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Intermediate mass excess of dilepton production in heavy ion collisions at relativistic energies

C. Ernst,* S. A. Bass,† M. Belkacem, H. Sto¨cker, and W. Greiner
Institut für Theoretische Physik, J. W. Goethe-Universita¨t, D-60054 Frankfurt am Main, Germany

~Received 26 January 1998!

Dielectron mass spectra are examined for various nuclear reactions recently measured by the DLS Collabo-
ration. A detailed description is given of all dilepton channels included in the transport model UrQMD 1.0, i.e.,
Dalitz decays ofp0,h,v,h8 mesons and of theD(1232) resonance, direct decays of vector mesons andpn
bremsstrahlung. The microscopic calculations reproduce data for light systems fairly well, but tend to under-
estimate the data inpp at high energies and inpd at low energies. These conventional sources, however,
cannot explain the recently reported enhancement for nucleus-nucleus collisions in the mass region
0.15 GeV<Me1e2<0.6 GeV. Chiral scaling andv meson broadening in the medium are investigated as a
source of this mass excess. They also cannot explain the recent DLS data.@S0556-2813~98!01007-3#

PACS number~s!: 25.75.2q
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I. INTRODUCTION

Dileptons have been proposed in the late 70’s as pene
ing probes@1# of hot and dense nuclear systems. They
presumably created in all stages of heavy ion reactions
several distinct mechanisms. Once produced, they practic
do not interact with the surrounding hadronic matter. Lo
mass dileptons are of particular interest~see, e.g.,@2–7#!.
They can reveal information of thehadronic properties in
the reaction zone. Several experiments have focused on
mass lepton pairs: the DLS spectrometer at the BEVAL
@8,9#, the CERES and HELIOS detectors at the SPS
CERN @10#. The dilepton spectrometers HADES at SIS
GSI @11# and PHENIX at RHIC in BNL@12# are under con-
struction. The most striking result of the high-energy dile
ton programs so far is the observed enhancement in he
systems at low invariant masses as compared to ‘‘conv
tional’’ hadronic cocktails and models. A dropping ma
@13,14# or dissolving spectral function@15,16# of the r me-
son have been offered in attempt to explain these data.
cently, a systematic measurement of dilepton production
BEVALAC energies has been published. Data are availa
for elementarypp andpd collisions as well as for nucleus
nucleus collisions@8,9#.

The aim of the present work is to investigate dilept
production within the microscopicn-body transport mode
UrQMD. The outline of the paper is as follows: In Sec. II
brief survey of the UrQMD model is given. A more detaile
description of the implemented dilepton production mec
nisms follows. Section III contains the calculations of t
elementarypp andpd dilepton cross sections in compariso
to recent DLS measurements. Section IV shows mass sp
for heavier systems. Summary and concluding remarks
given in Sec. V.

II. PRODUCTION OF RESONANCES AND DILEPTONS

A. Hadron production in the UrQMD model

The UrQMD model is based on the quantum molecu
dynamics concept@17–19#. The Hamilton’s equations of mo
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tion are solved for Gaussian wave packets. The model all
for the production of all established meson and baryon re
nances up to about 2 GeV with all corresponding isos
projections and antiparticle states. The collision term
scribes particle production by resonant excitation chann
and, for higher masses, within a string fragmentat
scheme. The UrQMD model is designed to cover cons
tently the whole range of bombarding energies per nucl
from 200 MeV to 200 GeV. For dilepton production a
BEVALAC energies, the resonant production of neutral m
sons is most important. A detailed description of the mo
can be found in Refs.@20,21#.

The formation of light mesons at low energies is mode
as a multistep process that proceeds via intermediate h
baryon and meson resonances and their subsequent d
@22#. The resonance parameters~pole masses, widths, an
branching ratios! are taken from@23#, but large uncertainties
of these parameters are used to obtain a consistent fit to c
section data. For example, the production ofv mesons is
described in the UrQMD model by the formation and t
decay of theN!(1900) resonance. It decays to 35% intoNp
and to 55% intoNv. As suggested in Ref.@24#, the h pro-
duction proceeds not only viaN!(1535), but invokes also
nucleon resonances with masses 1650, 1700, 1710, and
MeV. A full list of the UrQMD resonance parameters
published in Ref.@20#.

