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EM signals: a micro-review
• Photons, real and virtual, “soft”and “hard” 
• Issues in theory and in measurement

“Soft” photons: collective dynamics , T

• Rates & elementary processes 
• pQCD photons (direct + fragmentation) 
• Thermal photons 
• jet-medium photons (conversion, brem.)
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pQCD photons
σ γ =σ (D) µR ,M ,MF( )+ σ k

(F )

k=q,q ,g
∑ µR ,M ,MF( )⊗Dγ /k MF( )

¢pQCD photon production relies on knowledge of 
¢Parton distributions 
¢Precise partonic cross sections  
¢Parton to photon fragmentation function 3
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Fig. 1 Quark (up, down, and strange) and gluon (g) FFs
into photons at the scale Q = µD = 2 GeV as parameterized
by the BFG [6] and GRV collaborations [7].

Dγ/h̄(z,m
2
h) = 0. As can be seen from Fig. 1, these

assumptions lead to good agreement on the (mostly
pointlike) quark FFs, but the gluon FFs differ widely
(by up to an order of magnitude), even among BFG I
and BFG II. The factorization scale Q = µD = 2 GeV
has been chosen here in accordance with the typical
transverse momenta to be analyzed below.

3 Subprocess contributions

In proton-proton collisions, photons are not only pro-
duced by fragmentation of the colliding quarks and glu-
ons, but also directly in processes like quark-antiquark
fusion, qq̄ → γg, and QCD Compton scattering, qg →
γq. Since we want to separate the PHENIX data set into
a signal and a control region, dominated by fragmenta-
tion and direct production, respectively, we must first
establish the corresponding pT regions. To this end, we
compute the fractional subprocess contributions assum-
ing a fixed set of parton densities given by the CT10
parameterization [8], which are well constrained in the
region of xT = 2pT /

√
s = 0.01 − 0.1 relevant here,

and identifying the renormalization scale µR, the pro-
ton factorization scale µF and the photon fragmenta-
tion scale µD with the central hard scale of the process,
the photon transverse momentum pT . Fig. 2 then shows
that fragmentation processes dominate for pT ≤ 5 GeV
in pp collisions at

√
s = 200 GeV, while for pT > 10

GeV direct processes account for 60 − 75% of the to-
tal cross section, depending on µD. If one wants to
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Fig. 2 Fractional contributions of direct and fragmentation
processes to inclusive photon production at BNL RHIC as a
function of pT for three different choices of the photon frag-
mentation scale µD.

fix the fragmentation-independent parts of the NLO
QCD calculation [9], it is therefore preferable to choose
µD = 0.5 pT in order to minimize the fragmentation
contribution.

4 Comparison with PHENIX data

Having fixed our signal and control regions as described
above, we next allow all three scales to vary indepen-
dently among the choices (0.5; 1; 2) pT in the control re-
gion (pT > 10 GeV) and fit them to the PHENIX data,
using geometrical binning and statistical errors only, as
the systemtatic errors are dominated by hadron decay
uncertainties and largely correlated among different pT -
bins [10]. We find a mimimal value of χ2/d.o.f. of 1.2 for
the combination µR = µD = 0.5 pT and µF = 2 pT for
the BFG I and II FFs and somewhat larger for GRV
NLO, which is in good accordance with our observa-
tion above that µD = 0.5 pT should be preferred. Al-
though higher-order QCD corrections are of course in
principle important, in particular at low pT , they can
be subsumized by an appropriate choice of scale. We
have exploited this freedom by normalizing the theory
to the data, in this way effectively fitting the higher-
order terms. Note also that when µD falls below the
starting scale Q0 =

√
2 GeV, numerical results from

the BFG parameterizations of the FFs are no longer
available and µD must at least be frozen there. In or-
der to avoid the appearance of large logarithms (like

Klasen, König, Eur. Phys. J. C (2014)
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Fig. 3 Transverse-momentum distribution of inclusive pho-
tons as predicted by three different FFs and compared to
PHENIX data with statistical errors only at low (insert) and
high pT [10].

logµR/µD), we have chosen to freeze all three scales
(µR, µF and µD) at Q0 in the short- and long-distance
parts of our calulation. The error committed in this way
is then at least of next-to-next-to-leading order, coming
only from the uncompensated parts in the PDF and FF
evolutions, and it affects all three FFs in a similar and
only logarithmic way, ensuring a subdominant impact
on our comparison with data. The goodness of our fit
and its independence of the choice of FF can also be
observed in the high-pT region of Fig. 3.

We can then perform a χ2 test of the three dif-
ferent FFs in the signal region (pT < 5 GeV, see in-
sert of Fig. 3), finding an acceptable minimal value
of χ2/d.o.f. of 2.8 for BFG II, while the BFG I and
GRV NLO hypotheses lead to significantly larger val-
ues of 5.2 and 4.5, respectively, and can be rejected
at a confidence level of 99%. Looking at Fig. 3, these
values of χ2/d.o.f. are obviously dominated by the ex-
ceptionally high point at pT = 4.25 GeV, which to-
gether with the point at pT = 4.75 GeV comes from the
real photon analysis. Although the other data points
from the nearly real photon analysis overlap with these
two real photon data points within their respective pT -
correlated systematic errors (see Fig. 2 of Ref. [10]), the
systematic errors differ among the two analyses. If we
omit the two real photon data points from the fit, we
then find values of χ2/d.o.f. of 0.68 for BFG II, 0.61 for
BFG I and 0.63 for GRV. The current level of statisti-
cal (nearly real photons) and systematic (real photons)

precision thus does not yet allow to obtain stringent in-
formation on the photon FF. An improvement of about
a factor of five in the statistical error would still be
needed to apply our method successfully.

5 Conclusions

In this paper, we have seen that the combined virtual
and real photon data from PHENIX seem to favor the
BFG II parameterization with its relatively large gluon
distribution over BFG I and GRV. This observation is,
however, driven by an exceptionally high real-photon
data point, which overlaps with the virtual photon data
only within its large systematic error. The published
virtual photon data from PHENIX alone do not yet al-
low for a conclusive distinction of the three available
photon FFs and would require a reduction in their sta-
tistical error of at least a factor of five.

