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Dilepton and/or photon production in heavy ion collisions and the QCD phase transition

C. M. Hung* and E. V. Shuryak†

Department of Physics, State University of New York at Stony Brook, Stony Brook, New York 11794
~Received 3 December 1996!

We study the electromagnetic production from highly excited hadronic matter created in heavy ion colli-
sions. The rates include the usual lowest order processes in quark-gluon plasma plus the usual reactions in the
hadronic phase, related withr,a1 mesons. The space-time integration is done using a hydrodynamical model.

Conventionalq̄q (p1p2) annihilation in quark-gluon plasma and hadronic phase cannot explain the observed
dilepton spectrum, especially that by the CERES experiment at CERN. A decreasedr mass can account for the
observed effect, provided it shifts into the region of 0.4–0.5 GeV near the phase transition. In order to test this
hypothesis one should also look at the chiral partner ofr, the axiala1 meson: its mass must then behave
similarly. Its decaya1→pe1e2 populates the low mass region seen in the same experiment. The results for
direct photon production are below the current WA80 experimental bounds, for all variants considered.
@S0556-2813~97!04107-1#

PACS number~s!: 25.75.2q, 12.38.Mh, 24.10.Nz
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I. INTRODUCTION

The main goal of the heavy ion collision program in t
alternating gradient synchrotron/super proton synchrot
~AGS/SPS! energy range~10–200 GeV/A) is to produce hot/
dense hadronic matter with the energy density of the orde
a few GeV/fm3 and to study its properties. Especially inte
esting are theearly stages of the collisions, when theo
predicts the existence of the QCD phase transition into a
phase, called the quark-gluon plasma~QGP!. However, so
far no direct experimental evidence of the QGP has b
found. The main reason for this is well known: the stro
collective interaction in the system as it expands and co
erases most of the traces of the dense stage. As a resul
observed hadrons come mostly from a dilute freeze-
stage, with afinal temperatureTf51202140 MeV @1#.

One possible way to study the earlier stages~to be dis-
cussed in this paper! is to look for phenomena which mostl
happen very soon after the collision, such as production
dileptonsand photons@2#.1 At high relativistic heavy ion
collider/large hadron collider~RHIC/LHC! energies one may
hope for some kinematic enhancement of the QGP sig
because the initial stage is much hotter than hadronic ma
Ti@Tc @3,4#, but this is certainlynot the case for AGS/SPS
energies. Therefore, in this energy domain the main sig
for the phase transition still come from thehadronic stage,
not the QGP.

Experiments designed to observe thedirect photonsor
dilepton continuumproduced by excited hadronic matter
heavy ion collisions are generally much more difficult
perform compared with measurements of hadronic obs
ables. Therefore, only recently were the first photon a
dilepton measurements announced by four CERN SPS

*Electronic address: cmhung@insti.physics.sunysb.edu
†Electronic address: shuryak@dau.physics.sunysb.edu
1Another possibility is to look for signals which areaccumulated

during the evolution: the well-known examples include excess
production of strangeness or charmonium suppression.
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periments: NA34/3, NA38, and CERES~NA45! for dilep-
tons and WA80 for photons. It was found that dilepton pr
duction exceeds backgrounds expected from hadronic
charm decays. Furthermore, the signal also exceeds the
ical expectations for ‘‘conventional’’ processes, both in ha
ronic and quark-gluon matter@5#. Especially dramatic is the
excess observed by CERES@6# in the mass region
Me1e250.320.6 GeV. This observation has since create
rapidly growing theoretical literature.

Calculation of the dilepton/photon yield consists of tw
components:~i! evaluation of productionrates ~see Sec. II!
and~ii ! their integration over thespace-time evolutionof the
collision ~see Sec. III!. In the so-calledconservativeap-
proach~the well-known hadronic processes with vacuum p
rameters and the usual space-time evolution of heavy
collisions! several groups have obtained rather similar
sults, which, however, do not explain the CERES data, n
ther in magnitude nor even in the shape of the mass s
trum.

This situation has lead to many ‘‘unconventional’’ hy
potheses, which include~in a more or less chronological or
der! ~i! droppingmr @7,8#, ~ii ! high pion occupation number
at low momenta@9#, ~iii ! a very long-lived fireball@5#, ~iv!
droppingmh8 @10–12#, ~v! a modified pion dispersion curv
@13#, and~vi! droppingma1

~discussed below!.
Let us start with the possibility~ii !, which is usually taken

into account by the introduction of the pion chemical pote
tial mp , which is approximately equal tomp . Although the
true nature of the low-pt pions is not yet completely clear
most probably they come from the resonance decay an
spectral modification due to collective potentials. Both a
late-stage phenomena, which can hardly affect the ea
stage dilepton production. Furthermore, studies of this ex
nation made in@7# have shown, that the low-M dilepton
enhancement due tomp'mp is way too small compared to
CERES data.

In Sec. V we will look at~i!, the T-dependentmr , and
~similar to @7#! conclude that it may indeed describe the da
Furthermore, we have linked it to~vi! by theoretical argu-
ments related to chiral symmetry restoration and have
rived experimental consequences of the most plausible
e
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454 56C. M. HUNG AND E. V. SHURYAK
nario, both for dilepton and photon~Sec. VIII! yields.
We also study separately a proposal~iii !. In our previous

paper@14#, we found that~at least in a hydro approach! the
so-called ‘‘softest point’’ of the equation of state~EOS!
leads to an especially long-lived fireball. Although it is e
pected to happen at collision energies way below those
CERN experiments, in Sec. VII we have pushed this idea
the extreme and assumed the scenario with the long-l
fireball. The results for the dileptons are quite disappointi
very different scenarios of space-time evolutions give v
similar dilepton mass spectra. So, with the standard dilep
rates and fixed masses it is not possible to explain the
served dilepton yield by a longer lifetime.