For the resonance cross sections in baryon-bary
meson-baryon, and meson-meson collisions, conventio
Breit-Wigner parametrizations are used with mass depen
widths. At higher energies the resonant particle product
does no longer predict the observed cross sections. There
string picture, described in@20#, is employed.

Figure 1 shows calculations of exclusive (pp→mpp) and
inclusive (pp→mX) cross sections for the production o
neutral mesonsm5p0,h,r0,v as a function of the exces
energiese5As2Asth. HereAsth is the energy of the produc
tion threshold calculated asAsth52mp1mm with the proton
massmp and the pole mass of the mesonmm . In the case of
r0 mesons we count only those with masses within6100
MeV around the pole mass to compare with data. The ex
sive h production just above threshold@25# is overestimated
by a factor of about two. The arrows alongx axis of the

y,
447 © 1998 The American Physical Society
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FIG. 1. Cross sections for neu
tral meson production inpp colli-
sions as a function of the exces
energye5As2Asth. Calculations
are shown for the exclusive an
inclusive production ofp0, h, v,
and r0 mesons in comparison to
available data@51,25#. The arrows
in the h plot refer to incident en-
ergies of Ekin51.27, 1.65, 1.85,
2.09, and 4.88 GeV, respectively
eV
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upper right panel indicate the incident energies of 1.27 G
1.61 GeV, 1.85 GeV, 2.09 GeV, and 4.88 GeV. Note t
above 3.5 GeV the exclusive cross sections become less
portant because the string channel opens and allows for
tiple resonance production. For the present article the
evantAs values are below 4 GeV, where so far no data
the inclusive channels are available.

B. Dilepton radiation in UrQMD

Dileptons can be produced in hadronic decays and c
sions. The mechanisms that are expected to dominate in
low-mass region~with invariant dilepton masses below
GeV! are the Dalitz decays (A→Be1e2) of neutral mesons
p0,h,h8,v, as well as the Dalitz decay of theD(1232) reso-
nance. Around their pole masses the direct decaysA
→e1e2) of the vector mesonsr0,v, andf are expected to
dominate the spectrum. These modes are of special inte
the invariant mass of the dilepton equals the vector me
mass in the hot and dense medium. Also included in
present model calculation is thepn bremsstrahlung. It con
tributes especially at low bombarding energies. In acc
with Ref. @3#, other sources like Dalitz decays of heavi
resonances,pp, pN bremsstrahlung, etc., are neglected
the reactions considered here. Direct dilepton production
binary collisions, e.g. p1p2,K1K2→e1e2, or pr
→e1e2, is not evaluated. In the framework of the prese
model this would correspond to a partial double counti
these reactions are supposedly included as explicit multi
processes~e.g., pr→f→e1e2). This also holds for the
,
t
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Dalitz decay of thea1→pr→pe1e2. At higher bombard-
ing energies, however, direct processes likepr→pe1e2

might significantly contribute to the dilepton yield@26#.

1. Dalitz decays of mesons

Decays of the typeA→Be1e2 are not real multibody
decays~for which usually the name Dalitz is used!, but can
be reduced to a decay intoB plus a virtual photon~with an
invariant massM ) and subsequent conversion of the latt
Thus the matrix element factorizes@27,28#

uMu25uM~A→Bg* !u2
1

M4
uM~g*→e1e2!u2. ~1!

