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Photon Production in Pb-Pb Collisions

Prompt photons from hard 
initial scattering (NLO pQCD)

Predominant source in pp

Signal scales with binary collisions in 
Pb-Pb (cold nuclear matter effects?)

Fragmentation photons

May be modified by parton energy 
loss in the medium

2

Thermal photons

Scattering of thermalized particles (QGP)

Hadronic interactions (HG)

Jet-plasma photons

Scattering of hard partons with 
thermalized partons

In-medium bremsstrahlung

Direct Photons = Photons not produced by particle decays (e.g. π0) 

pp and Pb-Pb only Pb-Pb
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2.5 Transverse phase space: equilibrium and the QGP state

Figure 2.17: Schematic light cone diagram of the evolution of a high energy
heavy ion collision, indicating a formation phase !0 (see text).

enters interaction. In the simple case of extremely high Q2 processes the an-
swer is that all constituents are resolved. However, at modest Q2 (dominating
bulk hadron production) the characteristic QCD saturation scale Q2

s(x) gains
prominence, defined such that processes with Q2 < Q2

s do not exploit the initial
transverse parton densities at the level of independent single constituent color
field sources (see equation 2.11). For such processes the proper formation time
scale, !0, is of order of the inverse saturation momentum [61], 1/Qs ! 0.2 fm/c
at

"
s = 200 GeV . The first profile of the time evolution, sketched in Fig. 2.17,

should correspond to proper time t = !0 = 0.25 fm/c at RHIC energy. At
top SPS energy,

"
s = 17.3 GeV , we can not refer to such detailed QCD con-

siderations. A pragmatic approach suggests to take the interpenetration time,
at " # 8.5, for guidance concerning the formation time, which thus results as
!0 # 1.5 fm/c.

In summary of the above considerations we assume that the initial partonic
color sources, as contained in the structure functions (Fig. 2.13), are spread out
in longitudinal phase space after light cone proper time t = !0 # 0.2 fm/c, at
top RHIC energy, and after !0 # 1.5 fm/c at top SPS energy. No significant
transverse expansion has occured at this early stage, in a central collision of A #
200 nuclei with transverse diameter of about 12 fm. The Bjorken estimate [45]
of initial energy density # (equation 2.1) refers to exactly this condition, after
formation time !0. In order to account for the finite longitudinal source size and
interpenetration time, at RHIC, we finally put the average !0 # 0.3fm, at

"
s =

200 GeV , indicating the ”initialization time” after which all partons that have
been resolved from the structure functions are engaged in shower multiplication.
As is apparent from Fig. 2.17, this time scale is Lorentz dilated for partons
with a large longitudinal momentum, or rapidity. This means that the slow
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Photons come out from every stage 
of the system evolution

Mean free path of photons much 
larger than system size

No interaction with medium     
(direct photon RAA =1*)

Photons carry undistorted 
information about system at their 
production time

Hadrons carry system information    
at kinetic freeze-out

Reinhard Stock arXiv:0807.1610

* PHENIX arXiv:1205.5759 [nucl-ex]

Direct Photons = Photons not produced by particle decays (e.g. π0) 

What can we learn from Direct Photons?
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Direct Photon Spectrum QM 2012
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Spectrum consistent 
with NLO (pQCD) 
above 4 GeV/c

Excess at low pT 
interpreted as thermal 
photon signal

Effective temperature 
TEff=(304 ± 51) MeV

TEff > Tc* ⇒ dominant 

contribution from 
QCD phase

* Tc ≈ 170 MeV M. Cheng et al. arXiv:hep-lat/0608013
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Azimuthal Anisotropy of Particle 
Production
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Initial azimuthal asymmetry 
coordinate space in non-central    
A+A ⇒ momentum space

Low pT : elliptic flow (collective 
expansion)

High pT : path length 
dependence of in-medium 
parton energy loss

Fourier decomposition:

v2: elliptic flow
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4 Measurement of Particle Correlations with respect to the Reaction Plane70

4.1 Fourier expansion of the azimuthal particle distribution71

The azimuthal distribution of particles can be expressed as a Fourier series:72

dN
df

=
1

2p

 
1+2

X

n�1

vn cos(n(f �YRP
n ))

!
(7)