II. ELECTROMAGNETIC PROCESSES
IN HADRONIC MATTER

Dilepton/photon production in the QGP phase is based
fundamental QCD processes such asq̄q→e1e2 @2# and was
calculated long ago. The rate in the pion gas due topp
annihilation was considered in@15#, and those two basic pro
cesses can be included by the ‘‘standard rate’’ formula

dR

d4q
5

a2

48p4Fe
2q0 /T, ~1!

where the rateR is counted per unit volume per unit time
q is the four-momentum of the virtual photo
(q25Me1e2

2
5M2), F is a constant in QGP and the usu

pion form-factor in the pion gas, which can be written
standard vector-dominance form2

F55 FH5
def mr

4

@~mr
22M2!21mr

2Gr
2#

~Hadronic!,

FQ5
def

12(
q

eq
2S 11

2mq
2

M2 D S 12
4mq

2

M2 D 1/2 ~QGP!.

~2!

Later additional processes includingr mesons were added.
was also pointed out in@16# that the a1 meson is very
important,3 especially for photons and low-mass dilepton
Further work was done in Refs.@17,18#.

Before we come to specific formulas, let us remark
some misunderstandings of the role of the resonances, w
have even led to double counting in some previous pap
Unstable particles such as ther meson can be considere
either ~i! as parents of decay processes~such asr→e1e2,
a1→e1e2p) or ~ii ! as intermediate states in particular rea
tions with ‘‘stable’’ particles~e.g.,p1p2→e1e2). Further-
more, the same resonance can enter as an intermediate
in many different reactions: this created the impression
by considering many of these reactions, one can in fact
crease the dilepton yield.

2For the quark masses, we adopt the perturbative result@15#
mq(T)5gT/A6, with g52.05 which corresponds toas50.33.
3In order to explain whya1 is important, let us go ‘‘backward in

time’’: it is the first hadronic resonance which may be excited in
collision of a photon, real or virtual, with a pion.
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However, this is not true. Inthermal equilibriumthe av-
erage number of mesons depends on their mass but sh
not depend on their width~which only shows how often
these particles are created and decay!. In order to understand
how this happens~we will give a detailed discussion in th
Appendix!, recall that the standard Breit-Wigner amplitud
is proportional toG inGout/@(M2M res)

21G tot
2 /4#. Summing

over all possible ‘‘in’’ channels one getsG tot in the numera-
tor, and after that one may approximately4 substitute the
Breit-Wigner amplitude simply byGoutd(M2M res). The re-
sulting rate is nothing else but the decay contribution~i!
mentioned above: clearly one should not include it twice

We have found it rather convenient for our applications
use expressions recently derived in@19#: they contain pro-
cesses in zeroth and first order in the pion density. The
pression for the dilepton rate reads

dR

d4q
5

a2

3p3q2
1

11exp~q0 /T!

3F3q2ImPv~q
2!1E d3kn~k0!

~2p!32k0f p
2

3$212q2ImPv~q
2!16~k1q!2ImPa@~k1q!2#

16~k2q!2ImPa@~k2q!2#%G , ~3!

wherek is the pion andq is the virtual photon momentum
Here ImPv ,ImPa are imaginary parts~or spectral densities!
for vector and axial currents. If this expression is understo
as an expansion in the pion density, it should be evaluate
vacuum, and thus related to experimental data one1e2→
hadrons andt lepton decay. Furthermore, ImPv ,ImPa can
be approximated by well-known contributions ofr,a1 reso-
nances, which produce dileptons by their decays intoe1e2

andpe1e2, respectively. We chose the following paramet
zations for ImPv and ImPa ~see Sec. V!:

ImPv5
2 f p

2

M2

mr0
2 mrGr

~M22mr
2!21mr

2Gr
2 , ~4!

ImPa5
f a
2maGa

~M22ma
2!21ma

2Ga
2 , ~5!

where f p593 MeV, Gr5Gr0(M
2/mr0

2 ), Gr05 149 MeV,
mr05 770 MeV, f a5190 MeV, Ga5Ga0(M

2/ma0
2 ), Ga05

400 MeV,ma05 1210 MeV @19#.
The resulting rates@19# are shown in Fig. 1~a!, where we

show the contributions of the vector and axial parts se
rately. We have used a simple Breit-Wigner parametrizati5

with vacuumparameters for resonances taken from parti
data tables, while part~b! corresponds to bothr,a1 masses
shifted to 1/2mr0 in the ‘‘mixed phase.’’~We assume the
critical temperatureTc5160 MeV, and the mass shifts wil
be discussed in detail below.! In both cases, the direct chan

4Provided the total width is not large compared with the tempe
ture.
5This is why vector contributions do not vanish below 2mp .
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56 455DILEPTON AND/OR PHOTON PRODUCTION IN HEAVY . . .
nel resonancer dominates around its mass, while thea1
contribution takes over at small masses.

