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Dilepton production is considered within a complete dynamical framework for thermalized matter assumed
to be formed in ultrarelativistic heavy-ion collisions. Our model includes (i) chemical equilibration processes
in the initially gluon enriched plasma, (ii) longitudinal as well as transverse expansion, and (iii) the hadroni-
zation through a mixed phase. Besides the basic electromagnetic quark —antiquark annihilation process we also
take into account the QCD Compton-like and annihilation processes for calculating the dilepton rate in the
deconfined phase, while in the hadronic stage we employ a parametrization of the effective form factor which
is based on the complete set of meson decays and reactions. We find that, due to the transverse expansion of
the matter, the dilepton yield from the hadron gas is strongly reduced and, therefore, the deconfined matter
gives the dominant contribution in case of initial conditions which are expected to be achieved at RHIC. This
provides the basis for the M~ scaling restoration of the dilepton spectra from therrnalized matter.

PACS number(s): 25.75.+r, 12.38.Mh, 24.85.+p

I. INTRODUCTION

The current ultrarelativistic heavy-ion experiments at
CERN-SPS and the planned future experiments at
Brookhaven RHIC and CERN-LHC are permanently stimu-

lating the interest in studying processes which can provide
penetrating probes from the hot and dense reaction zone.
Intriguing questions concern the possibility to create ther-
malized deconfined matter in these heavy-ion collisions and
the identification of such a novel matter state. In this respect
the emission of lepton pairs (and real photons) in the high
invariant mass region is particularly interesting since these
messengers are thought to measure directly the initial tem-
perature of the thermalized quark-gluon matter [1,2]. Also
well known is the fact that the use of electromagnetic probes
for deducing reliable information on the initial stage of the
quark-gluon plasma needs to solve at least two theoretical
problems, namely (i) to clarify the space-time evolution of
the matter which is intimately related to the kinetical equili-
bration under the specific conditions of high-energy heavy-
ion collisions, and (ii) to find out the competing contribu-
tions from other sources of dileptons, such as the hard Drell-
Yan processes and the soft hadronic processes in confined
matter, to the full spectrum.

The theoretical investigations in both directions have
achieved considerable progress during the last few years.
Based on parton cascade models [3,4] the decisive role of
minijets in producing a highly excited medium of quarks and
gluons has been realized. In particular, from these studies
one learned that the dense deconfined matter is strongly
gluon dominated [5]. Relying on a kinetic rate equation ap-
proach the subsequent chemical equilibration of the initially
gluon enriched plasma has been analyzed [6—8]. The impor-
tance of very early pre-equilibrium states of parton rnatter for

the electromagnetic probes has been shown in the framework
of various kinetic models [9,10] and by simulations [11,12].
At the same time the detailed consideration of the light me-
son decays and reactions with dilepton production in a hot
hadron gas [13] including the in-medium effects [14] seems
to show a substantial change in the dilepton rate in compari-
son with the previous simple p pole approximation of the
electromagnetic form factor. All these developments give
rise to the necessity to refine the standard estimates of the
dilepton probe of deconfined matter, which, as a rule, relied
on chemical equilibrium in the framework of scaling hydro-
dynamics and did not take into account the above-quoted

improvements of a detailed understanding.
The aim of the present paper is to study the emission of

lepton pairs with high invariant mass M within a complete
dynamical model for the thermalized matter formed in ultra-
relativistic heavy-ion collisions. The space-time evolution of
the matter starts with the chemical equilibration process of
the initially gluon-enriched plasma accompanied by the col-
lective longitudinal and transverse expansion and proceeds to
the hadronic stage through a mixed quark-hadron phase.
Since in the gluon plasma the a n, order processes of dilep-
ton creation might become important we include them in our
consideration together with the basic electromagnetic qq an-
nihilation, The relation of thermal dileptons from deconfined
matter to those ones from the hadron gas is quantified in
order to find out the most favorable window in the dilepton
spectra to search for signals of the quark-gluon plasma.

We pay especially attention to the transverse momentum

(q~) dependence of the dilepton spectra at fixed, high trans-

verse mass M~ = yM +q~. Under certain conditions the2 2

dilepton yield from a local equilibrium quark-gluon plasma
is known to depend only on M~ [15,16], i.e., the thermal
spectrum from the plasma exhibits the so-called M~ scaling.
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This scaling is now widely discussed as a possible signal of
the quark-gluon plasma formation [17].In particular the in-

fluence of the nonthermal parton matter on the q~ depen-
dence of the dilepton spectra has been considered in Refs.
[18,19], where it has been shown that the early off-
equilibrium stage might affect the M~ scaling. On the other
hand the M~ scaling is also not valid for the dilepton emis-
sion from hadron matter because of the specific dependence
of the electromagnetic form factor on the invariant mass.
Recently [20], the relative contributions from deconfined and
confined matter have been analyzed by using the above-
mentioned new findings on the light meson decays and reac-
tions with dilepton production [13,14]. However, these
analyses are performed within a simplified scenario where
both the transverse expansion and chemical evolution of the
matter are not taken into account. As we shall show below
the transverse expansion plays a crucial role for the relative
weights of different matter stages. While the deconfined mat-
ter stage is hardly affected by transverse expansion, it re-
duces drastically the lifetime of the hadron stage and conse-
quently the hadronic contributions to the thermal dilepton
spectrum. This provides the basis of a M~ scaling restoration
effect, at least for dileptons from thermalized matter ex-
pected to be produced in heavy-ion collisions at RHIC ener-

