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We study the thermal emission of photons from hot and dense strongly interacting hadronic matter at
temperatures close to the expected phase transition to the quark-gluon plasma(QGP). Earlier calculations of
photon radiation from ensembles of interacting mesons are reexamined with additional constraints, including
new production channels as well as an assessment of hadronic form factor effects. Whereas strangeness-
induced photon yields turn out to be moderate, the hitherto not consideredt-channel exchange ofv mesons is
found to contribute appreciably for photon energies above,1.5 GeV. The role of baryonic effects is assessed
using existing many-body calculations of lepton pair production. We argue that our combined results constitute
a rather realistic emission rate, appropriate for applications in relativistic heavy-ion collisions. Supplemented
with recent evaluations of QGP emission, and an estimate for primordial(hard) production, we compute photon
spectra at Super Proton Synchrotron(SPS), Relativistic Heavy Ion Collider(RHIC), and Large Hadron Col-
lider (LHC) energies.
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I. INTRODUCTION

Electromagnetic radiation(real and virtual photons) from
central high-energy collisions of heavy nucleisA-Ad has the
potential to directly probe the high temperature and high
density phases of these reactions. This is so because photons
and dileptons suffer little final state interaction, and also be-
cause their emission rate is a rapidly varying function of
local intensive variables. It is therefore hoped that electro-
magnetic(e.m.) observables reveal novel features of strongly
interacting systems under extreme conditions, including the
quark-gluon plasma(QGP) [1], which is but one facet of a
rich many-body problem.

More than a decade of careful experiments and of their
theoretical interpretation has made clear that a proof of the
existence of the QGP requires analyses of many complemen-
tary measurements. This, in particular, applies to thermal
production of photons and dileptons, since their emissivity is
encoded in the same theoretical quantity, i.e., the e.m.
current-current correlation function in strong-interaction
matter[2].

In this paper we focus on the study of real photon emis-
sion(see Ref.[3] for recent reviews). An identification of the
QGP component in the spectra requires a reliable assessment
of competing sources, most notably primordial production in
hard nucleon-nucleonsN-Nd collisions [4], as well as the
later hadronic emission. Owing to the vanishing invariant
mass of real photons, all three sources generate essentially
smooth spectra, measured as a function of transverse mo-
mentumqt. The key properties are then their strength to-
gether with a typical spectral slope. For thermal radiation the
latter is governed by temperature(as well as collective mat-
ter expansion), whereas the overall normalization is set by a

combination of microscopic production mechanisms and the
space-time volume of the interacting matter. Naively, one
expects QGP radiation(from large temperatures and small
volumes) to dominate at largeqt, and hadron gas(HG) emis-
sion at smallqt. In practice, i.e., within a heavy-ion environ-
ment, both ends of the thermal spectra are masked: there is a
large background at lowqt, and the primordial component
from hardN-N collisions feeds the highqt. The primordial
yield in A-A collisions is expected to be modified(as com-
pared to the freeN-N case) by nuclear transverse-momentum
skT-d broadening[5,6] and shadowing[7]. In general, the
strength of thermal emissivities in both hadron gas and QGP
can also be substantially affected by microscopic in-medium
effects. Furthermore, collective(transverse) expansion in-
duces a spectral hardening being more pronounced in the
later (hadronic) phases.

Most of the above issues have been addressed in various
forms before, e.g., within hydrodynamic simulations[8–10],
transport/cascade models[11–13], or simple fireball models
[14,15] (where consistency with dilepton observables has
been emphasized). In the present paper we are mostly con-
cerned with hadron gas emission, improving previous analy-
ses in several respects.pra1-meson gas rates are revisited
and extended, including strangeness reactions, heavy reso-
nances as well ast-channel exchange of thevs782d. The
effects of baryons—which are known to be of prime impor-
tance in the dilepton context[16] (as recently further sup-
ported by measurements at lower Super Proton Synchrotron
(SPS) energy[17])— are extracted based on the same spec-
tral densities that successfully describe the dilepton data,
thus ensuring consistency. This also holds for our modeling
of the space-time evolution of heavy-ion reactions, which, in
particular, accounts for effects of chemical off-equilibrium in
the hadronic phase. Finally, for comparison with data from
SPS[and for predictions at Relativistic Heavy Ion Collider
(RHIC) and Large Hadron Collider(LHC)], hadronic emis-
sion is supplemented with an estimate of hard(primordial)
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production, an assessment of the Cronin effect, as well as
QGP radiation(complete to leading order) within a sche-
matic evolution of the collision dynamics.

The paper is organized as follows. In Sec. II we briefly
recall the definition of emission rates, followed by the evalu-
ation of hadronic photon radiation from(i) a hot meson gas
using a massive Yang-Mills(MYM ) approach, extended to
the SUs3d (strangeness) sector, with a quantitative assess-
ment of hadronic form factors,(ii ) a baryon-rich environ-
ment, as well as,(iii ) additional meson sources beyond the
MYM framework. The total hadronic rate is then compared
with a recent leading-order QGP result. In Sec. III we em-
ploy a simple dynamical model to compare integrated yields
with experimental measurements at SPS, and to provide pre-
dictions for RHIC and LHC. Finally, Sec. IV contains a sum-
mary and conclusions.

II. THERMAL PHOTON RATES FROM
HADRONIC MATTER

A. Definitions

In this work we will adopt two different approaches to
calculate thermal photon production from hot and dense mat-
ter, taking advantage of the respective strengths of each one.

Within the thermal field theory framework, the differential
photon emission rate from an equilibrated system can be
written in compact form as[2]

dRg

d4q
= PmnW

mn, s1d

where

Pmn = 4paE d3p

s2pd32p0
o
l

«m
* sl, pd«nsl, pdds4dsp − qd

s2d

denotes thespolarization-summedd photon tensor to lowest
order in the e.m. couplinga. The key quantity is the had-
ronic tensorWmnsq;mb, Td, which contains the effects of
strong interactions to all orders and is directly related to the
imaginary part of the in-medium photon self-energysor e.m.
current-current correlation functiond Pem via

Wmn = s− 2dfBsq0;TdIm Pem
mn s3d

with fBsq0;Td=1/sexpfq0/Tg−1d the Bose distribution func-
tion snote the similarity of Eq.s1d to the dilepton rate,
which is obtained upon replacingPmn with the lepton ten-
sor Lmnd. The photon rate can therefore be cast into the
form

q0
dRg

d3q
= −

a

p2 fBsq0;TdIm Pem
T sq0 = q;Td. s4d

Invoking the vector dominance modelsVDM d f18g, Pem can
be directly related to in-medium vector-meson spectral
functions ssee belowd, which makes Eq.s4d particularly
suitable for nonperturbative model calculations at low and
moderate energies and momenta.

