
PHYSICAL REVIEW C 67, 054901 ~2003!
Spectral redshift versus broadening from photon and dilepton spectra
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We estimate the photon and dilepton emission rates from hot hadronic matter with in-medium spectral shift
and broadening of vector mesons. It is observed that both the WA98 photon data and CERES/NA45 dilepton
data can be well reproduced with similar initial conditions. The freeze-out condition has been constrained by
the transverse mass spectra of pions and protons measured by the NA49 Collaboration. We argue that simul-
taneous measurement of thepT spectra of single photons as well as invariant mass distribution of dileptons is
crucial to understand the in-medium spectral function of the vector mesons.
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I. INTRODUCTION

The study of the behavior of hadrons at finite temperat
and/or high baryon density has attracted substantial theo
ical and experimental attention in recent times. The theo
ical motivation stems from the expectation that broken ch
symmetry of QCD might be restored at high temperat
and/or density, at least partially, and this has nontrivial
fects on the spectra of low lying hadronic states. Again, th
studies are of considerable importance in connection with
experimental detection and study of quark gluon plas
~QGP! in the ultrarelativistic collisions of heavy ions. This
because disentangling the signals from quark matter wo
require a precise estimate of emissions from hadro
sources, which constitutes an overwhelming background
such experiments. Now, the properties of short-lived re
nances such as ther andv mesons which are likely to deca
within the fireball can only be studied through deep prob
such as photons and lepton pairs which are essentially e
tromagnetically interacting and thus probe the entire spa
time volume of the collision@1#. The medium modifications
of low mass vector mesons has been the subject of nume
theoretical investigations culminating broadly into the fo
lowing two types of predictions. QCD based models pred
a downward shift in the mass, which we will mention
spectral redshift, and a rescattering scenario giving rise to
enhanced width, which we have denoted by spectral bro
ening, the mass remaining largely unchanged. Our aim
this work is to calculate the electromagnetic spectra con
ering various plausible scenarios and compare with
WA98 @2# photon and CERES/NA45@3# dilepton spectra in
order to comment on the relative importance of the two s
narios mentioned above.

Our analysis will proceed as follows. In the followin
section we will define the effective mass and width that ha
been used in the calculation and define the scenarios of
dium effects considered. At the onset we emphasize that
main objective is to see the effect of these contrasting s
narios on the electromagnetic spectra and not on the de
of how the forms of the effective mass and the width ha
been arrived at. Consequently, we will use phenomenolog
arguments to justify our choice of the parametrizations
0556-2813/2003/67~5!/054901~8!/$20.00 67 0549
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these quantities. In Sec. III we will discuss the initial cond
tions in considerable detail. In the relevant transverse m
mentum region of the photon spectra the main sources
photons are the hard perturbative QCD processes as we
the thermal emissions. Consequently, the number of par
pants as well as the initial temperature are the relevant in
conditions that have been estimated. For the low mass di
ton spectra, the contribution from Dalitz decays as well
thermal emissions are important. Since photons and di
tons are emitted at all stages of the collision, the space-t
evolution plays a very significant role in estimating the to
yield. We have used two different approaches to study
aspect: relativistic hydrodynamics and transport. As we s
see, medium effects do play a very important role in t
equation of state and consequently the cooling profile. Th
aspects have been dealt with in Sec. IV. The transverse m
(mT) spectra of pions and protons obtained at SPS have b
evaluated and compared with data from NA49@4# in Sec. V
in order to estimate the freeze-out condition that goes as
input into the hydrodynamic calculations. With all these i
puts we evaluate the photon and dilepton spectra in Secs
and VII, respectively. Section VIII contains a summary a
discussions.

II. EFFECTIVE MASS AND WIDTH OF HADRONS

It has been emphasized that the properties of hadrons
be modified due to their interaction with the particles in t
thermal bath and such modifications will be reflected in
dilepton and photon spectra emitted from the system~see
Refs. @5–9# for review!. Broadly, two types of medium
modifications are expected: shift in the pole position and
broadening of the spectral function. As discussed earlier,
main objective is to comment on the nature of medium
fects through the study of WA98 photon and CERES dile
ton data. Accordingly, we consider the following scenario

~i! The system is formed in the hadronic phase with
hadronic masses~except pseudoscalars! approaching zero
near the critical temperature according to the universal s
ing law @5,10#. The in-medium masses of the hadrons and
decay width ofr are taken as
©2003 The American Physical Society01-1
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mH* /mH5~12T2/Tc
2!l,

Gr5
grpp

2

48p
mr* ~124mp

2 /mr*
2!3/2~112 f BE!, ~1!

where f BE5(ebE21)21 is the Bose-Einstein distribution
For the width ofv see Ref.@9#.

