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We present a calculation @ e~ production inyA reactions at MAMI and TINAF energies within a
semiclassical Boltzmann-Uehling-Uhlenbeck transport model. Dilepton invariant mass specifa, fe€a,
and yPb are calculated at 0.8, 1.5, and 2.2 GeV. We focus on observable effects of medium modifications of
the p andw 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 resonf86856-281®9)05609-5

PACS numbes): 25.20.Lj, 13.60.Le, 14.40.Cs, 24.14.

I. INTRODUCTION and the strong assumptions that enter semiclassical transport
models. In heavy-ion collisions particle production depends
In-medium properties of hadrons are of fundamental in-ot only on a large number of elementary reaction channels
terest with respect to an understanding of QCD in the nonbut also on the global space-time evolution of the system. On
perturbative regimecf. [1]). During the past decade espe- the other hand, photon, pion, or proton induced reactions
cially the properties of vector mesons have found widespreadllow one to fix certain ingredients of the transport model as
attention as they may be related to chiral symmégy4]. observables depend in general only on a few rgaction chan-
A comparison of experimental data on dilepton produc-nels- In Ref[14] we have, for example, determined the in-
tion in nucleus-nucleus collisions at SPS energfes] with ~ Mediumz-nucleon cross section from photoproduction’of
transport theoretical calculatiorid,8] seems to indicate a 7 MeSONs. Just recently we were able to improve consider-
lowering of thep-meson mass in the nuclear medium. How- ably our treatment qf thel resonance by comparing our
ever, since in a heavy-ion collision the final dilepton yield is cglculatlons to experimental data on the photoproduction of
obtained by an integration over dileptons emitted at differenplons[15]'

densiti d temperatur discrimination between differ Within our model we have already given predictions for
ensities and temperatures, a disc ation betwee edilepton production in pion nucleus reactiofis®] that will

ent scenarios of in-medium modifications for the vector Mepe measured by the HADES Collaboration at GST]. In
sons is difficult[9,10]. the present paper we want to look ete~ production in
Moreover, there is a more fundamental concern: “ltrar3|aphotonuclear reactions in the energy range from 0.8 to 2.2
tivistic heavy-ion reactions proceed, at least in their initialGeV’ which will be accessible at TINAFL8] and at its
stages, far from equilibrium, whereas all theoretical predicigyest energy also at MAMI.
tions of in-medium properties are based on equilibrium as- Qur paper is organized as follows: In Sec. Il we describe
sumptions. Therefore it is necessary to probe in-mediunpur model. Here we focus on the treatment of broad reso-
properties of vector mesons under “cleaner” conditions. Fomances and our description of elementary photon nucleon
that purpose photon or pion induced reactions are promisingeactions. In Sec. Il we present our results for dilepton pro-
tools. In such reactions the nuclear medium is very close taluction in photon nucleus reactions and discuss the possibil-
equilibrium at normal nuclear density and temperature zeraity of subtracting the Bethe-Heitler contribution. In Sec. IV
The predicted in-medium effects for the vector mesons are swe include in-medium modifications for the vector mesons
large that they should have observable consequences alreaidlyo our calculations and present their effect on the dilepton
for densitiesp=p,. Here one should note that even theyield. We close with a summary in Sec. V.
dileptons seen in ultrarelativistic heavy ion reactions stem to
a large part from densities<2p,.
Our calculations are based on a semiclassical Boltzmann-

Uehling-UhlenbeckKBUU) transport model that has recently  The transport model used here has been developed start-
been very successfully applied to the description of heavying from the model that has been described in full detail in
ion collisions at SIS energigd 1] and photoproduction of Refs.[11,19. Here we restrict ourselves to the description of
pions and etas in nucl¢l2]. Meanwhile, we have extended the essential new features of our method.

the model to the description of dilepton as well as strange-
ness production and to the high energy regime by including
the Lund string fragmentation modekriTioF [13]. This al-
lows us to calculate inclusive particle production in heavy Instead of the baryonic resonances in Ré&fl] that were

ion collisions from 208 MeV to 200A GeV, in photon and taken with their parameters from the PI)@)] we now use

pion induced reactions with the very same physical input. Irthe resonances from the analysis of Manley and Saledki

our opinion, the simultaneous description of as many experiThis has the advantage of supplying us with a consistent set
mental observables as possible is necessary because of thferesonances. In particular, now the resonance parameters
large number of parameters, like unknown cross sectiongre consistent with the parametrizations of the resonance

II. BUU MODEL

A. Resonance properties
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widths. We take into account all resonances that are rated TABLE I. Properties of mesonic resonancis, andI'y denote
with at least two stars in Ref21]: P3y(1232, P1,(1440,  the pole mass and the width at the pole mass, respectively.
D13(1520, S;4(1539, P33(1600, S3(1620, S$;4(1650,
D15(1679, F15(1680, P15(1879, S5,(1900, Fs5(1905, Mo T

P31(1910, D35(1930, F371950, F17(1990, G;+(2190, and Meson [MeV] [MeV] Decay channels
D35(2350. The resonances couple to the following channels: 770 151 -

N, N‘/], Nw, AK, A(1232)77, Np, No, N(l440)’77, and 782 8.4 wm (2%), 7_[.0,}/ (9%), P i g (89%)
A(1232)p. The cross section for the productlon. of a reso- 1020 44 pr (13%, KK (84%, = 7 7 (3%)
nanceR in a collision of a mesom with a baryonB is given 800 800 o

by

§ & &

in pout
OB R= 2Jpt1 4_77 ST mel ot , WhereC'nﬁ*B is the appropriate Clebsch-Gordan coefficient for
(2ImT1)(2J 1) K2 (s—MR)?+sI'i? the coupling of the isospins of the baryon and the meson to
(1)  the isospinl; of the resonance.

