that can be unambiguously calculated within the framework of dimensional re-
duction [37, 38]. They merely represent the (hard thermal loop) coupling of the n "= 0
gluons to the soft n = 0 ones, e.g. the gluon contribution to the A0 mass squared
m2

D. The fact that the direct coupling to exchange gluons with q0 = q3 "= 0 does not
contribute to the divergences can also be checked explicitly, from the convergence, with
respect to q3, of the real-time integral (22) (this justifies making the soft approximation
on q0). Thus the divergences in (11) do not signal the presence of “new contributions”
beyond the EQCD effective theory, as discussed in section 3.2.

Employing dimensional regularization, the divergences simply go away8 and the
counter-terms are zero to O(g) [38]. This way we obtain (all our arctangents run from
0 to π/2):

C(q⊥)(b)
g4T 2CsCA

=
−mD − 2

q2
⊥
−m2

D

q⊥
tan−1

(

q⊥
mD

)

4π(q2⊥+m2
D)

2
+

7

32q3⊥
+
mD − q2

⊥
+4m2

D

2q⊥
tan−1

(

q⊥
2mD

)

8πq4⊥
(12)

8 The dimensionally-regulated integrals (11) have poles in dimensions 2 and 4 but are finite and
unambiguous in dimension 3.

11

11
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C(qT )LO =
Tg2mD

qT (qT +mD )
⇒NLO

The two main contributions:

Ghiglieri, Hong, Kurkela, Lu, Moore, Teaney, JHEP (2013)

g

Simon Caron-Huot PRD (2009)

g Larger angle bremmstrahlung

Enhanced at NLO

Suppressed at NLO

NLO Results: �LO+NLO ⇠ LO + g3 log(1/g) + g3
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NLO Corrections are small and k independent

•Net correction to photon production 
rate is modest, for all k/T  

•Study results consistent with those of 
lattice estimates

Ghiglieri, Kaczmareck, Laine, Meyer, JHEP 
(2016); Jackson, Laine JHEP (2019)

Photon rates@NLO

(d)(c)(b)(a) (e) (f) (g)

Figure 3: Tree and one-loop diagrams contributing to C(q⊥).
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∫

p” is short for
∫

d3p
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. (11)

Each bracket includes the contributions of one fish and one tadpole diagram, while the
last one also includes the ghost loop.

The (linear) ultraviolet divergences in (11) are to be canceled by matching counter-
terms that can be unambiguously calculated within the framework of dimensional re-
duction [37, 38]. They merely represent the (hard thermal loop) coupling of the n "= 0
gluons to the soft n = 0 ones, e.g. the gluon contribution to the A0 mass squared
m2

D. The fact that the direct coupling to exchange gluons with q0 = q3 "= 0 does not
contribute to the divergences can also be checked explicitly, from the convergence, with
respect to q3, of the real-time integral (22) (this justifies making the soft approximation
on q0). Thus the divergences in (11) do not signal the presence of “new contributions”
beyond the EQCD effective theory, as discussed in section 3.2.

Employing dimensional regularization, the divergences simply go away8 and the
counter-terms are zero to O(g) [38]. This way we obtain (all our arctangents run from
0 to π/2):

C(q⊥)(b)
g4T 2CsCA

=
−mD − 2

q2
⊥
−m2

D

q⊥
tan−1

(

q⊥
mD

)

4π(q2⊥+m2
D)

2
+

7

32q3⊥
+
mD − q2

⊥
+4m2

D

2q⊥
tan−1

(

q⊥
2mD

)

8πq4⊥
(12)

8 The dimensionally-regulated integrals (11) have poles in dimensions 2 and 4 but are finite and
unambiguous in dimension 3.
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What about the lattice?
The lattice measures the Euclidean correlator:

GE(τ, k) = ∫
dk0

2π
ρV(k0, k)

cosh(k0(τ − 1/2T ))

sinh( k0

2T )
Ill-posed inverse problem

Ali et al., PRD (2024) 