~ii ! The width of the vector meson (r) increases with
temperature as

Gr* 5Gr /~12T2/Tc
2!,

mH* 5mH ~2!

and the masses remain constant at their vacuum values
values ofl in Eq. ~1! are 1/6 and 1/2 for Brown-Rho an
Nambu scalings@5#, respectively. The present experimen
statistics cannot differentiate among different values ofl.
Therefore, we leave it as a parameter here. The scenario~ii !
derives motivation from the results of chiral models acco
ing to which the mass of ther does not change to orderT2,
but the leading orderT dependence of the pion decay co
stant results in ther decay width having the form describe
by Eq. ~2!. We have also considered a third case,~iii !, in
which both the masses and widths are maintained at
vacuum values. In Eqs.~1! and ~2!, Tc is the critical tem-
perature of chiral symmetry restoration where the quark c
densatê q̄q& and consequently the mass of the hadrons t
to zero. In this work we assumeTc;Ti , which is the initial
temperature of the system.

Let us study the in-medium effects on the thermal ph
space factor through ther meson as it plays the most impo
tant role for the electromagnetic probes. The density of
unstable vector meson (r in this case! in a thermal bath can
be written as@11#

dN

d3kd3xds
5

g

~2p!3

1

e
Ak21s/T21

P~s!, ~3!

whereg is the statistical degeneracy of the particle andP(s)
is the spectral function,

P~s!5
1

p

Im P

~s2mr
22ReP!21~ Im P!2

. ~4!

Im P (ReP) is the imaginary~real! part of ther self-energy.
Equations~3! and ~4! indicate that the density of particle
~vector mesons! in a thermal bath is given by the Bose
Einstein distribution weighted by the Breit-Wigner functio
which gets maximum weight from the value ofs5mr

2

1ReP, the contribution from either side of the maximu
being averaged out. Therefore, the results become sens
to the value ofs5mr

2* 5mr
21ReP and not to the width of

the spectral distribution. Note thatP(s) tends to d(s2mr
2

2ReP) as ImP→0, corresponding to a stable particl
~Here,P is proportional to the trace of the self energy tens
Pmn of r.! In Fig. 1 we plot the density of thermalr mesons,
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nr , as a function of temperature@obtained by integrating Eq
~3! over d3k and ds] for scenarios~i!, ~ii !, and ~iii !. These
are indicated by solid, dotted, and long-dashed lines, res
tively. It is clear that the density ofr is very sensitive to the
spectral shift ofr mass due to Boltzmann enhancement, b
rather insensitive to the change of width as discussed ab

III. INITIAL CONDITIONS

Here we will discuss the parameters that enter as input
the evaluation of electromagnetic and hadronic spectra f
relativistic heavy ion collisions corresponding to differe
scenarios considered. We begin with the quantityn(b) which
is the average number of nucleon-nucleon collisions in
collision of two nuclei of mass numbersA andB at an impact
parameterb. This is given by@12#

n~b!5ABTAB~b!s in , ~5!

wheres in (530 mb, taken from Ref.@2#! is thep-p inelas-
tic cross section andTAB(b) is the nuclear overlap integra
evaluated from the following expression:

TAB~bW !5E d2sTA~sW !TB~bW 2sW !, ~6!

and the thickness functionTA is defined as TA(bW )
5*dzrA(bW ,z). The nuclear densityrA(bW ,z) is parametrized
by Woods-Saxon type profile function@13#,

rA~r !5
r0

11e(r 2RA)/z
, ~7!

where z50.549 for the Pb nucleus,RA51.2A1/3, and the
central densityr0 is determined by the normalization cond
tion *d3rrA(r )51. In Fig. 2n(b) is shown as a function o

0.05 0.075 0.1 0.125 0.15 0.175
T (GeV)
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FIG. 1. Solid~long-dashed! line represents density of thermalr
as a function of temperature with in-medium mass and vacu
width ~vacuum mass and width!. Dotted line represents the densi
with vacuum mass and in-medium width.
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the impact parameterb. The most central event in WA98
corresponds tob;3.2 fm/c. At this value of the impact pa
rametern(b);660.