i We note that we use — in contrast to REZ1] — rela-
whereldg, J,,, andJg denote the s_plns_of the resonance, thejyistic propagators in Egs(1) and (4) and momentum-
baryon, and the meson, respectivekyis the c.m. system ggpendent widths in the spectral functions of the outgoing
(c.m.s) momentum of the incoming particles is the  aricles. However, this has only a very small effect on the
squared invariant energy, aidp, is the pole mass of the esonance production cross sections and does not require a
resonance. The total decay widff}s}' is given as a sum over readjustment of the resonance parameters.

the partial decay widths of the resonance. For a specific The mesonic resonances are treated analogously to the

channelmBiit is baryonic ones; i.e., their two-body decay widths are calcu-
lated according to Eq2). The parameters used are given in
l—woué:FEnB Pme(S) 2) Table I. The three-pion decay width of the meson is as-
pme(Mg)’ sumed to be constant since it is very small.

with T'0,; being the partial decay width at the pole of the
resonance angd,g(s) is given as

B. Collision term
1. Baryon-baryon collisions

pPme(S) = f dumdusAn wm) As( wg) For |nvar_|a_1nt energles/§< 2.6 QeV we describe b_aryon-
baryon collisions as in Refl11] with the same matrix ele-
ments. Our modified treatment of the resonance properties
q(S,im,MB) 5 . .
X———=—Bj (aR), (3)  preserves the very good agreement with the experimental
\/g me data on one- and two-pion production in nucleon-nucleon
collisions shown in Ref{11]. For higher energies we use the
where A, and Ag denote the spectral functions of the out- string fragmentation modeiriTioF [13] with the same pa-
going particlesq is their c.m.s. momentunh,,g is their rela-  rameters as in Ref23]. This approach is similar to the ones
tive orbital angular momentum, ancﬂs,mB is a Blatt- in the hadronic transport models described in Rgdd,25|.

Weisskopf barrier penetration factd22,21] (interaction

radiusR=1 fm). For the spectral functiod; of an unstable 2. Meson-baryon collisions
particlei we use For meson-baryon collisions we use the string fragmenta-
, tion model for\/s>2.2 GeV. For lower energies the most
() 2 m T ol ) @ important contributions come from intermediate nucleon
iln)=— ) ; ; .
T (W2 M?)2+M2Ft2m(ﬂ) resonances which are described according to(Eq.

In the case ofr™ p scattering the incoherent sum of all
where M; denotes the pole mass aii,(x) is the total ~resonance contributions_ gives a very good agreement with
width. Here we neglect any spin degrees of freedom as wefXPerimental data for pion momenfg <1.1 GeV, corre-
as a momentum dependence of the real part of the selfponding to invariant energiegs<1.73 GeV. In Fig. 1 we
energy. For a stable particlevith respect to the strong inter- show the totalm"p cross section. For higher energies
action we simply have (1.73 Ge\k {s<2.2 GeV) we additionally include a back-

ground mN— 7N cross section in order to reproduce the
Ai(pw)=(u—M;). (5)  total cross section for which we use a parametrization from
‘ the PDG[26] (shown as solid line in Fig.)1In Fig. 2 we
The incoming widthl' ;5 in Eq. (1) is given by show that the resonance contributions give a very good de-
scription of experimental data on elastic scattering, charge
, kBFmB(kR) exchange, and two-pion and eta production cross sections.
F};‘]B:CL?BF%B—, (6) For w*p scattering one gets, also for lower energies,
\/gme( Mg) good agreement with experimental data only if one takes into
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FIG. 1. The totalr~p cross section compared to the experimen- ';lcf ? Thj;mah" p cross section compared to the experimen
tal data from[49]. al data from[49].

0 : . .
account all resonances from RE21], including the one-star ' ©F 7 P scattering we have, from isospin symmetry,

ones, as can be seen from Figs. 3 and 4. Since we do not
explicitly propagate the one-star resonances we put their con-
tributions into background cross sections feN— 7N and
7N— m7N. For higher energies we, again, include a two-
pion production background term that is fitted to the totalfor the total cross section. The cross sections for pion-
cross section from Ref26]. neutron scattering also follow from isospin symmetry.

In Fig. 5 we compare the resonance contributions to
m p—np° to the experimental data from RdR27]. While
for invariant energies/s above 1.8 GeV the experimental
data are reasonably well described by the resonances, there is
a strong disagreement at lower energies, in particular in the
region of theD 15(1520) resonance. The mesons produced
at these energies have invariant masses essentially below the
pole massmg. In Ref.[27] the p-meson cross section has
been obtained by a fit to invariant mass spectra of the out-
going pions inm~p—n=" 7. For low /s the shapes of the
p meson and the “background” contributions become very
similar and a determination of themeson cross section gets
very difficult.

In Ref.[21] the couplings of the baryonic resonances to
the Np channel have been determined by using amplitudes

1
0 70p= 5(0-77+p+ On= p)

200 T T T 3.5
'p-x’p 3.0t
251
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------- w/o 1 * resonances 2.0r
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FIG. 2. w™p cross sections for elastic scattering, charge ex-
change, and two-pion and eta production. The experimental data are FIG. 4. #*p cross sections for elastic scattering and two-pion
taken from[49]. production. The experimental data are taken fiai®.

044614-3



M. EFFENBERGER, E. L. BRATKOVSKAYA, AND U. MOSEL PHYSICAL REVIEW 0 044614

4 ' ' ' ' ' where Fi(F,ﬁ,M,t) denotes the one-particle spectral phase

n‘p_>np° 1 space density of particle speciesvith r andﬁ being the

s E i spatial and momentum coordinates of the partigleis the
sum of resonance contributions ; ; ; qr n

_____ D, (1520) contioution E invariant mass of the particle and;(r,p,x,Fq, ... ,Fy)

stands for the single-particle mean field Hamilton function
which, in our numerical realizatioflL1], is given as

o [mb]

Hi=V(u+S)2+p? ®)

