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Nuclear shadowing effects on prompt photons at ultrarelativistic energies

N. Hammon, A. Dumitru, H. Sto¨cker, and W. Greiner
Institut für Theoretische Physik, Robert-Mayer Strasse 10, Johann Wolfgang Goethe-Universita¨t,

60054 Frankfurt am Main, Germany
~Received 16 January 1998!

The transverse momentum distribution of prompt photons coming from the very early phase of ultrarelativ-
istic heavy-ion collisions for the ultrarelativistic energies is calculated by means of perturbative QCD. We
calculate the single photon cross section (A1B→g1X) by taking into account the partonic subprocessesq

1q̄→g1g andq1g→g1q as well as the bremsstrahlung corrections to those processes. We choose a lower
momentum cutoffk052 GeV separating the soft physics from perturbative QCD. We compare the results for
those primary collisions with the photons produced in reactions of the thermalized secondary particles, which
are calculated within scaling hydrodynamics. The QCD processes are taken in leading order. Nuclear shadow-
ing corrections, which alter the involved nuclear structure functions are explicitly taken into account and
compared to unshadowed results. Employing the GRV parton distribution parametrizations we find that at
ultrarelativistic energies prompt QCD photons dominate over the thermal radiation down to transverse mo-
mentakT'2 GeV. At LHC, however, thermal radiation from the quark-gluon plasma dominates for photon
transverse momentakT<5 GeV, if nuclear shadowing effects on prompt photon production are taken into
account.@S0556-2813~98!05406-5#

PACS number~s!: 24.85.1p, 25.75.2q, 12.38.Mh
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I. INTRODUCTION

In recent years a lot of effort has been made, on the
perimental as well as on the theoretical side, to investig
the physics of the quark-gluon plasma~QGP! @1#. By doing
so, one hopes to gain insight into the state of hot and de
matter created in a heavy-ion collision and, in a more gen
manner, to learn about the evolution of the early unive
which is believed to have passed this state shortly after
big bang. During the time when the matter, produced in
collision of two heavy nuclei at very high energies, is in t
quark-gluon phase, particles stemming from the interac
between the plasma constituents will arise. By detecting
produced particles one hopes to gain knowledge of the p
ics of the QGP. Those signatures for the plasma can be d
ton production,J/c suppression, and photon production~for
a review, see@2#!. It is important to know the contribution
from collisions between the initial nucleons, i.e., from a no
plasma source, giving a background contribution to the th
mal yield.

In this publication we consider prompt photon producti
via the QCD processesq1q̄→g1g and q1g→g1q and
by their bremsstrahlung contributions up toO(as

2) at midra-
pidity to investigate by which amount nuclear effects
shadowing contribute to the hard process. We take the
mulas in leading-order and simulate the higher-order te
by a K factor. In order to get information about the prima
g ’s one needs reliable information about the infrare
dominated quantities entering the cross sections, i.e., the
ton distribution functions. The uncertainties appearing
connection with the QCD cross sections in nuclei are tw
fold. Not only one has to deal with the low-x behavior of the
parton distribution functions but also it is unavoidable
account for modifications of those distributions in nucl
such as shadowing corrections, especially when conside
570556-2813/98/57~6!/3292~7!/$15.00
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heavy nuclei such as Pb and Au. We consider photon tra
verse momenta in the rangekT5225 GeV which is relevant
for the QGP~it was suggested@3# that in the regionkT52
24 GeV the thermal photons from the QGP may domin
whereas the hard QCDg ’s should dominate the largerkT
region!. The hard collisions take place at some timet
'1/k0'0.1 fm/c. The typical time scale for the QGP for
mation requires knowledge of the dynamics of the format
and equilibration of the plasma. We therefore employ t
sets of initial conditions for the temperature and the pro
time in the hydrocalculations to obtain a lower and an up
bound for the thermal yield.

