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Dilepton production by bremsstrahlung of meson fields in nuclear collisions
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We study the bremsstrahlung of virtualv mesons due to the collective deceleration of nuclei at the initial
stage of an ultrarelativistic heavy-ion collision. It is shown that electromagnetic decays of these mesons may
give an important contribution to the observed yields of dileptons. Mass spectra ofe1e2 and m1m2 pairs
produced in central Au1Au collisions are calculated under some simplifying assumptions on the space-time
variation of the baryonic current in a nuclear collision process. Comparison with the CERES data for
160A GeV Pb1Au collisions shows that the proposed mechanism gives a noticeable fraction of the observed
e1e2 pairs in the intermediate region of invariant masses. Sensitivity of the dilepton yield to the in-medium
modification of masses and widths of vector mesons is demonstrated.@S0556-2813~98!01305-3#

PACS number~s!: 25.75.Dw, 13.20.2v, 25.40.Ve
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According to the relativistic mean-field model@1#, strong
time-dependent meson fields are generated in the course
relativistic heavy-ion collision. Using the approach dev
oped in papers on the pion@2# and photon@3# bremsstrahlung
we suggested recently@4# a mechanism of particle produc
tion by the collective bremsstrahlung and decay of class
meson fields in relativistic heavy-ion collisions. The com
parison with the observed data on pion multiplicity shows@5#
that this mechanism may be important in central collisions
most heavy nuclei already at the SPS bombarding ene
160A GeV.

Within this mechanism the production of some particle~s!
i is considered as a two-step processAp1At→v*→ i 1X.
HereAp(At) stands for the projectile~target! nucleus andv*
is a virtual vector meson.1 The first step in the above reactio
corresponds to the virtual bremsstrahlung process leadin
the creation of an off-mass-shell vector meson. The sec
step is the superposition of all channels of the virtual me
decay with the particlei in the final state. Below we conside
the production of virtual mesons in the coherent proc
caused by the collective deceleration of the projectile a
target nuclei at the initial stage of the reaction. Prelimina
results concerning the contribution of the above mechan
to the production of pions, realv mesons and dileptons ar
published in Ref.@5#.

Below we focus mainly on the dilepton emission in ce
tral collisions of ultrarelativistic nuclei. The analysis of th
dilepton production is interesting at least for two reaso
First, dileptons are highly penetrating particles and ca
practically an undistorted information about their creati
points. Second, a strong enhancement of the dilepton y
was observed recently in central 200A GeV S1Au @6#,
S1W @7#, and 160A GeV Pb1Au @8# collisions. The analy-
sis shows@9–11# that this enhancement can only partially
explained by the conventional mechanism of binary had

1Here and below the virtual particles~v, r, andg! are marked by
a superscript asterisk.
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collisions, e.g., bypp→r→e1e2 processes. According to
Refs.@9,10# the experimental data can be reproduced ass
ing a strong reduction of ther meson mass in dense and h
nuclear matter. On the other hand, as argued in Ref.@11#, the
in-medium effect was probably overestimated in these ca
lations. Below we show that the enhanced dilepton yield m
be explained, at least partly, by the contribution of the c
lective bremsstrahlung mechanism.

I. FORMULATION OF THE MODEL

By analogy to the Walecka model we introduce the vec
meson fieldvm(x) coupled to the four-currentJm(x) of bary-
ons participating in a heavy-ion collision at a given impa
parameterb. The equation of motion determining the spac
time evolution ofvm(x) can be written as (c5\51)

~]n]n1mv
2 !vm~x!5gVJm~x!, ~1!

where gV is the vNN coupling constant andmv

.783 MeV is the omega meson mass. In the mean-field
proximation vm is considered as a purely classical fiel
From Eq. ~1! one can see that excitation of propagati
waves in the vacuum~the bremsstrahlung process! is pos-
sible if the Fourier transformed baryonic current

Jm~p!5E d4x Jm~x!eipx ~2!

is nonzero in the timelike regionp2;mv
2 .

In the following we study the bremsstrahlung process
the lowest order approximation neglecting the back reac
and reabsorption of the emitted vector mesons, i.e., trea
Jm as an external current. From Eq.~1! one can calculate the
energy flux of the vector field at a large distance from t
collision region@2#. Then this flux is expressed in terms o
the distribution of field quanta, i.e.,v mesons. This leads to
the following formulas for the momentum distribution of re
v mesons emitted in a heavy-ion collision@12#:
2552 © 1998 The American Physical Society
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Ev

d3Nv

d3p
5S~Ev ,p!, ~3!

whereEv5Amv
2 1p2 and

S~p!5
gV

2

16p3 uJm* ~p!Jm~p!u ~4!

is a source function. In our model the latter is fully dete
mined by the collective motion of the projectile and targ
nucleons.

