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FIG. 1: Ratio R! for di ! erent centrality selections, for the
PbGl and the PbSc analysis. The error bars indicate point-
to-point uncertainties, the boxes around the points indica te
pT correlated uncertainties.

sions are shown in the top panel of Fig. 2 for ten centrality
selections. The shape of the spectra are seen to be similar
for all centralities. The bottom panel shows a compari-
son of the PbGl and PbSc spectra to the combined result
for the 0− 5% most central collisions. A good agreement
between the two measurements is observed.
Fig. 2 also includes the p+p spectrum at the same en-

ergy, measured by PHENIX [20]. The p+p spectrum
is compared to a power law fit (A/p T )n with power
n = 7.08 ± 0.09(stat) ± 0.1(syst) obtained by fitting the
region pT > 8 GeV/c [20]. The fit is extrapolated to
lower pT . A power law fit to the minimum bias (most
central) Au+Au spectrum yields a power of n = 6.85 ±
0.07(stat)± 0.02(syst) (n = 7.18± 0.14(stat)± 0.06(syst))
consistent with the power of the p+p fit. The agreement
indicates no apparent shape modification of the spectra
compared to p+p collisions.
For hard processes, the yield in A+A collisions for a

particular impact parameter selection is expected to be
equal to the cross section in p+p collisions, scaled by the
average nuclear thickness function ⟨TAA ⟩ = ⟨Ncoll ⟩ / σinel

pp

for the associated centrality selection. Here, ⟨Ncoll ⟩ is the
number of binary nucleon-nucleon collisions, calculated
with the Glauber Model Monte Carlo for the selected
centrality, and σinel

pp is the total inelastic p+p cross sec-
tion of 42mb. In Fig. 2, the power law fit to the p+p
direct photon spectrum has been scaled by the nuclear
thickness function for each of the ten centrality selections,
and overlaid on the measured result for that centrality.
The comparison indicates that the magnitude, as well as
the shape of the direct photon spectra, are in agreement
with expectations from p+p collisions for all centralities.
Nuclear effects are quantified by the nuclear modifica-

tion factor, RAA . For a given centrality selection, RAA

is given by the ratio of the measured invariant yields in
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FIG. 2: (a) Direct photon spectra for all centrality selecti ons
in Au+Au, and for p+ p measured in [20]. The error bars
indicate point-to-point uncertainties, the boxes around t he
points indicate pT correlated uncertainties. The lines depict
a TAA scaled Þt for pT > 8 GeV/ c to the p+ p cross section,
they are dashed for the range where the Þt is extrapolated to
lower pT . (b) Comparison of the PbGl and PbSc results with
the combined result for the 0 − 5% most central events. The
error bars show the total uncertainties.

Au+Au collisions, divided by the production cross sec-
tion for the same particle in p+p collisions, scaled with
the average nuclear thickness function for that centrality:

RAA (pT ) =
(1/N evt

AA )d2NAA /dpTdy
⟨TAA ⟩ × d2σpp/dpTdy

, (1)

where d2σpp/dpTdy is the measured p+p cross section for
direct photons [20].
The direct photon nuclear modification factor is shown

in Fig. 3 for three different centrality selections. The RAA

results are calculated using the measured direct photon
results from p+p collisions for the first time. The RAA

values are consistent with unity, within errors, for all
centrality selections over the entire pT range.
In Fig. 4, the measured nuclear modification factor for

central Au+Au collisions is compared to theoretical cal-
culations that predict modifications of the direct pho-
ton yield due to initial state (IS) and final state (FS)
effects [2–5]. IS effects include the isospin effect due to
the different photon cross sections in p+p, n+n, and p+n
collisions (“Isospin effect” in Fig. 4), and modifications
of nuclear structure functions due to shadowing and anti-
shadowing (“EPS09 PDF”) [5]. The EPS09 calculation
also includes the isospin effect.
FS modifications due to QGP lead, on one hand,

NW!ZX[2,NV>,L\],0J\LJ9,L^JK\J,
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FIG. 3: Direct photon nuclear modiÞcation factor RAA for
three different centrality selections. The error bars show
point-to-point uncertainties, the boxes around the points de-
pict pT correlated uncertainties. The boxes on the left show
the uncertainty of the total inelastic p+ p cross section, the
boxes on the right show the uncertainty in Ncoll.
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FIG. 4: Direct photon nuclear modiÞcation factor RAA for
0 − 5% most central events, compared with theoretical cal-
culations [2Ð5] for different scenarios. The boxes depict the
same uncertainties as in Fig. 3. Note that the EPS09 curve
is calculated for minimum bias collisions.

to a lower photon yield, since energy loss of a parton
also means suppression of the corresponding fragmen-
tation photon yield. On the other hand, QGP effects
can increase the photon yield due to radiation resulting
from jet-medium interactions (Òprompt+QGPÓ) [2, 4].
This FS calculation also takes into account the afore-
mentioned IS effects. Yet another calculation [3] in-
cludes IS effects, as well as FS energy loss and medium-
induced photon bremsstrahlung and the LPM effect
(Òcoherent+conversion+∆EÓ). The data are consistent
with a scenario where the hard scattered photons are
produced taking account of the isospin effect and mod-
iÞcations of the nuclear PDFs and then simply traverse
the matter unaffected. Balancing effects from the QGP
such as fragmentation photon suppression and enhance-
ment due to jet-medium interactions are not excluded by

the data. The approach in [3] is in disagreement with
the data. This conÞrms that the majority (if not all)
direct photons at high pT come directly from hard scat-
tering processes and suggests that possible effects from
the QGP all but cancel.

In summary, PHENIX has measured direct photon
spectra in Au+Au collisions at

√
s
NN

= 200 GeV at
midrapidity in the transverse momentum range of 4 <
pT < 20 GeV/c. The direct photon nuclear modiÞcation
factor RAA has been calculated as a function ofpT us-
ing a measuredp+ p reference for the Þrst time. It is
consistent with unity for all centrality selections over the
entire measuredpT range. Theoretical models for direct
photon production in Au+Au collisions are compared to
the data. Some of these models are found to be in quan-
titative agreement with the measurement while others
appear to be disfavored by the data. Collectively, the ef-
fects of the QGP on the highpT direct photon yield are
apparently small.
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hTAA i. The ratios are constant within uncertainties for
all centrality classes over the range of measuredpZT .
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FIG. 3: Left: corrected per-event p

Z
T

spectra of measured Z

bosons in five centrality classes. The data are compared to
a Pythia simulation normalized to the NNLO p + p cross
section and scaled by !T

AA

", shown as bands. Right: ra-
tios of the data to the model in each centrality class. Bars
represent statistical uncertainties, boxes represent systematic
uncertainties, and bands represent the normalization uncer-
tainty.

To further examine the binary collision scaling of the
data, the Z boson per-event yields, divided byhNcoll i,
are shown in Fig. 4 as a function ofhNpart i, in several
pZT bins. The Þgure demonstrates that theZ ! ee and
Z ! µµ results are consistent within their uncertainties
for all pZT and centrality regions. Within the statistical
signiÞcance of the data sample, theZ boson per-event
yield obeys binary collision scaling.