This reflects in the differential decay rate, which can be w
ten as a product of the conversion rate of the virtual gam
@29# and the decay widthGA→Bg* of A into a massive pho-
ton:

dGA→Be1e2

dM
5

2a

3pM
A12

4me
2

M2 S 11
2me

2

M2 D GA→Bg* ,

~2!

whereme is the lepton mass. If one assumes thatA decays
isotropically in its rest frame, theA→Bg* width is given by
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PRC 58 449INTERMEDIATE MASS EXCESS OF DILEPTON . . .
GA→Bg* 5
upW cmu

8pmA
2

uMA→Bg* u2. ~3!

Here upW cmu is the decay momentum

upW cmu5
l1/2~mA

2 ,mB
2 ,M2!

2mA
~4!

with the kinematic functionl(x2,y2,z2)5„x22(y1z)2
…„x2

2(y2z)2
….

A remaining difficulty resides in the calculation of th
matrix element of theA→Bg* decay. The meson decay
considered here are either of the type~a! pseudoscalar
(p0,h,h8) into a vector particle (g) plus a virtual photon or
~b! vector meson (v) into a pseudoscalar meson plus a v
tual photon. In both cases one gets@30#

uMA→Bg* u25 1
2 u f AB~M2!u2l~mA

2 ,mB
2 ,M2!. ~5!

The form factor f AB(M2) is introduced to account for th
strong interaction part of the vertex. It is common to norm
ize to the decay width into real photons@30# by dividing

GA→Bg5
~mA

22mB
2 !3

32pmA
3

u f AB~0!u2, ~6!

which re-expresses the form factors toFAB(M2)
5 f AB(M2)/ f AB(0).

The form factors can be obtained from the vector me
dominance model~VMD !. In the present calculations the fo
lowing parametrizations are employed@28,6#

Fp0~M2!511bp0M2,

Fh~M2!5S 12
M2

Lh
2 D 21

,

uFv~M2!u25
Lv

2 ~Lv
2 1gv

2 !

~Lv
2 2M2!21Lv

2 gv
2

,

uFh8~M2!u25
Lh8

2
~Lh8

2
1gh8

2
!

~Lh8
2

2M2!21Lh8
2 gh8

2 ~7!

with bp055.5 GeV22, Lh50.72 GeV, Lv50.65 GeV,
gv50.04 GeV,Lh850.76 GeV, andgh850.10 GeV.

2. Delta Dalitz decay

The situation is more complicated for the Dalitz decay
the D(1232) resonance. To complete Eqs.~2! and ~3!, the
matrix element for the processD→Ng* has to be calculated
The corresponding interaction vertex has been analyzed
Jones and Scadron@31# in the form

Lint5eC̄bGbmAmc1H.c., ~8!

wherec, Cb , andAm represent the fields of the nucleon,
the delta and of the photon, respectively. The dominant m
netic dipole transition yields the vertex function
-

n

f

by

g-

Gbm5GM~M2!
23~mD1mN!

2mN@~mD1mN!22M2#

3~2mDx1
bmg51x2

bmg51 1
2 x3

bmg5!. ~9!

The choice of thex bears some freedom if only curren
conservation is ensured (qbGbm50). Following Ref. @31#,
one may write

x1
bm5~qbgm2q•ggbm!,

x2
bm5~qbPm2q•Pgbm!, ~10!

x3
mb5~qbqm2q2gbm!,

with P51/2(pD1pN) andq5pD2pN . GM in Eq. ~9! stands
for the magnetic dipole form factor. It can be fixed atM
50 to the decay into a real photon, yieldingGM(0)53.0.
The M -dependence of the overall form factor is subject
speculation: the timelike electromagnetic form factors
baryons are unknown in the kinematic region of interest.
the present calculation of theD Dalitz contribution all VMD-
type form factors are omitted. This provides a lower limit
his source in the region of the vector meson poles.

Using Eqs.~8! and~9!, we can express the matrix eleme
via

M̂i5eūb~pD ,sD!x i
bmg5em~pg ,sg!u~pN ,sN!. ~11!