To take into account the off-mass-shell effects we char
terize virtual v mesons by the massMv[Ap2 and total
width Gv* . The spectral function of virtualv mesons may
be written as

r~Mv!5
2

p

MvGv*

~Mv
2 2mv

2 !21mv
2 Gv*

2 . ~5!

To calculate the distribution of virtual mesons in their fou
momentap we use the formula@5#

d4Nv*
d4p

5r~Mv!S~p!. ~6!

In the limit Gv*→0 one can replacer(Mv) by 2d(Mv
2

2mv
2 ). In this case Eq.~6! becomes equivalent to the fo

mula ~3! for the spectrum of the on-mass-shell vector m
sons. Below we study also how the dilepton production
changed when the pole position in the vector meson pro
gator is shifted due to the in-medium effects.

We consider the following channels of the virtualv de-
cay, most important at invariant massesMv&mv : i
5e1e2, m1m2, p0g, p0e1e2, p0m1m2, p1p2,
p1p2p0. The total widthGv* is decomposed into the sum
of partial decay widthsGv*→ i :

Gv* 5(
i

Gv*→ i . ~7!

The distribution over the total four-momentum of particles
a given decay channel can be written as

d4Nv*→ i

d4p
5Bv*→ i

d4Nv*
d4p

, ~8!

whereBv*→ i[Gv*→ i /Gv* is the branching ratio of thei th
decay channel. The latter is a function of the total invari
mass of the decay particlesM5Ap25Mv .

To calculate the four-currentJm(p) determining the
source functionS(p) we adopt the simple picture of a high
energy heavy-ion collision suggested in Ref.@4#. We con-
sider collisions of identical nuclei (Ap5At5A) at zero im-
pact parameter. In the equal velocity frame the projectile
target nuclei initially move towards each other with velo
ties 6v0 or rapidities 6y0 , where v05tanhy05(1
24mN

2/s)1/2 and As is the c.m. bombarding energy pe
nucleon. In the ‘‘frozen density’’ approximation@4# the in-
ternal compression and transverse motion of nuclear ma
are disregarded at the early~interpenetration! stage of the
reaction. Within this approximation the colliding nucl
-
t

c-

-
s
a-

t

d

er

move as a whole along the beam axis with instantane
velocities żp52 żt[ ż(t). The projectile velocityż(t) is a
decreasing function of time, which we parametrize in t
form @2#

ż~ t !5v f1
v02v f

11et/t , ~9!

wheret is the effective deceleration time andv f is the final
velocity of nuclei~at t→1`!.

In this approximation the Fourier transform of the bary
currentJm(p) is totally determined by the projectile trajec
tory z(t) @4#:

J0~p!5
pi

p0
J3~p!

52AE
2`

`

dt eip0tcos@piz~ t !#F~ApT
21pi

2
•@12 ż2~ t !# !,

~10!

wherepi andpT are, respectively, the longitudinal and tran
verse components of the three-momentump andF(q) is the
density form factor of the initial nuclei

F~q![
1

A E d3r r~r !e2 iq•r5
4p

Aq E
0

`

r dr r~r !sin qr.

~11!

The time integrals in Eq.~10! were calculated numerically
assuming the Woods-Saxon distribution of the nuclear d
sity r(r ).

In this work we choose the same coupling constantgV
513.78 and stopping parameterst, v f as in Ref. @4#. In
particular, it is assumed thatt equals one half of the nuclea
passage time

t5
R

sinh y0
, ~12!

where R is the geometrical radius of initial nuclei,R
5r 0A1/3 with r 051.12 fm. Instead ofv f it is more conve-
nient to introduce the c.m. rapidity lossdy defined by the
relation

v f5tanh~y02dy!. ~13!

For central Au1Au collisions we assume the energ
independent value@13# dy52.4 forAs.10 GeV and the full
stopping (dy5y0) for lower bombarding energies.