Whereﬁ(F,ﬁ,M,Fl, ...,Fn) is a scalar potential. We note
that we neglect a vector potential agdis an effective scalar
potential that is — for the nucleons — obtained from a non-
1.4 16 18 20 relativistic potential(for details see Ref[11]). The terms
Vs [GeV] Gi(r,p,u,Fy, ... Fy) andLi(r,p,u,Fy, ... Fy) stand for
FIG. 5. Cross section for~ p—npP. The experimental dataare @ ~_gain and a loss term, respectively, and
taken from Ref[27]. Ai(r,p,u,Fq, ... Fy) is the spectral function of particlie
The distribution functiorf; is defined by
for IN—Np that were obtained by a partial wave analysis

of all availablerN— N=# data in Ref[28]. We also note - _Fi(r.p.mt)
that the large coupling of th ;5(1520) resonance to thép fi(r,p,u,t) = APt ©)
1 1 1 1

channel found in Ref.21] is in line with other similar analy-
ses[29]. Therefore we consider the experimental data in Reffor staple particles it reduces to the usual phase space den-

[27] to be wrong for lowy/s. sity.
In gddition to the resonance contributions we include the |n order to be more specific abo@, andL; let us con-
following processes: sider, as an example, a system of nucleons, rho mesons,
pions, and a single baryonic resonance speBdbat are
TN oN, coupled only viaR—Np and p— 7. Then the gain term
G,is
7TN— wwN,
1 *pr > > dlr_n
G =—J ——durFR(T PR sR )
oN— 7N, "TA) (2m) MRERT, PR MR &p,dp,
oN—oN, X[1=fo(r,Pn, 0], (10
7N« ¢N, where the factor (% f,) accounts for the Pauli principle of
the outgoing nucleon ang,=pg—p, due to momentum
7N— ¢N, conservation. For simplicity, we have neglected a possible
finite width of the nucleons as well as a Bose enhancement
¢N— 7N, factor (1+f,) for the p meson. In the differential decay
width dI'g_,, the spectral function of the mesonA, en-
HN— N, ters simply as a multiplicative factdrEqgs. (2) and (3)].

Therefore, heré&,, does not depend oA, since we neglect
where we adopt the cross sections from R&6]. For cross ~any process where more than gneneson is produced, like,
sections involving anw meson we, of course, subtract our €-9.,R—ppN.
resonance contributions from these cross sections. The loss ternl., reads

C. Treatment of broad resonances dsp“ A
' Lp: p— T 3fn(r!pnvt)vnp0-pn~>Rr (11)
In our model broad resonances, like the baryon reso-
nances or the meson, are not just produced and propagate

with their pole mass but according to their spectral function
The transport equation for a system Nfparticle species

(ij/vith Vv, being the relative velocity of the nucleon and ghe
meson andr,,_.g their cross section for the production of
resonancer [Eq. (1)]. T’ denotes the two-pion decay

reads width of thep meson inptﬁgﬂcalculational frame.
9 oM o dH, a Th_e total in-mediu_m V\_/idtlftot,p appearing in the spectral
—t+—= —=——= —=|Fi=GA—-LiF; (i=1,...N), function from Eq.(4) is directly related to the loss rats, :
aqt op ar  ar Jp
™ Tiotp =Ly, (12
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wherey is a Lorentz factor which appears sintcg; , is the  collisional width when being propagated out of the nuclear
decay rate in the rest frame of tlpemeson. environment. The same problem appears for resonances
The loss and gain terms for the resonaRtean be writ-  whose imaginary part of the self-energy is nonzero in-
ten down in an analogous way. One immediately sees thahedium in kinematical regimes where it is zero in vacuum.
the transport equations of themeson and the resonanBe The reason for this deficiency is directly related to the
are coupled in a highly nonlinear way. Especially the in-semiclassical approximations on which the transport equa-
medium widths, which are functions of space-time and fourtion (7) is based, in particular the neglect of coherence ef-
momentum, of both particles depend on each other througfects. However, since a realistic quantum transport theory is
integral equation$Egs. (1), (2), (3), (4), and(11)]. numerically not yet realizable, we will nevertheless work
The above-described equations can easily be extended with Eq. (7) as it is certainly a step beyond the usual on-shell
a transport model with more particle species and a realistiapproximation. Moreover, if the time evolution of the system
collision term. We also note that it is straightforward to for- is such that the rate of particle production and absorption is
mulate the theory consistently for the real and imaginarymuch larger than the change of the width with time, the
parts of the self-energies of the particles. However, in ouiproblem with surviving off-shell contributions will be negli-
model we treat the real and imaginary parts of the selfgible. Under the assumption that the gain term in the colli-
energies completely independently. This violates analyticitysion term is in magnitude comparable to the loss term we can
but in the present stage it would already require a considefformulate this in the following way:
able effort to treat the imaginary parts of all particles in a
realistic transport model in a completely self-consistent way.
In Ref.[31] it has recently been stressed that, because of
unitarity, it is important to respect E@12) in transport cal-
culations. This means that in the population of a resonanck case of a particle moving in a static nuclear medium with
the same width has to be used in the spectral function thatensity profnep(F) we can rewrite this condition:
enters the dynamical calculation via the collision term. In
Refs.[12,32 we have already taken into account the in- ﬁp.ép 1
medium widths of the baryonic resonances(1232), — <y (14)
N(1520), N(1535), andN(1680) in a consistent way for P
population and propagation. Since during a photoproductiogvhereé
reaction the nucleus remains, in the time interval relevant fO{
meson prodgctlon, close to its ground state, th.e calculatmn;\aNe will discuss the validity of this condition for our calcula-
effort is in this case manageable. As we describe the nuclea[llrons and present possible remedies to the problem
ground state in a local Thomas-Fermi approximation we can P P P '
use nuclear matter values for the in-medium widths that de-

dr
rdts> T (13

p IS @ unit vector along the momentum direction of
Fe particle anch denotes its mean free path. In Sec. IVA

pend only on the invariant magg the absolute value of the D. Parametrization of the elementary yN cross sections
three—momentunh5|, and the density: For invariant energies/s<2.1 GeV, corresponding to
L . . E,<1.88 GeV on a free nucleon at rest, we describe one-
r(r,t,p,u)—T(p(r,t),|pl, @) pion, two-pion, and eta production as in REf2]. For the