The matrix element may be written as a linear combinat
of theM̂i andM̂j* :

uMu25e2GM
2 9~mD1mN!2

4mN
2 @~mD1mN!22M2#2

3 (
i , j 51

3

ciM̂icjM̂j* , ~12!

wherec152mD , c251, andc351/2. The appearing trace
have been calculated using theMathematicapackage HIP
@32#. One then obtains:

(
i , j 51

3

ciM̂icjM̂j* 5
1

9
~~mD2mN!22M2!~7mD

4 114mD
2 M2

13M418mD
3 mN12mD

2 mN
2

16M2mN
2 13mN

4 !. ~13!

After substituting Eqs.~12! and ~13! into Eq. ~3!, one gets
the D Dalitz decay width.

Figure 2 shows the differential mass distributions of t
Dalitz decay probabilities as implemented into the UrQM
model. While the very low masses are dominated byp0 and
h decays, thev andh8 decays are more important at high
masses. The contributions of theD decays are also shown fo
different masses of theD(1232). HeavyD ’s naturally con-
tribute more to the probabilities than lighter ones. In calc
lating the dilepton spectrum, these probabilities are mu
plied with the yields of the corresponding particle species.
low energies the dominantpND system@18# can push theD
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contributions over those of the heavy mesons. On the o
hand, the small yield of theh8 will make it invisible, due to
the tremendous background of other sources in the rele
mass region.

3. Direct decays of vector mesons

The decay width of the electromagnetic two-body dec
of the vector mesons are assumed~similar to Ref.@6#! to be
of the form

GV→e1e2~M !5
cV

M3
A12

4me
2

M2 S 11
2me

2

M2 D Q~M22me!.

~14!

The constantscV are fitted to yield the vacuum widths give
in Ref. @23# at the resonance poles. One obtainscr53.079
31026 GeV4, cv50.28731026 GeV4, and cf51.450
31026 GeV4.

It is assumed that vector mesons can radiate off dilept
continuously@33#. The dilepton mass distribution is given b
the time-integral over the mass distributions of mesons p
an additional term which accounts for the decays after so
typical freeze-out timet f ~the last term can be dropped ift f
→`)

dNee

dM
5E

0

t f
dt

dNV~ t !

dM
•GV→ee~M !1

dNV~ t f !

dM
•

GV→ee~M !

GV,tot~ t f !
.

~15!

If absorption is negligible, this approach is equivalent to
method of adding one dilepton~with appropriate normaliza
tion! at each decay vertex. However, this ‘‘shining’’ metho
gives a better sampling of the density probed by the had
and thus a better statistics for density dependent spe
functions. In addition, there is generally a complicated ti
dependence of the total hadron widthG tot(t,rW), caused by the
in-medium modifications of the quasiparticle widths. The a

FIG. 2. Differential probability distributions for Dalitz decays
The mass-differential branching ratios for decays ofp0 ~dashed!, h
~solid!, v ~long-dashed!, andh8 ~dotted! mesons can be seen. Als
shown is the parametrization for Dalitz decays of theD(1232) reso-
nances at pole mass~dotted! and of a heavyD(1232) with mass
mD51.432 GeV~dash-dotted!.
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proach Eq.~15! has the advantage to be explicitly indepe
dent of the in-medium width, as long ast f is reasonably
high, so that the total width takes on its vacuum properti

4. Incoherent bremsstrahlung

In the soft photon approximation~SPA! the cross section
for real photons with four-momentumqm in collisions a
1b→X can be expressed as

q0

dsab
gX

d3q
5

a

4p2
ue•Ju2dsab

X . ~16!

dsab
X denotes the differential cross section of the~strong! ab

interaction without any photon in the final state.e is the
polarization vector of the photon. The currentJm is given by

Jm~q!52Qa

pa
m

pa•q
2Qb

pb
m

pb•q
1(

i 51

X

Qi

pi
m

pi•q
, ~17!

where theQ’s and p’s denote the charges and momenta
the corresponding particles.

