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OUTLINE
Sources & EM emissivity
Rates: Photons
Soft sector: 

 Real photons @ SPS
 Soft photons @ RHIC

RHIC hard(er) sector:
 Jet quenching, Tomography?
 Real photons & jets

Conclusions
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INFO CARRIED BY THE RADIATION 
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TOMOGRAPHY: THE “PATIENT” HERE IS HOT AND DENSE STRONGLY 
INTERACTING MATTER. TRYING TO GET INFO ABOUT THE QCD 

PHASE DIAGRAM
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TOMOGRAPHY: THE “PATIENT” HERE IS HOT AND DENSE STRONGLY 
INTERACTING MATTER. TRYING TO GET INFO ABOUT THE QCD 

PHASE DIAGRAM

S. B. Ruster et al., PRD 72, 034004 (2005)
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TOMOGRAPHY: THE “PATIENT” HERE IS HOT AND DENSE STRONGLY 
INTERACTING MATTER. TRYING TO GET INFO ABOUT THE QCD 

PHASE DIAGRAM

S. B. Ruster et al., PRD 72, 034004 (2005)

4

Monday, November 15, 2010



η = 0, η �= 0

Charles Gale2010

CAUTION: NOT ALL DYNAMICAL MODELS 
ARE THE SAME…

• Microscopic transport models (e. g. UrQMD, 
HSD)

• Hydrodynamic models (                  )
• Thermal fireball models

• Those differ in details (symmetry assumptions, 
chemical potentials, freezeout conditions, cross 
sections…)

• Need to be constrained by hadronic 
observables! 
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ELECTROMAGNETIC RADIATION FROM QCD 

First approaches

McLerran, Toimela (1986); Kajantie, Kapusta, McLerran, Mekjian (1986)
Baier, Pire, Schiff (1988); Altherr, Ruuskanen (1992)

Rates diverge: 

HTL
resummation

6

Monday, November 15, 2010



Charles Gale2010

  HTL program: resummation regulates the divergence. 
Quasi-particles acquire a mass:
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HTL program: Klimov (1981), Weldon (1982)
  Braaten & Pisarski (1990); Frenkel & Taylor (1990)

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

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

Co-linear singularities:

8

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
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ELECTROMAGNETIC RADIATION FROM HADRONS

Chiral, Massive Yang-Mills:
O. Kaymakcalan, S. Rajeev, J. Schechter, PRD 30, 594 (1984)

Parameters and form factors are constrained by 
hadronic phenomenology:
•Masses & strong decay widths
•Electromagnetic decay widths
•Other hadronic observables:

• e.g.   9a1 → πρ D/S
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VECTOR MESON SPECTRAL DENSITIES: A SAMPLE 
CALCULATION 

Ralf Rapp and Charles Gale, Phys. Rev. C 60, 024003 
(1999)

10

Monday, November 15, 2010



Charles Gale2010

HOW BIG (SMALL) IS THIS? RELATIVE CONTRIBUTIONS:

Phenomenological
Exploration…

Turbide, Rapp & Gale 
PRC (2004)
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RESULTS: THE SOFT PHOTON SECTOR (SPS)

Turbide, Rapp & Gale PRC 2004
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THE SOFT SECTOR II (RHIC)

At low pT, spectrum 
dominated by thermal 
components (HG, 
QGP)

At high pT, spectrum 
dominated by pQCD

Window for QPG 
contributions at mid-
pT

Higher stats runs soon 
to be analyzed

13

G. Qin et al., PRC (2009)
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Sources of photons:

Hard direct photons. pQCD with shadowing
Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons
Thermal

 Jet in-medium bremsstrahlung
Thermal

 Jet-plasma photons 
Thermal

14
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BEYOND ONE-BODY DATA: FLOW AND CORRELATIONS 

• Soft photons will go with the flow
• Lepton pairs are virtual photons: Same trend

Idea & high pT: Turbide, Gale, Fries PRL (2006)
Low pT: Chatterjee et al., PRL (2006)
All pT: Turbide et al., PRC (2008) 
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ELLIPTIC FLOW OF THERMAL PHOTONS: PREDICTIONS

Photons from the hadronic 
phase track the pions at low 
pT and the rho’s at higher pT

At high pT, photons from 
QGP have small v2: early 
times

Hadronic photons dominate 
the spectrum at low (< 0.5 
GeV) pT

Hydro evolution: ideal 
AZHYDRO

16

elliptic flow v2 with pT , well known from the pions themselves, whereas the
vector meson conversion photons carry much less elliptic flow, even contribut-
ing negatively at low pT below the “blast wave peak” in their pT spectrum.

Fig. 3. Total photon elliptic flow v2(pT ), as well as hadronic and quark matter
contributions for comparison. (Figure taken from [6].)

Figure 3 shows the total thermal photon elliptic flow (solid red line) and
compares it with the elliptic flow of the early quark matter photons (dotted
blue line) and of the late hadronic matter photons (dashed red line). Consistent
with the spectra shown in Fig. 1, the hadron gas photons are seen to track
the elliptic flow of pions at low pT and that of ρ mesons at higher pT (both
shown by solid blue lines in Fig. 3 and exhibiting the almost linear rise of
v2 with pT that is characteristic of hadrons in the hydrodynamic model [10]).
The cross-over between these two patterns causes a distinctive peak-valley
structure in v2 around pT = 0.4 − 0.5GeV/c. Since the hydrodynamic model
is known to work quantitatively very well in this transverse momentum range
[10], we expect this structure to be robust [11].

In contrast to the hadronic photons, the quark matter photons show an elliptic
flow which decreases at high pT . This reflects the fact that they track quark
momenta, and that quark flow is small at early times when the high-pT photons
are emitted. As one goes down in pT one probes later emission times and
sees an increasing v2 of the quark matter photons, reflecting the buildup of
elliptic flow in the quark fluid. The behavior of the total photon elliptic flow,
finally, can be understood by realizing that hadronic photons dominate the
total photon spectrum only at low pT while quark matter radiation begins to
take over around pT " 0.4GeV/c, completely outshining the hadron gas for
pT > 1 − 2GeV/c. This cuts off the linear rise of the hadronic photon v2, and
the total photon elliptic flow at high transverse momenta thus reflects the
small elliptic flow during the very early collision stages.