two-pion production cross sections on the neutron we mean-

In the present paper we only take into account the inwhile use the experimental data from Réf4,35 instead of
medium widths of thep and w mesons. In particular, we the recipe described in Rgfl2]. For larger energies we use,
neglect any medium-modifications of tidp widths of the  like for the hadronic interactions, the string fragmentation
baryonic resonances that would, in a self-consistent calculanodelFriTIOF where we initialize a zero-mag€ meson for
tion of the self-energies, directly follow from a modification the photon following a vector-meson dominarfe®1D) pic-
of the spectral function of thgp meson. As was shown in ture. For the total cross section we use a parametrization
Ref. [33] such effects might give large modifications of the from Ref.[26]. The Lund model is then used to determine
baryon widths and also influence the spectral function of thehe probabilities for the different final states. In Fig. 6 we
p meson. However, an inclusion of such effects would enshow that this gives a very good description of charged par-
hance the numerical effort dramatically, especially if oneticle multiplicities in photon-proton collisions; the agreement
takes also the modifications of the real parts of the selfseen there is better than could be expected from a model that
energies into account. Moreover, we do not expect such ehad been developed for applications at high energies. How-
fects to be relevant for photon energies above 1 GeV becausgser, we do not expect the Lund model to give correct pre-
here the nucleon resonances that lie belwly+ mg and dictions for all specific channels, especially with respect to
might thus get strongly modified, like th2,5(1520), play isospin. The role of the Lund model for our calculations is to
only a minor role. Observable effects of different mediumsupply us with an overall description of the elementary reac-
modifications of theD 5 will be reported elsewhere. tion dynamics in order to allow us to take into account mul-

The transport equation&) do not yet give the correct tistep processes where, for example, a primary produced pion
asymptotic spectral phase space densities for particles thptoduces a vector meson on a second nucleon.
are stable in the vacuum. This can be seen by noting that a The vector-mesoltp,w,¢) production inyN—VN colli-
collision broadened particle does not automatically lose itsions is fitted to experimental dafta6,37] and treated inde-
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= > o ] scribed in the tejt squares(ex-
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4 N i ticles (dot-dot-dashed line, down
10 el triangles. Also shown is the total
E T T ] cross sectiorgsolid line, rhombs
10-5 " | N 1 1 | 1
2 3 4 5 6
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pendent of the Lund model also for high energies. The crosbl(1680) resonances which is shown in Fig. 7 by the dashed
section is given as line. These decays predominantly contribute to low mass
1 mesons below the experimentally seemproduction thresh-
Id.
=—1|d 2 , 15 %¢. .
IN=NVT g KIMI"prAv(k) (15 Besides the exclusive proceghl— VN we also have, for

the photon energies considered here, to take into account
where /s is the total energy of theN systemp; ,p; are the  additional channels for the photoproduction of vector me-
momenta of the initial and final particles in the center-of-sons. For energies above 2.1 GeV we calculate these cross
mass system, andy, is the spectral function of vector meson sections using the Lund model. Below 2.1 GeV we absorb
V[Eq.(4)]. The matrix elementd, are parametrized in the everything into the channelN— VN for which we use the
following way: following cross section:

|M ,|?=0.16 mbGeV,
16(2)° ,
O-yNHVﬂ'NZWJ dud®s| My, | Ay(w), (18)
i

0.08?
|M |>= i 5 mbGeV,
2(\/s—1.73GeV?+ p;
M ¢|2:0_004 mb GeV. (16) whered® 5 denotes the three-body phase space element as,

for example, given by Eq(35.11 in Ref. [20]. The matrix

In Fig. 7 we show the resulting cross sectidqdash-dotted elements are adjusted to give a continuous transition to the
curves for yp—pp° (upper parn, yp— pw (middle par,  String fragmentation model afs=2.1 GeV. We use

andyp— p¢ (lower par} in comparison with the experimen-

tal data. For the angular distribution of the produced vector |Mp0ﬁ|2=|/\/lw,,|2=0.5 mb.

mesons we use

The calculated inclusive rho and omega production cross
sectiongafter subtraction of the exclusive ppare shown as
dotted lines in Fig. 7. The total inclusive vector-meson pro-
wheret denotes the square of the four-momentum transfer ofluction cross sections are indicated as solid lines.
the photon to the vector meson. In RES6] the parameteB For photon energies above 1 GeV we take into account
was, depending on photon energy, fittedpd production.  nuclear shadowing of the incoming photon by adopting the
Here, we adopt these values and also use therwfand ¢ model of Ref.[38]. Since this has, for the photon energies
production. considered here, only a small impact on the final results, our
In our calculations there is an additional contribution tospecific transport theoretical realization will be described
yN—Np° coming from the decays of th&l(1520) and elsewherd39].

do
ascexp(Bt), (17
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00— T T where C,=8.814x10° C,=0.767x10° and C,

[ 0y, | =1.344<10 %, respectively [20]. Within an extended
->p X vector-meson dominance pictu44] one has a dilepton de-
cay amplitude that consists of two terms, one describing the
coupling of the virtual photon to the hadron with a strength
proportional toM? and another with strength proportional to
MO. However, since we neglect a direct coupling of the vir-
tual photon, the use of strict vector-meson dominance is
more appropriate. We also note that this dilepton decay
width together with our parameters for themeson gives a

G [mb]

