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Phases of QCD, thermal quasiparticles, and dilepton radiation from a fireball
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We calculate dilepton production rates from a fireball adapted to the kinematical conditions realized in
ultrarelativistic heavy-ion collisions over a broad range of beam energies. The freeze-out state of the fireball is
fixed by hadronic observables. We use this information combined with the initial geometry of the collision
region to follow the space-time evolution of the fireball. Assuming entropy conservation, its bulk thermody-
namic properties can then be uniquely obtained once the equation of state~EOS! is specified. The high-
temperature quark-gluon plasma~QGP! phase is modeled by a nonperturbative quasiparticle model that incor-
porates a phenomenological confinement description, adapted to lattice QCD results. For the hadronic phase,
we interpolate the EOS into the region where a resonance gas approach seems applicable, keeping track of a
possible overpopulation of the pion phase space. In this way, the fireball evolution is specified without refer-
ence to dilepton data, thus eliminating it as an adjustable parameter in the rate calculations. Dilepton emission
in the QGP phase is then calculated within the quasiparticle model. In the hadronic phase, both temperature and
finite baryon density effects on the photon spectral function are incorporated. Existing dilepton data from
CERES at 158 and 40A GeV Pb-Au collisions are well described, and a prediction for the PHENIX setup at
RHIC for As5200A GeV is given.
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I. INTRODUCTION

There are convincing arguments from lattice simulatio
@1# that QCD undergoes a phase transition at a tempera
of about 150–170 MeV@2# from a confined hadronic phas
to a phase where quarks and gluons constitute the rele
degrees of freedom, the quark-gluon plasma~QGP!. It is be-
lieved that chiral symmetry restoration, associated with

vanishing of the chiral condensate^q̄q&, takes place at abou
the same temperature. This new state of matter is clearl
enormous interest, and the search for experimental evide
of its creation in ultrarelativistic heavy-ion collision
~URHIC! is going on. However, it is still a matter of deba
whether the QGP has already been encountered. Any si
ture of the QGP is folded with the time evolution~and con-
sequently the evolution of volume, temperature, and bar
density! of the fireball created in such a collision. Furthe
more, this evolution continues after the phase transition
any information is thus mixed with signals from the hadron
phase. Therefore, extracting an unambiguous signal for
QGP phase is not an easy task.

Dileptons (e1e2 andm1m2 pairs! are interesting probe
in this context since they do not interact strongly and esc
unthermalized from the hot region at all stages of the co
sion. Therefore, in contrast to hadronic probes, which can
only of the late stages~the freeze-out!, dileptons carry infor-
mation also on the early moments of the collision where
QGP phase is expected to exist. In the QGP phase, dilep
originate mainly fromqq̄ annihilation processes, whereas
the hadronic phase the main sources are pion and kaon
nihilation processes, which are enhanced due to the for
tion of the light vector mesonsr, v, and f. In order to
interpret signals from the QGP, one must obviously first u
derstand the hadronic phase.
0556-2813/2002/66~1!/014902~19!/$20.00 66 0149
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Unfortunately, the initial conditions of a fireball formed i
URHIC are not well under control, nor is its subsequent e
lution known in sufficient detail so far. Different scenario
~pure hadronic, pure QGP, and mixed phases! can all be de-
signed such that they are in rough agreement with exp
mental data. This is shown in calculations using microsco
transport equations@3,4#, hydrodynamical descriptions@5,6#,
and simplified approaches@7,8#. In this paper, we make at
tempts to tighten the constraints on the QGP equations
state~EOS! and the fireball evolution dynamics by establis
ing contacts with lattice QCD thermodynamics and hadro
observables. We extend the work of@9# ~and other previous
work! in several directions.

First, we develop a thermodynamically consistent qua
particle picture, incorporating important aspects of confin
ment, to describe both the fireball dynamics and the dilep
radiation from the quark-gluon phase at the early stage
the collision. Perturbation theory is known not to work in th
quark-gluon phase@10# even at temperatures well aboveTC .
We adopt instead an approach which treats quarks and
ons as massive thermal quasiparticles, with their proper
determined to reproduce lattice QCD results. The driv
force of the phase transition, the confinement/deconfinem
process, is given a statistical meaning in terms of a supp
sion of thermally active partonic degrees of freedom as
critical temperature is approached from above. For the h
ronic phase, we calculate the dependence of the photon s
tral function ~that enters the dilepton rate! on temperature
and baryon density using vector meson dominance comb
with chiral dynamics.

Second, a fireball model reminiscent of hydrodynamics
set up. The end point of the fireball evolution is fixed b
requiring agreement with hadronic observables, such
Hanbury-Brown-Twiss~HBT! radii, mt spectra, anddN/dy
distributions, which carry information on the freeze-o
©2002 The American Physical Society02-1
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stage. Information on the initial state can be gained by e
mates of the nuclear overlap geometry. We then construc
evolution between initial and freeze-out conditions by f
lowing the fireball thermodynamics along volume slices
constant proper timet. This is done under the assumption
entropy conservation where the total entropy of the system
determined at freeze-out. The EOS in the QGP phase is
culated using a quasiparticle picture. In the hadronic pha
smooth interpolation to a hadronic resonance gas approa
applied. We thus obtain the temperatureT of the system at a
given proper time. This procedure results in a thermo
namically self-consistent description of the fireball evolutio
which is fixed by hadronic observables only.

Using this model as an input, we calculate dilepton ra
and compare results to existing CERES/NA45 data of 40
160AGeV Pb-Au collisions, finding good agreement in bo
cases. We also give predictions for the kinematical con
tions at RHIC. Differences between the present approach
other works are discussed.

II. DILEPTONS FROM A FIREBALL

The lepton pair emission rate from a hot domain pop
lated by particles in thermal equilibrium at temperatureT is
proportional to the imaginary part of the spin-averaged, p
ton self-energy, with these particles as intermediate sta
The thermally excited particles annihilate to yield a timeli
virtual photon with four-momentumq, which decays subse
quently into a lepton-antilepton pair. The differential pa
production rate is given by

dN

d4xd4q
5

a2

p3q2

1

ebq0
21

ImP̄~q,T!5
a2

12p4

R~q,T!

ebq0
21

,

~1!

wherea5e2/4p,b51/T, and we have neglected the lepto

masses. We have definedP̄(q)52Pm
m/3 and introduce the

averaged photon spectral function R(q,T)

5(12p/q2)ImP̄(q,T). HerePm
m denotes the trace over th

thermal photon self-energy, which is equivalent to the th
mal current-current correlation function

Pmn~q,T!5 i E d4xeiqx^Tj m~x! j n~0!&b , ~2!

wherej m is the electromagnetic current. Equation~1! is valid
to ordera in the electromagnetic interaction and to all orde
in the strong interaction.

In order to compare with experimental data, we constr
a model for the space-time evolution of a heavy-ion co
sion, assuming approximate thermal equilibrium to be a u
ful concept @11#. Some recent discussions suggest@12,13#
that equilibration times at the conditions of heavy-ion co
sions at SPS and RHIC may indeed be very short~possibly
less than 1 fm/c!, small compared to expansion times of o
der 10–20 fm/c, although this is still a matter of debate. Th
proper approach for our purposes is to use a simplified fi
ball model which employs a hot cylinder, expanding ise
tropically both in the longitudinal and transverse directio
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Temperature and density are assumed to be spatially ho
geneous at a given proper time. In Sec. V, this fireball mo
is explained in detail.

The differential rate of Eq.~1! is integrated over the
space-time history of the collision to compare the calcula
dilepton rates with the CERES/NA45 data@14# taken in
Pb-Au collisions at 160A GeV ~corresponding to a c.m. en
ergy of As;17A GeV! and 40A GeV (As;8A GeV!. The
CERES experiment is a fixed-target experiment. In the
frame, the CERES detector covers the limited rapidity int
val h52.1–2.65, i.e.,Dh50.55. We integrate the calculate
rates over the transverse momentumpT and average overh,
given that d4p5MpTdMdhdpTdu. The formula for the
space-time- andp-integrated dilepton rates hence become

d2N

dMdh
5

2pM

Dh E
0

t f
dtE dh V„h,T~t!…

3E
0

`

dpTpT

dN@T~t!,M ,h,pT#

d4xd4p
Acc~M ,h,pT!,

~3!

where t f is the freeze-out proper time of the collision
V„h,T(t)… describes the proper time evolution of volum
elements moving at different rapidities, and the functi
Acc(M ,h,pT) accounts for the experimental acceptance c
specific to the detector. At the CERES experiment, e
electron/positron track is required to have a transverse
mentumpT.0.2 GeV, to fall into the rapidity interval 2.1
,h,2.65 in the lab frame and to have a pair opening an
Qee.35 mrad. Equation~3! is then convoluted with the fi-
nite energy resolution of the detector. Finally, for comparis
with the CERES data, the resulting rate is divided
dNch /dh, the rapidity density of charged particles.

RHIC operates as a collider experiment, so in this case
fireball is centered aroundh50. Here, the PHENIX detecto
acceptance can be schematically modeled by requiring
each electron/positron track falls in the rapidity interv
20.35,h,0.35, has transverse momentumpT.0.2 GeV
and a pair opening angle ofQeē.35 mrad. At present, an
abundance of data on Au-Au collisions atAs5130A GeV
have already been analyzed, and first data of the run at
higher energyAs5200A GeV are available.

III. QUASIPARTICLE DESCRIPTION
OF THE QUARK-GLUON PHASE

In order to proceed, we need to develop a picture of
QCD dynamics in the quark-gluon plasma phase close to
phase transition where the system presumably spends a
preciable fraction of its time in URHIC at current kinema
cal conditions. A realistic equation of state is needed
model the expanding fireball, and the calculation of the d
ferential dilepton emission rate requires the photon s
energy with partonic intermediate states.

