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Outline
 Most of this talk: real photons of a few GeV  
 Photons can be soft and still penetrating 

        They enjoy a unique status 

Cold photons 
Pre-eq. photons 
Small systems 
Under-explored features 

Disclaimer: Not a review talk, but a travelog (  ) 
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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?
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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)

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) 
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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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 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)


…and on the lattice (dileptons)
Ding et al., PRD (2011)


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

C. Gale, Landolt-Bornstein (2010)

Heffernan, Hohler, Rapp PRC (2015)
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( = i
2(2π)3 (Πγ

12)μ
μ)
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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 photon 
emission consistent

Heffernan, Gale, Jeon, Paquet 2306.09619 
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 The revealing power of photons in small systems

Gale, Paquet, Schenke, Shen, PRC (2022) 
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“Small systems” can be used to explore particle production 
mechanisms as a function of system size

dNch /dη |O+O
MB ≈ dNch /dη |Pb+Pb

70−80%

dNch /dη |O+O
0−5% ≈ dNch /dη |Pb+Pb

50−70%

Also useful for jet studies Huss, Kurkela, Mazeliauskas et al., PRC (2021), PRL (2021) 
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Hadronic observables & system size

Small systems have larger  at same 
multiplicity. Larger gradients

pT

At a given multiplicity, 



constant
v2(Pb + Pb) > v2(O + O) > v2(p + Pb)
v3 ≈

Gale, Paquet, Schenke, Shen, PRC (2022) 
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At equivalent multiplicities: 
dNch/dη |O+O

0−5% ≈ dNch/dη |Pb+Pb
50−70%

Smaller systems have a higher T; difficult 
to assess with hadronic observables

For 2 GeV,  is enhanced by  80%pT ∼ Rγ
OO ∼

V. Khachatryan, QM2018 Gale, Paquet, Schenke, Shen, PRC (2022) 
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Partial conclusion(s)

 Small systems explore modelling aspects 

 Photons are ideal probes


 Sensitive to both the modelling and to local 
conditions


 Nucleon-nucleon baseline is, again, very important
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 “Pre-hydro” photons?

 Kinetic theory approach

 BAMPS (M. Grief, PhD (2018))

 PHSD (O. Linnyk et al., Prog. Nucl. Part. Phys. 

(2016))

 J. Churchill et al., PRC (2021)

 KøMPøST, PRC (2022)

 … 

 Field theory approach

 M. Strickland, PLB (1994)

 R. Baier, M. Dirks, K. Redlich, D. Schiff, PRD (1997)

 J. Serreau, JHEP (2004)

 S. Hauksson, S. Jeon, C. Gale, PRC (2018)

 …
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Some words about KøMPøST; 

An EKT approach to the pre-hydro phase 

Kurkela, Mazeliauskas, Paquet, Schlichting, Teaney, PRL (2019); PRC 2019

T µν(tEKT ,x)=Txµν +δTxµν(tEKT ,x)

 BE is 6+1 dimensions in general 

 Owing to scaling property, Green’s functions can be evaluated and stored

Linear response:

Average  evaluated over causal circleTμν

Tμν(τ) = νg ∫ d3p
(2π)3

pμpν

p0 f̄(τ, p)

δTμν(τ, x)
Tττx (τ)

= 1
Tττx (τ0) ∫ d2x0 Gμν

αβ (x, x0, τ, τ0) δTαβ
x (τ0, x0)

∂τ fx,p + p
|p |

⋅ ∇x fx,p − pz

τ
∂pz fx,p = * [fx,p]

15 KøMPøST is conformal

 KøMPøST has gluons only
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 Non-equilibrium field theory approach

ω d 3R
d 3k

= − gµν

(2π )3
ImΠµν

R (ω ,k) 1
eβω −1

ω d 3R
d 3k

= i
2(2π )3

(Π12 )
µ
µ

4

in translationally invariant systems. This last equation
says that the decay width of a quasi-particle is the dif-
ference of the annihilation and creation rate.