The SPA is justified only forM ,q0→0. To extrapolate to
the case of hard and massive virtual photons, a phase s
correction can be applied by multiplying the cross sect
with the ratio of the phase space integrals with/withou
virtual photon@34#. Similarly to Eq.~2! one gets

dsab
e1e2X

d3qdM
5

a2

6p3
A12

4me
2

M2 S 11
2me

2

M2 D
3ue•Ju2

Rn~ s̄!

Rn~s!

dsab
X

q0M
. ~18!

HereRn is defined as

Rn~s!5E dFn~s,p1 . . . pn!, ~19!

wheredFn is the volume element of then-dimensional Lor-
entz invariant phase space ands̄ is the squared effective
energy of the system after the emission of theg* ,

s̄5s1M222Asq0 . ~20!

The correction factor for two outgoing particles reads

R2~ s̄,ma
2 ,mb

2!

R2~s,ma
2 ,mb

2!
5

l1/2~ s̄,ma
2 ,mb

2!

l1/2~s,ma
2 ,mb

2!

s

s̄
. ~21!

Equation~18! is a general expression for the bremsstra
lung dilepton production in the SPA. In the case of proto
neutron bremsstrahlung (pn→p8n8g* ), the current is given
by Jm5pp8

m /q•pp82pp
m/q•pp . As a result we have

ue•Ju25
2t

q0
2mp

2
, ~22!

with the Mandelstam variablet5(pp2pp8)
2. Then Eq.~18!

takes the form
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dspn
pne1e2

d3qdM
5

a2

6p3
A12

4me
2

M2 S 11
2me

2

M2 D s̄

q0
3M

R2~ s̄!

R2~s!
.

~23!

Here s̄ is the momentum-transfer weightedpn elastic cross
section

s̄5E
2~s24mp

2
!

0 S 2t

mp
2D ds

dt
dt. ~24!

A proper parametrization ofs̄ is rather important@35#. A
systematic overestimation of the differential bremsstrahlu
production results if the asymmetry of the momentu
transfer weighted cross section is not included. In the pre
work a parametrization similar to that of Ref.@35# is used. It
consists of a symmetric low-energy part and an asymme
high-energy component.

Figure 3 shows the cross section forpn→pn1e1e2

bremsstrahlung at different bombarding energies. Note
at low masses the cross section is practically not sensitiv
the incident energy. As a result, thepn bremsstrahlung is
relatively unimportant as resonance channels become d
nant atEkin;1.5 GeV.

Bremsstrahlung frompp collisions is expected to be
small at low energies due to destructive interferences. H
ever, at the highest energies considered here, thepp brems-
strahlung contribution may be comparable to thepn brems-
strahlung yield@36#. On the other hand, the total contributio
of bremsstrahlung is found to be negligible for all practic
purposes at those energies~see Sec. III B!. Note that the SPA
already gives an upper estimate of the expected dilep
yield @37#.

III. DILEPTON CROSS SECTIONS
IN ELEMENTARY SYSTEMS

Before one can investigate the dilepton production
nucleus-nucleus reactions, one should first check the m

FIG. 3. Differential cross section for the production of
bremsstrahlungs pair in elasticpn collisions for beam kinetic ener
giesEkin51.04 ~solid!, 2.09 ~dotted!, and 4.88 GeV~dash-dotted!.
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in elementarypp andpd collisions. Recently, the DLS col
laboration published a systematic study on dielectron cr
sections in light systems for beam kinetic energiesEkin from
1 to 5 GeV. The corresponding center-of-mass energ
range from below theh production threshold up to 3.6 GeV
where phase space is wide open for the abundant produc
of a large variety of resonances.