Alternatively, the photon emission can also be computed
from relativistic kinetic theory. For a given reaction 1+2
→3+g, the pertinent rate becomes

q0
dRg

d3q
=E d3p1

2s2pd3E1

d3p2

2s2pd3E2

d3p3

2s2pd3E3
s2pd4ds4dsp1 + p2

→ p3 + qduMu2
fsE1dfsE2df1 ± fsE3dg

2s2pd3 , s5d

whereM is the invariant scattering matrix element. For pho-
ton self-energies of no more than two-loop order, its imagi-
nary part reduces to tree level diagrams, in which case it is
usually more convenient to find thermal rates with the ki-
netic formula, Eq.s5d. The perturbative character of this ap-
proach thus makes it advantageous over Eq.s4d at moderate
and high energies and momenta.

B. Meson gas and hadronic form factors

To describe photon-producing reactions in a gas consist-
ing of light pseudoscalar, vector, and axial vector mesons
sp, K, r, K* , a1d we employ the MYM approach, which is
capable of yielding adequate hadronic phenomenology at
tree level with a rather limited set of adjustable parameters.
Vector and axial vector fields are implemented into an effec-
tive nonlinears-model Lagrangian as massive gauge fields
of the chiral Us3dL3Us3dR symmetry[19,20]

L =
1

8
Fp

2TrDmUDmU† +
1

8
Fp

2TrMsU + U† − 2d

−
1

2
TrsFmn

L FLmv
+ Fmn

R FRmv
d + m0

2TrsAm
LALmv

+ Am
RARm

d

+ gTrFmn
L UFRmnU† − ijTrsDmUDnU

†FLmn

+ DmU†DnUFRmnd. s6d

In the above

U = expS 2i

Fp
o

i

fili

Î2
D = expS 2i

Fp

fD ,

Am
L =

1

2
sVm + Amd,

Am
R =

1

2
sVm − Amd,

Fmn
L,R = ]mAn

L,R − ]nAm
L,R − ig0fAm

L,R, An
L,Rg,

DmU = ]mU − ig0Am
LU + ig0UAm

R,

M =
2

3
FmK

2 +
1

2
mp

2G −
2
Î3

smK
2 − mp

2dl8. s7d

Note thatFp=135 MeV and thatli is a Gell-Mann matrix.
f, Vm, andAm are the pseudoscalar, vector, and axial vec-
tor meson matrices, respectively. Note that this form of
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the interaction enables a coherent treatment of the strange
and nonstrange fields.

Let us first concentrate on the nonstrange sectorspra1d.
Following Ref. [20], the four unspecified parameters in the
Lagrangian can be inferred from the masses and widths of
the r anda1, allowing for two possible solutions:

I:g̃ = 10.3063, g = 0.3405, j = 0.4473,

m0 = 0.6253 GeV,

II: g̃ = 6.4483, g = − 0.2913, j = 0.0585, s8d

m0 = 0.875 GeV,

where g̃=g0/Î1−g. In the absence of additional empirical
constraints, the use of one set over another is difficult to
justify. However, in Ref.f21g it has been suggested to
invoke the experimental determination ofD- to S-wave
content in the final state of thea1→rp decay. For the two
parameter sets given above one finds

I:D/S= 0.36,

II:D/S= − 0.099 s9d

to be compared to the experimental valuef22g
−0.107±0.016.From here on, we therefore employ param-
eter set II.

We proceed with a systematic evaluation of all processes
generating photons based on the interaction vertices con-
tained in Eq.(6). The explicit reactions considered include
all possibles-, t-, andu-channel(Born-) graphs for the reac-
tions: X+Y→Z+g, r→Y+Z+g, andK* →Y+Z+g. For X,
Y, and Z we have each combination ofr, p, K* , K mesons
which respect the conservation of charge, isospin, strange-
ness, andG parity defined for nonstrange mesons. The axial
a1 meson has been considered as exchange particle only(the
a1→pg decay is automatically incorporated vias-channel
pr scattering). Using Eq.(5) the thermal photon production
rates are readily obtained from the coherently summed ma-
trix elements in each channel, and convenient parametriza-
tions thereof are given in the Appendix. The parametrizations
for the nonstrange reaction channels in the present work dif-
fer from the ones quoted in Ref.[23], which are based on
Ref. [20], in two respects. First, in the latter paper the am-
plitude in two channels, as written, violates the Ward identity
[24]. Second, the choice of parameters underlying Ref.[23]
yields anD/S ratio which is at variance with the experimen-
tal value. This is corrected here, together with amplitudes
which have been verified for current conservation. As in Ref.
[20], parameter set(II ) yields smaller emission rates than set
(I) for the (leading) pr→pg process at high energies. In
addition, our results using set(II ) are another,40% smaller
than the corresponding ones in Ref.[20].

An important element in applying effective hadronic mod-
els at moderate and high momentum transfers is the use of
hadronic vertex form factors simulating finite-size effects,
which are not accounted for in thepra1 calculations of Ref.

[20]. For some of these reactions form factor effects have
first been studied in Ref.[25] and found to give a typical net
suppression over the bare graphs by an appreciable factor of
,3 at photon energies aroundq0.2.5 GeV. We perform an
estimate of their effect in the present context as follows. To
be consistent with the procedure adopted before for dilepton
production[26], we assume a standard dipole form for each
hadronic vertex appearing in the amplitudes

Fstd = S 2L2

2L2 − t
D2

. s10d

We then approximate the four-momentum transfer in a given
t-channel exchange of mesonX by its averaget according to

S 1

mX
2 − t

D2S 2L2

2L2 − t
D8

=
1

4E2E
0

4E2 dts2L2d8

smX
2 − td2s2L2 − td8 .

s11d

The averaging procedure allows to factorize form factors and
amplitudes which much facilitates the task of rendering the
final expression gauge invariant, since we can then simply
multiply the rate parametrizations withFstd4 employing a
typical hadronic scale,L=1 GeV f26g, for the cutoff pa-
rameter. The impact of the form factors is indicated by the
difference of solid and dashed curves in Fig. 1, which
should still be considered as a conservative estimate of the
suppression effect. The reduction of the rate in the
2–3 GeV region amounts to a factor of,4, quite in line
with the earlier estimates of Ref.f25g.