The elliptic anisotropy, v2, of the Z boson is deÞned as
v2 = hcos 2(�� 2)i/�2, where� is the azimuthal angle of
the Z boson momentum vector and 2 is the azimuthal
angle of the event plane, the plane containing the mo-
mentum vectors of both lead nuclei and measured with
resolution �2 [24]. The v2 values measured in the two de-
cay channels are consistent and are combined. The main
uncertainty on the v2 measurement arises from the event
plane (EP) resolution, which is measured from the di↵er-
ence of 2 determined using the two sides of the FCal at
positive and negative rapidities [24]. To ensure that the
jets associated withZ boson production do not a↵ect the
determination of  2, the EP resolution is also measured
ordering the FCal sides in the di↵erence according to the
direction of the Z boson. A systematic uncertainty of
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12 mrad is assigned for possible EP distortion.
The v2 of the Z boson is shown in Fig. 5 as a func-

tion of |yZ |, pZT , and hNpart i. The averaged v2 of
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the Z boson has been measured to bev2 = �0.015±
0.018(stat.)± 0.014(sys.), which indicates an isotropic dis-
tribution. This observation is an independent measure-
ment consistent with Z ! `` yields being una↵ected by
the medium in HI collisions.

Using the ATLAS detector, Z boson production has
been measured in Pb+Pb collisions at

p
s
NN

=2.76 TeV

3

As in the Z ! eeanalysis, an invariant mass window of
66 < m

µµ

< 102 GeV is used to deÞne oppositely charged
muon pairs asZ boson candidates and same-sign charged
pairs as a background estimate. In total, 1223 opposite-
sign candidates and 14 same-sign pairs are reconstructed
in the Z ! µµ channel.

The invariant mass distributions of the selected pairs
together with estimated combinatorial backgrounds are
shown in Fig. 1, compared with the simulation normal-
ized to the number of pairs in the region 66< m !! <
102 GeV (! = e, µ). In order to calculate the yield, the
combinatorial background estimated with the same-sign
pairs must be subtracted. Backgrounds from electroweak
processes and top pair decays [21] are small compared to
the combinatorial backgrounds, and their contribution is
accounted for in the systematic uncertainty related to the
background.
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FIG. 1: The invariant mass distributions of Z ! ee (left)
and Z ! µµ (right) candidates, integrated over momentum,
rapidity, and centrality. Bars represent the statistical un-
certainty. The number of pairs with 66 < m!! < 102 GeV
(marked by the vertical dashed lines) is listed. The simula-
tion is weighted to match the centrality distribution in data
and normalized in the region 66 < m!! < 102 GeV.

The main sources of systematic uncertainty in both
measurement channels are associated with the precision
to which the corrections applied to the data can be calcu-
lated. In the p+ p environment, the muon reconstruction
e! ciencies in data and simulation agree to 1% (2% for
p
T

< 15 GeV) [22]. The MS maintains low occupancy in
the Pb+Pb environment. The di " erence in the fraction
of muons reconstructed only in the MS, between data and
simulation is used to estimate the systematic uncertainty
on the reconstruction e! ciency. To evaluate the uncer-
tainty on the e! ciency of the electron identiÞcation cuts,
the e! ciency is computed from the HI data using a tag-
and-probe technique [14] and compared to the e! ciency
computed from simulation. The systematic uncertainty
due to momentum resolution is estimated by introducing
additional momentum smearing to the simulation. The

e! ciency (resolution) uncertainties are " 5.5% (2.5%)
for Z ! µµ, and 8% (2.5%) in Z ! ee; these estimates
vary with pZ

T

and yZ .
The trigger e! ciency uncertainties are estimated by

using alternative methods and comparing their results
with those obtained from the MB data set. For this com-
parison the simulation trigger e! ciency is used, as well
as the conditional trigger e! ciency of a second lepton in
a triggered pair reconstructed as aZ boson.

For each Z ! !! analysis, correction factors to ac-
count for the e! ciency (relative to Z bosons produced
with 66 < m

Z

< 116 GeV) and detector resolution within
the selected acceptance based on the simulation are cal-
culated di" erentially in event centrality, pZ

T

, and yZ . In
each decay channel, the correction factor is applied and
the background, estimated by the same-sign pairs, is
subtracted. The two measurements are averaged with
weights set by their respective uncertainties.

The fully corrected yZ distribution is shown in Fig. 2.
No centrality dependence of this shape is observed. The
data are compared to a model composed ofPythia
events normalized to the Z ! !! cross section inp + p
collisions at

#
s
NN

= 2 .76 TeV taken from next-to-next-
to-leading-order (NNLO) calculations used in Ref. [23]
and scaled by$T

AA

%. Incorporating p+ n and n + n colli-
sions would increase the cross section by 3%. The shape
is well reproduced byPythia , and the integrated yield
is in good agreement with the$T

AA

%-scaled NNLO cross
section.
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The fully corrected p
T

distributions in Þve centrality
classes are shown in the left panel of Fig. 3 along with the
model prediction. The shape as a function ofpZ

T

is well
reproduced by Pythia . The right panel of Fig. 3 shows
the ratios of the data to the Pythia prediction scaled by
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FIG. 3: (color online) The fraction of the direct photon com-
ponent as a function of pT . The error bars and the error band
represent the statistical and systematic uncertainties, r espec-
tively. The curves are from a NLO pQCD calculation (see
text).

distorted within the systematic uncertainties, and the
Þtting procedure is applied to the distorted spectrum to
determine the systematic uncertainties in r . The sys-
tematic uncertainty due to the variation of mlow is also
included. The dominant uncertainty is the particle com-
position in the hadronic cocktail, namely the ! / " 0 ratio
which is 0.48± 0.03(0.08) at high pT for p+ p (Au + Au)
based on PHENIX measurements [17]. This corresponds
to a ≃ 7% (≃ 17%) uncertainty in the p + p (Au + Au)
cocktail for 0.1 < m ee < 0.3 GeV/ c2. Other sources
cause only a few percent uncertainty in the data to cock-
tail ratio.

Figure 3 shows the fractionr of the direct photon com-
ponent determined by the two-component Þt in (a) p+ p
and (b) Au + Au (Min. Bias). The curves represent
the expectations from a next-to-leading-order perturba-
tive QCD (NLO pQCD) calculation [18]. For p + p,
the curves show the ratiod#NLO

γ (pT )/d #incl
γ (pT ), where

d#NLO
γ (pT ) is the direct photon cross section from the

NLO pQCD calculation and d#incl
γ (pT ) is the inclusive

photon cross section. For Au + Au, the curves represent
TAA d#NLO

γ (pT )/dN incl
γ (pT ), where TAA is the Glauber

nuclear overlap function and dN incl
γ (pT ) is the inclusive

photon yield. The three curves correspond, from top to
bottom, to the theory scale µ = 0.5 pT , pT , and 2 pT ,
respectively, showing the scale dependence of the theory.
While the fraction r is consistent with the NLO pQCD
calculation [18] in p + p, it is larger than the calculation
in Au + Au for pT < 3.5 GeV/ c.

The direct photon fraction r in Fig. 3 is converted to
the direct photon yield as dN dir (pT ) = r × dN incl (pT ).
The inclusive photon yield dN incl (pT ) for each pT bin
is determined from the yield of e+ e− pairs for mee <
0.03 GeV/c2 using Eq. (1). Here we use the fact that in
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FIG. 4: (color online) Invariant cross section ( p + p) and in-
variant yield (Au + Au) of direct photons as a function of pT .
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from [19, 20]. The three curves on the p + p data represent
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Þed power-law Þt to the p+ p data, scaled by TAA . The dashed
(black) curves are exponential plus the TAA scaled p + p Þt.
The dotted (red) curve near the 0Ð20% centrality data is a
theory calculation [7].

this mass range the process dependent factorS is unity
within a few percent for any photon source.