One should remember, however, that ideal fluid dynamics gradually breaks
down at higher pT . Data suggest [12] that near the hadronization point quark

4

Heinz, Chatterjee, Frodermann, Gale, Srivastava, NPA (2007)
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ELLIPTIC FLOW OF THERMAL DILEPTONS

17

and shows the same characteristic decrease at large pT as the elliptic flow
of thermal photons in Fig. 3, reflecting their early emission when the flow
anisotropy of the quark fluid was still small. Due to the dominance of hadronic
dileptons at this invariant mass, this decrease of v2 at large pT is seen in the
overall elliptic flow only at very large pT > 4GeV/c; below pT = 2GeV/c, the
total dilepton elliptic flow follows almost perfectly the hadronic v2.

Fig. 6. Same as Fig 4, but for M = 2GeV. Fig. 7. Same as Fig 5, but for M = 2 GeV.

Qualitatively the same pattern is observed for dileptons with invariant mass
M = mρ when compared with ρ mesons emitted at thermal freeze-out [15].
But things are different for dileptons with an invariant mass of M = 2GeV
(Figures 6 and 7). Now the QGP dileptons outshine those from the hadron
gas for all pT by three orders of magnitude or more. While the elliptic flow of
the hadronic dileptons still shows the hydrodynamic almost linear rise with
pT (dotted line in Fig. 7), they are completely buried underneath the quark
matter dileptons, and the total thermal dilepton spectrum at M =2GeV thus
exhibits clearly the rise and fall of the elliptic flow with increasing pT that is
characteristic of emission from the early QGP phase.

The story is further clarified by studying the invariant mass dependence of the
pT -integrated elliptic spectrum (the “dilepton mass spectrum”, Figure 8) and
of the corresponding pT -integrated elliptic flow v2(M) (Figure 9). We note that
these spectra are preliminary and do not properly account for the ω meson;
complete mass spectra of the dilepton elliptic flow which include the ω contri-
bution as well as dileptons from vector meson decays after thermal freeze-out
will be presented in [15]. Figure 8 shows that near the vector mesons peaks
(ρ, ω, φ), dilepton emission from the late hadronic stage dominates by at least
an order of magnitude over QGP radiation. Correspondingly, the total dilep-
ton elliptic flow approaches in these mass regions the value of the hadronic
matter dileptons (dotted line in Fig. 9). If one adds the post-freeze-out vec-
tor meson decays, the total elliptic flow around M =mω and M = mω even
approaches the elliptic flow of the corresponding hadrons, ω and φ, emitted
at kinetic freeze-out. This last observation is explained by the relatively long
lifetimes of the ω and φ mesons (23 and 45 fm/c, respectively), which signifi-

6

elliptic flow begins to be seriously affected by viscous effects for pT > 1GeV/c,
and this threshold may be even lower at earlier times when the longitudinal
expansion rate is higher and shear viscous effects are larger. For pT > 1GeV/c
our hydrodynamic prediction of photon elliptic flow must thus be regarded as
an upper limit, and its already small values at large pT will be further reduced
by viscous corrections and prompt photon contributions [13,14].

4 Thermal dileptons [15]

With dileptons (virtual photons) we can probe the elliptic flow as a function
of an additional variable, their invariant mass M = M!!̄ =Mγ∗ :

v2(M, pT ; b) =

∫

dφ cos(2φ) dN!!̄(b)
dM2 dY pT dpT dφ

∫

dφ dN!!̄(b)
dM2 dY pT dpT dφ

. (3)

In Figures 4 and 5 we show pT -spectra and elliptic flow of thermal dilep-
tons with invariant mass M =mφ. We see in Fig. 4 that for this value of M
the pT -spectrum is completely dominated by virtual photon emission from
the hadronic phase, all the way up to pT =4GeV/c. The elliptic flow of the

Fig. 4. The pT -spectrum of thermal dilep-
tons with mass M = mφ, showing the to-
tal spectrum as well as separate contri-
butions from quark and hadronic matter.

Fig. 5. v2(pT ) of thermal dileptons with
M = mφ (of quark and hadronic matter
dileptons and of their sum), as well as of
φ mesons emitted at thermal freeze-out.

dileptons emitted from the hadronic phase closely tracks that of φ-mesons at
thermal freeze-out, as seen in Fig. 5. The elliptic flow of hadronic dileptons
with M =mφ (blue dotted line) is slightly larger than that φ mesons (green
solid line) since radial flow (which suppresses v2) continues to build up dur-
ing the hadronic phase and the hadronic dileptons are on average emitted
somewhat earlier than the φ mesons [16].

We have checked [15] that the calculated φ meson pT -spectrum at thermal
freeze-out agrees with the measured spectrum of φ mesons reconstructed from
K+K− decays by the PHENIX Collaboration [17]. The elliptic flow of quark
matter dileptons with M = mφ (black dashed line in Fig. 5) is much smaller

5

v2(M,pT , b) =

�
dφ cos(2φ) dN��

dM2dy pT dpT dφ�
dφ dN��

dM2dy pT dpT dφ

v2(M,pT , b) =

�
dφ cos(2φ) dN��
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dM2dy pT dpT dφ

Chatterjee, Srivastava, Heinz, Gale PRC (2007)
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and shows the same characteristic decrease at large pT as the elliptic flow
of thermal photons in Fig. 3, reflecting their early emission when the flow
anisotropy of the quark fluid was still small. Due to the dominance of hadronic
dileptons at this invariant mass, this decrease of v2 at large pT is seen in the
overall elliptic flow only at very large pT > 4GeV/c; below pT = 2GeV/c, the
total dilepton elliptic flow follows almost perfectly the hadronic v2.
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these spectra are preliminary and do not properly account for the ω meson;
complete mass spectra of the dilepton elliptic flow which include the ω contri-
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will be presented in [15]. Figure 8 shows that near the vector mesons peaks
(ρ, ω, φ), dilepton emission from the late hadronic stage dominates by at least
an order of magnitude over QGP radiation. Correspondingly, the total dilep-
ton elliptic flow approaches in these mass regions the value of the hadronic
matter dileptons (dotted line in Fig. 9). If one adds the post-freeze-out vec-
tor meson decays, the total elliptic flow around M =mω and M = mω even
approaches the elliptic flow of the corresponding hadrons, ω and φ, emitted
at kinetic freeze-out. This last observation is explained by the relatively long
lifetimes of the ω and φ mesons (23 and 45 fm/c, respectively), which signifi-
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elliptic flow begins to be seriously affected by viscous effects for pT > 1GeV/c,
and this threshold may be even lower at earlier times when the longitudinal
expansion rate is higher and shear viscous effects are larger. For pT > 1GeV/c
our hydrodynamic prediction of photon elliptic flow must thus be regarded as
an upper limit, and its already small values at large pT will be further reduced
by viscous corrections and prompt photon contributions [13,14].