0025 ————— - . very good description of the experimental data &re™
—m .
0.020 In our transport model the dilepton yield is obtained from
the phase space distributions of the respective sources by a
= 0.015 time integration. For the vector mesons the mass differential
E oo 1 dilepton production is given as
© i dN d3 r
0.005 3 = - V—ete~ ch 3 p > > V—ete™
— = | dtd°r Fu(r.t,p,pu) ————,
v L . . . du 0o O gme VIR
) j ; . . ; (20
a—0 ' ' ' T wherey is a Lorentz factor which appears sincg_, .+~ is
’ Yp->0p 1 the width in the rest frame of the vector meson. The Dalitz
I P s — = decay contributions contain an additional mass integration.
= 0.0004 |- //I — " For theA resonance we have, for example,
E s 4 11
= ! - dNj_nete- [ d3p 1
© 0.0002 |- ! J L - ﬂ:f dt d°r du,F (Ft D, o) —
| /'I | d,bL 0 (277)3 M2 A P2 v
0.0000 1 v 1 1 1 . 1 dl'y  Nete-
1.0 15 2.0 2.5 3.0 X % . (22
E [GeV] H
FIG. 7. Thep (upper paft, » (middle parf and ¢ (lower par} lll. DILEPTON PRODUCTION IN  yA REACTIONS

meson production cross section fgp reactions. The experimental
data corresponding to the exclusive reactionp—Vp (V
=p,w,¢) are taken from Ref[36] (solid circles and from Ref. In Figs. 8—10 we present the calculated dilepton spectra
[37] (open squargs The dash-dotted lines are our parametrizationdo/dM for yC, yCa, andyPb reactions at photon energies
of the exclusive data; the dashed liugper paitis the resonance E,=0.8, 1.5, and 2.2 GeV. A mass resolution of 10 MeV is
contribution. The dotted lines indicate the calculated inclusiveincluded through a convolution of our calculated spectrum
vector-meson production cross sectitee text the solid lines  with a Gaussian. Here neither collisional broadening nor a
correspond to the total vector-meson production cross section. mass shift of the vector mesons were taken into account.

The thin lines indicate the individual contributions from
the different production channels; i.e., starting from Iy

In our analysis we calculate dilepton production by takingDalitz decay 7w°— ye*e~ (short-dotted ling »— yete~
into account the contributions from the Dalitz deca¥s (dotted ling, A—Ne'e~ (dot-dashed ling and o
—Ne'e™, n—yete , o—ne*e”, andm®—yete  and —z%*e” (dot-dot-dashed line for M~0.8 GeV: p°
the direct dilepton decays of the vector mespns, ¢. —e'e” (dashed ling w—e* e~ (dot-dot-dashed line and

The Dalitz decays of ther® and thes are parametrized ¢—e*e~ (dashed ling The solid lines represent the sum of
according to Ref[41]. For the Dalitz decay of the we use all sources. The dominant processes in the low mass region
the parametrization from Ref40]. The A Dalitz decay is up to M=500 MeV are then, », and A Dalitz decays.
described in line with Refl42] where we, however, usg  Above M~0.6 GeV the spectrum is dominated by the
=5.44 for the coupling constant in order to reproduce thevector-meson decays with a low background from other had-
photonic decay width'3(0)=0.72 MeV. ronic sources.

The dilepton decay of the vector mesons is calculated In our calculations we only take into accoumtmesons
assuming strict vector-meson dominamndg] as in Ref[7]: with masses abover2,, which is the threshold of the strong
decay since in the calculation of the spectral functifq.

(4)] we neglect contributions from electroweak decays.
Therefore we get a discontinuity of our spectra in Figs. 8—10

A. Hadronic contribution

E. Dilepton production

my
FVHe+e*(M):CVWv (19
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FIG. 8. The dilepton invariant mass spectta/dM for yC at FIG. 9. The dilepton invariant mass spectta/dM for yCa
the energy oE .= 0.8 GeV(upper pan, 1.5 GeV(middle parj, and  at the energy oE,=0.8 GeV (upper part, 1.5 GeV(middle par},
2.2 GeV(lower pan calculated with bare meson masses includingand 2.2 GeV(lower par} calculated with bare meson masses in-
a mass resolution of 10 MeV. The thin lines indicate the individualcluding a mass resolution of 10 MeV. The assignment is the same
contributions from the different production channels; i.e., startingas in Fig. 8.
from low M: Dalitz decay #°— ye*te™ (short-dotted ling 7
—yete” (dotted ling, A—Ne*e™ (dot-dashed ling and
—m%eTe™ (dot-dot-dashed linefor M~0.8 GeV:w—e*e™ (dot-
dot-dashed lineandp®—e*e™ (dashed ling The solid line repre-
sents the sum of all sources.

For our calculations we take only the incoherent sum over
BH contributions on single nucleons into account and ne-
glect contributions where the intermediate photon couples to
the charge of the whole nucleus. While the latter will, be-
cause of thez? dependence, dominate all integrated cross
at the two-pion mass that is, however, because of the otheections, it can experimentally easily be suppressed by ap-
sources and the mass resolution hardly visible. propriate missing mass cuts.

In Fig. 12 we compare the BH contributions fePb at
1.5 (upper part and 2.2 GeV(lower par} with the “had-

. " - L . ronic” contributions that we have already shown in Fig. 10.

Besides the hadrqmc contr|but_|ons as d|scus:~_:ed gbov ne sees that the sum of the elementary cross sections on the
we also have to take into account dilepton production via th%roton and the neutroflashed linesis much larger than the

so-called Bethe-HeitlelBH) process for which the Feynman ., 4ronic” contributions (solid lineg for dilepton masses
diagrams are depicted in Fig. 11 that contribute to lowes},oiow 0.6 GeV. In the region of the andw mesons the BH
order in the electromagnetic coupling constant contribution is about a factor of 4 smaller but still non-
On a single nucleon, with the electromagnetic form fac-negligible. With the inclusion of Fermi motion and Pauli
tors known from electron scattering, the BH process is comp|ocking (dotted line$ the BH contribution is reduced sig-
pletely determined by quantum electrodynami@ED) and  nificantly for low invariant masses but hardly affected for
can easily be calculated. For a detailed description of thenasses larger than 700 MeV.
involved matrix elements we refer to R¢#i5] from which In order to suppress the BH contribution we implemented
we also adopted the parametrizations of the electromagnettbe cuts k-p),(k-p,)>0.01 GeV\f, wherek is the four-
form factorsW;(Q?,») andW,(Q?,») of the nucleon. momentum of the incoming photon, apdp. are the four-

