
Shedding light on thermal
photon and dilepton production1,2

Greg Jackson
INT, University of Washington

– ConfXV • Stavanger • August 2022 –

1 based on collaborations w/ Dibyendu Bala, Jessica Churchill,
Charles Gale, Sangyong Jeon, Olaf Kaczmarek and Mikko Laine.

2 supported by the DOE under grant No. DE-FG02-00ER41132



Quark-gluon plasma …WHY?

• Thermodynamic properties usually hard to calculate ab initio
… Here, quantum chromodynamics (QCD) is the starting point

• Predictions for ultra relativistic nucleus-nucleus collisions

• Develop & test general methods that can be used elsewhere:

e. g. for neutrino production in EW-plasmas (cosmology)

⇒ In this talk: pQCD at finite µ (new calc)

comparison w/ lattice (new data)

hydro yields (new predictions)
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Electromagnetic probes
… photons are ‘clean’ messengers; they do not re-interact w/ the QGP
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Electromagnetic probes

Closely related observable dileptons pairs, e.g. from qq̄ → γ∗ → e+e−
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Theoretical tools

L = − 1
4 F 2 +

∑
f ψ̄

(
i /D − mf

)
ψ ; F a

µν = ∂µAa
ν − ∂νAa

µ − g f abcAb
µAc

ν

perturbation theory
weak-coupling expansion:

production rates

ω
dΓ
d3k =

∫
dΦ

2

...
...

γ∗

× (thermal weight)

lattice QCD

Gµν(τ, k) =
∫

x
e i kx ⟨jµ(τ, x)jν(0)⟩

τ ≡ it ‘imaginary time’
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Application of perturbative QCD (pQCD):

∣∣∑M
∣∣2 =

∣∣∣∣ ∣∣∣∣2

+

∣∣∣∣ + . . .

∣∣∣∣2 + . . .

+

[ ][
+ + . . .

]∗
+ c.c.

+ . . .

Drell-Yan

Compton ,
annihilation , ...

interference
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Application of perturbative QCD (pQCD):

OR ...

Im
[

+ + + . . .

]
self-energy, Πµν

[Weldon (1990)] , [Bödeker, Sangel, Wörmann (2015)]
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Basic relations from pert. theory [McLerran, Toimela (1995)]

[Gale, Kapusta (1991)]

Dilepton rate:

dΓe−e+

dω d 3k ≃ α2
emnB(ω)

3π2M2 Cem ρV(ω, k)

Photon rate:

dΓγ

d 3k ≃ αemnB(k)
2π2k Cem ρV(k, k)

e+

e−
K = (ω, k)

γ

q̄

q

g

QGP in eq.

M 2 ≡ K 2 = ω2 − k 2 invariant mass, nB is the Bose distribution

ρµν(ω, k) = Im
[
Πµν(ω + i 0+, k)

]
Vector channel spectral function ρV ≡ ρ µ

µ = 2ρT + ρL
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.31.545
https://www.sciencedirect.com/science/article/abs/pii/055032139190459B


Im
[ ]

T=0−−−→ Nc K 2

4π Θ(K2)

0

vacuum: T = 0 and µ = 0

k

ρ
V

Tω

ω
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Im
[ ]

T>0−−−→ Nc K 2

4π

{
2T
k log

[
1 + e− 1

2 (ω+k)/T

1 + e− 1
2 |ω−k|/T

]
+Θ(K2)

}

0

vacuum
thermal

k

ρ
V

Tω

ω
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Im
[ ]

T>0−−−→
µ=0

Nc K 2

4π

{
2T
k log

[
1 + e− 1

2 (ω+k)/T

1 + e− 1
2 |ω−k|/T

]
+Θ(K2)

}

0

vacuum
thermal

k

ρ
V

Tω

ω“DIS” pair prod.
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Im
[ ]

=
NcK 2

4π

{
T
k

∑
ν =±µ

log

[
1 + e(ν− 1

2 (ω+k))/T

1 + e(ν− 1
2 |ω−k|)/T

]
+Θ(K2)

}

0

µ = 0

µ = 3T
vacuum

k

ρ
V

Tω

ω

increasing µ

“DIS” pair prod.
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Fixed-order calculation
Πµν =

[ ∑∞
l=0 g2l

s Πµν
(l)

]
+ O(e2) ; αs =

g2
s

4π

= + . . .