4 Thermal dileptons [15]

With dileptons (virtual photons) we can probe the elliptic flow as a function
of an additional variable, their invariant mass M = M!!̄ =Mγ∗ :

v2(M, pT ; b) =
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In Figures 4 and 5 we show pT -spectra and elliptic flow of thermal dilep-
tons with invariant mass M =mφ. We see in Fig. 4 that for this value of M
the pT -spectrum is completely dominated by virtual photon emission from
the hadronic phase, all the way up to pT =4GeV/c. The elliptic flow of the

Fig. 4. The pT -spectrum of thermal dilep-
tons with mass M = mφ, showing the to-
tal spectrum as well as separate contri-
butions from quark and hadronic matter.

Fig. 5. v2(pT ) of thermal dileptons with
M = mφ (of quark and hadronic matter
dileptons and of their sum), as well as of
φ mesons emitted at thermal freeze-out.

dileptons emitted from the hadronic phase closely tracks that of φ-mesons at
thermal freeze-out, as seen in Fig. 5. The elliptic flow of hadronic dileptons
with M =mφ (blue dotted line) is slightly larger than that φ mesons (green
solid line) since radial flow (which suppresses v2) continues to build up dur-
ing the hadronic phase and the hadronic dileptons are on average emitted
somewhat earlier than the φ mesons [16].

We have checked [15] that the calculated φ meson pT -spectrum at thermal
freeze-out agrees with the measured spectrum of φ mesons reconstructed from
K+K− decays by the PHENIX Collaboration [17]. The elliptic flow of quark
matter dileptons with M = mφ (black dashed line in Fig. 5) is much smaller
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In Figures 4 and 5 we show pT -spectra and elliptic flow of thermal dilep-
tons with invariant mass M =mφ. We see in Fig. 4 that for this value of M
the pT -spectrum is completely dominated by virtual photon emission from
the hadronic phase, all the way up to pT =4GeV/c. The elliptic flow of the

Fig. 4. The pT -spectrum of thermal dilep-
tons with mass M = mφ, showing the to-
tal spectrum as well as separate contri-
butions from quark and hadronic matter.

Fig. 5. v2(pT ) of thermal dileptons with
M = mφ (of quark and hadronic matter
dileptons and of their sum), as well as of
φ mesons emitted at thermal freeze-out.

dileptons emitted from the hadronic phase closely tracks that of φ-mesons at
thermal freeze-out, as seen in Fig. 5. The elliptic flow of hadronic dileptons
with M =mφ (blue dotted line) is slightly larger than that φ mesons (green
solid line) since radial flow (which suppresses v2) continues to build up dur-
ing the hadronic phase and the hadronic dileptons are on average emitted
somewhat earlier than the φ mesons [16].

We have checked [15] that the calculated φ meson pT -spectrum at thermal
freeze-out agrees with the measured spectrum of φ mesons reconstructed from
K+K− decays by the PHENIX Collaboration [17]. The elliptic flow of quark
matter dileptons with M = mφ (black dashed line in Fig. 5) is much smaller
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and shows the same characteristic decrease at large pT as the elliptic flow
of thermal photons in Fig. 3, reflecting their early emission when the flow
anisotropy of the quark fluid was still small. Due to the dominance of hadronic
dileptons at this invariant mass, this decrease of v2 at large pT is seen in the
overall elliptic flow only at very large pT > 4GeV/c; below pT = 2GeV/c, the
total dilepton elliptic flow follows almost perfectly the hadronic v2.

Fig. 6. Same as Fig 4, but for M = 2GeV. Fig. 7. Same as Fig 5, but for M = 2 GeV.

Qualitatively the same pattern is observed for dileptons with invariant mass
M = mρ when compared with ρ mesons emitted at thermal freeze-out [15].
But things are different for dileptons with an invariant mass of M = 2GeV
(Figures 6 and 7). Now the QGP dileptons outshine those from the hadron
gas for all pT by three orders of magnitude or more. While the elliptic flow of
the hadronic dileptons still shows the hydrodynamic almost linear rise with
pT (dotted line in Fig. 7), they are completely buried underneath the quark
matter dileptons, and the total thermal dilepton spectrum at M =2GeV thus
exhibits clearly the rise and fall of the elliptic flow with increasing pT that is
characteristic of emission from the early QGP phase.

The story is further clarified by studying the invariant mass dependence of the
pT -integrated elliptic spectrum (the “dilepton mass spectrum”, Figure 8) and
of the corresponding pT -integrated elliptic flow v2(M) (Figure 9). We note that
these spectra are preliminary and do not properly account for the ω meson;
complete mass spectra of the dilepton elliptic flow which include the ω contri-
bution as well as dileptons from vector meson decays after thermal freeze-out
will be presented in [15]. Figure 8 shows that near the vector mesons peaks
(ρ, ω, φ), dilepton emission from the late hadronic stage dominates by at least
an order of magnitude over QGP radiation. Correspondingly, the total dilep-
ton elliptic flow approaches in these mass regions the value of the hadronic
matter dileptons (dotted line in Fig. 9). If one adds the post-freeze-out vec-
tor meson decays, the total elliptic flow around M =mω and M = mω even
approaches the elliptic flow of the corresponding hadrons, ω and φ, emitted
at kinetic freeze-out. This last observation is explained by the relatively long
lifetimes of the ω and φ mesons (23 and 45 fm/c, respectively), which signifi-
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THE HARD SECTOR @ RHIC: JET QUENCHING

 Azimuthal correlation:
– Shows the absence of “away-side” jet. 

