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e1e2 pair production from gA reactions

M. Effenberger, E. L. Bratkovskaya, and U. Mosel
Institut für Theoretische Physik, Universita¨t Giessen, D-35392 Giessen, Germany

~Received 10 March 1999; published 9 September 1999!

We present a calculation ofe1e2 production ingA reactions at MAMI and TJNAF energies within a
semiclassical Boltzmann-Uehling-Uhlenbeck transport model. Dilepton invariant mass spectra forgC, gCa,
andgPb are calculated at 0.8, 1.5, and 2.2 GeV. We focus on observable effects of medium modifications of
ther andv mesons. The in-medium widths of these mesons are taken into account in a dynamical, consistent
way. We discuss the transport theoretical treatment of broad resonances.@S0556-2813~99!05609-5#

PACS number~s!: 25.20.Lj, 13.60.Le, 14.40.Cs, 24.10.2i
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I. INTRODUCTION

In-medium properties of hadrons are of fundamental
terest with respect to an understanding of QCD in the n
perturbative regime~cf. @1#!. During the past decade esp
cially the properties of vector mesons have found widespr
attention as they may be related to chiral symmetry@2–4#.

A comparison of experimental data on dilepton produ
tion in nucleus-nucleus collisions at SPS energies@5,6# with
transport theoretical calculations@7,8# seems to indicate a
lowering of ther-meson mass in the nuclear medium. Ho
ever, since in a heavy-ion collision the final dilepton yield
obtained by an integration over dileptons emitted at differ
densities and temperatures, a discrimination between di
ent scenarios of in-medium modifications for the vector m
sons is difficult@9,10#.

Moreover, there is a more fundamental concern: ultrare
tivistic heavy-ion reactions proceed, at least in their init
stages, far from equilibrium, whereas all theoretical pred
tions of in-medium properties are based on equilibrium
sumptions. Therefore it is necessary to probe in-med
properties of vector mesons under ‘‘cleaner’’ conditions. F
that purpose photon or pion induced reactions are promi
tools. In such reactions the nuclear medium is very close
equilibrium at normal nuclear density and temperature ze
The predicted in-medium effects for the vector mesons ar
large that they should have observable consequences alr
for densitiesr5r0 . Here one should note that even th
dileptons seen in ultrarelativistic heavy ion reactions stem
a large part from densitiesr<2r0 .

Our calculations are based on a semiclassical Boltzma
Uehling-Uhlenbeck~BUU! transport model that has recent
been very successfully applied to the description of hea
ion collisions at SIS energies@11# and photoproduction o
pions and etas in nuclei@12#. Meanwhile, we have extende
the model to the description of dilepton as well as stran
ness production and to the high energy regime by includ
the Lund string fragmentation modelFRITIOF @13#. This al-
lows us to calculate inclusive particle production in hea
ion collisions from 200A MeV to 200A GeV, in photon and
pion induced reactions with the very same physical input
our opinion, the simultaneous description of as many exp
mental observables as possible is necessary because o
large number of parameters, like unknown cross sectio
0556-2813/99/60~4!/044614~14!/$15.00 60 0446
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and the strong assumptions that enter semiclassical tran
models. In heavy-ion collisions particle production depen
not only on a large number of elementary reaction chann
but also on the global space-time evolution of the system.
the other hand, photon, pion, or proton induced reacti
allow one to fix certain ingredients of the transport model
observables depend in general only on a few reaction ch
nels. In Ref.@14# we have, for example, determined the i
mediumh-nucleon cross section from photoproduction ofD
h mesons. Just recently we were able to improve consid
ably our treatment of theD resonance by comparing ou
calculations to experimental data on the photoproduction
pions @15#.

Within our model we have already given predictions f
dilepton production in pion nucleus reactions@16# that will
be measured by the HADES Collaboration at GSI@17#. In
the present paper we want to look ate1e2 production in
photonuclear reactions in the energy range from 0.8 to
GeV, which will be accessible at TJNAF@18# and at its
lowest energy also at MAMI.

Our paper is organized as follows: In Sec. II we descr
our model. Here we focus on the treatment of broad re
nances and our description of elementary photon nucl
reactions. In Sec. III we present our results for dilepton p
duction in photon nucleus reactions and discuss the poss
ity of subtracting the Bethe-Heitler contribution. In Sec. I
we include in-medium modifications for the vector meso
into our calculations and present their effect on the dilep
yield. We close with a summary in Sec. V.

II. BUU MODEL

The transport model used here has been developed s
ing from the model that has been described in full detail
Refs.@11,19#. Here we restrict ourselves to the description
the essential new features of our method.

A. Resonance properties

Instead of the baryonic resonances in Ref.@11# that were
taken with their parameters from the PDG@20# we now use
the resonances from the analysis of Manley and Saleski@21#.
This has the advantage of supplying us with a consistent
of resonances. In particular, now the resonance parame
are consistent with the parametrizations of the resona
©1999 The American Physical Society14-1



t

ls

o

h

r
ifi

e

t-

e
e
-

for
to

ing
the
ire a

the
cu-
in

-

ties
ntal
on
e

s

ta-
st
on

ll
with

s
-
e

om

de-
rge
s.
s,

into

M. EFFENBERGER, E. L. BRATKOVSKAYA, AND U. MOSEL PHYSICAL REVIEW C60 044614
widths. We take into account all resonances that are ra
with at least two stars in Ref.@21#: P33~1232!, P11~1440!,
D13~1520!, S11~1535!, P33~1600!, S31~1620!, S11~1650!,
D15~1675!, F15~1680!, P13~1879!, S31~1900!, F35~1905!,
P31~1910!, D35~1930!, F37~1950!, F17~1990!, G17~2190!, and
D35~2350!. The resonances couple to the following channe
Np, Nh, Nv, LK, D(1232)p, Nr, Ns, N(1440)p, and
D(1232)r. The cross section for the production of a res
nanceR in a collision of a mesonm with a baryonB is given
by

smB→R5
2JR11

~2Jm11!~2JB11!