Since it is expected thatas(T)→0 at very high tempera-
tures, one might naively expect that a perturbative appro
2-2
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to calculate these quantities is possible. However, it is n
well known that perturbation theory breaks down for gau
theories at finite temperature because of the occurrenc
infrared divergences@10#. The hard thermal loop~HTL! cal-
culation scheme consistently resums all contributions t
given order in the gauge coupling constantgs and is explic-
itly gauge invariant. Its application relies on a scale sepa
tion into ‘‘hard’’ ( p;T) and ‘‘soft’’ ( p;gsT) momentum
modes withgs!1, though for QCD, this condition is likely
to be fulfilled only at extremely largeT far outside the scope
of present and future experiments@15#. In addition, non-
Abelian gauge theories also suffer from a dependence o
‘‘ultrasoft’’ magnetic massmmag;gs

2T, which is intrinsically
nonperturbative.

The imaginary part of the photon self-energy ImP̄ ap-
pearing in Eq.~1! has been calculated to two-loop order
thermal perturbation theory@16#, and there exist estimate
for the three-loop contributions@17#. So far, the convergenc
of the resulting series is badly behaved even for small c
plings gs . A similar behavior has been found in the pertu
bative calculation of the free energy of a QGP and also
simple scalar theory. Furthermore, close toTC we expect
intrinsically nonperturbative dynamics to enter: t
confinement/deconfinement transition and chiral symme
breaking are not amenable in an expansion ings . In the light
of these facts, we will use a more phenomenological
proach to QCD thermodynamics in this work.

One way to obtain nonperturbative input is through fin
temperature lattice simulations of a pure gluonic or qua
gluon plasma. We have shown recently that it is possible
describe the EOS of such systems to a very good appr
mation by the EOS of a gas of quasiparticles with therma
generated masses, incorporating confinement phenom
logically by a temperature-dependent effective number of
tive degrees of freedom. Here we give a short summary
the method and refer the reader to@18# for a more detailed
discussion.

From asymptotic freedom, we expect that at extrem
high temperatures the plasma consists of quasifree qu
and gluons. HTL perturbative calculations find, for therm
momenta, spectral functions of the formd„E22k2

2m2(T)… with m(T);gsT. As long as the spectral function
of the thermal excitations at lower temperatures resem
qualitatively this asymptotic form, a quasiparticle descripti
is expected to be applicable. The QCD dynamics is th
incorporated in the thermal masses of the ‘‘effective’’ qua
and gluons and in a functionB(T), which is necessary fo
thermodynamical consistency and plays the role of the th
mal vacuum energy.

Since the existence of a preferred frame of reference~in
which the hot matter is at rest! breaks Lorentz invariance
new partonic excitations~longitudinal gluonic plasmons an
helicity-flipped plasminos! are also present in the plasm
However, their spectral strengths are exponentially s
pressed for high temperatures and momentak;T, which
dominate the integrals of macroscopic thermodynamic qu
tities such as pressure, entropy, and energy density, there
their contributions can be neglected. This is also in line w
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results from a lattice calculation of the quark and glu
propagators@19#. For the differential dilepton rate, their in
fluence is not so easily discarded, and we will discuss tha
Sec. IV.

The thermal excitations can then be described by a
persion equation

E2~k,T!5k21mi
2~T!. ~4!

Here, k5uku and the subscripti labels the particle species
i 5g for gluons andi 5q for quarks.mi(T) stands for a
thermal mass, which is derived from the self-energy of
corresponding particle, evaluated at thermal momentaE,k
;T. This is expected to be meaningful as long as the s
energy is only weakly momentum dependent in that kin
matic region. Additionally, for a quasiparticle to be a mea
ingful concept at all, we require the imaginary part of t
self-energy, and hence its thermal width, to be small.

The gluon mass, following Ref.@18#, becomes

mg~T!

T
5ANC

6
1

Nf

12
g̃~T,NC ,Nf ! ~5!

with the effective coupling specified as

g̃~T,NC ,Nf !5
g0

A11NC22Nf
S @11d#2

TC

T D g

. ~6!

NC and Nf stand for the number of colors and flavors, r
spectively. The functional dependence ofmg(T) on T is
based on the conjecture that the phase transition is we
first order or second order, which suggests an almost pow
like behaviorm;(T2TC)g with some pseudocritical expo
nentg.0. Settingg059.4, d51026, andg50.1, the effec-
tive mass ~5! approaches the HTL result at hig
temperatures.

The thermal quark mass reads

mq~T!

T
5F S mq,0

T
1

1

4
ANC

2 21

NC
g̃~T!D 2

1
NC

2 21

16NC
g̃~T!2G 1/2

~7!

with the zero-temperature bare quark massmq,0 . Note that in
contrast to previous quasiparticle models extrapolated fr
HTL calculations@20,21#, the thermal masses used heredrop
asTC is approached from above. Of course, forT@TC , the
near-critical behavior inferred in Eq.~6! ceases to be valid
and the perturbative limit ofmg(T) and mq(T) will be re-
covered.

The pressure of the QGP system takes the following fo

p~T!5
ng

6p2E0

`

dk@C~T! f B~Ek
g!#

k4

Ek
g

1(
i 51

Nf 2NC

3p2E0

`

dk@C~T! f D~Ek
i !#

k4

Ek
i

2B~T!. ~8!
2-3
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Energy densitye(T) and entropy densitys(T) follow ac-
cordingly ~see@18# for details!:

e~T!5
ng

2p2 E0

`

dkk2@C~T! f B~Ek
g!#Ek

g

1(
i 51

Nf 2NC

p2 E
0

`

dkk2@C~T! f D~Ek
i !#Ek

i 1B~T!,

~9!

s~T!5
ng

2p2T
E

0

`

dkk2@C~T! f B~Ek
g!#

4

3
k21mg

2~T!

Ek
g

1(
i 51

Nf 2NC

p2T
E

0

`

dkk2@C~T! f D~Ek
i !#

4

3
k21mi

2~T!

Ek
i

.

~10!

Here, Ek
g5Ak21mg

2(T) and Ek
i 5Ak21mi

2(T) for each
quark flavorq5 i . The multiplicity ng516 counts the trans
verse gluonic degrees of freedom. The bosonic particle
tribution function readsf B(E)5@exp(E/T)21#21, the fermi-
onic one isf D(E)5@exp(E/T)11#21.

The functionC(T) accounts, in a statistical sense, for t
onset of confinement by reducing the number of therma
active degrees of freedom. Its explicit form is obtained
calculating the entropy density of the QGP with the glu
mass~5! and the quark mass~7!. Dividing the lattice entropy
density by this result yieldsC(T). It can be parametrized a

C~T!5C0S @11dc#2
TC

T D gc

. ~11!

For two light quarks and one heavy quark, the parame
take the valuesC051.16, dc50.02, andgc50.29 ~see Fig.
1!.1 The functionB(T) is now uniquely determined from
mi(T) andC(T) up to an integration constant that is fixed b
Gibbs’s conditionpQGP5phadr at TC .

Figure 2 shows the pressure, energy, and entropy den
for two light quark flavors (mu,d50) and a heavier strang
quark (ms.170 MeV) in our confinement model.

We now proceed as follows. We adopt the picture of
QGP as a quasiparticle gas consisting of massive quarks
gluons, which are the relevant thermodynamical degree
freedom. The resulting EOS serves as input for the const
tion of the fireball which is discussed in Sec. V. Furthermo

1We mention that the proposed method relies on input from
lattice. Whereas high precision data exist in the pure gauge se
calculations with dynamical quarks are not yet in a satisfact
position to yield proper continuum-extrapolated results with phy
cal quark masses. We estimate that the results obtained within
confinement model may still change by 5–15 % in the vicinity
TC once high statistics data are available. However, this small
rection does not influence the results of the following discussio
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within this framework the quasiparticleqq̄ loop becomes the
only contribution to the photon self-energy in Eq.~1! since
the quasiparticles are by construction noninteracting. The
duced probability for thermally exciting a quark because
confinement, and the thermal effective masses, have to
taken into account properly as discussed in the follow
section.

IV. CALCULATION OF THE PHOTON SPECTRAL
FUNCTION

A. The quark-gluon phase

As long as the thermodynamically active degrees of fr
dom are quarks and gluons, the timelike photon couples

e
or,
y
i-
ur

f
r-

FIG. 1. The confinement factorC(T) as a function of tempera
ture for two light flavors (mu,d50) and one heavier flavor (ms

.170 MeV).

FIG. 2. Pressure, energy density, and entropy density for
light quark flavors (mu,d50) and a heavier strange quark (ms

.170 MeV) in our quasiparticle model. The arrow indicates t
ideal gas limit of massless three-flavor QCD. The functionB(T) is
also shown.
2-4
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the continuum of thermally excitedqq̄ states and subse
quently converts into a charged lepton pair. The calculat
of the photon spectral function at the one-loop level is p
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formed using standard thermal field theory methods. T
well-known leading-order result for bare quarks and gluo
as degrees of freedom is
ImP̄~q0,q,T!52
q2

12p
3 (

f 5u,d,s
u~q224mf

2!ef
2S 11

2mf
2

q2 DA12
4mf

2

q2

35 112F T

uqu

1

A12
4mf

2

q2

lnS f DS q0

2
2

uqu

2
A12

4mf
2

q2
D

f DS q0

2
1

uqu

2
A12

4mf
2

q2
D D 21G 6 , ~12!
is

the

nd

b-

s:
of
of

n
rall
ili-

-
si-
ote
ol-

r a
whereq5(q0,q) is the four-momentum of the virtual pho
ton, ef the quark electric charge, andmf the quark mass o
flavor f. This result, however, holds only up to perturbati
higher order corrections ings that take into account collec
tive plasma effects. Here, contributions from soft gluons le
to strong modifications. The corresponding two- and thr
loop contributions show no clear convergence@16,17#. Close
to the phase transition, we also expect nonperturbative c
finement physics to enter. Consequently, we follow a diff
ent approach.