gies.
Our paper is organized as follows. In Sec. II we consider

the dilepton production processes. The rate in deconfined
matter includes QCD Compton-like and annihilation pro-
cesses. To regularize infrared divergencies in these rates we
employ a cutoff parameter which is determined by the effec-
tive thermal parton mass. The dilepton rate in the high in-

variant mass region appears to depend on the cutoff param-
eter only weakly; this seems to justify our approximation.
Also the dilepton rate from hot hadron matter is discussed in
this section, and the space-time integrated rate, suitable for
numerical calculations, is presented. In Sec. III we describe
our dynamical model of the chemically equilibrating gluon-
enriched plasma accompanied by the longitudinal and trans-
verse hydrodynamical expansion. The latter one is treated
within a new global hydrodynamical scheme developed re-
cently [7]. The results are used in Sec. IV to analyze the
relative contributions from different stages of thermalized
matter to the thermal dilepton yield. The transverse momen-
tum dependence of the dilepton spectrum at fixed M~ is also
considered here in order to clear up whether the M~ scaling
can be realized for dileptons emitted from the hot matter. Our
conclusions are drawn in Sec. V.

II. DILEPTON RATES

This section provides the presentation of dilepton produc-
ing processes which are expected to dominate in thermalized,
strongly interacting matter.

lowest order process qq —+ y*~ll, i.e., the electromagnetic
annihilation of quarks and antiquarks, which gives the rate
per space-time volume d x and four-momentum volume
d Q of the pair by

d pi d p2
d x d Q J (27r) (2m')

Xfz(p2, x) U o(M ) 6 (pt+p2 —Q). (1)

The pair four-momentum is Q~=(M~chI', M~shI', q~)
(with M~=M +q~ as the transverse mass, and M is the
invariant mass; we focus on midrapidity pairs with I'=0).
The quantities f,(p, ,x) denote the quark (antiquark) distri-
bution functions with four-momenta of the parton s

p~=(E, ,p, ). The relative quark-antiquark velocity reads
U =M/(2E&E2). In case of two light quark Ilavors u, d the
annihilation cross section takes the form
o.(M ) =(47m /3M )(20/3) (with o.= 1/137). Since in the
gluon-enriched plasma the processes of dilepton creation
with gluons can become important we include in our ap-
proach also the QCD processes (i) annihilation q+ q

g+ll and (ii) the Compton-like reaction q+g~q+ll
(and the corresponding process with q). It is convenient to
express the contributions from each of these processes to the
total rate in the form

(E) 3 3 3dN() 1 "d pid p2d p3
d4 d4Q

—
(2 )s 2~ 2~ 2@ fi(pt ) f2(p2 )

X [1 f~(p3, x)]
X &"(»+p2—» —Q) IM;I', (2)

52 mo. n, u+t+2sM
lMannl 9 3M3 (3)

5 2 ~o. n, u +s +2tM2
(4)

Here s, t, u are the usual Mandelstam variables with
s+ u+ t= M . The summation over the spin and color states
of the u, d quarks is included in the expressions for the am-
plitudes.

Integration over the momenta of the incoming particles in
Eq. (1) yields for the basic process the rate [23,24]

where M; represent the amplitudes for the corresponding
processes. The factor [1~f3] accounts for the Pauli suppres-
sion or Bose enhancement related to the phase space occu-
pation seen by the outgoing parton. In case of massless par-
tons the QCD perturbative calculations up to order n n,
yield [21,22]

A. Dileptons from deconfined matter

The majority of earlier estimates of the dilepton emission
from equilibrium quark-gluon plasma has been based on the

with F~= 5/9. F.= Q~u~ is the energy of the lepton pair in
the local rest frame of a volume element which flows with
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four-velocity u„. We restrict ourselves to high-energy dilep-
tons with E&& T and utilize the Boltzmann approximation for
all partons, i.e.,

dN-
ll

d'x d'Q
2 2n, 5 T' ~ F'~

(8)

p~ tl~~
f,(p, ,x) =X.,(x) exp (6)

E tE+Qi t2MTi 3M

This implies that the parton distribution is assumed to be in
thermal (i.e. , momentum space) equilibrium, but not neces-
sarily in chemical equilibrium. Only for chemical equilib-
rium the fugacities X„become l.

The rates for the annihilation and Compton-like processes
(2) can be simplified in a similar way as indicated in Ref.
[25] for the photon production rate. As a result one gets for
the high-energy dileptons

C

2TQ

""dx(x —M )ICom ln
~ 2k' x(x+ M )

k2
C

x —k 2
C

dx
I, ' = z[exp( —P+x) —exp( —P x)],

J 2k'x+M

X dt~M, (s, t)i' L", (7)

1 T t E " ds
(~)

dxd Q (2qr) 16Q i T J s —M

X[exp( —(s —M )P~j —exp( —(s —M )P )] dN-

d4x d4Q

X[exp( —P x) —exp( —P x)],

2a'n 5 T' ( EI

(9)

where Q=QE M, P —'=2T(E~Q), L ' =X (X.
+ Xq), and L'""=A. qkq. Here we also employ the Boltzmann
approximation for the parton distribution functions and con-
sider charge symmetric matter with X =k-.