Taking the topology of heavy ion collisions into account, particle azimuthal distributions are commonly73

investigated with respect to the reaction plane characterized by the angle YRP
n . The reaction plane is de-74

fined by the impact parameter b and the direction of the colliding nuclei. In a simple geometry all sin75

terms due to symmetric azimuthal distributions. The fourier coefficients of the azimuthal particle distri-76

butions w.r.t. the reaction plane are referred to as vn. In particular, the anisotropy described by the first77

harmonic order coefficient v1 is referred to as directed flow and v2 is known as elliptic flow. Odd order78

harmonics like v1 or v3 are sensitive to initial state fluctuations and their contribution to the anisotropy79

can be neglected except for the most central collisions.80

81

According to Eq. ?? the n-th order harmonic coefficient of the azimuthal distribution with respect to the82

reaction plane angle YRP
n is defined as:83

vn = hcos(n(f �YRP
n ))i (8)

It is important to notice, that the averaging includes an average over all particles of interest within a event84

followed by an average over all events [15],[9],[8].85

The first step in the analysis is to estimate the reaction plane. It goes without saying the reaction plane86

angle YRP
n is not accessible in experiments. The estimated reaction plane is commonly called event plane87

[14]. In general, the event plane angle YEP
n differs from the RP reaction plane angle by an error DY =88

YRP
n � YEP

n varying event by event. Averaging over many events, one obtains the following relations89

between the fourier coefficients obtained from the event plane vEP
n and the experimentally not accessible90

true fourier coefficients vn [13]:91

vEP
n = hcos(n(f �YEP

n )i (9)

= hcos(n((f �YRP
n )+(YRP

n �YEP
n ))i (10)

= hcos(n(f �YRP
n ))ihcos(n(YRP

n �YEP
n ))i (11)

= vn · hcos(n(YRP
n �YEP

n ))i (12)

The transformation from (10) to (11) is only valid under the assumption of statistical independence. The92

vn coefficients can be reconstructed according to Eq. 12 if the correction factor hcos(n(YEP
n �YRP

n ))i is93

known [14]:94

vn =
vEP

n
hcos(n(YEP

n �YRP
n ))i (13)

4.2 Event Plane Determination95

In general, the orientation of the event plane can be estimated from the spectators using a zero de-96

gree calorimeter (ZDC) or from the anisotropic flow itself using the TPC or the VZERO detectors.97

The event plane is provided by AliEPSelection task, further flattening corrections can be found in98
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v2: elliptic flow

Initial azimuthal asymmetry 
coordinate space in non-central    
A+A ⇒ momentum space

Low pT : elliptic flow (collective 
expansion)

High pT : path length 
dependence of in-medium 
parton energy loss

Fourier decomposition:
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What can we learn from direct photon v2?
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v2 sets constraints on onset 
of  direct photon 
production

Early (QGP) ⇒ small flow

Late (HHG)⇒ large flow like 

hadrons 

From high TEff expect 
dominance of thermal 
photons and small direct 
photon v2
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FIG. 5: (Colour on-line) The di!erential elliptic flow of ther-
mal photons (solid curves) for di!erent initial time !0. The
results for emissions from the hadronic matter (long-dashed)
and quark matter (short dashed) are also shown.
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FIG. 6: (Colour on-line) Single photons for 10–20% most cen-
tral collisions for Au+Au system at 200 GeV/A. NLO pQCD
results for prompt photons (see text) and thermal photons for
di!erent formation times are also shown.

from quark-matter (with smaller v2) as the time !0 de-
creases. With increasing !0 the relative contribution of
thermal photons from the hadronic matter increases. As
these have larger v2, the over-all v2 becomes larger.

Before closing we show our results for single photon
production and compare it with the measurements by
the PHENIX experiment [5] for the 10–20% most cen-
tral collisions for Au+Au system at 200 GeV/A (Fig. 6).
The prompt photon production has been calculated using
NLO pQCD [27] and choosing the factorization, renor-
malization, and fragmentation scales as equal to pT /2.
The e!ects of (impact parameter dependent) shadow-
ing [28] and iso-spin is explicitly accounted for. CTEQ5M
structure functions are used. The thermal photon pro-
duction for di!erent initial times is also shown. We see

that the NLO pQCD calculations nearly fully account for
the production of photons at pT ! 3 GeV/c.