II. DIFFERENT CHANNELS OF VIRTUAL MESON DECAY
AND DILEPTON PRODUCTION

Similarly to Ref.@14# we assume that the ‘‘direct’’ decay
of v mesons into dileptons,v*→ l 1l 2, proceed via the in-
termediate emission and decay of virtual photonsg* . In the
following the explicit formulas are presented for thee1e2

production only. The corresponding expressions for dimu
are obtained by replacing the lepton masses and de
widths. The matrix element of the processv*→e1e2 is
proportional to thev meson polarization vectorjm , the lep-
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2554 57MISHUSTIN, SATAROV, STÖCKER, AND GREINER
ton current v̄1gmu2 , and the photon propagator}k22,
wherek5p11p2 is the total four-momentum of the lepto
pair. The calculation of the partial decay width gives t
result @14#

Gv*→ee~M !}M 24Gg*→ee. ~14!

Here M5Ak2 is the dilepton invariant mass~in the direct
channelM5Mv! andGg*→ee is the partial width of a virtual
photon

Gg*→ee5
ab

2 S 12
b2

3 D MU~M22me!, ~15!

where a5e2/\c, U(x)[ 1
2 (11sgnx), me is the electron

mass, and

b5A12
4me

2

M2 . ~16!

The proportionality coefficient in Eq.~14! is determined
from the condition Bv*→ee(mv)5Bee, where Bee57.1
31025 is the observed probability of thev→ee decay@15#.

We take into account also the three-particle ‘‘Dalitz’’ d
caysv*→p0e1e2. At fixed values ofM andMv the com-
ponents of the total dilepton four-momentumk in the v rest
frame can be found by using the expressions

k05Ak21M25
M21Mv

2 2mp
2

2Mv
, ~17!

wheremp50.14 GeV is the pion mass. The correspond
partial width can be calculated assuming that the Dalitz
cay is the two-step processv*→pg*→pee. Generalizing
the results of@16# to the case of virtualv’s we obtain the
following expression for the differential width of the Dalit
decay:

dGv*→pee

dM
5

2

pM2 Gv*→pg* Gg*→ee. ~18!

The v*→pg* decay width is proportional to the electro
magnetic form factor squaredFvp

2 :

Gv*→pg* }Fvp
2 uku3U~Mv2M2mp!, ~19!

where uku is determined from Eq.~17!. The coefficient of
proportionality may be found by considering the limitin
caseMv→mv , M→0, when the left-hand side of Eq.~19!
coincides with the observed width of thev→pg decay. As
shown in@16# the experimental data forFvp are well repro-
duced within the vector meson dominance model@17#. As-
suming that this model is valid also for decays of virtualv’s
we have

Fvp
2 5

mr
2~mr

21Gr
2!

~M22mr
2!21mr

2Gr
2 , ~20!

where mr and Gr are the mass and total width of ther
meson. Unless otherwise stated, Eq.~20! is used with the
parametrizationGr5Gr(M ) suggested in Ref.@14# and the
free r meson mass (mr5mr0.0.77 GeV).
-

In the softest region of invariant masses,M,mp , the
channelsv*→3p, v*→pg with the subsequent deca
p0→e1e2g become important. However, we do not co
sider the contribution of these processes for the follow
reasons. First, the corresponding mass region is stro
populated by decays ofp0 mesons, produced in incohere
hadron-hadron collisions. Also, this region is not interest
from the viewpoint of dilepton enhancement observed by
CERES Collaboration atM.2mp @6,8#. The acceptance cut
used in these experiments strongly suppress the contribu
of p0 decays.

To calculate the total width of virtualv’s one should
know the partial widths of nonelectromagnetic decay ch
nels. In the considered region of massesMv&1 GeV we take
into account the decays with two and three pions in the fi
state. Assuming that thev*→2p matrix element is propor-
tional to the product of thev meson polarization vector an
the difference of the pion four-momenta, we get

Gv*→2p~Mv!}Mv
22~Mv

2 24mp
2 !3/2U~Mv22mp!.

~21!

The proportionality coefficient is taken from the conditio
Bv*→2p(mv)5B2p50.022@15#. Thev*→3p partial width
is calculated assuming that it is proportional to the three-p
phase space volume allowed by the kinematics@12#

Gv*→3p~Mv!}F3p~Mv!U~Mv23mp!, ~22!

with the coefficient determined from the relatio
Bv*→3p(mv)5B3p50.89 @15#.

The mass distribution ofe1e2 pairs produced by the
bremsstrahlung mechanism can be written as a convolu
of the virtualv meson spectrum and the differential branc
ing of thev*→eeX decay@X denotes any particle~s! emit-
ted together with the lepton pair#:

dNee

dM
5E d4pv

d4Nv
*

d4pv

dBv*→eeX

dM
. ~23!