4p

k2

sGmB
in G tot

out

~s2MR
2 !21sG tot

out2
,

~1!

whereJR , Jm , andJB denote the spins of the resonance, t
baryon, and the meson, respectively.k is the c.m. system
~c.m.s.! momentum of the incoming particles,s is the
squared invariant energy, andMR is the pole mass of the
resonance. The total decay widthG tot

out is given as a sum ove
the partial decay widths of the resonance. For a spec
channelmB it is

GmB
out5GmB

0 rmB~s!

rmB~MR!
, ~2!

with GmB
0 being the partial decay width at the pole of th

resonance andrmB(s) is given as

rmB~s!5E dmmdmBAm~mm!AB~mB!

3
q~s,mm ,mB!

As
Bl mB

2 ~qR!, ~3!

whereAm andAB denote the spectral functions of the ou
going particles.q is their c.m.s. momentum,l mB is their rela-
tive orbital angular momentum, andBl mB

is a Blatt-
Weisskopf barrier penetration factor@22,21# ~interaction
radiusR51 fm). For the spectral functionAi of an unstable
particle i we use

Ai~m!5
2

p

m2G tot~m!

~m22Mi
2!21m2G tot

2 ~m!
, ~4!

where Mi denotes the pole mass andG tot(m) is the total
width. Here we neglect any spin degrees of freedom as w
as a momentum dependence of the real part of the s
energy. For a stable particle~with respect to the strong inter
action! we simply have

Ai~m!5d~m2Mi !. ~5!

The incoming widthGmB
in in Eq. ~1! is given by

GmB
in 5CmB

I R GmB
0

kBl mB

2 ~kR!

AsrmB~MR!
, ~6!
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whereCmB
I R is the appropriate Clebsch-Gordan coefficient

the coupling of the isospins of the baryon and the meson
the isospinI R of the resonance.

We note that we use — in contrast to Ref.@21# — rela-
tivistic propagators in Eqs.~1! and ~4! and momentum-
dependent widths in the spectral functions of the outgo
particles. However, this has only a very small effect on
resonance production cross sections and does not requ
readjustment of the resonance parameters.

The mesonic resonances are treated analogously to
baryonic ones; i.e., their two-body decay widths are cal
lated according to Eq.~2!. The parameters used are given
Table I. The three-pion decay width of thev meson is as-
sumed to be constant since it is very small.

B. Collision term

1. Baryon-baryon collisions

For invariant energiesAs,2.6 GeV we describe baryon
baryon collisions as in Ref.@11# with the same matrix ele-
ments. Our modified treatment of the resonance proper
preserves the very good agreement with the experime
data on one- and two-pion production in nucleon-nucle
collisions shown in Ref.@11#. For higher energies we use th
string fragmentation modelFRITIOF @13# with the same pa-
rameters as in Ref.@23#. This approach is similar to the one
in the hadronic transport models described in Refs.@24,25#.

2. Meson-baryon collisions

For meson-baryon collisions we use the string fragmen
tion model forAs.2.2 GeV. For lower energies the mo
important contributions come from intermediate nucle
resonances which are described according to Eq.~1!.

In the case ofp2p scattering the incoherent sum of a
resonance contributions gives a very good agreement
experimental data for pion momentapp<1.1 GeV, corre-
sponding to invariant energiesAs<1.73 GeV. In Fig. 1 we
show the totalp2p cross section. For higher energie
(1.73 GeV,As,2.2 GeV) we additionally include a back
groundpN→ppN cross section in order to reproduce th
total cross section for which we use a parametrization fr
the PDG@26# ~shown as solid line in Fig. 1!. In Fig. 2 we
show that the resonance contributions give a very good
scription of experimental data on elastic scattering, cha
exchange, and two-pion and eta production cross section

For p1p scattering one gets, also for lower energie
good agreement with experimental data only if one takes

TABLE I. Properties of mesonic resonances.M0 andG0 denote
the pole mass and the width at the pole mass, respectively.

Meson
M0

@MeV#
G0

@MeV# Decay channels

r 770 151 pp
v 782 8.4 pp ~2%!, p0g ~9%!, p1p2p0 ~89%!

f 1020 4.4 rp ~13%!, KK̄ ~84%!, p1p2p0 ~3%!

s 800 800 pp
4-2
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account all resonances from Ref.@21#, including the one-star
ones, as can be seen from Figs. 3 and 4. Since we do
explicitly propagate the one-star resonances we put their
tributions into background cross sections forpN→pN and
pN→ppN. For higher energies we, again, include a tw
pion production background term that is fitted to the to
cross section from Ref.@26#.

FIG. 1. The totalp2p cross section compared to the experime
tal data from@49#.

FIG. 2. p2p cross sections for elastic scattering, charge
change, and two-pion and eta production. The experimental dat
taken from@49#.
04461
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For p0p scattering we have, from isospin symmetry,

sp0p5
1

2
~sp1p1sp2p!

for the total cross section. The cross sections for pi
neutron scattering also follow from isospin symmetry.

In Fig. 5 we compare the resonance contributions
p2p→nr0 to the experimental data from Ref.@27#. While
for invariant energiesAs above 1.8 GeV the experimenta
data are reasonably well described by the resonances, the
a strong disagreement at lower energies, in particular in
region of theD13(1520) resonance. Ther mesons produced
at these energies have invariant masses essentially below
pole massmr

0 . In Ref. @27# the r-meson cross section ha
been obtained by a fit to invariant mass spectra of the o
going pions inp2p→np1p2. For lowAs the shapes of the
r meson and the ‘‘background’’ contributions become ve
similar and a determination of ther-meson cross section ge
very difficult.

In Ref. @21# the couplings of the baryonic resonances
the Nr channel have been determined by using amplitu

-

-
re

FIG. 3. The totalp1p cross section compared to the experime
tal data from@49#.

FIG. 4. p1p cross sections for elastic scattering and two-pi
production. The experimental data are taken from@49#.
4-3
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for pN→Nr that were obtained by a partial wave analy
of all availablepN→Npp data in Ref.@28#. We also note
that the large coupling of theD13(1520) resonance to theNr
channel found in Ref.@21# is in line with other similar analy-
ses@29#. Therefore we consider the experimental data in R
@27# to be wrong for lowAs.