Rather little attention has been paid in the literature so far
to the calculation of photon emission rates involving strange
particles, mostly because existing analyses have found them
to be quantitatively suppressed. In Ref.[27], the channel
K1→Kg was investigated and shown to be appreciable rela-
tive to nonstrange sources only in a limited kinematical do-

FIG. 1. (Color online) The effect of hadronic form factors on a
typical photon-producing reaction in a nonstrange meson gas,pr
→pg, for 3 different temperatures. Solid and dashed lines are with-
out and with the inclusion ofFstd4, respectively.
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main. Also, results obtained with SUs3d chiral reduction for-
mulas [28], coupled with an expansion in temperature,
suggest that the strangeness contribution is not large. Here,
we seek to quantify the latter relative to thepra1 emissivi-
ties within the same effective Lagrangian framework as en-
coded in the SUs3d extension implicit in Eq.(6). To opti-
mally reproduce the(measured) hadronic phenomenology,
we are, however, lead to decouple the nonstrange axial vec-
tor mesona1 from the strangeness sector. This allows to
simultaneously satisfy the(electromagnetic) Ward identities
and fix both the strange vector massmK* =895 MeV indepen-
dent of ther mass, and the universal coupling constant as to
match the empirical value[22] of the K* width, GsK*

→Kpd.50 MeV.
The specific channels included are:pK* →Kg, Kr→Kg,

pK→K*g, KK* →pg, KK→rg, andK* →pKg. Again, all
possible isospin combinations are accounted for in the rate
calculations, which have been parametrized in functional
form in the Appendix. For a temperature of 200 MeV, the
leading production channels are shown in Fig. 2, with had-
ronic form factors implemented following the same proce-
dure, Eq.(11), as before(the last two contributions enumer-
ated above have been omitted, as they represent negligible
increments). At all energies of practical relevancesq0

ù0.5 GeVd and including form factors, theK*p→Kg reac-
tion, mediated byt-channelp exchange, turns out to be the
main emission source, which is in complete analogy to the
pr→pg reaction in the nonstrange sector. In line with esti-
mates in Ref.[29], the former constitutes,40% of the latter
around q0=1 GeV, being reduced to about 20% atq0
=3 GeV.

C. In-medium self-energies with baryons

It is important to realize that thermal emission rates of
dileptons and photons are intimately connected, both being
based on the e.m. current-current correlator, albeit evaluated

in distinct kinematical domains, i.e., timelikesM2=q0
2

−q2.0d vs lightlike sM2=0d, respectively. The latter may
imply the prevalence of different processes in the corre-
sponding observable, but consistency can and should be
tested. In particular, we recall that baryonic sources are very
important [16,30] for understanding the observed excess in
low-masssM ø1 GeVd dilepton production in(semi) central
Pb-Au collisions at both fulls160A GeVd [31] and lower
s40A GeVd [17] SPS energy. It is therefore mandatory to
scrutinize the role of baryons in photon production, espe-
cially since most investigations thus far not revealed substan-
tial contributions[32–34].

We here make use of the hadronic many-body calcula-
tions of the in-mediumrs770d spectral function[35–37],
which, when evaluated forM2→0, directly yield pertinent
photon emission rates via Eq.(4). Within the VDM, one has
(schematically)

Im Pem= o
V=r,v,f

mV
4

gV
2 Im DV s12d

smV, gV, and ImDV: vector-meson masses, coupling con-
stants, and spectral functions, respectivelyd. In the follow-
ing we focus on contributions arising from ther meson,
which are dominant sincegr

2/gv
2 .10. In addition to in-

medium effects in the pion cloud of ther mesonsencoded
in a modified two-pion decay widthSrppd, resonant
r-hsh=p, K, r, N, D, . . .d interactions are incorporated
through self-energy expressions of type

Srh
mnsq0, qW ;Td =E d3p

s2pd3

1

2vhspd
ffh

„vhspd…

− frh
„vhspd + q0…gMrh

mnsp, qd, s13d

where the isospin averagedr scattering amplitudeMrh is
integrated over the thermal distributionfhsvhspdd
=(expfvhspd/Tg±1)−1 of the corresponding hadron species
h with vhspd=Îmh

2+pW2. The advantage of writing the self-
energy in terms of the forward scattering amplitude is that
in-medium resonance widths, accounting for higher order
effects in temperature and density, are readily imple-
mented without facing problems of double counting. The
latter becomes more difficult to keep track of when evalu-
ating higher order topologies in the kinetic-theory ap-
proach represented by Eq.s5d f38g. All of the resonances
used in constructing ther self-energy are enumerated in
Refs.f26,36g, which also contains more details on how the
interactions are constrained by hadronic phenomenology.

The results from the hadronic many-body approach are
compiled in Fig. 3 for two temperature-density values char-
acteristic for meson-to-baryon ratios at full CERN-SPS en-
ergy s160A GeVd.

The solid curve is the net photon spectrum obtained by
taking the full(r-meson) spectral density to the photon point,
whereas the long-dashed curve represents the nonbaryonic
(sub) component. One observes that the low-energy regime,
q0*1 GeV, of the photon emissivity is dominated by bary-
onic effects(quite reminiscent to what has been found for

FIG. 2. (Color online) Photon-producing reaction rates involv-
ing strange mesons at a temperatureT=200 MeV with form factor
effects included.
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low-mass dileptons). These are mostly due to directrN reso-
nances such asDs1232d, Ns1520d, as well asDs1232dN−1

andNN−1 excitations in the two-pion cloud of ther (which,
to leading order in density, correspond tot-channel one-pion
exchange in processes of typepN→gN). These contribu-
tions should be rather reliable for baryon densities up to at
least normal nuclear matter density,r0=0.16 fm−3, being
constrained by photoabsorption spectra on nucleons and nu-
clei [37] (including hadronic vertex form factors with rather
soft cutoff parameters around 600 MeV). At comparable
baryonic densities this approach yields about a factor of two
more photons than the results obtained in Ref.[32], where
only nucleonic degrees of freedom were accounted for within
the(on-shell) chiral reduction formalism(see Ref.[39] for an
update includingDs1232d andNs1520d resonances).

