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Dilepton production in heavy-ion collisions at intermediate energies
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We present a unified description of the vector meson and dilepton production in elementary and in heavy ion
reactions. The production of vector mesopsd) is described via the excitation of nuclear resonariR€Bhe
theoretical framework is an extended vector meson dominance r@dID). The treatment of the resonance
decaysR—NV with arbitrary spin is covariant and kinematically complete. The eVMD thereby includes
excited vector meson states in the transition form factors. This ensures correct asymptotics and provides a
unified description of photonic and mesonic decays. The resonance model is successfully applied to the
production inp-p reactions. The same model is applied to the dilepton production in elementary reactions
(p-p,p-d). Corresponding data are well reproduced. However, when the model is applied to heavy ion reac-
tions in the BEVALAC/SIS energy range, the experimental dilepton spectra measured by the DLS Collabora-
tion are significantly underestimated at small invariant masses. As a possible solution of this problem, the
destruction of quantum interference in a dense medium is discussed. A decoherent emission through vector
meson decays enhances the corresponding dilepton yield in heavy ion reactions. In the vicinitypkb the
peak, the reproduction of the data requires further a substantial collisional broadening artiein particu-
lar, of thew meson.
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[. INTRODUCTION of a quark-gluon plasma which leads to additio@QCD)
contributions to the dilepton spectruri1,13.

One of the important questions which theorists face at A similar situation occurs at a completely different energy
present is the dependence of hadron properties on mediuatale, namely, aroundAlGeV incident energies where the
effects. Medium effects manifest themselves in the modificalow mass region of dilepton spectra are underestimated by
tion of widths and masses of resonances produced in nucleéite present transport calculations comparecpand pd
collisions. The magnitude of such changes thereby dependgactions. The corresponding data were obtained by the DLS
on the density and the temperature of the medium. For exCollaboration at the BEVALAQ14]. However, in contrast to
ample, the proposed Brown-Rho scalifid is equivalent to ultrarelativistic reactiongSPS, the situation does not im-

a reduction of the vector meson masses in the nuclear mé@'ove when full spectral functions and/or a dropping mass of
dium. The same conclusion is obtained from QCD sum ruledN® Vector mesons are taken into accol4#,16,13. This

[2] and within effective hadronic model8]. The dispersion [aCt iS known as the DLS puzzle. The reason lies in the fact
analysis of forward scattering amplitudes—7] showed that that both possible pQCD contributions as well as a sufficient

PR L X
vector meson mass shifts are in general small and positiv@moum ofw ™~ annihilation processes are absent at inter

whereas at low momenta they can change the sign, which I@edlat_e energies. Also a droppingmass can be gxcluded as
a possible explanation of the DLS puzzle since it would con-

in qualitative agreement with the Brown-Rho scaling and th . i . .
. X 12]. Furth hiral
results from QCD sum rules. However, the question of miﬂ[radICt My scaling [12]. Furthermore, chiral perturbation

. . . theo redicts only very small modifications of the in-
medium masses must be finally settled experimentally. v P y y

Dil p h . lisi # edium » mass[17]. Thus one has to search for other
llepton spectra from heavy-ion collisions are consideredy, , ces which could explain the low mass dilepton excess

as a suitable tool for this purpose. The CEREBSand the  geen in heavy ion reactions. Dilepton spectra were also mea-
HELIOS [9] Collaborations measured dilepton spectra at they ;red at the KEK i+ A reactions at a beam energy of 12
CERN and found a significant enhancement of the low-gey[18]. Also, here an excess of dileptons compared to the
energy dilepton yield below the andw peaks[8] in heavy  known sources was observed below fheneson peak and
reaction systems (PbAu) compared to light systems (S interpreted as a change of the vector meson spectral func-
+W) and proton induced reactionp{ Be). Theoretically, tions. These data were recently analyzed in RES)], again

this enhancement can be explained within a hadronic pictur&ithout success to explain the experimental spectrum within
by the assumption of a dropping mass[10] or by the in- a dropping mass scenario and/or by a significant collision
clusion of in-medium spectral functions for the vector me-broadening of the vector mesons. Since the vector meson
sons[11,12. In both cases the enhanced low-energetic dileppeaks are not resolved experimentdliyd], the problem to

ton yield is not simply caused by a shift of theandw peaks extract in-medium masses directly from experimental data
in the nuclear medium, but it originates to most extent fromremains extremely difficult.