In addition to the resonance contributions we include
following processes:

pN↔vN,

pN→vpN,

vN→ppN,

vN→vN,

pN↔fN,

pN→fpN,

fN→ppN,

fN→fN,

where we adopt the cross sections from Ref.@30#. For cross
sections involving anv meson we, of course, subtract o
resonance contributions from these cross sections.

C. Treatment of broad resonances

In our model broad resonances, like the baryon re
nances or ther meson, are not just produced and propaga
with their pole mass but according to their spectral functi
The transport equation for a system ofN particle species
reads

S ]

]t
1

]Hi

]pW

]

]rW
2

]Hi

]rW

]

]pW
D Fi5GiAi2LiFi ~ i 51, . . . ,N!,

~7!

FIG. 5. Cross section forp2p→nr0. The experimental data ar
taken from Ref.@27#.
04461
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where Fi(rW,pW ,m,t) denotes the one-particle spectral pha
space density of particle speciesi with rW and pW being the
spatial and momentum coordinates of the particle.m is the
invariant mass of the particle andHi(rW,pW ,m,F1 , . . . ,FN)
stands for the single-particle mean field Hamilton functi
which, in our numerical realization@11#, is given as

Hi5A~m1Si !
21pW 2, ~8!

whereSi(rW,pW ,m,F1 , . . . ,FN) is a scalar potential. We not
that we neglect a vector potential andSi is an effective scalar
potential that is — for the nucleons — obtained from a no
relativistic potential~for details see Ref.@11#!. The terms
Gi(rW,pW ,m,F1 , . . . ,FN) andLi(rW,pW ,m,F1 , . . . ,FN) stand for
a gain and a loss term, respectively, a
Ai(rW,pW ,m,F1 , . . . ,FN) is the spectral function of particlei.
The distribution functionf i is defined by

f i~rW,pW ,m,t !5
Fi~rW,pW ,m,t !

Ai~rW,pW ,m,t !
; ~9!

for stable particles it reduces to the usual phase space
sity.

In order to be more specific aboutGi andLi let us con-
sider, as an example, a system of nucleons, rho mes
pions, and a single baryonic resonance speciesR that are
coupled only viaR↔Nr and r→pp. Then the gain term
Gr is

Gr5
1

A r
E d3pR

~2p!3
dmRFR~rW,pW R ,mR ,t !

dGR→Nr

d3prdmr

3@12 f n~rW,pW n ,t !#, ~10!

where the factor (12 f n) accounts for the Pauli principle o
the outgoing nucleon andpW n5pW R2pW r due to momentum
conservation. For simplicity, we have neglected a poss
finite width of the nucleons as well as a Bose enhancem
factor (11 f r) for the r meson. In the differential deca
width dGR→Nr the spectral function of ther mesonAr en-
ters simply as a multiplicative factor@Eqs. ~2! and ~3!#.
Therefore, hereGr does not depend onAr since we neglect
any process where more than oner-meson is produced, like
e.g.,R→rrN.

The loss termLr reads

Lr5Gr→pp1E d3pn

~2p!3
f n~rW,pW n ,t !vnrsrn→R , ~11!

with vnr being the relative velocity of the nucleon and ther
meson andsrn→R their cross section for the production o
resonanceR @Eq. ~1!#. Gr→pp denotes the two-pion deca
width of ther meson in the calculational frame.

The total in-medium widthG tot,r appearing in the spectra
function from Eq.~4! is directly related to the loss rateLr :

G tot,r5gLr , ~12!
4-4
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e1e2 PAIR PRODUCTION FROMgA REACTIONS PHYSICAL REVIEW C 60 044614
whereg is a Lorentz factor which appears sinceG tot,r is the
decay rate in the rest frame of ther meson.

The loss and gain terms for the resonanceR can be writ-
ten down in an analogous way. One immediately sees
the transport equations of ther meson and the resonanceR
are coupled in a highly nonlinear way. Especially the
medium widths, which are functions of space-time and fo
momentum, of both particles depend on each other thro
integral equations@Eqs.~1!, ~2!, ~3!, ~4!, and~11!#.

The above-described equations can easily be extende
a transport model with more particle species and a real
collision term. We also note that it is straightforward to fo
mulate the theory consistently for the real and imagin
parts of the self-energies of the particles. However, in
model we treat the real and imaginary parts of the s
energies completely independently. This violates analytic
but in the present stage it would already require a consi
able effort to treat the imaginary parts of all particles in
realistic transport model in a completely self-consistent w

In Ref. @31# it has recently been stressed that, becaus
unitarity, it is important to respect Eq.~12! in transport cal-
culations. This means that in the population of a resona
the same width has to be used in the spectral function
enters the dynamical calculation via the collision term.
Refs. @12,32# we have already taken into account the
medium widths of the baryonic resonancesD(1232),
N(1520), N(1535), andN(1680) in a consistent way fo
population and propagation. Since during a photoproduc
reaction the nucleus remains, in the time interval relevant
meson production, close to its ground state, the calculatio
effort is in this case manageable. As we describe the nuc
ground state in a local Thomas-Fermi approximation we
use nuclear matter values for the in-medium widths that
pend only on the invariant massm, the absolute value of the
three-momentumupW u, and the densityr:

G~rW,t,pW ,m!→G„r~rW,t !,upW u,m….

In the present paper we only take into account the
medium widths of ther and v mesons. In particular, we
neglect any medium-modifications of theNr widths of the
baryonic resonances that would, in a self-consistent calc
tion of the self-energies, directly follow from a modificatio
of the spectral function of ther meson. As was shown in
Ref. @33# such effects might give large modifications of th
baryon widths and also influence the spectral function of
r meson. However, an inclusion of such effects would
hance the numerical effort dramatically, especially if o
takes also the modifications of the real parts of the s
energies into account. Moreover, we do not expect such
fects to be relevant for photon energies above 1 GeV bec
here the nucleon resonances that lie belowMN1mr

0 and
might thus get strongly modified, like theD13(1520), play
only a minor role. Observable effects of different mediu
modifications of theD13 will be reported elsewhere.