For massless particles the t integration in Eq. (7) is infra-
red divergent. In an equilibrium quark-gluon plasma one
might expect that the Kinoshita-Lee-Nauenberg theorem is
valid. That is the self-energy and vertex corrections lead to
cancellations of divergencies, and in consequence the full
rate up to order u n, is finite [26—29]. For a chemical off-
equilibrium plasma and for arbitrary invariant dilepton
masses this problem requires further separate investigations.
In particular the application of the Braaten-Pisarski perturba-
tion technique [30]has been utilized to regularize the photon
rate in Ref. [25]; however, in the case of dileptons one seems
to be faced with additional difficulties in the high invariant
dilepton mass region [31].Otherwise, many-body effects in
the QCD plasma certainly give rise to the appearance of a
finite effective thermal parton mass which appears to have an
interrelation to nonperturbative interaction effects [32].Such
an effective mass can also play a role as cutoff parameter
k, which regularizes the dilepton rate. Since we focus on
high-energy lepton pairs with E&)T their emission turns out
to depend on k, not too sensitively. Therefore, we do not
need to know the precise value of k, . With this in mind we
employ for our purposes a variant of Ref. [25] with k,

3 m n, T, which approximately coincides with the thermal
mass extracted from lattice data [32).Throughout the present
work we utilize n, =0.3. Inserting this cutoff parameter k, in
the t channel and integrating in Eq. (7) within the boundaries
s ~M~+ 2k, and —(s —M ) +k, ~ t ~ —k,. we find in the
limit k, (&M

E t E+Q)K'""=—ln —2(1+Cp) — I',"",
(E—

t
' T

Iann
1

""dx(x+ M ) I k,
2 ln 2X ix —k,

&& [exp( —P+x) —exp( —P x)],

for the QCD Compton and annihilation rates, respectively
(Cz is the Euler constant).

B. Dileptons from hadron matter

The dilepton emission rate from the hadron gas is usually
expressed in a way which is analog to Eq. (5) [23]

2 1+dxd Q 48qr ( M

4m ) ( E)
1 2 Fh exP,M ) ~ T~

(10)

with the p pole approximation in the pion electromagnetic
form factor Fh(M ), and I, denote the lepton and pion
mass, respectively. This approximation has been recently re-
examined by a detailed consideration of the complete set of
light mesons which are expected to contribute to the dilepton
rate in hot hadronic matter [13,14]. Such a modification of
the dilepton rate can be accumulated in an effective form
factor F,ti(M ) [20] by means of the replacement Fh~F, ff
in Eq. (10). Our parametrization of the effective form factor
is taken from Fig. 1 in Ref. [20].Whenever needed we con-
tinue this form factor as constant into the regions M(0.3
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where y is the angle between the dilepton momentum and
the hydrodynamical How velocity in transverse direction. In
the case of high invariant masses of the dileptons, M&) T, it
is convenient to use the approximation in performing the y
integration

0.2—

0 1 2 3 4 5

exp' — yeech(Y —g) ' = 27rT

y~M~

(
X exp 8( Y —y).

uuf g5g Then the space-time integrated rate can be expressed as
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q

dNIi

dM~ dq

n
d 7 T df' f' d Cp

7T J
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1 n, 5 T
F+ x [Lann It ann+ L Com It Com]

8 m 27M

FIG. 1. The time evolution of the fugacities and temperature in
the deconfined phase (full lines, A = 20; dashed lines,
A =2). The effect of transverse expansion is negligible. (a)
kg( 7'p) =0.25, (b) kg(Tp) = 0.5.

GeV and M~3 GeV. Please notice the tremendous differ-
ence of the current effective form factor and the p pole ap-
proximation in the region M~1 GeV. We shall include the
effective form factor F,+ in our calculations, however, a few
remarks should be added. First, it should be stressed that
F ff in Refs. [13, 14,20] originally accounts for the electron-
positron production. The muon pair production, in particular
in the high invariant mass region, can be forbidden in some
cases due to obvious kinematical reasons. Second, the influ-
ence of the in-medium effects on the dilepton yield in dense
and hot hadronic matter is still a quantitatively unsettled is-
sue (cf. [14] for a recent discussion). Therefore, the reliabil-
ity of any model needs to be confirmed by future experi-
ments. Nevertheless, it is useful to take into account the
effective meson form factor described above as a rather ex-
treme variant [33] as compared to the standard p pole ap-
proximation.

C. The total yield

Our calculations below are based on a space-time evolu-
tion model for the transverse expansion superimposed on the
longitudinal boost-invariant scaling expansion within a hy-
drodynamical framework. The four-velocity then reads

1u"= y~(chrI, shy, v~), y~ =
1 —U J

which yields for the dilepton energy

2~T / y
exp — [M~ —

qJ vJ cos+]
AM~ I T

with the replacement F~y~(M~ —q~v~coscp) in the ex-
pressions for IC ' '""(F.,M, k, ). The form factor F in Eq.
(13) reads

A

Fq

F= & xF +(1—x) —,', F,ff for T=T, ,

for T&T, ,

(14)

where x is as usual the relative weight of the deconfined
matter in the mixed phase (x= 1 in the pure deconftned

phase), and F~=F~ ) . The numerical integration in Eq.
(13) is based on the global hydrodynamical scheme devel-
oped previously [7] and discussed below.