The acceptance of the DLS does not cover the en
phase space. Thus the calculated dilepton pairs are corre
for the limited spectrometer acceptance region. The offic
DLS-filter V4.1, which has been released for the nucle
nucleus data only, is applied also for the light systems
which a different filter has been announced. However,
difference between the filters is expected to be negligible
masses above 200 MeV/c @38#. The finite mass resolution o
DM /M'0.1 is incorporated by folding the calculated spe
tra, with a Gaussian of widthDM . The acceptance correctio
strongly influences the low-mass spectra while the m
resolution smoothing affects the shape of the spectra
higher masses.

A. pp

The resulting dilepton mass spectra forpp collisions are
shown in Fig. 4.

Only 0.46 GeV of c.m. energy are available for partic
production at Ekin51.04 GeV. Thus, only pion- and
D-Dalitz decays contribute in this case. The model satisf
torily reproduces the data at low masses, but underestim
them aroundMe1e250.4 GeV. The disagreement could b
caused by the above-mentioned uncertainties in calcula
the electromagnetic form factor of theDNg system. The first
generation of DLS data was incompatible to free form fa
tors @3,39#. This situation is now unclear, because the data
the second run tends to exceed the first. However, lim
statistics and the better agreement at higher beam ene
precludes a definite conclusion on the origin of the ‘‘e
hancement’’ atEkin51.04 GeV.

At Ekin51.2721.85 GeV the model explains the da
with growing influence of meson decays. One can see fr
Fig. 4 that first theh-Dalitz decay and then the directr and
v decay become more important. In the UrQMD calculati
of pp, most of ther0 ('99%) are not created inp1p2

collisions, but result from heavy baryon decays. The limit
phase space at low c.m. energies@22# and the strong (M 23)
mass dependence of the dilepton decay widths~14! are re-
sponsible for the deformation of ther spectrum towards low
masses. The cross section for the Dalitz production thro
D decays remains rather constant at low masses, with
creasing energy, but increases towards higher masses
deed, it is known frompp→nD11 reactions that heavie
D ’s become more important with increasing beam ene
due to the mass dependence of the decay widths@40#. In fact,
there is a good agreement at intermediate beam energies~dis-
regarding the data point atMe1e25200 MeV) which would
be worsened if the electromagneticDNg form factor would
be included, in particular atEkin>1.6 GeV.

The model does not reproduce the shape of the meas
spectrum at Ekin52.1 GeV and 4.9 GeV. AroundM
50.6 GeV the ratio between thepp and pd data decrease
for the two highest beam energies. If this gets confirmed



e can

are from

452 PRC 58ERNST, BASS, BELKACEM, STO¨ CKER, AND GREINER
FIG. 4. Thee1e2 mass spectra forpp reactions at six kinetic energies. The upper solid curve is the sum of all contributions. On
see the contributions ofp0 ~dotted!, D ~dash-dotted!, h ~dashed!, andv ~dotted! Dalitz decays as well as of the directr0 ~solid! and v
~thin-solid! dilepton decays. Every single dilepton has passed the DLS Filter 4.1 and a mass resolution of 10% is adopted. The data
@9#.
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might be explainable by some strong contribution ofpp
bremsstrahlung, which was not considered here.

B. pd

pd calculations are shown in Fig. 5. The calculated eve
are minimum-bias triggered at a maximum impact param
of b51.6 fm, i.e., a geometric cross section equal to
measured one of about 80 mb.

An important difference to thepp system is due to the
internal motion of bound nucleons. This motion smears
the production thresholds. Consequently, one observes
threshold contributions fromh and r mesons already a
Ekin51.04 GeV.