The transport equations~7! do not yet give the correc
asymptotic spectral phase space densities for particles
are stable in the vacuum. This can be seen by noting th
collision broadened particle does not automatically lose
04461
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collisional width when being propagated out of the nucle
environment. The same problem appears for resonan
whose imaginary part of the self-energy is nonzero
medium in kinematical regimes where it is zero in vacuu

The reason for this deficiency is directly related to t
semiclassical approximations on which the transport eq
tion ~7! is based, in particular the neglect of coherence
fects. However, since a realistic quantum transport theor
numerically not yet realizable, we will nevertheless wo
with Eq. ~7! as it is certainly a step beyond the usual on-sh
approximation. Moreover, if the time evolution of the syste
is such that the rate of particle production and absorptio
much larger than the change of the width with time, t
problem with surviving off-shell contributions will be negli
gible. Under the assumption that the gain term in the co
sion term is in magnitude comparable to the loss term we
formulate this in the following way:

Gdt@
dG

G
. ~13!

In case of a particle moving in a static nuclear medium w
density profiler(rW) we can rewrite this condition:

¹W r•eW p

r
!

1

l
, ~14!

whereeW p is a unit vector along the momentum direction
the particle andl denotes its mean free path. In Sec. IV
we will discuss the validity of this condition for our calcula
tions and present possible remedies to the problem.

D. Parametrization of the elementarygN cross sections

For invariant energiesAs,2.1 GeV, corresponding to
Eg,1.88 GeV on a free nucleon at rest, we describe o
pion, two-pion, and eta production as in Ref.@12#. For the
two-pion production cross sections on the neutron we me
while use the experimental data from Refs.@34,35# instead of
the recipe described in Ref.@12#. For larger energies we use
like for the hadronic interactions, the string fragmentati
modelFRITIOF where we initialize a zero-massr0 meson for
the photon following a vector-meson dominance~VMD ! pic-
ture. For the total cross section we use a parametriza
from Ref. @26#. The Lund model is then used to determin
the probabilities for the different final states. In Fig. 6 w
show that this gives a very good description of charged p
ticle multiplicities in photon-proton collisions; the agreeme
seen there is better than could be expected from a model
had been developed for applications at high energies. H
ever, we do not expect the Lund model to give correct p
dictions for all specific channels, especially with respect
isospin. The role of the Lund model for our calculations is
supply us with an overall description of the elementary re
tion dynamics in order to allow us to take into account m
tistep processes where, for example, a primary produced
produces a vector meson on a second nucleon.

The vector-meson~r,v,f! production ingN→VN colli-
sions is fitted to experimental data@36,37# and treated inde-
4-5
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FIG. 6. Charged particle mul-
tiplicity cross sections ingp reac-
tions: gp→1 charged particle
@dashed line~calculation as de-
scribed in the text!, squares~ex-
perimental data from Ref.@49#!#,
three charged particles~dotted
line, circles!, five charged par-
ticles ~dot-dashed line, up tri-
angles!, and seven charged par
ticles ~dot-dot-dashed line, down
triangles!. Also shown is the total
cross section~solid line, rhombs!.
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pendent of the Lund model also for high energies. The cr
section is given as

sgN→NV5
1

pis
E dmuM Vu2pfAV~m!, ~15!

whereAs is the total energy of thegN system,pi ,pf are the
momenta of the initial and final particles in the center-
mass system, andAV is the spectral function of vector meso
V @Eq. ~4!#. The matrix elementsMV are parametrized in the
following way:

uM ru250.16 mb GeV2,

uM vu25
0.08pf

2

2~As21.73GeV!21pf
2

mb GeV2,

uM fu250.004 mb GeV2. ~16!

In Fig. 7 we show the resulting cross sections~dash-dotted
curves! for gp→pr0 ~upper part!, gp→pv ~middle part!,
andgp→pf ~lower part! in comparison with the experimen
tal data. For the angular distribution of the produced vec
mesons we use

ds

dt
}exp~Bt!, ~17!

wheret denotes the square of the four-momentum transfe
the photon to the vector meson. In Ref.@36# the parameterB
was, depending on photon energy, fitted tor0 production.
Here, we adopt these values and also use them forv andf
production.

In our calculations there is an additional contribution
gN→Nr0 coming from the decays of theN(1520) and
04461
ss

-

r

f

N(1680) resonances which is shown in Fig. 7 by the das
line. These decays predominantly contribute to low masr
mesons below the experimentally seenr production thresh-
old.

Besides the exclusive processgN→VN we also have, for
the photon energies considered here, to take into acc
additional channels for the photoproduction of vector m
sons. For energies above 2.1 GeV we calculate these c
sections using the Lund model. Below 2.1 GeV we abs
everything into the channelgN→VpN for which we use the
following cross section:

sgN→VpN5
16~2p!7

piAs
E dmdF3uM Vpu2AV~m!, ~18!

wheredF3 denotes the three-body phase space elemen
for example, given by Eq.~35.11! in Ref. @20#. The matrix
elements are adjusted to give a continuous transition to
string fragmentation model atAs52.1 GeV. We use

uM r0pu25uM vpu250.5 mb.

The calculated inclusive rho and omega production cr
sections~after subtraction of the exclusive part! are shown as
dotted lines in Fig. 7. The total inclusive vector-meson p
duction cross sections are indicated as solid lines.

For photon energies above 1 GeV we take into acco
nuclear shadowing of the incoming photon by adopting
model of Ref.@38#. Since this has, for the photon energi
considered here, only a small impact on the final results,
specific transport theoretical realization will be describ
elsewhere@39#.
4-6



ng

th

te

-
the
th

to
ir-

is
cay

m
by a
tial

litz
ion.

ctra
s
is

um
r a
.
m

of
gion

e
ad-

g

ys.
10

l

ion

iv

e1e2 PAIR PRODUCTION FROMgA REACTIONS PHYSICAL REVIEW C 60 044614
E. Dilepton production

In our analysis we calculate dilepton production by taki
into account the contributions from the Dalitz decaysD
→Ne1e2, h→ge1e2, v→p0e1e2, andp0→ge1e2 and
the direct dilepton decays of the vector mesonsr,v,f.