Recalling the results of the preceding section, the therm
dynamic properties of the QGP as given by lattice QCD
well reproduced by a gas of quasiparticles. Let us now
sume that a quark quasiparticle couples to a photon in
same way as a bare quark~a form factor representing th
‘‘cloud’’ of the quasiparticle could, in principle, also be in
cluded, but in absence of information about the detailed q
siparticle structure, we ignore this point!. For a gas of non-

interacting quasiparticles, the one-loop result for ImP̄ is
adequate, with input properly adjusted. All higher ord
QCD effects manifest in the thermal quasiparticle mas
m(T), the functionB(T), and the confinement factorC(T).
Incorporation of the first two features in the calculation
straightforward. The bare quark masses in Eq.~12! simply
have to be replaced by theT-dependent quasiparticle mass
for each flavor, see Eq.~7!. The thermal vacuum energ
B(T) does not contribute to the dilepton rate.

The naive replacementf D→C(T) f D is, however, not per-
mitted in Eq.~12!. Since any modification of the free partic
distribution functions leads to nonequilibrium field theor
products ofd functions ~pinch singularities! may arise in
loop calculations. Therefore, the quasiparticle model a
stands cannot be used in expressions derived from sim
perturbative thermal field theory. Recalling the physical
terpretation of the confinement factorC(T), we can use the
expression for the dilepton rate, Eq.~1!, instead. The mecha
nism for dilepton production at tree level is the annihilati
of a qq̄ pair into a virtual photon where the quark lines a
d
-

n-
-

o-
e
s-
e

a-

r
s

it
le

-

multiplied by the distributionsf D(T), giving the probability
of finding a quark or an antiquark in the hot medium. Th
also becomes clear when we look at the limitq→0 of Eq.
~12!. Then,

ImP̄~q0,T!;ImP̄~q0,T50!@122 f D~q0/2!#, ~13!

and the temperature enters only in the Pauli blocking of
quarks propagating in the loop. Now, from Eq.~1!,

dN

d4xd4q
; f B~q0!ImP̄~q,T!. ~14!

Combining the different thermal occupation factors, we e
up with the well-known result

dN

d4xd4q
;@ f D~q0/2!#2, ~15!

so the differential dilepton rate is proportional to the pro
ability of finding a quarkq times the probability of finding an
antiquarkq̄ with the correct momentum, as anticipated.2 The
incorporation of the confinement factor is now obviou
since it reduces the number of thermally active degrees
freedom, it also reduces the dilepton rate by a factor
C(T)2.

In summary, Eq.~1! can be used to calculate the dilepto
rate originating from a hot QGP phase, provided an ove
factorC(T)2 is applied to account for the reduced probab
ties, and the bare massesmf in the one-loop expression~12!
are replaced by theT-dependent thermal masses~7!. The role
of the factorC(T) is illustrated in Fig. 3, where the differ
ential dilepton rate originating from a hot QGP in the qua
particle approach is shown for different temperatures. N
that the plotted quantity is independent of the fireball v

2We neglect a possible chemical potential for the quarks. Fo
finite m, the corresponding expression would bedN/d4xd4q
; f D(@q02m#/2) f D(@q01m#/2).
2-5
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ume, so the resulting differences are only due to the dropp
quasiparticle masses and the squared confinement fa
C(T), which is responsible for a decrease by more than
order of magnitude atT;TC as compared to the highe
temperature shown. One also observes that, as expecte
~negative! slope of the production rate in the region of hig
invariant mass gets steeper as the temperature decrease
important to note that this setup neglects contributions fr
hadronic degrees of freedom aboveTC . As mentioned,
quarks and gluons become clustered into hadrons~glueballs,
mesons! as the temperature approachesTC from above.
These hadronic excitations are comparatively heavy and
do not contribute much to the thermodynamics. Since we
not know in detail how the statistical rearrangement of
grees of freedom occurs, we refrain from including the
hadronic sources of dilepton yield aboveTC . Our calculation
is therefore expected to give alower limit on the leptonic
radiation from the QGP phase.

The quasiparticle model does not take into account
collective plasma modes, such as the~longitudinal! gluonic
plasmons and the~helicity-flipped! quark plasminos. Since
their residues are exponentially suppressed in the HTL
proximation for thermal momentak;T, their contributions
to the thermodynamical quantities are negligible. Howev
in the case of soft dilepton production it is well known th
these modes lead to sharp, distinct structures in the spect
referred to as Van Hove singularities@22#. The plasmino
branch has a minimum in its dispersion relation atkÞ0
~which follows on very general grounds@23#, independent of
the HTL approximation!. This leads to a diverging density o
states, which, in turn, shows up in the dilepton spectrum a
pronounced peak. Our model cannot exhibit, by construct
such plasmino effects. However, since the peaks are rou
located at.2mq(T), wheremq(T) is the thermal mass o
the quasiparticles, these Van Hove singularities would
smeared out by the fireball evolution. The thermal m
drops as the temperature goes down, dragging along the
position with it. Furthermore, sincemq(T) is of the order of
the temperatureT or smaller in our model, the singularitie
appear at low invariant mass (,500 MeV) where they are

FIG. 3. Dilepton rates originating from the QGP phase in
quasiparticle model for different temperatures.
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overwhelmed by the hadronic part of the dilepton produ
tion. Therefore the presence of these collective modes wo
presumably not influence our results for the dilepton rate
the QGP phase.

Our model of the QGP phase also finds preliminary s
port from a recent lattice calculation@24# of thermal vector-
meson correlation functions aboveTC in quenched QCD
with Clover improved Wilson fermions. Using the maximu
entropy method, the vector spectral function was extrac
from the corresponding current correlator. Although the s
tistical uncertainties are still considerable, it is interesting
note that the resulting spectrum resembles the free spe
function, as in our case, and has a gap at low energies g
by a thermal mass threshold of (2 –3)T, which is indeed
close to 2mq(T), the natural cutoff of the spectrum an
correspondingly, of the thermal dilepton radiation in the co
finement model~see Fig. 3!. Furthermore, this result seem
to rule out heavy quark quasiparticles in the deconfin
phase, as predicted by other phenomenological mo
@20,21#. Of course, higher statistics and improved actions
mandatory to confirm these observations.

B. The hadronic phase

Below TC , confinement sets in and the effective degre
of freedom change to color singlet, boundqq̄ or qqq (q̄q̄q̄)
states. The photon couples now to the lowest-lying ‘‘dipol
excitations of the vacuum, the hadronicJP512 states: ther,
v, and f mesons and multipion states carrying the sa
quantum numbers. The electromagnetic current-current
relation function can be connected to the currents gener
by these mesons using an effective Lagrangian that appr
mates the SU(3) flavor sector of QCD at low energies. T
appropriate model for our purposes is theimproved vector-
meson dominancemodel combined with chiral dynamics o
pions and kaons as described in@25#. Within this model, the
following relation between the imaginary part of the irredu

ible photon self-energy ImP̄ and the vector-meson self
energiesPV(q) in vacuum is derived:

ImP̄~q!5(
V

ImPV~q!

gV
2

uFV~q!u2,

FV~q!5

S 12
g

gV
0 D q22mV

2

q22mV
21 i ImPV~q!

, ~16!

wheremV are the~renormalized! vector-meson masses,gV
0 is

the gV coupling, andg is the vector-meson coupling to th
pseudoscalar Goldstone bosonsp6,p0 andK6,K0. Equation
~16! is valid for a virtual photon with vanishing three
momentumq. For finite three-momenta there exist two sca

functionsP̄L and P̄T , because the existence of a preferr
frame of reference~the heat bath! breaks Lorentz invariance
and one has to properly average over them. However, ta
the limit uqu→0 should be reasonable for our purposes
view of the fact that the c.m. rapidity interval accessible
2-6
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FIG. 4. The photon spectra

function R(v)5(12p/v2)ImP̄(v)
at finite temperature andrB50
~left panel! and at T50 and
baryon density of normal nuclea
matter,rB5r050.17 fm23 ~right

panel!. For orientation, theqq̄ line
in the left panel shows the spectra
function in the QGP phase with
masslessu and d quarks andms

5150 MeV fors quarks, neglect-
ing as corrections.
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CERES and RHIC restrictsuqu on average to only a fraction
of the vector-meson massmV .

Finite temperature modifications of the vector-meson s
energies appearing in Eq.~16! are calculated using therma
Feynman rules. The explicit calculations for ther and f
meson can be found in Ref.@9#. At the one-loop level, ther
and f are only marginally affected by temperature ev
close toTC because of the comparably large pion and ka
masses:mp.TC ,mK.3TC . The thermal spectral function
of thev meson has been discussed in detail in@26#. Here, the
reactionvp→pp was found to cause a considerable broa
ening of the v spectral function, leading toGv(TC)
.7Gv(0). The corresponding photon spectral function
displayed in Fig. 4~left panel!.

At higher invariant masses 1 GeV,M,2 GeV, pa1
annihilation is the dominant source of dileptons@27,28#. The
vacuum vector and axial vector spectral functions beco
mixed to orderT2 with a strengthT2/(6 f p

2 ) ( f p.93 MeV is
the pion decay constant! due to their coupling to the pionic
heat bath@29# and should be degenerate at the point of ch
symmetry restoration. The effect of thea1 and higher reso-
nances can then be approximately subsumed in a struc
less continuum above 1 GeV@30#. We practically implement
the pa1 contribution by adding a flat 2p continuum to the
resonancer-meson spectral function that feeds into the ph
ton spectral function, reminiscent of the perturbative plate
of qq̄ annihilation.