II. INCLUSIVE SINGLE PHOTON PRODUCTION IN QCD

We first consider the cross section of singleg production
on the nucleon-nucleon level. The general form of a fact
ized inclusive cross section with large momentum transferkT
can be written as@4#

s~kT!5H0^ f 2^ f 21~1/kT!H1^ f 2^ f 31~1/kT
2!H2^ f 2^ f 4

1O~1/kT
3!, ~1!

where the process at the nucleon nucleon level is

N~P,S!1N8~P8,S!→g~k!1X ~2!

as illustrated in Fig. 1. The convolution is formulated
terms of the momentum fractionsx and y. The f n are
infrared-dominated nonperturbative matrix elements of tw
n and theHi are the perturbatively calculable coefficie
functions. In our approach we will work in LO with aK
factor for the higher orders inas and at the twist-2 level. The
next twist to contribute in an unpolarized process would
twist-4 which is suppressed byO(1/kT

2) compared to the
3292 © 1998 The American Physical Society
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57 3293NUCLEAR SHADOWING EFFECTS ON PROMPT PHOTONS . . .
leading twist and is therefore neglected. Matrix elements
twist-3 contribute only to polarized processes, such as sin
spin asymmetries@4,5#.

On the twist-2 level the cross section is

Ec

ds

d3kc

~AB→CX!5
1

p (
ab→cd

E dxa dxb f A
a~xa! f B

b~xb!

3 ŝ
dŝ

d t̂
~ab→cd! d~ ŝ1 t̂1û!, ~3!

where the sum runs over all partonic subprocess includ
quark-antiquark annihilation into two photons and into ph
ton and gluon and the QCD Compton process. As sta
above, we are here only interested in thesinglephoton pro-
cesses. Reactions involving two final-state photons, suc

q1q̄→g1g, are neglected since they are suppressed du
the additional electromagnetic coupling constant. Some c
ments on Bremsstrahlung will appear later because one
a large contribution from those processes.

Since the above formula applys for the twist-2 level, t
f A,B are the well-known parton distribution functions of de
nite twist. For our calculations we used the newest versio
the Glück, Reya, and Vogt parametrizations@6#. The main
reason for choosing the newest version is the modificati
at smallx measured at HERA@7# which show a steep rise in
the proton structure functionF2(x,Q2). The photons at
midrapidity typically come from momentum fractionsx
'2k0 /As. Therefore, at the high-energy colliders treat
here~RHIC and LHC! one clearly is in a region where ne
data on parton distributions at lowx are important. Another
interesting property of the ’95 GRV parametrizations is t
asymmetric sea taking into account the violation of t
Gottfried sum rule, which defines the difference between
proton and neutron structure functions@8#:

FIG. 1. General illustration of the direct single photon reactio
The square ofFA andFB generates the nucleon matrix element a
H is the hard part of the reaction involving the different parton
subprocesses.
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0

1dx

x
~F2

p2F2
n!5

1

3E0

1

dx~uv2dv!1
2

3E0

1

dx~ ū2d̄!

5
1

3
if ū5d̄. ~4!

The early analysis~prior to 1992! assumed a flavor-
independent light-quark sea. The NMC collaboration, on
contrary, found@9#

S~0.004,0.8!5E
0.004

0.8 dx

x
~F2

p2F2
n!

50.22760.007 ~stat.!60.014 ~syst.! ~5!

implying d̄>ū.
The ~unpolarized! cross section for the prompt photo

production in a nucleus nucleus reaction is given~without
the exchange term! to lowest order by@10#

Ek

dsAB

d3k
@A1B→g~k!1X#

5
1

pExmin
a

1

dxaf i
A~xa! f j

B~xb!
xaxb

xa2x1

dŝ

d t̂
~a1b→c1d!,

~6!

where f i
A(xa) and f j

B(xb) are the parton distributionsin the
nucleus. The various hard scattering functions can, e.g.,
found in @11#

dŝ

d t̂
5

paaseq
2

ŝ2

2

3F S ŝ

2 t̂
D 1S 2 t̂

ŝ
D G , ~7!

dŝ

d t̂
5

paaseq
2

ŝ2

8

9F S û

t̂
D 1S t̂

û
D G ~8!

for the processesq1g→g1q and q1q̄→g1g, respec-
tively.

The partonic variables at midrapidity are given by

xb5
xaxT

2xa2xt
, xT52kT /As,

xa5xb5kT /As, xa
min5

xT

22xT
, ~9!

ŝ5xaxbs, û52xbxTs/2, t̂52xaxTs/2. ~10!

We also explicitly take theO(as
2) corrections to the annihi-

lation and Compton graphs, i.e., bremsstrahlung contri

.
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tions, into account. Even though one has aO(as
2) contribu-

tion, these processes already contribute toO(as) because the
fragmentation function enters with a factor ln(Q2/L2).