Beyond,1 GeV, mesonic(resonance) states become the
dominant source of photons in the many-body approach,
which includes radiative decays ofvs782d, h1s1170d,
a1s1260d, f1s1285d, ps1300d, a2s1320d, vs1420d, vs1650d,
K*s892d, andK1s1270d. In particular, thev→pg decay ex-
hibits an appreciable low-energy strength, consistent with the
early results of Ref.[25]. Note that all hadronic vertices
carry (dipole) form factors with typical cutoff parameters of
around 1 GeV, as extracted from an optimal fit to measured
hadronic and radiative branching ratios within VDM[26];
t-channel exchange processes between mesons as discussed
in Sec. II B (e.g., OPE ora1 exchange inpr→pg) are not
implicit in the spectral densities leading to the results of Fig.
3. They are mostly relevant at photon energies beyond
1 GeV and therefore do not significantly figure into bulk
(low-mass) dilepton production, the latter being dominated
by (transverse) momentaqt*M. As mentioned above, the
underlying VDM coupling to the photon exclusively pro-
ceeds through thers770d which implies that the strength in
the pertinent e.m. correlation function beyond mass/energy
scales of,1 GeV is no longer correctly saturated, as it is
restricted to two-pion-type states. The construction of the
total emission rate will be discussed in the following section.

D. v t-channel exchange and total rate

Before combining the various contributions to the thermal
photon rate we investigate one more process of potential im-
portance which is not present in the above and, to our knowl-
edge, has not been addressed before. Within the SUs2d flavor
symmetry, thev is a chiral singlet, but is known to exhibit a

large coupling topr and thus, via VDM, topg states. Its
s-channel decays have indeed been calculated as early as in
Ref. [25] (and are included above), but its t-channel ex-
change in the reactionpr→pg has not. We here have cal-
culated the pertinent contribution to the thermal emission
rate using Eqs.(5) and(11) with the same coupling and form
factor type as for thes-channel graph[26] (corresponding to
Fig. 3), see below.

In Fig. 4 we summarize our results for the thermal photon
emissivities from hadronic matter as evaluated in the preced-
ing sections.

At low energies,q0ø1 GeV, the emission rate from the
hadronic many-body approach(r spectral function) [36],
with major contributions from baryonic sources, dominates.
Between energies of 1 and 2 GeV, meson gas emissivities
become competitive and eventually dominate the rates at
high energies. Remarkably, thev t-channel exchange inpr

FIG. 3. (Color online) Thermal
photon production rate(under
conditions resembling CERN-SPS
Pbs158A GeVd+Pb collisions) in
the hadronic many-body approach
of Refs. [26,35,36] based on an
in-medium r spectral function.
Left panel: for temperature and
baryon chemical potentialsmB, Td
=s340, 150d MeV, right panel:
smB, Td=s220, 200dMeV.

FIG. 4. (Color online) Compilation of thermal photon produc-
tion rates from hot and dense hadronic matter computed in the
present work at temperatureT=200 MeV and baryonic chemical
potential mB=220 MeV (translating into total-pion to net-baryon
ratio of ,5). Dashed and dotted lines correspond to the non/strange
MYM meson gas emissivities of Sec. II B using the parametriza-
tions given in the Appendix, solid line to ther spectral function
approach including baryons, and the dashed-dotted line is solely
due tov t-channel exchange inpr→pg.
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→pg is the singlemost important process beyond energies of
q0.2 GeV. The strangeness component in the production
rate does not exceed 10–15% at any energy.

We finally have to address the question of how to com-
bine the various hadronic sources, computed in two different
frameworks(cf. Sec. II A), into the total emission rate. Two
issues arise when simply adding all of the emission rates
shown in Fig. 4: double counting and coherence. Thea1
s-channel graph is present in bothr spectral function and the
MYM framework. We remove it from the former, where it
plays a minor role, whereas it induces significant interference
effects in thepra1 complex. If coherence is unimportant,
t-channel contributions can be evaluated separately. It was
verified that this was the case for thev exchange, so that the
incoherent addition of thet-channel contribution is justified.

We believe that it is fair to say that the enumeration of
hadronic photons sources given in this section, together with
form factor inclusions, currently represents the most realistic
evaluation of the full hadron gas emissivity.

E. Comparison to QGP emission

Before turning to applications in heavy-ion reactions, our
estimates for hadronic production rates are confronted with
the ones from QGP emission, in particular with the simple
lowest-order hard thermal loop corrected perturbative QCD
(pQCD) result [25],

q0
dRg

d3q
=

6

9

aaS

2p2T2e−q0/TlnS1 +
2.912

4pas

q0

T
D , s14d

and sa parametrization ofd the complete leading-ordersin
aasd analysisf40g, cf. Fig. 5. Clearly, due to the approxima-
tions implied by each curve, none of them can be expected to
be accurate under conditions arising in practice, i.e., in the

phase transition region. Nonetheless, the observation that the
complete leading-order QGP calculationsdashed-dotted
curved is similar to the full hadronic resultssum of solid and
long-dashed curvesd within a factor of, 2 over essentially
all srelevantd energies below 3 GeV might not be a mere
coincidence. A similar behavior has been found before for
dilepton production ratesf36g, perhaps suggesting a type
of “quark-hadron duality” for e.m. emission close to the
expected phase boundary.

It would be most valuable to shed further light on this
issue from first principle lattice calculations, which, at the
moment, are only reliable at sufficiently large invariant
masses where they are, as expected, close to perturbative
results[41].

III. PHOTON SPECTRA IN ULTRARELATIVISTIC
HEAVY-ION COLLISIONS

A. Hard photons and thermal fireball evolution

For a realistic comparison with direct photon spectra as
extracted in heavy-ion collisions two further ingredients are
required.