III. THE MODEL FOR THE SPACE-TIME EVOLUTION

The hydrodynamical model was suggested by Lan
more than 40 years ago, and its application to heavy
collisions has a long history. Experiments with heavy ions
lower energies (;1 GeV/A) were able to detect collectiv
motion of nuclear matter by comparing velocity distributio
of different nuclear fragments.

One important finding is that in the AGS/SPS ener
range for heaviest nuclei~Au Au at AGS and Pb Pb at SPS!
the rapidity spectra ofp,K,p,d are consistent@1# with a
simple hydro description: a convolution ofthermal motionat
breakup~which depends on the particle mass! with a collec-
tive flow common for all species including baryons.6 An

6In the framework of cascade models such as relativistic quan
molecular dynamics~RQMD! this topic was studied@21# and it was
also concluded that if one cut the excited system into elements
mean velocity of different species are the same with accuracy
20%.

FIG. 1. Dilepton production rates~a! standard~b! comparison
with the maximal shift according to variantD discussed in Sec. V
u
n
t

open question, however, is whether thermalization is ra
enough, so that one can use the hydro description from v
early times, or collective motion is formed only at lat
stages. In this work we assume that the former is the c
and will use the hydro description for dilepton/photon pr
duction.

The second important observation is related with
equation of state~EOS!. For finiteT andzerobaryon density,
a conventional parametrization of the EOS can be given b
‘‘resonance gas’’@20# below Tc , plus a bag-model QGP
aboveTc . We fixed the phase transition point~smoothened
for numerical purposes! at Tc5160 MeV. In the hadronic
phase the speed of sounddp/de5cs

250.19 and in the
plasma phase the bag constant isB50.32 GeV/fm3. The
results are plotted in Fig. 2. This EOS is in reasonable ag
ment with the lattice results.

Unfortunately, there is so far little progress in lattic
simulations for nonzero baryon density. People have
trapolated various models which are successful at nuc
densities, such as the Walecka model, but it is unclear h
well such an extrapolation works. Some guidance can pr
ably be provided by hadronic gas including baryonic re
nances, for example, the one discussed in@1#. In Fig. 2 we
have shown the corresponding curve~dashed line! for baryon
chemical potentialmb50.54 GeV, corresponding to AGS
breakup conditions. In this case the baryon/meson ratio
about 1, which is about five times larger than baryon adm
ture in central region at SPS energies: and still the EOS
p,e coordinates looks approximately the same as the one
adopted. We are currently calculating the baryon-induc
corrections to the EOS~to be reported elsewhere!: the cor-
rections are substantial for the AGS but not for the S
energies discussed in the present work.

In summary, the first observation shows that for hea
ions the flow of the entropy~mesons! and the baryonic
charge~nucleons! are about the same. The second shows t

m

he
–

FIG. 2. The EOS in hydrorelevant coordinates: the ratio of pr
sure to the energy densityp/e versuse. Notice the minimum, which
we refer to as the ‘‘softest point.’’ The dashed line is the EOS
finite baryon chemical potentialmb50.54 GeV from Braun-
Munzinger and Stachel.
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FIG. 3. Typical hydroevolutions for 200A GeV S1Au ~a!,~b! and 160A GeV Pb1Au ~c!,~d!. ~a! and~c! show hydrodynamical solutions
in the plane time-longitudinal coordinate. Solid lines are lines of constant energy density, the dotted ones correspond to constant lo
velocity. Thicker lines show the end of the mixed phase (e51.47 GeV/fm3) and the breakup conditions (e50.31 GeV/fm3): at z50 that
happens at about time 5 and 7 fm/c, respectively.~b! and~d! show the calculated pion rapidity spectra~lines! compared with data, where th
data has been scaled by 0.7 to account approximately for resonances.
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EOS@in p(e) form# is not much affected by baryonic charg
Taken together, they provide a reason toignore baryonic
charge in our hydro calculations.

We use standard equations of~nonviscous! relativistic hy-
drodynamics for central collisions~i.e., we assume axia
symmetry!. The hydro equations were solved numerica
using the first-order Lax finite difference scheme. Ene
and entropy conservation is monitored and we have als
comparison with the results of several earlier works to ens
that technical aspects are under control.

The major uncertainties one faces dealing with hydro
namical models are the initial conditions.7 Those can be de

7Although cascade-type event generators@Venus, RQMD, or a
relativistic cascade~ARC!# provide some guidance, their physic
basis is questionable exactly at the first 1–2 fm/c of the collision,
when we need it.
y
a
re

-

scribed by the following set of parameters:~i! the initial size
z0, ~ii ! the fraction of thermalized energy/collision energ
k, and~iii ! v i ,z describing initial distribution of the longitu-
dinal velocity

vz~ t50!5v i ,ztanh~z/z0!. ~6!