There is still considerable stopping of the interpenetrat
nuclei at SPS energies, resulting in a net-baryon densityrB
in the central rapidity region. At RHIC, measuremen
@31,32# indicate that the proton over antiproton excess
small, implying that the baryons are distributed over a lar
rapidity interval. Therefore, finite baryon density effec
should not play such an important role in RHIC kinemati

For the evaluation of density effects which are relevan
SPS conditions, we use the results discussed in@33#. There it
was shown that in the linear density approximation,PV is
related to the vector-meson–nucleon scattering amplit
TVN :

PV~q0,q50;r!5PV
vac2rBTVN~q!,

TVN~q!52
i

3E d4xeiqx^NuTj m~x! j m~0!uN&, ~17!
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with uN& being zero-momentum free nucleon states. In
following, we assume that the temperature and density
pendences ofPV factorize, i.e., we replacePV

vac in Eq. ~17!
by the temperature-dependentPV(T) and leaveTVN unaf-
fected. This amounts to neglecting contributions from mat
elements such aŝpNuTj m(x) j m(0)upN& ~nucleon-pion scat-
terings where the pion comes from the heat bath!. Further-
more, this approximation does not take into consideratio
possibleT-dependent pion or nucleon mass. Some effect
models suggest that, near the phase transition, the nuc
mass follows the behavior of the chiral condensate^c̄c& and
drops abruptly as the quarks lose their constituent mas
Such modifications of particle properties may have a con
erable impact on the spectral functions. However, since
temperature range over which the dropping takes plac
narrow, we expect such effects not to leave distinct signal
the dilepton spectra, which are only sensitive to the in
grated time~and hence temperature! evolution of the system.

The photon spectral function at finite density and ze
temperature is depicted in Fig. 4~right panel!. The interac-
tion with nucleons causes a strong broadening of ther me-
son down to the one pion threshold, leading to a comp
dissolution of its quasiparticle peak structure. The modifi
tions of thev- andf-meson spectral distributions are mo
moderate: The mass ofv drops by about 100 MeV at norma
nuclear matter density, and its width increases by a facto
about 5, whereas thef mass stays close to its vacuum valu
accompanied by a ninefold increased width.

To summarize, the most prominent changes of the pho
spectral function, when compared to the vacuum case, a
from the broadening ofr due to finite baryon density effect
and the broadening ofv due to scattering off thermal pions
The f meson retains its distinct peak structure even un
extreme conditions of density and temperature. Very clos
TC , however, these results based on perturbative calc
tions, are not expected to be reliable.

C. After freeze-out contributions

At the freeze-out stage, there are still vector meso
present. These will decay with their vacuum properties
their way to the detector and add to the dilepton yield fro
the previous thermalized phase. The invariant mass reg
below '400 MeV is mainly filled by the Dalitz decays o
the vector mesons. We take these contributions from the
2-7
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perimental analysis of the CERES collaboration for SPS c
ditions. Since the PHENIX acceptance starts only abov
GeV, the Dalitz decays do not play a significant role
RHIC.

For the calculation of the direct decay of a vector mes
V into a lepton pair we start with the following formula:

dNV

dMdh
5

1

Dh

a2

12p4
RV~M ,T50!E

t f

`

dtVf

3E d3q
M

q0
f B~q0,Tf !expS 2

t2t f

g~q!t0
VD .

Here, Tf and Vf are the fireball temperature and volum
respectively, at freeze-out. Aftert f , the freeze-out time, al
medium effects are switched off, so the vacuum photon sp
tral function RV(M ,T50) determines the rate. The corr
sponding momentum distribution is given by the therm
Bose function, evaluated at the freeze-out temperatureTf .
However, theabsolute number Nof vector mesons as a func
tion of time is not a constant: since the mesons decay
there is no thermal recombination,N decreases exponentiall
like exp„2(t2t f)/@g(q)t0

V#…. The vacuum lifetime of the
vector mesonV under consideration is denoted byt0

V , and
g(q) accounts for time dilatation effects on particles w
finite three-momentum:

g~q!5
1

A12v2
5

q0

M
.

After the time integration we end up with

dN

dMdh
5

1

Dh

a2

12p4
t0R~M ,T50!VfE d3q fB~q0,Tf !.

The averaged space-time four-volume that is available a
freeze-out is thereforeVft0

V , as anticipated. The integra
over d3q now yields the freeze-out particle densityn(M )
5N(M )/V of the virtual photons as a function of invaria
mass. Note that the information on the vector mesons
mainsentirely in the photon spectral function. With the fac
tor Vf we obtain the total number of photons at freeze-o
When weighted withRV(M ), this gives thedN/dM distri-
bution for the process meson→g* →e1e2.

We have also checked that a commonly used Br
Wigner ansatz of the form

dNe1e2

dM
5@Vfn~Tf ,M !#jBV

M2GV~M !

~M22mV
2 !21M2GV~M !2

~18!

yields almost identical results. Here,GV(M ) stands for the
M-dependent decay width,j is the normalization factor, and
BV the branching ratio for the leptonic decay of the cor
sponding vector meson.
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D. Drell-Yan and charm contributions

At invariant massesM.1 GeV the Drell-Yan mecha-
nism, i.e., hard quark-antiquark annihilationqq̄→ l 1l 2 at
leading order~LO!, constitutes another source of~nonther-
mal! dileptons. Its differential LO cross section in a nucle
(A1)-nucleus (A2) collision reads

ds~A1A2!

dydM
5

8pa2

9Ms (
q

eq
2$@Z1f q

p~x1!1~A12Z1! f q
n~x1!#

3@Z2f q̄
p
~x2!1~A22Z2! f q̄

n
~x2!#1~q↔q̄!%,

~19!

where As denotes the c.m. energy of the nucleon-nucle
collision andx1,25M /As exp(6y) is the momentum fraction
of the beam and target parton, respectively.

The Drell-Yan cross section~19! is computed using the
LO Martin-Roberts-Stirling-Thorne~MRST! parametrization
@34# for the parton distributionsf i

p(x,m2) evaluated at the
hard scalem25M2. However, it has been checked that usi
different LO sets~e.g., CTEQ5L@35# or GRV98LO @36#!
affects the results by only 10% at SPS and 20% at RH
energies. To account for higher order corrections, we mu
ply the LO expression~19! by a K factor K52 fitted from
p-p data@37#. Finally, nuclear effects such as shadowing
quark energy loss are expected to suppress the Drell-
yield by about 30–50 %@38,39#. Since these effects are sti
poorly known quantitatively, we neglect them and consid
our Drell-Yan rate as anupper limit on the actual rate.

Using the Glauber model of multiple independent co
sions, the average dilepton multiplicity in aA1-A2 collision
at impact parameterb is given by

dN~A1A2!

dydM
~b!5TA1A2

~b!K
ds~A1A2!

dydM
, ~20!

where the normalized thickness functionTA1A2
(b) is com-

puted assuming the standard Woods-Saxon nuclear de
profile. The Drell-Yan~DY! pair multiplicity ~20! is then
averaged for the 30% and 6% most central collisions to
compared with CERES and PHENIX data, respectively.3

Another source of dileptons in the high invariant ma
region consists of semileptonic decays of charmed mes
Whereas earlier calculations found a considerable yield fr
open charm exceeding the thermal radiation@40#, the subse-
quent inclusion of medium effects such as energy loss le
a suppression of the dielectron rate and made it compar
to or even lower than the Drell-Yan yield@41,42#. Since the

3In addition to these centrality cuts, we need to rely on furth
assumptions to take properly into account the acceptance of t
experiments. Therefore, we shall assume the generic f
ds/dp'}p' /@11(p' /p0)2#6 (p053 GeV) for the p' depen-
dence of the DY process@37#. Furthermore, neglecting correction
due to the intrinsick' of the incoming partons, the angular distr
bution is taken to bedN/dV}11cos2u, whereu is the angle be-
tween the lepton and the beam axis.
2-8
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Drell-Yan contribution plays only a subdominant role in t
following, we will not explicitly include the open charm con
tributions.

V. FIREBALL MODEL

A. General properties

We do not aim at the detailed description of the heavy-
collision or its subsequent expansion on an event by ev
basis or by a hydrodynamical simulation. Instead we us
model of an expanding fireball, which enables us to test
ferent scenarios with different parameter sets in a system
way, so as to gain insight into the time evolution of t
strongly interacting system.

We assume that the physics of the fireball is the sa
inside each volume of given proper timet, thus averaging
over spacial inhomogeneities in density and temperature.
volume itself is taken to be an expanding cylinder, in whi
the volume elements move away from the center in orde
generate the observed flow. There is no global Lorentz fra
in which thermodynamics can be applied. As the fireball
pands, volume elements away from the center are mov
with large velocities and are subject to time dilatation wh
seen in the center of mass frame of the collision. We ass
a linear rise in rapidity when going from central volum
elements to the fireball edge along the beam~z! axis and the
transverse axis. As the velocities along thez axis are typi-
cally large~up toc) as compared to transverse motion~up to
0.55c) for SPS and RHIC conditions, we make the simplif
ing assumption that the proper time is in a one-to-one co
spondence with thez position of a given volume elemen
thus neglecting the time dilatation caused by transverse
tion. The whole system is assumed to be in local therm
~though not necessarily in chemical! equilibrium at all times.