The hadron multiplicity inA1B collisions at an impact
parameterb can then be evaluated in terms of the multipl
ity in pp collisions as@12#

dN

dy
~b!5

n~b!

11d~A1/31B1/3!

dNpp

dy
, ~8!

where dNpp /dy50.8 lnAs is the hadron multiplicity for
nucleon-nucleon collisions at mid-rapidity@14#. The value of
dN/dy is 725 at b;3.2 fm, As517.3 GeV, andd50.09
~see Ref.@12#!. The term 11d(A1/31B1/3) takes into ac-
count the energy degradation of the participating nucleon
the nuclear environment. For isentropic expansion the in
temperature (Ti) is related to the hadron multiplicity as

Ti
3~b!5

2p4

45j~3!

1

pRA
2t i4ak

dN

dy
~b!, ~9!

ak5p2gk/90 is determined by the statistical degeneracy (gk)
of the system formed after the collision. In case of a dec
fined initial stategk537, considering a noninteracting gas
gluons and quarks of two flavors. For the hadronic gas
evaluate the entropy density by assuming the system to
sist of free hadrons with effective massm* at a temperature
T ~see Ref.@9# for details!. Then the effective degenerac
ge f f for the hadronic phase is obtained by the relationsH
54 p2ge f f(m* ,T)T3/90. This type of parametrization indi
cates that the hadronic matter with finite~temperature depen
dent! mass of hadrons can be effectively visualized as a
of massless hadrons with an effective degener
ge f f(m* ,T). Such a simplification helps us to understand

0 2 4 6 8 10 12 14
b (fm)

0

200

400

600

800

1000

(dN/dy)pp=0.8lns
1/2

Ti(MeV)

n(b)

dN/dy
SPS

FIG. 2. The hadron multiplicitydN/dy, effective number of
nucleon-nucleon collisionsn(b), and initial temperatureTi ~in
MeV! as a function of impact parameterb calculated by using
Glauber model for nucleus-nucleus collisions~see text!.
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lifetime of various phases, expansion rate of the system,
at least semiquantitatively~the fourth part of Ref.@1#!. Be-
cause of the temperature dependence ofge f f , Eq. ~9! be-
comes transcendental, which has been solved s
consistently~see Ref.@9# for details! to obtain Ti . For a
hadron gas composed ofp, r, v, h, a1, and nucleons the
effective degeneracy has a value;30 near the critical tem-
perature where the hadronic masses go to zero accordin
the universal scaling scenario@5#. A value of ge f f;30 can
also be realized from the lattice data@15,16# near the phase
transition point. Fort i51 fm/c @17# andgk;30, we get an
initial temperatureTi(b;3.2 fm) ;200 MeV ~see Fig. 2!.
Note that the variation ofTi(b) as a function of the impac
parameter is very slow becauseTi(b);@dN/dy(b)#1/3. The
value ofTi is ;246 MeV for both the scenario~ii ! and ~iii !
for dN/dy;725 andt i51 fm/c. This value ofTi appears to
be too high for the hadrons to survive and we therefore
clude this possibility here.

IV. SPACE-TIME EVOLUTION AND EQUATION
OF STATE

Next we study the sensitivity of the results on the spa
time evolution. In order to do that we solve the~311! di-
mensional hydrodynamic equations with initial energy de
sity @18#,

e~t i ,r !5
e0

e(r 2RA)/d11
~10!

and initial radial velocity,v r(t i ,r )50.
The equation of state~EOS! used here to solve the hydro

dynamic equations is evaluated as in Ref.@9#. The tempera-
ture dependence of the mass enters into the EOS throug
effective statistical degeneracy (ge f f). In Fig. 3 the tempera-
ture variation of the effective degeneracy obtained from d
ferent models for the hadronic interactions~see Ref.@9# for
details! is compared with the lattice QCD calculations@15#.
The coefficient ofe/T4 differs from the effective degenerac
by a factor ofp2/30. The lattice data seem to be well repr
duced by the universal scaling scenario of mass reduc
given by Eq. ~1!. Therefore, the increase of the effectiv
statistical degeneracy near the critical point in lattice QC
calculations may be understood by assuming the hea
hadrons going to massless situation nearTc @19,20#. In this
case the velocity of sound (cs) is given bycs

225Tds/sdT
5@(T/ge f f)(dge f f /dT)13# @21#. Clearly, the value ofcs is
less than its value corresponding to ideal fluid case (cs

ideal

51/A3). This affects the space-time evolution of the syst
nontrivially. In solving the hydrodynamic equations we ha
used the equation of state that contains the in-medium s
of the hadronic spectral functions as described above.