Pedestal&flow subtracted
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JET-QUENCHING = A DOOR OPEN TO TOMOGRAPHY 

19
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hadrons

q

q

hadrons

leading
particle

leading particle

JET-QUENCHING = A DOOR OPEN TO TOMOGRAPHY 

hadrons

q

q

hadrons

leading
particle suppressed

leading particle 
suppressed

Dominant source of energy loss: medium-induced 
gluon Bremsstrahlung. However, see later… 19
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QUENCHING = JET-PLASMA INTERACTION. 
DOES THIS HAVE AN EM SIGNATURE?

The plasma mediates a jet-
photon conversion

20

qg→ qγ
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QUENCHING = JET-PLASMA INTERACTION. 
DOES THIS HAVE AN EM SIGNATURE?

The plasma mediates a jet-
photon conversion

Fries, Mueller & Srivastava, PRL 90, 132301 
(2003) 20

qg→ qγ

Monday, November 15, 2010



Charles Gale2010

Sources of photons:

Hard direct photons. pQCD with shadowing
Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons
Thermal

 Jet in-medium bremsstrahlung
Thermal

 Jet-plasma photons 
Thermal

21
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A THEORETICAL CONNECTION BETWEEN JET ENERGY LOSS AND 
THE ELECTROMAGNETIC EMISSIVITY

Use the approach of Arnold, Moore, and Yaffe:

 JHEP 12, 009 (2001); JHEP 11, 057 (2001)

• Incorporates LPM

• Complete leading order in αS

• Inclusive treatment of collinear enhancement, photon and gluon

 emission

Can be expressed in 
terms of the solution 
to a linear integral 
equation

22

In this proceeding, I am going to use the McGill-AMY approach as the illustrative example to
show what is involved in calculating each of the above items, simply because that is the one I am
most familiar with.

4. McGill-AMY Approach

When the temperature is high enough, the asymptotic freedom property of the QCD makes
it possible to treat QGP within the perturbation theory. The usual loop expansion, however, is
no longer valid. The coherence effect (the LPM effect) makes it necessary to resum an infi-
nite number of generalized ladder diagrams shown in Figure 3-a. Technically, this comes about

µ !! gT

"

: Hard Thermal Loop

rungs

Rate

pinching
cuts

These pinch

These pinch These pinch

Any number of gluon lines can connect like this.

Soft gT

(a) (b)

Figure 3: Diagrammatic representation of the generalized ladder diagram resummation.

because connecting any of the three hard lines with a soft space-like gluon line (labeled with
gT ) introduces a pair of pinching poles in the loop-frequency space as illustrated in Figure 3-b.
The resulting pinching-pole singularity, when regulated by the hard-thermal-loop self-energies
cancels the factors of the coupling constants introduced by the additional interaction vertices.
Within thermal field theory, Arnold, Moore and Yaffe rigorously proved that resummation of
these generalized ladder diagrams is ncessary to get the leading order result (see [2] and refer-
ences therein). Luckily, the resummation of the leading order contribution organizes itself into

= + + +

Figure 4: Diagrammatic representation of the Schwinger-Dyson equation for the radiation vertices. Figure courtesy of
G. Qin.

the Schwinger-Dyson type equation for the radiation vertex. Figure 4 shows a diagrammatic
representation of the SD equation; The corresponding integral equation is

2h = iδE(h, p, k)F(h) + g2
∫

d2q⊥
(2π)2C(q⊥) ×

{

(Cs −CA/2)[F(h) − F(h−k q⊥)]

+(CA/2)[F(h) − F(h+p q⊥)] + (CA/2)[F(h) − F(h−(p−k) q⊥)]
}

(4)

where

δE(h, p, k) =
h2

2pk(p−k)
+
m2
k

2k
+

m2
p−k

2(p−k)
−
m2
p

2p
. (5)
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E LOSS/GAIN: SOME SYSTEMATICS
•Includes E gain
•Evolves the whole 
  distribution function
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= Γqg
q (k + p,k)

dPq (p)
dt

= Pq (p + k)k∫
dΓqg

q (p + k,k)
dkdt

− Pq (p)
dΓqg

q (p,k)
dkdt

+ 2Pg (p + k)
dΓqq

g (p + k,k)
dkdt

dPg (p)
dt

= Pq (p + k)k∫
dΓqg

q (p + k, p)
dkdt

+ Pg (p + k)
dΓgg

g (p + k,k)
dkdt

− Pg (p)
dΓqq

g (p,k)
dkdt

+
dΓgg

g

dkdt
Θ(2k − p)

⎛

⎝⎜
⎞

⎠⎟

Coupled master equations
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TIME-EVOLUTION OF A PARTON DISTRIBUTION

The entire
distribution is
evolved by the 
collision Kernel(s)
of the FP equation

Turbide, Gale, Jeon, and Moore, PRC (2004)
24
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RADIATIVE VS. COLLISIONAL ELOSS

G. Qin, J. Ruppert, C. Gale, S. Jeon, 
G. D. Moore, 
M. G. Mustafa, PRL (2008)

Schenke, Gale, and Qin, 
PRC (2009)
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Photon Production in Hot and Dense Strongly Interacting Matter 15
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Fig. 11. The evolution of a quark jet with initial energy Ei = 16 GeV propagating through
a static medium of temperature T = 400 MeV, where the vertical lines represent the values
of mean energies related to the corresponding distributions. The top panel shows the effect of
including only energy loss (and gain) through elastic collisions. The middle panel shows the
effect of including only the radiative energy loss and gain. The bottom panel includes both.
The figure is from the model of Ref. [44] and is courtesy of Björn Schenke.

recently done [45] in heavy ion collisions, where the time evolution model was the same in all
cases.