Result for each polarisation:
(

abbrev. k± ≡ 1
2 (ω ± k)

)
ρV = . . .

ρ00 =
Nc

12πk

{
12T3

∑
ν =±µ

[
l3f
(
k+ − ν

)
− l3f

(
|k−| − ν

) ]
+ 6kT2

∑
ν =±µ

[
l2f
(
k+ − ν

)
+ sign(k−)l2f

(
|k−| − ν

)]
+ k3 Θ(k−)

}
,

where l2f(x) ≡ Li2
(
− e−x/T

)
, l3f(x) ≡ Li3

(
− e−x/T

)
.

to finally give ... ΠL =
K 2

k2 Π00 , ΠT = − 1
2

(
ΠV +

K 2

k2 Π00

)
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Fixed-order calculation
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
L = K − P

V = K − Q

R = K − P − Q

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
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Fixed-order calculation
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
L = K − P

V = K − Q

R = K − P − Q

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

Not applicable for K2 → 0!
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ω

√
αT

T

k

real photons

Thermal Screening

dσ
dt =

−π αemαs
3s2

t2 + s2

t s

Hard Thermal Loops∼ 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


Information from lattice (µB = 0)
... can ‘measure’ imaginary time Euclidean current-current correlator:

G(τ, k)
T 3 =

∞∫
0

dω
2πT

ρ
(
ω, k

)
ωT F(ω, τ) with F ≡ ω

T
cosh[( 1

2β − τ)ω]

sinh[ 1
2βω]

0

2

4

6
F
(ω
,τ
)

0.1 1 10 102

ω/T

Fmax

τT =
0.5

0.2

0.1

local min when

τT < (3−
√
3)

6
≈ 0.21
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Information from lattice (µB = 0)

Extract ρ(ω, k) for real frequencies?
simple inversion is ill-posed : sensitive to input (overdetermined)

0

2

4

6
F
(ω
,τ
)
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ω/T

Fmax

τT =
0.5

0.2

0.1

local min when

τT < (3−
√
3)

6
≈ 0.21
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Information from lattice (µB = 0)

Extract ρ(ω, k) for real frequencies?
simple inversion is ill-posed : sensitive to input (overdetermined)

Study UV-finite corr. GH = 2(GT − GL) [Brandt, et al (2018)]

Properties:

• no vacuum part, lim
T→0

ρH = 0

• expansion, ρH = αs 64π k2
∫

p

p
π

4(4nF − nB)

9M4 + O
(

T6

M4

)
• sum rule,

∫ ∞

0
dω ω ρH(ω, k) = 0 [Caron-Huot (2009)]

⇒ Improved control over systematic uncertainties!
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https://arxiv.org/abs/1710.07050
https://arxiv.org/abs/0903.3958


What we do

ρ(ω, k) ≃ ρ
∣∣strict
1−loop + ρ

∣∣strict
2−loop + ρ

∣∣full
LPM − ρ

∣∣
overcounting

[Ghisoiu, Laine (2014)]ω

√
αT

T

k

away from LC :
fixed-order

LPM

matching

ω > k : Laine (2013) [1310.0164]

ω < k : GJ (2019) [1910.07552]
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https://arxiv.org/abs/1407.7955
https://arxiv.org/abs/1310.0164
https://arxiv.org/abs/1910.07552


What we do

G(τ, k) =

∫ dω
2π ρ(ω, k)

cosh[( 1
2β − τ)ω]

sinh[ 1
2β]

ω

√
αT

T

k
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What we find

G(τ) requires knowing ρ(ω, k), for ALL frequencies:

0.0

0.5

1.0

1.5

0 2 4 6 2 4 6 8

nf = 0

T = 1.1Tc µ = µopt(×2)

LPMNLO

free result

ω/T

k
=
2.
09
4T

k
=
4.
18
9T

k
=
6.
28
3T

Spectral functions, Left: ρV/(ωT ) = (2ρT + ρL)/(ωT )

Right: ρH/(ωT ) = 2(ρT − ρL)/(ωT )

13/21



What we find

Testing pQCD: [Ghiglieri, Kaczmarek, Laine, Meyer (2016)] [ GJ, Laine (2019) ]

-0.1

0.0

0.1

0.0 0.1 0.2 0.3 0.4 0.5
τT

nf = 0

G
V

Gfree
− 1

lattice

Simulations @ T = 1.1Tc:

N3
s × Nτ confs

963 × 32 314
1443 × 48 358
1923 × 64 242

... finite-size box, k =
2πn
aNs

where n = {1, 2, 3}

Normalisation: Gfree → no QCD corrections, αs = 0
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https://arxiv.org/abs/1604.07544
https://arxiv.org/abs/1910.09567


What we find

Testing pQCD: (and more!) work in progress w/ Bala, Kaczmarek

0

1

2

G
H
/T

3

0.0 0.1 0.2 0.3 0.4 0.5
τT

nf = 0 [preliminary]

Simulations @ T = 1.1Tc:

N3
s × Nτ confs

963 × 32 314
1443 × 48 358
1923 × 64 242

... finite-size box, k =
2πn
aNs

where n = {1, 2, 3}

nf = 0 data for T = {1.3, 1.5}Tc

nf = 2 data for T = 1.2Tc 14/21



What we find
AND ... nf = 3 data for T = {1.15, 1.3}Tc work in progress w/ Bala, Kaczmarek

clover-improved Wilson fermions, HISQ config. w/ ml = ms/5

0.0

0.3

0.6

0.9

1.2

0 2 4 6 8 10
ω/T

k = 2πT/3

k = 4πT/3

k = 2πT

T = 1.15Tc ρH/(ωT )

0.0

0.5

1.0

1.5

2.0

0.0 0.1 0.2 0.3 0.4 0.5
τT

GH/T
3

NB: not yet continuum extrapolated!!
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What we find
AND ... nf = 3 data for T = {1.15, 1.3}Tc work in progress w/ Bala, Kaczmarek

clover-improved Wilson fermions, HISQ config. w/ ml = ms/5
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Impact on yield (µB = 0)
Embed pQCD rates into hydro work in progress w/ Churchill, Gale, Jeon

dΓℓℓ̄

dM dy

∣∣∣∣
y=0

= 2πM
∫ ∞

0
dk⊥ · k⊥

dΓℓℓ̄

dωd3k

(
ω = M2 + k2

⊥, k = k⊥
)

10−8

10−7

10−6

10−5

10−4

10−3

d
Γ
ee
/d
M

[G
eV

−
1
fm

−
4
]

0 1 2 3

NLO

LO

midrapidity

M/T

T = 500 MeV

T = 300 MeV
T
=
180 M

eV

Observable yields:
local equillib. T(t, x) , ...
spacetime evolution

dN
dM dy =

∫
dt

∫
x

dΓ
dM dy

⇒ hydro simulation

even for 1 ∼< M ∼< 3 GeV, NLO corrections give at least 10% enhancement!
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10−4

10−3

10−2

10−1

0 1 2 3 1 2 3 1 2

resummed:
LO: 0-5%, 5-10%, 10-20%, 20-30%

AuAu PbPb PbPb

√
s = 200 GeV

√
s = 2.76 TeV

√
s = 5.02 TeV

M [GeV]

dNee

dM
[GeV−1]

CGC

classical YM action in 2D

→ saturation scale Qs

IP-Glasma w/ b = 0...20 fm

hydro: MUSIC 2 + 1D

thermal dileptons during local equilib

→ specified by viscous EM tensor...