In the absence of new e+e− data, e.g. from a Lin-
ear Collider, our study shows nevertheless the poten-
tial of future inclusive photon measurements at BNL
RHIC and CERN LHC to constrain the photon FFs
with hadron collider data. In fact, much higher lumi-
nosities of 574 and 526 pb−1 have already been recorded
in 2013 by PHENIX and STAR, respectively, in pp col-
lisions at BNL RHIC and 5−10 pb−1 by the ALICE
experiment at CERN LHC with

√
s = 7 − 8 TeV. Un-

fortunately, at the LHC limitations of band width im-
pede to trigger on low-pT data. For the suppression of
meson decays, it seems crucial to exploit new experi-
mental techniques such as electron triggers for nearly
real photon detection.

In the future it might be possible to also exploit
photon-jet correlations at BNL RHIC [17]. Indeed, photon-
hadron correlations have already been studied, and the
component of the photon momentum perpendicular to
a trigger hadron has been extracted [18]. For decay and
fragmentation photons, it was shown to be with about
0.5 GeV significantly smaller than the one for directly
produced photons (∼ 0.8 GeV).
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• Photon pT measurements: 
how low can we go? 

• Isolation cuts? 
• A recent proposal:

¢Some of the uncertainty present 
in the calculation of pp photons 
are present in AA and pA 
estimates

pp→ ( jetγ )+ X

Kaufmann, Mukherjee, Vogelsang, PRD (2016)

figure at zγ ¼ 1=3 where 5 GeV=zγ coincides with the
lower limit of the pjet

T integration). The jet is always defined
by the anti-kt algorithm with R ¼ 0.6. We choose μR ¼
μF ¼ pjet

T for the renormalization and the initial-state
factorization scales. The final-state factorization scale, on
the other hand, is set to μ00F ¼ pjet

T
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − zγ

p
(see also

Refs. [16,17]). Along with our value of R, this choice
helps to minimize the logarithm in Eq. (13) and hence the
direct contribution to the cross section.
In addition to the cross sections, we also show the

estimated π0 background in Fig. 2 separately for B1 and
B2. Here we use the most recent set of pion fragmentation
functions of Ref. [32]. We choose the detector resolutions
δϕ ¼ δη≡ δ ¼ 0.01 in (18), which are typical values for
the RHIC and LHC collider experiments. We furthermore
assume two different values for the energy threshold for
photon detection, ε ¼ 100 MeV and ε ¼ 10 MeV. We
observe that for our choice of kinematics background B1
is small for δϕ ¼ δη ¼ 0.01, since the two photons start to
be seen as a single one only when their combined trans-
verse momentum exceeds ∼20 GeV. One furthermore sees
that background B2 remains below the photon cross section
only for the relatively low threshold ε ¼ 10 MeV. This
evidently poses a challenge to experimental studies of
photon-in-jet production.
Figure 3 analyzes the relative sizes of the contributions

of quark/antiquark (summed over all flavors) and gluon
fragmentation to the cross section, using the RHIC kin-
ematical setup of Fig. 2. We have normalized all contri-
butions to the LO cross section with GRV fragmentation
functions. We show NLO results for three different sets of
photon fragmentation functions: the GRV [8] one used so
far, and the two sets of “Bourhis, Fontannaz, Guillet” from

Ref. [9], which we refer to as “BFG1” and “BFG2” and
properly transform to the DISγ scheme. One can see that
overall gluon fragmentation makes a sizable contribution to
the photon cross section. The BFG2 set is characterized by
an especially large gluon-to-photon fragmentation func-
tion, which becomes clearly visible in the figure. We also
show the direct contribution based on Eq. (13) which, in the
DISγ scheme and for our choice of R and μ00F, is tiny. The
cross section for photons produced in jets thus offers a
direct probe of photon fragmentation also at NLO.

V. CONCLUSIONS

We have proposed a method of accessing the elusive
photon fragmentation functions in hadronic collisions at
RHIC or the LHC. The idea is to identify photons produced
inside fully reconstructed jets, with the photon treated as part
of the jet. The variable zγ ¼ pT=p

jet
T introduced in Eq. (2)

allows one to map out the z dependence of the photon
fragmentation functions. We have presented numerical
results for the corresponding cross section that demonstrate
the sensitivity to the fragmentation functions. We have also
performeddetailed estimates of the background fromneutral
pion decay. These suggest that the measurement should be
feasible provided a low photon detection threshold can be
chosen. This will evidently present a significant challenge;
on the other hand, there are likely further techniques
available in experiment that will allow one to suppress the
background, such as subtraction of the background using a
measured pion-in-jet cross section. We are thus optimistic
that clean measurements of the Dγ

c should become possible
in pp collisions, enabling better theoretical control of
collider observables involving high-energy photons. We
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FIG. 3. Normalized quark (solid) and gluon (dotted) fragmen-
tation contributions together with the direct contribution (dashed)
to the cross sections as functions of zγ for 5 GeV < pjet
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30 GeV at
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fragmentation functions of Refs. [8,9]. For the purpose of clearer
presentation, all results have been normalized to the LO cross
section obtained for GRV fragmentation functions.