Given this overall framework, the volume expansion
the fireball is governed by the longitudinal growth speedvz
and the transverse expansion speedv' at a given proper
time. These quantities can be determined at the freeze
point and correspond to the observed amount of flow. Ho
ever, flow is measured in the lab frame and needs to
translated into the growth of proper time volume. We us
detailed analysis of the freeze-out conditions for cen
Pb-Pb collisions at 160A GeV @43# to fix the end point of the
evolution. The initial state is constrained using the over
geometry of the colliding nuclei. The expansion between
tial and freeze-out stages is then required to be in accord
with the EOS as determined from the quasiparticle mo
described in Sec. III. The resulting model serves as the b
setup, its extension to different beam energies and collis
centralities is discussed in Sec. V E.

B. Initial and freeze-out conditions

We use the data setb1 of @43# as the end point of ou
fireball evolution. The data set has been obtained by a sim
taneous fit of the fireball emission function to hadronicmT
spectra and HBT radii, so as to disentangle the contributi
from flow and temperature to these quantities.
01490
n
nt
a

f-
tic

e

he

to
e
-
g

n
e

e-

o-
al

f

ut
-
e

a
l

p
i-
ce
l
ic
n

l-

s

The fireball is characterized by a transverse box-sha
density distribution with a radiusRB512.1 fm. This corre-
sponds to a root mean square radius ofRrms

f 58.55 fm
(5RB /A2). The average transverse expansion velocity
found to be 0.5c and the temperature at freeze-out isTf
5100 MeV. Looking at the longitudinal expansion, a velo
ity vz

f'0.9c at the fireball front is needed in the6z direction
in order to account for the observed shape ofdNch /dy dis-
tributions.

The initial conditions in transverse direction can be fix
by the overlap geometry. Here,R0'4.5 fm andv'50 for
central collisions. The initial longitudinal size of the fireba
is related to the amount of stopping of the matter in t
collision and the timet0 necessary for the formation of
thermalized system. There is no direct information on th
two quantities. However, pQCD calculations indicatet0
'1 fm/c for SPS conditions and shorter times at RHIC. T
initial longitudinal velocityvz

i can be inferred from hydrody
namical calculations. Since the initial state, in principle, d
termines the final state~if the EOS is known!, one can fit this
parameter to the observeddN/dy spectra. This procedure
points atvz

i '0.5c. The initial longitudinal size of the system
at proper timet0 is then calculated by the intercept ofz(t)
5vz

i t with the t5At22z25t0 line.

C. Volume evolution

Using the available information on initial and freeze-o
conditions and the EOS of the system, we are now able
reconstruct the evolution of the fireball volume in prop
time.

~1! The EOS translates into a temperature-~and hencet)
dependent acceleration profilea5const3p(T)/e(T) that ex-
hibits a soft transition point atT5TC . This can be under-
stood as follows: the thermal vacuum energyB(T) adds to
the energy densitye but is subtracted from the pressurep. As
is evident from Fig. 2,B(T) gets large near the phase tra
sition and correspondingly the ratiop/e drops. In the inter-
pretation ofB(T) as a ‘‘bag pressure,’’ the pressure of th
QGP becomes partly counterbalanced by the confining
pressure. Comparing initial and final conditions, we ne
both longitudinal and transverse acceleration to account
the velocity gain, and we keep the possibility of having tw
different constantsc' and cz , which relate transverse an
longitudinal accelerations top/e. In practice, the temperatur
evolution witht is calculated starting with a trial ansatz an
iterating the result to obtain a self-consistent solution.

~2! Starting with an ansatz for the radial expansion velo
ity,

v'~t!5E
0

t

dt8c'

p~t8!

e~t8!
~21!

and

R~t!5R01E
0

tE
0

t8
dt8dt9c'

p~t9!

e~t9!
, ~22!
2-9
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where R0 is the initial overlap rms radius of the collisio
region, we fix the two unknown parametersc' andt f by the
requirement thatR(t f)5Rrms

f andv'(t f)5v'
f .

~3! For the longitudinal expansion we follow the motio
of the fireball front in the center of mass frame and use
expressions

vz~ t !5vz
i 1E

0

t

dt8cz

p~ t8!

e~ t8!
~23!

and

z~ t !5z01vz
i t1E

0

tE
0

t8
dt8dt9cz

p~ t9!

e~ t9!
. ~24!

The parameterscz andt f ~freeze-out in c.m. frame! are fixed
by vz(t f)5vz

f and z(t f) to lie on the t5t f line, with t f

determined from the radial expansion.
~4! The movement of the fireball front in the c.m. fram

can now be translated into the growth of volumes in pro
time by finding the intercept ofz(t) andt5const and calcu-
lating the path length along this curve of fixed proper tim

In order to construct a self-consistent evolution model,
need to find the proper ratiop„T(t)…/e„T(t)… corresponding
to the volume expansion. The evolution ofT(t) is dealt with
in the following section. For the QGP phase, the ratio is th
determined within the quasiparticle model. Unfortunately,
reliable information onp/e is available for the hadronic
phase. We can, however, deduce the value of this rati
bothTC andTf , and interpolate between these limits. As t
lattice indicates neither a sharp drop ine nor in p when
approachingTC from above, it appears reasonable to assu
that the p/e ratio stays small in the vicinity of the phas
transition even in the hadronic phase. On the other hand
decoupling of the system at freeze-out implies that inter
tions between its constituents become unimportant, there
we recover the ideal gas limit atT→Tf , where standard
thermodynamics predictsp/e51/3 ~for massless particles!.
We now interpolate linearly between these two values
cover the temperature region in between.

D. Temperature evolution

The temperature profileT(t) of the fireball is uniquely
determined by the assumed condition of isentropic expan
once the volume expansion is known. In order to derive
temperatureT at a given time, we calculate the entropy de
sity via

s~t!5S0 /V~t!, ~25!

where S0 is the total entropy of the fireball. The relatio
between the entropy densitys and the fireball temperatureT
is fixed by the EOS. By inverting this~unique! relation nu-
merically, we finally obtain the temperature profile.

We infer the EOS of the QGP phase from the therm
quasiparticle model@18# adapted to lattice QCD results. Un
fortunately, determining the behavior of the hadronic ph
is not quite as easy for a number of reasons. First, lat
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results usually employ quark masses which are far too la
leading to pion massesmp

latt*3mp
phys. The resulting thermal

suppression of these degrees of freedom causes a cons
able discrepancy of the lattice EOS with respect to that of
interacting pion gas or the free hadronic resonance gas
the other hand, the description in terms of a noninteracting
perturbatively interacting system is bound to fail near t
phase transition. Only in the very final stages, near
freeze-out, interactions cease to be important and one
assume that a noninteracting system describes the situ
adequately.

We parametrize our insufficient knowledge close toTC by
interpolating smoothly between two regimes, the QGP q
siparticle result forT.TC and the noninteracting hadroni
resonance gas result forT,Tf . This approach is supporte
by the general shape of the EOS on the lattice for two li
quarks and one heavy quark, which resembles a weak fi
order or second-order phase transition, or even a smo
crossover@44#.

The situation is shown for the RHIC scenario in Fig.
and compared to the ideal quark-gluon gas and the hadr
resonance gas approach used in other works~e.g.,@5,6#!. One
can clearly observe that the deviations in both the qua
gluon phase and the hadronic phase from the ideal gas
large, amounting to a factor of more than 2 for the entro
density nearTC . Keeping in mind that a smaller entrop
density translates into a higher temperature in an isentro
expansion, we conclude that our model predicts a prolon
lifetime of the QGP phase as compared to the ideal gas
satz, whereas the lifetime of the hadronic phase is redu
somewhat.

At SPS, the measured ratio of protons over antiproto
indicates a partial stopping of nucleons during the collis
phase, resulting in an excess of quarks over antiquarks in
fireball region@45#. Since baryon number is conserved, th
implies the existence of aT-dependent baryochemical pote

FIG. 5. The temperature dependence of the entropy densitys(T)
in the RHIC kinematical scenario as compared to the ideal qu
gluon gas and the massless noninteracting pion gas limit~dotted
line!. The three relevant regions used in the model calculation
the ideal hadronic resonance gas~solid line!, interpolation~dash-
dotted line!, and thermal quasiparticle model~dashed line!.
2-10
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tial, which in turn translates into a fugacity factorlB
5exp(mB /T) multiplying the entropy density created b
baryons. Furthermore, the thermal yield of pions in the fi
ball is not enough to account for the observed number
pions. This can be compensated by the introduction o
chemical potential for pions~and kaons!, which in turn in-
fluences the EOS.

By imposing entropy and baryon number conservati
the evolution ofmB can be followed through the fireba
expansion. In practice, the evaluation at eachT rests on the
assumption of the system being an ideal hadronic gas, w
we believe is unreasonable near the phase transition. F
nately,Tf.100 MeV is far enough distant from the pha
transition, and that is where we fix the entropy. Furthermo
we expect pions to be the dominant thermally active degr
of freedom. We use a pion chemical potentialmp(Tf)5123
MeV as obtained in@43#, which gives the correct total pion
multiplicity when evaluated with the fireball freeze-out vo
ume.

Correcting the contributions from the different partic
species for the corresponding fugacity factors, we obtai
point of thes(T) curve where our interpolation starts. Th
situation is shown in Fig. 6. One observes that, unlike
RHIC scenario, the entropy density under SPS condition
larger in the rangeTf,T,TC , resulting in a faster dropping
of temperature during the hadronic expansion phase.

Having now specified the relevant part of the EOS of
system, the temperature evolution of the fireball is uniqu
determined by the total entropyS0 and the evolution of the
volume V(t) with proper time. The total entropy can b
obtained by measuring charged particle multiplicitiesN1

andN2 in suitable rapidity bins and calculating

DQ5
N12N2

N11N2
. ~26!