In AMY, an overall free parameter is !s = g2/4" , where g is the strong interaction cou-
pling constant. It is convenient to fit this to hadronic observables, like hadronic spectra or RAA.
An example of such a fit is shown in Figure 12, where the energy loss has been kept of the
radiative type, and where the collision zone undergoes 3D hydrodynamical evolution. Note
that the experimental nuclear modification factor for neutral pions is correctly reproduced in
central and midperipheral collisions with !s = 0.33. Naturally, keeping !s constant is an ap-
proximation and this value should be regarded as an average effective coupling. Note that, in
the calculation of RAA, the single "0 distribution first needs to be correctly reproduced [47, 48].
Note also that in a three-dimentional expanding medium, the transition rates in Eq. (21) are
first evaluated in the local rest frame of the fluid cell, then boosted to the frame where the cell
has a flow parameter β. Specifically,

d# (p,k)
dkdt

∣

∣

∣

∣

lab
= (1−vjet ·β)

d# (p0,k0)
dk0dt0

∣

∣

∣

∣

local
(22)

where vjet is the jet velocity, k0 and t0 are the local momentum and proper time, respectively.
With some quantitative control over the energy loss of hard partons and over the time-

evolution of their distributions, one may now go back to the evaluation of photon spectra.
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3D HYDRO: THE DYNAMICAL BACKGROUND

• Aims to address data in the 
soft sector with one 
consistent approach

b=6.3 fm

26

Nonaka & Bass PRC 2007
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BASELINE: HADRONIC DATA & PP PHOTON DATA
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5

replaced by a direct photon, so the probability function
is simply given by P (pγ

T , direct|pj
T ,!r⊥, φ) = δ(pγ

T − pj
T ).

For fragmentation photon contribution, it is related to
the medium-modified photon fragmentation function by
P (pγ

T , frag|pj
T ,!r⊥, φ) = D̃γ/j(z,!r⊥, φ)/pj

T , with z =

pγ
T /pj

T . Furthermore, we also need to include the con-
tribution from jet-medium photons, which is achieved by
solving Eq. (10), the photon evolution equation, to obtain
the probability function P (pγ

T , JM|pj
T ,!r⊥, φ) .

For the study of photon-hadron correlations, it is of-
ten useful to define the photon-triggered fragmentation
function as follows [53, 54],

DAA(zT , pγ
T ) = pγ

T PAA(ph
T |p

γ
T ), (15)

with zT = ph
T /pγ

T . In order to quantify the effect of nu-
clear medium on the photon-hadron correlations, we may
also introduce the nuclear modification factor IAA, which
is defined as the ratio of photon-triggered fragmentation
function in A+A collisions to that in p+p collisions,

IAA(zT , pγ
T ) =

DAA(zT , pγ
T )

Dpp(zT , pγ
T )

. (16)

V. RESULTS AT RHIC

In the previous sections, we have outlined the theo-
retical formalism for calculating jet energy loss, and the
production of high-pT hadrons and photons and their cor-
relations in Au+Au collisions at RHIC. In this section,
we present the numerical results from these calculations
and compare with available experimental measurments,
where the space-time evolution of the medium created in
these collisions is described by (3+1)-dimensional rela-
tivistic ideal hydrodynamics [19], which has been shown
to give a good description of bulk properties at RHIC.

We first show in Fig. 1 the neutral pion RAA in Au+Au
collisions at RHIC measured at mid-rapidity for two dif-
ferent impact parameters, 2.4 fm and 7.5 fm, compared
with the experimental measurements by PHENIX [2] for
the most central (0–5%) and mid-central (20–30%) colli-
sions. In the calculation, the strong coupling constant αs

is adjusted in such a way that the experimental measure-
ment of RAA in most central collisions (upper panel) is
described. The same value, αs = 0.27, is used through-
out the calculation (There is no additional parameter for
the later calculation of high-pT photon production and
photon-hadron correlations). In this figure, we compare
the relative contributions of induced gluon radiations and
elastic collisions to the final RAA. One may find that
while the shape does not show a strong sensitivity, the
overall magnitude of RAA is sensitive to both radiative
and collisional energy loss.

Next, we present the results for high-pT photon pro-
duction at RHIC. In Fig 2, the inclusive photon cross sec-
tion in p+p collisions at

√
sNN = 200 GeV is plotted as

a function of photon pT , and compared with the experi-
mental measurements by PHENIX [55, 56]. The theoreti-
cal calculation can nicely describe the experimental data;
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FIG. 1: (Color online) The nuclear modification factor RAA

for neutral pions in central and mid-central collisions (from
Ref. [27]). The dashed curves account for only induced gluon
radiation, the dash-dotted curves for only elastic collisions
and the solid curves incorporate both elastic and inelastic
energy losses.
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FIG. 2: (Color online) Photon production in p+p collisions
compared with PHENIX data [55, 56].

this serves the baseline for calculating photon production
in Au+Au collisions. Photons from early hard collisions
(Compton scatterings and annihilation processes) dom-
inate at high-pT regimes, while fragmentation photons
gain increasing significance as photon pT decreases. Also
shown is a power-law fit to the experimental measure-
ment of total photon yield in p+p collisions at RHIC:
dσ/d2pT dy = 1.027/(1 + pT /0.793)6.873GeV−2mb. This
function is somewhat closer to the low pT experimental
data, and its usefulness will become clear shortly.

In Fig. 3, the relative contributions from different
channels to high-pT photon production in most central
Au+Au collisions (b = 2.4 fm) at RHIC is shown as a
function of photon pT and compared with most central 0-

α s = 0.27

Qin et al.,PRC (2009)
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this serves the baseline for calculating photon production
in Au+Au collisions. Photons from early hard collisions
(Compton scatterings and annihilation processes) dom-
inate at high-pT regimes, while fragmentation photons
gain increasing significance as photon pT decreases. Also
shown is a power-law fit to the experimental measure-
ment of total photon yield in p+p collisions at RHIC:
dσ/d2pT dy = 1.027/(1 + pT /0.793)6.873GeV−2mb. This
function is somewhat closer to the low pT experimental
data, and its usefulness will become clear shortly.