We consider specifically two cases ofcentral collisions: ~i!
S-Au 200 GeV/N and ~ii ! Pb Au 160 GeV/N for which the
dilepton/photon data were taken. In all cases considered
t50 we assume thatsome partk of total energy goes into
the thermalized matter at rest, and fixk demanding that at
the end of the expansion~at Tf5140 MeV! the predicted
number of pions8 is the same as observed.-

8Multiple studies have shown that about 1/3 of pions come fr
resonance decays. We included this fact in the normalization.
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56 457DILEPTON AND/OR PHOTON PRODUCTION IN HEAVY . . .
One extreme scenario is complete equilibrationv i ,z50 à
la Fermi-Landau. Furthermore, if thermalization is ve
rapid, the usual Lorentz contraction is enhanced by the o
nary compression of matter by shocks, leading to a very h
e i;10 GeV/fm3 initial energy density, well above the phas
transition region. As shown, e.g., in@23# this scenario is
incompatible with SPS data on rapidity distribution. How
ever, as shown in Fig. 3~a!, for v i ,z50.9 one obtains a rea
sonable description of the longitudinal motion.9

IV. CONVENTIONAL DILEPTON YIELDS

Now we evaluate the dilepton yield, by integrating t
production rate over the space-time. The integral is ta
between the surface at which initial conditions are set~the
so-called ‘‘pre-equilibrium’’ contribution is thus left over!
and the ‘‘breakup’’ surface, at which the density is so sm
that secondaries can fly away without interaction.10 The sur-
faceshould be determined from the mean free path, and
pions it corresponds toTbreakup5140 MeV. Furthermore, in
order to compare with CERES data one has to apply t
experimental cuts: for S1Au, pT.200 MeV/c, Qee.35
mrad, 2.1,h,2.65. For Pb1Au, pT.175 MeV/c, Qee.
35 mrad, 2.1,h,2.65.

The results we obtained are shown in Fig. 4~a!. They are
split into four contributions: from pure QGP phase~denoted
by Q), QGP part of the mixed phase~Mix/Q), hadronic part
of the mixed phase~Mix/H), and finally from the hadronic
phase (H). Note that, as expected, QGP contribution dom
nates at high masses, while hadronic contribution domin
at ther region and below. Although in the rates shown
Fig. 1 one can see quite substantial contributions at
masses froma1 decay, it is reduced by the small experime
tal acceptance in this region so dramatically that it falls w
below the data.

For a check of consistency, we have compared our res
with those of other approaches in Fig. 4~b!. All three use
‘‘conventional rates’’ which are similar to ours~except the
a1 part! but have very different dynamics of the evolutio
The Li-Ko-Brown approach is based on cascades sta
from RQMD-based initial conditions.11 Srivastavaet al. as-
sumed Bjorken-scaling longitudinal hydrodynamics, w
solved hydro in the transverse plane.12 We conclude that the

9Distribution of other secondaries, as well as thetransversemo-
tion we plan to present elsewhere. The hadron rapidity data is ta
from @24#. ~The data actually refers to negative hadrons. We sca
them by 0.7 to account for resonance decays. They.2.65dN/dy
data for S1Au has been reflected by abouty52.65 to give data for
y,2.65.!
10In principle, some pion annihilation can happen even later:

have evaluated this contribution and have found that it is sm
Note also thatr,v,h, etc., decays after breakup are precisely
‘‘hadronic background,’’ which was separately calculated, by
experimental group itself.
11Note that it includes additionally thef contribution ignored by

us and others.
12Note that this curve is already corrected for the double coun

which was present in the original paper, but their results are
somewhat larger.
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agreement between the three papers is reasonable in term
the total yield, and even very good in terms of the shape
the mass spectrum. Since all three results disagree with d
one may conclude that it is not possible to explain CER
data by ‘‘conventional sources.’’

In Fig. 4~c! we also show our predictions for 160A. GeV
Pb1Au collisions. We compare them with newpreliminary
CERES data reported in@6#. Since the data are for noncentr
collisions, we have multiplied our curve by the factor 1.7, t
ratio of theobserveddilepton yield for minimum bias sample
^nch&5260 to that in central samplênch&'400. In this case
the disagreement is not statistically as significant as in
previous reaction, but still it seems that the measured sh
of the spectrum is different from the predicted one.

V. DILEPTON YIELD FROM MODIFIED r,a1 MESONS

Dileptons, unlike secondary hadrons, are produced at r
tively early stages of the collisions. One possible explanat
of why the ‘‘standard’’ rates fail to reproduce the observ
excess of low-mass dileptons may be a long-debated i
hadronic properties may bemodifiedin high density hadronic
matter. We know definitely that thenucleonmass is modified
in nuclear matter, and shifts of thevector meson massesin it
have been debated for a long time, see, e.g.,@25,26#.

In a low-T hadronic gas~which may include an admixture
of baryons! one can relate modification of mesons~e.g., of
r) to thepr ~andNr) forward scattering amplitudes@27#.
This approach predicts certain momentum-dependent op
potentials, which can be loosely interpreted as a~relatively
modest! shift of mr downward. FiniteT/density QCD sum
rules ~see, e.g.,@28# and references therein! relate hadronic
properties to the quark condensate^ q̄q&, which decreases
toward chiral restoration transition. This reasoning has c
minated in the so-called Brown-Rho scaling idea, accord
to which all hadronic dimensional quantities get their sc
from ^ q̄q&, therefore,all masses are predicted to vanish
T→Tc .

In the instanton modelthe chiral restoration is due to
transition from random instanton liquid to a gas
instanton–anti-instanton molecules@29#: the latter survive
the phase transition and lead to a new type of quark inte
tion unrelated to^ q̄q&. Although the results of available
simulations@30# have not reported any definite conclusio
about ther meson mass, at quark level it was clearly de
onstrated that atT.Tc an effective quark mass is substitute
by an ‘‘effective energy’’~or ‘‘chiral mass’’! of comparable
magnitude, which imply that hadronic masses shouldnot
vanish atT→Tc .