102

103

104

105

106 √S = 200 GeV, 5 GeV < pjet
T < 30 GeV

|η| < 1, pT > 5 GeV, anti kt, R = 0.6, CT10, GRV / DSS14

pp → (jet γ) X
B1 (δ = 0.01)

B2 (ε = 10 MeV, δ = 0.01)
B2 (ε = 100 MeV, δ = 0.01)

105

106

107

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

√S = 7 TeV, 15 GeV < pjet
T < 30 GeV

∫dp
je

t
T
  d

η 
dσ

pp
 →

 (
je

t γ
) 

X
 / 

dp
je

t
T
  /

 d
η 

/ d
z γ

   
[p

b]

zγ

pp → (jet γ) X
B1 (δ = 0.01)

B2 (ε = 10 MeV, δ = 0.01)
B2 (ε = 100 MeV, δ = 0.01)

FIG. 2. NLO cross section for pp → ðjet γÞX as a function of
zγ , at

ffiffiffi
S

p
¼ 200 GeV for 5 GeV < pjet

T < 30 GeV (upper, solid),
and at

ffiffiffi
S

p
¼ 7 TeV for 15 GeV < pjet

T < 30 GeV (lower, solid).
The other lines show in both cases the backgrounds B1 and B2
from π0 decay, for various choices of the detection parameters.

ACCESS TO PHOTON FRAGMENTATION FUNCTIONS IN … PHYSICAL REVIEW D 93, 114021 (2016)

114021-7



Charles Gale 
McGill

Thermal photons
(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

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

¢ QCD rates at NLO: 
¢ Hadrons: reactions with light and intermediate mass mesons and baryons  

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

Turbide, Rapp, Gale PRC (2004); Heffernan, Hohler, Rapp, PRC (2015)

¢Bremsstrahlung: ππ and πK
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in c and [c
min

, c

max

] is the final (large) centrality class
in which the measurement is reported. At the LHC the
sub-bins are [64] 0 � 5%, 5 � 10%, 10 � 20%, 20 � 30%
and 30� 40%, while 10% bins are used at RHIC [65].

The quantity v

�
n{EP}[c

min

, c

max

] — Eq. (27) — is the
one that should be compared to PHENIX and ALICE
measurements. All photon anisotropy calculations pre-
sented in this paper are computed with Eq. (27) using
the bins just listed.

VI. RESULTS AND DISCUSSION

We now show and discuss the result of integrating the
photon rates discussed in Sections III B and IV, with the
hydrodynamic approach discussed in Section II. Prior to
doing this, an important clarification is needed. The
model used here is a hybrid approach, in the sense that
it is not purely hydrodynamics: it has a viscous fluid-
dynamics stage that is followed by a transport phase –
modelled with UrQMD – with dynamic decoupling. The
UrQMD afterburner is important to a successful theoret-
ical interpretation of the measured proton spectra and
v

2

[8, 66]. However, extracting the photons via the vec-
tor meson spectral density [26] from a transport model
is still very much a topical subject of current research.
More generally, electromagnetic emissivities are typically
calculated in conditions near thermal equilibrium, as dis-
cussed earlier in this paper, and a knowledge of the lo-
cal temperature and of other thermodynamic variables is
usually absent from most transport formulations. One
resolution of this situation has been to coarse-grain the
transport final states, and to assign local temperatures
to cells on a space-time grid using the equation of state
[67, 68]. Such procedures are numerically-intensive, but
will be studied within our framework in detail in the fu-
ture. The point of view adopted in this work is that,
apart from proton observables, hydrodynamics does pro-
vide a realistic environment for the bulk of hadronic ob-
servables, especially if the bulk viscosity is included [8].
Therefore, for the calculation of photons, the contribu-
tion of the UrQMD phase of the spatiotemporal evolu-
tion is modelled by letting the fluid-dynamical evolu-
tion proceed past the switching temperature from hy-
dro to UrQMD (the “particlization temperature” [69]),
T

switch

= 145 MeV, down to a more typical hydro freeze-
out temperature of T = 105 MeV. In hydrodynamical ap-
proaches in general, the freeze-out temperature is a free
parameter of the model: more words about the depen-
dence of the photon signal on this parameter will appear
later in this section.

A. RHIC

The direct photon spectrum and v

2

were measured
at RHIC by the PHENIX collaboration [10–12, 70].
These measurements were made in Au-Au collisions at
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FIG. 4. The result of a hydrodynamic calculation of direct
photon spectra, for Au - Au collisions at RHIC, in the 0 - 20
% (top panel) and 20 - 40% (bottom panel) centrality range.
The di↵erent curves are explained in the text, the data are
from Ref. [11].

p
sNN = 200 GeV for centralities 0-20% and 20-40%.

Comparison of the hydrodynamical model’s results for
direct photon spectra are shown in Fig. 4. The prelim-
inary, minimum-bias direct photon spectrum measure-
ment from STAR [71] is shown in Fig. 5, and is com-
pared with both the hydrodynamical calculations and the
PHENIX measurements from Ref. [11]. The dashed lines
represent the thermal contributions, that is the sum of all
contributions of thermal origin. The prompt photons are
calculated in NLO QCD, as explained earlier. The con-
tribution of non-cocktail photons (Section III C) is also
shown.
The curves labeled “direct” represent the sum of all

Summary: RHIC 10
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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 v
2

,
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 v

2

, 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 v

2

. They are
not shown in Figure 6.

B. LHC

The direct photon spectrum and v

2

in Pb-Pb colli-
sions at

p
sNN = 2760 GeV are presented in Figs. 7 and
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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].
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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
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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.
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FIG. 4. (Color online) Centrality dependence of the direct
photon invariant yields as a function of pT in Au+Au col-
lisions at

p
sNN = 200 GeV. The solid curves represent a

power-law fit to PHENIX 200 GeV p+p results [8, 32], scaled
by Nbin. The bands on the curves represent the uncertain-
ties in the parameterization and in Nbin. The error bars and
boxes represent the statistical and systematic uncertainties,
respectively.

from a Glauber model for 0-10%, 10-40%, 0-80% and 40-
80% Au+Au collisions at

p
sNN = 200 GeV are 941 ± 26,

391± 30, 292 ± 20, and 57 ± 14, respectively. For 1 <

pT < 3 GeV/c, the Au+Au results are higher than Nbin

scaled p+ p results, while at pT > 6 GeV/c the Au+Au
yield is consistent with the scaled p+ p expectation. We
note that for 1 < pT < 2 GeV/c, the data points in 0-
10% Au+Au collisions have larger uncertainties and are
also consistent with the scaled p+ p expectations.