The Dalitz decays of thep0 and theh are parametrized
according to Ref.@41#. For the Dalitz decay of thev we use
the parametrization from Ref.@40#. The D Dalitz decay is
described in line with Ref.@42# where we, however, useg
55.44 for the coupling constant in order to reproduce
photonic decay widthG0(0)50.72 MeV.

The dilepton decay of the vector mesons is calcula
assuming strict vector-meson dominance@43# as in Ref.@7#:

GV→e1e2~M !5CV

mV
4

M3 , ~19!

FIG. 7. Ther ~upper part!, v ~middle part! andf ~lower part!
meson production cross section forgp reactions. The experimenta
data corresponding to the exclusive reactionsgp→Vp (V
5r,v,f) are taken from Ref.@36# ~solid circles! and from Ref.
@37# ~open squares!. The dash-dotted lines are our parametrizat
of the exclusive data; the dashed line~upper part! is the resonance
contribution. The dotted lines indicate the calculated inclus
vector-meson production cross section~see text!; the solid lines
correspond to the total vector-meson production cross section.
04461
e
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where Cr58.81431026, Cv50.76731026, and Cf
51.34431026, respectively @20#. Within an extended
vector-meson dominance picture@44# one has a dilepton de
cay amplitude that consists of two terms, one describing
coupling of the virtual photon to the hadron with a streng
proportional toM2 and another with strength proportional
M0. However, since we neglect a direct coupling of the v
tual photon, the use of strict vector-meson dominance
more appropriate. We also note that this dilepton de
width together with our parameters for ther meson gives a
very good description of the experimental data fore1e2

→p1p2.
In our transport model the dilepton yield is obtained fro

the phase space distributions of the respective sources
time integration. For the vector mesons the mass differen
dilepton production is given as

dNV→e1e2

dm
5E

0

`

dt d3r
d3p

~2p!3
FV~rW,t,pW ,m!

GV→e1e2

g
,

~20!

whereg is a Lorentz factor which appears sinceGV→e1e2 is
the width in the rest frame of the vector meson. The Da
decay contributions contain an additional mass integrat
For theD resonance we have, for example,

dND→Ne1e2

dm
5E

0

`

dt d3r
d3p

~2p!3
dm2FD~rW,t,pW ,m2!

1

g

3
dGD→Ne1e2

dm
. ~21!

III. DILEPTON PRODUCTION IN gA REACTIONS

A. Hadronic contribution

In Figs. 8–10 we present the calculated dilepton spe
ds/dM for gC, gCa, andgPb reactions at photon energie
Eg50.8, 1.5, and 2.2 GeV. A mass resolution of 10 MeV
included through a convolution of our calculated spectr
with a Gaussian. Here neither collisional broadening no
mass shift of the vector mesons were taken into account

The thin lines indicate the individual contributions fro
the different production channels; i.e., starting from lowM:
Dalitz decayp0→ge1e2 ~short-dotted line!, h→ge1e2

~dotted line!, D→Ne1e2 ~dot-dashed line!, and v
→p0e1e2 ~dot-dot-dashed line!; for M'0.8 GeV: r0

→e1e2 ~dashed line!, v→e1e2 ~dot-dot-dashed line!, and
f→e1e2 ~dashed line!. The solid lines represent the sum
all sources. The dominant processes in the low mass re
up to M.500 MeV are theh, v, and D Dalitz decays.
Above M;0.6 GeV the spectrum is dominated by th
vector-meson decays with a low background from other h
ronic sources.

In our calculations we only take into accountr mesons
with masses above 2mp which is the threshold of the stron
decay since in the calculation of the spectral function@Eq.
~4!# we neglect contributions from electroweak deca
Therefore we get a discontinuity of our spectra in Figs. 8–

e

4-7
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at the two-pion mass that is, however, because of the o
sources and the mass resolution hardly visible.

B. Bethe-Heitler contribution

Besides the ‘‘hadronic’’ contributions as discussed abo
we also have to take into account dilepton production via
so-called Bethe-Heitler~BH! process for which the Feynma
diagrams are depicted in Fig. 11 that contribute to low
order in the electromagnetic coupling constanta.

On a single nucleon, with the electromagnetic form fa
tors known from electron scattering, the BH process is co
pletely determined by quantum electrodynamics~QED! and
can easily be calculated. For a detailed description of
involved matrix elements we refer to Ref.@45# from which
we also adopted the parametrizations of the electromagn
form factorsW1(Q2,n) andW2(Q2,n) of the nucleon.

FIG. 8. The dilepton invariant mass spectrads/dM for gC at
the energy ofEg50.8 GeV~upper part!, 1.5 GeV~middle part!, and
2.2 GeV~lower part! calculated with bare meson masses includ
a mass resolution of 10 MeV. The thin lines indicate the individ
contributions from the different production channels; i.e., start
from low M: Dalitz decay p0→ge1e2 ~short-dotted line!, h
→ge1e2 ~dotted line!, D→Ne1e2 ~dot-dashed line!, and v
→p0e1e2 ~dot-dot-dashed line!; for M'0.8 GeV:v→e1e2 ~dot-
dot-dashed line! andr0→e1e2 ~dashed line!. The solid line repre-
sents the sum of all sources.
04461
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For our calculations we take only the incoherent sum o
BH contributions on single nucleons into account and
glect contributions where the intermediate photon couple
the charge of the whole nucleus. While the latter will, b
cause of theZ2 dependence, dominate all integrated cro
sections, it can experimentally easily be suppressed by
propriate missing mass cuts.

In Fig. 12 we compare the BH contributions forgPb at
1.5 ~upper part! and 2.2 GeV~lower part! with the ‘‘had-
ronic’’ contributions that we have already shown in Fig. 1
One sees that the sum of the elementary cross sections o
proton and the neutron~dashed lines! is much larger than the
‘‘hadronic’’ contributions ~solid lines! for dilepton masses
below 0.6 GeV. In the region of ther andv mesons the BH
contribution is about a factor of 4 smaller but still no
negligible. With the inclusion of Fermi motion and Pau
blocking ~dotted lines! the BH contribution is reduced sig
nificantly for low invariant masses but hardly affected f
masses larger than 700 MeV.