an enhanced contribution of the” 7~ annihilation channel For all these studies a precise and a rather complete
which, assuming vector dominance, runs over an intermediknowledge of the relative weights for the existing decay
atep meson. An alternative scenario could be the formatiorchannels is indispensable in order to draw reliable conclu-
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sions from dilepton spectra. In RgR0] a systematic study of magnitude of the collision broadening of the vector me-
of meson decay channels was performed, including channesons in heavy-ion collisions.
that have been neglected so far, such as, e.g., four-body de- Another question which is addressed in Sec. Il is the role
caysp’— m'7%*e". However, as has been shown in Ref.of quantum interference effects. Semiclassical transport
[21] in pp reactions, the contributions of these more exoticmodels such as QMD do not keep track of relative phases
channels are not large enough to enhance the low mass dilepetween amplitudes but generally assume that decoherent
ton yield at incident energies arouné 1GeV. Here the low probabilities can be propagated. On the other hand, it has
mass dilepton spectrum is dominated by thend the con- been stressed in several wof¥,3(Q that, e.g., the interfer-
tributions from the decay of baryonic resonanf#s,21,23.  ence of the isovector-isoscalar channels, i.e., the so-called

The importance of the resonance contribution to the dilepp-o mixing can significantly alter the corresponding dilepton
ton yield in elementary and heavy ion reactions has beespectra. Th@-w mixing was mainly discussed for the dilep-
stressed in several work®1,22,24—33 In Ref. [33] we ton production inwN reactions. Due to the inclusion of ex-
calculated in a fully relativistic treatment the dilepton decayscited mesonic states in the resonance decays, such an inter-
R—Ne"e™ of nucleon resonances with masses below 2erence occurs in our treatment already separately inside
GeV. Kinematically, complete phenomenological expressiongach isotopic channel. It is natural to assume that the inter-
for the dilepton decays of resonances with arbitrary spin anference pattern of the mesonic states will be influenced by
parity, parametrized in terms of the magnetic, electric, andhe presence of surrounding particles. In Sec. Ill, we discuss
Coulomb transition form factors and numerical estimates foqualitatively decoherence effects which can arise when vec-
the dilepton spectra and branching ratios of the nucleon resder mesons propagate through a hot and dense medium. We
nances were given. In RgR1] this approach was applied to propose a simple scheme to model this type of decoherence
the dilepton production ipp reactions at BEVALAC ener- phenomenon where the environment is treated as a heat bath.
gies. In Sec. Il the theoretical framework for the descriptionThis discussion is quite general and can be applied, e.g., to
of the dilepton sources is briefly reviewed. The relevant elthe p-» mixing as a special case. It is assumed that before
ementary hadronic reactions are systematically discussed. the first collision with a nucleon or a pion, the vector mesons
is demonstrated that the resonance model provides an acoadiatee™e™ pairs coherently and decoherently afterwards,
rate description of exclusive vector meson production insince the interactions with a heat bath result in macroscopi-
nucleon-nucleon collisiond N— NNp(w) as well as in pion cally different final states. As a consequence of charge con-
scatteringrN— Np(w). The resonance model allows further servation the coherence must be restored in the soft-dilepton
to determine the isotopic channels of theN—NNp(w)  limit. The present model fulfills this boundary condition. The
cross section where no data are available. We give isospiguark counting rules require a destructive interference be-
relations and simple parametrizations of the exclugivé  tween the vector mesons entering into the electromagnetic
—NNp(w) cross section. As discussed in Rgf4], a pecu- transition form factors of the nucleon resonances. Hence, a
liar role thereby plays thBl* (1535) resonance which, fitting breakup of the coherence results in an increase of the dilep-
available photoproduction data, has a strong coupling to thton yield below thep-meson peak. This is just the effect
Nw channel. Close to threshold this can lead to strong offobserved in the BEVALAC data. That such a quantum deco-
shell contributions to thes production cross sectiof84],  herence can at least partially resolve the DLS puzzle in
which are also reflected in the dilepton yields. For completeheavy-ion reactions is demonstrated in Sec. V.
ness the dilepton spectra in elementgrp and p-d reac-
tions are reviewed. . ELEMENTARY SOURCES FOR DILEPTON