The integration over the space-time history has also b
performed by taking the temperature profile from the tra
port model where the temperature varies with time as
lows:

T~ t !5~Ti2T`!e2t/t1T` . ~11!
1-3
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ALAM, ROY, SARKAR, AND SINHA PHYSICAL REVIEW C 67, 054901 ~2003!
The cooling law given above is the parametrization of
results of Ref.@22#, used in several papers in the literatu
@23# ~see also the review@8# and references therein!. The
calculation is performed with the following values of param
eters:Ti5200 MeV, T`5120 MeV, andt58 fm/c.

V. HADRONIC SPECTRA AND FREEZE-OUT
TEMPERATURE

Having fixed the initial temperature and the equation
state we now need to fix another important parameter,
freeze-out temperatureTF where the hydrodynamic evolu
tion should terminate. At this stage the mean free path of
constituents begins to exceed the size of the system and
ticles start free streaming to the detector. For this purpose
will consider themT(5ApT

21m2) spectra@24,25# of pions
and protons measured in Pb1Pb collisions at SPS energie
by the NA49 Collaboration@4#. We will assume that pions
and nucleons are in thermal equilibrium throughout the e
lution until they freeze-out at a common temperatureTF .
Negative hadrons and positive minus the negative are tre
as pions and protons, respectively. Thep2 andK2 from the
decaysr and f are about 5% of the direct pions atpT
;500 MeV and are therefore neglected here. In Fig.
NA49 pion spectra are compared with the hadronic ini
states withTi;200 MeV andTF5 100, 120, and 140 MeV
We find a reasonable agreement forTF5120 MeV as far as
the slope is concerned. Calculations are done with all
scenarios~i!, ~ii !, and~iii !. Due to reasons explained in Se
II, the results with scenario~ii ! are indistinguishable from
that of scenario~iii !. We arrive at similar conclusions from
the analysis of the proton spectra as shown in Fig. 5.

It should be pointed out that there is no unique descript

0.5 1 1.5 2 2.5 3 3.5 4
T/Tc

0

5

10

15

ε/
T

4 Vacuum (III)
λ =1/2
λ =1/4
λ =1/6
Lattice

FIG. 3. The energy densitye in the unit ofT4 for the equation of
state for various models of hadronic interactions is plotted a
function of temperature~T! in the unit of the critical temperature
Tc . The filled circle denotes the lattice results@15#. The universal
scaling scenario seems to describe the lattice results quite well
the Tc . For T.Tc the bag model equation of state has been us
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so far for thepT spectra of hadrons. It has been shown
Ref. @26# that the WA80 and WA98p0 spectra can be repro
duced by perturbative QCD calculation if the initialpT
broadening is taken into account. Wang@26# has claimed that
the transverse mass spectra ofp0 in central Pb1Pb colli-
sions cannot be due to collective flow. ThepT broadening in
heavy ion collisions can also be explained reasonably w
by a random walk model@27# where transverse flow effect
are not required to reproduce the data. It has been sugge
recently that thepT broadening in high energy nuclear coll
sions can be generated by the color glass condensate, i.e
the initial partonic phase formed after the collisions@28#.
Keeping these possible scenarios in mind we do not atte
to reproduce the absolute normalization of themT spectra of
the pions by hydrodynamic flow. We rather concentrate
the effects of the EOS containing the in-medium mass mo
fication of hadrons on themT spectra of pions and protons

a

ar
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0 0.5 1 1.5 2
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T
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2
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Data
TF=100 MeV (I)
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TF=120 MeV (III)

FIG. 4. ThemT distribution of pions for Pb1Pb collisions at
CERN SPS energies.
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TF=120 MeV (III)

FIG. 5. ThemT distribution of protons for Pb1Pb collisions at
CERN SPS energies.
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SPECTRAL REDSHIFT VERSUS BROADENING FROM . . . PHYSICAL REVIEW C67, 054901 ~2003!
The normalizations of pions and nucleons are treated as
rameters to be determined by the experimentally meas
spectra~for the details of the theoretical calculations s
Refs.@29,24,25#!.