In that process a photon is radiated off a final state qu
or in other words: the quark fragments into a photon carry
a fraction z of the initial momentum. The fragmentatio
w

de
k,
g

function is given in leading-log approximation by@11#

zDq→g~z,Q2!5eq
2 a

2p
@11~12z!2# ln~Q2/L2!. ~11!

The result for the bremsstrahlung contributions is given
@11#
Ek

dsAB

d3k
52

aas
2

2ps2
ln

kT
2

L2

1

xT
E

xT

1

dyT

4

yT
2 @11~12xT /yT!2#E

yT /~22yT!

1 dxa

xa2yT/2FF2~xa ,A!S xG~xb ,B!

1
4

9
Q~xb ,B! D xa

21~yT/2!2

xa
4

1~xa↔xb ,A↔B!G , ~12!
g

rms

he

us-

ar
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wherexb5xayT /(2xa2yT) andQ(x)5x( f@qf(x)1q̄f(x)#.
The graphs giving rise to the different hard parts are sho
in Fig. 2. Notice that an expression@xG(xb ,B)
1(4/9)Q(xb ,B)] appears. This so-calledeffective parton

FIG. 2. ~a! QCD Compton, annihilation and~b! Bremsstrahlung
graphs taken into account in our calculations. The wavy lines
note gluons and the dashed lines stand for the photons.
n

distribution is due to the different values of the followin
subprocesses:

qq→qq : qg→qg : gg→gg

'1 : CA /CF : ~CA /CF!2. ~13!

One therefore is able to describe the whole process in te
of a single effective subprocesswith an effectiveparton dis-
tribution

Q8~x!5xG~x!1
CF

CA
Q~x!

5xG~x!1
CF

CA
x(

f
@qf~x!1q̄f~x!# ~14!

with CF /CA54/9.
In the next section we will discuss modifications to t

cross section due to nuclear effects.

III. MODIFICATIONS OF THE CROSS SECTION:
NUCLEAR SHADOWING

For the case of prompt photon production in a nucle
nucleus reaction one has to deal withnuclear parton distri-
butions entering the cross section,xGA(x,Q2) and
F2

A(x,Q2). It is well known fromeA, mA, andpA scattering
@12–14# that over the wholex range, one findsf i

A(x,Q2)
ÞA fi

P(x,Q2) for the parton densities. Here one has nucle
shadowing, antishadowing, the EMC effect and Fermi m
tion, depending on the increasingx region @15#. In the
present case we are mainly interested in the small-x region,
i.e., in shadowing. At midrapidity one typically probes th
correlators down to momentum fractionsx'kTAs/(1
2kTAs). Thus in the interestingkT range at RHIC one
reaches valuesx'0.01 andx'3.431024 at LHC.

The shadowing effect described here is a depletion of
parton densities in the nucleus. This effect can be unders
in terms of parton-parton fusion in the infinite-momentu
frame @16#. If the longitudinal wavelength of a parton ex
ceeds the contracted size of a nucleon~or the internucleon
-
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57 3295NUCLEAR SHADOWING EFFECTS ON PROMPT PHOTONS . . .
distance! inside the Lorentz contracted nucleus, parto
originating from different nucleons can fuse, resulting in
depletion of the parton densities at smallerx and in an en-
hancement at largerx. One finds from 1/xP'2RnMn /P that
shadowing shows up at valuesx'0.1. A saturation of the
shadowing effect can be expected when the longitudinal
ton wavelength exceeds the size of the nucleus.

One also expects a shadowing effect from a transve
overlap of the partons as is seen in the free proton. Here
finds that, for sufficiently small values ofx and/orQ2, the
total transverse area occupied by gluons becomes larger
the transverse area of the hadron. This happens w
xG(x)>Q2R2, with a transverse parton size 1/Q2 (Q25
2q2) and a proton radiusR. Hence, one finds a depletion o
the gluon and sea distribution at valuesx<0.01 as shown in
Fig. 3.

It is obvious that shadowing depends, on the one hand
the mass number of the nucleus and, on the other hand
the x and Q2 values. TheQ2 dependence of the rati
(1/A) f i

A(x,Q2)/ f i
P(x,Q2) is determined by modified

DGLAP equations~suggested in@18# and later proven in
@16#! taking the fusion processes into account@19#. In the
nucleus those fusion processes are due to an enhancem
the fusion of gluon ladders stemming from independent p
tons, whereas in the free nucleon, fusion processes from
independent partons dominate.