We would like to add though that the fragmentation
contribution to the prompt photons (about 30% for pT >
3 GeV) will be suppressed due to jet-quenching. Assum-
ing a suppression by a factor of about 2 (for quark jets
which fragment into photons) this would mean a reduc-
tion by " 15% in the pQCD yield compared to what is
shown here. However, this would be somewhat o!-set by
the production of photons due to passage of jets through
the QGP [29]. A more detailed and complete calculation
will consider all these sources [30]. We postpone that to
a future publication as the present emphasis is on the az-
imuthal anisotropy of thermal photons, which is rather
negligible for other direct photons. Similarly, one may
consider the pre-equilibrium contribution as well [31], if
!0 is assumed to be large. These contributions will not
show any v2 as they are not subjected to collectivity.

If we are unable to separate these other sources of
photons by, say, either by tagging or by calculations,
then the v2 given here will have to be moderated as
(vth

2 #Nth + vnon!th

2 #Nnon!th)/(Nth + Nnon!th), where
‘th’ stands for ‘thermal’. However as vnon!th

2
is quite

small, the di!erence in the resulting v2 for single pho-
tons will still persist, being large for large !0. In this
connection, the success of the NLO pQCD in predicting
the prompt contribution can be used with a great advan-
tage as it can be subtracted from the direct photons to
greatly increase the sensitivity of the remainder to !0.

In order to get a more quantitative idea about
these, we draw the attention of the readers to FIG.6
of Ref. [30]. First of all, as remarked earlier, the
Compton+annihilation part of the prompt photons does
not contribute to azimuthal anisotropy. The prompt-
fragmentation part, again as suggested earlier, will show
a marginal positive v2, due to the reaction plane depen-
dence of energy loss su!ered by the out-going quarks be-
fore fragmenting. This according to Ref. [30] is less than
about +1%. The jet conversion photons give rise to very
small (less than $1%) v2. The resulting v2 due to these
two processes is essentially zero [30]. This, along with
the possibility of an accurate determination of prompt
photons using NLO pQCD as seen here holds out the
promise of determining the sensitivity of elliptic flow of
thermal photons to !0.

An experimental verification of these predictions will
give a very useful information about the formation time
and also validate our ideas about the evolution of the
hot and dense system in relativistic heavy ion collisions.
A theoretical reanalysis of single photon production for
Pb+Pb collisions at the CERN SPS has revealed similar
sensitivity to the formation time [32].

In brief, we have calculated the thermal photon pro-
duction for non-central collisions of gold nuclei at RHIC
energies. The initial time is varied from 0.2 fm/c to
1 fm/c, keeping the total entropy fixed and assuming

ideal hydro thermal photon v2 for different 
QGP formation times τ0

R. Chatterjee, D.K.Srivastava 
arXiv:0809.0548 [nucl-th]
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ALICE Detector and Data Sample
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Pb-Pb at √sNN=2.76 TeV

17 M min. bias events 
(2010) 
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Photon Conversion Reconstruction using 
the  ALICE Detector

Track reconstruction in TPC 
and ITS

Electron identification using 
TPC dE/dx and TOF

Reconstruction of  V0 decay 
vertex using Kalman filter
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5. Measurement of Photon Conversions in
ALICE

In this chapter the measurement of the photons having converted in the detector material will
be discussed in detail. Therefore, the V0 reconstruction method and the recalculation of the
conversion point will be explained at first. Secondly, the data which was investigated will be
discussed in detail. Afterwards, the method to reduce the background will be explained. Finally,
the analysis of the resulting photon sample the photon characteristics will be presented.