B. Bethe-Heitler contribution

044614-8
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FIG. 10. The dilepton invariant mass spectta/dM for »Pb FIG. 12. The dilepton invariant mass speala/dM for yPb at

at the energy o€, =0.8 GeV(upper pat, 1.5 GeV(middle parl,  the energy of ,=1.5 GeV(upper patand 2.2 GeMlower par.

and 2.2 GeV(lower par} calculated with bare meson masses in- The solid lines indicate the “hadronic” spectra as in Fig. 10. The

cluding a mass resolution of 10 MeV. The assignment is the sam@ashed lines are the Bethe-Heitler contribution calculated as a sum

as in Fig. 8. of incoherent contributions fromy+nucleons. The dotted lines
show the BH yield with taking into account nucleon Fermi motion

momenta of electron and positron, respectively. These cuté‘,“d Pauli blocking. The dot-dashed lines are the BH terms with the
which reflect the polelike behavior of the intermediate elec-cuts &p).(kp.)>0.01 GeV.
tron propagator, suppress the BH contribution by a factor o
10 — dot-dashed lines in Fig. 12 — and practically do not
have any influence on the “hadronic” contributions.

In our calculations we do not take into account interfer-
ence terms between the BH and the “hadronic” contribu-
tions. In inclusive reactions in which one sums both over the A. Collisional broadening
e’ e pair and that pair in whicle* ande™ are exchanged
the total contribution from the interference term vanishes

tI'herefore, the BH contribution can be separated. We thus
discuss in the following only the hadronic component.

IV. IN-MEDIUM EFFECTS IN DILEPTON PRODUCTION

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

o s [PLp) =Tad )+ Tau(malplip), (22
where the collisional widti"Y,, reads

TY(ae|pl.p) = yp(Vynoory), (23

andT'\,.is the vacuum decay width. In E23) the brackets

FIG. 11. Feynman diagram foyN—e"e X for the Bethe- stand for an average over the Fermi sea of the nuclegss,
Heitler process. is the relative velocity between vector meson and nucleon,
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FIG. 14. The dilepton yield fronp (upper part and » (lower
par) meson decays fopPb at 1.5 GeV calculated within different
prescriptions: the solid lines are the results with bare mass, the
dot-dashed lines indicate the calculation with collisional broaden-
" ) ing, the dot-dot-dashed lines correspond to the instantaneous decay,
FIG. 13. The upper part shows the collisional width of ihe the dotted lindupper paitis the result with" 7™ =10 MeV/, and the

meson as a function of m°me”t“m and mass at ”Om_‘a' nuCIeas,rhort dashed lines indicate the yield calculated with the “propaga-
densityp=pqy. The lower part is the momentum and density depen-

- . tion to bare mass” prescription.
dence of thew collisional width calculated at=m? . P P

and a{?,t\‘ is their total cross sectiom is the nuclear density indicates the bare mass cages in Fig. 10, i.e., without

andy the Lorentz factor for the boost to the rest frame of thecollisional broadening. The curve labeled “coll. broaden-
vector meson. ing” (dash-dotted lineresults if we take into account the
The upper part of Fig. 13 shows the collisional width of collision broadening effect in the production of theme-
the p meson as a function of momentum and mass at nucleajons. Here we calculate themeson production cross sec-
matter density= po. The structure at loyw comes from the  tions in photon-nucleon collisiorf€qgs. (15) and (18)] with
resonance contributions, especially from tlg3(1520).  the in-medium spectral function. Since the in-medium spec-
Note that the width becomes very largep to about 600 tral function depends on the momentum of theneson with
MeV), corresponding to a complete melting of theneson.  respect to the nuclear medium, an additional angular integra-
The lower part of Fig. 13 shows the momentum and densityion has to be performed. For the case of exclusive produc-
dependence of the collisional width calculated at the pole tion yN— Np we use the angular distribution from Ed.7).
mass,u=m2). At nuclear matter densityy and a momentum For yN—Np# we assume an isotropic three-body phase
of p=1 GeV we obtain a collisional width of about 80 MeV space distribution.
which is about a factor of 10 larger than the vacuum decay As discussed in Sec. Il C we do not modify tNe width
width. of the baryonic resonances but the masses ofptineesons
stemming from these decays are distributed according to the
1. Observable consequences (phase space weightedh-medium spectral function. We,
In Fig. 14 (upper parnt we show the contribution of the  again, neglecp mesons with masses below the two-pion
meson to thee"e™ yield for yPb at 1.5 GeV. The solid line threshold.
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From Fig. 14 one sees that the inclusion of collisionalyacuum spectral functiorp?" is the baryon density at the

broadening leads to a depletion of tleemeson peak by creation point, wherea@i(t)=p(ﬂ(t)) is the baryon density

about 30% and a shift of strength to lower diIepFon_mgssesduring the propagation. Setting the test particle masso
One also observes a very large peaMat 2m,, which is in the “vacuum” massu;?® the effective in-medium mass;
fact a pole but here finite due to our numerical solution. TheIS given as : :
reason for this divergence is directly related to our discussion
in Sec. 11 C of the asymptotic solutions of the semiclassical
transport equation when including in-medium spectral func- ui(pi(1)=u®+si(p(1)). (26)
tions. At the two-pion mass the vacuum spectral function of

the p meson is zero while the in-medium spectral function . ) : .
has some finite value since the collision width from E28) Equ_atlon(26) gives the corrept asymptot]c behavior: the ef-
does not vanish. When travelling to the vacuum the respecf-ec*t““?:r mass  at the creation point is kept unchanged
tive component of the spectral phase space density becomb&i (Pi") = #i d] during the propagation the test particle
infinitely long lived and leads to the divergence. If we in- Mass changes linearly with density and outside the nucleus it
cluded the electroweak decay width of heneson into the ©ecomes equal to the bare mas¥(p;=0)=u*°. The po-
collision term of the transport equation, the problem wouldtential s; enters into the test particle propagation as a usual
not be solved. The pole would only be replaced by a numeribotential and therefore guarantees that this prescription does
cally indistinguishable large peak. not violate energy conservatidn.