In Fig. 3, the relative contributions from different
channels to high-pT photon production in most central
Au+Au collisions (b = 2.4 fm) at RHIC is shown as a
function of photon pT and compared with most central 0-

Qin et al.,PRC (2009)

Photons: NLO QCD
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FIG. 3: (Color online) The contributions from different chan-
nels to the photon production in Au+Au collisions at RHIC
for b = 2.4 fm compared with PHENIX data [57].
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FIG. 4: (Color online) The contributions from different chan-
nels to the photon production in Au+Au collisions at RHIC
for b = 4.5 fm compared with date from the PHENIX collab-
oration [56, 57].

10% PHENIX data [57]. While direct photons dominate
the high-pT regime (pT ≥ 6 GeV), the presence of jet-
medium interaction is a significant contribution to the to-
tal photon yield in Au+Au collisions at RHIC, especially
in the intermediate-pT regime (pT ≈ 3−5 GeV). This can
be more easily seen in Fig. 4, where we compare our cal-
culation of photon production for b = 4.5 fm at interme-
diate pT regime with 0-20% Au+Au collisions data from
PHENIX [56, 57]. At very low pT regime (pT ≤ 2 GeV),
the thermal emissions from partonic medium and later
hadronic phase are expected to dominate [58]. This com-
ponent is excluded in the calculation as we are focusing
on high-pT regime. Also the assumptions essential for
jet-energy loss calculation breaks down at such low-pT

regime.
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FIG. 5: (Color online) The nuclear modification factor RAA

for photon in Au+Au collisions at RHIC for b = 2.4 fm com-
pared with PHENIX data with a 0-10% centrality cut [57].

In order to further quantify the nuclear medium effect
on the photon production in Au+Au collisions, we show
in Fig. 5 the photon RAA as a function of photon pT

for most central Au+Au collisions (b = 2.4 fm) at RHIC
compared with most 0-10% PHENIX data. One may
immediately find that RAA can be smaller than 1 even
if only direct and fragmentation photons are included
in both p+p and Au+Au calculations. As direct pho-
tons dominate the total yield (and thus RAA) at high-pT

regime, the decrease of RAA at high pT is consistent with
an isospin effect. If we include the contribution from
fragmentation photons in the calculation, photon RAA

gets suppressed because these photons are produced from
the fragmentation of the surviving jets with less energies
due to the energy loss of jets when they are traversing
the thermalized medium. However, the presence of jet-
medium interaction in Au+Au collisions (but not in p+p
collisions) again enhances RAA if we include them in the
total photon yield. It is telling that the sharp rise of RAA

at low-pT originates mainly from the fact that our cal-
culation for p+p collisions is below the data points (see
Fig. 2): a better agreement with the data is obtained
with the power-law fit to the p+p data used to calcu-
late RAA. The additional QPG sources then manifest
themselves in the difference between the solid and the
cash-dotted curves in Fig. 5. The sensitivity of RAA to
this level of details also makes clear the need for a pre-
cise, QCD-based, quantitative understanding of photon
data in p + p collisions.

Up to now, results for jet energy loss and high-pT pho-
ton production in Au+Au collisions at RHIC have been
shown. Now, results for the correlation between back-
to-back high-pT trigger photons and associated hadrons
will be discussed. In Fig. 6, the photon-triggered frag-
mentation function Dpp(zT ) in p+p collisions at RHIC
is plotted as a function of momentum fraction zT for
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10% PHENIX data [57]. While direct photons dominate
the high-pT regime (pT ≥ 6 GeV), the presence of jet-
medium interaction is a significant contribution to the to-
tal photon yield in Au+Au collisions at RHIC, especially
in the intermediate-pT regime (pT ≈ 3−5 GeV). This can
be more easily seen in Fig. 4, where we compare our cal-
culation of photon production for b = 4.5 fm at interme-
diate pT regime with 0-20% Au+Au collisions data from
PHENIX [56, 57]. At very low pT regime (pT ≤ 2 GeV),
the thermal emissions from partonic medium and later
hadronic phase are expected to dominate [58]. This com-
ponent is excluded in the calculation as we are focusing
on high-pT regime. Also the assumptions essential for
jet-energy loss calculation breaks down at such low-pT

regime.
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tons dominate the total yield (and thus RAA) at high-pT
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an isospin effect. If we include the contribution from
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gets suppressed because these photons are produced from
the fragmentation of the surviving jets with less energies
due to the energy loss of jets when they are traversing
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Fig. 2): a better agreement with the data is obtained
with the power-law fit to the p+p data used to calcu-
late RAA. The additional QPG sources then manifest
themselves in the difference between the solid and the
cash-dotted curves in Fig. 5. The sensitivity of RAA to
this level of details also makes clear the need for a pre-
cise, QCD-based, quantitative understanding of photon
data in p + p collisions.

Up to now, results for jet energy loss and high-pT pho-
ton production in Au+Au collisions at RHIC have been
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to-back high-pT trigger photons and associated hadrons
will be discussed. In Fig. 6, the photon-triggered frag-
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•Photon data consistent
with hadrons (same hydro)
•pp NLO sensitivity
•RAA: potential to discriminate

Qin et al., PRC (2009)
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BEYOND ONE-BODY DATA: FLOW AND CORRELATIONS 

• Soft photons will go with the flow
• Jet-plasma photons will come out of the 
 hadron-blind region. “Optical” v2 < 0

Idea & high pT: Turbide, Gale, Fries PRL (2006)
Low pT: Chatterjee et al., PRL (2006)
All pT: Turbide et al., PRC (2008) 
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DATA: RESULTS FROM PHENIX

v2: small! Consistent with zero (within errors)

T. Sakaguchi
RHIC/AGS 07
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DATA: RESULTS FROM PHENIX

v2: small! Consistent with zero (within errors)

T. Sakaguchi
RHIC/AGS 07
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BEYOND ONE-BODY DATA: 
PHOTON-TAGGED JETS AND PHOTON-HADRON CORRELATIONS

X.-N. Wang, Huang, Sarcevic., Phys. Rev. Lett. 77, 231 - 234 (1996)

At LO the photon is strongly correlated with the away-side jet 

LO

Proposed advantage:

Calibrated probe of the QGP.