Figure 4 compares the direct photon spectra with pre-
viously measured direct photon data from [19, 20] and
NLO pQCD calculations [18]. The systematic uncer-
tainty of the inclusive photon (14% from the uncertainty
in the e+ e− pair acceptance correction[12]) is added in
quadrature with the systematic uncertainties of these
data. The p + p data are shown as an invariant cross
section usingd# = #inel

pp dN .
In this analysis we have converted the yield of excess

e+ e− pairs to that of real direct photons using Eq. (1), as-
sumingS = 1. This implies d2 n ee

dm ee
= 2α

3π
1

m ee
dnγ . Thus the

yield of the excesse+ e− pairs for 0.1 < m ee < 0.3 GeV/c 2

before the conversion can be obtained by multiplying the
direct photon yield by a factor of 2α

3π log 300
100 = 1 .7×10−3.

The pQCD calculation is consistent with the p+ p data
within the theoretical uncertainties for pT > 2 GeV/ c. A
similarly good agreement is observed for" 0 [21]. The
p+ p data can be well described by a modiÞed power-law
function (App(1+ p2

T /b)−n ) as shown by the dashed curve
in Fig. 4. The Au + Au data are above the p+ p Þt curve
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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 fracti on
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 statisti cal
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 onv2 are dominated by
the common uncertainty on determining ! RP and by un-
certainties on particle identiÞcation. 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 theR! (pT )
needed to establish the direct photonv2. Note that due
to the way v! ,dir

2 is calculated, onceR! is large, its rela-
tive error contributes to the error on v! ,dir

2 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 Þrst v2 of " 0 and
inclusive photons (v" 0

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

above (panels (a) and (b)). Then, using thev! ,bg
2 of pho-

tons from hadronic decays and theR! direct photon ex-
cess ratio, we derive thev! ,dir

2 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 ofv! ,dir
2 / v" 0

2 .
We observe substantial direct photon ßow in the lowpT

region (c), commensurate with the hadron ßow 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 ßow at 3 GeV/ c to zero
ßow at 5 GeV/c is also demonstrated on panel (e), since
the " 0 v2 changes little in this region [4].

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (b)
)BBC

2$(2 vdir.!

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (a)

Min. Bias

)BBC
2$(2 v0#

)BBC
2$(2 vinc.!

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (d)

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (c)

0~20 [%]

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (f)

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (e)

20~40 [%]

2
 v

di
r.

!, 
in

c.
!, 0

#

 [GeV/c]
T

p

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 meas ured
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 di rect
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) a nd
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 Ð where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior Ð there is no di! erence between the ßow 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
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FIG. 1: (Color online) (a,b,c) v2 in minimum bias collisions,
using two different 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 fracti on
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 statisti cal
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 onv2 are dominated by
the common uncertainty on determining ! RP and by un-
certainties on particle identiÞcation. 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 theR! (pT )
needed to establish the direct photonv2. Note that due
to the way v! ,dir

2 is calculated, onceR! is large, its rela-
tive error contributes to the error on v! ,dir

2 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 Þrst v2 of " 0 and
inclusive photons (v" 0

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

above (panels (a) and (b)). Then, using thev! ,bg
2 of pho-

tons from hadronic decays and theR! direct photon ex-
cess ratio, we derive thev! ,dir

2 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 ofv! ,dir
2 / v" 0

2 .
We observe substantial direct photon ßow in the lowpT

region (c), commensurate with the hadron ßow 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 ßow at 3 GeV/ c to zero
ßow at 5 GeV/c is also demonstrated on panel (e), since
the " 0 v2 changes little in this region [4].
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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) a nd
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 Ð where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior Ð there is no di! erence between the ßow 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
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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 fracti on
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 statisti cal
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 onv2 are dominated by
the common uncertainty on determining ! RP and by un-
certainties on particle identiÞcation. 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 theR! (pT )
needed to establish the direct photonv2. Note that due
to the way v! ,dir

2 is calculated, onceR! is large, its rela-
tive error contributes to the error on v! ,dir

2 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 Þrst v2 of " 0 and
inclusive photons (v" 0

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

above (panels (a) and (b)). Then, using thev! ,bg
2 of pho-

tons from hadronic decays and theR! direct photon ex-
cess ratio, we derive thev! ,dir

2 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 ofv! ,dir
2 / v" 0

2 .
We observe substantial direct photon ßow in the lowpT

region (c), commensurate with the hadron ßow 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 ßow at 3 GeV/ c to zero
ßow at 5 GeV/c is also demonstrated on panel (e), since
the " 0 v2 changes little in this region [4].

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (b)
)BBC

2$(2 vdir.!

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (a)

Min. Bias

)BBC
2$(2 v0#

)BBC
2$(2 vinc.!

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (d)

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (c)

0~20 [%]

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (f)

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25 (e)

20~40 [%]

2
 v

di
r.

!, 
in

c.
!, 0

#

 [GeV/c]
T

p

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 meas ured
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 di rect
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) a nd
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 Ð where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior Ð there is no di! erence between the ßow 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
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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) π0, (b) inclu-
sive photon, and (c) direct photon. (d) direct photon fracti on
R! for (solid black circles) virtual photons [5] and (open blue
squares) real photons [8] and (e) ratio of direct photon to π0

v2 for (solid black circles) BBC and (solid red squares) RXN.
The vertical error bars on each data point indicate statisti cal
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 onv2 are dominated by
the common uncertainty on determining σRP and by un-
certainties on particle identiÞcation. 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 theR! (pT )
needed to establish the direct photonv2. Note that due
to the way v! ,dir

2 is calculated, onceR! is large, its rela-
tive error contributes to the error on v! ,dir

2 less and less.
Figure 1 shows steps of the analysis using the mini-

mum bias sample, as well as the differences between re-
sults obtained with BBC and RXN. The Þrst v2 of π0 and
inclusive photons (v" 0

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

above (panels (a) and (b)). Then, using thev! ,bg
2 of pho-

tons from hadronic decays and theR! direct photon ex-
cess ratio, we derive thev! ,dir

2 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 ofv! ,dir
2 / vπ

0
2 .

We observe substantial direct photon ßow in the lowpT

region (c), commensurate with the hadron ßow 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 ßow at 3 GeV/ c to zero
ßow at 5 GeV/c is also demonstrated on panel (e), since
the π0 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) π0, (solid red squares) inclusive pho-
tons, and (b,d,f) (solid black circles) direct photons meas ured
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 di rect
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) a nd
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
pTÐ where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior Ð there is no difference between the ßow derived
with BBC and RXN. However, at higher pT we observe
that the v2 values using BBC and RXN diverge, particu-
larly for π0 (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

5

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25

(c)

2 vdir.!

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25

(b)

2 vinc.!

|=1.0~2.8)" (|RXNE.P.

|=3.1~3.9)" (|BBCE.P.

0 2 4 6 8 10 12

-0.05

0

0.05

0.1

0.15

0.2

0.25

(a)

2 v0#

2v

 [GeV/c]
T

p

 [GeV/c]
T

p
0 2 4 6 8 10 12

) 2
 v0 #

) 
/ (

2
 v

di
r.

!
 =

 (
v2

R

-1

-0.5

0

0.5

1

1.5

2
(e)

|=1.0~2.8)" (|RXNE.P.

|=3.1~3.9)" (|BBCE.P.

 [GeV/c]
T

p
0 2 4 6 8 10 12

)
B

.G
.

!
) 

/ N
(

in
c.