A comparison between STAR Au+Au data and model
calculations from Rapp et al. [10, 33] and Paquet
et al. [34] is shown in Fig. 5. For the direct photon
production both models include the contributions from
QGP thermal radiation, in-medium ⇢ meson and other
mesonic interactions in the hadronic gas, and primordial
contributions from the initial hard parton scattering. In
Refs. [10, 33] an elliptic thermal fireball evolution is em-
ployed for the bulk medium. Non-thermal primordial
photons from Nbin collisions are estimated from either
a pQCD-motivated xT -scaling ansatz or a parameteri-
zation of PHENIX p + p data. The sum of the thermal
medium and primordial contributions for the former case
is shown in Fig. 5. Using a parameterization of PHENIX
p + p reference data would lead to slightly higher direct
photon yields. In addition, a (2+1)-D hydrodynamic evo-
lution (beam-direction independent) is employed for the
bulk medium by Rapp et al. and the results are consis-
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FIG. 5. The direct photon invariant yields as a function of pT
in Au+Au collisions at

p
sNN = 200 GeV compared to model

predictions from Rapp et al. [10, 33] and Paquet et al. [34] .
The statistical and systematic uncertainties are shown by the
bars and boxes, respectively.

tent with those from the fireball evolution. In Ref. [34]
a (2+1)-D hydrodynamic evolution is employed for the
bulk medium. Comparison of the model and data shows
that in the pT range 1-3 GeV/c the dominant sources
are from thermal radiation while, as pT increases to 5-6
GeV/c, the initial hard-parton scattering becomes dom-
inant. The comparison shows consistency between both
model calculations and our measurement within uncer-
tainties for all the other centralities except 40-80% cen-
trality which includes peripheral collisions, where hydro-
dynamic calculations might not be applicable.

Since the centrality binning is di↵erent between STAR
and PHENIX, it is challenging to directly compare the
invariant pT spectra in each centrality bin without in-
troducing additional systematic uncertainties. Instead,
we integrate the direct virtual photon yields in di↵erent
pT ranges, study their centrality dependences, and com-
pare the data from STAR and PHENIX as well as the
theoretical model calculations described above. For the
STAR measurements, we use two pT bins: 1-3 GeV/c
and 1.5-3 GeV/c. For the PHENIX measurements [8],
we use 1-3.5 GeV/c and 1.4-3.5 GeV/c. Di↵erent ranges
are selected due to the availability of the data. Theo-
retical model calculations show that the contribution of
the yield in the pT range 3-3.5 GeV/c is 0.4% to the
yield in the range of 1-3.5 GeV/c . The contributions in
the pT ranges 3-3.5 GeV/c and 1.4-1.5 GeV/c are 25%
to the yield in the range 1.4-3.5 GeV/c. Figure 6 shows
the comparison of the data and the theoretical model

PHENIX-STAR Tension
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8 respectively. The calculations are compared with mea-
surements from the ALICE collaboration [14, 15, 64]. As
for RHIC, the contribution to the spectrum of prompt,
thermal and non-cocktail photons, along with their sum
(direct photons), are shown separately in Fig. 7. The el-
liptic flow of thermal photons and of the total number of
direct photons is plotted in Fig. 8. The general features of
the photon data set at the LHC is reminiscent of that at
RHIC, but important di↵erences emerge when comparing
with theoretical calculations. For both LHC observables
— spectrum and v

2

— there is less tension between data
and theory than at RHIC. In fact, the theory results are

FIG. 8. The direct photon v
2

at 0 - 40% centrality. Data are
from the ALICE Collaboration [14, 64].

in agreement with the experimental results when con-
sidering the statistical and systematic uncertainties. As
previously, the prompt contribution begins to take over
at around pT ⇡ 3 GeV, but otherwise lies systematically
below the thermal sources.

C. E↵ect of bulk viscosity

The calculation of direct photons presented in this
work is the first one to include the e↵ect of bulk viscosity
on both the medium evolution and the photon emission
rates. Considering that the introduction of bulk viscosity
was shown to have a large e↵ect on the description of the
hadronic observables [8], it is important to highlight its
e↵ect on photon production.
In Fig. 9, the direct photon spectrum and v

2

are shown
with and without bulk viscosity for

p
sNN = 2760 GeV

Pb-Pb collisions at the LHC. Since the inclusion of
bulk viscosity modifies the shear viscosity necessary to
describe the hadronic momentum anisotropies [8], two
direct photon calculations without bulk viscosity are
shown: one with ⌘/s = 0.095, which is the shear viscos-
ity necessary to describe the hadronic vn in the presence
of bulk viscosity [8], and one with ⌘/s = 0.16, for which
a good description of hadronic vn can be achieved with
⇣/s = 0. It can be seen that the two calculations that
do not include bulk viscosity are similar, both for the
spectrum and the v

2

.
The e↵ect of bulk viscosity on the spectrum of direct

photons is small, and consists of a slight softening of the
spectrum. Like the spectrum, the v

2

increases at low pT

and decreases at high pT . This changes the shape of v
2

,
whose maximum value is shifted toward lower pT . This
is a distinctive photonic signal of the finite bulk viscosity
of QCD around the transition region.
The e↵ect of bulk viscosity on direct photons can be

divided in two separate contributions: its e↵ect on the
photon emission rates (Section IV), and its e↵ect on the
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in agreement with the experimental results when con-
sidering the statistical and systematic uncertainties. As
previously, the prompt contribution begins to take over
at around pT ⇡ 3 GeV, but otherwise lies systematically
below the thermal sources.