In order to suppress the BH contribution we implemen
the cuts (k•p),(k•p1).0.01 GeV2, where k is the four-
momentum of the incoming photon, andp, p1 are the four-

l
g

FIG. 9. The dilepton invariant mass spectrads/dM for gCa
at the energy ofEg50.8 GeV~upper part!, 1.5 GeV~middle part!,
and 2.2 GeV~lower part! calculated with bare meson masses
cluding a mass resolution of 10 MeV. The assignment is the sa
as in Fig. 8.
4-8
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momenta of electron and positron, respectively. These c
which reflect the polelike behavior of the intermediate el
tron propagator, suppress the BH contribution by a facto
10 — dot-dashed lines in Fig. 12 — and practically do n
have any influence on the ‘‘hadronic’’ contributions.

In our calculations we do not take into account interf
ence terms between the BH and the ‘‘hadronic’’ contrib
tions. In inclusive reactions in which one sums both over
e1e2 pair and that pair in whiche1 ande2 are exchanged
the total contribution from the interference term vanish

FIG. 10. The dilepton invariant mass spectrads/dM for gPb
at the energy ofEg50.8 GeV~upper part!, 1.5 GeV~middle part!,
and 2.2 GeV~lower part! calculated with bare meson masses
cluding a mass resolution of 10 MeV. The assignment is the s
as in Fig. 8.

FIG. 11. Feynman diagram forgN→e1e2X for the Bethe-
Heitler process.
04461
ts,
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Therefore, the BH contribution can be separated. We t
discuss in the following only the hadronic component.

IV. IN-MEDIUM EFFECTS IN DILEPTON PRODUCTION

A. Collisional broadening

The in-medium widths of ther andv mesons are calcu
lated as sketched in Sec. II C. In the rest frame of the me
the total in-medium width is given as

G tot
V ~m,upW u,r!5Gvac

V ~m!1Gcoll
V ~m,upW u,r!, ~22!

where the collisional widthGcoll
V reads

Gcoll
V ~m,upW u,r!5gr^vVNsVN

tot &, ~23!

andGvac
V is the vacuum decay width. In Eq.~23! the brackets

stand for an average over the Fermi sea of the nucleons,vVN
is the relative velocity between vector meson and nucle

e

FIG. 12. The dilepton invariant mass spectrads/dM for gPb at
the energy ofEg51.5 GeV~upper part! and 2.2 GeV~lower part!.
The solid lines indicate the ‘‘hadronic’’ spectra as in Fig. 10. T
dashed lines are the Bethe-Heitler contribution calculated as a
of incoherent contributions fromg1nucleons. The dotted lines
show the BH yield with taking into account nucleon Fermi moti
and Pauli blocking. The dot-dashed lines are the BH terms with
cuts (kp),(kp1).0.01 GeV.
4-9
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andsVN
tot is their total cross section.r is the nuclear density

andg the Lorentz factor for the boost to the rest frame of t
vector meson.

The upper part of Fig. 13 shows the collisional width
ther meson as a function of momentum and mass at nuc
matter densityr5r0 . The structure at lowm comes from the
resonance contributions, especially from theD13(1520).
Note that the width becomes very large~up to about 600
MeV!, corresponding to a complete melting of ther meson.
The lower part of Fig. 13 shows the momentum and den
dependence of thev collisional width calculated at the pol
massm5mv

0 . At nuclear matter densityr0 and a momentum
of p51 GeV we obtain a collisional width of about 80 Me
which is about a factor of 10 larger than the vacuum de
width.

1. Observable consequences

In Fig. 14 ~upper part! we show the contribution of ther
meson to thee1e2 yield for gPb at 1.5 GeV. The solid line

FIG. 13. The upper part shows the collisional width of ther
meson as a function of momentum and mass at normal nuc
densityr5r0 . The lower part is the momentum and density dep
dence of thev collisional width calculated atm5mv

0 .
04461
ar

ty

y

indicates the bare mass case~as in Fig. 10!, i.e., without
collisional broadening. The curve labeled ‘‘coll. broade
ing’’ ~dash-dotted line! results if we take into account th
collision broadening effect in the production of ther me-
sons. Here we calculate ther-meson production cross sec
tions in photon-nucleon collisions@Eqs.~15! and ~18!# with
the in-medium spectral function. Since the in-medium sp
tral function depends on the momentum of ther meson with
respect to the nuclear medium, an additional angular inte
tion has to be performed. For the case of exclusive prod
tion gN→Nr we use the angular distribution from Eq.~17!.
For gN→Nrp we assume an isotropic three-body pha
space distribution.

As discussed in Sec. II C we do not modify theNr width
of the baryonic resonances but the masses of ther mesons
stemming from these decays are distributed according to
~phase space weighted! in-medium spectral function. We
again, neglectr mesons with masses below the two-pio
threshold.

ar
-

FIG. 14. The dilepton yield fromr ~upper part! and v ~lower
part! meson decays forgPb at 1.5 GeV calculated within differen
prescriptions: the solid lines are the results with bare mass,
dot-dashed lines indicate the calculation with collisional broad
ing, the dot-dot-dashed lines correspond to the instantaneous d
the dotted line~upper part! is the result withGmin

pp 510 MeV, and the
short dashed lines indicate the yield calculated with the ‘‘propa
tion to bare mass’’ prescription.
4-10



a

e

h
io
ca
nc
o

on

e
m

n-

ld
er

ec
g
e

th
di
n

a
-

e
io
t

er
tio
sa

e

de

e
os
s
h

f-
ed

le
us it

ual
oes

he
ions
ble.
to-
es
ve
po-
y
for

he

ed.
the
ason
f the

e
to

er-
ons
in-

n Fig.

l
ove

ous

pro-
he
into
ous

the
rint

e1e2 PAIR PRODUCTION FROMgA REACTIONS PHYSICAL REVIEW C 60 044614
From Fig. 14 one sees that the inclusion of collision
broadening leads to a depletion of ther-meson peak by
about 30% and a shift of strength to lower dilepton mass
One also observes a very large peak atM52mp which is in
fact a pole but here finite due to our numerical solution. T
reason for this divergence is directly related to our discuss
in Sec. II C of the asymptotic solutions of the semiclassi
transport equation when including in-medium spectral fu
tions. At the two-pion mass the vacuum spectral function
the r meson is zero while the in-medium spectral functi
has some finite value since the collision width from Eq.~23!
does not vanish. When travelling to the vacuum the resp
tive component of the spectral phase space density beco
infinitely long lived and leads to the divergence. If we i
cluded the electroweak decay width of ther meson into the
collision term of the transport equation, the problem wou
not be solved. The pole would only be replaced by a num
cally indistinguishable large peak.