5.1. The V0 reconstruction method

As already mentioned in section 4.2 the ALICE detector measures high energetic collisions of
protons and in the near future heavy ions collisions. The photon signals of interest (discussed
in 2.3.3) have large energies, therefore photons will in general interact with the material via pair
creation. These photon conversions can be reconstructed through the tracking of the conversion
products. As the tracking starts in the TPC, only conversions that happen up to the middle of
the TPC can be reconstructed.
On the reconstruction level vertices from di!erent decay particles are searched for, although !

conversions are not decays, they can be treated as such due to the two opposite charged tracks
coming from one secondary vertex. The reconstruction of the V0 (unknown particle) choses tracks
with a large impact parameter, which are assumed to be secondary tracks. Afterwards, opposite-
sign tracks are combined and the distance of closest approach (DCA) is calculated. If the distance
is below some predefined value and in addition the point of closest approach is located before any
measured points of these tracks, the track pair is retained as a candidate for a secondary decay
vertex. From the decay particles the invariant mass is calculated, by which a suggestion of the
particle identity can be given for the further analysis. The particles that can be reconstructed
using the V0 method are K0

s , ", "̄ and ! conversions. For photon conversions, obviously, only

Figure 5.1.: Sketch of the reconstruction of a generic secondary vertex (left) and a reconstructed event
from the 2009 data taking campaign (right) showing a "0 meson candidate from 2 reconstructed photon
conversions using the V0 method.
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Measurement of Direct Photon v2
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v2direct γ= (Rv2incl γ -v2decay γ)/(R-1)

Ratio R= Nincl γ/Ndecay γ

Inclusive photon v2incl γ

Decay photon v2decay γ from cocktail simulation
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6 Direct Photon v2303

Most of the photons measured in ALICE origininate from hadronic decays such as the neutral pion decay.304

The measurement of inclusive photons includes mainly photons from hadronic decays and a contribution305

of direct photons. The fraction of direct photons can be estimated from the excess of inclusive photons306

compared to decay photons which is described by the Double ratio:307

R =

⇣
dNinclg/dy
dNp0 /dy

⌘

⇣
dNdecayg/dy
dNp0 /dy

⌘

MC

=
Ninclg

Ndecayg (33)

The v2 of direct photons can be calculated from the double ratio, the inclusive photon vinclg
2 measurement308

and an estimate for the decay photon vdecayg
2 :309

vdirectg
2 =

Rvinclg
2 � vdecayg

2
R�1

(34)

6.1 Measurement of Direct Photon Production310

The measurement of the direct photon production is described in [15]. Figure 15a shows the double311

ratio in 0-40 % in comparison to a NLO prediction. The excess of low pT photons is interpreted as a312

contribution from thermal photons. The direct photon spectrum (Fig. 15b) is described by NLO above313

2 GeV/c and a thermal fit at small momenta. Consequently, the excess of low pT photons is interpreted314

as a contribution from thermal photons.315

6.1.1 Parametrization of the direct photon excess316

The measurement of the direct photon production is described in [15]. Figure 16b shows the double317

ratio for 0-40 % centrality. Is indicates an excess of photons of about 20%. In order to supress statistical318

fluctuations and to extrapolate the double ratio to zero momentum an appropriate parametrization is319

needed. The inclusive photon spectrum (Figure 16a) can be described the sum of a tsallis function at low320

momentum and a power law at higher momenta.321

dNinclg

d pT
⇡ I(pT ) = i0(1+

i1x
i2

)i3 +
i4

1+ e
x�i5

i6

(pT � i7)i8 (35)

The power law is multiplied with a fermi function in order to achieve a continuous crossover. The direct322

photon spectrum can be obtained by the double ratio and the inclusive photon spectrum:323

dNdirect

d pT
= (R�1)

dNinclg

d pT
(36)

At low momenta photons are assumed to follow a thermal exponential distribution while photons at324

higher momenta can be described by NLO calculations:325

dNdirect

d pT
⇡ D(pT ) = d0ed1 pT +

d2

1+ e
x�d3

d4

(pT �d5)
d6 (37)

Both parametrizations are fitted and describe the data obviously well. The parametrization of the double326

ratio follows as:327

R(pT ) =
I(pT )

I(pT )�D(pT )
(38)

Double ratio:

Nincl γ from Pb-Pb data

Ndecay γ  from cocktail 
simulation

Measurement of Double Ratio 0-40%

R=1: Nincl γ=Ndecay γ ⇒ no direct photons

Double Ratio R>1: ⇒ contribution of direct photons 

Ndirect γ= (1-1/R)Nincl γ
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Measurement of Direct Photon v2
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v2direct γ= (Rv2incl γ -v2decay γ)/(R-1)

Ratio R= Nincl γ/Ndecay γ

Inclusive photon v2incl γ

Decay photon v2decay γ from cocktail simulation

✔
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Inclusive Photon v2 Analysis