!
 =

 N
(

!
R

0.5

1

1.5

2

2.5

3

3.5 (d)real photon

virtual photon

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 fracti on
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 statisti cal
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 onv2 are dominated by
the common uncertainty on determining ! RP and by un-
certainties on particle identiÞcation. 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 theR! (pT )
needed to establish the direct photonv2. Note that due
to the way v! ,dir

2 is calculated, onceR! is large, its rela-
tive error contributes to the error on v! ,dir

2 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 Þrst v2 of " 0 and
inclusive photons (v" 0

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

above (panels (a) and (b)). Then, using thev! ,bg
2 of pho-

tons from hadronic decays and theR! direct photon ex-
cess ratio, we derive thev! ,dir

2 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 ofv! ,dir
2 / v" 0

2 .
We observe substantial direct photon ßow in the lowpT

region (c), commensurate with the hadron ßow 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 ßow at 3 GeV/ c to zero
ßow 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 meas ured
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 di rect
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) a nd
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 Ð where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior Ð there is no di! erence between the ßow 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
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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 fracti on
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 statisti cal
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 onv2 are dominated by
the common uncertainty on determining ! RP and by un-
certainties on particle identiÞcation. 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 theRγ(pT )
needed to establish the direct photonv2. Note that due
to the way vγ,dir

2 is calculated, onceRγ is large, its rela-
tive error contributes to the error on vγ,dir

2 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 Þrst v2 of " 0 and
inclusive photons (vπ0

2 ,vγ,inc
2 ) are measured, as described

above (panels (a) and (b)). Then, using thevγ,bg
2 of pho-

tons from hadronic decays and theRγ direct photon ex-
cess ratio, we derive thevγ,dir

2 of direct photons (panel
(c)). Panel (d) shows the Rγ(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 ofvγ,dir
2 / v" 0

2 .
We observe substantial direct photon ßow in the lowpT

region (c), commensurate with the hadron ßow 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 ßow at 3 GeV/ c to zero
ßow 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 meas ured
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 di rect
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) a nd
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 Ð where multiplicities are high and particle production
is dominated by the bulk with genuine hydrodynamic be-
havior Ð there is no di! erence between the ßow 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
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Centrality-dependence ofR! in Au + Au,
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Figure: R! from virtual and real photons (red, blue) in 0-20%, 20-40%,
40-60% and 60-92% more central collisions.

11 / 15

Photon	
  excess	
  Rγ	
  confirmed	
  with	
  real	
  photons	
  !
(PHENIX,	
  external	
  conversion	
  +	
  EMCal)

) O,;&'E,&#*",-4'%'8/,0&#72,:"<#9,$'8/5/%#8%,)5%4,) O,;&'E,=5&%<*",-4'%'8/

LS

iM,i*885#&2,J\L@

/##,*"/',NW!ZX[2,*&[5=eL@\^MK]@\

Y#8%&*"5%Q,7#-#87#8$#e

https://indico.gsi.de/getFile.py/access?contribId=1&resId=0&materialId=slides&confId=2662
https://indico.gsi.de/getFile.py/access?contribId=1&resId=0&materialId=slides&confId=2662


May 18, 2014 | Electromagnetic Probes: Recent Developments  | Klaus Reygers 

Direct-­‐photon	
  v2	
  at	
  RHIC	
  also	
  confirmed	
  with	
  real	
  photons

Lc



May 18, 2014 | Electromagnetic Probes: Recent Developments  | Klaus Reygers 

Low-­‐pT	
  direct-­‐photon	
  excess	
  at	
  the	
  LHC	
  (ALICE,	
  external	
  conversions)
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FIG. 2: (Color online) The inverse photon slope parameter Te! = −1/ slope as a function of the local ßuid cell temperature,
from the equilibrium thermal emission rates (solid green li nes) and from hydrodynamic simulations (open and Þlled circ les),
compared with the experimental values (horizontal lines an d error bands), for (a) Au+Au collisions at RHIC and (b) Pb+Pb
collisions at the LHC. The experimental values and error ban ds are from the PHENIX Collaboration [6] in (a) and from the
ALICE Collaboration [7] in (b). We note that the correspondi ng plot for Au+Au collisions at 20 −40% centrality looks very
similar to the case of 0−20% centrality shown in panel (a), in agreement with what the PHENIX Collaboration [6] found. See
text for a detailed discussion.

drodynamical space-time evolution, and also the prompt
photons resulting from the very early interactions of the
partons distributed inside the nucleus. The photon rates
used for these spectrum calculations di! er slightly from
what is used in the rest of this paper, due to the sensi-
tivity of the photon spectra to details of the rates that
are not relevant for the study of e! ective temperatures.
For the QGP contribution shown in Fig. 1, the full lead-
ing order ideal rate for collinear emission is added to the
viscous-corrected 2! 2 rate. This is justiÞed by the
fact that the full leading order rate is known to have a
similar energy dependence as the 2! 2 one (see e.g.
[25]), but is about twice as large. This normalisation
does not a! ect signiÞcantly e! ective temperature stud-
ies, but would lead to an artiÞcial underestimate of the
QGP photons that we want to avoid here. On the hadron
gas side, we note that our rates do not include the contri-
bution of baryons to the production of real photons. As
the baryonic contribution is roughly equal to that of the
mesons at photon transverse momentum ofpT " 1 GeV/ c
[23], and as the baryonic rates are not yet amenable to a
form which enables viscous corrections, the photon yield
from the hadronic medium is approximated here by mul-
tiplying the net mesonic contribution by a factor two.
We emphasize that this normalisation of the hadron gas
rate, along with the replacement of 2 ! 2 ideal QGP
rate by the full leading order one, is only used here and
not in what follows. The prompt photon calculation is
performed at next-to-leading-order (NLO) in the strong
coupling constant [26, 27], and the nuclear parton distri-
bution functions are corrected for isospin and shadowing
e! ects [28]. The calculation is extrapolated to low trans-
verse momentum using a Þt of the formA/ (1 + pT /p 0)n ,
a form that we checked describes very well the available

low pT photon data from proton-proton collisions [6, 29]
For RHIC and LHC conditions, the agreement between
the calculated results and measured data shown here is
not untypical of that obtained with other contemporary
hydrodynamic simulations [5, 30, 32]. We note that the
data allow room for additional photon sources in addition
to the ones considered here. Among the possible candi-
dates are photons from jet-plasma interactions [31, 32];
one should also keep in mind the role played by ßuctuat-
ing initial states [25, 33].

The equilibrium emission rates as well as the non-
equilibrium photon spectra emitted during the hydro-
dynamic evolution are approximately exponential in pT
between 1 and 4 GeV, and we can characterize them by
their inverse logarithmic slopesTe! just as the experi-
ments did for the measured photon spectra. The green
lines in Fig. 2 showTe! as a function of the true temper-
ature T for the equilibrium photon emission rates. One
sees that, due to phase-space factors associated with the
radiation process, the e! ective temperature of the emis-
sion rate is somewhat larger than the true temperature:
At high T, the QGP photon emission rate goes roughly
as exp(# E! /T ) log(E! /T ) [34], and the logarithmic fac-
tor is responsible for the somewhat harder emission spec-
trum. The double kink in the green line at T = 184 and
220 MeV reßects the interpolation between the QGP and
HG rates. The e! ect of that interpolation on the slope of
the spectrum is weak, one mainly interpolates between
rates with di ! erent normalization.

The circles in Fig. 2 show the e! ective temperatures
of photons emitted with equilibrium rates (open black
circles) and with viscously corrected rates (Þlled red cir-
cles) from cells of a given temperature within the hydro-
dynamically evolving viscous medium. The area of the
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FIG. 10. (Color online) (a) Prompt (direct+ fragmentation) and
thermal (FIC and SIC) photons from 2.76A TeV Pb+ Pb collisions
at LHC for 0Ð40% centrality bin along with ALICE preliminary
direct photon data [38]. (b) v2 with and without the prompt photon
contribution for smooth and ßuctuating IC.

the average emission time gets larger for smallerσ due to the
presence of hotspots in the IC. The elliptic ßow is found to be
larger for an E-by-E calculation at highpT region compared
to the smooth IC forσ = 0.4 fm. In addition,v2(PP) withσ =
1.0 fm is found to be very similar to the result from smooth
IC. At small pT , the E-by-E calculations produce even a bit
smaller photon elliptic ßow than the smooth IC.

