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Motivation

Motivation

Why studying photons?
Photons produced in the QGP are very unlikely to interact again with
other particles
⇒ Carry information about the system at the time of their production
to the detectors

Why are jet induced photons important?
R. Fries et al., PhysRevLett.90.132301 (2003):
"Conversion of quark jets into photons is the leading source of direct
photons in the region pT ≤ 6GeV/c at RHIC"

with C ! "1:916. We have included the three lightest
quark flavors so that

P

f e
2
qf=e

2 ! 2=3.
Once again we apply the decomposition of the distri-

butions to (7). Inserting the thermal part we recover the
known rate of emission of high-energy photons from
interactions within the plasma. Since we are dealing
with (nearly) massless partons we have to address the
infrared divergence in (7) in the limit m ! 0. It has been
shown [4,5] that the divergence can be eliminated by
including higher-order effects from the interaction of
the quarks in the thermal medium with the result that
m2 in the argument of the logarithm must be replaced
with 2m2

th ! g2T2=3.
We assume that these considerations remain valid for

the emission of photons even when one of the partons is
from a jet while the other one is from a thermal medium.
This assumption remains to be verified. We add that the
thermal photon production from the plasma has recently
been calculated up to two loops [7] and to complete
leading order [8], and is about a factor of 2 larger than
the lowest-order results given here. It will be of consid-
erable interest to extend our present work to account for
these effects.

Now the rate of high-energy photon emission from the
passage of quark jets through the QGP is obtained by
substituting the jet contributions for fq and fq in (7). In
order to calculate the photon yields we specify our model
for the medium. Here we are interested in the emission of
photons from the QGP phase alone. We assume that a
thermally and chemically equilibrated plasma is pro-
duced in the collision at time !0 with temperature T0,
and we ignore the transverse expansion of the plasma.
Further assuming an isentropic longitudinal expansion
[19], we can relate T3

0!0 to the observed particle rapidity
density dN=dy. We take dN=dy # 1260, based on the
charged particle pseudorapidity density measured by
the PHOBOS experiment [24] for central collisions of
Au nuclei at

!!!!!!!!!

SNN
p ! 200 GeV. For central collision of

Pb nuclei at LHC energies we use dN=dy ! 5625 esti-
mated by [25]. Imposing a rapid thermalization limited
by !0 $ 1=3T0 [25] we fix our initial conditions to be
T0 ! 446 MeV and !0 ! 0:147 fm=c for RHIC and
T0 ! 897 MeV and !0 ! 0:073 fm=c for LHC.

We model the nuclei as uniform spheres and assume a
transverse profile for the initial temperature as T%r& !
T0'2%1" r2=R2

?&(1=4 where R? ! 1:2A1=3 fm. We use the
same profile R%r& ! 2%1" r2=R2

?& for the jet production
in (5) while performing the space-time integration d4x !
!d! rdr d" d#. The limits of the ! integration are '!0; !f(
where !f is fixed through the relation T3! ! const, when
the temperature reaches Tf ! 160 MeV.

We also give results for the competing photon pro-
cesses, the direct production in primary hard annihilation
or Compton processes and the production via bremsstrah-
lung from a produced jet parton. For both cases the
leading order results can again be found in [3]. No K
factor is used for direct photon production. Our results

here obey the scaling for single photons suggested in [26]
from empirical considerations.

In Fig. 1 we plot the results for thermal photons, direct
photons due to primary processes, bremsstrahlung pho-
tons and the photons coming from jets passing though
the QGP in central collision of gold nuclei at RHIC
energies. The corresponding results for LHC energies
are shown in Fig. 2. We see that the quark jets passing
through the QGP give rise to a large yield of high-
energy photons. This contribution should be absent in
pp collisions. For RHIC this contribution is the domi-
nant source of photons up to p? # 6 GeV. Note that
the jet-to-photon conversion falls more rapidly with p?
than the direct photon yield, similar to a higher twist
correction.

A suppression of the bremsstrahlung contribution
due to the multiple scattering suffered by the frag-
menting partons [27] will further enhance the impor-
tance of the jet-photon conversion process. The effects
of a possible chemical nonequilibrium may be estimated
as follows. A reduced quark abundance will enter at least
linearly into the thermal rate but can reduce the jet-
photon conversion by at most a factor of 2, as the
Compton contribution will remain unaffected. There-
fore the thermal rate will be more strongly suppressed
than the jet-photon conversion. Similarly, the jet-photon
conversion is only moderately sensitive to the ini-
tial conditions and the transit time of the jet in the
medium. We have found that increasing !0 to 1 fm=c,
keeping T3

0!0 fixed, reduces our results for RHIC only
by about 40%.