VI. PHOTON SPECTRA

We start with the single photon data of the WA98 Co
laboration that has initiated considerable theoretical activi
@30–35#. For the analysis of WA98 photon spectra, we co
sider prompt photons resulting from the hard collisions of
partons in the colliding nuclei and the thermal photons fr
a hot hadronic gas with possible in-medium modificatio
Photons from hadronic decays (p0→gg, h→gg, etc.! are
already subtracted from the data@2# and hence we need no
consider them here. We begin our discussions with
prompt photon. The prompt photon yield for nucleus-nucle
collision is given by

E
dN

d3p
5n~b!

1

s in
E

dspp

d3p
, ~12!

wheren(b) is the average number of nucleon-nucleon co
sions at an impact parameterb. The prompt photon contribu
tions have been evaluated with possible intrinsic transve
motion of the partons@34,36# inside the nucleon and multi
plied by a K factor ;2, to account for the higher orde
effects. The CTEQ~5M! parton distributions@37# have been
used for evaluating hard photons. The relevant value ofAs,
energy in the center of mass, for WA98 experiment is 1
GeV. No experimental data on hard photons exist at
energy. Therefore, the ‘‘data’’ atAs517.3 GeV are obtained
from the data atAs519.4 GeV of the E704 Collaboratio
@38# by using the scaling relation:Eds/d3pguh11h2→C1g

5 f (xT52pT /As)/s2, for the hadronic processh11h2→C
1g @39#. This scaling is valid in the naive parton mode
However, such scaling may be spoiled in perturbative Q
due to the reasons, among others, the momentum de
dence of the strong coupling,as and from the scaling viola-
tion of structure functions, resulting in faster decrease of
cross section than 1/s2 @36#. Therefore, the data atAs
517.3 GeV obtained by using the above scaling give a c
servative estimate of the prompt photon contributions.
have seen that the effects of the nuclear shadowing in pa
distributions on the prompt photons are negligibly small
SPS but are important at Relativistic Heavy Ion Collid
~RHIC! and LHC energies@40#. This is because the value o
x(;2pT /As) at SPS is not small enough for the shadowi
effects to be important.

To evaluate the photon emission rate from a hadronic
we model the system as consisting ofp, r, v, h, and a1
@41,42#. The relevant vertices for the reactionsp p→r g
and p r→p g and the decayr→p p g are obtained from
the following Lagrangian:

L52grpprW m~pW 3]mpW !2eJmAm1
e

2
Fmn~rW m3rW n!3 ,

~13!
05490
a-
ed

s
-
e

.

e
s

-

se

3
is

D
n-

e

-
e
on
t
r

s

whereFmn5]mAn2]nAm is the field tensor for electromag
netic field andJm is the hadronic part of the electromagne
current given by

Jm5~rW n3%W nm!31@pW 3~]mpW 1grpppW 3rW m!#3 , ~14!

with %W mn5]mrW n2]nrW m2grpp(rW m3rW n). pW , rW m, and Am

represent thep, r, and photon fields, respectively, and th
arrows represent vectors in isospin space.grpp denotes the
coupling strength of therpp vertex, fixed from the ob-
served decay widthr→pp. We have also considered th
photon production due to the reactionsp h→p g, p p
→h g, and the decayv→p g using the interaction given in
Ref. @43# and vector meson dominance@44#:

L5
grrh

mh
emnab]mrn]arbh1

gvrp

mp
emnab]mvn]arbp

1 (
V5r,v

emV
2

gV
VmAm , ~15!

whereemnab is the totally antisymmetric Levi-Civita tenso
The invariant amplitudes for all the reactions are given
Ref. @42#. The values ofgrrh and gvrp are fixed from the
observed decays,r→h g and v→p g, respectively. The
constantgV is determined from the decays,V→ e1e2. Pho-
ton production due to the processp r→a1→p g is also
taken into consideration~for details of interaction vertices
see Ref.@9#!.