The quantityDQ stands for the inverse of the specific e
tropy per net baryonS/B, and the productDQ(S/B) roughly

FIG. 6. Temperature dependence of the entropy density for
conditions, including the interpolation to the fugacity correct
value at freeze-out. As the entropy density belowTf is irrelevant for
the fireball evolution, the interpolation is stopped at this point.
01490
-
f
a

,

ch
tu-

,
es

a

e
is

e
y

measures the entropy per pion@46#. For SPS collisions at
160A GeV, we findS/B526 for central collisons. For RHIC
6% central Au-Au collisions at 130A GeV, the specific en-
tropy S/B5130 is substantially higher due to the larger pa
ticle multiplicity and the smaller net baryon content in th
central region. For beam energies of 200A GeV that are of
interest here, not enough information ondN/dy spectra is
available at this moment, so we utilize the predictions from
thermal model calculation@47,48#. With the ratios p̄/p
50.75, p̄/p250.09, andK2/p250.15, we obtain the spe
cific entropy asS/B'250, as already estimated~albeit with
different parameters! in @49#.

E. Variations with beam energies and centralities

It is mainly the detailed information on the final and in
tial state which enables us to reconstruct the fireball evo
tion in the case of the 160AGeV central collision scenario
Unfortunately, no such detailed analysis is available for
30% central Pb-Au collision scenario for which dilepton da
have been taken. The same holds for the 40A GeV dilepton
data. It is therefore necessary to extend the framework es
lished so far to different centralities and beam energies b
suitable rescaling of key quantities characteristic of the e
lution.

First of all, the total entropy deposition in the fireba
region must be different when going to more peripheral c
lisions or lower beam energies. We assume that the entr
per baryon scales with the number of negatively charg
hadrons observed in the final state and take the SPS valu
s/rB526 as a baseline. When going to peripheral collisio
we assume that this value is still a good estimate. Here,
total entropy in the system is naturally reduced because
number of nucleons participating in the collision is smalle

Second, the overlap geometry is different in periphe
collisions, resulting in a smaller initial fireball volume. Her
we neglect details of the transverse geometry and keep
rametrizing the fireball volume as a cylinder. Its initial tran
verse area is adjusted to the value of the calculated ove
area, hence the cylinder radius is reduced as compare
central collisions.

For the 40A GeV data, we take the total entropy to b
about half the entropy at 160A GeV becauseNp2

160'600 and
Np2

40 '310. The initial energy density, estimated by Bjorken
formula fromdN/dy at midrapidity, is about 2/3 of the valu
at 160A GeV, but still well above the critical energy densi
required to form a QGP plasma. Looking at the final state
the fireball, HBT analyses of NA49@50# indicate that the
radius parameters are very similar at 40 and 160A GeV,
suggesting that the reaction dynamics do not significan
change in this energy region.

Changes in the initial entropy deposition result in a c
respondingly different fireball evolution and, in general,
different freeze-out state. Freeze-out occurs when the m
free path of particles exceeds the dimensions of the fireb
As pions are the most abundant particle species in the
ball, we assume that the pion density determines the m
free pathl of particles in the medium. The freeze-out co
dition reads therefore

S

2-11
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slrp51, ~27!

wheres stands for a typical hadronic cross section. As
observed HBT radii for 40 and 160A GeV appear rathe
similar, we do not expect the total freeze-out volume
change by more than a factor 2. This is thermodynamic
consistent with fixing the freeze-out temperatureTf

5100 MeV for all SPS scenarios. Asl scales;A3 V, this is
a sensible ansatz—the resulting freeze-out pion densities
very similar when looking at Eq.~27!. This is still true if we
take modifications of the pion density by a pion chemi
potentialmp into account—about the same value ofmp is
needed in all SPS scenarios to account for the observed
pion yield ~see Sec. V G!.

The situation is different at RHIC. Here, no large pio
chemical potential appears to be necessary to account fo
observed total yield and therefore the thermal pion densit
a given temperature is lower, leading to a higher freeze-
temperature with Eq.~27!. We find that an expansion sce
nario withTf5130 MeV fits both the observed total partic
yield and leads to the correct freeze-out pion density. T
freeze-out volume has now to be adjusted accordingly
order to do this consistently, we simultaneously modify bo
the final state flow velocities and the fireball radius as co
pared to our standard scenario. As these quantities result
first approximation from an accelerated motion, reducing
radial flow by a factorf implies a reduction of the longitudi
nal flow difference between the initial and final states by
same factorf and a reduction of the freeze-out radius byf 2.
Note that a combination of decreasing geometrical rad
and flow velocity tends to keep the HBT radius constant.

The fireball evolution is now calculated as describ
above, using rescaled total entropy, initial radius, final st
longitudinal and transverse flow, and freeze-out radius
new inputs. The parameter sets obtained for the differ
fireball scenarios are summarized in the Appendix.

F. Results and discussion

The resulting volume evolutions for 40 and 160A GeV
are plotted in Fig. 7. Note that these curves correspond to

FIG. 7. The volume expansion for SPS conditions. Shown
the curves for central 160A GeV collisions~solid line!, and central
40A GeV collisions~dashed line!.
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volume at proper timet, which is larger than the geometrica
size of the fireball in the c.m. or the lab frame. The tempe
ture evolution is shown in Fig. 8. We observe that the Q
phase lasts about half of the total fireball lifetime for 160A
GeV, and considerably less for 40AGeV. As the fireball evo-
lution resulting from our model differs somewhat from th
results obtained by other groups, we feel that some clarify
remarks are in order.

In our quasiparticle model there is no mixed phase
coexisting hadronic gas and QGP. Based on the observa
that there isno strong first-ordertransition visible in the
lattice data, the EOS right and left ofTC match smoothly.
Inserting the EOS of an ideal quark-gluon gas instead
large gap in thes(T) diagram is created. The resulting late
heat (DS)TC generates a mixed phase of considerable du
tion ~5–10 fm!, as found in previous approaches.

By construction of the model, hadronic observables
rived from the expanding fireball, e.g., rapidity distributio
of charged particles,pt spectra, HBT radii, and observe
particle numbers, are described adequately. This is an im
tant constraint of the model. There is very little freedom l
to tune the fireball evolution. Arguably, the EOS inferre

e

FIG. 8. Time evolution of the temperature for SPS and RH
conditions as obtained with the fireball model described in t
work. The critical and freeze-out temperatures are indicated by
horizontal lines.
2-12
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from the quasiparticle model is the weakest point in
chain of arguments leading to the complete picture. Ho
ever, bulk quantities such as freeze-out proper time
freeze-out volume are hardly influenced by the EOS or
phase transition temperature. They can be found even
assuming constant acceleration at all times.

The initial temperatures are quite large (;300 MeV for
SPS central conditions, 420 MeV for RHIC! and are
uniquely determined by the total entropy, the initial volum
and our EOS for the quark-gluon phase. To some extent th
large values are related to our choice of the formation ti
t051.0 fm/c ~SPS! and t050.6 fm/c ~RHIC! of the ther-
mal system; ift0 is increased, the initial temperature d
creases correspondingly. However, unlike the results fo
in @49#, we do not observe any strong sensitivity of the dile
ton yields to the choice oft0: as the fireball expands, differ
ences in the initial volume become increasingly unimporta
If the total evolution time of the QGP phase is small, the
changes may well matter, but as the lifetime of the Q
phase in our model is comparatively large, the possible
ference affects only a small fraction of the total lifetime in
region where the fireball volume~and, correspondingly the
dilepton yield! is small anyway.

Comparing with the Bjorken estimate of the initial ener
density@48#, one should keep in mind that the extrapolati
from the final to the initial state is different in the prese
approach. In the Bjorken scenario, no longitudinal accele
tion is present, therefore the mapping of final state rapid
distributions to initial state spatial distributions finds a larg
initial volume than our scenario. If we assume no or on
small longitudinal acceleration in order to compare the t
approaches, we find initial temperatures between 220
240 MeV, consistent with the Bjorken estimate. As this
sumption is incompatible with a freeze-out at 100 MeV a
the measured freeze-out geometry, we disregard it.

We observe a prolonged lifetime of the QGP evoluti
phase of the fireball as compared to the results obtained
other groups. Recall that the apparent lifetime of the QGP
observed in the lab frame, is larger than its lifetime in prop
time t. This is a consequence of our volume evolution a
the use of the more realistic EOS of our quasiparticle mo
as opposed to that of the ideal quark-gluon gas. Near
phase transition, the entropy density in the quasipart
model is about a factor of 2 smaller than that of the id
quark-gluon gas, and it takes a correspondingly larger v
ume~and larger evolution time! to reach this entropy densit
in an isentropic expansion.

The slower cooling time in the hadronic phase of t
RHIC scenario as compared to SPS conditions can in ess
be traced back to the fact that the entropy density under
conditions is enhanced by the fugacity factors whereas th
not such an important effect for RHIC.

G. Chemical composition

As already mentioned, the total thermal pion yield of t
fireball at freeze-out is not enough to account for the
served number of pions, and a large chemical potentia
mp5123 MeV has to be used to compensate@43#. The com-
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mon point of view is that particle numbers are fixed at
chemical freeze-out point@12# and the absence of inelast
reactions introduces then a chemical potential. The statis
model is enormously successful in describing the finally o
served ratio as a fit of chemical freeze-out temperature
baryon density, using the free properties of particles. Ho
ever, in the hot and dense environment of a fireball,
medium modifications of particle masses and widths
likely to occur, changing the amount of particle production
the freeze-out temperature. This is not in direct contradict
to the apparent success of the statistical model, as a diffe
set ofT andm might be able to explain the observed rati
once the modifications are taken into account. Furtherm
the absence of all inelastic reactions, leading to decay p
cesses only, is most likely an oversimplification for som
particles, e.g., for ther↔pp system. If one knew the par
ticle properties and the particle abundancies at hadroniza
reliably, the correct way to proceed would be to set up
system of coupled rate equations and follow the various
cay and recombination processes to the thermal freeze
Unfortunately, theoretically there is no way to assess th
properties reliably near the phase transition, as this is a n
perturbative problem. Keeping these issues in mind, we
therefore parametrize the hadrochemistry of the fireball o
phenomenological basis instead of aiming for a detailed
lution of the problem.