Krasniqi et al. arXiv: 
2505.10295 “Results on the 
low side, but compatible 
with AMY” 

Dileptons

Photons

Ding et al., PRD (2011) 

Nf = 0
T ≃ 1.45 Tc
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Virtual photons/Dileptons

Recall: ω
d3R
d3k

= −
gμν

(2π)3
Im Πμν(ω, k)

1
eβω − 1

E+E−
d6R

d3p+d3p−
=

2e2

(2π)6

1
k4

Lμν ImΠμν(ω, k)
1

eβω − 1

Rewrite as:
Im Πμν = ρμν = ℙT

μν ρT + ℙL
μν ρL

dΓℓℓ̄

dωd3k
∼ 2 ρT(ω, k) + ρL(ω, k)

LO NLO

Aurenche, Gélis, Moore, Zaraket, JHEP (2002); Jackson, Laine, JHEP (2019) 
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Finite ; 1-loop self-energyμB

ρV = 2ρT + ρL

DIS Annihilation

LO
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What do we know at NLO and  ?μB ≠ 0
Dumitru et al., PRL (1993) [LO]

Traxler, Vija, Thoma, PLB (1995)

Gervais, Jeon, PRC (2012)

C. Shen et al., PoS (HP2024)

 

]γ
m2

D ≡ g2 [( 1
2

nf + Nc) T2

3
+ nf

μ2

2π2 ], m2
∞ ≡ g2 CF

4 (T2 +
μ2

π2 )μB ≠ 0

Churchill, Du, Forster, Jackson, Gale, Gao, Jeon, PRL, PRC (2023)

10→8

10→7

10→6

10→5

10→4

10→3

d!
ee
/d
M

[G
eV

→
1
fm

→
4
]

0 1 2 3

M/T

NLO

LO

ωT/(k0T )

midrapidity

T = 600 MeV

T =
300 MeV

T
=
150

M
eV

μB = 0 μB ≠ 0

NLO correction gives 
even for 1 GeV < M < 3 GeV

≳ 10 % Growing : enhancement at 
low M, suppression at 
intermediate M

μB

 effect more important on hadronic ratesμB
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Im Πμν = ρμν = ℙT
μν ρT + ℙL

μν ρL

d Γℓℓ̄

dωd3k
∼ ρV = ρμ

μ = 2 ρT(ω, k) + ρL(ω, k)

Some interesting features seen in the spectral densities 
(more on this later)

… but NLO effects dominate  
effects on spectra (rates)

μB

(k /T = 2π)

ρL = −
M2

k2
ρ00

ρT =
1
2 (ρμ

μ +
M2

k2
ρ00)

Weldon. PRD (1990); Gale, Kapusta Nucl. Phys. B (1991)

LO
LO + NLO

QCD Rates
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Photons and fluid dynamics

f0 (u
µ pµ ) =

1
(2π )3

1
exp[(uµ pµ − µ) /T ] ±1

q0
d3R
d3q 1+2→3+γ

=
d3p1

2(2π )3E1
d3p2

2(2π )3E2
d3p3

2(2π )3E3
(2π )4 M 2

δ 4(...)∫
f (E1) f (E2) 1± f (E3)⎡⎣ ⎤⎦

2(2π )3

f0 → f0 + δf (π, ζ)

 NLO rates not shown

 Work left to be done to 

make hydro and EM  
emission consistent

Heffernan, Gale, Jeon, Paquet PRL (2024) 
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JETSCAPE Collab., PRC 2021; PRL 2021

BAYES ANALYSIS @ RHIC&LHC 

Nijs, van der Schee, Gürsoy, Snellings, PRL 2021

TRENTo + free-streaming+MUSIC/TRAJECTUM+UrQMD/SMASH

IP-Glasma+MUSIC+SMASH

Matt Heffernan, PhD Thesis (McGill 2022);PRL, PRC (2024)

Development: realistic dynamics in the era of statistical 
learning
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M. Heffernan et al., PRC (2024)

Predictions:
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Realistic dynamics at lower energies
Shen and Schenke, PRC (2018)

At lower energies: pre-hydro stage. 