In Fig. 6 the static~fixed temperature! photon spectra are
shown forT5180 MeV. The solid line shows the enhance
yield with in-medium masses and vacuum widths compa
to the yield obtained with vacuum masses and widths~dotted

0 0.5 1 1.5 2 2.5 3 3.5 4
E (GeV)

10
–11

10
–10

10–9

10–8

10–7

10–6

10–5

10–4

10–3

E
dR

/d
3 p 

(G
eV

2
fm

4
)

m
*
 &  Γ (I)

m &  Γ∗ (II)
m &  Γ (III)
Baryon resonances
QGP (α=0.08)
QGP (αs=0.3)

T = 180 MeV

FIG. 6. The photon production rate as a function of its energy
a temperatureT5180 MeV. Solid~long-dashed! line indicates rate
for scenario~i! @scenario~ii !#. Dotted line represents the spect
without any medium effects~scenario~iii !!. Filled circles indicate
photons originating from baryonic resonance decays. Short-da
~dot-dashed! line indicates the photon emission rate from a therm
ized two-flavor quark gluon plasma foras50.08(0.2).
1-5
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ALAM, ROY, SARKAR, AND SINHA PHYSICAL REVIEW C 67, 054901 ~2003!
line!. The long-dashed line showing the result with i
medium width and vacuum masses does not differ subs
tially from the dotted line, because we find that the effects
the change in the decay width, both on the phase space
the production cross section, are small. We observe tha
contributions from the decays of baryonic resonan
@N(1520), N(1535), N(1440), D(1232), andD(1620)] are
also small~filled circle!. The values of the decay widths,R
→N g, whereR andN denote the baryonic resonances a
the nucleon, respectively, are taken from Ref.@45#. It is ob-
served that the photon yield with universal mass variat
scenario~i! is almost an order magnitude larger than case~ii !
with large broadening ofr. Reduction in the hadronic
masses causes an enhancement in the thermal distributi
mesons because of which the rate of thermal emission
photons increases. The scenario with vacuum values of
masses and width~dotted line! does not show any appre
ciable difference from~ii !.

For the sake of comparison we have also shown the p
ton emission rate from a thermalized QGP. The photon sp
tra from QGP include Compton, annihilation, bremsstra
lung, and annihilation with scattering processes@41,46–48#
~see also Ref.@49#!. Here we have mainly focused on photo
production from hot hadronic matter and hence do not c
sider emission rate from QGP beyond two loops@50#.

In Fig. 7 thepT distribution of photons~prompt1thermal!
is compared with the WA98 data. Within the framework
the transport model the data are well reproduced when
hadronic masses are allowed to vary according to Eqs.~1!
@long-dash line, scenario~i!#. However, when scenario~ii ! is
considered for thermal photons~dash-dotted line! the experi-
mentally observed ‘‘excess’’ photon in the region 1.5<pT
(GeV)<2.5 is not reproduced. The dotted line indicates
sults with vacuum masses and widths.

The photon yield for scenario~i! shown in Fig. 7~solid
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FIG. 7. Total ~prompt1thermal! photon yield in Pb1Pb colli-
sions at 158A GeV at CERN-SPS. The theoretical calculations co
tain hard QCD and thermal photons. The system is formed in
hadronic phase with initial temperatureTi5200 MeV; ‘‘trans’’ in-
dicates the results for cooling law~11!.
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line! is obtained by folding the static rate with the space-tim
history of the system governed by relativistic hydrodynam
from the initial to the freeze-out state~freeze-out temperature
;120 MeV); the data are well reproduced in this case a

The agreement between thepT spectra of photon obtaine
with two different types of space-time evolution scenar
~transport model and hydrodynamics! can be explained as
follows. We find that the variation of temperature with tim
~cooling law! in Eq. ~11! is slower than the one obtained b
solving hydrodynamic equations. As a consequence, the t
mal system has a longer lifetime than the former case, all
ing the system to emit photons for a longer time. In case
hydrodynamics this is compensated by the transverse
due to radial velocity of the expanding matter, which shi
some of the photon multiplicity from lower values of tran
verse momentum towards the higher region.