As for hadrons, the calculation of elliptic ßow with respect
to the participant plane gives a bit larger elliptic ßow compared
to the calculation with respect to reaction plane. However,
there is apT dependence between the difference of the PP
and RP results, which should be explored more in the future.
Despite the fact that ßuctuations may cause much largerv2
for pT > 2.5 GeV/c , the enhancement is still not sufÞcient
to explain the PHENIX measurement even if we neglect all
the other direct photon sources. We also calculated the elliptic
ßow of thermal photons at LHC from smooth and ßuctuating
IC and compare our results with the ALICE preliminary data.
Similar to RHIC, ßuctuations in the IC increase the elliptic ßow
signiÞcantly compared to a smooth proÞle forpT > 2 GeV/c .
Also at LHC our results are clearly below the measured elliptic
ßow by ALICE Collaboration [17].

We also calculated prompt photons from NLO pQCD at
RHIC and LHC. Thermal photons from ßuctuating IC along
with prompt photons explain the PHENIX and the ALICE
direct photonpT spectrum well in the regionpT > 2 GeV/c
andpT > 2.5 GeV/c , respectively. The presence of the prompt
photons in the direct photon spectrum reduces the elliptic
ßow [by adding more weight in the denominator as shown in
Eq. (7)]. This reduction is 20Ð50% depending on the value of
pT for the ßuctuating initial conditions and the reduction is
even larger in the case of smooth initial conditions, because
inclusion of density ßuctuations also increases the total emitted
photon yield.
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photon data for 200A GeV Au+ Au collisions at RHIC and for
20Ð40% centrality bin [28] is compared with the prompt and
thermal contributions (from smooth and ßuctuating IC) in the
upper panel of Fig.8. We see from the Þgure that the prompt
photons from the NLO pQCD calculation start to dominate
the direct photon spectrum forpT > 4 GeV/c . The direct
(Compton+ annihilation) and the fragmentation parts of the
prompt photons are shown separately.2 The fragmentation part
dominates over the direct part forpT < 3.5 GeV/c . We see that
the thermal photons from ßuctuating IC (σ = 0.4 fm) added
together with the prompt photons explain the data really well
in the regionpT > 2 GeV/c .

The elliptic ßow is now calculated by adding the prompt
contribution using the relation

v2 =
vth

2 dNth + vpr
2 dNpr

dNth + dNpr
=

vth
2 dNth

dNth + dNpr
asvpr

2 ! 0.

(9)

In Eq.(9)vth
2 andvpr

2 are the elliptic ßow of thermal and prompt
photons, respectively, anddNth anddNpr are the thermal and
prompt yields. Addition of prompt contribution reduces thev2
from the ßuctuating IC by! 25% atpT = 2 GeV/c and more
than 50% atpT = 4 GeV/c . The effect is larger for thev2 from
smooth IC than for the ßuctuating IC, because ßuctuations also
increase the total thermal photon yield at highpT .

D. Elliptic ßow and spectra at LHC

The elliptic ßow of thermal photons for 2.76A TeV Pb+ Pb
collisions at LHC and for 0Ð40% centrality bin is shown in
upper panel of Fig.9. Elliptic ßow results from the ßuctuating
IC [v2(PP) andv2(RP)] are compared with the result obtained
from a smooth initial state averaged IC. Similar to RHIC,
ßuctuations in the IC increase the elliptic ßow signiÞcantly
compared to a smooth IC in the regionpT > 2 GeV/c at
LHC. Thermal photonv2 from 200A GeV Au+ Au collisions
at RHIC using smooth IC is also shown for comparison. The
elliptic ßow at LHC is little larger than at RHIC for 0Ð40%
centrality bin using smooth IC.

Our results for thermal photon elliptic ßow from the ßuc-
tuating IC at LHC are compared with the ALICE preliminary
direct photonv2 data [17] in the lower panel of Fig.9. As
expected, the results from ideal hydrodynamic calculation are
well below the experimental data forpT ! 3.5 GeV/c .

The thermal photonpT spectra at LHC from the smooth
and the ßuctuating IC along with the ALICE preliminary
direct photon data [38] are shown in the upper panel of
Fig. 10. Prompt photons from NLO pQCD calculation along
with the separate direct (Compton+annihilation) and fragmen-
tation contributions are also shown for comparison. Similar to
RHIC the direct photon spectrum is dominated by the prompt
photons forpT > 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 largepT (! 6 GeV/c ). One can see that the thermal

2Understanding that such a separation conceptually depends on the
scale choices.

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.05.5 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%, ! 0=0.14 fm/c, " =0.4 fm
2.76A TeV Pb+Pb@LHC

v2(SIC), 200A GeV Au+Au@RHIC
0-40%, ! 0=0.17 fm/c

(a)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.05.5 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%, ! 0=0.14 fm/c, " =0.4 fm
2.76A TeV Pb+Pb@LHC (b)

FIG. 9. (Color online) (a) Elliptic ßow of thermal photons for
0Ð40% central collisions of Pb nuclei at LHC. (b) Thermal photon
elliptic ßow and the ALICE preliminary direct photonv2 data [17] at
LHC.

photons from the ßuctuating IC added together with the prompt
photons explain the direct photon spectrum well in the region
pT > 2.5 GeV/c .

Inclusion of the prompt contribution reduces the photonv2
at LHC (lower panel of Fig.10) and the results are similar to
the RHIC case.

IV. SUMMARY AND CONCLUSIONS

We have calculated the elliptic ßow 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 Þrst we studied an individual event with
different ßuctuation size parameters. We saw that a smaller
σ leads to larger momentum anisotropy and transverse ßow
velocity during the hydrodynamical evolution. However, at
pT > 2.5 GeV/c the photon elliptic ßow 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 ßow
velocity.

To understand the increase better, we studied the photon
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
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MCGlb 0-40% @ LHC

! Viscous suppression is larger in the event-by-event runs

! /s = 0 .08

! Initial ßuctuations increase photonÕs elliptic ßow

Fluctuation effects on photon elliptic ßow

17(23)

Missing rates in hadronic phase
Photon production rates from baryonic channels  are 
missing in the hadronic phase. We can estimate this by 
increase photon emission rates in hadronic phase by a 
factor of 2,

! it increases total photon v2 by ~45% at both RHIC and 
LHC energies

21(23)

!_#$%,';,*,;*$%'&,J!
58$&#*/#,58,%4#,WA,&*%#/

XE-&'=#E#8%/,58,4Q7&',$*"$<"*.'8/,0=5/$'</,#_#$%/2,!
G<$%<*.86,585.*",$'875.'8/9,7'8b%,/'"=#,%4#,-<II"#,

https://indico.gsi.de/getFile.py/access?contribId=3&resId=0&materialId=slides&confId=2662
https://indico.gsi.de/getFile.py/access?contribId=0&resId=0&materialId=slides&confId=2662


May 18, 2014 | Electromagnetic Probes: Recent Developments  | Klaus Reygers 

Towards	
  a	
  solu,on	
  of	
  the	
  direct-­‐photon	
  puzzle	
  (2/4):	
  !
Tweak	
  space-­‐,me	
  evolu,on	
  and	
  HG	
  rates	
  

" a*/%#&,:<5"7,<-,';,G'),5E-"#E#8%#7,58,
/$4#E*.$,`&#:*"",E'7#",

# 8#*&"Q,;<"",' J,*%,%4#,#87,';,%4#,!
E5D#7,-4*/#!

" >*&6#&,WA,-4'%'8,&*%#/,58$"<7586,
$'8%&5:<.'8,;&'E,:*&Q'8/,*87,!
*8.(:*&Q'8/ !