VZERO event plane

VZEROA: η∈[2.8,5.1]

VZEROC: η∈[-3.7,-1.7]

v2= v2raw / resolution
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Inclusive Photon v2 0-40%

14

Magnitude increases with decreasing centrality

Similar to hadrons
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Measurement of Direct Photon v2

15

v2direct γ= (Rv2incl γ -v2decay γ)/(R-1)

Ratio R= Nincl γ/Ndecay γ

Inclusive photon v2incl γ

Decay photon v2decay γ from cocktail simulation

✔

✔
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Cocktail Simulation - Spectra

π0 parametrized with measured 0-40% spectrum

Higher resonances from mT scaling
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Cocktail Simulation v2

v2 of hadronic resonance 
decay photons

Assumption: v2(π±) = v2(π0) 

Quark number scaling in 
transverse kinetic energy 
scaling with v2(π±):

17

6.2 Decay photon v2 from cocktail simulation 21

 (GeV/c)
t

p
2 4 6 8 10 12 14

)
-1

 ((
G

eV
/c

)
t

 d
N

/d
p

⋅
Ev

t
1/

N

-610

-510

-410

-310

-210

-110

1

10

210

310  
γInclusive 

γDirect 

 = 2.76 TeVsPbPb, 

 (GeV/c)
t

p
0 2 4 6 8 10 12 14

do
ub

le
 ra

tio

0.8

1

1.2

1.4

1.6

1.8

2  
Data
par spectra
pol1
const+pol1

 confidenceσ1 

 = 2.76 TeVsPbPb, 

Fig. 16: a) Inclusive photon and direct photon spectra fitted with the parametrization b) Double ratio in 0-40 %
centrality plotted with different parametrizations: blue) Fit to the spectra (Eq. 39), green) linear (Eq: 40) and red)
constant with linear at higher momenta (Eq. 41). For the latter one a 1s confidence interval is plotted. Data points
taken from [16].

6.2 Decay photon v2 from cocktail simulation339

6.2.1 Decay photon spectrum340

The decay photon vdecayg
2 is determined using a cocktail simulation including the particles summarized341

in table 3. The neutral pion spectrum is parametrized with the measured spectrum and the spectra of the342

heavier mesons are estimated by transverse mass mT scaling. Further details about the parametrization343

of the spectra can be found in [16]. Figure 17a shows the meson spectra obtained with the 0 � 40% p0
344

spectrum and mT scaling. In the cocktail simulation only the electromagnetic decay modes summarized345

in table 3 are considered. The relative contribution of the individual meson decays to the decay photon346

spectrum is shown on Figure 17b. The decay photon spectrum is dominated by the neutral pion decay347

followed by the h348

6.2.2 Decay photon anisotropy349

Quark number scaling of v2 in transverse kinetic energy [10] states that350

v2(
KET
nq

)

nq
(42)

with the transverse kinetic energy KET351

KET = mT �m =
q

p2
T +m2 �m (43)

is a universal property of all hadrons and was observed by the PHENIX collaboration [2]. From this352

observation it can be followed, that neutral and charged pions have also similar v2(pT ) since mp0 ⇡ mp± .353

The v2 of heavier mesons decaying into photons cannot be measured due to the small efficiency and354

significance, but if quark number scaling of v2 in transverse kinetic is valid they can be parametrized355

from charged pion v2(pT ). The neutral pion vp0

2 from cocktail simulation in comparison to neutral and356

22 6 DIRECT PHOTON V2

Meson Mass (MeV/c2) Decay Mode Gi/G (%)
p0 (134.9766±0.0006) 2 g (98.798±0.032)

e+e�g (1.198±0.032)
h (547.51±0.18) 2 g (39.38±0.26)

p+p�g (4.69±0.11)
e+e�g (6.0±0.8)⇥10�3

p0 g (4.4±1.6)⇥10�4

r (775.5±0.4) p+p�g (9.9±1.6)⇥10�3

p0 g (6.0±0.8)⇥10�4

hg (2.95±0.30)⇥10�4

w (782.65±0.12) p0 g (8.9+0.27
�0.23)

hg (4.9±0.5)⇥10�4

h 0 (957.78±0.14) rg (29.4±0.9)
wg (3.03±0.31)
2g (2.12±0.14)

f (1019.460±0.019) hg (1.301±0024)
p0 g (1.25±0.07)⇥10�3

wg < 5
Table 3: Cocktail Mesons, their electromagnetic decay modes and the corresponding relative branching ratio.
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Fig. 17: Meson Spectra obtained from a cocktail simulation parametrized with the 0 � 40% p0 spectrum b)
Relative contribution of the individual meson decays to the decay photon spectrum

charged pion measurement is shown on Figure18a . Since only mesons are considered, the quark number357