Taking into account only the direct and Dalitz decays, t
dilepton mass distribution can be represented as

dNee

dM
5Bv*→ee

dNv
*

dM
1E

M1mp

`

dMv

dNv
*

dMv

dBv*→eep

dM
.

~24!

The first ~direct! term is obtained by using the relatio
dBv*→ee/dM5Bv*→eed(M2Mv) and performing the ex-
plicit integration overMv .

To compare the model predictions with experimental d
one should take into account the various acceptance
used in different experiments. This severely complicates
calculations: in general one should know the different
branchingd6Bv*→eeX/d3p1d3p2 which describes the prob
ability of the v meson decay into the lepton pair with th
positron and electron three-momentap1 and p2 , respec-
tively. To calculate the acceptance-weighted mass distr
tion one should replacedBv*→eeX/dM in Eq. ~23! by
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dBv*→eeX
~A!

dM
5E d3p1d3p2A

d6Bv*→eeX

d3p1d3p2
d~M2Ak2!.

~25!

The weight functionA equals one~zero! if p6 are inside
~outside! the kinematical volume covered in a given expe
ment. In numerical calculations presented in the next sec
we use fore1e2 pairs the acceptance cuts of the CER
experiment@8#

pT6.0.175 GeV/c, 2.1,h6,2.65, uee.0.035.
~26!

Here pT6 and h6 are the transverse momenta and pseu
rapidities of leptons anduee is their relative emission angl
in the lab frame.

At given M andMv the components of the vectorsp6 are
fixed by the angular variablesV5(u,f) and Ṽ5( ũ,f̃),
whereV denotes spherical angles ofk with respect to thev
meson three-momentum~in its rest frame! andṼ stands for
the positron emission angles with respect tok ~in the pair
rest frame!. By using these variables one can rewrite Eq.~25!
as follows:

dBv*→eeX
~A!

dM
5

dBv*→eeX

dM
E dVE dṼ

dWv*→eeX

dV dṼ
A,

~27!

wheredWv*→eeX/dV dṼ is the angular distribution of the
v*→eeXdecay normalized to unity.

In our case the usual procedure of calculating the dir
and Dalitz contributions by simple averaging over all pol
izations of decayingv mesons is not correct. Indeed, as se
from Eq. ~1!, the polarization vector of a virtual vector me
sonjm is proportional toJm(p) wherep is the meson four-
momentum. In thev meson rest framejm5(0,j), wherej is
a vector parallel to the direction ofp. Proceeding from the
v*→ee matrix element~see above! we get the following
relation for the direct part of the angular distribution:

dWv*→ee

dV dṼ
5Cdir~12b2cos2ũ !d~V!, ~28!

whereCdir is the normalization constant. The anisotropy
the lepton angular distribution in the rest frame of thev
meson is a consequence of its polarization.

The Dalitz part of the dilepton distribution is calculate
assuming@14,16# that thev*→eep matrix element is pro-
portional toemnsdjmpnks( v̄1gdu2). The direct calculation
gives

dWv*→eep

dV dṼ
5Cdalsin2u@12b2sin2ũ sin2~f̃2f!#,

~29!

whereCdal is found from the normalization condition. Th
averaging over thev meson polarizations is equivalent to th
averaging overV. As a result we obtain the distribution ove
Ṽ obtained earlier in Ref.@18#.
n

-

ct
-
n

f

III. RESULTS

Let us now discuss the results of numerical calculatio
obtained within the model described above. One should b
in mind that the model assumes a rather simplified spa
time evolution, in particular the collective projectile-targ
deceleration~see the discussion in Ref.@4#!. Therefore, the
model in its present form can be used for a qualitative ana
sis only.

Figure 1 shows the dilepton mass spectrum in centrab
50) 160A GeV Au1Au collisions. One can see that th
mass distribution of dileptons produced by the virtualv de-
cays is quite different from that predicted by the conve
tional hadronic sources. In particular, the low and interme
ate mass region is strongly enhanced. This is explained
the copious production of ‘‘soft’’ virtualv’s by the brems-
strahlung mechanism. The contribution of directv decays is
peaked at very small invariant masses as well as at the
position of thev propagatorM5mv . The Dalitz contribu-
tion is most important in the intermediate region of dilept
masses, 0.2 GeV&M&0.6 GeV. A similar behavior is pre
dicted for the dimuon spectrum,2 Fig. 2. The main difference
here is the much higher mass threshold atM52mm .