" N'//5:"Q,"*&6#&,-4'%'8,&*%#/,58,%4#,
%&*8/5.'8,&#65'8,$"'/#,%'," #,!
0/%<75#7,)5%4,57#*",4Q7&',$*"$M9

Jc

8

10-6
10-5
10-4
10-3
10-2
10-1
100
101
102

 0  1  2  3  4  5

0-20% Au-Au, |y|<0.35

q 0
 d

N
/d

3 q 
(G

eV
-2

)

qT (GeV)

hadron gas
QGP

primordial
total

PHENIX

0

0.05

0.1

0.15

0.2

0.25

 0  1  2  3  4  5

lattice EoS
v 2

qT (GeV)

PHENIX dir !  (BBC)
total
total (pQCD prim.)
thermal !

FIG. 8: (Color online) Direct photon spectra (upper panel)
and v2 (lower panel) in Au+Au(

!
s = 0 .2ATeV) using ideal

hydrodynamics, compared to PHENIX data [15, 22]; line
identiÞcations as Fig. 6.

both observables, although not by much. Both evolution
models result in an underestimate of the Þrst two data
points of the PHENIX spectra, and barely reach into the
lower portions of the error bars of thev2 data: the max-
imal v2 reaches⇠ 4.4% for the hydrodynamic evolution,
compared to ⇠ 5.7% for the Þreball, both when using
the PHENIX pp baseline spectra (larger for the xt scal-
ing ansatz). However, our hydro results are well above
other hydrodynamic calculations reported in the litera-
ture [8, 10, 43]. One di! erence lies in a faster build-up
of the v2, which essentially saturates when the system
reaches the pseudo-critical region in the cooling process,
for both Þreball and hydro (cf. middle panel of Fig. 2).
As mentioned above, this feature is essential in describ-
ing the spectra andv2 of multi-strange hadrons with an
early kinetic freezeout close to the chemical freezeout
temperature, and thus rather well motivated by hadron
phenomenology (including the constituent-quark number
scaling ofv2). In the hydrodynamic modeling this can be
realized by initial conditions including a Þnite transverse
ßow at thermalization, together with a compact energy-
density proÞle. Both features increase the transverse ßow
early on, which ultimately leads to an earlier saturation
of v2 (since the initial spatial anisotropy is converted
faster into momentum space); it also increases the blue
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FIG. 9: (Color online) Direct photon spectra (upper panel)
and v2 (lower panel) in 0-40% Pb+Pb(

!
s = 2 .76ATeV) us-

ing ideal hydrodynamics, compared to preliminary ALICE
data [16, 23]; line identiÞcations as in Fig. 8.

shift of the photons emitted from around Tpc , which helps
to build up the photon yield with large v2 in the qT = 2-
3 GeV region. Another di! erence to existing hydro calcu-
lations is the larger rate in the hadronic phase, in particu-
lar the contributions associated with the photon point of
the in-medium ! spectral function, which includes sources
from interactions involving baryons and antibaryons [40]
and higher excited meson resonances [44].

Next, we turn to our hydro results at LHC, adopting a
similar ansatz for the initial conditions as at RHIC, i.e.,
with a Þnite transverse ßow and compact energy-density
proÞle. A factor⇠ 2 underestimate of the photon spectra
measured by ALICE in 0-40% Pb-Pb(

p
s = 2 .76ATeV) is

found for momenta belowqT ' 2 GeV. The calculatedv2
is not inconsistent with the ALICE data within the cur-
rent experimental uncertainties. Although the hadronic
component in the thermal spectra is again considerably
smaller than in the Þreball spectra, the relatively stronger
QGP component in both calculations compared to RHIC
renders the overall impact of the hadronic emission less
relevant. The QGP component from the hydro is now
somewhat stronger than from the Þreball (especially at
high qT ), leading to closer agreement in the total photon
spectra andv2, and also with the data. Note that the v2
of the thermal component at qT ! 3 GeV is signiÞcantly

V*--2,=*8,W##/2,,!
*&[5=eLL\jMJLKL2,*&[5=eL@\@MJj@S
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!! QGP sourcesQGP sourcesare mandatory to explain the are mandatory to explain the 
spectrum (~50%),  but spectrum (~50%),  but hadronichadronic sourcessourcesare are 
considerable, too ! considerable, too ! 

Photon spectra at RHICPhoton spectra at RHIC

!! The The ÔÔeffective temperatureeffective temperatureÕÕTTeffeff::

!! Inclusive photon spectrum Inclusive photon spectrum !! !!!!!!!! 00 and and """""""" ssubtracted photon spectrum ubtracted photon spectrum 

!! !!!!!!!! 00 and and """""""" decays dominate the low decays dominate the low ppTT spectra spectra 

21
O. Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030O. Linnyk et al., PRC 88 (2013) 034904; arXiv:1304.7030

!! Is bremsstrahlung a solution?Is bremsstrahlung a solution?
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Towards the solution of the Towards the solution of the vv22 puzzlepuzzle

Bremsstrahlung increased by a Bremsstrahlung increased by a factor 2factor 2

(might be due to the uncertainties in SPA and (might be due to the uncertainties in SPA and 
mm and mB elastic cross sections)mm and mB elastic cross sections)

!! EarlyEarly --time magnetic field effectstime magnetic field effects??
((BasarBasar,, KharzeevKharzeev,, SkokovSkokov, PRL (2012);, PRL (2012);BasarBasar,, KharzeevKharzeev,, ShuryakShuryak,, arXivarXiv :1402.2286):1402.2286)

!! GlasmaGlasmaeffectseffects?? (L. (L. McLerranMcLerran ))

!! Primodial flowPrimodial flow ?? (R. Rapp, H. van Hees)(R. Rapp, H. van Hees)

!! ??????

??

"" More More experimental informationexperimental information
is needed is needed ######## new PHENIX data on new PHENIX data on 
centrality dependencecentrality dependence

Other ideas:Other ideas:
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Magnetic field falls off rapidly: early time dynamics
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3

of magnitude smaller thanBx and By (Bz ! Bx,y / �); we
also neglect the contribution of the electric Þeld.

In what follows we will compare our result with the
baseline provided by the conventional thermal photon
production rate recently calculated on lattice [35]:

q0
d!
d3q

=
Cem↵em

4⇡2

⇢V (q0 = |q|)
exp(�q0) " 1

, (10)

where Cem = e2

3 R #
!

f Q2
f with Qf Õs are the electric

charges of the quarks, and⇢V is the vector current spec-
tral function that in the limit of q0 $ 0 and q $ 0 is
related to the electric conductivity:

�em =
Cem

6
lim

q0 ! 0

⇢V (q0, |q| = 0)
q0

. (11)

Note that this conventional mechanism (10) is expected
to be the dominant one for low transverse momentum,
p" , photons. For photons with p" ! 2 GeV and above
there will be additional contributions to the rate which
can be calculated perturbatively. However we did not
include these additional contributions as we are mainly
interested in low p" photons.

The spectral function for ✓ and the bulk viscosity was
calculated in lattice QCD [19, 33]. However the extrac-
tion of bulk viscosity from the lattice data is notoriously
di" cult. To get an independent estimate of the bulk vis-
cosity we thus follow [36, 37] and assume that

⇣

⌘

= C!