(nq = 2) is neglected and vX
2 (pX

t ) of any meson X is given by:358

vX
2 (pX

t ) = vp±
2 (

q
(KEx

T +mp±)2 � (mp±)2) (44)

Figure 18a and 18b showsv2 for various mesons as a function of transverse momentum and transverse359

kinetic energy, respectively. The v2 points for heavier mesons are shifted towards higher transverse mo-360

menta.361
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Comparison of Inclusive and Decay 
Photon v2 and Interpretation

Above 3 GeV/c inclusive 
photons significantly smaller 
than decay photons

There must be a direct 
photon contribution with 
smaller v2

Below 3 GeV/c consistent 
within uncertainties

Either contribution of 
direct photons with similar 
v2 or no direct photons

18
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Measurement of Direct Photon v2

19

v2direct γ= (Rv2incl γ -v2decay γ)/(R-1)

Ratio R= Nincl γ/Ndecay γ

Inclusive photon v2incl γ

Decay photon v2decay γ from cocktail simulation

✔
✔
✔
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Direct Photon v2 0-40% and Conclusions

Direct photons in 
0-40% have a significant 
nonzero elliptic flow 
below 3 GeV/c

Magnitude of v2 
comparable to hadrons

Unexpected from TEff

Similar results reported 
by PHENIX (RHIC)

20
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Backup

21
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Effective Temperature from PHENIX

Exponential thermal 
photon spectrum

Inverse slope                 
TEff ≃ 220 ± 20 MeV

Ti from hydro 300-600 
MeV

⇒ Photons produced at 

early time

22

Direct Photon Excess in Au+Au

Stefan Bathe for PHENIX, QM2011

7

 Direct photon excess above p+p
spectrum

 Exponential (consistent with 
thermal)

 Inverse slope = 220 ± 20 MeV

 Ti from hydro

 300 . . . 600 MeV

 Depending on thermalization time

Au+Au

min. bias

√sNN = 200 GeV

p+p

NLO Vogelsang

yi
el
d

PRL 104, 132301 (2010)

(PHENIX arXiv:0912.0244)
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Direct Photon v2 from PHENIX

23
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FIG. 1: (Color online) (a,b,c) v2 in minimum bias collisions,
using two di!erent reaction plane detectors: (solid black cir-
cles) BBC and (solid red squares) RXN for (a) !0, (b) inclu-
sive photon, and (c) direct photon. (d) direct photon fraction
R! for (solid black circles) virtual photons [5] and (open blue
squares) real photons [8] and (e) ratio of direct photon to !0

v2 for (solid black circles) BBC and (solid red squares) RXN.
The vertical error bars on each data point indicate statistical
uncertainties and shaded (gray and cyan) and hatched (red)
areas around the data points indicate sizes of systematic un-
certainties.

inclusive photon v2 measurements are largely immune to
energy scale uncertainties which are typically the domi-
nant source of uncertainty in an absolute (invariant yield)
measurement. The uncertainties on v2 are dominated by
the common uncertainty on determining !RP and by un-
certainties on particle identification. Uncertainties from
absolute yields enter indirectly via the hadron cocktail
(normalization) and more directly at higher pT (where
the real photon measurement is used) by the R!(pT )
needed to establish the direct photon v2. Note that due
to the way v!,dir2 is calculated, once R! is large, its rela-

tive error contributes to the error on v!,dir2 less and less.
Figure 1 shows steps of the analysis using the mini-

mum bias sample, as well as the di!erences between re-
sults obtained with BBC and RXN. The first v2 of "0 and
inclusive photons (v"