III. CHEMICAL EQUILIBRATION
AND SPACE- TIME EVOLUTION

The space-time evolution of the matter is closely con-
nected with the kinetic processes of its chemical equilibra-
tion. In our approach the charge-symmetric chemical off-
equilibrium parton matter obeys the rate equations for the
gluon and quark densities [6,7]

8&(nzu~) =
2 o n (1 —kz) —o (n —n b), (15)

(16)

where n (n ) denotes the gluon (quark) density obtained
according to Eq. (6), and b=(n'qln'") is the squared ratio
of chemical equilibrium densities when P =1. The rate
equations [(15) and (16)] contain the thermally averaged
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TABLE I. Approximate lifetimes v and transverse radii R for various initial conditions of phase space saturation but unique initial time

ro = 0.32 fm/c and temperature To = 550 MeV. The subscript 1 (2) indicates the beginning (end) of the mixed phase, and f denotes the
freezeout at T = 120 MeV.

Ug

k =0.25, Xq=0.05
Full bag Red. bag

40 =0 00 =0

Kg=0.5, X =0.1

Full bag Red. bag
40 =0 40 =0

=1, P =1
Full bag Red. bag

00 =0 40 =0

r, (fm/c)

R, (fm)

r2 (fm/c)

R, (fm)

r/ (fm/c)

R/ (fm)

2
7.2

12
11
16
14

2
7

32
7

87
7

2
7.2
7
8.8

11
12

2
7

14
7

39
7

3
7.5

13
12
18
17

4
7

54
7

145
7

3
7.5
9

10
13
14

4
7

24
7

65
7

5

9
15
18
20
25

11
7

92
7

399
7

5

9
11
14
15
20

11
7

67
7

179
7

7m, N/ ~ 81 7
(17)

o( )=4 2n, T/2) .s kn A— (18)

(N&=2 is the number of fiavors) with the additional factors
A q g which we shal l vary in order to mimic higher order
processes [34] and possible nonperturbative contributions,
and to check how important they are for observables.

The chemical rate equations [(15) and (16)] need
to be supplemented by the hydrodynamical equations
B„T~'=0, where the energy-momentum tensor T~'
= fd p F. ' p~ p' f(p, x) is defined by the parton distribu-
tion function f(p, x) =X, — d, f,(p, x) with respect to
Eq. (6) (d, are the corresponding degeneracies). The com-
plete set of the kinetic rate equations and the hydrodynamical
evolution equations have been solved in our approach under
the assumption of boost-invariant longitudinal expansion su-

perimposed on global transverse expansion [7]. The global
transverse expansion scheme rests on a linear transverse ve-
locity profile but radially constant intensive quantities. The
equations then reduce to two coupled, ordinary differential
equations for the energy density and the acceleration of the
transverse radius. The chemical evolution equations [(15)
and (16)] also become two ordinary differential equations.
The detailed derivation can be found in Ref. [7]. ln case of
photon emission this scheme provides the same results as the
full hydrodynamics [35], which is not useful when solving
additionally rate equations. .

As a result the set of equations delivers the temperature
T(r), the fugacities k (r), and the transverse velocity

v~(r, r) as function of proper time r= V't —z . Some ex-/2 2

amples for different initial conditions are displayed in Fig. 1

and discussed in more detail below. In the case of the chemi-
cal nonequilibrium parton plasma we assume for the initial
fugacities P = —,X . This is in line with the hot glue scenario
[5) and is supported by the parton cascade calculations
[3,4,6,8]. For the absolute values of the initial gluon fugaci-
ties we choose here Kg=0.25 and 0.5 which is in between
the extreme cases of possible oversaturation [3] and the very
dilute glue system in Ref. [6].The unique initial temperature

cross sections cr and o for the reactions gg —+qq and

gg~ggg, respectively. We employ the estimates of Ref. [6],
i.e.,

Tp = 550 MeV fulfills also approximately the relation
~p-1ITp for 7.p=0.32 fm/c. The general conclusion that can
be drawn from our considerations of the space-time evolu-
tion of the chemically equilibrated or nonequilibrated parton
matter is that the effect of the transverse expansion is not
very large for the short-living deconfined matter down to
temperatures T- 200 MeV (only about 10% radius increase;
we consider an initial transverse radius of 7 fm correspond-
ing to central Au + Au collisions). This result is in agree-
ment with the former hydrodynamical calculations [23] in-

cluding the transverse expansion of the matter. At the same
time it should be stressed that the transverse expansion dras-
tically reduces the lifetime of the hadron (and partially also
of the mixed) phase compared to the pure longitudinal hy-
drodynamics. In the case of our present choice of the initial
temperature Tp=550 MeV the lifetime of the system up to
freezeout at T&= 120 MeV is shortened up to a factor 1/10
and the transverse radius increases up to a factor 3, see Table
I. Due to the work of the pressure in transverse direction the
cooling is therefore much faster. (At midrapidity rg=0 the
work, done by the pressure in longitudinal direction, would
only slightly speed up the cooling in case of nonflat rapidity
distributions. )

We use here the standard ideal gas parametrization of the
equation of state for the pure deconfined, mixed quark-
hadron, and pure hadron phase by the bag model with the
bag constant B""=235MeV and massless u, d quarks and
gluons and 3 pions. Since the recent lattice calculations in-
dicate that the bag model parametrization gives too large
latent heat, we apply here also our previous procedure [7] to
keep T, fixed but reduce the latent heat by scaling up the
effective number of degrees of freedom in the hadron phase
from 3 to 6.68. This corresponds to a reduction the bag con-
stant to 8" = 229 MeV. While in this way the latent heat is
reduced by a factor 0.9, the lifetime of the system up to
freezeout is shortened by a factor 1/2. 22 if there would be no
transverse expansion. One also notices from Table I that the
initial phase space undersaturation causes diminished life-
times as well.

