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Photon Measurements with ALICE
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Photon Conversion Method

Inner Tracking System +Time 
Projection Chamber

pseudorapidity coverage: |η|<0.9

azimuthal coverage: 360 deg

Electro Magnetic Calorimeter 
(EMCAL)

pseudorapidity coverage: |η|<0.7

azimuthal coverage: 110 deg

Photon Spectrometer (PHOS)

pseudorapidity coverage: |η|<0.12

azimuthal coverage: 100 deg 
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Direct Photon excess calculated via Double ratio:

inclusive photons = experimentally observed photons

decay photons from cocktail simulation

4

19

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)

Direct Photon Analysis Strategy
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Inclusive Photon Invariant Yield

Spectra corrected for

efficiency + purity

conversion probability

Main systematic 
uncertainty from

Material budget (~4.5 %)

Uncertainty estimated by 
cut variation

pT <5 GeV/c ~ 6%

pT >5 GeV/c ~ 15%
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Cocktail Simulation - Spectra

π0 parametrized with measured π0 spectrum

Higher resonances from transverse mass mT scaling

6

 (GeV/c)
T

p
0 2 4 6 8 10 12 14

0
π

 /
 

d
e

ca
y

γ
-510

-410

-310

-210

-110

1

10

210

310
γall decay 

)γ-e
+

 (eγγ → 0π

)γγ0π,γ-e+,eγ-π
+

π (γγ → η

)γη (γ0π → ω

)γγ, γω (γρ →’ η

)γω, γ
0

π (γη → φ

)γη, γ
0

π (γ-π+π → ρ

 = 2.76 TeVNNs0-40%  Pb-Pb, 

30/07/2012

ALI−PERF−27980

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)

mailto:Daniel.Lohner@cern.ch
mailto:Daniel.Lohner@cern.ch


Daniel.Lohner@cern.ch Feb 21, 2014

Double Ratio Pb-Pb 40-80% peripheral

No significant direct photon excess

Consistent with binary scaled (Ncoll) NLO pQCD for pp
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Double Ratio in 0-40% central Pb-Pb

High pT consistent with binary scaled (Ncoll) NLO pQCD for pp

Low pT excess - thermal photons? Significant?
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ALICE Direct Photon Spectrum
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Spectrum consistent 
with NLO (pQCD) 
above 4 GeV/c

Low pT spectrum 
described by 
exponential fit with 
inverse slope 
TEff ≈ 300 MeV

What is the physical 
interpretation of TEff ?
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Direct Photon excess calculated via Double ratio:

inclusive photons = experimentally observed photons

decay photons from cocktail simulation

Direct photon elliptic flow

10
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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)

Direct Photon Analysis Strategy

v�,dir2 =
Rv�,incl2 � v�,decay2

R� 1
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Inclusive Photon v2 Analysis

VZERO event plane (Ψ2)

VZERO A: η∈[2.8,5.1]

VZERO C: η∈[-3.7,-1.7]

v2= v2raw / resolution
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Inclusive Photon v2

12

Systematic Uncertainty (~2%) 
small compared to Spectra:

v2 is a relative measure of in/
out of plane yields

Uncertainties on the yield 
almost cancel out
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Cocktail Simulation v2

v2 of hadron decay photons

Assumption: v2(π±) = v2(π0) 

5 % Uncertainty for possible  
v2(π±) ≉ v2(π0) deviation

Quark number scaling in 
transverse kinetic energy 

13

6.2 Decay photon v2 from cocktail simulation 21
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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

14

mailto:Daniel.Lohner@cern.ch
mailto:Daniel.Lohner@cern.ch


Daniel.Lohner@cern.ch Feb 21, 2014

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

Systematic uncertainty 
mainly from direct photon 
excess and decay photon 
v2

15
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Direct Photons, 0-40%

FIG. 1: (Color online) Thermal photon pT spectra considering
complete leading order plasma rates [23] and next-to-leading
order plasma rates [25] for 2.76A TeV Pb+Pb collisions at
LHC and for 0–40% centrality bin. ALICE direct photons
spectrum [28] and next-to-leading order pQCD photons are
also plotted for comparison.