C. E↵ect of bulk viscosity

The calculation of direct photons presented in this
work is the first one to include the e↵ect of bulk viscosity
on both the medium evolution and the photon emission
rates. Considering that the introduction of bulk viscosity
was shown to have a large e↵ect on the description of the
hadronic observables [8], it is important to highlight its
e↵ect on photon production.
In Fig. 9, the direct photon spectrum and v

2

are shown
with and without bulk viscosity for

p
sNN = 2760 GeV

Pb-Pb collisions at the LHC. Since the inclusion of
bulk viscosity modifies the shear viscosity necessary to
describe the hadronic momentum anisotropies [8], two
direct photon calculations without bulk viscosity are
shown: one with ⌘/s = 0.095, which is the shear viscos-
ity necessary to describe the hadronic vn in the presence
of bulk viscosity [8], and one with ⌘/s = 0.16, for which
a good description of hadronic vn can be achieved with
⇣/s = 0. It can be seen that the two calculations that
do not include bulk viscosity are similar, both for the
spectrum and the v

2

.
The e↵ect of bulk viscosity on the spectrum of direct

photons is small, and consists of a slight softening of the
spectrum. Like the spectrum, the v

2

increases at low pT

and decreases at high pT . This changes the shape of v
2

,
whose maximum value is shifted toward lower pT . This
is a distinctive photonic signal of the finite bulk viscosity
of QCD around the transition region.
The e↵ect of bulk viscosity on direct photons can be

divided in two separate contributions: its e↵ect on the
photon emission rates (Section IV), and its e↵ect on the

¢Less theory/data tension at LHC 
¢What’s missing?
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What’s missing?
¢Hadronic bremsstrahlung: Calculations need clarification 

(esp. mB) 
¢“Pre-equilibrium” photons 

¢BAMPS 2→ 2 processes + brem.
¢PYTHIA initial state 
¢LPM “by hand”

11

10-4

10-3

10-2

10-1

100

101

102

 0  0.5  1  1.5  2  2.5  3  3.5

d
N

/(
2

π
p

T
d
p

T
d
y)

 [
G

e
V

-2
]

pT [GeV]

Au+Au, √sNN =200 GeV

20-40 % centrality, |y|<0.35

PHENIX data, PRC91,064904 (2015)

BAMPS 0.6 fm/c+Hydro

BAMPS+Hydro w/o QGP

only Hydro

Figure 11. The pT -spectrum of direct photons from BAMPS
+ the hadron gas contribution and prompt contribution from
Ref. [25] (red solid line). Note that here we do not include
the QGP from hydro. The result from Ref. [25] is shown for
comparison (green dashed), as well as the result from BAMPS
up to 1 fm/c lab time plus the complete hydro result from
Ref. [25], including the QGP.

10-5

10-4

10-3

10-2

10-1

100

101

 0  0.5  1  1.5  2  2.5  3

d
N

/(
2

π
p

T
d
p

T
d
y)

 [
G

e
V

-2
]

pT [GeV]

Au+Au, √sNN =200 GeV

20-40 % centrality, |y|<0.35

BAMPS, αs=0.3 for photons

BAMPS, αs running for photons

PHSD, QGP

Hydro, QGP

Figure 12. Same as Fig. 10, but we switch on a running
coupling for photon production (green dashed line).

gacities in MUSIC are unity, PHSD states only absolute
particle numbers. We show the fugacities in BAMPS
in Fig. 13 for the same parameters of the collision. We
have extracted the quark fugacity by using an e↵ective
temperature for two representative geometries, the cen-
tral cell of the collision and a tube of 1.5 fm radius and
legth of one unit in rapidity. We remark that at early
times, these equilibrium quantities are only rough esti-
mates of the quark content as the medium is not yet
equilibrated. As shown in Fig. 6 the 2 $ 2 photon rates
scale nearly linearly with the quark fugacity, so that they
are strongly a↵ected by the quark fugacities �

q

. 0.2 at
early times in BAMPS. The inelastic rate has a more
complicated fugacity dependence, such that the photon
rate at �

q

= 0.2 is less than 10% of the equilibrium rate
at �

q

= 1. The combined e↵ects explain the di↵erence to
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Figure 13. The average quark/gluon fugacities over time in
BAMPS for RHIC collisions at

p
(s) = 200 GeV at 20� 40%

centrality. Shown is the average over only the central cell and
a tube of transverse radius 1.5 fm extending in space-time
rapidity �0.5 < ⌘s < 0.5.

the other models. To get an idea of the relative strength
of the e↵ect, we take the hadronic and prompt part of the
hydro-framework MUSIC, and add our QGP results on
top. Presently, MUSIC is one of the most elaborate and
complete 3+1d viscous hydrodynamic codes, but the fol-
lowing comparison should be seen as only exploratory, as
we did not attempt a correct phase transition or matching
of the two frameworks. The result is shown in Fig. 11 (red
solid line). The shape of the spectrum will be slightly
modified and the curve underestimates the data more
than the pure hydro calculation. From all the above we
see that the initial condition is the main uncertainty, and
once more, our results underline the need to understand
better the initial quark/gluon content of the fireball. We
add the photon result after t = 0.6 fm/c to the hydro
result (magenta dotted line), bearing in mind that the
fugacity would jump to one in this toy-case. The e↵ect
is very small.

To see which role is played by the chemically equili-
brating medium, we alter the fugacity evolution of the
quarks (and thus also the gluons) by tuning arbitrarily
the quark-antiquark production cross section by a factor
of 10 and 1007. The resulting fugacity evolution is shown
in Fig. 14. It can be seen, that at around t = 2 fm/c the
quark fugacity increases from �

q

(t = 2 fm/c) ⇡ 0.15
to �

q

(t = 2 fm/c) ⇡ 0.2 (for K
gg!qq̄

= 10) and
�
q

(t = 2 fm/c) ⇡ 0.5 (for K
gg!qq̄

= 100). In Fig. 15
the resulting photon spectra are shown. The di↵erence
between the three scenarios is moderate, as most of the
photons are produced within the first 2 fm/c. The dif-
ference in the fugacity is however much stronger at later

7 We ignore the tuning of the backreaction qq̄ ! gg as the purpose
of this test is to drive the chemical equilibration faster. In the
central cell, the quark fugacity even increases above unity for
late times and Kgg!qq̄ = 100.
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Figure 15. Same as Fig. 10, but here we change the chemical
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gg ! qq̄ cross section by a factor of 10 (magenta dotted line)
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times (at t = 4 fm/c about a factor of 5), where not
many photons are produced due to the thinner and colder
medium. This shows, that the quark content at the very
initial phase is crucial for photon spectra. As the two
other quoted models (MUSIC and PHSD) in Fig. 10 and
Fig. 15 underestimate the data for RHIC slightly, our re-
sults suggest that this problem could even more severe.