First, the thermal rates of the previous sections have to be
convoluted over the space-time history of the reaction. As-
suming that thermal equilibrium can be established and
maintained, hydrodynamic simulations are the method of
choice, see e.g., Ref.[10]. Here we employ a more simple
fireball model[36,42], which incorporates essential elements
of hydrodynamic calculations. The fireball evolution started
at a “formation” (or thermalization) time t0ø1 fm/c, which
relates to the initial longitudinal extent of the firecylinder as
Dz.Dyt0 with Dy.1.8 corresponding to the approximate
rapidity coverage of a thermal distribution. The subsequent
volume expansionVFBstd is carried through QGP, mixed and
hadronic phases until “thermal” freeze-out atTfo
=100–120 MeV, where hadrons cease to interact. The equa-
tions of state(EoS) for QGP and HG are modeled via ther-
mal quasiparticles and a resonance gas(including about 50
species), respectively. Based on the conservation of net
baryon numberNB and total entropyS one is able to extract
the temperature and baryon chemical potential at any given
(proper) time, thereby defining a trajectory in themB-T plane.
The transition from the QGP to HG phase is placed at
“chemical freeze-out” points extracted from hadron ratios in
experiment[43]. Consequently, in the HG evolution from
chemical to thermal freeze-out, hadrons stable under strong
interactions(pions, kaons, etc.) have to be conserved explic-
itly by introducing associate chemical potentials(mp, mK,
etc.). This has not been done in previous calculations of ther-
mal photon production[8–10], and induces a significantly
faster cooling in the hadronic phases[29]. In addition, at
collider energies(RHIC and LHC), the conservation of the
observed antibaryon-to-baryon ratio(which at midrapidities
is no longer small) in the hadronic evolution becomes impor-
tant [44]. An accordingly introduced(effective) chemical po-
tential for antibaryons has been shown to impact the chem-
istry at later stages appreciably[44] (in particular, it is at the
origin of large meson-chemical potentials, again implying
faster cooling). For each collision energy, the value of the

FIG. 5. (Color online) Comparison of HG and QGP photon
production rates atT=200 MeV. Solid line, hadronic many-body
approach of Refs.[26,35,36] (solid curve), dashed line, mesonic
contribution including hadronic form factors; dotted line, simple
pQCD result[25] according to Eq.(14); dashed-dotted line, com-
plete leading-order QGP emission[40].
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specific entropyS/NB is fixed to reproduce observed hadron
abundances. The total yield of thermal photons in anA-A
collision then follows as

q0
dNg

thermal

d3q
sqtd =

1

Dy
E

ymin

ymax

dyE dtVFBstdSq0
dR

d3q
D ,

s15d

averaged over a rapidity intervalfymin, ymaxg according to the
experimental coveragesDy=ymax−ymind. To incorporate
transverse expansion in the spectra, in the thermal rest frame
isotropic photon momentum distributions are boosted into
the laboratoryslabd frame using an average of about 70% of
the time-dependent transversessurfaced expansion veloc-
ity at each moment in the fireball evolution.

Second, an additional contribution to direct photon spec-
tra arises from prompt photons in primordialN-N collisions.
The minimal baseline for a heavy-ion reaction constitutes the
collision-number scaled expectation from proton-nucleon
collisions. An accurate description thereof is still a matter of
debate[4], so that we here employ empirical scaling rela-
tions in xt=2qt/Îs, extracted from fits to data in Ref.[45].
For xt*0.1, corresponding to fixed target energies(Îs
&50 GeV and photon transverse momentaqt above 2 GeV),
the cross section fit(at midrapidityy50) reads

q0
d3sg

pp

d3q
= 575

sÎsd3.3

sqtd9.14

pb

GeV2 , s16d

whereas forxt&0.1, corresponding to collider energies
sÎsù200 GeV andqt&10 GeVd,

q0
d3sg

pp

d3q
= 6495

Îs

sqtd5

pb

GeV2 . s17d

The naive extrapolation to a collision of two nucleiA andB
at impact parameterb predicts the prompt photon spectrum
to be

q0
dNg

prompt

d3q
sb;qt, y = 0;Îsd = q0

d3sg
pp

d3q
ABTABsbd

= q0
d3sg

pp

d3q

Ncoll

spp
in s18d

with TAB as the nuclear overlap function,Ncoll as the number
of primordial N-N collisions, andspp

in as the inelasticN-N
cross sectionswe also supplement Eq.s18d with a smooth
cutoff for q0ø2 GeV, where the parametrizations16d is no
longer reliabled. The lack of a consistent microscopic de-
scription of photon production inp-p complicates the task
to assess nuclear corrections, such as shadowing or intrin-
sic kT broadeningsCronin effectd, see e.g., Ref.f3g for a
recent discussion. As a substitute for a more rigorous cal-
culation, we here adopt the following strategy: since the
intrinsic kT effects at theN-N level are in principle con-
tained in the parametrization, Eq.s16d, the nuclear effect
is approximated by fitting an additionalsnucleard kT
smearing top-A data.

The latter is modeled by folding the parametrized spec-
trum over a Gaussian distribution

fskTd =
1

pkDkT
2l

e−kT
2/kDkT

2l. s19d

The result, together with proton-nucleus data on photon pro-
duction is shown in Fig. 6. The data have been scaled to the
10% central Pb-Pb cross section at 158A GeV according to
the procedure used in Ref.f48g. Fitting the p-A single
photon data in this fashion, an adequate reproduction of
the experimental measurements emerges withkDkT

2l
.0.1–0.2 GeV2.

In principle, there is a third source of photons correspond-
ing to emission after initial nuclear impact, but before the
formation timet0 (the “preequilibrium” contribution). It is
difficult to assess both theoretically and experimentally; a
rough (but uncontrolled) estimate might be had by choosing
a somewhat smaller formation time. Note that, in principle,
the modeling of those contributions is accessible toab initio
simulations[49].

B. SPS

In this section we compute transverse momentum spectra
at midrapidities from 10% central Pbs158A GeVd+Pb colli-
sions for which photon spectra have been measured by
WA98 [48]. Let us first focus on thermal emission; QGP
radiation is always calculated with the complete leading-
order result[40], hadronic radiation as the sum of the had-
ronic many-body[26,36], prK*K gas(within MYM ), andv
t-channel exchange contributions with form factors as dis-
cussed in Sec. II D.