"
1
3

" c2s

# 2

. (12)

Thus the bulk viscosity vanishes in the conformal limit,
c2s = 1 / 3. In the relaxation time approximation, this ex-
pression is obtained in the kinetic theory with C! = 15
(see e.g. [40]). The paper [40] contains also a phenomeno-
logical estimate of the value of bulk viscosity inferred
from the comparison of viscous hydrodynamical compu-
tations with the data on the elliptic ßow of mesons and
baryons. The resulting estimate is⇣/s = 0 .005 [40]. Us-
ing the lattice data for the speed of sound in the freeze-
out temperature range from Ref. [41],c2s = 0 .175Ö0.221,
we infer for the bulk viscosity from (12) the value of
C! = 2 .5Ö5. The leading log calculations in SU(3) Yang
Mills theory results in a much larger value C! % 48, see
Ref. [40]. In our calculations, we choose the lowest value
available in the literature, C! = 2 .5Ö 5, with an assump-
tion ⌘/s = 1 / 4⇡.

The magnetic Þeld in heavy ion collisions was esti-
mated in Refs. [3] and [21]; the ßuctuations of magnetic
Þeld were evaluated in Refs. [38] and [39]. In this paper,
we neglect the spatial gradients of magnetic Þeld and
estimate the time dependence in the eikonal approxima-
tion taking into account only the (leading at large times)
contribution from spectators:

eBx,y (t) %
eB0

x,y

1 + ( t/t B )2
, (13)
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FIG. 2: The azimuthal anisotropy v2 of the direct photons
for di! erent values of bulk viscosity corresponding to C! in the
range of 2.5÷5 calculated for minimum bias Au-Au collisions.
The dashed line represents the results with C! = 4. The black
dotes are the data from the PHENIX collaboration [25] for
minimum bias Au-Au collisions at

!
s = 200 GeV.

whereeB0
i it the magnitude of the i -th component of the

magnetic Þeld att = 0 and tB is the characteristic decay
time. The x-component of magnetic Þeld att = 0, B 0

x ,
is approximately independent of the impact parameterb,
while the y-component is linear in b. Both components
B 0

x,y are linear as a function of the collision energy,
&

s;
the typical decay time is inversely proportional to

&
s.

Here we neglect the transverse expansion of the Þre-
ball and assume that it has an almond shape with the
following characteristic sizes inx and y direction: lx =
(RA " b/2) and ly =

$
R2

A " b2/ 4, whereRA is the radius
of the colliding nuclei. We approximate the time evolu-
tion of the temperature at early times using the Bjorken
hydrodynamics T/T 0 = ( ⌧0/ ⌧ )1/ 3, where T0 is the initial
temperature and ⌧0 is the initial time (given by the char-
acteristic thermalization time of the gluons) that can be
estimated in terms of the saturation scale,Qs, and the
coupling constant, ↵s, see e.g. Ref. [22]. For Au-Au col-
lisions at

&
s = 200 GeV we use⌧0 = 0 .1 fm/ c.

To evaluate the bulk viscosity (12) we need the speed
of sound, cs and the entropy, s; we use the model
parametrization [42] of lattice results for pure glue SU(3)
theory. Note that the transport coe" cients of the plasma
may be a#ected by magnetic Þeld; for recent examples,
see [43] and [44].

Our results for the azimuthal anisotropy of photons
calculated using both conventional production mecha-
nism and the one from the conformal anomaly are shown
in Fig. 2 for the minimum bias Au-Au collisions at&

s = 200 GeV. In our approximation (no transverse
ßow), the conventional mechanism does not give any con-

i*/*&2,p4*&I##=2,F+'+'=M2,*&[5=eLJ\SMLKK@

d$>#&&*8,#%,*"M2,*&[5=eLJ\JMKSc]
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calculation [3, 13, 26]; Model II by Linnyk et al.
is a microscopic transport model - Parton-Hadron
String Dynamics (PHSD) [16, 27, 28]. Both mod-
els have successfully described the dimuon enhance-
ment observed by the NA60 experiment at SPS with
a broadened! spectral function due to in-medium
hadronic interactions. The models, however, failed
to reproduce the dielectron enhancement reported
by the PHENIX experiment [12, 27]. Compared to
the STAR data in the mass region below 1 GeV/c2,
both models describe the observed excess of dielec-
trons reasonably well within uncertainties. Freeze-
out ! is included in the models while its contribution
is signiÞcantly smaller compared to the medium con-
tribution. Other theoretical model calculations can
also reproduce the dielectron excess at low-mass in
our measurement [29, 30]. Our measurements disfa-
vor a pure vacuum! mass distribution for the excess
dielectrons (" 2/NDF= 25/8 in 0.3-1 GeV/ c2).

partN
100 200 300

C
oc

kt
ai

l
Ú

D
at

a 

2

4

(a)

: 0-5.0 (GeV/c)
T

p
Rapp PHSD

 (GeV/c)
T

p
0.5 1 1.5 2

(b)

MinBias
2(A): 0.30 -0.76 GeV/c
2(B): 0.76 -0.80 GeV/c
2(C): 0.98 -1.05 GeV/c

partN
100 200 300 4000

0.02

10×

a
part N×b 

(A) - cocktail

 (B) and (C)

(c)3
 1

0
× 

pa
rt

NÚ
Y

ie
ld

 

FIG. 3. (Color online) Integrated dielectron yields in the
mass regions of 0.30-0.76 (! -like), 0.76-0.80 (" -like) and
0.98-1.05 (#-like) GeV/ c2 compared to hadronic cocktails
within the STAR acceptance as a function of centrality
(a) and dielectron pT (b). Panel (c) shows the yields
scaled by Npart for the ! -like with cocktail subtracted,
the " -like and the #-like without cocktail subtraction as
a function of Npart . Model calculations are included as
red solid and dot-dashed curves, while the dashed curve
in panel (c) depicts a power-law Þt to the yield/ Npart for
the ! -like region with cocktail subtracted. Systematic
uncertainties from data are shown as grey boxes, and
green brackets depict the total systematic uncertainties
including those from cocktails. For clarity, the " -like and
#-like data points are slightly displaced horizontally.

We integrated the dielectron yields in three mass
regions: 0.30-0.76 (! -like), 0.76-0.80(#-like) and
0.98-1.05 ($-like) GeV/ c2, and present the centrality
and pT dependence of the ratios of data to cocktail
within the STAR acceptance in Fig. 3 (a) and (b).

The cocktail calculation can reproduce the dielec-
tron yields in the #-like and the $-like regions. The
excess in the! -like region is signiÞcant and the ratios
to cocktail show a weak dependence on the number
of participating nucleons (Npart ) and pT is observed.
Both models show excesses comparable to the data
in the centrality and pT regions investigated. In
panel (c) we show the integrated yields scaled by
Npart for the ! -like with cocktail subtracted, the #-
like and the $-like without cocktail subtraction as a
function of Npart . The #-like and the $-like dielec-
tron yields show aNpart scaling. The dashed curve
depicts a power Þt (∝ Na

part ) to the ! -like dielec-
tron yields with cocktail subtracted, and the Þt re-
sult showsa = 0 .54± 0.18 (stat.+uncorrelated sys.),
indicating the dielectron yields in the ! -like region
are sensitive to the QCD medium dynamics, as ex-
pected from ! medium modiÞcations in theoretical
calculations [26, 31].
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FIG. 4. (Color Online) (a) Dielectron invariant mass
spectra from minimum bias (0-80%) and central (0-10%)
collisions. The spectra are scaled with the number of
participating nucleons ( Npart ). The solid line represents
the hadronic cocktail for central collisions. (b) The ra-
tio of Npart scaled dielectron yields between the central
and minimum bias collisions. The grey boxes show the
systematic uncertainties on the data.