B. Elliptic flow

Within BAMPS, the event plane is known exactly, as
we are dealing only with smooth Glauber initial condi-
tions. This is the reason why elliptic flow can be con-

Figure 16. The elliptic flow of photons from BAMPS for
AuAu collisions at

p
sNN = 200 GeV and 20� 40 centrality.

Shown are the sum, and the elastic and inelastic contribution
separately.
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Figure 17. The elliptic flow of photons from pure hydro-
dynamics (green dashed), from BAMPS at time 0.6 fm/c
added to the full hydro result (magenta dotted), and using
only BAMPS as the QGP phase instead of the QGP from
hydro (red solid).

veniently obtained by averaging (p2
x

+ p2
y

)/p2
T

over all
particles considered, photons in our case. Experimental
results of direct photon elliptic flow are a weighted aver-
age over all sources of direct photons, weighted by their
spectra. We can perform weighted averages by taking
prompt photons and photons from hadronic scattering
from elsewhere, in order to compare with data, but we
find it instructive to compare directly the QGP contribu-
tion from BAMPS with other studies. In Fig. 16 we show
the elliptic flow of photons originating from only 2 $ 2
collisions (green upward triangles), only bremsstrahlung
(blue squares) and their sum (red points). The pink
downward triangles[91] show elliptic flow of photons in-
duced by jet-plasma interactions within a 2D+1 hydro
model, where a time dependent jet distribution is as-
sumed and the jet-thermal rate is obtained by integrat-

Grief et al., 1612.05811
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¢“Pre-equilibrium” photons, II. Photons from the early phases 
& the Glasma 

What’s missing?, cont’nd

Berges, Reygers, Tanji, Venugopalan, 1701.05064

Parametric estimate based on BMSS bottom-up 
thermalization 
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FIG. 5. Photon production rate as a function of time. The results shown are for the most central collisions

(centrality 0–5%), Npart = 353 for RHIC, Npart = 383 for the LHC. The red lines represent the nonequi-

librium production rate in the Glasma stages (i) and (ii), while the blue solid lines denote the thermal

production rate in the Glasma stage (iii) and the thermal QGP phase. The blue dashed lines denote the

thermal production rate extended to early times, that we shall call “early-hydro”. The vertical black dashed

lines separate the di↵erent stages of the time evolution. The value of the coe�cient cT is fixed to 0.18.

In the following, we will compare three contributions:

• the Glasma contribution in ⌧

0

< ⌧ < ⌧

th

• the thermal contribution in ⌧

th

< ⌧ < ⌧

c

• the early-hydro contribution in ⌧

0

< ⌧ < ⌧

th

.

In the bottom-up thermalization scenario, the total photon yield until the hadronization time is

given by the sum of the Glasma contribution and the thermal contribution, while in the hydro

scenario that assumes early thermalization, the total yield is the sum of the early-hydro and the

thermal contribution.

2. Dependence on Qs

Thus far, we have fixed the profile of Q
s

, as shown in Fig. 1, by choosing the reference value

(the value at the RHIC most central collision) to be 1.4 GeV. If one has a complete description

of the space-time evolution in heavy-ion collisions, the e↵ective value of Q
s

would be fixed for

given hadron multiplicity and collision energy. However, as noted previously, because of our lack of

knowledge, the reference value of Q
s

cannot be specified within our framework. We will therefore

Berges, Reygers, Tanji, Venugopalan, 1701.05064
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treat the reference Q

s

as a free parameter and investigate the dependence of the photon yield on

it for given values of the measured charged hadron multiplicity.

We plot in Fig. 6 the bottom-up thermal photon yield (blue solid line) and the Glasma photon

yield (red dashed line) as a function of Q
s

. For comparison, the early-hydro photon yield (green

dotted line) is also shown in the figure. The values of N
part

and S? are fixed to those in the most

central collisions (centrality 0–5%) and we have used the corresponding experimental data for the

charged hadron multiplicity to find the value of the coe�cient c

eq

. For simplicity, we have set

c

T

= 0.18. We note that the total photon yield until the hadronization time within the bottom-up

thermalization scenario corresponds to the sum of the blue and red lines, while the photon yield

in the hydro scenario extended to the early time is given by the sum of the blue and green lines.

The respective net contributions will be compared later in Fig. 9.

The bottom-up thermal photon yield is not strongly dependent of Q
s

. This can be accounted

for by rewriting Eq. (23) as
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⌘
, (55)

where we have used Eq. (52). In this expression, most of the factors are independent of Q
s

. As

we discussed previously, ⌧
c

is completely fixed by the measured hadron multiplicity in our model

(see Eq. (54)). The coupling ↵

s

depends on Q

s

only logarithmically. Only ⌧

th

has a power law

dependence on Q

s

. However, this dependence is weak due to the competition between the factors
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¢For a given Qs profile as a function of centrality: 
• At RHIC, glasma photon yield comparable or 

larger than thermal photons for a wide range of 
parameter values 

• At LHC, glasma photons can be 40-60% of thermal 
photons 

¢For larger values of Qs, Glasma photons can outshine 
thermal photons 

¢v2 ??
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Dileptons
Mγ * = (p+ + p− )2 ~ MV ,MA → Chiral symmetry

The connection is via the Weinberg sum rules

fn =
ds
π0

∞

∫ sn ρV (s)− ρA(s)[ ]
Weinberg (1967); Kapusta & Shuryak (1994)

¢ Problem: The axial 
channel is not 
directly observable

P. Hohler and R. Rapp / Nuclear Physics B Proceedings Supplement 00 (2015) 1–4 3
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Figure 2: Finite-temperature vector (black curve) and axialvector (red curve) spectral functions from sum rule analysis [20].