It was shown@20# that the modifications to the usua
DGLAP equations only affect the ratio by'(627)%. Be-
cause the detected photons are in a quite narrow range okT

where kT
2'Q2, for simplicity, a parametrization for both

GA(x,Q2) and F2
A(x,Q2) is used. The first ansatz@20# as-

sumes a similar size of the shadowing ofF2
A(x,Q2) and of

the gluon distribution at the initial scaleQ052 GeV. The
evolution ofF2(x,Q2) is quite moderate, whereas the gluo
shadowing vanishes faster with increasingQ2. This can be
understood in terms of the momentum flow into gluons
higherQ2 as predicted by the DGLAP equations.

The parametrization of the (1/A)F2
A(x,Q2)/F2

P(x,Q2) ra-
tio at the input scale,Q052 GeV, given in@20#, is shown in

FIG. 3. Depletion ofxG(x) in the proton as parametrized b
MRS in @17#. The D2 curve corrsponds to a singular behavi
(;x20.5) as postulated by BFKL analysis whereas the smallx be-
haviors ofS0 is taken from Regge anyalysis (;x0).
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Fig. 4. Nevertheless, the same parametrization for both
tributions is used, so one does not need to solve the mod
DGLAP equations for the narrowkT range. It is clear that
thereby the shadowing effect is slightly overestimated wh
one tries to be consistent in one ansatz.

Due to the electromagnetical neutrality, theRG(x,Q2) ra-
tio is not accessible with deep inelastic-scattering proces
A second ansatz@20# with a much stronger shadowed gluo
distribution @RG(x,Q2) is roughly 45% smaller thanRF2

at

x50.001# has been presented at the initial valueQ5Q052
GeV. The neglect of theQ2 dependence ofRG(x,Q2) is
absorbed by the systematic uncertainty in the ansatz.
there definitely remains an overestimate due to the neglec
theQ2 dependence ofRF2

(x,Q2) which changes by'9% as

Q varies from 2 to 5 GeV atx50.001. Therefore, our over
estimate alters the result towards largerkT by '10%.

We show the effect of shadowing for the two energ
As5200A GeV andAs55.5A TeV in Figs. 5 and 6. The
shadowing effect increases as the energy increases which
easily be understood in terms of the momentum fraction
one typically probes the correlators~here the parton distribu
tion functions entering the hand-bag graph! at values x

FIG. 4. Ratio (1/A)F2
A(x,Q2)/F2

P(x,Q2) at the input scaleQ0

52 GeV as parametrized in@20#.

FIG. 5. QCD Compton photon multiplicity distribution with an
without nuclear shadowing forAs5200A GeV.
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3296 57N. HAMMON, A. DUMITRU, H. STÖCKER, AND W. GREINER
'2kT /As at y50, this formula also immediately explains th
drop of the ratio towards larger transverse momenta.
decrease of the shadowing correction with increasingkT can
also be understood in terms of the lower integration bou
ary xmin

a in Eq. ~6! which increases with the transverse m
mentum of the photon.

Each cross section is computed on the nucleon-nuc
level asdspp /dy. Then this quantity is transformed to th
number of events per rapidity in a central nucleus-nucl
reaction by multiplying with the nuclear overlap functio
TAA(b) at zero impact parameter:

dNAA

dy
5TAA~b50!

dspp

dy
. ~15!

One should not forget that the results forcentral collisions
are about four times larger than those for collisionsaveraged
over all impact parameters.

Numerically one finds thatTAA(b50)'A2/pRA
2 ,

TPbPb5
32

mb
, TAuAu5

29

mb
. ~16!

This procedure is equivalent to neglecting nuclear shadow
effects. To explicitly take into account those effects one
to multiply each parton distribution with the parametriz
ratio RF2

5(1/A)F2
A/F2

N .