For scalar particles we can go further and derive a more
intuitive expression for Drr. In translationally invariant
systems Eq. (11) and (12) give that

Dret �Dadv = 2 (Im⇧ret)DretDadv. (23)

Thus we see that

Drr =


1

2
+

⇧<

2iIm⇧ret

�
(Dret �Dadv) . (24)

This equation has a striking resemblance with the rr
propagator in equilibrium, Eq. (6). Indeed ⇧</2iIm⇧ret

reduces to the Bose-Einstein distribution by using the
KMS relation for self-energies. In non-equilibrium sys-
tems ⇧</2iIm⇧ret is in general not the same as the bare
momentum distribution f(p). It can be viewed as a re-
summed occupation density. We emphasize that we have
only derived Eq. (24) for scalar particles since we needed
to invert the order of propagators. In the next two sec-
tions we will derive a similar relation for soft gluons and
hard quarks and evaluate the resummed occupation den-
sity explicitly.

III. THE rr PROPAGATOR OF SOFT GLUONS

The photon production rate is given by the 12 compo-
nent of the photon polarization tensor

k
dR

d3k
=

i

2(2⇡)3
(⇧�

12)
µ
µ , (25)

where k is the photon momentum and ⇧�
12 is one com-

ponent of the photon polarization tensor. This equation
is valid in non-equilibrium systems as has been shown in
[28].

The diagram corresponding to bremsstrahlung and
quark-antiquark pair annihilation is in Fig. 3. Due to
the LPM e↵ect the quarks can have arbitrarily many
gluon exchanges, see Fig. 4. We will now briefly ex-
plain why these diagrams contribute at leading order for
a medium in thermal equilibrium, see [18, 29] for further
details. The quarks are hard, P ⇠ T , and nearly on shell,
P 2

⇠ g2T 2, where T is the temperature and g ⌧ 1 is the
strong coupling constant. The photon is emitted with an
angle ✓ ⇠ g relative to the quark momentum. Finally,
the exchanged gluons are soft, Q ⇠ gT , forcing us to use
resummed propagators.

We analyze the diagram in Fig. 3. In thermal equilib-
rium the rr propagator for soft gluons is

Grr(Q) =

✓
1

2
+ fB(q

0)

◆
[Gret �Gadv] ⇠

1

g3T 2
(26)

where fB(q0) ⇠ T/q0 ⇠ 1/g and the retarded gluon prop-
agator is Gret ⇠ 1/g2T 2. Furthermore, each pair of quark

K

P +K

P

Q

FIG. 3. Definition of momenta in the argument for
bremsstrahlung and pair annihilation contribution at leading
order.

FIG. 4. The diagrams for the LPM e↵ect.

propagators gives pinching poles of order 1/g2. This can
be seen more easily for bare scalars for which
Z

dp0 Dar(K + P )Dra(P )

=

Z
dp0

1

[(p0 + i✏)2 � p2] [(p0 + k � i✏)2 � |p+ k|2]

⇠
1

T 2
⇥

1

p+ k � |p+ k|
⇠

1

g2T 3

(27)

where we did a contour integration and used that p̂ · k̂ =
1 � O(g2). In real calculations one must use resummed
fermion propagators since their self-energy is O(g2). Fi-
nally each gluon vertex contributes a factor g and each
photon vertex contributes a factor e as well as a factor
g because of kinematics [18]. Including a g3 phase space
suppression because q is soft and a g2 suppression be-
cause p is collinear with k one sees that the diagram is
of order g2e2. A similar analysis shows that Fig. 4 is also
leading order.
The above argument relied mostly on kinematics and is

therefore equally valid in non-equilibrium systems. Nev-
ertheless, it assumed thermal equilibrium in two crucial
places. Firstly, the authors of [18] used a KMS condi-
tion for four-point functions to show that only Sra and
Sar contribute to the pinching poles. We provide a more
general argument in the next two sections. Secondly, Eq.
(26) for the rr propagator was derived using the KMS
condition.

In general the retarded self-energy for soft gluons is
[21, 30]

⇧µ⌫
ret(Q) = �2g2

R d3p
(2⇡)3

1
2p

⇣
@ftot(p)
@P!

⌘

⇥

h
�Pµg!⌫ + Q!PµP ⌫

P ·Q+i✏

i
. (28)

where

ftot = 2Nffq + 2Ncfg. (29)
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the Levi-Civita tensor. The imaginary part of the self
energy still has the same sign for both helicities. Thus
we can write

Sret =
i /P

P 2 �m2
1 + i�p0

. (50)

at leading order where m2
1 is given by Eq. (40). We

have used that (P � ⌃)2 ⇡ P 2
� 2P · ⌃. We see that

the pseudovector component, and therefore ImGrr, does
not contribute when considering on-shell particles which
simplifies the calculations considerably.