We adopt the following approach. A pion chemical pote
tial is introducedad hocand fitted at the thermal freeze-ou
point (mp5123 MeV @43#! to the total pion multiplicity. It
is assumed to decrease with temperature linearly up toTC
where it vanishes, corresponding to a situation where re
nance decays continuously feed pions into the system.
other necessary chemical potentials are adjusted such
reproduce the observed pion to particle ratios at all times

VI. DILEPTON INVARIANT MASS SPECTRA

Once the time evolution of the fireball is given in terms
the temperatureT(t), the baryon densityr(t), and the vol-
ume V(t), and with the knowledge of the photon spectr
function, we have all the necessary ingredients to calcu
dilepton rates using Eq.~3!. We fold the result with the ac-
ceptance of the CERES and the PHENIX detectors, resp
tively, and average over the rapidity region covered by th
two experiments. The so-called ‘‘hadronic cocktail,’’ dilep
tons produced after freeze-out through various decay p
cesses, with the exception of vector-meson decays, is
added. This contribution fills the region of very low invaria
masses (M,150 MeV). The dilepton yields resulting from
direct vector-meson decays after freeze-out, as describe
Sec. IV C, and the Drell-Yan yield from Sec. IV D are add
to the hadronic cocktail, taking into account the limited k
nematic acceptance and resolution of the detector.

A. SPS data at 40 and 160A GeV

We start with a discussion of the SPS CERES/NA45
periment, treating 40A GeV and 160A GeV data in parallel.
The final results for the dilepton invariant mass spectra
shown in Figs. 9 and 10. Our calculation reproduces
2-13
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FIG. 9. Left: Dilepton invari-
ant mass spectra@see Eq. ~3!#,
normalized todNch /dh5250, in
units of 100 MeV21, for the SPS
CERES/NA45 Pb~158A
GeV!1Au experiment @51#.
Shown are the data, the total rat
the cocktail contribution, includ-
ing the after freeze-out decays o
vector mesons, the QGP contribu
tion, and the Drell-Yan yield.
Right: Contributions fromr, v,
and f mesons ~excluding after
freeze-out yield! shown sepa-
rately, assuming perfect detecto
resolution.
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overall spectrum of the 160A GeV CERES data quite well. I
overestimates the rates somewhat around invariant mass
200 to 400 MeV and achieves a good description in the
gion above 400 MeV up to 1.8 GeV. Recall that our QG
model rate constitutes only a lower limit on the actual r
because it neglects the radiation from nonpartonic~cluster!
degrees of freedom above the critical temperature. Bearin
mind that the region above 1 GeV is mainly populated
dileptons originating from the QGP phase, as evident fr
the left panel of Fig. 9, there might still be additional rad
tion close aboveTC arising from hadronic clusters embedd
in a QGP environment. The Drell-Yan contribution is no
negligible, but still outshined by the QGP by a factor of 3

Changes in the spectra of the vector mesons indicate
dencies towards chiral symmetry restoration, so the ri
panel of Fig. 9 shows the contributions ofr, v, andf me-
sons separately, not including the after freeze-out yield.
r meson loses its quasiparticle structure entirely due
strong collision broadening at finite density, and fills t
whole low-mass region between the two pion threshold
;800 MeV. Thev meson, a sharp peak in the vacuu
broadens at finite temperature due to the thermal scatte
processvp→pp. Furthermore, the mass shift at fini
baryon density smears the remaining peak structure con
erably. Effectively, the remaining signal arises from the
rect decays ofv mesons after freeze-out. Thef has become
a spread out but still visible resonance structure, show
01490
of
-

e

in
y

n-
t

e
o

d
,
ng

id-
-

g

only moderate broadening at finite temperature and bar
density. It might therefore be a suitable candidate for gaug
the strength of vector-meson modification.

To test the modeling of the vector-meson spectra, we
culate the total number ofv and f mesons, suitably aver
aged over their medium-induced spread in invariant mass

^Nv&5
1

Nch
E

0.65 GeV

0.9 GeV

dM
d2Nv→ee

dhdM
5931027

and

^Nf&5
1

Nch
E

0.95 GeV

1.1 GeV

dM
d2Nf→ee

dhdM
51.831027.

Comparing with numbers from a statistical model calcu
tion, ^Nv&5431027 and^Nf&52.231027 @53#, we indeed
find reasonable agreement. Note that the relatively la
v-meson yield is primarily caused by the pion fugacity fa
tor @exp(mp /Tf)#

3 at freeze-out, which reflects the enhanc
feeding through the 3p→v process.

Going from 160A GeV to 40A GeV beam energy, analyse
of HBT radii and transverse radial flow@50# indicate that the
reaction dynamics do not change dramatically, therefore
do not expect drastic differences in the rate. Indeed, the
at 40A GeV look similar to the 160A GeV case, and the
calculated rate, shown in Fig. 10, also bears this simila
and achieves a good fit without tuning the setup of
model. Since the initial temperature is lower and the Q
,
-
-
d

-

t
g

FIG. 10. Left: Dilepton invari-
ant mass spectra@see Eq. ~3!#,
normalized todNch /dh5210, in
units of (100 MeV)21, for the
SPS CERES/NA45 Pb~40A
GeV!1Au experiment @52#.
Shown are the preliminary data
the total rate, the cocktail contri
bution including the after freeze
out decays of vector mesons, an
the QGP contribution. Right: Con
tributions fromr, v, and f me-
sons ~excluding after freeze-ou
yield! shown separately, assumin
perfect detector resolution.
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FIG. 11. Left: Dilepton invari-
ant mass spectra for transvers
momenta of thee1e2 pair pt

,500 MeV for the SPS CERES
NA45 Pb~158A GeV!1Au experi-
ment@51#. Shown are the data, th
total rate, and the cocktail contri
bution. Right: Same for pt

.500 MeV.
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phase shorter in the 40A GeV case, the partonic dilepto
contribution is obviously much smaller, but nevertheless s
present. Owing to the greater initial baryonic density,
in-medium modifications of the vector mesons become m
pronounced, most prominently visible in thev-meson chan-
nel. Its downward mass shift drags the peak structure al
the time evolution of the fireball, creating a small bump
top of the completely dissolvedr meson that fills up the
low-mass region again. Its yield after freeze-out constitute
visible signal that may be experimentally observable w
suitable energy resolution. Thef meson contribution clearly
sticks out above the smoothr-meson continuum. To con
clude, we find no distinct differences in our calculation f
the two beam energies probing dilepton production at SPS
far, in accord with experimental findings. This indicates th
the general setup of our model is fairly robust. Future dat
20 and 80A GeV will aid to test this statement.

The fact that we moderately overestimate the data in
region between 200 and 300 MeV invariant mass require
comment. Since this range is dominated by the low-m
behavior of ther-meson spectral function at finite densit
this behavior may indicate that the influence of finite thre
momentum on the spectra in that very region is no
negligible. Consider the 160A GeV and 40A GeV data taken
for different transverse momentapt,500 MeV and pt
.500 MeV, shown in Figs. 11 and 12. We observe that
general shape of the data pattern is well described by
calculation for bothpt regions and both beam energie
However, for the highpt case, the calculation again ove
shoots the data in the low-mass region whereas this is no
in the low pt case. This can be traced to the use of
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spectral functions for three-momentum equal to zero in or
to describe the photon spectral function in the hadro
phase. This approximation is of limited validity at highpt

where the spectral function ought to become smaller tha
our approximation. Therefore we expect improved agr
ment with the data for the low invariant mass region both
40 and 160A GeV once this effect is taken into accou
properly.

Our setup of the fireball model enables us to gain ad
tional detailed insight into the time evolution of the dilepto
yield. This is demonstrated in Fig. 13. Here the differe
stages of the fireball evolution leave distinct marks in t
time-resolved dilepton yield. For early times, dileptons co

entirely from the qq̄ quasiparticle annihilation processe
The movement of the invariant mass threshold reflects
temperature dependence of the quasiparticle mass which
creases near the phase transition att;7 fm/c. One observes
that, in spite of the growing fireball volume, the contrib
tions from later time slices to the total yield become progr
sively less important until the hadronic phase takes ove
t.7 fm/c. This surprising behavior is enforced by the co
finement factorC(T), which reduces the thermodynamical
active degrees of freedom significantly near the ph
boundary. The system then enters the hadronic evolu
phase without going through a mixed phase. The m
prominent feature is the rapid filling of the low invarian
mass region through the density-broadenedr-meson spec-
trum, which ends up as an enhanced pion continuum. Thf
meson starts contributing its characteristic peak and, as
system cools down further, thev meson begins to emerge
e

/

e
-

FIG. 12. Left: Dilepton invari-
ant mass spectra for transvers
momenta of thee1e2 pair pt

,500 MeV for the SPS CERES
NA45 Pb~40A GeV!1Au experi-
ment@54#. Shown are the data, th
total rate, and the cocktail contri
bution. Right: Same for pt

.500 MeV.
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albeit as a broad structure. Note that while the hadronic c
tributions fill primarily the low invariant mass region, the
yield above 1 GeV is negligible in this late evolution phas

B. RHIC at AsÄ200A GeV

For the RHIC scenario, thermally generated dileptons
dominant. Measurements of proton ratios atAs
5130A GeV indicate that the central collision region r
mains almost net-baryon free, compared to SPS ener
Within a statistical thermal model, the particle ratios are
counted for by a small baryon chemical potential of about
MeV at chemical freezeout@47#. At 200A GeV, this value is
predicted to be even smaller. Effects of finite baryon den
are therefore almost absent and consequently both ther and
thef are expected to show up in the spectrum as pronoun
structures, whereas there should be no clear trace of th

FIG. 13. Time evolution of the~integrated! dilepton yield for the
SPS scenario. The vertical scale is the same as in Fig. 9. The c
tail contribution has not been included in this picture, and perf
resolution was assumed.
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mediumv due to its strong thermal broadening. Contrib
tions from Drell-Yan processes, which dominate in the ve
high invariant mass region, are an order of magnitu
smaller.