Here ε is the energy density, r2 = x2 + y2, and φ is the
azimuthal angle. The triangularity or the initial triangu-
lar eccentricity of the matter density is calculated using
the relation

ε3 = −
∫

dxdy r3 cos
[

3
(

φ− ψPP
3

)]

ε (x, y, τ0)
∫

dxdy r3ε (x, y, τ0)
. (6)

III. RESULTS

Thermal photon pT spectra for 0–40% central collision
of Pb nuclei at

√
sNN=2.76 TeV at LHC are shown in

Figure 1. Results from smooth IC (SIC) using complete
LO plasma rates (blue dotted line) and NLO plasma rates
(solid orange line) are compared. Here the smooth IC is
obtained by taking initial state average of 1000 random
events which essentially removes all the fluctuations in
the initial density distribution. We see that the addition
of NLO contribution to the complete LO rate increases
the thermal photon production by 10–15% in the range
pT < 2 GeV/c, whereas for pT > 2 GeV/c LO and NLO
spectra look quite similar and fall on top of each other.
In addition, we observe that the additional NLO con-
tribution to the thermal photon production is still not
sufficient to match the experimental data in the range
pT <2 GeV/c.
As shown before [16], thermal photons from fluctu-

ating IC (FIC) along with the contribution from NLO
pQCD [27] explain the direct photon pT spectrum mea-
sured by ALICE [28] well in the region pT >2 GeV/c.
The result from the fluctuating IC is obtained by taking
final state average over the pT spectra from large number
of random events.
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FIG. 2: (Color online) Triangular and elliptic flow of thermal
photons with respect to RP and PP angles for 0–40% central
collisions of Pb nuclei at LHC and for σ =0.4 fm.

The calculation of the elliptic and the triangular flow
anisotropies of thermal photons from the E-by-E hydro-
dynamic model is numerically expensive process. The
time taken by the NLO plasma rates to calculate the pT
spectra is significantly larger than the time taken by the
LO plasma rates and also the difference between the two
rates is not significant for pT > 2 GeV/c. For this reason
we consider it a good approximation to use the LO rates
to calculate the flow anisotropies of thermal photons.
Figure 2 shows triangular flow parameter v3 of thermal

photons as a function of pT for 0–40% central collision of
Pb nuclei at

√
sNN=2.76 TeV at LHC. The v3 calculated

with respect to the participant plane angle (red solid line
closed circle) as well as to the reaction plane (RP) (blue
solid line closed squares) are shown for σ=0.4 fm. The
elliptic flow parameters v2(PP) and v2(RP) calculated
for the same centrality bin [17] are shown as well for
comparison. The v3 results are obtained by averaging
over the triangular flow results from 400 random events
and we also show the standard errors on both the v3(PP)
and v3(RP).
We see that v3(PP) for thermal photons is positive and

significant compared to the the elliptic flow results calcu-
lated for the same centrality bin in the region 1 ≤ pT ≤ 6
GeV/c. At pT = 1 GeV/c, the difference between v3(PP)
and v2(PP) is maximum and v3(PP) is almost half of
the value of v2(PP) at that pT . The difference reduces
more and more towards higher values of pT . v3(PP) is
about 80% of the value of v2(PP) at pT =3 GeV/c and
at pT = 5 GeV/c, the difference between the two results
is about 10–15%.
Triangular flow calculated with respect to the reaction

plane from individual events are found to be both positive
and negative. As expected, the averaged v3(RP) is zero
within standard errors as shown in the Figure 2.
In order to understand the individual effects of global

geometry and local fluctuations on the triangular flow
results better we study v3 of individual events by keep-

Theory Comparison
‘The direct photon puzzle’

16

Theory calculations underestimate spectrum and elliptic flow

8

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
pT (GeV/c)

0.00

0.01

0.02

0.03

0.04

0.05

v 2 (p
T)

v2(PP, FIC)
v2(RP, FIC)
v2(SIC)

Elliptic flow of thermal photons

0-40%, τ
0
=0.14 fm/c, σ=0.4 fm

2.76A TeV Pb+Pb@LHC

v2(SIC), 200A GeV Au+Au@RHIC
0-40%, τ

0
=0.17 fm/c

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
pT (GeV/c)

-0.05

0.00

0.05

0.10

0.15

0.20

v 2 (p
T)

ALICE Preliminary
v2(PP, FIC)
v2(RP, FIC)
v2(SIC)

Direct photon v2

0-40%, τ
0
=0.14 fm/c, σ=0.4 fm

2.76A TeV Pb+Pb@LHC

FIG. 9: (Color online)[Upper panel] Elliptic flow of thermal
photons for 0–40% central collisions of Pb nuclei at LHC.
[Lower panel] Thermal photon elliptic flow and the ALICE
preliminary direct photon v2 data [17] at LHC.

of Figure 9. As expected, the results from ideal hydrody-
namic calculation are well below the experimental data
for pT ≤ 3.5 GeV/c.

The thermal photon pT spectra at LHC from the
smooth and the fluctuating IC along with the ALICE
preliminary direct photon data [38] are shown in the
upper panel of Figure 10. Prompt photons from NLO
pQCD calculation along with the separate direct (Comp-
ton+annihilation) and fragmentation contributions are
also shown for comparison. Similar to RHIC the direct
photon spectrum is dominated by the prompt photons
for pT > 4 GeV/c at LHC. However, unlike at RHIC the
fragmentation component at LHC is found to dominate
over the direct component in the total prompt photon
yield up to a very large pT (∼ 6 GeV/c). One can see
that the thermal photons from the fluctuating IC added
together with the prompt photons explain the direct pho-
ton spectrum well in the region pT > 2.5 GeV/c.