IV. NUMERICAL RESULTS

A. Dilepton yields and chemical equilibration

The equations [(13) and (14)] for the dilepton rate have
been numerically integrated over the space-time evolution of
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FIG. 2. The dilepton spectrum as function of invariant mass

(only the yield from deconfined matter evolving as in Fig. 1 is
considered: full lines, A = 20; dashed lines, A~ g

= 2) . (a)
kg(rp) =0.25, (b) k (ro) =0.5.

the matter to obtain the different contributions to the spec-
trum dN«/dM~ dq~ d Y. Integrating over q~ results in the
invariant mass spectrum dN&&/dM d Y. Let us first consider
the contribution of deconfined matter to this invariant mass
spectrum. Since the phase space of the initially gluon-
enriched plasma is undersaturated, it is important to investi-
gate the influence of the chemical equilibration process on
the dilepton spectra. In Fig. 2 the dilepton spectra from de-
confined matter are displayed for the same initial conditions
as in Fig. 1. (Note that due to approximations made, the
spectra are reliable only for M) 2 GeV. ) The chemical
equilibration velocity depends, of course, sensitively on the
reaction cross sections o. in Eqs. (15) and (16) [6—8]. We
vary Aq g in a wide range to cover a variety of possible
equilibration scenarios, see also Fig. 1. With respect to these
variations of Aq the temperature dependence of n, is of
minor importance. Faster equilibration causes faster cooling
due to the work to be done to populate the parton phase
space. While for A~ g(20 in case of kg(ro) ~0.5 the equili-
bration velocity is too small to achieve chemical equilibrium
at confinement temperature, values of Aq ~20 allow for
reaching Xg ~=1 at T, or even earlier (cf. Fig. 1; for more
detailed presentations of the chemical evolution scenarios
see Refs. [6—8]). In the former case the confinement transi-
tion would proceed by a strong off-equilibrium mechanism
such as discussed in Ref. [36]. In the latter case a standard
model of a quasiequilibrium phase transition is applicable.
Interestingly, at given X (ro) these drastically different
evolution scenarios result in rather similar dilepton spectra in

FIG. 3. The dilepton spectrum as function of invariant mass.
The equation of state with reduced latent heat is utilized. (a) Con-
tributions from deconfined matter (dashed line) and hadronic matter
(full line) for X (ro) =0.5. (b) The full thermal spectrum for
k (ro) = 1 (dot-dashed line), 0.5 (full line), and 0.25 (dashed line).
The dotted line depicts the Drell-Yan background.

the high invariant mass region as one can see in Fig. 2 (for
photons this has been observed in Ref. [7]).For example, in
case of the very undersaturated gluon plasma with

kg(ro) =0.25 the fast equilibration with A~ g=20 gives at
M = 2.6 GeV a yield which is only by a factor 1.5 larger than
the yield in the slow chemical evolution case with Aq g 2.
For larger invariant masses the differences are even smaller.
The reason for this insensitivity against variations in Aq g is
that the heavy dileptons are created in early stages and are
less affected by the later evolution, while the low-mass dilep-
tons carry also information on the later low-temperature
stage. Comparing the slopes of the spectra in Figs. 2(a) and
2(b) one observes that, despite the same initial temperatures,
the spectra for kg=0.5 appear hotter than the ones for

=0.25. The undersaturation of the quark-gluon phase
space obviously also reduces the dilepton yield: for the con-
sidered electromagnetic annihilation the rate is proportional
to k

q
and, in addition, depends on the temperature history. At

M= 2.6 GeV the dileptons yields in Figs. 2(a) and 2(b)
differ by a factor 6 (5) in case of fast (slow) equilibration.

Since the initial temperature Tp is a less constrained quan-
tity [8] we have varied To by ~ 100 MeV and find that the
invariant mass spectra at M = 2.6 GeV are roughly scaled up
(down) at To= 650 (450) MeV by a factor 5 (6) in the fast
equilibration scenario. Approximately the same scaling ap-
plies for the q~ spectra at M~= 2.6 GeV, which are dis-
cussed in detail below.
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8. Oileptons from deconfined and confined matter