At LO:

In h-jet azimuthal correlations

Eleading particle ≠Eparent parton

In γ-jet azimuthal correlations

Eγ =Eparent parton

How does it look
in a full calculation?
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But, recall sources of photons:
Hard direct photons. pQCD with shadowing

Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons
Thermal

 Jet in-medium bremmstrahlung
Thermal

 Jet-plasma photons 
Thermal
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SOME DEFINITIONS…

The hadron spectrum, given
a trigger photon (yield-per-trigger)

Joint probability for producing
a back-to-back pair

Initial distribution of away-side jet before
evolution in the medium

Yield per trigger in AA collisions/yield per trigger in
pp collision 

Inclusive fragmentation function in AA/ (…) in pp
33
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RESULTS: AA

G. Qin et al., PRC (2009)
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RESULTS: AA

G. Qin et al., PRC (2009)
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WHAT IS THE QUANTITATIVE IMPORTANCE OF THE 
ADDITIONAL PROCESSES IN CORRELATION STUDIES?

Data can’t (at this point!) make a 
statistically significant difference… 35
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THE FUTURE: BEYOND ONE-BODY OBSERVABLES 
(CORRELATIONS, PHOTON-TRIGGERED JETS...)

Schenke, Gale and Jeon, PRC (2009)
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Monte Carlo simulations of relativistic nuclear 
collisions; already different approaches on the scene

MARTINI (Modular Algorithm for the Relativistic 
Treatment of heavy IoN Interactions)
    Combines: PYTHIA, any hydro for thermal background, 

any jet energy loss procedure
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THE FUTURE: BEYOND ONE-BODY OBSERVABLES 
(CORRELATIONS, PHOTON-TRIGGERED JETS...)

Schenke, Gale and Jeon, PRC (2009)
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A MARTINI EVENT...
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MARTINI AT WORK: HADRONS
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MARTINI AT WORK: PHOTONS
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THE FUTURE (PART II)

3D relativistic hydro
 Schenke, Jeon, and Gale, Phys. 

Rev. C 82, 014903 (2010).

Viscous: Schenke, Jeon, Gale, 
arXiv:1009.3244 [hep-ph]
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MUSIC:(3+1)D HYDRODYNAMIC SIMULATION OF . . . PHYSICAL REVIEW C 82, 014903 (2010)

particle spectra. However, it turns out that for computing
anisotropic flow and especially higher harmonics than v2 it
is essential to determine the freeze-out surface much more
precisely. To do so, within MUSIC we employ the following
method:

We define a cube in four dimensions that may reach over
several lattice cells in every direction and over several τ
steps, and determine if and on which of the cube’s 32 edges
the freeze-out surface crosses. In this work we let the cube
extend over one lattice cell in each spatial dimension and
over ten steps in the time direction. If the freeze-out surface
crosses this cube, we use the intersection points to perform
a 3D-triangulation of the three dimensional surface element
embedded in four dimensional space. This leads to a group of
tetrahedra, each contributing a part to the hypersurface vector.
This part is of the form

d"n
µ = εµαβγ AαBβCγ /6, (59)

where A, B, and C are the three vectors that span the
tetrahedron n. The factor 1/6 normalizes the length of
the vector to the volume of the tetrahedron. We demand
that the resulting vector points into the direction of lower
energy density, i.e., outwards. The vector-sum of the found
tetrahedra determines the full surface-vector in the given
hypercube.

Depending on where the freeze-out surface crosses the
edges, the structure may be fairly simple (e.g., eight crosses,
all on edges in x direction) or rather involved (crossings on
edges in many different directions). The current algorithm is
close to perfect and fails to construct hyper-surface elements
only in very rare cases. Typically these are cases when the
surface crosses the cube in many different directions, e.g., in
the ηs , x, and τ direction. However, even for these cases a
full reconstruction can usually be achieved and the algorithm
was found to succeed in determining the volume element
in ∼99% of the cases for the studied systems. The ∼1%
of surface elements that could not be fully reconstructed
usually miss only one tetrahedron. Because one typocally
needs between eight and 20 tetrahedra to reconstruct a cell,
the error introduced by missing one tetrahedron in the 1%
of the cells lies between 5 and 15%. Considering the high
complexity of the triangulation procedure in four dimensions,
this is a very satisfactory result.

VII. RESULTS

To obtain results for particle spectra, we first compute the
thermal spectra of all particles and resonances up to ∼2 GeV
using Eq. (48) and then perform resonance decays using
routines from AZHYDRO [21,85,92,93] that we generalized
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FIG. 1. (Color online) pT spectra for π−, K−, and p̄ at
central collisions using different equations of state [thin lines:
AuAu-1 (EOS-Q), thick lines: AuAu-3 (EOS-L)] compared to
0–5% central PHENIX data [95]. The used impact parameter was
b = 2.4 fm.

to three dimensions. Unless indicated otherwise, all shown
results include the resonance feed-down. Typically, the used
time step size is )τ ≈ 0.01 fm/c, and the spatial grid spacings
are )x = )y = 0.08 fm, and )ηs = 0.3. This is significantly
finer than in previous 3+1D simulations: [94] for example uses
)τ = 0.3 fm/c, )x = )y = 0.3 fm, and )ηs = 0.3. The
possibility to use such fine lattices is an improvement because
it is mandatory when computing higher harmonics like v4 as
demonstrated below. Another advantage of using large lattices
is that in the KT scheme the numerical viscosity decreases
with increasingly fine lattices (see the Appendix). The spatial
extend of the lattice used in the following calculations is 20 fm
in the x and y direction, and 20 units of rapidity in the ηs

direction.

A. Particle spectra

In Fig. 1 we present the transverse momentum spectra for
identified particles in Au+Au collisions at

√
s = 200 GeV

compared to data from PHENIX [95]. The used parameters
are indicated in Table I. They were obtained by fitting the data
at most central collisions.

We reproduce both pion and kaon spectra well. The model
assumption of chemical equilibrium to very low temperatures
leads to an underestimation of the antiproton spectrum. The
overall shape is however well reproduced, even more so with
the EOS-L that leads to flatter spectra [86].