The matter, however, is by no means settled, and q
different suggestions about hadronic properties close to~or
even above! Tc can be found in literature. For example, e
fective Lagrangians lead to a prediction ofrising mr(T)
@31#, moving it about half way toward the mass of its chir
partnera1.

Furthermore, at SPS the baryon/pion ratio is about 1
which is small but not negligible. Because the interaction
r with baryons is stronger than with pions, this amount
baryonic admixture may lead to mass/width modificatio
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FIG. 4. CERES dilepton spectra from conventional sources.~a!,~b! our conventional spectra for 200A GeV S1Au, shown without and
with background from hadronic decays,~c!,~d! our results for 160A GeV Pb1Au without and with background.
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comparable to the finite-T ones mentioned above.13

In view of these complications, in the present paper we
not even attempt to calculate the mass/width shifts. Inst
we proceed empirically,assumingvarious scenarios of had
ronic mass evolution in dense matter. A particular point
want to make in this paper is that the ‘‘droppingmr’’ idea is

13In order to avoid confusion, we ignore the effect of the nonz
baryonic admixture on the EOS, which is a completely differe
matter.
o
d

e

consistent with chiral symmetry restoration only if approp
ate modifications of its axial partnerma1

follow. A strict

theoretical relation between the two were derived
Weinberg-type sum rules@32#. Possible scenarios of how
chiral restoration may proceed are therefore shown in
mr-ma1

plane in Fig. 5~a!. For example, path B correspond

to the results of Pisarski@31#, while E corresponds to Brown
Rho scaling. Anyway, both mesons should become ident
at Tc , so the path of thermal evolution should end up at
diagonalmr(Tc)5ma1

(Tc).
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To test these ideas, we need a simple consistent mod
how a changingr mass can change the dilepton producti
rates discussed in Sec. II. In this respect, the standard ex
sion for the pion form factor~2! happens to be quite mislead
ing: it includesmr both in the numerator and in the denom
nator, but simply to make itT dependent everywhere woul
in fact be a mistake. Recall that the usual reasoning w
mr
4 is in the numerator is that atM50 the form factor should

FIG. 5. Dilepton yield~b! in 200A GeV S1Au collision for
different possible scenarios of chiral restoration in themr-ma1
plane~a!.
of

es-

y

beF(0)51. This statement should hold for ther contribu-
tion only if one assumes the so-calledvector dominance,
demanding that the whole form factor~and not just a part of
it! is given by ther pole. It is quite accurately satisfied a
T50, but for theT-dependentmr vector dominance has n
reason to persist.

Actually the numerator of the form factor contains a co
binationmr

2Ge1e2Gr , and in what follows we assume tha
both widths areT independent. Note that only assumption
Ge1e25const(T) is actually important, because~i! mr

2 can-
cels when one returns to a nonrelativistic form of the Bre
Wigner parametrization and~ii ! as we have argued above
the value of theGr is nearly irrelevant for the rate anyway

Let us concentrate only on ther part of the rate and write
the dilepton production rate as~see the Appendix!

dR

d4k
5

2a2

p3

mr0

4

f r
2M2S 11

2ml
2

M2 D S 12
4ml

2

M2 D 1/2

3
ImP

~M22m̂r
2!21~ ImP!2

S 1

ebv21D , ~7!

wherem̂r
25mr0

2 1ReP andP is ther self-energy. One can

define the M -dependent width ofr by the relation

ImP(T50)5
def

2mr0
G(M ) which is generalized to nonzer

T by ImP(T,M )52mr(T,M )G(M ), where we ignored the
modification of the width withT. Finally we can rewrite Eq.
~7! as

dR

d4k
5
2a2

p3 f p
2
mr0

2

M2 S 11
2ml

2

M2 D S 12
4ml

2

M2 D 1/2

3
mr~T!G~M !

~M22m̂r
2!21mr

2~T!G2~M !
S 1

ebv21D , ~8!

where we have suppressed theM dependence ofmr , m̂r and
we used the relationf p

25mr0

2 /2f r
2 .

When one includes the nonzero baryon density, the ma
elements follow a particular path on the phase diagram, e
the T2mb2ms three-dimensional one. For ideal hydro,
follows from the initial conditions and the entropy/baryo
number/strangeness conservation along the expansion.
path is the one-dimensional curve, and it can be para
etrized, e.g., byT along it: but the ‘‘hidden variable’’~such
as the entropy/baryon ratio! still exists. If further studies re-
veal any difference between, say, medium and heavy
collisions ~to which there are no indications yet, see belo!
or significant dependence on the collision energy, it wo
imply that this hidden variable is in fact important.

Thus we showed that the decreasingr mass can be pa
rametrized byT alone~understood as a parameter along t
proper path in the phase diagram! and, identifying for sim-
plicity m̂r(t) andmr(T), propose their parametrization

m~T!

m0
5

a

T/Tc2b
1r2

a

12b
, ~9!
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FIG. 6. Direct dilepton yields~without and with background! for 200A GeV S1Au ~a!,~b! and 160A GeV Pb1Au ~c!,~d! using mass
schemeD.
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wherer is the value ofm(t)/m0 whenT5Tc , a character-
izes the abruptness of the mass shift, whileb is chosen to
makem(T)/m051 atT5Tf5 140 MeV.