Colliding nucleons lose energy to 
stretched string

Hydro initialization will now spread 
over a range of proper times 
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Jahan, Roch, Shen, PRC (2025)

sNN = 7.7, 19.6, 200 GeVAu+Au (EOS=HotQCD + Taylor)

New: Bayes analysis at lower energies
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New: use the Bayesian-tuned model to 
calculate EM observables at BES energies

• Not emulator-based: need the full history

• Sample the 20-dimensional parameter space

• Run the multistage simulation with photon and dilepton rates

• Integrate over the full space-time

(I) Photons

• PHENIX > STAR

• High pT = prompt

• Low  = new

• Bands: pQCD 

scale variation 

Eγ

Xiang-Yu Wu et al., in preparation
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Putting EM probes to work: temperature 
extraction?
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Putting EM probes to work
 Real photon spectrum is sensitive to local T and to blue shift: informs the modelling

 Virtual photon spectrum is invariant, but “T” depends on some details

Those two are complementary

The y-axis is 

The effective T is extracted from slope, 
considering 

ln {d N/dM × M−3/2}
1 GeV < M < 3 GeV

(II) Dileptons

 is energy- and centrality-
dependent
Teff

Rapp, van Hees, PLB (2016)
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Evaluating the efficacy of “the dilepton thermometer”

 Bands represent the temperature spread in hydro cells

 Dots are effective T read off the dilepton spectrum

 Dilepton  increases with colliding energy

 We see that 

Teff
Tfinal < Teff < Tinitial

Churchill et al., PRL (2024)
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Combining all energies and 
centralities, the initial temperature 
in the fluid dynamical model 
correlates well with the effective 
temperature extracted from the 
dilepton spectrum

Photon “temperatures” are 
systematically higher than real T, 
but reveal some of the expansion 
dynamics

Churchill et al., PRL (2024)

van Hees et al., PRC (2011)

Shen et al., PRC (2014)

d3R
d3p

∼ exp (−γE + βγE) Teff =
1 + v
1 − v

T

Dileptons

Photons

Message from photons & dileptons
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Putting EM probes to work: data in the 
BES range and effective temperatures

(No photon v2 data yet at those energies)

Dilepton excess (hadronic cocktail 
subtracted), from STAR BES runs and 
NA60 measurements. Consider  GeVM > 1

Photons

Dilepton excess

X.-Y. Wu et al., in preparation
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New: exploring the early stages at SPS 
energies

• Concentrate on IMR (for the 
moment)


• 3 scenarios: 3 different 
temperatures

• As SPS energies, smaller “instantaneous” 
 not realistic


• Other choices lead to lower  values 
than window estimated by NA60


• Evidence for pre-equilibrium 
contribution(s)

τ0
T

sNN = 17.3 GeV

X.-Y. Wu et al., in preparation
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Towards inclusion of spectral densities from 
all invariant mass regions

• LMR:  from many-
body hadronic theory*


• IMR: QCD (NLO, )

• Dynamical initial 

states+MUSIC+UrQMD

• Next: Pre-eq. 

Contribution, 4 ,  …  

ρV
ρ,ω,ϕ

μB

π vn

Prel
iminar

y

(*) R. Rapp X.-Y. Wu et al., in preparation
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Putting EM probes to work: dileptons 
and fundamental symmetries

NA60+/DiCE 2503.23872

Hohler and Rapp, NPB Supp. (2021)

Importantly, the symmetry restoration manifests 
itself around  GeV ( )…M ∼ 1 ΔN ∼ 20 − 30 %

10→8

10→7

10→6

10→5

10→4

10→3

d!
ee
/d
M

[G
eV

→
1
fm

→
4
]

0 1 2 3

M/T

NLO

LO

ωT/(k0T )

midrapidity

T = 600 MeV

T =
300 MeV

T
=
150

M
eV

… where hadronic and QCD 
physics meet. Precision physics 
will require controlled 
calculations (LMR, IMR (NLO), 