First, we tested the the QCDSR for the vector chan-
nel. It turned out that this was satisfied well within the
typical 1% benchmark, including a small correction to
the vector dominance coupling constant being reduced
by around 5%. To facilitate the search for an in-medium
axialvector spectral function, we augmented the vacuum
fit by a 4-parameter ansatz for the in-medium changes
of mass, width (2), and coupling strength, and treated
the T dependence of the excited states via chiral mix-
ing. We then searched for minima in the quadratic sum
of the deviations of the axialvector QCDSR and the first
and second WSR (n=-1 and 0 in Eq. (2); the 3. WSR is
beset with larger uncertainty already in vacuum but still
satisfied in medium at a comparable level). A smoothly
varying in-medium axialvector spectral function could
be found which varies smoothly with temperature and
satisfies the SRs at the same level of accuracy as in
vacuum. The result is compared to the vector spectral
function in Fig. 2, showing their progression toward de-
generacy. This study shows that the ⇢ spectral function
underlying the description of dilepton spectra is com-
patible with the dropping quark condensate computed in
lattice QCD and suggests that chiral restoration is satis-
fied by a combined broadening and burning-o↵ of the
⇢-a1 mass splitting.

3. Massive-Yang Mills Chiral Lagrangian

The local-gauge procedure was the method of choice
to introduce axial-/vector mesons into chiral pion La-
grangians for many years, via Massive Yang-Mills [23]
or Hidden Local Symmetry [24, 25] approaches. How-
ever, it turned out to be rather challenging to quantita-
tively describe the vacuum axial-/vector spectral func-

tions in these approaches, as the single gauge coupling
constant does not seem to generate enough strength in
the axialvector channel. In Ref. [26], we found that the
implementation of a resummed (broad) ⇢ spectral func-
tion into the vacuum a1 selfenergy, along with (rather
involved) vertex corrections required to maintain chiral
symmetry, can largely overcome this problem and yield
fair description of the vacuum data.

The next step is to implement this approach at fi-
nite temperature, which we have carried out in recent
work for a pion gas [27]. The vector and axialvec-
tor selfenergies have been evaluated within the Matsub-
ara formalism accounting for medium e↵ects through
unitarity cuts (Bose enhancement in decay diagrams
such as ⇢ ! ⇡⇡ and a1 ! ⇡⇢), Landau cuts (scatter-
ing diagrams with an incoming thermal pion such as
⇡⇢ ! a1 or ⇡a1 ! ⇢), vertex corrections and tadpole
diagrams. We have verified that the model-independent
low-temperature chiral properties (e.g., no axial/vector
meson mass shifts at order O(T 2) in the chiral limit) are
satisfied within our approach. The resulting tempera-
ture progression of the vector and axialvector spectral
functions is shown in Fig. 3. The ⇢ resonance only un-
dergoes a moderate broadening of up to ⇠50 MeV at
T=160 MeV, which is in line with previous pion gas
studies for Bose enhancement and ⇡⇢ ! a1 resonance
excitations. The a1 resonance exhibits stronger mod-
ifications, by developing a larger in-medium width, a
reduction in its mass and a low-mass excitation caused
by the ⇡a1 ! ⇢ excitation (“chiral mixing”). These fea-
tures are qualitatively similar to what we found within
the sum rule analysis discussed in the previous section.
They are also rather robust between employing a linear
or non-linear realization of chiral symmetry in the pion

Hohler, Rapp (2015)
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Figure 5: Left: Acceptance-corrected mass spectra of the excess dimuons for the combined LMR/IMR
regions. The theoretical scenarios are labeled according to the authors RR [19], HR [20], and DZ [21].
In case of [20], the EoS-B+ option is used. Right: Inverse slope parameter Teff vs. dimuon mass for the
combined LMR/IMR regions of the excess in comparison to hadrons [13]. Open charm is subtracted in
both parts of the figure.

moment of decoupling, dileptons are continuously emitted during the evolution, sensing the space-time
development of temperature and flow. This makes the dilepton pT spectra sensitive to the emission
region, providing a powerful diagnostic tool [5, 19]. Fig. 4 (left) displays the centrality-integrated mT

spectra, where mT = (p2
T +M2)1/2, for four mass windows; the φ is included for comparison. The ordinate

is normalized to dNch/dη in absolute terms [14, 15]. Apart from a peculiar rise at low mT (<0.2 GeV)
for the excess spectra (not the φ) which only disappears for very peripheral collisions [10, 13], all spectra
are pure exponentials, but with a mass-dependent slope. Fig. 4 (right) shows a more detailed view into
the ρ-like mass window, using the same side-window method as described in connection with Fig. 2
to determine the pT spectra separately for the ρ peak and the underlying continuum. All spectra are
purely exponential up to the cut-off at pT =3 GeV, without any signs of an upward bend characteristic
for the onset of hard processes. Their slopes are, however, quite different (see below).

The inverse slope parameters Teff extracted from exponential fits to the mT spectra (with a finer
binning than in Fig. 4) are plotted in Fig. 5 (right) vs. dimuon mass, unifying the data from the LMR
and IMR regions. The hadron data for η, ω and φ obtained as a by-product of the cocktail subtraction
are also included, as is the single value for the ρ-peak from Fig. 4 (right). Interpreting the latter as
the freeze-out ρ without in-medium effects, all four hadron values together with preliminary π− data
from NA60 can be subjected to a simple blast-wave analysis [14]. This results in a reasonable set of
freeze-out parameters of the fireball evolution and suggests the following consistent interpretation of
the hadron and dimuon data together. Maximal flow is reached by the ρ, due to its maximal coupling
to pions, while all other hadrons freeze out earlier. The Teff values of the dilepton excess rise nearly
linearly with mass up to the ρ-pole position, but stay always well below the ρ line, exactly what would
be expected for radial flow of an in-medium hadron-like source (here π+π−→ρ) decaying continuously
into dileptons.