Now we can test whetherT-dependent masses can inde
describe the CERES data in the lower mass region. Integ
ing over space-time according to hydro calculations
scribed above we get the dilepton mass spectra as show

Fig. 5. The variantD, with mr(Tc)5ma1
(Tc);

1
2mr(0),

does the best job and Fig. 6 shows the contribution of se
t-
-
in

a-

rate stages in this scenario for both 200A GeV S1Au and
160A GeV Pb1Au. It is the hadronic part of the mixed phas
which is responsible for the observed excess
M50.220.6 GeV. Furthermore, depending on how exac
mr(T) goes to its limit atTc , one can change the shape
the resulting mass spectrum. This statement is demonstr
in Fig. 7, where~a! shows several scenarios, with the resu
ing mass spectra in Fig. 7~b!. The case E in Fig. 5, which
corresponds to masslessr anda1, generates more low-mas
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pairs than the hadronic cocktail. Better data ofh production
are needed to rule out this case.

Of course, specific dynamical models lead to a more co
plicated picture: instead of simple universalmr(T) for any
r meson, they lead to specific modification of the who
dispersion curve. Clearly, mesons which travel fast relati
to matter are modified differently from those which hav
zero velocity. Furthermore, since the meson-meson a
meson-baryon scattering is dominated by resonances,
dependence may even be nonmonotonous. Future h
statistics studies may look into those matters by consider
mass spectrum at a different rapidity and/orpt of the dilep-
tons. In conclusion, we have demonstrated that the CER

FIG. 7. Different temperature profiles formr(T) ~a! and the
corresponding dilepton spectra~b!. For meaning of the parameters
a and r , refer to text.
-

e

d
his
h-
g
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data can be fitted pretty well over the whole experimen
mass range by assuming a particularmr(T), without any
change in the production mechanism or space-time ev
tion.

VI. SEARCHING FOR THE MODIFIED a1
CONTRIBUTION

Great interest related with modified hadronic masses
explained by a possible relation between this phenome
and the chiral phase transition. As it was repeatedly emp
sized above, the modification ofr implies certain modifica-
tions ofa1 as well. In this section we discuss how this can
experimentally verified as well.

The important role ofa1 for the production of photons
and dileptons was discussed in@16,5,17,18# As we have
shown in Sec. II, the maina1 contribution is at low dilepton
masses. However, CERES has adopted cuts which make
acceptance very small at smallMe1e2, and therefore thea1
contribution to its mass spectrum is not very significa
Those cuts were made in order to get rid of hadronic ba
grounds, such ash Dalitz decay. So, by simply looking a
the small mass region one cannot find thea1 contribution.

Nevertheless, one can try to locate a kinematical ‘‘w
dow’’ in which it may be better seen. We have found that t
best range of invariant dilepton masses isMe1e2'300 MeV.
Above it, the hadronic background is relatively small, but t
contribution of ther channel and even of the quark annih
lation in the QGP phase exceed thea1 contribution. Below
this mass they are not so important, but soon the hadro
background from ordinary Dalitz decays take over.

Furthermore, there is a particularpt dependence of the
effect. Consider first theunmodified a1, decaying into
pe1e2. For relatively small dilepton masses, in thea1 rest
frame both the pion and dilepton get half of its total ma
Including thermal motion and~rather large! a1 width, one
still finds a broad maximum in the dilepton production rate
a dilepton energy of about 600 MeV. Integrated over lon
tudinal momentum, one gets the dileptonpt distribution
shown in Fig. 8~a!, with a maximum. It looks very differen
compared to the dileptons coming fromr decay and having
the usual thermalpt dependence. Now comes the main poi
if the a1 mass shifts down, as expected from chiral resto
tion, then the wide peak is absent and the shape is differ
see Fig. 8~b!.

In summary, it is important to locate and to test propert
of thea1 contribution. We have shown how sensitive dile
ton production is to its modification in dense matter. A
though this task is not easy, the next generation of exp
ments ~with accurate knowledge of hadronic background
measured dependence on the event centralities, etc.! can in
principle do it.

VII. CAN ONE EXPLAIN THE DILEPTON EXCESS
BY A LONG-LIVED FIREBALL?

In our previous work@14# it was shown that under certai
conditions the ‘‘softness’’ of EOS near the phase transit
can affect thelongitudinalexpansion, so that even the glob
lifetime of the excited system increases substantially. It h
pens in awindow of collision energies such that the initia
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FIG. 8. Dileptonpt spectrum for 200A GeV S1Au. ~a! and~b! are for mass schemeA ~i.e., unshifted masses! while ~c! and~d! are for
mass schemeD.
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energy density is close to the ‘‘softest point,’’ which mak
secondary acceleration of matter impossible. Due to un
tain initial conditions, we do not exactly know to which co
lision energies this window corresponds, but estimates p
in the regionElab;30 GeV/A, between AGS and SPS
Some examples of the solution we got at higher energies
at the softest point are shown in Fig. 9. One can see tha
long-lived fireball is slowly burning, with the lifetime reach
ing more than 30 fm/c.

It has further been proposed that one can test these
usual predictions experimentally by~i! looking for the maxi-
mal lifetime @or the minimum of the Hanbury-Brown-Twis
~HBT! parameterl] @14#, ~ii ! looking for theminimumof the
‘‘directed’’ flow in the collision plane@33#, ~iii ! looking for
the nearly isotropic distribution of dileptons, produced in t
long-lived fireball@14#. In connection with~i! it is very in-
triguing that the E802 AGS experiment reported prelimina
studies of HBT which indicate significant (;40%) growth
of lifetime for the most central Au Au collisions@34#.