One way to improve the normalization of the proton and
anti-proton spectra (as well as those of multistrange baryons)
is to employ the partial chemical equilibrium model (PCE)
[32,85,96], which introduces a chemical potential below a
hadron species dependent chemical freeze-out temperature.
Note that the initial time was set to τ0 = 0.4 fm/c when using

TABLE I. Parameter sets.

set EoS τ0 [fm] ε0 [GeV/fm3] ρ0 [1/fm3] εFO [GeV/fm3] TFO [MeV] α ηflat ση

AuAu-1 EOS-Q 0.55 41 0.15 0.09 ≈130 0.25 5.9 0.4
AuAu-2 EOS-Q 0.55 35 0.15 0.09 ≈130 0.05 6.0 0.3
AuAu-3 EOS-L 0.4 55 0.15 0.12 ≈137 0.05 5.9 0.4
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FIG. 2. (Color online) Centrality dependence of pseudorapidity
distribution compared to PHOBOS data [97]. From top to bottom,
the used average impact parameters are b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm.

the EOS-L to match the data. The quoted parameter sets fit the
data very well, however, they do not necessarily represent the
only way to reproduce the data and a more detailed analysis of
the whole parameter space may find other parameters to work
just as well.

Next, we show the pseudorapidity distribution of charged
particles at different centralities compared to PHOBOS data
[97] in Fig. 2. The only parameter that changes in going to
larger centrality classes is the impact parameter. Experimental
data are well reproduced also for semicentral collisions,
showing that the results mostly depend on the collision geom-
etry. The used impact parameters, b = 2.4 fm, b = 4.83 fm,
b = 6.7 fm, and b = 8.22 fm, were obtained using the optical
Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
occur for more peripheral collisions because the soft collective
physics described by hydrodynamics becomes less important
compared to jet physics in peripheral events. However, we find
smaller deviations than [47].

In Fig. 4 we present results for the average transverse
momentum of pions and kaons as a function of pseudorapidity
in central collisions. We compare with 0–5% central data by
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parameter set AuAu-3 (EOS-L), thin lines for AuAu-1 (EOS-Q).
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FIG. 4. (Color online) 〈pT 〉 for positive kaons and pions as a
function of rapidity compared to most central BRAHMS data [98].
The used impact parameter is b = 2.4 fm. Different lines correspond
to different parameter sets: From top to bottom: AuAu-3 (EOS-L),
AuAu-1, AuAu-2 (EOS-Q).

BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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FIG. 5. (Color online) pT dependence of the elliptic flow coeffi-
cient v2 for π− and p̄ using parameter set AuAu-1 (EOS-Q, thin lines)
and AuAu-3 (EOS-L, thick lines) compared to STAR data from [99].

014903-8
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just as well.
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larger centrality classes is the impact parameter. Experimental
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showing that the results mostly depend on the collision geom-
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Glauber model and correspond to the centrality classes used
by PHOBOS. We show the centrality dependence of the
transverse momentum spectrum of π− in Fig. 3. Deviations
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BRAHMS [98] and find good agreement for kaons, but slightly
larger values for pions. This could be expected because the
calculated pT spectra are slightly harder than the experimental
data, especially when using the EOS-L (see Fig. 1).

B. Elliptic flow

We present results for v2 as a function of pT integrated over
the pseudorapidity range −1.3 < η < 1.3, which corresponds
to the cut in the analysis by STAR [99] that we compare to. We
show results for identified hadrons obtained using parameter
set AuAu-1 (EOS-Q) and AuAu-3 (EOS-L) in Fig. 5. While
the pion elliptic flow is relatively well described for both
equations of state, we find an overestimation of the antiproton
v2, especially when using the EOS-L. This is compatible with
results in [86].

Charged hadron v2 is presented in Fig. 6 where we compare
results using different contributions of binary collision scaling
α which lead to different initial eccentricities. We also show
the result obtained by using the EOS-L, which is somewhat
above the EOS-Q result for lower pT but bends more strongly
to be smaller at pT = 2 GeV.

Overall, we find that while the pion v2 is well reproduced,
both antiproton and charged hadron v2 is overestimated for
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FIG. 13: (Color online) Contributing sources of high-pT photons at mid-rapidity in central Au-Au collisions at RHIC (left panel)
and Pb-Pb collisions at the LHC (right panel). Solid line: jet-photon conversion in the plasma; dotted line: bremsstrahlung
from jets in the plasma; short dashed line: thermal induced production of photons; long dashed line: fragmentation of jets
outside the plasma; and dot-dashed line: direct contribution from the primordial hard scattering.
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FIG. 14: (Color online) Total production of photons in central Au-Au collisions at RHIC and Pb-Pb at the LHC. The solid lines
include all process from Fig. 13 and the hadron gas contribution [41], while the dot-dashed lines do not include the jet-thermal
contribution. p-p collisions scaled to A-A are shown by the dashed lines. Data at RHIC are from PHENIX [59].

the initial temperature. The ratio γTotal/γBG at Ti = 447 MeV is only enhanced by ∼ 5% relatively to the result at
Ti=370 MeV. Finally at the LHC (right panel), the thermal contribution is also visible: including the photons from
the thermal phase enhances the calculation by ∼ 15%.

VI. SUMMARY AND CONCLUSIONS

We have used a complete leading-order treatment of jet energy loss in the QCD plasma to calculate the pion and
photon spectra for both RHIC and the LHC. The calculations have been confronted with available data from RHIC
and turn out to be in good agreement. These results reinforce the idea that high pT suppression is a final state effect
caused by jet energy loss through bremsstrahlung in the hot medium.

The neutral pion nuclear modification factor at RHIC as been reproduced with an initial temperature Ti =370
MeV and a formation time τi=0.26 fm/c, corresponding to dN/dy=1260. Those parameters are consistent with the
analysis in [41]. RAA has shown a large dN/dy dependence, but a weak dependence on the initial temperature Ti

(provided the starting time τi is changed to keep dN/dy constant). The calculation included the nuclear geometry;
assuming that all jets are produced at the center overestimates the suppression by ∼ 50%.

We have also computed the production of high pT photons from the initial collision, from the medium, and from
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