0

2 ,v!,inc2 ) are measured, as described

above (panels (a) and (b)). Then, using the v!,bg2 of pho-
tons from hadronic decays and the R! direct photon ex-

cess ratio, we derive the v!,dir2 of direct photons (panel
(c)). Panel (d) shows the R!(pT ) values from the di-
rect photon invariant yield measurements using internal
conversion [5] and real [8] photons, with their respective

uncertainties. Panel (e) shows the ratio of v!,dir2 /v"
0

2 .
We observe substantial direct photon flow in the low pT

region (c), commensurate with the hadron flow itself (e).
However, in contrast to hadrons, the direct photon v2
rapidly decreases with pT ; and starting with 5 GeV/c
and above, it is consistent with zero (c). The rapid tran-
sition from high direct photon flow at 3 GeV/c to zero
flow at 5 GeV/c is also demonstrated on panel (e), since
the "0 v2 changes little in this region [4].
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FIG. 2: (Color online) (a,c,e) Centrality dependence of v2
for (solid black circles) !0, (solid red squares) inclusive pho-
tons, and (b,d,f) (solid black circles) direct photons measured
with the BBC detector for (a,b) minimum bias (c,d) 0-20%
centrality, and (e,f) 20-40% centrality. For (b,d,f) the direct
photon fraction is taken from [5] up to 4 GeV/c and from [8]
for higher pT . The vertical error bars on each data point
indicate statistical uncertainties and the shaded (gray) and
hatched (red) areas around the data points indicate sizes of
systematic uncertainties.

A major issue in any azimuthal asymmetry measure-
ment is the potential bias from where in pseudorapidity
the (event-by-event) reaction plane is measured. At low
pT – where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior – there is no di!erence between the flow derived
with BBC and RXN. However, at higher pT we observe
that the v2 values using BBC and RXN diverge, particu-
larly for "0 (panel (a) in Fig. 1), less for inclusive photons.
For direct photons (panel (c)) the two results are appar-
ently consistent within their total errors, including the

Large v2direct compared to hadron v2 supports 
theory of production in hadronic phase

Temperature (TEff ≃ 220 ± 20 MeV) favors early 
production time

PHENIX nucl-ex, arXiv:1105.4126
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Hadron EM decay modes

24

16 5 DIRECT PHOTON V2

Meson Mass (MeV/c2) Decay Mode Gi/G (%)
p0 (134.9766±0.0006) 2 g (98.798±0.032)

e+e�g (1.198±0.032)
h (547.51±0.18) 2 g (39.38±0.26)

p+p�g (4.69±0.11)
e+e�g (6.0±0.8)⇥10�3

p0 g (4.4±1.6)⇥10�4

r (775.5±0.4) p+p�g (9.9±1.6)⇥10�3

p0 g (6.0±0.8)⇥10�4

hg (2.95±0.30)⇥10�4

w (782.65±0.12) p0 g (8.9+0.27
�0.23)

hg (4.9±0.5)⇥10�4

h 0 (957.78±0.14) rg (29.4±0.9)
wg (3.03±0.31)
2g (2.12±0.14)

f (1019.460±0.019) hg (1.301±0024)
p0 g (1.25±0.07)⇥10�3

wg < 5
Table 3: Cocktail Mesons, their electromagnetic decay modes and the corresponding relative branching ratio.
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Fig. 11: Meson Spectra obtained from a cocktail simulation parametrized with the 0 � 40% p0 spectrum b)
Relative contribution of the individual meson decays to the decay photon spectrum

is a universal property of all hadrons and was observed by the PHENIX collaboration [2]. From this260

observation it can be followed, that neutral and charged pions have also similar v2(pT ) since mp0 ⇡ mp± .261

The v2 of heavier mesons decaying into photons cannot be measured due to the small efficiency and262

significance, but if quark number scaling of v2 in transverse kinetic is valid they can be parametrized263

from charged pion v2(pT ). The neutral pion vp0

2 from cocktail simulation in comparison to neutral and264

charged pion measurement is shown on Figure12a . Since only mesons are considered, the quark number265

(nq = 2) is neglected and vX
2 (pX

t ) of any meson X is given by:266

vX
2 (pX

t ) = vp±
2 (

q
(KEx

T +mp±)2 � (mp±)2) (28)
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