We now would like to check whether the long-lived fir
ball, if present at SPS energies, can enhance the dilepto
production to a degree necessary to explain the CERES d
For that we take the initial conditions as shown in Table
r-

it

nd
he

n-

y

ta.
,

which indeed give the initial energy density close to the so
est point value.

The results, however, indicate that this scenario can
ther be made consistent with rapidity distribution of secon
aries, nor does it actually result in a larger production
dileptons. In Fig. 10 we compare two expansion scena
with unmodifiedmasses. The reason for this is that a long
lifetime is compensated by a smaller three volume. And a
the shape of the dilepton mass spectrum is different from
observed one. Furthermore, if masses are modified@say ac-
cording to variant D of Fig. 5~a!#, both space-time picture
become compatible with data, see Fig. 11.

VIII. PHOTON PRODUCTION

Let us briefly comment on the history of theoretical a
experimental studies for photon production. As for dilepto
the radiation from the QGP phase was already calculate
@2#. Reactions in a gas ofp,r mesons were considered i
@15#, and the importance ofa1→gp reactions was pointed
out in @16#. Following our dilepton calculations, we use th
photon rate given in@19#.

Experimental observation of direct photons is an e
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FIG. 9. Space-time evolutions for the standard Bjorken-like scenario~a!,~b! and the long-lived fireball scenario~c!,~d!.
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tremely difficult task. Unlike dileptons, we cannot tune t
invariant mass and therefore for all photon momenta
background from hadronic decays~mostlyp0,h) dominates
the signal of the ‘‘direct’’ photons. Therefore, the issue
very accurate measurements of these backgrounds and i
sive photon spectra, with subsequent subtraction. At the

TABLE I. Parameters for the two hydro models used.

Bjorken-like Long-lived
fireball

Initial energy densitye i (GeV/fm
3) 9.0 1.5

Initial temperatureTi (GeV) 0.27 0.16
Total energy in fireballEi (GeV) 830 930
Initial long velocity vz0 /c 0.0 0.0
Initial transverse vel.v r0 /c 0.0 0.0
Initial long half-sizez0 (fm) 1.1 8.0
Initial transverse radiusr 0 (fm) 3.8 3.8
Critical temperatureTc (GeV) 0.16 0.16
Freeze-out temperatureTf (GeV) 0.14 0.14
e

lu-
o-

ment, only upper bounds on the direct photon cross sec
has been given by the WA80 experiment@35#.14

In Fig. 12 we show the results of our calculations of t
direct photon production. They correspond to unmodifi
hadronic parameters and are performed both for the stan
space-time scenario~a! and the long-lived fireball~b!. The
main conclusions are~i! the theoretical predictions are i
both casesbelow the experimental bound in the whole re
gion, although the difference between them is not that la
and ~ii ! the two scenarios show significant differences
large pt;3 GeV, mostly due to the existence of relative
hot QGP in the first case. It would be very important

14Earlier preliminary WA80 data indicated a nonzero effect:
comparison with theoretical expectations based on ‘‘stand
sources’’ @5# leads to the conclusion that those data significan
exceeded the expectations. Later in@22# this conclusion was dis-
puted: a larger photon yield~now consistent with data! was ob-
tained. The issue under debate was basically how one should
malize the hydrodynamical initial conditions. Eventually, th
preliminarydata were withdrawn after the reanalysis.
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FIG. 10. 200A GeV S1Au direct dilepton yields using unshifte
masses for the usual Bjorken-like expansion~a! and for the long-
lived fireball ~b!.
FIG. 11. 200A GeV S1Au direct dilepton mass spectrum usin
the r,a1 masses in scenarioD for the Bjorken-like hydro~a! and
for the long-lived fireball~b!.
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pursue the issue further, in WA80 or elsewhere, and try
observe radiation from QGP and hot hadronic gas.

IX. CONCLUSIONS

In summary, we have studied dilepton/photon product
from highly excited hadronic matter produced in heavy i
collisions. Using the rates from the usual hadronic reacti
with vacuumparameters and the usual hydro description
the space-time picture, we obtained results which are con
tent with those of previous works but cannot account for
low-mass dilepton excess observed by the CERES exp
ment. However, if ther mass is shifted to about 1/2 of it
value around the critical temperature, the data can be
plained. More detailed observed distribution~e.g., over
dilepton mass andpt) should provide a better understandin
of whether this explanation of the observed dilepton exc
is in fact correct.

FIG. 12. Direct photon production in 200A GeV S1Au com-
pared with preliminary WA80 upper bounds on direct photon p
duction. Our predictions are for the Bjorken-like expansion~a! with
a hot initial stage and for the long-lived fireball~b!.
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Furthermore, we have pointed out that chiral restorat
demands that the mass of thea1 meson should be shifted
together with the mass ofr. In order to get more convincing
evidence that the excited matter is indeed approaching ch
restoration, experimental observation of thea1-related com-
ponent is essential. We discussed in which kinematical w
dow one should look for it, and evaluated the magnitude
the effect.