Unlike in pp collisions, the proton-deuteron data overe
timate the model results in the mass region dominated by
ts
er
e

t
b-

-
e

h decay. Note that in the UrQMD model theh production in
pn is not modified as compared topp. This is what one
expects from isospin arguments neglecting final-state in
actions. However, thepd results indicate an asymmetry i
the pp and pn production cross sections as predicted fro
one-boson exchange models@41#. Indeed, it was measure
that just above the threshold, the ratio ofpd to pp inducedh
cross sections is much larger than two@42#. However, due to
the Fermi motion in the deuteron, it is not straightforward
extractpn cross sections frompp andpd measurements. On
the other hand, direct measurements of theh production in
pn are still not available. We have, therefore, evaluated
ratio Rh5s(pd→hX)/s(pp→hX) without any explicit
modification of thepn cross section to estimate the influen
of Fermi motion. AtEkin51.27 GeV, close to threshold, w
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FIG. 5. Acceptance-corrected mass spectra for proton1 deuterium. The individual sources are marked as in Fig. 4, but there i
additional contribution frompn bremsstrahlung~thick-dotted!.
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get the large value Rh51763, while above Ekin

51.61 GeV,Rh remains basically constant, between 2.8 a
2.3.

However, the large value ofRh is not enough to explain
the integrated total dilepton ratios. This is shown in Fig.
where

R5

E
0.15 GeV

Mmax S dspd

dM DdM

E
0.15 GeV

Mmax S dspp

dM DdM

~25!

is plotted vs the incident energy. The predicted dilepton
tios are rather low at energies smaller than 2 GeV. A sim
behavior is also found in BUU calculations@4#, which in-
cludepp bremsstrahlung. This indicates that there is a co
d

,

-
r

-

mon feature of known transport models with ‘‘conventiona
sources to underestimate the recent DLS nucleus data a
termediate dilepton masses@8#. At Ekin51.27 GeV the
model predicts onlyR55.2. This value is lower than the
corresponding one ofRh because theh is yet only a mar-
ginal dilepton source at this energy.

Within the statistical uncertainties, the mass-different
dilepton cross sections forpd can be explained by the mode
for the two highest beam energies. Note thatpn bremsstrah-
lung is relatively unimportant.

IV. DILEPTONS IN HEAVY ION COLLISIONS

Figure 7 compares the UrQMD predictions with DLS da
for various nucleus-nucleus reactions@8#. At first glance the
examined systems all exhibit a qualitatively similar behav
in three distinct mass regions:
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In the lowest mass region~up to 150 MeV! the spectrum
is dominated by the pionic Dalitz decay. There are a
strong effects of the acceptance filter, which significan
suppresses the low-mass yield~compare Fig. 2 for the shap
of uncorrected Dalitz spectra!. Other sources are of little im
portance in this mass region. However, nearM5150 MeV,
the D Dalitz decay becomes more important.

FIG. 6. Ratio of the integrated cross section forpd to pp reac-
tions as a function of the beam energy. The solid line shows
UrQMD result with the DLS filter and resolution. The experimen
data are taken from Ref.@9#. Only the larger systematic error ba
are displayed.
o
y

At intermediate masses the data show a noticeable
hancement of the dilepton yield as compared to the mo
calculations. There is a considerable confusion about th
recent data because the new yields strongly exceed ea
published measurements@43#. The latter have been revise
by the DLS collaboration due to large, previously unco
rected, trigger inefficiencies. However, the present calcu
tions and, also, results of other models e.g.@3,44–46#, are
closer to the earlier measurements in the considered m
range~see Fig. 8!.

The theoretical spectrum atM.600 MeV is dominated
by direct r0 and v decays. The model cross sections f
dilepton production viar mesons nicely account for the da
in this region. The two highest data points in He-Ca suf
from lack of statistics. For all nuclear systems, only abo
50% of all r mesons stem fromp1p2 annihilations, the
other 50% are produced in decays@22#.