In what follows we choose the fast equilibration scenario
to model the evolution of the matter through the hadron gas
up to freezeout. The separate contributions from the decon-
fined and confined stages of the thermalized matter to the
total invariant mass spectrum are shown in Fig. 3(a). The
initial conditions are again TO=550 MeV, v.0=0.32 fm/c,
and k (ro) =0.5 as in Figs. 1(b) and 2(b). Since 'we now
include the mixed phase, the yield in the low-mass region
from deconfined matter is somewhat increased. Even if the
undersaturation of the initial phase space of the gluon-
enriched plasma leads to a diminished dilepton yield, the
contribution from deconfined matter dominates over the one
from the hadron gas which is based on the effective electro-
magnetic form factor F, (ttM). This is the direct consequence
of the transverse expansion of the matter that reduces
strongly the lifetime of the hadron stage (cf. Table I). One
has to stress that the deconfined matter contribution dis-
played in Fig. 3(a) rejects a lower limit for this stage at
given initial conditions since we do not include here the
contribution from the a n, QCD dilepton production pro-
cesses that we shall discuss below separately. We utilize here
the equation of state with reduced latent heat. If the standard
parametrization with full latent heat were employed then the
hadron contribution would be stronger by a factor 3.3, i.e., at
M)2.3 GeV the deconfined matter yield would exceed the
hadron gas yield.

The full yields from thermalized matter are displayed in
Fig. 3(b) for the initially chemical equilibrium quark-gluon
plasma (i.e., X~ s

= 1) and the initially undersaturated gluon-
enriched plasma with X s( ro) = 0.25 or 0.5, and
X (ro) = 0.05 or 0.1 together with the Drell-Yan contribution
estimated in the standard way [37] (with the Duke-Owens set
1.1) with a IC factor 2. Even keeping in mind that the Drell-
Yan background probably will be suppressed due to the
nuclear shadowing effect [38] one can expect a competition
between the dilepton yield from thermalized matter and the
Drell-Yan background in the region M = 2—3 GeV if the
parton matter is initially undersaturated. In particular, initial
temperatures less than 500 MeV leave hardly a chance for
the thermal dileptons to be identified below the Drell-Yan
background. The spectra for X s(ro) =0.25 and 0.5 differ by a
factor 2 (6, 7) at M = 1.1 (3, 3.5) GeV. For both initial con-
ditions there are hadron gas contributions up to M-2.3 GeV
observable as weak structures. These hadron gas contribu-
tions become negligible for X g

= 1.The yields from initially
fully saturated matter are larger by a factor 47 (15) for
M =3.5 (2) GeV, compared to the most likely initial condi-
tion Xs(ro)=0.5. Due to the involved interplay of the
chemical evolution and the later transverse expansion the
spectra exhibit significantly different slopes and absolute
normalization s.

C. Transverse momentum spectra

The existence of various sources of the dilepton produc-
tion in heavy-ion collisions makes it difficult to identify
unambiguously the quark-gluon plasma formation when
relying only on the invariant mass spectrum. The detailed
information of the transverse momentum spectrum
dN&&/dM~ dq~ dF is expected to allow for a more sensitive
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FIG. 4. The different contributions to the transverse momentum
spectrum (heavy full line) from deconfined matter (dotted line) and
hadron matter (dashed line) at M~ =2.6 GeV. The initial gluon
fugacity is X = 1. (a) The bag model equation of state with re-
duced latent heat as discussed in the text is used, while the dot-
dashed line depicts the whole spectrum in case of the standard bag
model. (b) The same as in (a), but without transverse expansion.
The standard bag model is utilized; the dot-dashed line depicts the
whole spectrum for the equation of state with reduced latent heat.

diagnostic. Under the reasonable assumptions of the local
thermalization and predominant longitudinal boost-invariant
expansion and the absence of another scale than the tempera-
ture, the dileptons from the quark-gluon plasma are known to
exhibit the above mentioned M~ scaling, i.e., at fixed value
of M~ the spectrum does not depend on q~ . However, the
last two conditions are not fulfilled for the hadron gas be-
cause of both the complicated mass dependence of the form
factor F,QM ) and the strong transverse expansion in the
late hadronic stages. As a result, the Mz scaling is in general
not valid for dileptons from the hadron matter. To see
whether the M~ scaling can be realized for dileptons emitted
from thermalized matter, evolving from deconfined matter to
the hadron gas, we compare their relative contributions of
them to the q& spectrum at fixed M~ in Figs. 4 and 5. Fol-
lowing Ref. [17] we choose M~= 2.6 GeV which is high
enough to provide the favorable conditions for testing the
early stage and, at the same time, is not too close to the
specific J/P pole.

In Fig. 4 the q~ dependence of dileptons is displayed
which are emitted from thermalized matter being initially in
a chemical equilibrium state with To =550 Me V and

Xs(ro) =X~(ro) =1. Keeping in mind the importance of the
transverse expansion effects we plot separately in Fig. 4(b)
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negligible transverse expansion: here the reduction of the
hadron gas contribution would restore the approximate scal-
ing behavior, see Fig. 4(b). (As emphasized in Ref. [20] the
apparent fatness of the hadron spectrum below qz= 1.5
GeV is accidental and does not reflect the QCD M~ scaling. )

As a measure of the M~ scaling one can employ, as in
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the results of calculations in which the matter obeys only the
boost-invariant longitudinal expansion, while Fig. 4(a) re-
lates to the full scenario. One observes in Fig. 4(a) that, with
regard of the transverse flow, the dominant contribution in
the spectrum in a wide q~ region stems from the deconfined
matter. This effect can be easily explained since the hadron
gas, undergoing a strong transverse expansion, cools much
faster compared to the case of a longitudinal expansion
alone; therefore, the lifetime is considerably reduced. At the
same time the quark-gluon plasma turns out to be almost
insensitive to the transverse How, as indicated by the nearly

q~ independent behavior of the transverse momentum spec-
trum in Figs. 4(a) and 4(b). As consequence the complete
differential spectrum exhibits an approximate M~ scaling in
the wide q~ region up to 2.3 GeV. The situation is quite
different in the case of switching off the transverse expansion
[Fig. 4(b)]. Here, for the standard bag model parametrization
the hadron gas contribution, which does not exhibit a M~
scaling in such a large q~ range, dominates the spectrum
and, therefore, the memory of the previous scaling property
of the deconfined matter contribution is lost.