We can finally derive Srr in Eq. (39). A similar argu-
ment as for ⌃ret shows that

P · ⌃<(P ) = 4⇡ig2CF

⇥
fq(p)✓(p

0) + (fq(p)� 1)✓(�p0)
⇤

⇥ PµP⌫

Z gT d4Q

(2⇡)4
ReGµ⌫

rr (Q) �(2P ·Q).

(51)

The quark momentum distribution comes from S0
12 and

we have used that G12 ⇡ Grr for soft gluons. Since

/P /⌃< /P = �P 2 /⌃< + 2P · ⌃< /P ⇡ 2P · ⌃< /P (52)

one can easily show that at leading order

Srr(P ) =
1

2
(Sret � Sadv) + Sret (�i⌃<)Sadv

⇡

✓
1

2
� F (P )

◆
(Sret � Sadv) .

(53)

where

F (P ) := �
P · ⌃<

2iP · Im⌃ret
= fq(p) ✓(p

0)+(1�fq(p)) ✓(�p0).

(54)
All dependence on Grr cancels out in F .

Comparing with the expression for Srr in equilibrium
we see that F should be interpreted as a resummed oc-
cupation density. Its form makes perfect sense. In the
Boltzmann equation incoming particles have p0 > 0 and
outgoing particles have p0 < 0. Thus F is just the bare
momentum distribution with Pauli blocking for outgoing
quarks. This function reduces to the Fermi-Dirac dis-
tribution fF (p0) in equilbrium as can be seen by using
1 � fF (�x) = fF (x) and noting that when going from
equilibrium to non-equilibrium systems one makes the
identification fF (|p0|) $ fq(p).

V. THE LPM EFFECT IN A
NON-EQUILIBRIUM PLASMA

We now have all the ingredients to evaluate the LPM
e↵ect in an out-of-equilibrium quark-gluon plasma, and
to compute the photon production rate in Eq. (25). The
photon sources are connected to a quark and an anti-
quark so we need to evaluate the four-point function

S1122(x1, x2; y1, y2) = hTC
�
 1(x1) 1(x2) 2(y1) 2(y2)

 
i.

(55)

m k

n l
x1

x2

y2

y1

(a)

1 2

1 2
P

K + P

P

K + P

(b)

FIG. 7. Definition of the four-point function
Snmkl(x1, x2; y1, y2) in position space. n, m, k, l are
either 1 or 2. Also shown is the diagram we need to evaluate,
i.e. S1122 in momentum space.

See Fig. 7, top diagram, for the corresponding contribu-
tion. When going to momentum space we can approxi-
mate the momentum in the quark or the antiquark rail as
constant because it only changes through the exchange
of soft gluons. The relevant diagram is the bottom one
in Fig. 7 where K is the photon momentum and P is the
loop momentum.

A. Summing four-point functions without the
KMS condition

Up until now our analysis has been in the r/a basis
which enables power counting of the complicated dia-
grams. We must evaluate S1122 using the expression

S1122 = Srrrr +
1

2
(Sarrr + Srarr � Srrar � Srrra)

+
1

4
(Saarr � Sarar � Sarra � Sraar � Srara + Srraa)

+
1

8

✓
Sraaa + Saraa � Saara � Saaar +

1

2
Saaaa

◆
.

(56)

This task might look overwhelming. Each four-point
function on the right hand side is a sum of infinitely many
diagrams with a di↵erent number of gluon rungs. They
need not have any clear pattern in their r/a indices.
In thermal equilibrium the four-point functions have

been related using the KMS condition [34]. Specifically,

S1122 =↵1Saarr + ↵2Saaar + ↵3Saara + ↵4Saraa

+ ↵5Sraaa + ↵6Sarra + ↵7Sarar + c.c.
(57)

where the coe�cients depend on the Fermi-Dirac distri-
bution. As an example ↵1 = fF (p0 + k0)

�
1� fF (p0)

�
.