Turning back to the intermediate region, one sees a s
lar dilepton enhancement as in thepd data. There one may
partially attribute the enhancement to a highpn→hX cross
section at the production threshold. Note that ourh decay
channels in Fig. 7 are lower than in Ref.@46# by about a
factor of 2. The same holds in comparison to the analysis
Ref. @47#, where theh channel is determined from the me
surements of the TAPS Collaboration. These differen
might stem from the neglection of the above-mention
asymmetry of theh production inpp and pn. Inspired by
preliminary data of the WASA collaboration, the authors
Ref. @46# use a 6 times largerh production cross section
close to threshold forpn than forpp. The fact that UrQMD

e
l

to DLS
FIG. 7. Model calculations for dilepton spectra from nucleus-nucleus collisions at beam energies of about 1 GeV in comparison
data@8#. The systemsd1Ca,a1Ca, and Ca1Ca as well as C1C have been examined. See Figs. 4 and 5 for additional information.
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overestimates the cross section forpp→pph ~Fig. 1!, but
underestimates theh production in AA, indicates that thresh
old effects in theh production are essential and require fu
ther investigation.

Therefore, it seems reasonable to reproduce the dat
artificially enhancing theh yield. We rescaled theh yield by
a factor f h and found good agreement both in shape a
absolute yield withf h'10 for C1C and'20 for Ca1Ca.
However, this is not supported by TAPS data which fou
the 4p extrapolatedh cross section in Ca1Ca at 1 GeV to
be about 20 mb@48#. Our rescaled cross section correspon
to '120 mb. A droppingh mass has been introduced in Re
@46# to explain the DLS data. But these studies also fou
the increasedh cross sections to be incompatible to t
TAPS measurements.

We note that the inclusion of a density-dependentDNg
form factor for theD Dalitz decay, as discussed in Ref.@3#,
can give a sizable enhancement of the calculated dilep
yield at intermediate masses 0.2 GeV,M,0.6 GeV. How-
ever, this is ruled out as an explanation, because the
agreement of the calculation to the data in the high-m
regionM.600 MeV would be destroyed by a strong ove
estimation.

Due to s-v mixing via an NN21 loop, the 2p decay
channel of thev might be significantly enhanced in nucle
matter@49#. To get an estimate for possible effects on int
mediate mass lepton pairs, we have increasedGv→pp by a
factor of 500 to approximately 100 MeV. The solid curves
Fig. 9 show the result of this calculation for the Ca1Ca
system. As can be seen, the mass distribution of dilep
pairs from directv decays becomes very broad. Neverth
less, this contribution has almost no effect on the total dil
ton yield and does not suffice to explain the measured
hancement.

One approach to describe the density dependence of
tor meson masses is the linear scaling law of Hatsuda
Lee @50#:

FIG. 8. Total dilepton spectra from Ca1Ca collisions compared
to two generations of data. To compare to the earlier measurem
@43#, the old DLS filter V1.5~dashed line! has been applied. The
solid line corresponds to the calculation of Fig. 7.
by
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mV* 5mV~120.18%/%0!, ~26!

where% (0) is the local~ground state! density andmV
(* ) is the

~modified! vector meson mass. Although more sophistica
calculations predict a more complex behavior of the vec
meson spectral functions@15#, the scaling law seems to b
reasonable for the effective masses. To check this idea u
the UrQMD model, the poles of the produced quasiparti
vector mesons have been shifted according to Eq.~26!
thereby neglecting effects on the vector meson produc
cross sections. One obtains the dashed curves in Fig. 9.
found that the dropping mass scenario — and also m
complex in-medium spectral functions~see Ref.@46#! —
cannot account for the new DLS data.

V. SUMMARY

Dilepton production has been studied within the micr
scopic nonequilibrium transport model UrQMD. The produ
tion mechanisms have been critically revisited. We ha
compared the model with the DLS data forpp and pd col-
lisions at different beam energies. Resonance decays
dileptons were found to be able to explain the low-energypp
data.

The UrQMD model predictions for thepd system are
below the new DLS data for masses 0.3–0.6 GeV. A simi
but even stronger underestimation takes place in collision
heavier nuclei. The present paper points out that the la
enhancement in the data as compared to model calcula
cannot be accounted for by two distinct hypotheses on
in-medium modifications of vector mesons. An enhancem
of theh production inpn collisions is able to reproduce th
yield and shape of the AA spectra. However, hugeh produc-
tion cross sections would be required, in contrast to TA
data.
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