In Fig. 14 ~lower part! we show the contribution of thev
meson when including collisional broadening~dash-dotted
line! in comparison to the calculation with the vacuum sp
tral function~solid line, as in Fig. 10!. One observes a stron
broadening of thev peak which is partly covered up by th
inclusion of a mass resolution of 10 MeV. However, such
strong broadening is not realistic because most of thev me-
sons that contribute to the dilepton spectrum decay in
vacuum. This is also reflected by the violation of the con
tion ~14! for the validity of our off-shell transport equation i
this case.

2. Prescriptions to obtain correct asymptotic behavior

In the following we want to discuss a prescription th
allow us to obtain a divergence-freer-meson and a reason
ablev-meson contribution. For that purpose we introduc
potential that shifts a particle to its vacuum spectral funct
when it propagates to the vacuum. Such a potential canno
defined on the level of the transport equation~7!. However,
we can introduce such a potential on the level of our num
cal realization. We recall that we solve the transport equa
by a so-called test particle method; i.e., we make an an
for the spectral phase space densityF:

F~rW,t,pW ,m!}(
i

d„rW2rW i~ t !…d„pW 2pW i~ t !…d~m2m i !,

~24!

whererW i(t), pW i(t), andm i denote the spatial coordinate, th
momentum, and the mass of the test particlei, respectively.
Now, we can define for each test particle a density-depen
scalar potentialsi in the following way:

si„r i~ t !…5~m i
med2m i

vac!
r i~ t !

r i
cr

, ~25!

where m i
med is the ‘‘in-medium’’ mass of the test particl

chosen according to the mass differential production cr
section.m i

vac is the ‘‘vacuum’’ test particle mass which i
chosen according to the production cross section wit
04461
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vacuum spectral function.r i
cr is the baryon density at the

creation point, whereasr i(t)5r„rW i(t)… is the baryon density
during the propagation. Setting the test particle massm i to
the ‘‘vacuum’’ massm i

vac the effective in-medium massm i
!

is given as

m i
!
„r i~ t !…5m i

vac1si„r~ t !…. ~26!

Equation~26! gives the correct asymptotic behavior: the e
fective mass at the creation point is kept unchang
@m i

!(r i
cr)5m i

med#; during the propagation the test partic
mass changes linearly with density and outside the nucle
becomes equal to the bare massm i

!(r i50)5m i
vac. The po-

tential si enters into the test particle propagation as a us
potential and therefore guarantees that this prescription d
not violate energy conservation.1

The potential~25! can assume rather large values in t
case of broad resonances even if the in-medium correct
are small. Its effect is, nevertheless, in this case negligi
As a check we have performed a calculation of the pho
production ofr mesons in which we distributed the mass
m i

med according to the vacuum spectral function. This ga
practically the same result as the calculation without a
tential since the lifetime of ther mesons is so short that onl
very few propagate through a relevant density gradient
which the potential becomes important.

In Fig. 14 we show the results of our calculations with t
described prescription for ther and thev mesons~curves
labeled ‘‘propagation to bare mass,’’ dashed lines!. For ther
meson the divergence at the two-pion threshold is remov
For invariant masses above 500 MeV we get practically
same result as without the prescription because of the re
described in the preceding paragraph. The broadening o
v peak is reduced because now only thev mesons that de-
cay inside the nucleus contribute to the broadening.

Another possibility to overcome the problems with th
transport theoretical treatment of broad resonances is
avoid their explicit propagation. Therefore we have also p
formed simulations in which we calculated the cross secti
for elementary dilepton production via vector mesons as
stantaneous one-step processes. The results are shown i
14 by the curves labeled ‘‘instantaneous decay’’~dot-dot-
dashed lines!. The r-meson contribution is almost identica
to the one calculated with the prescription described ab
because of its very short lifetime. For thev meson we get a
reduction by about a factor of 3 since in the instantane
decay scheme we neglect the possibility that anv meson can
escape from the nucleus and then contribute to dilepton
duction with a much larger branching ratio than inside t
nucleus. As such dynamical effects are important to take
account we consider the description via an instantane
process to be inadequate.

1After this paper was submitted two other papers dealing with
propagation of broad resonances appeared on the LANL prep
server@46,47#.
4-11



th
a
re

a

cr
to
s
ll
ur
n

in
g

c

th
out
v-

nto
in

the

5

ne
t

s.

ping

dot-
dent

M. EFFENBERGER, E. L. BRATKOVSKAYA, AND U. MOSEL PHYSICAL REVIEW C60 044614
The easiest way to cope with the divergence of
r-meson contribution is to use a minimum two-pion dec
width. In Fig. 14 we show the result of a calculation whe
we set this minimum width to 10 MeV~dotted line!. One
sees that still a large peak remains. Moreover, this appro
is in any case questionable.

For the reasons described above we consider the pres
tion ‘‘propagation to bare mass’’ as the only possibility
implement collision broadening effects in our calculation
However, we want to stress that this prescription is not fu
satisfactory since it is only formulated on the level of o
specific numerical solution of the transport equation a
since it neglects any memory effects.