IV. THE HYDRODYNAMICAL CALCULATIONS

For comparison we have also computed the transv
momentum spectrum ofthermal hard photons. As a mode
for the time evolution of the thermalized system we assu
a three-dimensional hydrodynamical expansion with cy
drical symmetry and longitudinal boost invariance@21#. For
the RHIC energy we employ an initial temperature ofTi
5533 MeV and an initial time oft i50.1236 fm/c, while
for LHC we assumeTi5880 MeV andt i50.1 fm/c. The
resulting final pion multiplicity in central Au1Au reactions
~i.e., initial transverse QGP radiusRT56.5 fm! is dNp/dy
'1460 at RHIC anddNp/dy'5300 at LHC, if the hydro-
dynamical evolution is isentropic and if the QGP and t
hadron gas consists ofu, d quarks, gluons and pions, respe

FIG. 6. Same as Fig. 5 but forAs55.5A TeV.
e
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tively @22#. According to present knowledge@23,24#, from
the viewpoint of maximum thermal radiation these initi
conditions~and the assumption of full thermal and chemic
equilibrium! have to be considered as the most favora
ones. Therefore, we have also computed the thermal ph
spectrum for a less rapid thermalization and a lower ini
temperature (t i50.5 fm/c, Ti5300 MeV, dNp/dy'1050
for RHIC and t i50.25 fm/c, Ti5650 MeV, dNp/dy
'5350 for LHC!. We assume a freeze-out temperature
Tf5100 MeV. The photon spectrum abovekT52 GeV,
however, does not depend sensitively on this number, ex
in the case of slow thermalization and low initial temperatu
(t i50.5 fm/c, Ti5300 MeV!.

The equation of state is that of an ideal gas of massivep,
h, r, and v mesons belowTC5160 MeV. ForT.TC we
assume an ideal QGP~massless, noninteractingu, d quarks
and gluons! described within the MIT bag-model. The ba
constant is chosen such that the pressures of the two ph
match atT5TC (B1/45235 MeV! thus leading to a first-
order phase transition.

The number of emitted direct photons per infinitesim
space-time volume in each of the three phases is par
etrized as@25,26#

E
dNg

d4x d3k
5

5aaS

18p2
T2e2E/TlnS 2.912E

g2T
11D . ~17!

E is the photon energy in the local rest frame. In our hyd
calculations we fixas5g2/4p50.3. A logarithmic tempera-
ture dependence ofas does not alter the results significantl
Equation~17! accounts for pion annihilation (pp→rg), and
Compton-like scattering (pr→pg, ph→pg) off a r or h
meson ~in lowest-order perturbation theory!. In the QGP
~two massless flavors!, alternatively, quark-antiquark annih
lation (qq̄→gg), and Compton-like scattering off a gluo
(q,q̄1g→q,q̄1g) are considered. In view of the uncertain
ties of the initial conditions and the time evolution of th
temperature, which enters the thermal photon production
exponentially, we have not attempted to include higher-or
corrections, hadronic form factors, or additional proces
~e.g., a1→pg decays, etc.!. Finally, the thermal photons
produced at each individual space-time point are summ
incoherently to obtain the spectrum of photons emitted i
nuclear collision.

V. RESULTS

We have calculated the transverse momentum spect
~at midrapidity! of prompt photons,d2Ng/kTdkTdy produced
in the very early phase (1/k0'0.1 fm/c) of an ultrarelativ-
istic heavy-ion collision via perturbative QCD. We take th
transverse photon momenta in the rangekT5225 GeV. The
lower bound is chosen such that perturbation theory is
valid and one does not have to take into account ma
elements of higher twist, such as^PuF1ac̄g1Fa

1cuP&. We
use a rather moderate estimate for the higher-order te
namelyK51.5 for RHIC andK51.0 for LHC. We compare
those prompt photons to the thermal radiation, calculated
outlined above~cf. Figs. 7 and 9!. In the relevant range we
find that the photons from bremsstrahlung dominate o
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those coming from the QCD Compton process by a fac
'1.6@ ln(1/xT)21.1#, which itself dominates over the ann
hilation process as also found in@11# and@22#. In our calcu-
lation we find that the Bremsstrahlung contribution at RH
lies above the Compton contribution in the wholekT range
whereas in@11# one had a crossover point atkT'3.5 GeV.
This different behavior should be due to the parton distri
tions ~Duke/Owens set I! used in@11#. Also, for the parton
distributions employed by us, prompt photons dominate o
the thermal radiation in the entire transverse momen
range at RHIC, cf. Fig. 7. The inverse slope 1T
52d/dkT ln (dN/kTdkTdy) of the prompt QCD photons
in the interval kT5225 GeV is T550021000 MeV at
RHIC andT550021100 MeV at LHC, depending onkT .
Hydrodynamics predicts that the inverse slope of the ther
photons can hardly exceed 500 MeV at RHIC and 700 M
at LHC, even if very rapid thermalization timest i'1/k0 and
high initial temperaturesTi'3^ET& are assumed. The effec
of the nuclear shadowing correction is quite moderate at
RHIC energy as also found in minijet calculations@20#. Note

FIG. 7. Transverse momentum distribution of prompt and th
mal photons produced in a central Au1Au collision at As5
200A GeV.