In Fig. 3 we compare the model predictions for the sa
reaction, but at different bombarding energiesAs
517.43A GeV ~SPS! and 200A GeV ~RHIC!. We have also
calculated the dilepton spectra at the LHC energyAs
56.3A TeV but the corresponding results practically coi
cide with the model prediction for the RHIC energy. Such
behavior follows from the energy independence of the st
ping parameterdy, assumed at highAs ~see Sec. I!. As a
consequence, the phase-space distribution of primordiav
mesons, produced by the bremsstrahlung mechanism,
rates with raising bombarding energy@4#.

Due to the experimental acceptance cuts and a poor m

2Since the branching ratio of the direct decayv→m1m2 is not
known experimentally@15# we assume that it is equal toB(v
→e1e2).

FIG. 1. Mass spectrum ofe1e2 pairs produced by the collective
bremsstrahlung mechanism in central 160A GeV Au1Au colli-
sions. Contributions of the direct (v*→ee) and Dalitz (v*
→pee) decay channels are shown by dotted and dashed lines
spectively.
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resolution the dilepton mass distributions receive signific
distortions as compared to those presented in Figs. 1–3
Fig. 4 we show the dilepton mass spectrum for cen
160A GeV Au1Au collisions. The CERES acceptance cu
and mass resolution are included in this calculation. T
double differential spectrumd2Nee/dM dh is obtained by
dividing the acceptance-weighted mass distribution, Eq.~24!,
by the width of the CERES pseudorapidity window. In ca
culating the acceptance weightA entering Eq.~27! we have
neglected the transverse momenta of primordialv mesons
~see Ref.@4#!. At the same figure we show separately t
contributions of direct and Dalitz decays ofv mesons. Note
that the original spectrum~without mass resolution correc
tions! of e1e2 pairs has a strong peak atM.mv . This peak
originates from the directv meson decays. The steplike b
havior of the direct contribution atM.0.35 GeV appears
due to the CERES cut at small transverse momenta,pT6

.pmin50.175 GeV/c. Indeed, in the limitpTv50 the mini-
mal invariant mass of ‘‘direct’’ pairs is 2Ame

21pmin
2

'0.35 GeV. Taking into account nonzero components
pTv will result in a certain smoothing of the above
mentioned jump in the dilepton mass distribution.

As one can see from Fig. 4, the bremsstrahlung mec
nism gives a significant contribution to the dilepton produ

FIG. 2. The same as in Fig. 1, but for the spectrum ofm1m2

pairs.

FIG. 3. Comparison ofe1e2 yields in central Au1Au collisions
at the SPS and RHIC bombarding energies.
t
In
l

e

f

a-
-

tion in the intermediate mass region. However, the brem
strahlung contribution alone is not sufficient to explain t
dilepton yield observed in central 160A GeV Pb1Au colli-
sions. In the most interesting region of massesM
.0.4– 0.6 GeV the data are still underestimated by a fac
of about 3.

Simple estimates show that this discrepancy cannot
removed by taking into account the excitation and decays
virtual r mesons disregarded in the present calculation.
deed, the collective bremsstrahlung ofr mesons may be
treated analogously to thev meson case. The equation o
motion for ther0 field may be written as@1#

~]n]n1mr
2!rm

0 5grJm
0 . ~30!

Heregr is therNN coupling constant andJm
0 51/2c̄t3gmc

is the zero component of the isovector baryonic current.
estimateJm

0 we assume that local values of the neutron
proton ratio are not changed significantly in the course o
heavy-ion collision. In this approximationJm

0 .xJm , where
x51/22Z/A is the isospin asymmetry factor of the collidin
nuclei, determined by their charge (Z) and mass (A) num-
bers. The spectrum of virtualr mesons produced by th
bremsstrahlung mechanism is given by Eqs.~4!–~6! with the
replacementgVJm ,mv ,Gv*→grJm

0 ,mr ,Gr* . Using the for-
mulas of Sec. II and taking into account only direct chann
of vector meson decays one may estimate the ratio of i
grated yields of dileptons produced by bremsstrahlung or
andv mesons as

NAA→r
*
0→e1e2

NAA→v*→e1e2
.S gr

gV
x D 2 Br0→e1e2

Bv→e1e2
. ~31!

Substitutinggr58.08 @19# we obtain that in the case of
central Au1Au collision this ratio is of the order of 3
31023. The relative contribution ofr mesons becomes eve
smaller for lighter nuclei.