Beyond the pole region of the ρ, however, the Teff values of the excess show a sudden decline by about
50 MeV. Extrapolating the lower-mass trend to beyond the ρ, such a fast transition to a seeming low-
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¢ NA60 is currently the 
paradigm in data 
resolution 

¢ Can RHIC & LHC expts. 
have the required S/B?  

¢ Low mass dileptons at 
the LHC?? 

¢ Dilepton elliptical flow 
@RHIC & @LHC?

Intermediate mass dileptons?
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Figure 3: (a) Comparison of the dilepton yield as a function of M with experimental data from STAR [12]. (b) Dilepton
v2 versus invariant mass including charmed hadrons. All data and calculations shown here are for a 0-10% centrality
class.

quark energy loss on dilepton spectra and elliptic flow. We compared with recent STAR data.
Future efforts will explore alternate vector spectral densities, will exploit recent advances in our
knowledge of initial states, and will consider LHC conditions.
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Photons & jets

¢Consider (LO)
q + g→ q + γ
q + q→ g + γ

¢Tagging the jet with a photon: baseline for 
energy-loss 

¢Need to treat the photon & jet in a 
consistent fashion

P(pT
h | pT

γ ) = P(pT
h , pT

γ )
P(pT

γ )

Pf (pT
γ ) = dφ

2π∫ d 2∫ r⊥PAB(
!r⊥ ) d∫

j
∑ pT

j Pi (pT
j )P(pT

γ | pT
j , !r⊥ ,φ)

Pf (pT
h ,PT

γ ) = dφ
2π∫ d 2∫ r⊥PAB(

!r⊥ ) d∫
j k
∑ pT

j dpT
kPi (pT

j , pT
k )

× P(pT
γ | pT

j , !r⊥ ,φ)P(pT
h | pT

k , !r⊥ ,φ +π )
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¢Define a photon-triggered frag. function

DAA(zT ,PT
γ ) = pT

γ PAA(pT
h | pT

γ ) (zT = pT
h / pT

γ )
¢Then

IAA(zT , pT
γ ) = DAA(zT , pT

γ )
Dpp (zT , pT

γ )
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Figure 1. (Color online.) Left panel: The zT dependence of π0-h± away-side (a) and near-side
(b) associated charged-hadron yields per trigger for Au+Au at 0-12% centrality (filled symbols)
and p + p (open symbols) collisions at

√
s
NN

= 200 GeV. Right panel: The zT dependence of
γdir-h± away-side associated charged-hadron yields per trigger for Au+Au at 0-12% centrality
(filled diamonds) and p + p (open diamonds) collisions [6]. Vertical lines represent statistical
errors, and the vertical extent of the boxes represents systematic uncertainties.
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Figure 2. (Color online.) The IγdirAA for

γdir (red squares) and Iπ
0

AA for π0 (blue
circles) triggers are plotted as a function of
zT . The points for IγdirAA are shifted by
+0.03 in zT for visibility. The vertical line
and shaded boxes represents statistical and
systematic errors, respectively [6]. The curves
represent theoretical model predictions [3, 8, 9,
10].

3. Results: γdir-
and π0–hadron azimuthal correlation
The integrated away-side and near-side
charged-hadron yields per π0 trigger, D(zT ),
are plotted as a function of zT , both for
Au+Au (0-12% centrality) and p + p colli-
sions, in the left panel of Fig. 1. The away-side
D(zT ) for γdir triggers as a function of zT for
central Au+Au and minimum-bias p + p col-
lisions is shown in the right panel of Fig 1.
Yields of the away-side associated charged
hadrons are suppressed, in Au+Au relative to
p + p, at all zT except in the low zT region
both for γdir and π0 trigger. On the other
hand, no suppression is observed on the near-
side in Au+Au, relative to p+p collisions, due
to the surface bias imposed by triggering on a
high-pT π0. In order to quantify the medium
modification for γdir- and π0-triggered recoil
jet production as a function of zT , the ratio

defined as IAA = D(zT )AuAu

D(zT )pp , of the per-trigger
conditional yields in Au+Au to those in p+ p
collisions is calculated.

STAR, arXiv:1610.09568
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Figure 3. (Color online.) The values of IγdirAA are plotted as a function of ptrigT (left panel) and
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Figure 4. (Color online.) γdir triggered recoil
(filled symbols) and uncorrelated (open sym-
bols) reconstructed full jet transverse momen-
tum spectra from PYTHIA simulation for p+p
collisions at

√
s
NN

= 200 GeV.

Figure 2 shows the away-side medium
modification factor for π0 triggers (Iπ

0

AA) and
γdir triggers (IγdirAA ), as a function of zT .

Iπ
0

AA and IγdirAA show similar suppression within
uncertainties. At low zT (0.1<zT<0.2),
both Iπ

0

AA and IγdirAA show an indication of
less suppression than at higher zT . This
observation is not significant in the zT -
dependence of IAA because the uncertainties
in the lowest zT bin are large. However,
when IAA is plotted vs. passocT (in Figure 3),
the conclusion is supported with somewhat
more significance. At high zT , both Iπ

0

AA and
IγdirAA show a factor ∼ 3 − 5 suppression. The
ZOWW calculation also predicts IγdirAA as a

function of ptrigT to be approximately flat in
this range [3]. The YaJEM model predicts
that at low zT=0.2, IγdirAA = 1 and rises above
unity even at lower zT , although at lower
triggered pT range 9-12 GeV/c.

The values of IγdirAA are plotted as function
of passocT in Fig. 3. It shows that the low-
passocT hadrons on the away-side are not as
suppressed as those at high passocT . Both
model predictions shown [3, 8], which do not
include the redistribution of lost energy, are
in agreement with the data. IγdirAA shows no

sensitivity as a function of ptrigT , for 0.3< zT <

Qin, et al., PRC (2009)
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¢Photon-tagged jets : 