Figure 4 shows a comparison of the invariant mass
spectra between 0-80% minimum bias and 0-10%
most central Au+Au collisions. Both spectra were
scaled by Npart in panel (a), the ratio of the two
scaled spectra are presented in panel (b). Horizontal
bands on the right side in panel (b) depict that ra-
tios follow the Npart and Nbin scaling. We note that:
(i) The dielectron production starts with the Npart

scaling in the %0 and & dominant region and then
rises towards theNbin scaling at∼0.7 GeV/c2. This
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Figure 1: Invariant mass spectrum of the dimuon excess observed in In+In
collisions at 158A GeV by the NA60 experiment [4, 5]. The data are in-
tegrated overmT and fully corrected for detector acceptance. Also shown
are three model calculations for thermal radiation [7, 6, 8]

2. The state of the art experiment: NA60

The SPS dimuon-experiment NA60 [3] sets the state of the art standard for dilepton measurements. They have
pioneered the technique to isolate the thermal radiation and to map out its mass and momentum spectra. Fig. 1
shows the fully acceptance corrected mass spectrum with all known sources, except for the! meson, subtracted [4, 5].
It is compared to a set for theoretical calculations performed by di! erent groups [7, 6, 8]. They have in common
that the yield is dominated by"" annihilation. For reference [7], which describes the low mass data best, a broadened
spectral function related to chiral symmetry restoration is included. For masses above 1 GeV the data exhibits a nearly
exponential Planck-like spectrum with an inverse slope slightly above 200 MeV. For the two model calculations that
extend all the way to 2.5 GeV [6, 8] parton degrees of freedom dominate the emission of thermal radiation in this
mass range; the average temperature is 217 MeV. By comparison to theoretical models one can deduce that the excess
indeed is thermal dilepton radiation.

Fig. 2 explores the momentum direction of the same data. Shown are inverse slopes resulting from Þts to nearly
exponential transverse mass (mT ) distribution in given mass ranges [4, 5]. Below 1 GeV the dilepton data display an
approximately linear increase of the inverse slope parameter with mass, which is indicative of strong collective radial
expansion of the matter emitting dileptons. Extrapolating the inverse slope back tom = 0 gives a temperature of about
120-140 MeV, below the conjecture critical temperature. Above 1 GeV the inverse slope remains constant at about
200 MeV, consistent with the inverse slope of the mass spectrum. Since the mass distribution is insensitive to ßow,
this must mean that the matter radiating dimuons in this mass range does not ßow. These Þndings are consistent with
the interpretation of the mass spectrum and strongly suggest that the excess dimuons observed by NA60 are indeed
thermal radiation from the matter created.

In summary, NA60 data gives detailed insight into the space-time evolution of matter produced at low energies
and is certainly consistent with a standard hydrodynamic space time evolution. The emission is dominated by the
"" -annihilation from the hot hadronic phase, which expands rapidly under pressure. However, radiation from the
partonic phase is also observed, with an average temperature of about 200 MeV, above the transition temperature.
Partonic matter does not seem to ßow, consistent with the conjecture that at SPS energies the quark-gluon-plasma is
created near the softest point in the equation of state.

Figure 2: Inverse slope parameter of themT spectra corresponding to Fig.
1 as a function of mass. Inverse slopes were determined in the range
).1 < (mT ! M) < 1.4GeV. The inverse slope for various hadrons is shown
for comparison.
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FIG. 6: Upper panel: pT -integrated elliptic flow parameter
for dileptons and various hadrons. Middle panel: pT distribu-
tions of dileptons with M = m! and M = m" , and of ! and
" mesons. Lower panel: Di! erential elliptic flow for the above.

to a systematic lowering of the di! erential elliptic ßow
v2(pT ) for these hadrons when compared to dileptons
of similar masses. We shall see later in Fig. 7 (lower
panel) that this is accompanied by larger values for the
pT -integrated ßow paramters for ! and " mesons com-
pared to that of dileptons having similar masses.

As seen in the upper panel of Fig. 6, the elliptic ßow
of the total dilepton spectrum shows dramatic structure
as a function of dilepton mass, oscillating between the
quark and hadronic matter limits. This reßects the rel-
ative weight of the QM and HM contributions to the

dilepton mass spectrum: Close to the vector meson res-
onance peaks, dilepton emission is strongly dominated
by emission from the hadron matter phase, and the solid
line almost reaches the dotted curve forv2(HM). At low
dilepton masses, between the! and " mesons, and for
dilepton masses>! 1.5 GeV, quark matter radiation dom-
inates the dilepton spectrum, resulting in small elliptic
ßow coe" cients (of order 1% or less) for the total dilep-
ton spectrum, consistent with the pure quark matter con-
tribution v2(QM) (dashed line). By setting appropriate
invariant mass windows on the dileptons one can thus
peek into the early QGP phase and study the beginning
of elliptic ßow buildup.

FIG. 7: (Color online) Top panel: Dilepton mass dependence
of the pT -integrated elliptic flow parameter for thermal dilep-
tons, for a variety of impact parameters (b = 0, 2, 4, 6, 8, 10
fm from bottom to top (solid curves) and b = 1, 3, 5, 7, 9
fm (dashed curves)). Note that v2 for b = 10 fm is marginally
smaller than for b = 9 fm. Bottom panel: Impact parameter
dependence of the pT -integrated elliptic flow parameter scaled
by the initial spatial eccentricity #, for a variety of hadrons
and dileptons with di! erent masses.

Figure 7 shows the impact parameter dependence of
the pT -integrated elliptic ßow parameter for thermal
dileptons, as a function of dilepton massM . The top
panel shows that, as the impact parameter (and thus the

spatial eccentricity #= ! y 2 " x 2 #
! y 2 + x 2 # of the initial nuclear over-

lap region) increases, the elliptic ßowv2 increases, too,

a5&/%,/%#-/,58,%45/,75&#$.'8e,FgTV2,*&[5=eL@\JMLc]L,,

VM,Y4*k#&•##2,HM,pM,F&5=*/%*=*2,~M,W#58I2,YM,A*"#2,NVY,c^,0J\\c9,\^@]\]



May 18, 2014 | Electromagnetic Probes: Recent Developments  | Klaus Reygers 

Conclusions

" " Ti ,/$*"586,58,4#*=Q(5'8,$'""5/5'8/,*%,VWXY,*87,%4#,>WY,$'8`&E#7,)5%4,!
1,*87,3,:'/'8/,*87,4564( ! " ,75&#$%,-4'%'8/,

" H5&#$%(-4'%'8,G'),-<II"#,*%,VWXY,0*87,%4#,>WYq9,;'&,! " ,?,@,A#BC#,

" >*&6#,75&#$%(-4'%'8,' J2,/5E5"*&,58,E*685%<7#,%',-5'8,' J,

" H5&#$%(-4'%'8,/-#$%&*,*87,' J,8'%,)#"",&#-&'7<$#7,:Q,/%*87*&7,4Q7&',$*"$<"*.'8/,

" >*&6#,' ( ,/<66#/%/,%4*%,%4#&E*",-4'%'8/,E'/%"Q,$'E#,;&'E,%4#,"*%#,4*7&'8,6*/,
-4*/#,

" Y*""/,58%',l<#/.'8,)4#%4#&,%4#&E*",-4'%'8/,$*8,:#,</#7,%',7#%#&E58#,%4#,585.*",
nAN,%#E-#&*%<&#,

" Z##7,%',6#%,*,$'8/5/%#8%,-5$%<&#,58$"<7586,75"#-%'8,7*%*

KS

>#%b/,/##,4'),%4#,/*6*,$'8.8<#/‚