FIG. 4. Mass spectrum ofe1e2 pairs produced by the collective
bremsstrahlung mechanism in central 160A GeV Au1Au colli-
sions. The grey histogram~solid line! shows the model results with
~without! inclusion of experimental mass resolution. The dott
~dashed! line shows the contribution of direct~Dalitz! v meson
decays. Preliminary experimental data for central Pb1Au collisions
@8# are shown by solid dots.
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Of course, in addition to the collective bremsstrahlu
mechanism the usual, incoherent, sources of dilepton pro
tion ~e.g., thepp→ee and p→eeg processes! also give a
noticeable contribution. According to Refs.@9–11# the dy-
namical models incorporating only these incoherent hadro
sources may easily explain the low mass dilepton yields
S1Au and Pb1Au collisions at the SPS energies. On t
other hand, these models significantly underestimate the
served data in the intermediate mass region. As argue
Refs. @9,10# the agreement with experimental data can
achieved if one assumes a strong reduction of the ve
meson masses in dense nuclear matter.

To check the sensitivity of our model to the in-mediu
modification of the vector mesons, in Fig. 5 we compare
dilepton mass distributions calculated for different values
the r and v masses. To diminish the number of model p
rameters we take the same mass reduction factor forr andv
mesons:mr /mr05mv /mv0[Rm . One can see that th
dilepton yields are rather sensitive toRm . A relatively small,
20%, reduction of the meson masses raises the dilepton y
at M;0.5 GeV by a factor of about 2. On the other hand,
model calculation with fixedRm predicts too high peaks in
mass distributions. One should bear in mind that these
culations provide only a rough estimate of the possible ef
since in an actual nuclear collision the mass shifts should
time and space dependent. Therefore, the observed spec
will be a superposition of contributions with differentRm .
As a result, the peak of direct dileptons will be smoothed
in the integrated distribution.

As shown in Refs.@20,21#, the v meson width may in-
crease significantly in a dense nuclear matter. At baryo
densities of the order of the normal nuclear density,
width may exceed the vacuum value by a large factol
;10. On the other hand, thev meson mass is predicted t
lower only slightly in this case. To estimate the effects of t
in-medium broadening of virtualv mesons, we have per
formed the calculation where the partial decay widths w
scaled by the same amplification factorl, independent of
Mv . The calculation shows that this broadening affe
mainly the direct component of the dilepton yield. As se

FIG. 5. Comparison ofe1e2 spectra in central 160A GeV
Au1Au collisions for different values of the meson mass reduct
factor Rm . Experimental data for central Pb1Au collisions are
taken from Ref.@8#.
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from Fig. 6, the yield in the region 0.35 GeV&M
&0.7 GeV is strongly enhanced forl*5.

Additional experiments are necessary to establish the
played by the collective bremsstrahlung mechanism.
would be very useful to measure the distributions over to
transverse momentumpT and rapidityy of a dilepton pair.
These distributions have two characteristic features. First
follows from Eq. ~10!, the pT distribution should be rela-
tively soft, due to the cutoffpT&\/R imposed by the nuclea
form factor. Second, as shown in Ref.@22#, the rapidity dis-
tribution should have a dip atyc.m.50, due to the cancella
tion of projectile and target currents. This dip is especia
pronounced at higher invariant masses when the Dalitz c
tribution is relatively small.

IV. SUMMARY

In conclusion, we have shown that the collective brem
strahlung of the vector meson field can provide an import
source of dilepton production in high-energy heavy-ion c
lisions. This mechanism may be responsible, at least pa
for the enhanced yield of dileptons observed in cen
nuclear collisions at the SPS bombarding energies. It
been demonstrated that the coherent dilepton productio
sensitive to the in-medium modification of vector mes
masses and widths. Obviously, these effects should be s
ied in more detail in microscopic models.

In future studies it will be necessary to implement a mo
realistic dynamical picture of a heavy-ion collision by usin
either the fluid-dynamical or kinetic approach. In this w
one can take into account the flow and compression eff
disregarded in the present model. Decoherence effects du
the stochastic scatterings and finite formation times of h
rons should be studied. Also the formalism should be gen
alized to study bremsstrahlung effects in a situation wh
masses and widths of vector mesons are space and tim
pendent. To extend the calculations to collider energies,As
*200 GeV, the model should be reformulated on the qua
gluon level.

n
FIG. 6. The same as in Fig. 5 but for different choices of t

virtual v width in units of the vacuum widthG058.4 MeV.
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