B. ‘‘Dropping’’ vector-meson mass

In order to explore the observable consequences
vector-meson mass shifts at finite nuclear density the
medium vector-meson masses are modeled accordin
Brown-Rho scaling@3# or Hatsuda and Lee@4# by introduc-
ing a scalar potentialSV(rW):

SV~rW !52amV
0 r~rW !

r0
, ~27!

wherer(rW) is the nuclear density,mV
0 the pole mass of the

vector meson,r050.168 fm23, anda.0.18 for ther andv.
The effective massm! is then given as

m!5m1SV . ~28!

For the effective pole massm0
! we thus get

m0
!5S 12a

r~rW !

r0
DmV

0.

In photon-nucleus reactions vector mesons are produ
with large momenta relative to the nuclear medium. Within
resonance-hole model for ther-meson self-energy in the
nuclear medium it has been shown in Ref.@48# that the real

FIG. 15. The dilepton yield fromv mesons forgPb at 1.5 GeV.
The solid line indicates the bare mass case, the dot-dashed li
the result with in-medium masses, and the dashed line shows
effect of collisional broadening together with the dropping mas
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part of the in-mediumr-meson self-energy increases wi
momentum and crosses zero for a momentum of ab
1 GeV. In order to explore the implications of such a beha
ior we also use a momentum-dependent scalar potentialSV

mom

for the vector mesons:

SV
mom~rW,pW !5SV~rW !S 12

upW u
1 GeV

D . ~29!

In our calculations we take the vector-meson potentials i
account for the calculation of the phase space factors
gN→NV @Eq. ~15!# andgN→NVp @Eq. ~18!#. We neglect
these modifications for the vector-meson production in
string fragmentation modelFRITIOF and also do not modify
the Nr widths of the baryonic resonances.

C. Dileptons from gA reactions: In-medium effects

In Fig. 15 we show the contribution coming from thev
meson toe1e2 production ingPb at a photon energy of 1.

is
he

FIG. 16. The dilepton invariant mass spectra forgPb at 1.5 GeV
~upper part! and 2.2 GeV~lower part!. The solid lines indicate the
bare mass case, the dashed lines are the result with the drop
mass scenario, the dotted line~upper part! shows the effect of col-
lisional broadening together with the dropping mass, and the
dot-dashed lines indicate the result with the momentum-depen
potential from Eq.~29!.
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GeV. A dropping mass scenario according to Eq.~27! ~dot-
dashed line! gives a two-peak structure corresponding tov
mesons decaying inside and outside the nucleus, res
tively. An additional inclusion of collisional broadening, a
described in Sec. IV A, gives a substantial broadening of
dilepton yield fromv mesons that decay inside the nucleu
The height of the peak around the vacuum pole mass of
v meson is hardly affected by the dropping mass scena
On the one hand, the lowering of the mass reduces
vacuum peak becausev mesons decaying inside the nucle
contribute to lower masses. On the other hand, the total
duction ofv mesons is enhanced since the phase space
tors entering the elementary photoproduction cross sect
@Eqs. ~15! and ~18!# are increased for lower masses. In o
calculation both effects nearly cancel each other for mas
around the vacuum pole.

In Fig. 16 ~upper part! we show the totale1e2 yield for
the same reaction. A dropping mass scenario for the ve
mesons~dashed line! leads to a second peak structure at
variant masses of about 650 MeV. The peak around
MeV remains practically unchanged since it is dominated
v mesons decaying outside the nucleus.

With the inclusion of collisional broadening the in
medium peak gets completely washed out~dotted line!. The
dilepton yield at intermediate masses is about a factor o
larger than in the bare mass case. At the two-pion thresh
there is a visible discontinuity which results from our negle
of r mesons with effective masses below the two-pion ma

Using the momentum-dependent scalar potential from
~29! we obtain the curves labeled ‘‘momentum-depend
potential’’ ~dot-dot-dashed lines!. The result is very close to
the bare mass case as the vector mesons are mainly prod
with momenta around 1 GeV for which the potential is ze

In the lower part of Fig. 16 we show that the effect of
dropping vector-meson mass at a photon energy of 2.2 G
is qualitatively the same as for 1.5 GeV. The calculation w
a momentum-dependent potential gives again a result th
practically the same as for the bare mass case.

In photonuclear reactions vector mesons are in gen
produced with larger momenta relative to the nuclear m
dium than in heavy-ion collisions. Since the in-medium sp
tral functions of the vector mesons are momentum dep
dent, one might thus observe rather different in-medi
effects in both reactions. These, together with additional
i.

s.
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formation from pion-nucleus and proton-nucleus reactio
@17#, might help to discriminate between different scenar
of medium modifications. Therefore a calculation of all r
actions within one model is necessary for a conclusive in
pretation of the experimental data. Our BUU transport mo
provides such a tool.

V. SUMMARY

We have studiede1e2 production ingC, gCa, andgPb
reactions at photon energies of 0.8, 1.5, and 2.2 GeV wit
a semiclassical transport model. Various contributions w
taken into account for dilepton production: Dalitz decays
D(1232), p0, h, andv as well as direct dilepton decays o
the vectors mesonsr, v, andf. We have focused on observ
able effects of in-medium modifications of the vector meso
r andv.

It was shown that the Bethe-Heitler process which dom
nates all integrated cross sections for dilepton production
be sufficiently suppressed by appropriate cuts on the lep
momenta. For dilepton invariant masses above 600 MeV
spectrum is dominated by the decays of the vector mes
~r,v,f!. A mass shift of these mesons as proposed in R
@3,4# leads to a substantial enhancement of the dilepton y
at invariant masses of about 650 MeV by about a factor o
and should clearly be visible in experiments that will
carried out at TJNAF@18#. However, a calculation for which
we used a linearly momentum-dependent potential for
vector mesons@48# gave practically no effect compared t
the bare mass case.

We have stressed the necessity of a simultaneous des
tion of vector-meson production in different nuclear rea
tions as one probes in-medium properties at different m
menta relative to the nuclear medium.

Exemplarily for the case of ther and thev mesons we
have discussed the conceptual problems in the treatmen
broad resonances in semiclassical transport models. We
presented a prescription that allows one to obtain reason
results when taking into account in-medium spectral fu
tions.
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