One can also show that Saarr is the only one of these
four-point functions that contributes at leading order.
Therefore

S1122 = 2fF (p
0 + k0)

�
1� fF (p

0)
�
ReSaarr. (58)

One can derive expression for hard 
quark and soft gluon propagators, 
to leading order, and construct the 
self-energy without using the KMS 
condition G12(Q) = − eβQ0G21(Q)

S. Hauksson, PhD (2021) 
And the ladder diagrams are summed up 
in a Schwinger-Dyson equation
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Assume an anisotropic medium f (p)~ feq( p2 +ξ(p⋅n)2 /Λ)

 Less interactions with soft 
gluon exchanges


 Leads to a path-dependent 
photon emission rate: effect 
on photon flow

17

Field theory approach still to be implemented

A preliminary exploration of the phenomenology

(Much) More needs to be done



Charles Gale 
McGillEMMI-RRTF

18

 Other “pre-hydro” source: (Mini)jet-medium photons

R. Modarresi-Yazdi, HP2023 

 Ensure that charged 
particle  is consistent


 Ensure that  is 
consistent


Rch
AA

Rjet
AA

First part: jet propagation
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Other “pre-hydro” source: (Mini)jet-medium photons

Jet-photon conversion at LO

R. Modarresi-Yazdi, HP2023 

 A source to consider

 Jet and hydro evolution 

needs to be concurrent

 Details of the parton 

shower are important

 And also … 
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… A consistent treatment requires the medium to 
also be influenced by jets

 Neufeld, Müller, PRL (2019)

 Tachibana, Chang, Qin, PRC (2017)

 CoLBT Chen et al., PLB (2018)

 Tachibana QM2018

 Pablos, Singh, Gale, Jeon PRC (2022)

∂μTμν = Jν

τ = 3 fm/c

The presence of minijets contributes to energy & entropy

Isotherms 

No jets 0.13
10 GeV 0.125

  7 GeV 0.1

pJ
min η/s

Not in EM calculations

Pablos, Singh, Gale, Jeon PRC (2022) 
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Those early photon sources interpolate between 
pQCD photons and thermal photons

Help with the “photon flow puzzle”? Not necessarily… 

The net  is a weighted average: vγ
2 vn ∼ 1

N ∫ dN
d2pTdy

cos (nϕ) dϕ

N = N1 + N2 vn ∼ 1
N [∫1

dN1
d2pTdy

cos (nϕ) dϕ + ∫2

dN2
d2pTdy

cos (nϕ) dϕ]
= 1

N [N1v(1)
n + N2v(2)

n ]
In general, early sources have small v2
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 How about “late photons”?…

 (Late-time)Bremsstrahlung worth more exploration

 Current progress with SMASH


 Hadronization photons?
Young and Pratt, PRC (2016); Fuji, Itakura, Miyashi, Nonaka PRC (2022) 

 Magnetic field effect?


Linnyk, Konchakovski, Steinert, Cassing, Bratkovskaya, PRC (2015)

Ayala et al., PRD (2017); Wang, Shovkovy 2307.07557 
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 Squeezing more info out of EM radiation: 
Photon polarization

Assuming an anisotropic Parton distribution f (p) = 1 + ξ fiso ( p2 + ξp2
z )

Debye mass in the scattering kernel m2
D(ϕq) = (1 − 2ξ

3 ) m2
D0

+ ξm2
D0

cos2 ϕq

*(q⊥) = g2CFΛ ( 1
q2⊥

− 1
q2⊥ + m2

D(ϕq) )

r =
k

dΓz

d3k
− k

dΓy

d3k

k dΓz

d3k
+ k

dΓy

d3k

PL /PT ≈ 0.57
0.68
0.81

 Net Polariz. is a competition 
between bremsstrahlung and pair 
annihilation

S. Hauksson and C. Gale, 2306.10307 
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How about virtual photons?

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

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

Aurenche, Gélis, Moore, Zaraket, JHEP (2002); Jackson, Laine, JHEP (2019) 
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Some new development
Dilepton production @ NLO, with μB ≠ 0

m2
D = g2 [( 1

2 nf + Nc) T2

3 + nf
μ2

2π2 ] m2
∞ = g2 CF

4 (T2 + μ2

π2 )
Churchill, Du, Forster, Gale, Gao, Jackson, Jeon 2023 

Braaten, Pisarski, Yuan, PRL (1990); 
S. M. H. Wong, Z. Phys. C (1992) 