In Fig. 7 we display results for a rather standard fireball
evolution with initial z0=1.8 fm (corresponding tot0
.1 fm/c and initial temperatureTi =205 MeV) and final

FIG. 6. (Color online) Direct photon data in proton-Carbon col-
lisions, scaled to central Pb-Pb collisions at SPS energies(see text
for details). The curves show the effect of the broadening of the
primordial photon spectrum generated by the nuclear medium. The
data are from Refs.[46] (E629) and [47] (NA3).
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temperatureTfo.110 MeV reached after a total lifetime of
,13 fm/c. Due to transverse expansion, the total hadron gas
yield outshines QGP emission at all momenta. This is in
close reminiscence to the calculations of intermediate dilep-
ton spectra within the same framework[42], where QGP
radiation was found to constitute about 30% of the thermal
component that was able to reproduce the excess observed
by the NA50 collaboration[50] (see also Ref.[51]). As ex-
pected, photons of baryonic origin prevail in the spectrum
for qt&1 GeV; this region is thus intimately related to the
low-mass(and low-transverse momentum) dilepton enhance-
ment observed by CERES/NA45[31]. The same feature has
been found[14] when comparing the hadronic many-body
contributions to the upper limits in Ss200A GeVd+Au by
WA80 [52]. In the right panel of Fig. 7 we illustrate the
sensitivity of the hadronic thermal emission to properties of
the fireball evolution. When increasing the thermal freeze-
out time from our (SPS) default value of 106 MeV to
135 MeV, the yield atqtø1 GeV is reduced by up to 30%,
whereas it is essentially unchanged beyondqt.2 GeV, thus
reflecting emission close toTc. On the contrary, if the addi-
tional boost on the photons due to the transverse expansion is
neglected, the high-momentum spectrum is reduced appre-
ciably (by a factor of,3 already atqt=2 GeV), whereas the
low-momentum region is only mildly affected.

As is well known, high-energy(-mass) photon(dilepton)
emission is rather sensitive to initial temperatures in heavy-
ion reactions, due to the large(negative) exponents in the
thermal factors. This is confirmed by our results for the QGP
contribution in Fig. 8 when decreasing the formation time
from 1 to 0.56 fm/c, the latter implyingTi =250 MeV.

Another effect that has been ignored in available hydro-
dynamic calculations so far is associated with corrections to
the QGP equation of state. The standard assumption is that of
an ideal(massless) gas with an effective number of flavors
Nf =2.5 corresponding to a total degeneracydQGP=s10.5Nf
+16d=42 (in our default calculations we usedQGP=40).
However, lattice gauge theory results[53] indicate ,20%
smaller values than the ideal gas for the thermodynamic state
variables in the SPS energies relevant temperature regionT
=1–2 Tc. Implementing such a reduction into the entropy

density(which is the relevant quantity for the fireball evolu-
tion) by usingdQGP=32 yields an increase of the initial tem-
perature from 250 MeV to 270 MeV without decrease in ini-
tial volume [29,54]. The resulting thermal photon spectrum
from QGP radiation shows appreciable sensitivity to this
modification at high energies, cf. solid vs dotted curve in Fig.
8. This sensitivity does not persist into the low-energy region
q0ø1 GeV, and thus does not affect low-mass dilepton pro-
duction [30].

Let us now turn to a comparison with the recent measure-
ments of WA98[48].

Our baseline scenario consists of thermal emission(had-
ronic and QGP) from the expanding fireball withTi
=205 MeV, supplemented by prompt(pQCD) photons from
primordial N-N collisions without any nuclear effects, cf.
Fig. 9. Up to transverse momenta of about 1.5 GeV the data
(upper limits) are essentially saturated by thermal radiation
from the hadronic phase. This is gratifying to note since this
regime, as discussed above, is directly related to the low-
mass dilepton excess observed by CERES/NA45[31,17],

FIG. 7. (Color online) Integrated photon emission from various thermal sources in an expanding fireball model for central Pb+Pb
collisions at SPS. Left panel: hadronic emissionsTøTc=175 MeVd from the meson gas component(dashed line) and the in-mediumr
spectral function(solid line) compared to QGP emissionsTcøTøTi =205 MeVd (dashed-dotted line). Right panel: sensitivity of the total
HG yield to thermal freeze-out(long-dashed line:t fo=13 fm/c corresponding toTfo=106 MeV, dotted line:t fo=9 fm/c corresponding to
Tfo=135 MeV) and transverse flow(dashed-dotted line:t fo=13 fm/c with no transverse boost of the emission source).

FIG. 8. (Color online) Sensitivity of the QGP photon emission
yield within an expanding fireball model for central Pb+Pb colli-
sions at SPS.
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which can be successfully described within the same ap-
proach[36]. Beyond 3 GeV, prompt photons dominate, but
do not seem to provide enough yield to account for the data.
Since the hadron gas emission is essentially fixed and de-
scribes well the low-energy regime, three possibilities are
left for the origin of discrepancies aboveq0.2 GeV: (i)
modifications of the prompt yield,(ii ) preequilibrium emis-
sion, (iii ) larger QGP radiation. In the following, cases(i)
and (iii ) (or a combination thereof) will be investigated.

First, we study the effects of the initial temperature on the
photon spectrum. The exercise in the right panel of Fig. 7 is
repeated adding all sources discussed here, cf. Fig. 10.
Clearly, when going to(for SPS conditions) rather short for-
mation times oft0.0.5 fm/c, coupled with nonperturbative
(suppression) effects in the QGP EoS, a rather good repro-
duction of the entire spectrum can be achieved. This state-
ment agrees with the hydrodynamic analyses of Refs.[9,10].