The reaction dynamics of heavy-ion collisions is de- PRODUCTION
scribed within the QMD transport modg85,36 which has
been extended, i.e., the complete set of baryonic resonances
(A andN*) with masses below 2 GeV has been included in At incident energies around 1 GeV meson productis
the Tibingen transport code. A short description of the QMD cept the pionis a subthreshold process in the sense that the
model is given in Sec. IV. One purpose of the present invesincident energies lie below the corresponding vacuum
tigations is to extract information on the in-medigpnand  thresholds. The cross sections for meson productian
w-meson widths directly from the BEVALAC dafd4]. The  =7,7',p,»,¢ are small and these mesofusstinct from the
dilepton spectra, distinct from the vector meson masses, af@ons do not play an essential role for the dynamics of the
very sensitive to the vector meson in-medium widths, espebeavy-ion collisions. The production of the mesond
cially the @ meson. The collision broadening is a universal=7,7",p,@,¢ can therefore be treated perturbatively. The
mechanism to increase particle widths in the medium. Foflecays to dilepton pairs take place through the emission of a
example, data on the total photoabsorption cross section dfirtual photon. The differential branching ratios for the decay
heavy nuclei[37] provide evidence for a broadening of to a final stateXe'e™,
nucleon resonances in a nuclear medii@8]. The same ef- .
fect should be reflected in a broadening of the vector mesons dl (p,M)Me e X
in dense matter. Since the DLS data show no peak structures M (w)
which can be attributed to the vector meson masses, the ot
problem to extract information on possible mass shifts is notwhere u is the meson mass and the dilepton mass are
yet settled. However, the data allow us to estimate the ordemken from Ref[20]. These are direct decayst—e*e”

A. Mesonic decays

dB(,M)Me e%=

: @
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Dalitz decays M—ye'e”, M—m(n)ete”, and four- +
body decaysM— mwmwe*e”. The experimentally known

branching ratios are fitted by the vector meson dominance

(VMD) model and its extensiofsee below used in Ref. *
[20]. More exotic decay modes such as, e.gh R Y
—x%"e, p—n"m e’e  have recently been measured =
[39] and are in good agreement with the predictions made in
Ref.[20]. The decay modes determined in ReX0] includ-

ing channels which contribute to the background of the
dilepton spectra are taken into account.

FIG. 1. Decay of nuclear resonances to dileptons in the extended
VMD model. The RNy transition form factors contain contribu-
B. Resonance decays tions from ground state and excit@dand @ mesons.

Usually, the description of the decays of baryonic reso- _.. .
nances RsNe* e— is based on the VMD model in ratios of the nucleon resonances can be found in[B8&f. In

) . ; . terms of the branching ratios for the Dalitz decays of the
its monopole form, i.e., with only one virtual vector meson

(V=p,w). As a result, the model provides a consistent OIe_baryon resonances, the cross sectiondoe™ production
scription of both, radiativeR—Ny and mesonicR— NV, from the initial stateX’ together with the final stat X can

decays. However, a normalization to the radiative branchingge written as

strongly underestimates the mesonic oh2%,25,24. Pos- X' —~NXete~ - X! RX
sible ways to circumvent this inconsistency were proposed in do(s,M) => f““s’ mx>2dM2M
Ref.[24,25. In Ref.[24], a version of the VMD model with dMm? R J(my+M)? du?
vanishing py coupling in the limit of real photonsM? RAVNoNete-