The corresponding prediction for the dilepton yield
200A GeV, including the schematic acceptance for t
PHENIX detector, is shown in Fig. 14. Thev andf meson
resonances clearly stick out over the smoothr-meson and
QGP contributions. Although PHENIX will only start to
measure atM>1 GeV, it may be possible to resolve th
f-meson peak. However, a significant part of the pe
strength is built up by the after freeze-out contribution
making it difficult to disentangle the in-medium modifica
tions on the hadrons. ForM>1.3 GeV, the dilepton spec
trum is dominated by thermal QGP radiation, outshining
hard Drell-Yan dilepton yield.

Comparing our prediction for PHENIX with the on
shown in Ref.@49#, we find rough agreement of the rate fo
the low-mass region below;1 GeV. Although the dilepton
yield from the QGP phase is suppressed in our case by
factorC(T)2 ~cf. Sec. IV A!, we still find an enhancement o
a factor of about 4 in the range 1.3–2.5 GeV over the rate
@49# that employs a~perturbative! chemical undersaturation
model in the QGP phase. Owing to the nonperturbative
ture of the QGP close toTC , this model may not be appli
cable in that very region. Note that our rate also constitu
only a lower limit there, so that the actual rate may even
larger. High precision data will allow to pin down one or th
other model.

C. Sensitivity to model parameters

We would like to stress that the gross features of o
model are set, once the parametrization of the fireball evo
tion has been matched to the hadronic observables and
EOS of both phases has been constructed in accordance
lattice QCD and empirical constraints. The remaining unc
tainties, mainly about the initial state of the fireball, the th
mal masses of the quasiparticles and the detailed shape o
EOS, do not alter the results substantially; they lead to o
moderate or even weak dependence on those parame
Fine tuning is still possible, but only within the limits tha
retain consistency with the overall framework.

We have investigated the sensitivity of the model to p
rameter changes in some detail for the SPS scenario at 1A

ck-
t

to

-
-

d

FIG. 14. Left: Dilepton invari-
ant mass spectra, normalized
dNch /dh5650 @55#, in units of
GeV21, for the RHIC experiment
PHENIX at As5200A GeV.
Shown are the total rate, the cock
tail consisting of the after freeze
out decays ofv andf vector me-
sons, the QGP contribution, an
the Drell-Yan yield. Right: Contri-
butions fromr, v, andf-mesons
~excluding after freeze-out yield!
shown separately.
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GeV. In order to get a theoretical ‘‘error band,’’ we inves
gated the extremes of our parameter ranges, a combinatio
parameters that yields the largest and the smallest pos
QGP contribution. The resulting range is shown in Fig. 15
a gray band, together with the data points and the curve f
the preceding section.

Regarding the initial conditions, the largest uncertain
comes from the initial fireball formation lengthz0 or, equiva-
lently, the timet0. We let it vary from 0.5 fm/c to 2 fm/c,
i.e., from fast to slow equilibration. Consider next the init
longitudinal flow velocityvz

i . A variation of this quantity
from 0.3c to 0.8c implies a modification of the pressure
driven accelerated motion in order to arrive at the same fi
velocity of 0.9c, as determined by the rapidity distribution
of the observed hadrons. Strong deviations fromvz

i .0.5c,
however, lead to inconsistent values for the thermal free
out temperatureTf . Finally, modifications of the critica
temperatureTC influence mainly the relative weight of th
contributions from the QGP phase and the hadronic
phase to the dilepton yield and hence change the shape o
dilepton spectra. Lattice data onTC suggest a range from 14
MeV for three massless, thermally active flavors to ab
185 MeV for two massless flavors and a realistic pion ma
Due to the self-consistent modeling of the temperature
volume evolution, there is no simple one-to-one corresp
dence of these parameters to the dilepton yield.

The upper limit of the gray band in Fig. 15 now corr
sponds to the scenario with asmall QGP contribution, i.e.,
small t0, large vz

i , and highTC . On the other hand, the
lower limit includes alarge QGP contribution with larget0,
small vz

i , and lowTc . It is instructive to note that the shap
of the spectrum changes only moderately above 1-GeV
variant mass within these extreme parameter variations.
first scenario, however, tends to overestimate the data in
region of ther peak, whereas the second scenario does
leave enough time for the hadronic phase to build up
e1e2 excess in the low-mass region between 200 and
MeV, effectively ruling out a large QGP contribution.

FIG. 15. Dilepton invariant mass spectra for the SPS CER
NA45 experiment at 160A GeV. Shown are data~symbols!, the total
rate introduced in Sec. VI A~solid line!, and a band~shaded! that
represents the range in the dilepton yield when varying the par
eterst0 , vz

i , andTc . See text for details.
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VII. CONCLUDING REMARKS

We have calculated dilepton radiation from an expand
fireball created in ultrarelativistic heavy-ion collisions over
wide range of beam energies, from SPS 40A GeV via SPS
160A GeV to RHICAs5200A GeV.

We have explored the evolution of a fireball through t
quark-gluon and hadronic phases as they are assumed
characteristic of the QCD equation of state. Furthermore,
have emphasized the relevance of using input and constr
from lattice QCD thermodynamics in the analysis of dilept
signals from the expanding fireball. The fact that the m
sured dilepton rates could be reproduced using a fire
model fixed by hadronic information only is a nontrivial co
firmation of its validity. Further data for different energie
and/or nuclear systems will help to strengthen or weaken
position.

High resolution measurements of the invariant mass sp
trum around the region of thev and thef mass can revea
information on the average density and temperature in
hadronic phase. The broadening and mass shift of thev me-
son with temperature can serve as a ‘‘thermometer’’ once
cocktail contribution is reliably assessed. A visible enhan
ment in thev region beyond the rate originating fromv
decays after freeze-out would hint at a temperature whic
on average lower than assumed in this model and there
points to a lower freeze-out temperature or alternative
medium effects on hadrons. On the other hand, thef-meson
signal, being nearly unmodified by temperature effects ov
comparably long time span, may be used as a ‘‘stand
candle’’ at RHIC conditions.

Detailed knowledge of the slope of the invariant ma
spectrum above 1 GeV gives an indication of the aver
temperature in the quark-gluon phase, serving as a const
for the fireball dynamics in the QGP region. Its total norm
ization is useful to estimate the effects of a possible und
population of the quark and gluon phase space in early sta
of the evolution, or of phenomenological models of the QG
such as the confinement model presented in Sec. III. I
remarkable that this confinement model is able to reprod
the data despite the suppression of dilepton radiation nea
phase transition temperature. Measurements using diffe
nuclear systems or different impact parameter can prov
different relative weights of QGP and hadronic dilepton
diation to the observed yield. One may thus hope to dis
tangle these contributions and test the model assumpt
above and below the phase transition separately, at l
qualitatively.

The present scenario supports the hypothesis that
quark-gluon phase is actually reached, at a transient stag
heavy-ion collisions at CERN/SPS and~more pronouncedly!
at RHIC. Within our outlined approach, a purely hadron
framework would not be successful in comparison with e
isting data. The reason is that the relative strength of h
ronic contributions to the high-mass region and the low-m
region is quite different as compared to those of the QGP~cf.
Fig. 9!. Purely hadronic scenarios which are able to acco

/

-
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TABLE I. Key parameters of the fireball evolution scenarios.

t0 ~fm/c) tc ~fm/c) t f ~fm/c) Vf ~fm3) v'
f vz

i vz
f s/rB

SPS 40A GeV 1.5 4.0 15.0 7040 0.36 0.45 0.75 13
SPS 160A GeV 1.0 6.5 16.0 14.400 0.53 0.45 0.9 26
RHIC 200A GeV 0.6 10.0 18.0 99846.1 0.56 0.9 0.9985 25
h
d
w
ot
ld
r

tin

co
an
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b

if-

for-
t

e
ns
ight
at

-

he
e,
he
for the low-mass region would necessarily fail in the hig
mass region and vice versa. Furthermore, fireball thermo
namics as described in this work leads to temperatures
aboveTC for a broad range of initial conditions, though n
necessarily to significant contributions to the dilepton yie
from the high-temperature region. The upcoming measu
ments at RHIC can be expected to provide further interes
insights.
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APPENDIX: FIREBALL PROPERTIES

In the following, we summarize key properties of the d
ferent fireball scenarios discussed in the paper~Table I!. We
characterize each scenario by the proper time for fireball
mation,t0, the phase transition timetc , and the freeze-ou
time t f . Note that the corresponding times in the c.m. fram
can be considerably larger, especially for RHIC conditio
where volume elements are traveling near the speed of l
at the fireball edge. Additionally, we quote the volume
freeze-out and the flow velocities at rms radiusv'

f and maxi-
mum longitudinal extensionvz

f . In order to compare the ther
modynamic conditions, we provides/r, the entropy per
baryon.

Note that the expansion is modeled in proper time. T
lifetime of the fireball in the RHIC c.m. frame, for exampl
is more than four times larger due to time dilatation at t
fireball edge.
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