The second possibility relates to the nuclear Cronin en-
hancement, which we implement as outlined in the previous
section. The usual assumption to extrapolate nuclear broad-
ening effects on, e.g.,p0 or g spectra is that

kDkT
2lAA = NkDkT

2lpA, s20d

with N=2 f55g. Alternatively, based on a careful analysis of
the targetA dependence inp-A collisions, it has been sug-
gested in Ref.f56g that the Cronin effect is due to no more
than one semihard collision prior to the hard scattering, and
therefore saturating as a function of theN-N collision num-
ber. In this eventuality,Nø2. Recalling that, from Fig. 6,
kDkT

2l=0.1–0.2 GeV2 gives a reasonable description of the
g spectra inp-C, kDkT

2l-values between 0.2 and 0.3 GeV2

seem appropriate for central Pb-Pb collisions. One should
also note that the pertinent spectral enhancement in the
qt.3 GeV region amounts to a factor of around 3, which
is quite consistent with the nuclear enhancement inp0

production observed in the same experimentf57g. In Fig.
11 we have combined the baseline thermal yieldst0
=1 fm/c, i.e.,Ti =205 MeVd with 3 values for the nuclear
kT broadening, i.e.,kDkT

2l=0, 0.2 and 0.3 GeV2. The ther-
mal plus Cronin-enhanced pQCD spectra provide good de-
scription of the WA98 data, even with an initial tempera-
ture as low asTi =205 MeV. This constitutes one of the
main results of our work: the photon spectrum in nucleus-
nucleus collisions at SPS energies is perfectly compatible
with “moderate” initial temperatures. It also complements,
within a common thermal framework, earlier descriptions
of low- and intermediate-mass dilepton spectraf36,42g, as
well as J/c and c8 production systematicsf58g, as ob-
served by the CERN-SPS experiments CERES/NA45
f17,31g and NA50f50,59g, respectively.

It is also of interest to quote the values of the transverse
momentum where the pQCD yield exceeds the total thermal
one; these areqt=2.55, 1.7, and 1.55 GeV, corresponding to

FIG. 9. (Color online) Thermal plus prompt photon spectra com-
pared to data from WA98[48] for central Pb+Pb collisions at SPS.

FIG. 10. (Color online) Effects of various initial temperatures on
the total photon spectra in Pb+Pb collisions at SPS, compared to
data from WA98[48].

FIG. 11. (Color online) Effects of the nuclear broadening of the
primordial photon spectrum on the measured spectrum. All the
sources discussed in this paper are included in the space-time evo-
lution.
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kDkT
2l=0, 0.2, and 0.3 GeV2, respectively. Again, this com-

pares well with the calculation of intermediate-mass dilep-
tons in Ref. [42], where the Drell-Yan contribution was
found to exceed the thermal one atMmm.2 GeV (note that
the Cronin effect is expected to be less pronounced for
quarks than for gluons, and thus will affect the Drell-Yan
process less than prompt photons).

C. RHIC and LHC

At collider energies the space-time evolution of the ex-
panding QGP and hadronic fireball is expected to change in
several respects. First, higher energies entail larger charged
particle multiplicities per unit rapidity,dNch/dy. In central
Au+Au collisions at full RHIC energysÎs=200A GeVd ex-
periments have found[60,61] about a factor of 2 increase as
compared to maximum SPS energysÎs=17.3A GeVd. Ex-
trapolations into the LHC regimesÎs=5500A GeVd suggest
another factor of up to,4 enhancement over the RHIC re-
sults.

Second, thenet baryon content at midrapidity decreases,
implying small baryon chemical potentials at chemical
freeze-out, e.g.,mB.25 MeV at RHIC-200. At the same
time, the observed production of baryon-antibaryon pairs
strongly rises, resulting intotal rapidity densities for baryons
at RHIC that are quite reminiscent of the situation at SPS
energies[62]. This observation not only necessitates the ex-
plicit conservation of antibaryon-number between chemical
and thermal freeze-out[44] (see above), but also requires to
evaluate baryonic photon sources with thesumof the baryon
and antibaryon density(strong and e.m. interactions areCP
invariant).

Third, the transverse expansion(i.e., flow velocity) in-
creases by about 20% from SPS to RHIC(presumably fur-
ther at LHC), whereas the total fireball lifetime does not
appear to change much. The latter, however, is likely to in-
crease at LHC, due the significantly larger system sizes to-
wards thermal freeze-out.

All these features are readily implemented[44,63] into
the thermal fireball description employed for SPS energies
above. In addition, the primordial pQCD component changes
its xt-scaling behavior[45] which is accounted for by replac-
ing the parametrization Eq.(16) by Eq. (17). For simplicity
we here refrain from introducing a nuclearkT broadening,
which is expected to be much less pronounced(and/or com-
pensated by shadowing corrections) at collider energies. First
data on high-pt hadron production ind-Au collisions atÎs
=200 GeV [64–66] indeed indicate only a comparatively
small enhancement of around 20–30% over the spectra mea-
sured inp-p collisions.

Our photon predictions for full RHIC energy are summa-
rized in Fig. 12.

The thermal component has been evaluated with a typical
formation timet0=1/3 fm/c as used before in dilepton[63]
and charmonium[58] applications(it is also consistent with
hydrodynamic approaches that correctly reproduce the ellip-
tic flow measurements which are particularly sensitive to the
early phases, see Ref.[67] for a recent review). One notes
that the spectrum decomposes into essentially three regimes:

at low energies,q0ø1 GeV, the major source are still ther-
mal hadrons, whereas at high energies,q0ù3 GeV, prompt
pQCD photons dominate. The intermediate region, 1øq0
ø3 GeV, appears to be a promising window to be sensitive
for thermal QGP radiation. The latter has been calculated
assuming chemically equilibrated quark- and gluon-densities
throughout. It is conceivable, however, that the early QGP
phases are gluon dominated, i.e., with quark fugacities much
smaller than one(even the gluon fugacities could be re-
duced). In this case, on the one hand, the photon emissivities
at given temperature are severely suppressed. On the other
hand, if most of the total entropy is produced sufficiently
early, smaller fugacities imply larger temperatures, thus in-
creasing the photon yield. The interplay of these effects has
been studied for dilepton production in Ref.[63], where it
has been found that the net effect consists of a slight hard-
ening of the QGP emission spectrum with a pivot point at
M .3 GeV. For photons the situation might be even more
favorable due to the participation of gluons in their produc-
tion (e.g.,g+q→gg, as opposed to leading orderqq→eefor
dileptons).