Among suggestions to explain the dilepton excess wa
proposal that the space-time picture of heavy ion collisio
can in fact be different, possibly with a longer-lived fireba
However, although for specific initial conditions this long
lived scenario is hydrodynamically possible, it doesnot sig-
nificantly enhance the production of dileptons because lon
lifetime is compensated by smaller spatial volume. Furth
more, this scenario is incompatible with the observed spe
of secondaries.

Finally, all scenarios considered lead tophotonproduc-
tion well below the current upper limit on direct photon
from WA80. The results, however, are sensitive to expans
scenarios. The QGP component in particular becomes do
nant aroundpt;3 GeV.
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APPENDIX: THERMAL DILEPTON RATE

It can be shown@36# that the thermal rate of the dilepto
production in a hot hadron gas is

dR

d4k
5

2e2

~2p!6
1

~k2!2
ImPmn

R ~k!
1

ebv21

3E d3p1

E1
E d3p2

E2
d4~p11p22k!

3@p1
m p2

n 1p1
n p2

m 2gmn~p1p21ml
2!#. ~A1!

Using vector dominance to relate the imaginary part
the photon self-energyPmn

R and the imaginary part of ther
propagatorDmn

R @36#, then integrating overp1 andp2 , we
get

dR

d4k
5

a2

3p3

mr
4

f r
2M4S 11

2ml
2

M2 D S 12
4ml

2

M2 D 1/2
3~kmkn2M2gmn!ImDmn

R ~k!
1

ebv21
. ~A2!

This can be manipulated further into the form@37,36#

dR

d4k
5

2vdR

dM2d3k
5

2a2

p3

mr
4

f r
2M2S 11

2ml
2

M2 D S 12
4ml

2

M2 D 1/2

3
ImP

~M22m̂r
2!21~ ImP!2

S 1

ebv21D , ~A3!
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wherem̂r
2[mr

21ReP andP is now the transverse or long
tudinal part of ther self-energy. We will now demonstrat
that the above rate can be written in terms of thermalr decay
rates. We are interested in the invariant mass distribu
@assumingP5P(M )#

dR

dM2 5
2a2

2p3

mr
4

f r
2M2S 11

2ml
2

M2 D S 12
4ml

2

M2 D 1/2

3
ImP

~M22m̂r
2!21~ ImP!2

E d3k

v

1

ebv21
, ~A4!

which in the Boltzmann approximation reduces to

dR

dM2 5
22a2

p2

mr
4

f r
2M2MTK1SMT D S 11

2ml
2

M2 D S 12
4ml

2

M2 D 1/2

3
ImP

~M22m̂r
2!21~ ImP!2

. ~A5!

Following the notations of@38# we write the dilepton rate a

dR

dM2 5
a2

24p3MTK1SMT D S 11
2ml

2

M2 D S 12
4ml

2

M2 D 1/2Feff~M !,

~A6!

where we define

Feff~M ![
mr
4@2~48p/ f r

2M2!ImP#

~M22m̂r
2!21~ ImP!2

. ~A7!

To one loop@36# ~i.e., consider only thep-p annihilation!,
we have

ImP52
f r
2

48p
M2S 12

4mp
2

M2 D 3/2u~M224mp
2 !. ~A8!

Thus we recover the usual form of the form factor

Feff~M !~1loop!5
mr
4

~M22m̂r
2!21~mrGrtotal!

2

3S 12
4mp

2

M2 D 3/2u~M224mp
2 !, ~A9!

where we have defined ImP[2mrGr total as usual.
If we include other interactions besidesp-p annihilation,

in general ImP ~or Gr total) will increase, which increases th
width of Feff in Eq. ~A7!. However, the maximum ofFeff is
given by
N

n

Feff max5Feff~m̂r!52
48pmr

4

f r
2m̂r

2ImP
, ~A10!

where we assumed thatm̂r and ImP/M2 are slowly varying
functions ofM . Thus we see that the peak ofFeff decreases
with increasing ImP. This contradicts the conclusions i
@38# where increases inboth the width and height ofFeff
were reported. The discrepancy can partly be explained
double counting of dilepton rates in@39#, which is the basis
for Feff in @38#. To see this, we rewrite the dilepton rate~A4!
as

dR

dM2 5
3

8p4

mr
2Gr total~M !Gr→ l l ~M !

~M22m̂r
2!21~mrGr total!

2E d3k

v

1

ebv21
,

~A11!

where the decay widths are given by@37#15

Gr→ l l ~M !5
a2

f r
2/4p

S mr
3

3M2D S 11
2ml

2

M2 D S 12
4ml

2

M2 D 1/2,
~A12!

Gr total~M !.Gr→pp~M !

5
f r
2

48p

M2

mr
S 12

4mp
2

M2 D 3/2u~M224mp
2 !

52
ImP

mr
. ~A13!

We note that Eq.~A11! is essentially the same as th
thermalr decay rate~2.9! of @39#, which wasaddedto the
p-p annihilation and other reactions in@39#. But Eq. ~A11!
is simply a statement of the fact that the dilepton rate can
interpretedeitheras coming from annihilation of pionsor as
coming from the decay of thermalr ’s, the invariant mass
distribution of which is given by the Breit-Wigner form~see
also@40,37#!. We cannot, however, includeboth the thermal
decay of r ’s and p-p annihilation. Doing so, as in@39#
amounts to double counting of the dilepton rates com
from ther channel.16

15Note thatGr→pp in Eq. ~2.18! of @37# has a factor of 16 instead
of 48.
16In @41# this double-counting has been noted and corrected.
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