In Fig. 14 (lower part we show the contribution of the The potential(25) can assume_rathe_r Iarge_values in t_he
meson when including collisional broadenitidash-dotted ~case of broad resonances even if the_ |n—med|um corrections
line) in comparison to the calculation with the vacuum spec-are small. Its effect is, nevertheless, in th|§ case negligible.
tral function(solid line, as in Fig. 1D One observes a strong AS @ check we have performed a calculation of the photo-
broadening of thes peak which is partly covered up by the pro%uctlon qu mesons in which we dlstrlbutgd the masses
inclusion of a mass resolution of 10 MeV. However, such ax{ - according to the vacuum spectral function. This gave
strong broadening is not realistic because most ofithee-  practically the same result as the calculation without a po-
sons that contribute to the dilepton spectrum decay in théential since the lifetime of the mesons is so short that only
vacuum. This is also reflected by the violation of the condi-very few propagate through a relevant density gradient for
tion (14) for the validity of our off-shell transport equation in Which the potential becomes important.

this case. In Fig. 14 we show the results of our calculations with the
described prescription for the and thew mesons(curves
2. Prescriptions to obtain correct asymptotic behavior labeled “propagation to bare mass,” dashed liné®r thep

In the following we want to discuss a prescription that Meson the divergence at the two-pion threshold is removed.
allow us to obtain a divergence-frgemeson and a reason- For invariant masses above 500 .’V'?V we get practically the
able w-meson contribution. For that purpose we introduce asame_resu_lt as without t_he prescription because of the reason
. ; . . -~ “described in the preceding paragraph. The broadening of the
potential that shifts a particle to its vacuum spectral function .
when it propagates to the vacuum. Such a potential cannot Bé pe_ak_ is reduced because how only themesons_ that de-
defined on the level of the transport equat{@ However, cay inside the nL_Jc_I_eus contribute to the broadenlng._
we can introduce such a potential on the level of our numeri- Another possibility to overcome the problems with the

cal realization. We recall that we solve the transport equatioﬁrsgingéirtgiolri tiltca:otr:a;r:iwg:tT%ferberf%?g chsﬁ;\lngfsso |sert_o
by a so-called test particle method; i.e., we make an ansa plicit propag ' P

for the spectral phase space densit ormed simulations in which we calculated the cross sections
P P P y for elementary dilepton production via vector mesons as in-
o o L stantaneous one-step processes. The results are shown in Fig.
F(r,t,p,,u)ocz S(r—riy(t)é(p—pi(t)S(u— i), 14 by the curves labeled “insta_ntal_f]eogs decdyl’(?t—dot.—
: dashed linegs The p-meson contribution is almost identical
(24) to the one calculated with the prescription described above
- - i ) because of its very short lifetime. For themeson we get a
wherer;(t), pi(t), andu; denote the spatial coordinate, the o4 ction by about a factor of 3 since in the instantaneous
momentum, and the mass of the test particleespectively. — yacay scheme we neglect the possibility that:ameson can
Now, we can define for each test particle a density-dependelscane from the nucleus and then contribute to dilepton pro-
scalar potentiab; in the following way: duction with a much larger branching ratio than inside the
® nucleus. As such dynamical effects are important to take into
_ d pi account we consider the description via an instantaneous
Sipi(D)= (™= ™) p @9 process to be inadequate. P
I

where 1™ is the “in-medium” mass of the test particle

chosen according to the mass differential production crossiafter this paper was submitted two other papers dealing with the
section. »{* is the “vacuum” test particle mass which is propagation of broad resonances appeared on the LANL preprint

chosen according to the production cross section with aerver[46,47.
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The easiest way to cope with the divergence of thepart of the in-mediump-meson self-energy increases with
p-meson contribution is to use a minimum two-pion decaymomentum and crosses zero for a momentum of about
width. In Fig. 14 we show the result of a calculation wherel GeV. In order to explore the implications of such a behav-
we set this minimum width to 10 MeVdotted ling. One  ior we also use a momentum-dependent scalar potesiifél
sees that still a large peak remains. Moreover, this approadr the vector mesons:
is in any case questionable.

For the reasons described above we consider the prescrip- o ) |5|
tion “propagation to bare mass” as the only possibility to S@“’”‘(r,p):S\,(r)( 1- 1 G V)'
implement collision broadening effects in our calculations. €

However, we want to stress that this prescription is not fully . ) )
satisfactory since it is only formulated on the level of our !N our calculations we take the vector-meson potentials into

specific numerical solution of the transport equation andiccount for the calculation of the phase space factors in
since it neglects any memory effects. yN—NV [Eq. (15)] and yN—NV [Eq. (18)]. We neglect
these modifications for the vector-meson production in the
string fragmentation modeirITIOF and also do not modify

the Np widths of the baryonic resonances.
In order to explore the observable consequences of

vector-meson mass shifts at finite nuclear density the in-
medium vector-meson masses are modeled according to