To check the stability of our results we compare in Figs.
4(a) and 4(b) results for the modified equation of state with
reduced latent heat and the standard bag model parametriza-
tion with only three pions in the hadron phase. As displayed
in Fig. 4(a) the q~ dependence of the wholly differential
spectrum depends weakly on the change in the latent heat. Of
course, in reducing the latent heat the mixed phase and the
hadronic phase lifetimes are diminished as their contribu-
tions to the spectrum. This would become important for a

at fixed value of M~=2.6 GeV. For the longitudinally ex-
panding quark-gluon plasma one has ideally M= 1. A value
of M~3 for the approximate M~ scaling might still be con-
sidered as a signal of deconfined matter formation

I 17], see
also Fig. 4. The simplified scenario with pure longitudinal
flow can result in a considerable scaling violation because
the mass dependence of the electromagnetic form factor in
the dominating hadron phase becomes operative, while ac-
cording to our complete dynamical model M=I .2 for
q~ up to 2.3 GeV. Considering the former approach as a
reasonable approximation which is valid in such a case,
where the initial temperature of the matter is not high above
the deconfinement temperature and the transverse expansion
is not too important I20], one expects a M~ scaling restora-
tion (i.e., a decreasing value of 98 towards unity) with in-
creasing initial temperature of the matter. Such an effect, of
course, concerns only the dileptons emitted from thermalized
matter. The contributions of the nonthermal sources are con-
sidered in Refs. t17,19,18] and we comment on it briefiy
below. Here one can point out only that the high initial tem-
peratures, related to events with high rapidity density of sec-
ondary hadrons, are known to be also favorable to over-
whelm the hard Drell-Yan background.

Figure 5 displays the same q~ dependence of the spectra
as Fig. 4 does, but now for the initially undersaturated phase
space, i.e., )t.g(rp) =0.5 and k~(ro) = 0.1. This dilute parton
system leads evidently to a decreasing dilepton yield from
deconfined matter. Nevertheless, also here the deconfined
matter still shines out the hadron gas if the transverse expan-
sion is properly taken into account. As displayed in Fig. 5(a)
the whole dilepton spectrum of the initially off-equilibrium
matter exhibits approximately the M~ scaling as well. With-
out transverse expansion the spectrum is dominated by the
hadron gas contribution (Fig. 5). The spectrum for the initial
conditions kg = 0.25 is not displayed separately but we find a
hadron gas yield which is increased relatively to the decon-
fined matter yield. This might be summarized as follows: A
stronger initial phase space population significantly increases
the contribution from deconfined matter. Due to transverse
expansion the latter yield overwhelms for kg(ro) «0.25 and

(rp) = 5k (rp) at not too large values of q~ .

While the transverse expansion reduces the total yield of
the dileptons from the hadron gas, also the corresponding
shape of the q~ dependence is modified. One observes in
Figs. 4 and 5 that the dileptons with large values of q~ are
not so strongly suppressed as those ones with small trans-
verse momenta. As a consequence one can see the persis-
tence of the p peak at the kinematical boundary q~ —+M~ .
This has been discussed in detail in pioneering investigations
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within the hydrodynamical model [23] and is attributed to
the fact that the energy of the lepton pairs [cf. Eq. (12)] for
U~~0 at large values of q~ and fixed M& can be even less
than the pair energy for the pure longitudinal expansion.
Within the thermal approach this causes a stronger dilepton
production rate. Here we extend this result to initially non-
equilibrium matter. The persistence of the p peak violates,
indeed, the M~ scaling but (see Figs. 4 and 5) this is only the
case for q~ near the kinematical boundary and for high trans-
verse mass, while the approximate M~ scaling is valid in a
rather wide q~ region. One should keep in mind, however,
that the region of q~ ~ 1.7 GeV (in particular near the kine-
matical boundary) covers small values of the invariant mass.
Strictly speaking the conditions for the validity of the ap-
proximations made are no longer fulfilled there and, there-
fore, one cannot trust too much the results at q~~M~ before
improving the present theory.

At the end of this subsection the following comments
should be added on the experimental observation of the

M~ scaling in the dilepton spectra in ultrarelativistic heavy-
ion collisions. As we have demonstrated above the formation
of thermal equilibrium deconfined matter provides the ap-
proximate scaling behavior that cannot be strongly destroyed
by the chemical equilibration and subsequent hadronization
process if the initial temperature of the matter is high enough
but still attainable in future RHIC experiments. A plausible
way to get such a high initial temperature is to choose events
with high rapidity density of secondaries [2,23,24]. One can
also hope to separate in these events the dileptons emitted
from thermalized mater from those ones which are emitted in
charmed hadron decays [37]. In this case the M~ scaling
might be only affected on the parton level by the early non-
equilibrium parton sources such as the hard Drell- Yan
mechanism and the preequilibrium parton matter with aniso-
tropic parton distribution [18,19].Anyway the resulting q~
dependence of dileptons should reflect the dominating parton
mechanism of the dilepton production. Due to this an experi-
mental study of the M~ scaling properties of dilepton spectra
at RHIC is useful for the understanding of the early parton
evolution in heavy-ion collisions.