Tµν = εuµuν − (gµν − uµuν)(p+Π) + πµν

τ0 ≃ 0.4 fm τfreezeout @ T = 145 MeV

Cooper-Frye (iS3D) → UrQMD
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√
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→ saturation scale Qs

IP-Glasma w/ b = 0...20 fm

hydro: MUSIC 2 + 1D

thermal dileptons during local equilib

→ specified by viscous EM tensor...

Tµν = εuµuν − (gµν − uµuν)(p+Π) + πµν

τ0 ≃ 0.4 fm τfreezeout @ T = 145 MeV

Cooper-Frye (iS3D) → UrQMD
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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 + Nc

)T 2

3 + nf
µ2

2π2

]
m2

∞ ≡ g2 CF

4

(
T 2 +

µ2

π2

)

• large frequency limit: enhancement ↘

ρV ≃ NcM 2

4π + 4g2CF Nc

{
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:

0.0

0.3

0.6

0.9

1.2

0 3 6 9

µB = 0
µB = T
µB = 2T
µB = 3T

-0.1

0.0

0.1

0.2

0.3

0.4

0 3 6 9 12

k = 2πT

ω/T

Spectral functions, Left: ρV/(ωT ) = (2ρT + ρL)/(ωT )

Right: ρH/(ωT ) = 2(ρT − ρL)/(ωT )
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Impact on yield (non-zero µB)

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

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

(↑ figure by Lipei Du)

10−10

10−9

10−8

10−7

10−6

10−5

10−4

d
Γ e

+
e−
/d
M

[G
eV

−
1
.f
m

−
4
]

0.0 0.5 1.0 1.5 2.0

M/GeV

µB = 0 GeV
µB = 1 GeV
µB = 2 GeV
µB = 3 GeV

T = 180 MeV

midrapid, y = 0

⇒ compensation of LO suppression & NLO enhancement! ...
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https://arxiv.org/abs/1004.1408


Impact on yield (non-zero µB)

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

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

(↑ figure by Lipei Du) 0.94

0.96

0.98

1.0

1.02

1.04

1.06

0.5 1.0 1.5

resummed
LO

10-40%, AuAu @ 7.7 GeV

0-10%, AuAu @ 200 GeV

×10

ratio:
dNe+e−/dM |µ>0

dNe+e−/dM |µ=0

smooth MC-Glauber initial conditions + baryon diffusion
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Summary
• extended pQCD calculation to finite µB

• tested spectral fncs. with lattice data for GT − GL

• many new hydrodynamic predictions:
dileptons a good thermometer, poor baryometer!
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ρ
(m,n)
abcde(K) ≡ Im

∑∫
P,Q

pm
0 qn

0
P2aQ2b(K − P − Q)2c(K − P)2d(K − Q)2e

ρV|(g
2)

NLO = 8(1 − ϵ)g2CFNc

{
(1 − ϵ)K2

(
ρ
(0,0)
11020 + ρ

(0,0)
11002 − ρ

(0,0)
10120 − ρ

(0,0)
01102

)
+ ρ

(0,0)
11010 + ρ

(0,0)
11001 + 2ϵ ρ(0,0)11100 − 1

2 (3 + 2ϵ)K2ρ
(0,0)
11011

− (1 − ϵ)
(
ρ
(0,0)
1111(−1) + ρ

(0,0)
111(−1)1

)
+ 2K2

(
ρ
(0,0)
11110 + ρ

(0,0)
11101

)
− K4ρ

(0,0)
11111

}
,

ρ00|(g
2)

NLO = 4g2CFNc

{
(1 − ϵ)

(
ρ
(0,0)
10110 + ρ

(0,0)
01101

)
+ 2ϵρ(0,0)11100 + (1 + ϵ)k2 ρ

(0,0)
11011

− (1 − ϵ)
(
ρ
(0,0)
1111(−1) + ρ

(0,0)
111(−1)1

)
+ 2

[
(1 − 2ϵ)ω2 − k2 ](ρ(0,0)11110 + ρ

(0,0)
11110

)
+ 8ϵ ω

(
ρ
(1,0)
11110 + ρ

(0,1)
11101

)
− 8(1 − ϵ)ω

(
ρ
(0,1)
11110 + ρ

(1,0)
11101

)
+ 4ϵK2ρ

(1,1)
11111

+
[
(1 − 2ϵ)ω2 + k2]K2ρ

(0,0)
11111 − 2(1 − ϵ)K2

(
ρ
(2,0)
11111 + ρ

(0,2)
11111

)}
.