One may ask how our results will be modified by the
energy loss experienced by the quark jets passing through
the QGP. This effect will be relatively small for two

FIG. 1 (color online). Spectrum dN=d2p?dy of photons at
y ! 0 for central collision of gold nuclei at

!!!!!!!!!

SNN
p ! 200 GeV

at RHIC. We show the photons from jets interacting with
the medium (solid line), direct hard photons (long dashed),
bremsstrahlung photons (short dashed), and thermal photons
(dotted).

P H Y S I C A L R E V I E W L E T T E R S week ending
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Motivation

Motivation

Turbide, Gale, Fries: PhysRevLett.96.032303 (2006):
Photons produced by jets may lead to a negative v2

20%–40%, and 40%–60%, respectively. Comparing with
measured photon spectra, a good agreement is obtained for
all centrality classes. Details will appear elsewhere [18].
The coefficients v2 can then be calculated by using

v2!pT" #
R
d! cos!2!"dN=dpTd!

dN=dpT
: (6)

Figure 1 shows the coefficient v2 as a function of pT for
Au$ Au collisions at RHIC and for the centrality classes
0%–20%, 20%–40%, and 40%–60%. The dotted lines
give the results for primary hard direct photons and photon
fragmentation. As expected, photons from fragmentation
lead to a positive v2 which is diluted by adding primary
hard photons. The solid lines are the results when brems-
strahlung, jet-photon conversion, and thermal photons are
also included. They meet our expectations for v2 of direct
photons including all sources discussed above. The v2 for
induced bremsstrahlung and jet-photon conversion is in-
deed negative. Together they are able to overcome the
positive v2 from fragmentation, leading to an overall nega-
tive elliptic asymmetry for direct photons at moderate pT .
Only above 8 GeV=c the direct photon v2 is again positive,
because the yield of photons from fragmentation is domi-
nating over medium-induced bremsstrahlung [6] in this
range. The dashed lines in Fig. 1 show the v2 for direct
photons with no jet energy loss included. In this case,
fragmentation photons do not exhibit an anisotropy and
the elliptic asymmetry is only due to jet-photon conver-
sion. Measurements of v2 with sufficient accuracy could
therefore constrain models for jet energy loss. The absolute
size of v2 is not large, about 2%–3% for the 20%–40%
centrality bin around pT # 4 GeV=c and up to 5% for the
more peripheral bin. The reason is that the signal is diluted
by isotropic photons (primary hard and thermal) and par-

tially canceled between the optical and inverse-optical
mechanisms. We also checked the dependence of v2 on
the temperature of the medium by varying the initial
temperature Ti with "iT3

i kept constant. The resulting
changes are small: a change in Ti of 40% generates a shift
in v2 of less than 20%.

In Fig. 2 we show some v2 signals that should be
detectable at RHIC in the near future. The dotted lines
show v2 for inclusive photons before background subtrac-
tion. In this case the v2 signal is dominated by contribu-
tions from decaying #0 and $ hadrons. The resulting v2 is
positive and larger in magnitude. Only hadrons from frag-
mentation have been included. However, it has been shown
that hadron production up to a pT of 4 to 6 GeV=c receives
significant contributions from recombination of quarks
[19]. The dot-dashed lines show the v2 of inclusive photons
if decays of #0 and $ from recombination are included,
using [19] with parameters consistent with our jet-
fragmentation calculation. Data on v2 for inclusive pho-
tons have been measured by the PHENIX Collaboration
[20]. Our calculations for the total inclusive photons in-
cluding decays from recombined hadrons agree well with
their results.

A very exciting option for the future is the possibility to
experimentally distinguish between direct photons associ-
ated with jets and isolated direct photons. Photons from jet-
fragmentation and induced bremsstrahlung are in the for-
mer category, while the latter includes primary hard and
thermal photons, and photons from jet-photon conversion.
The dashed line in Fig. 2 shows the result for the fragmen-
tation and bremsstrahlung processes only. They contribute
with different signs and one notes a characteristic change
of sign from negative values at low pT to larger positive
values, up to 5%, at large pT , where fragmentation domi-

3 4 5 6 7 8

-0.04

-0.02

0

0.02

0.04

0.06

0.08

v 2γ

N-N + jet-frag.
direct γ
direct γ (no E-loss)

3 4 5 6 7 8
pT (GeV/c)