For rates (& yields), 
NLO+LO effect dominate 
over that of μB ≠ 0

Rates

B. Forster 2023 
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Forster, Gale, Jackson 2023 

Rates

Polarization contains lot of info that is difficult to obtain otherwise
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FIG. 5. The result of a hydrodynamic calculation of direct
photon spectra, for Au - Au collisions at RHIC, in minimum
bias centrality range. The data are from Refs. [11, 71].

sources considered in this work (Section III). One ob-
serves that the calculation, with the contributions enu-
merated in the text, and the experimental tend to con-
verge for values of pT & 2.5 GeV. There, the calcula-
tion almost entirely consists of the pQCD component.
For intermediate transverse momenta (as defined by this
figure, pT ⇡ 1.5 GeV), the calculation underestimates
the PHENIX data central points roughly by a factor
of 3. Agreement of the calculations with the preliminary
STAR data (Fig. 5) is considerably better, well within
systematic uncertainties.

In the low pT region, calculation and data are reunited
again, but bear in mind the strong caveats regarding the
trustworthiness of the pQCD calculations at such low
transverse momenta. As supported by a direct compari-
son with pp photon data, the prompt photon curve shown
in Figs. 4 and 5 should hold down to pT ⇡ 1 GeV. While
one does not expect a sudden breakdown of the formalism
used here, it does becomes less predictive as the photon
momentum goes down. The theoretical interpretations
of photon production in nucleus-nucleus collisions would
rest on much firmer ground if a fundamental measure-
ment of soft photons from pp collisions, extending to val-
ues of transverse momenta compared to those in Figs. 4
and 5 existed. Such a measurement, while challenging,
would provide a valuable baseline for phenomenological
modelling, and would further our understanding of QCD
in its strongly coupled regime.

Figure 6 shows the calculated photon elliptic flow, com-
pared with data measured by the PHENIX collaboration.
The photon anisotropy was evaluated with Eq. (27). The
elliptic flow shows the now characteristic shape, with the
turnover at pT & 2 GeV driven by the pQCD photons.

FIG. 6. Hydrodynamic calculation of the direct photon v2,
for Au - Au collisions at RHIC, in the 0 - 20 % (top panel)
and 20 - 40% (bottom panel) centrality range . The data are
from Ref. [12].

As was the case for the photon spectra the calculation of
the photon elliptic flow systematically undershoots the
central data points. However, and this also holds for
the spectra, taking into account the statistical and sys-
tematic uncertainties greatly reduces the tension between
theory and experiment. Thermal photons, represented by
the dashed curves, are shown separately to highlight that
the thermal contribution does exhibit a large v2, but that
this momentum anisotropy is then suppressed by prompt
photons.
As can be expected from their small contribution to

the direct photon spectra (Fig. 4), non-cocktail photons
do not contribute significantly to the direct v2. They are
not shown in Figure 6.

B. LHC

The direct photon spectrum and v2 in Pb-Pb colli-
sions at

p
sNN = 2760 GeV are presented in Figs. 7 and

STAR Phys. Lett. (2017)
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27

 Finally, a puzzle within a “puzzle”
STAR & PHENIX

??

??
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 Much recent progress in modelling

 Notably for early times


 Much recent progress in photon emission

 e.g. @ early times


 Photons and dileptons, together, provide a more 
complete mapping of both the dynamics and the 
spectral density


 “Photon puzzle” is more obvious at RHIC

 Much work is left in theory

Conclusion
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Some new development
Dilepton production @ NLO, with μB ≠ 0

m2
D = g2 [( 1

2 nf + Nc) T2

3 + nf
μ2

2π2 ] m2
∞ = g2 CF

4 (T2 + μ2

π2 )
Churchill, Du, Foster, Gale, Gao, Jackson, Jeon 2023 
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Braaten, Pisarski, Yuan, PRL (1990); S. M. H. Wong, Z. Phys. C (1992); 
G. Jackson (2022) 

Au+Au 7.7 GeVsNN =

For rates & yields, NLO+LO 
effect dominate largely 
over that of μB ≠ 0