Inclusion of the prompt contribution reduces the pho-
ton v2 at LHC (lower panel of Figure 10) and the results
are similar to the RHIC case.
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FIG. 10: (Color online) [Upper panel] Prompt (direct + frag-
mentation) and thermal (FIC and SIC) photons from 2.76A
TeV Pb+Pb collisions at LHC for 0–40% centrality bin along
with ALICE preliminary direct photon data [38]. [Lower
panel] v2 with and without the prompt photon contribution
for smooth and fluctuating IC.

IV. SUMMARY AND CONCLUSIONS

We have calculated the elliptic flow of thermal photons
from an E-by-E ideal hydrodynamic model for Au+Au
collisions at RHIC and Pb+Pb collisions at the LHC.
In order to understand the physics processes underlying
the photon v2 better first we studied an individual event
with different fluctuation size parameters. We saw that
a smaller σ leads to larger momentum anisotropy and
transverse flow velocity during the hydrodynamical evo-
lution. However, at pT > 2.5 GeV/c the photon elliptic
flow with a small size parameter is an order of magnitude
larger than with a large σ and this difference cannot be
understood alone from the increase in the momentum
anisotropy and the transverse flow velocity.
To understand the increase better, we studied the pho-

ton emission as a function of time in one single event. We
see that with small size parameters the photon emission
is enhanced much more at later times compared to the
early times and thus the average emission time gets larger
for smaller σ due to the presence of hotspots in the IC.

Chatterjee et al.
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Closer look at the spectra

NLO pQCD “within 
uncertainties” 

Hydrodynamical 
predictions numerically 
about 75% smaller 
compared to the 
measurement

Is this a significant effect?

If not, we should be 
careful when saying: 
“Theoretical calculations 
underestimate data”
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FIG. 1: (Color online) Thermal photon pT spectra considering
complete leading order plasma rates [23] and next-to-leading
order plasma rates [25] for 2.76A TeV Pb+Pb collisions at
LHC and for 0–40% centrality bin. ALICE direct photons
spectrum [28] and next-to-leading order pQCD photons are
also plotted for comparison.

Here ε is the energy density, r2 = x2 + y2, and φ is the
azimuthal angle. The triangularity or the initial triangu-
lar eccentricity of the matter density is calculated using
the relation

ε3 = −
∫

dxdy r3 cos
[

3
(

φ− ψPP
3

)]

ε (x, y, τ0)
∫

dxdy r3ε (x, y, τ0)
. (6)

III. RESULTS

Thermal photon pT spectra for 0–40% central collision
of Pb nuclei at

√
sNN=2.76 TeV at LHC are shown in

Figure 1. Results from smooth IC (SIC) using complete
LO plasma rates (blue dotted line) and NLO plasma rates
(solid orange line) are compared. Here the smooth IC is
obtained by taking initial state average of 1000 random
events which essentially removes all the fluctuations in
the initial density distribution. We see that the addition
of NLO contribution to the complete LO rate increases
the thermal photon production by 10–15% in the range
pT < 2 GeV/c, whereas for pT > 2 GeV/c LO and NLO
spectra look quite similar and fall on top of each other.
In addition, we observe that the additional NLO con-
tribution to the thermal photon production is still not
sufficient to match the experimental data in the range
pT <2 GeV/c.
As shown before [16], thermal photons from fluctu-

ating IC (FIC) along with the contribution from NLO
pQCD [27] explain the direct photon pT spectrum mea-
sured by ALICE [28] well in the region pT >2 GeV/c.
The result from the fluctuating IC is obtained by taking
final state average over the pT spectra from large number
of random events.
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FIG. 2: (Color online) Triangular and elliptic flow of thermal
photons with respect to RP and PP angles for 0–40% central
collisions of Pb nuclei at LHC and for σ =0.4 fm.