Apply general ‘cutting’ rules to each master diagram ... [Jeon (1993)]
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https://arxiv.org/abs/hep-ph/9210227


Numerical evalution of master diags.

ρ
(0,0)
11100 =

n−1
0

(4π)3

∫
dp dq W(p, q) n1(p − µ1)n2(q − µ2)n3(k0 − p − q − µ3)

W(p, q) =
1
2k

{
|p − k+|+ |q − k+| − |p + q − k+|

− |p − k−| − |q − k−|+ |p + q − k−| −min[k0, k ]
}
,

➃➁

➂➄

➅

➆

q

p
(k > k0)

k+
1
2k0k−

q

p
(k < k0)

k+k−

24/21



Approach to the LPM regime
The spectral functions can be calculated from

ρT,L = e2 K2 4N
π2 k0

(ek0/T − 1)
∫

dp dℓ nF(p)nF(ℓ)δ(k0 − p − ℓ)χT,L(p, ℓ)

χL =
pℓ
2k2

0

∫ ∞

0
dx Im 1

[ureg.
0 (x)]2

χT =
p2 + ℓ2

2pℓK2

∫ ∞

0
dx Im m2

D
[ureg.

1 (x)]2

ureg.
0 and ureg.

1 are the S- and
P-wave channel solutions to a
Schrödinger equation ...

κ =
M2

eff
m2

D
, λ = 8 pℓ

k0T
m2

∞
m2

D

[
− ∂2

x +
α2 − 1

4
x2 + κ+

iλ
2π

(
log

x
2 + γ + K0(x)

) ]
uα(x) = 0

Boundary conditions: ureg.
α (x) ∼ x

1
2+|α| , (x → 0) where α = {0, 1} .
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What we do
G(τ) requires knowing ρ(ω, k), for ALL frequencies:

5-loop αs(µ) at ‘optimal’ scale

Qopt =
√

M2 + (ξπT)2 + µ2

where ξ = 1 (2) for nf = 0 (2, 3)
Near the light cone, Qopt ∼ ...

0.2 0.4 0.6 0.8 1.0

µq/GeV

0.05

0.10

0.15

0.20

0.25

0.30

0.35

T
/G

eV

0.24

0.28

0.32

0.36

0.40

0.44

0.48

0.52

0.56
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What we find

UV-finite correlator GH = 2(GT − GL)

0.0

0.3

0.6

0.9

1.2
ρ
H
/(
ω
T
)
@
T
=
1.
2T

c

0 2 4 6 8 10
ω/T

µ = µopt(×2)

LPMNLO

free result

k
=
3.141

T

k = 5.877T

Spectral function depicted for 2-flavour QCD (nf = 2)

27/21



What we find
Comparing with the lattice [Cè, et al (2020)]
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Comparing with the lattice, ρH for nf = 2 [Cè, et al (2020)]

perturbation theory lattice reconstruction
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Comparing with the lattice, ρH for nf = 3 work in progress w/ Bala, Kaczmarek

spectral fncs. Deff(k) ≡ ρH(k, k)/(2kχq)
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Should ρV be negative in the very IR?

For ω, k ≪ T , the hydrodynamic prediction gives:

ρT

ω
= −χqD

ρL

ω
= −χqD K 2

ω2 + D 2k4

[Hong, Teaney (2010)]

D = diffusion coefficient

χq = charge susceptibility

Therefore limω→0 ρV/ω crosses zero at k = 1/(
√

2D)
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