D. Contributions from QCD processes

The contributions from the QCD Compton-like and anni-
hilation processes of dilepton production to the transverse
momentum spectrum are displayed in Fig. 6 together with
the basic electromagnetic annihilation process. Since we are
interested here mainly in the realization of the M~ scaling in
the dilepton spectrum emerging from the deconfined matter
we choose as above M~= 2.6 GeV and consider the q~
dependence of these contributions. While the rates of the
QCD Compton-like and annihilation processes contain the
additional scale k, [i.e., the cutoff parameter, cf. Eqs. (8) and

(9)] the full q~ spectra turn out to depend weakly on this
parameter in the sense that the M~ scaling property is not
strongly violated. This can be deduced from Fig. 6 for
k (ro) = 0.5 because of the plateau in the wide q~ region up
to 2.2 GeV. Comparing the relative contributions of the basic
and the QCD processes we conclude that the account of the
last ones will increase the rate roughly by a factor 2 (the
actual value depends, of course, on u, ). This estimate is also
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FIG. 6. The different contributions to the transverse momentum
spectrum from deconfined matter including the mixed phase at

M~ = 2.6 GeV (thin line, basic electromagnetic quark-antiquark an-

nihilation; dashed line, QCD quark-antiquark annihilation; dotted
line, QCD Compton-like processes; heavy full line, sum of these
contributions). The system undergoes a transverse expansion. The
initial fugacities are X (ro) =0.5, k (ro) =0.1; fast equilibration
(A =20) is considered.

V. SUMMARY

In summary we analyzed the emission of lepton pairs with
high invariant mass within a complete dynamical model of
thermalized matter, which is expected to be formed in high-
energy heavy-ion collisions. The space-time evolution of the

valid for the invariant mass spectrum and appears to be use-
ful for a brief comparison of the deconfined and confined
matter contributions to the total yield. Going into details one
notices that, in spite of the fact that for the gluon-enriched
plasma the quark phase space is much more (i.e., by a factor
5) undersaturated than the gluon phase space, the QCD an-
nihilation process dominates still over the Compton-like pro-
cess unless the kinematical boundary at larger values of
q~, where the Compton-like process becomes strongly scal-
ing violating, see Fig. 6. As is immediately evident from
Eqs. (5), (8), and (9), the three discussed contributions
from deconfined matter scale as X [N "+ N'""
+ (X /k ) N ' ]]. Indeed, for Xg(ro)=0.25 the curves
(not displayed) are scaled down by a factor 1/4. 6, in accor-
dance with this estimate. For ) = 1 the QCD processes are
stronger by a factor 16, while the basic annihilation process
increases by a factor 21. We consider here again the fast
equilibration scenario with A =20 and allow for trans-
verse expansion and include also the mixed phase.

In case of a very slow equilibration (e.g. , Aq s= 0.2, and
no phase transition, of course) the yields from the electro-
magnetic annihilation scale as 100:1:1/4 for P ~= 1, 0.1 and
0.05, respectively. The QCD Compton contribution turns out
to be larger than the QCD annihilation yield, and already at
q~-1.9 GeV the Compton-like process exceeds the basic
annihilation process, while the QCD annihilation process is
on the average by a factor 1/3 smaller than the electromag-
netic annihilation. The scaling violation of the separate con-
tributions is no larger than in the fast equilibration scenario.



52 DILEPTON PRODUCTION IN A CHEMICALLY. . . 2713

matter starts with the chemical equilibration process of the
initially gluon-enriched plasma which is accompanied by a
longitudinal as well as transverse expansion. After some time
the expanding, strongly interacting matter hadronizes. We
find that in the deconfined stage the dilepton yield in the high
invariant mass region is not very sensitive to the details of
the chemical equilibration processes, in particular to the time
interval needed for achieving the quark-gluon phase space
saturation. In contrast to this the absolute yields and the
slopes of the invariant mass spectra are rather sensitive to the
initial phase space occupancy. The dileptons from the. decon-
fined stage exhibit the approximate M~ scaling even if the
deconfined matter undergoes a transverse expansion and
QCD processes are included. Keeping in mind the significant
reduction of the hadron gas contribution to the dilepton spec-
trum due to the transverse expansion we conclude that dilep-
tons from thermalized matter should display the approximate
M& scaling behavior in a wide q~ region if the initial tem-
perature is high enough but still attainable at RHIC condi-
tions. Choosing the events with high rapidity density of sec-
ondaries one can hope to subtract the hard Drell- Yan
background and pairs from charm decays. In this case the

M~ scaling might be violated only on the parton level and its
experimental observation depends on the dominating mecha-
nism of the early parton creation. In this respect we find it
worthwhile to perform a dedicated experimental study of the
scaling properties of dileptons with high transverse mass to
get insight in the early parton matter dynamics.
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