The calculation of the elliptic and the triangular flow
anisotropies of thermal photons from the E-by-E hydro-
dynamic model is numerically expensive process. The
time taken by the NLO plasma rates to calculate the pT
spectra is significantly larger than the time taken by the
LO plasma rates and also the difference between the two
rates is not significant for pT > 2 GeV/c. For this reason
we consider it a good approximation to use the LO rates
to calculate the flow anisotropies of thermal photons.
Figure 2 shows triangular flow parameter v3 of thermal

photons as a function of pT for 0–40% central collision of
Pb nuclei at

√
sNN=2.76 TeV at LHC. The v3 calculated

with respect to the participant plane angle (red solid line
closed circle) as well as to the reaction plane (RP) (blue
solid line closed squares) are shown for σ=0.4 fm. The
elliptic flow parameters v2(PP) and v2(RP) calculated
for the same centrality bin [17] are shown as well for
comparison. The v3 results are obtained by averaging
over the triangular flow results from 400 random events
and we also show the standard errors on both the v3(PP)
and v3(RP).
We see that v3(PP) for thermal photons is positive and

significant compared to the the elliptic flow results calcu-
lated for the same centrality bin in the region 1 ≤ pT ≤ 6
GeV/c. At pT = 1 GeV/c, the difference between v3(PP)
and v2(PP) is maximum and v3(PP) is almost half of
the value of v2(PP) at that pT . The difference reduces
more and more towards higher values of pT . v3(PP) is
about 80% of the value of v2(PP) at pT =3 GeV/c and
at pT = 5 GeV/c, the difference between the two results
is about 10–15%.
Triangular flow calculated with respect to the reaction

plane from individual events are found to be both positive
and negative. As expected, the averaged v3(RP) is zero
within standard errors as shown in the Figure 2.
In order to understand the individual effects of global

geometry and local fluctuations on the triangular flow
results better we study v3 of individual events by keep-
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Closer look at the double ratio

~1.5 sigma difference 
between data and theory 
at low pT

How large is the 
correlated part of the 
systematic uncertainty?

4.5 % uncertainty on 
material budget

There is a ~10 % 
probability that we can 
shift all points down by 
more than 4.5%
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Closer look at direct photon v2

Large systematic 
uncertainties mainly from 
direct photon excess

What is the level of 
correlation of systematic 
uncertainties 

Is discrepancy between 
theory and data 
significant? 
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FIG. 9: (Color online)[Upper panel] Elliptic flow of thermal
photons for 0–40% central collisions of Pb nuclei at LHC.
[Lower panel] Thermal photon elliptic flow and the ALICE
preliminary direct photon v2 data [17] at LHC.

of Figure 9. As expected, the results from ideal hydrody-
namic calculation are well below the experimental data
for pT ≤ 3.5 GeV/c.

The thermal photon pT spectra at LHC from the
smooth and the fluctuating IC along with the ALICE
preliminary direct photon data [38] are shown in the
upper panel of Figure 10. Prompt photons from NLO
pQCD calculation along with the separate direct (Comp-
ton+annihilation) and fragmentation contributions are
also shown for comparison. Similar to RHIC the direct
photon spectrum is dominated by the prompt photons
for pT > 4 GeV/c at LHC. However, unlike at RHIC the
fragmentation component at LHC is found to dominate
over the direct component in the total prompt photon
yield up to a very large pT (∼ 6 GeV/c). One can see
that the thermal photons from the fluctuating IC added
together with the prompt photons explain the direct pho-
ton spectrum well in the region pT > 2.5 GeV/c.

Inclusion of the prompt contribution reduces the pho-
ton v2 at LHC (lower panel of Figure 10) and the results
are similar to the RHIC case.
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FIG. 10: (Color online) [Upper panel] Prompt (direct + frag-
mentation) and thermal (FIC and SIC) photons from 2.76A
TeV Pb+Pb collisions at LHC for 0–40% centrality bin along
with ALICE preliminary direct photon data [38]. [Lower
panel] v2 with and without the prompt photon contribution
for smooth and fluctuating IC.

IV. SUMMARY AND CONCLUSIONS

We have calculated the elliptic flow of thermal photons
from an E-by-E ideal hydrodynamic model for Au+Au
collisions at RHIC and Pb+Pb collisions at the LHC.
In order to understand the physics processes underlying
the photon v2 better first we studied an individual event
with different fluctuation size parameters. We saw that
a smaller σ leads to larger momentum anisotropy and
transverse flow velocity during the hydrodynamical evo-
lution. However, at pT > 2.5 GeV/c the photon elliptic
flow with a small size parameter is an order of magnitude
larger than with a large σ and this difference cannot be
understood alone from the increase in the momentum
anisotropy and the transverse flow velocity.
To understand the increase better, we studied the pho-

ton emission as a function of time in one single event. We
see that with small size parameters the photon emission
is enhanced much more at later times compared to the
early times and thus the average emission time gets larger
for smaller σ due to the presence of hotspots in the IC.
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Summary

It is important to understand the correlation of 
systematic uncertainties

Classification of uncertainties will allow for Chi2 tests and 
thus more quantitative statements about significance of 
experimental results

Final direct photon spectra paper to be published soon

Photon Conversion Method and PHOS Calorimeter

Measurement in finer centrality bins

Direct photon v2 and v3 paper will follow spectra paper
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