=0) was used, which allows to fit radiative and mesonic XE dB(u,M) 2
decays independently; in Rg25] an additional direct cou- v dm? '

pling of the resonances to photons was introduced.
However,_apart frpm that, the st_a_ndard VMD predicts Aere, w is the running mass of the baryon resonaRosith
1/t asymptotic behavior for the transition form factors. At the h iodl X'=XR 4 RLVNoNete  ;
same time the quark counting rules require a stronger Suﬁhe C(;PSS se(_:tllo ba(s,ﬁ') g’ B('“‘"\r/ll) litz d IS
pression at higlt. A similar problem arises with the Dalitz the lﬁ%re?]t'a hraﬂc ing ratio for t eh Dalitz decay
decay. Thawwy transition form factor shows an asymptotic —>Ne e through the vector r_nes_o\d. Thus _Eq.(2) de-
~1/t? behavior[40]. It has been measured in the timelike S.C”bt.a‘s baryo_nlllnduced and pion .|nduced dilepton produc-
region[41] and the data show deviations from the naive one-tlon’ .e., the ,'n't'al state can be g|ven_by two bar_yoh@ (
pole approximation. In Ref20] it was shown that the inclu- — NN: NR, R'R) ‘or it runs through pion absorptionX(

sion of higher vector meson resonances in the VMD can_ 7N). In the resonance model both processes are treated on

resolve this problem and provide the correct asymptotics. 1€ same footing by the*de_cay of intermediate resonances.
Ref. [33] the extended VMD(eVMD) model was used to If the width I'(R—Ny™) is known, the factorization pre-
describe the decay of baryonic resonances and in particul&C'iPtion[20] can be used to find the dilepton decay rate,

to solve the inconsistency betwe®@NV and RNy decay

rates. In the eVMD model one assumes that radial excita- dm?
tions p(1250), p(1450), . .. can interfere with the ground dI'(R—Ne'e )=T'(R—=Ny*)MT'(y*—e’e") e’
statep meson in radiative processes. Already in the case of ™ 3)
the nucleon form factors the standard VMD is not sufficient,

and radially excited vector mesops, p”, ..., etc., should

be added in order to provide a dipole behavior of the Sach@’here

form factors and to describe the experimental §4g43. In

view of these facts, the present extension of the VMD model a Am?

is more general than the approach pursued in R24.since MI(y*—efe™)= g(l\/l2+ 2m2) \/1- Ze (4)

it allows not only to describe consistently resonance decays M

but also other observables such as ¢h®alitz decay or the

nucleon form factor. Here we only briefly sketch the basicis the decay width of a virtual photop* into the dilepton
ideas of the extended vector meson dominafe€¢MD)  pair with the invariant masl.

model. In Fig. 1 the resonance decays are schematically dis- In the relativistic version of the eVMD modEg83], which
played for the extended VMD model with excited mesons ass used here as well as in Ref®1,34, the decay width
intermediate states. The interference between the differedt(R—Nvy*) is described by three independent transition
meson families plays a crucial role for the behavior of theform factors for resonances with splp-1/2 and by only two
form factors. Section Il will be devoted to this question. transition form factors for spin-1/2 resonances which follows
Details of the relativistic calculation of the magnetic, elec-from the number of independent helicity amplitudes. In
tric, and Coulomb transition form factors and the branchingterms of the electricE), magnetic M), and Coulomhb(C)
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form factors, the decay widths of nucleon resonances witlbe taken from Refs[44,45. These are parametrizations of

spin J=1+1/2 into a virtual photon with mashl has the
form [33]

N N*_9a (11?2
(NG =Ny =16 S5 1)

mi(mé_ M2)|+1/2(m2i_M2)|71/2

21+1,,2
LY

I+1 . .
x(l—le‘M,’Elzm+1><|+2>|G(E,&|2

M2
+—2|G£~,->|2), (5)
o

where . refers to the nucleon resonance masg, is the
nucleon mass, anth. = u*my. The signs* refer to the
natural parity (1/2,3/2",5/27,...) andabnormal parity
(1/2%,3/27,5/2%, ... ) resonances3,, ¢ meansG,; or Gg .