3 4 5 6 7 8

0-20 % 20-40 % 40-60 %

FIG. 1 (color online). Photon v2 as a function of pT for Au$
Au collisions at RHIC. Three different centrality bins are given.
The dotted lines show v2 for primary hard photons and jet
fragmentation only, and the solid lines show all direct photons.
Energy loss is included in both cases. The dashed line is the same
as the solid line but without energy loss of jets taken into
account.
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FIG. 2 (color online). v2 as a function of pT for Au$ Au
collisions at RHIC. The dashed line shows jet-fragmentation and
induced bremsstrahlung only while the solid lines give jet-
photon conversion, primary hard, and thermal photons. The
dotted line shows direct photons and the background from decay
of neutral mesons coming from jets. The dot-dashed line adds
photons from decay of recombined pions as well and can be
compared to the inclusive photon v2 measured by PHENIX [20].

PRL 96, 032303 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
27 JANUARY 2006
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Methods

Simulation: Sampling of photon processes

Goal: Calculation of photon rates

Massless jet (quark, gluon) with fixed energy
Collision with thermal particle
Momentum transfer ∼ 1

σ
dσ
dt ; Rate ∼ σtot
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Methods

Photon production mechanisms

2→ 2:
q

g

q

γ

s-channel

q

g

q

γ

u-channel

q

q̄

g

γ

t-channel

q

q̄

g

γ

u-channel

2→ 3: ... → Outlook

Heiner Kremer Jet induced photon production 12.07.2016 6 / 19



Methods

Analytic approach

R =

∫
d3p1

(2π)32p0
1

∫
d3p2

(2π)32p0
2

∫
d3p3

(2π)32p0
3

∫
d3k

(2π)32k0

× (2π)4 δ(4)(P1 + P2 − P3 − K ) |M|2 f1(P1) f2(P2)

Physical Review C91, 014908 (2015) → Reduction to 3-dim. Integral
which can be integrated numerically
Collision of a jet with a thermal particle:

f1 = fBoltz: Boltzmann distribution for thermal particle
f2 = fjet: Distribution for a jet with fixed energy
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Methods

What is fjet?

Fixed energy ⇒ fJet(p) = c δ(p−pjet)
Determine the constant c:

njet =

∫
d3p

(2π)3
fjet(p)

=

∫
dp
2π2 p2 c δ(p − pjet)

=
p2
jet

2π2 c

⇒ c =
2π2

p2
jet

njet

njet: Density of jet particles

⇒ fjet(p) =
2π2

p2
jet

njet δ(p−pjet)
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Constant crosssection

Constant isotropic cross section

Test the conformity of the methods
No QCD processes but hard sphere collisions: |M|2 = 16π s σtot
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2→2 photon processes

2→ 2 photon processes

Matrix elements:

|Mcompton|2 = 128 · 16
3
π2ααs

(
s2 + st

(s + κm2
D,q)

2 +
s2 + st

(u − κm2
D,q)

2

)

|Mannihilation|2 = 24 · 128
9
π2ααs

(
tu

(t − κm2
D,q)

2 +
tu

(u − κm2
D,q)

2

)

κ = 2.45 to fit to the full HTL AMY result
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2→2 photon processes

2→ 2 photon processes: Thermal-thermal collisions

Collision of two Boltzmann distributed partons:
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⇒ Simulation still matches the analytic approach
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2→2 photon processes

2→ 2 photon processes: Jet-thermal collisions

Collision of a thermally distributed particle with fixed energy quark-jet
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Spectra highly peaked at jet energies ⇒ Jet-γ-conversion
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2→2 photon processes

Difference between the compton and annihilation
contribution
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2→2 photon processes

Photon spectra induced by gluon jets
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Very different from the spectra of quark-jets
Jet-γ-conversion suppressed
Only compton processes for gluon jets
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2→2 photon processes

Photons produced by gluon and quark jets
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2→2 photon processes

Angular distribution of jet produced photons
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Quark jet produced photons are predominantly collinear
(→ Jet-γ-conversion)
Gluon jet produced photons are nearly isotropic (thermal source)
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2→2 photon processes

Momentum anisotropy

α =
p2
x−p2

y

p2
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Outlook

Outlook

2→ 3 bremsstrahlung processes
Realistic jet distributions fjet according to jet spectra
Negative photon v2 due to jet-γ-conversion
Expanding heavy-ion collisions
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Summary

Summary

Photon spectra of quark jets highly peaked at jet energy →
Jet-γ-conversion
Photons produced by gluon jets have a momentum and angle
distribution similar to thermal particles
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