VII. DILEPTON SPECTRA

Now we study the invariant mass distribution of lepto
pairs measured by the CERES/NA45 Collaboration@3# in
Pb1Au collisions. We consider the thermal dilepton produ
tion in the hadronic medium due to the processp1p2

→e1e2, known to be the most dominant source of dilept
production from hadronic matter. In the thermal system
width of thev meson can be large due to various reactio
occurring in the thermal bath, the most dominant proce
among others, isvp↔pp @9,51#. As a consequence of this
the lifetime of thev meson could become smaller compar
to the lifetime of the hadronic system, enabling it to decay
the interior of the system. In view of this, the in-mediu
decay v→e1e2 is also taken into account. The require
interaction vertices have been obtained from Eqs.~13!, ~14!,
and ~15!. In Fig. 8 the experimental data are compared w
the theoretical results fordNch /dh5270. The effective
masses and widths ofr andv mesons appearing in the pro
cessespp→r→e1e2 and v→e1e2, respectively, are
taken from Eq.~1! ~for details on the the thermal emissio
rate of lepton pairs see Ref.@9#!. Contributions from had-

-
e
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FIG. 8. Dilepton spectra for̂Nch&5270 for different scenarios
as indicated in the text.
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SPECTRAL REDSHIFT VERSUS BROADENING FROM . . . PHYSICAL REVIEW C67, 054901 ~2003!
ronic decays at freeze-out~background! are taken from the
second part of Ref.@3# ~dotted line!. The observed enhance
ment of the dilepton yield aroundM;0.3–0.6 GeV can be
reproduced by scenarios~i! ~long-dashed line! and ~ii ! ~dot-
dashed line! when the cooling law is taken as Eq.~11!. The
data are also well reproduced when hydrodynamics is use
describe the space-time evolution of system for scenario~i!
~solid line!. However, with vacuum properties of the vect
mesons the low mass enhancement cannot be reprod
~short-dashed line!, indicating the change of vector meso
properties in the medium. It is interesting to recall here t
in a recent experiment Ozawaet al. @52# has observed a sig
nificant enhancement in the dilepton yield inp 1 Cu colli-
sions as compared top1C collisions below thev peak.

VIII. SUMMARY AND DISCUSSIONS

Let us now summarize the results. We reiterate that
main contention in this work is to comment on the nature
medium effects vis-a`-vis mass shift as opposed to broadeni
of the spectral density of hadrons. Such a study is only p
sible through the electromagnetic probes since they are
sitive to the evolution of the spectral function of vector m
sons. The freeze-out conditions within the model used
evaluating the photon and dilepton spectra have been
mated through the NA49 pion and proton spectra. First,
find that the WA98 photon transverse momentum spectra
the CERES dilepton low invariant mass spectra are well
plained if we assume a chirally restored initial phase a
temperature;200 MeV where the masses of the hadro
tend to zero and grow to their vacuum values with the
crease of temperature. In fact, close to the critical temp
ture for chiral symmetry restoration~in our case ; Ti
5200 MeV) the description of the system either in terms
partonic or hadronic degrees of freedom become dual,
though the nonperturbative effects may still be importa
.

.
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For example, the emission rate of dileptons from pion an
hilation will resemble that fromqq̄ annihilation, because o
the complete extinction of the intermediaryr at the critical
temperature@8,9#. This indicates that theqq̄ interaction in
the vector channel has become weak, signaling the onse
chiral transition. Whether such a state is synonymous w
deconfined matter~QGP! is still an unsettled issue. A simila
value of the initial temperature is obtained in Re
@31,32,21,53#. Based on the present and our earlier resu
@31#, it is fair to say that a simple hadronic model wit
vacuum properties of hadrons is inadequate to explain
above experimental data. Either a substantial change in
in-medium hadronic spectral function or the formation of t
QGP is required. More importantly, we find that thepT dis-
tribution of photons changes significantly with a reduc
mass scenario and is almost unaffected by the broadenin
the vector meson spectral function in the medium. The
variant mass distribution of the lepton pairs, on the oth
hand, can be explained with both a reduction in the mas
well as with an enhanced width of the vector mesons. T
by looking only at the dilepton spectra it is difficult to dif
ferentiate the above scenarios; we need to analyze both
photon and dilepton spectra simultaneously. With better
tistics we might succeed in ruling out or at least restricti
one of the scenarios. We expect that such a situation sh
be realized at RHIC.
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