(29

B. “Dropping” vector-meson mass

C. Dileptons from yA reactions: In-medium effects

Brown-Rho scalind3] or Hatsuda and Leg4] by introduc- In Fig. 15 we show the contribution coming from the
ing a scalar potentie$v(F): meson toe" e~ production inyPb at a photon energy of 1.5
" L L L L L L L L L
-5 p(r) ]
Sv(r) = amv o ’ (27) Y208Pb N e+e- X E7=1.5 GeV 4
10' £ 3
Wherep(F) is the nuclear densityn?, the pole mass of the _ F 3
vector mesonp,=0.168 fm 3, anda=0.18 for thep and w. z - .
The effective masg.* is then given as % 10° -
ES F E
m'=p+Sy. 28 s F ]
3 3 bare mass h
For the effective pole mass; we thus get £ 10"F - — —dropping vector mesons masses 3
F - dropping masses + coll. broadening 3
p ( I? ) I —--—- momentum dependent potential k
* 0 B 1
Mo=| L7« 0o my. ol
01 02 03 04 05 06 0.7 08 09 10 1.1
In photon-nucleus reactions vector mesons are produce!
with large momenta relative to the nuclear medium. Within a C ' U
resonance-hole model for the-meson self-energy in the ) i E=22GeV 7
nuclear medium it has been shown in Ref8] that the real 10 F E
1015'|'|'|'|'|'|'|'|'|'5 % I ]
i bare mass ’YZOSPb S>oX se'e X E % 100 E 3
[ —-—-dropping ® mass ) 3. o 3
[ - = = dropping ® mass + coll. broadening Ey=1.5 GeV 1 E [ ]
% 0 F i \ | -§ % 1 i bare mass 1
Q { \\-/ ] = 10 §_ — — —dropping vector mesons masses _§
:S. ,/i i E —--—- momentum dependent potential E
E , '/ | ¢
=0 F l/‘/ ; 3 B P T T T T S TP S S TR
= i ' ) ] 01 02 03 04 05 06 07 08 09 10 L1
/ /] ) L
J J i\ 1 M [GeV]
102 R R B AN A VAN I
01 02 03 04 05 06 07 08 09 1.0 1.1 FIG. 16. The dilepton invariant mass spectra$&b at 1.5 GeV
M [GeV] (upper part and 2.2 GeV(lower par}. The solid lines indicate the

bare mass case, the dashed lines are the result with the dropping
FIG. 15. The dilepton yield fronm mesons foryPb at 1.5 GeV. mass scenario, the dotted lif@pper part shows the effect of col-
The solid line indicates the bare mass case, the dot-dashed line lisional broadening together with the dropping mass, and the dot-
the result with in-medium masses, and the dashed line shows traot-dashed lines indicate the result with the momentum-dependent
effect of collisional broadening together with the dropping mass. potential from Eq.(29).
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GeV. A dropping mass scenario according to E2y) (dot-  formation from pion-nucleus and proton-nucleus reactions
dashed ling gives a two-peak structure correspondingeto  [17], might help to discriminate between different scenarios
mesons decaying inside and outside the nucleus, respeef medium modifications. Therefore a calculation of all re-

tively. An additional inclusion of collisional broadening, as actions within one model is necessary for a conclusive inter-
described in Sec. IV A, gives a substantial broadening of theretation of the experimental data. Our BUU transport model
dilepton yield fromw mesons that decay inside the nucleus.provides such a tool.

The height of the peak around the vacuum pole mass of the

» meson is hardly affected by the dropping mass scenario. V. SUMMARY

On the one hand, the lowering of the mass reduces the h die@*e— production i dvPb
vacuum peak because mesons decaying inside the nucleus We ave studie"e  production InyC, »Ca, andyP L
eactions at photon energies of 0.8, 1.5, and 2.2 GeV within

contribute to lower masses. On the other hand, the total prcf— . . ; -

duction of w mesons is enhanced since the phase space fafi-SeMiclassical transport model. Various contributions were

tors entering the elementary photoproduction cross sectioﬁfkfgs';to %ccount ;or d|Iepto”n prc&ductlc;nl: Dalitz ddecays ?f

[Egs. (15) and (18)] are increased for lower masses. In our > ), 7, 7, ando as(;/ve V\?S h'reth |ept<()jn ecgys 0

calculation both effects nearly cancel each other for mass e vectors mesons , an - yve have focused on observ-

around the vacuum pole able effects of in-medium modifications of the vector mesons
. ' o do.

In Fig. 16 (upper part we show the totaé™ e~ yield for P an . . .
the same reaction. A dropping mass scenario for the vector It was.shown that the Bethg-HeﬂIer process wh|ch.dom|-
mesons(dashed lingleads to a second peak structure at in-nates a_ll_mtegrated cross sections for dllepton production can
variant masses of about 650 MeV. The peak around 7886 sufficiently suppressed by appropriate cuts on the lepton

MeV remains practically unchanged since it is dominated bynomtenta..F%r d||fapt;)r:j|rt1)vatrr|]antdmasses fatbhove 620 MeV the
» mesons decaying outside the nucleus. spectrum is dominated by the decays of the vector mesons

With the inclusion of collisional broadening the in- (p.,¢). A mass shift of these mesons as proposed in Refs.
medium peak gets completely washed @dtted ling. The [3,4] leads to a substantial enhancement of the dilepton yield

dilepton yield at intermediate masses is about a factor of gt invariant masses of about 650 MeV by about a factor of 3

larger than in the bare mass case. At the two-pion thresholand should clearly be visible in experiments that will be

there is a visible discontinuity which results from our neglectcamed out at TINAF18]. However, a calculation for which

of p mesons with effective masses below the two-pion massC used a linearly momentum-dependent potential for the

Using the momentum-dependent scalar potential from E vector meson$48] gave practically no effect compared to

(29 we obtain the curves labeled “momentum-dependen hev\l?arhe mas? cased h itv of a simult d .
potential” (dot-dot-dashed lingsThe result is very close to € have stressed the necessily of a Simultaneous descrip-

the bare mass case as the vector mesons are mainly producté%1 of vector-meson .produc.t|on n d|ﬁgrent nu_clear reac-

with momenta around 1 GeV for which the potential is zero.IONS as one probes in-medium properties at different mo-
In the lower part of Fig. 16 we show that the effect of g menta relat|ye to the nuclear medium.

dropping vector-meson mass at a photon energy of 2.2 Ge}{ Exer_nplanly for the case of the and the_‘” mesons we

is qualitatively the same as for 1.5 GeV. The calculation with ave discussed th? conc_eptua_l problems in the treatment of

a momentum-dependent potential gives again a result that [yoad resonances n ;emlclassmal transport models. We have

practically the same as for the bare mass case. presented a prescription that allows one to obtain reasonable

In photonuclear reactions vector mesons are in genereﬂesu”S when taking into account in-medium spectral func-

produced with larger momenta relative to the nuclear melions:

dium than in heavy-ion collisions. Since the in-medium spec-
tral functions of the vector mesons are momentum depen-
dent, one might thus observe rather different in-medium The authors are grateful for discussions with W. Cassing.
effects in both reactions. These, together with additional in-This work was supported by DFG and GSI Darmstadt.
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