FIG. 8. Transverse momentum distribution of thermal photo
produced in the different phases atAs5200A GeV with different
initial conditions.
r

-

r
m

al

e

also ~Fig. 8! that for the second set of initial conditions th
hadronic phase dominates the thermal photon spectrum,
to the strong radial flow. A higher freeze-out temperatu
would, however, reduce this contribution.

The effect of nuclear shadowing increases for higher
ergies~LHC, see Fig. 9! and yields corrections up to a facto
of '3.5, and therefore is not negligible, especially at sma
momentum fractions. Without shadowing corrections o
has a crossover point with the thermal yield (t i50.25 fm,
Ti5650 MeV! at kT'3.75 GeV. When taking into accoun
the shadowing corrections one finds the crossover poin
larger transverse momenta (kT'5 GeV!. For the higher ini-
tial temperature ofTi5880 MeV, the crossover point is
shifted to even larger values ofkT .

Thus, even for the lower initial temperature and larg
formation time, photons from primary QCD processes in
important rangekT5225 GeV are negligible at LHC if
shadowing is taken into account. Also, for the initial cond
tions expected at LHC, the thermal spectrum is dominated
photons produced in the QGP phase~Fig. 10!.

A comment regarding the photons from hadron deca
mostly from p0 and h decays, is appropriate at this poin
This background radiation is discussed, e.g., in@24,26# and

-

s

FIG. 9. Same as Fig. 7 but forAs55.5A TeV in Pb1Pb.

FIG. 10. Same as Fig. 8 but forAs55.5A TeV.
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3298 57N. HAMMON, A. DUMITRU, H. STÖCKER, AND W. GREINER
turns out to exceed the thermal yield in the transverse
mentum range considered here. Therefore, it has been ar
@24# that these decay photons have to be identified in or
for the thermal radiation to be observable. At lower ene
(As518 GeV! this has been successfully performed by t
WA98 Collaboration@27#. However, our present calculatio
suggests that the thermal photons will still not be observa
at RHIC because the prompt QCD photons dominate
spectrum. At LHC energy, on the other hand, nuclear sh
owing reduces the number of prompt QCD photons to be
the thermal yield~for kT<5 GeV!. Thus, thermal photons
might be observable at this energy if identification of dec
photons is possible.

VI. SUMMARY AND CONCLUSIONS

In this paper we have computed the number of prom
photons with 2 GeV<kT<5 GeV in a centralAA collision
at energies ofAs5200A GeV andAs55.5A TeV at midra-
pidity to study nuclear modifications of the naive extrapo
tions from pp results. We investigated different sources f
the photons and also discussed thermal photon produc
within a hydrodynamical model and various sets of init
conditions. We used the nuclear overlap function to der
n

ev
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ed

er
y

le
e

d-
w

y

t

-
r
on
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e

the multiplicities from the cross sections and assumed cen
collisions (b50! which yield multiplicities about four times
larger than those resulting from impact parameter-avera
calculations.

With an upper bound for nuclear shadowing and a re
tively conservative estimate for the higher orders, expres
in the K factor, at RHIC we obtain multiplicities larger tha
those from the thermalized stage of the reaction. For
LHC energy ofAs55.5A TeV we find that the crossove
point between the thermal photons and the primary phot
significantly changes towards larger transverse mome
when shadowing corrections are taken into account. Eve
we slightly overestimate the shadowing effect, one can c
clude that at LHC the background from QCD processes
the initial nucleons is of minor importance in the rangekT
5225 GeV but will still dominate for the very high trans
verse photon momenta. The inverse slope of the QCD p
tons ('50021000 MeV! significantly exceeds that of th
thermal photons~300–500 MeV! at RHIC and is slightly
larger for LHC energies.
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