, realistic dynamics, etc)μB

Pb + Pb sNN = 8.8 GeV
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A new twist: dilepton polarization

E+E−
dRℓℓ̄

d3p+d3p−
= −

2e4

(2π)6

∑Nf
i Q2

i

K4
Lμνρμν fB(ω)Go back to

Kμ = pμ
+ + pμ

−

ρμν(ω, k) ≡ − Im [∫
β

0
dτeiωnτGμν(τ,k)]

iωn→ω+i 0+

Gμν(τ, k) = ∫ d3xe−ik⋅x⟨Jμ(τ, x)Jν(0,0⟩T

ρμν = PT
μνρT + PL

μνρL ρL ≡ −
K2ρμνuμuν

(u ⋅ K )2 − K2
, ρT ≡

ρμ
μ − ρL

2

dRℓℓ̄

d4K
=

2α2
em

9π2

∑Nf
i Q2

i

K2
B ( m2

ℓ

K2 ) ρV fB(ω), ρV = ρμ
μ = ρL + 2ρT

B(0) = 1
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B. Forster, MSc (2024)

QCD Rates

• Qualitative and quantitative difference between LO and LO+NLO

• Polarization contains info on μB

Dilepton polarization; looking at the longitudinal and 
transverse rates
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Values of T and  spanned at lower energiesμB

• Au + Au@19.7 and 7.7 GeV

• Hydro trajectories in three 

different rapidity windows: 
[left to right]: {-0.5, 0.5}, {0.5, 
1.0}, {1.0, 1.5}


• Dot-dashed line: chemical 
freeze-out estimate

Trajectories:
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The dilepton polarization and the lepton 
angular distribution

dN
d4KdΩℓ

∝ 1 + λθ cos2 θℓ + λϕ sin2 θℓ cos 2ϕℓ

+λθϕ sin 2θℓ cos θℓ + λ⊥
ϕ sin2 θℓ sin 2ϕℓ

+λ⊥
θ ϕ sin 2θℓ sin ϕℓ

virtual 
photon 
rest frame

θ

ϕ

For the moment, use the HX frame

P. Faccioli et al., Eur. Phys. J. C (2010)
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Polarization, the importance of NLO contributions

For a QCD plasma at rest: λθ ≃
ρΔ

ρT + ρL

ω = k2 + M2

• The large  limit is like the 
 limit for the  

ratio. Then .  



• When , approaching 
the (real) photon point, 



• LO + NLO has the correct 

limit, not LO

M
T → 0 M/T

λθ → 0
OPE : ρΔ ∼ k2(T/M )4

M → 0

ρΔ → ρT

Wu et al., PRL (2025)

ρΔ = ρT − ρL

μB = 0
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Polarization at the LHC, and as a functions of pT

Pb + Pb sNN = 5.02 TeV

• Flow effects in polarization coefficient

•  sensitive to pre-eq. conditions

•  behaviour differs in LMR and IMR

λθ
λθ(pT)

Wu et al., PRL (2025)
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Dilepton polarization at all energies, next steps

• Extend result to lower E results (e.g. F. Seck 
et al., PLB 2025)


• Add Drell-Yan polarization

• Add pre-eq. contribution

• Small systems

• Dynamical model is important

• Non-eq. Effect in rates (transport 

coefficients)

• . . .
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Conclusions:

• Progress in

• NLO rates at 

• Non-eq. Contributions

• Dilepton polarization calculations


• Much progress in dynamical evolution 
models


• Dynamical hadronic evolution models 
and EM emission are intrinsically 
connected


• Real photons and dileptons are 
complementary observables

μB ≠ 0
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Conclusions:
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• Dilepton polarization calculations


• Much progress in dynamical evolution 
models


• Dynamical hadronic evolution models 
and EM emission are intrinsically 
connected


• Real photons and dileptons are 
complementary observables

μB ≠ 0

Thank you!