We finally turn to the LHC, cf. Fig. 13. According to our
estimates, assuming a formation time of 0.11 fm/c(translat-
ing into Ti .850 MeV for dNch/dy.3000), the QGP win-
dow extends significantly further in transverse momentum
than under RHIC conditions, cf. left panel of Fig. 13, al-
though this feature is sensitive to:(i) the formation time,(ii )
a possible chemical undersaturation of the QGP, and(iii )
nuclear effects on the initial pQCD yield. The transition from
HG to QGP dominated emission occurs again close toqt
=1 GeV. In the right panel of Fig. 13 we illustrate the sen-
sitivity of the thermal spectra with respect to the produced
charged particle multiplicity within our schematic fireball
evolution model. For simplicity, we assumed the same for-
mation time and expansion parameters for bothNch=3000
and 2000. We then find that the total integrated photon yield

FIG. 12. (Color online) Integrated photon emission spectra from
centralAu+Au collisions at RHIC. Short-dashed line, pQCD pho-
tons from primordialN-N collisions; dashed-dotted line, thermal
QGP radiation; long-dashed line, thermal hadron gas emission; and
solid line, total direct photon yield.
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(i.e., for transverse momenta above 50 MeV) scales asNch
a

with a.1.4 if the same thermal freeze-out temperatureTfo
.90 MeV is imposed. This value fora is somewhat larger
than the 1.2 found in hydrodynamic calculations of Ref.[68],
but confirms the deviation from the naive quadratic behavior
sa=2d. However, the latter is approached(and even ex-
ceeded) for the yield at higher transverse momenta; e.g.,
when integrating over qt with a lower bound of
1 GeVs2 GeVd, a increases to,1.9 (2.3).

IV. SUMMARY AND CONCLUSIONS

In the present paper we have attempted an improved
evaluation of hadronic thermal emission rates for real pho-
tons, suitable for realistic applications in relativistic heavy-
ion collisions. In what we think is a more complete treatment
than has been achieved before, our main findings are:

(i) Revisited meson gas emissivities built upon an effec-
tive Lagrangian of the massive Yang-Mills type lead to about
40% reduced rates in apra1 gas as compared to previous
analyses. An inclusion of strangeness-bearing channels has
revealed that the latter contribute at the 20% level. A quan-
titative evaluation of hadronic form factors has been per-
formed throughout, mandatory for applications.

(ii ) Photon rates from the baryonic sector have been ob-
tained from a limiting procedure where in-mediumr spectral
densities were carried to the photon point. This procedure
makes consistent the real photon analysis with that of low
invariant mass dileptons, thereby elucidating the role of
baryons in photon emission during nuclear collisions. Their
contributions have been shown to be substantial for photon
energiesq0ø1 GeV.

(iii ) As the singlemost important process at high energies
we have identifiedv t-channel exchange in thepr→pg
reaction, which had not been considered before.

The total hadronic emissivity has been compared to a re-
cent complete leading-order(in strong and electromagnetic
couplings) QCD calculation for the QGP. In the vicinity of
the expected phase boundary both rates turned out to be very
similar, at all energies of practical relevance.

The net rates have been folded over a fireball evolution of
nuclear collisions. This approach, albeit schematic, is consis-
tent with observed hadrochemistry and hydrodynamic expan-
sion characteristics, as well as dilepton and charmonium data
measured at SPS energies. Using a comprehensive fit of pho-
ton cross sections inp-p andp-p interactions, an estimate of
the Cronin effect(nuclearkT broadening) in p-A collisions
was first extracted, then generalized to central Pb-Pb colli-
sions to address the WA98 photon measurements at the SPS.
Combining the complete set of hadronic rates with QGP
emission and our Cronin-effect estimates on the primordial
photon component, we are able to reproduce the WA98 data,
with moderate values of initial temperaturesTi

.200–240 MeVd and transverse momentum broadening
skDkT

2l.0.2–0.3 GeV2d. Predictions for photon spectra to be
measured at higher colliding energies(RHIC and LHC) have
also been made, suggesting transverse-momentum windows
around 3 GeV as promising to track QGP radiation.
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APPENDIX: PARAMETRIZATIONS
The photon emission rates have been calculated from the

Lagrangian described in Sec. II and by the VMD interaction

Lem= − Cmr
2Amrm

0 , sA1d

whereAm is the photon field andC is a constant adjusted by
the experimental decayr0→e+e−, which givesC=0.059. In
order to respect the Ward identity in a direct way, we
multiply each Feynman amplitude by the square of the

FIG. 13. (Color online) Left panel: integrated photon emission from various thermal sources in central Pb+Pb collisions at the LHC; line
identification as in figure. Right panel: sensitivity of thermal emission spectra from the hadron gas(solid lines) and the QGP(dahed lines)
to the charged particle rapidity density. For HG emission atNch=2000, the upper line corresponds to assuming the same freeze-out time
st fo.25 fm/cd as forNch=3000, whereas the lower line corresponds to assuming the same freeze-out temperaturesTfo.90 MeVd (implying
a 10% reduced lifetime).
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averaged spacelike form factor of Eq.s10d. Timelike form
factors have been defined to be normalized to one for
on-shell decays. We quote below parametrizations which
include the axial mesona1 as exchange particle for non-
strange initial states. In the following, the photon energy
E and the temperatureT are both in GeV. Parametrizations
for K* →K+p+g and K+K→r+g do not appear because
their rates have been found to be negligible.

E
dRp+r→p+g

d3p
= F4sEdT2.8expS− s1.461T2.3094+ 0.727d

s2TEd0.86

+ s0.566T1.4094− 0.9957d
E

T
Dsfm−4GeV−2d,

sA2d

E
dRp+p→r+g

d3p
= F4sEd

1

T5expS− s9.314T−0.584− 5.328d

3s2TEd0.088+ s0.3189T0.721− 0.8998d
E

T
D ,

sA3d

E
dRr→p+p+g

d3p
= F4sEd

1

T2expS−
s− 35.459T1.126+ 18.827d

s2TEds−1.44T0.142+0.9996d

− 1.21
E

TD , sA4d

E
dRp+K*→K+g

d3p
= F4sEdT3.75expS−

0.35

s2TEd1.05 + s2.3894T0.03435

− 3.222d
E

T
D , sA5d

E
dRp+K→K*+g

d3p
= F4sEd

1

T3expS− s5.4018T−0.6864− 1.51d

3s2TEd0.07− 0.91
E

T
D , sA6d

E
dRr+K→K+g

d3p
= F4sEdT3.5expS−

s0.9386T1.551+ 0.634d
s2TEd1.01

+ s0.568T0.5397− 1.164d
E

T
D , sA7d

E
dRK*+K→p+g

d3p
= F4sEdT3.7expS− s6.096T1.889+ 1.0299d

s2TEds−1.613T2.162+0.975d

− 0.96
E

TD sA8d

FsEd is the form factor, cf. Sec. II B.
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