The above equation is valid for~0. Forl =0 (J=1/2), one
gets

o
F(Nfi)HNy*)=@(mi—M2)3/2(m§— M2)1/2

MZ
X ZlG(E7I\)/I|2+?|G(C_)|2 . (®

In Ref.[33] the extended VMD model was applied in a fully do
covariant form to the description of the transition form fac-
tors of the nucleon resonances with arbitrary spin and parity.

the inclusive production cross sections in proton-proton re-
actions pp— XV) fitted to experimental data in combination
with LUND string model predictiond45] and exclusive
cross sections determined in a one-pion-exchange picture
[44]. However, in heavy-ion reactions at subthreshold ener-
gies, i.e., in the BEVALAC and SIS domain, one can expect
that significant strength of the dilepton yield originates from
the decay of vector mesoris particular, thep) which are
far off-shell with masses well below their pole values. Such
processes give contributions to the cross sections below the
sharp thresholdy/s,=2my+my with my being the pole
mass. Subthreshold meson production can be naturally de-
scribed through the decay of baryonic resonarf@is25-
29]. Around threshold the final states consist only of two
nucleons and the corresponding meson. These are the pro-
cesses which are relevant in heavy-ion reactions at interme-
diate energies in the BEVALAC and GSI range, i.e., at bom-
barding energies below 2 GeV. Due to the moderate
incident energies involved in the elementary reactions, it is
sufficient to consider exclusive meson production. Since the
production of vector mesons through the decay of baryonic
resonances gives a significant contribution to the total cross
section, thereby one has to avoid the problem of double
counting between the dilepton production via baryonic reso-
nances and those originating from other sources. A detailed
discussion of the double-counting problem in nucleon-
nucleon collisions can be found in R¢R1].

The vector meson production cross section is now given
as follows:

dMm? du

(S’M)NN—>NNV: J(\‘g_mN)z 5
R J(my+Mm)?

The decay widths are then given in terms of covariant am-
plitudes which can be converted to magnetic, electric, and
Coulomb transition form factors. To constrain the asymptot-
ics, quark counting rules were used. The free parameters of
the model are fixed by fitting the experimental data on the @)
photoproduction and electroproduction amplitudes and b
fitting the results of multichannetN-scattering partial-wave
analysis and quark model predictions for these amplitudes. In
the relativistic treatment the number of intermediat®r w)
states, which has to be taken into account to describe the
magnetic, electric, and Coulomb transition form factors, deyyith the final center-of-mas&.m) momentum
pends on the resonance sgin.e.,J— (1/2)+ 3 mesons have
to be included in the minimal version of the eVMD model. VIs— (m+my)?][s— (u—my)?]
Since we consider resonances with spins ranging from 1/2 up Pr=p*( \/E,M,mN) =

to 7/2, the number g states is maximally 6. The following 2\s 9
masses have been used: 0.769, 1.250, 1.450, 1.720, 2.150, ©
and 2.35Q(in GeV). Within this description dilepton branch- anq the initial c.m. momenturp;. The mass distributions

ing ratios were determined quantitatively for baryonic resOg\wy(u) of the resonances are the usual Breit-Wigner distri-
nances with masses below 2 GeV. In particular, a simultagtions

neous description of radiative and mesonic decays could be
achieved. For further details, we refer the reader to FR33.

><da_(S”u/)NN—‘NR dB(M’M)R—»VN
du? dm?

¥he cross sections for the resonance production are given by

| Mel?p
O|<T(S,,LL)N’PNR=#&Wf dWg(u), )
I

plR(p)du?

1
dWe(w)=— (10

C. Vector meson production inNN collisions

(u2=m2) 2+ [ul R (1)1?

Cross sections for the direct vector meson productidn ( where x and mg are the running and pole masses, respec-

=p, w, ¢) in nucleon-nucleon collisions"N=*V can, e.g.,

tively, andI' () is the mass dependent resonance width. The
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FIG. 2. Cross sections for the’ and » production in proton- M [GeV]

proton reactions. The exclusive vector meson cross sections through

the decay of baryonic resonances are compared to the data and to F|G. 3. Differential cross sectiondo/dM for the p° and w

the inclusive cross sections of Rg45]. For p°, also one data point production in proton-proton reactions as a function of the meson

(open circle for the inclusive cross section is shown. Thedata ~ massM. The cross sections are shown for various values of the

are taken from Refl50] (diamond$ and Refs[51,52 (circles. excess energy=/s—(2my+my), wherem is given by thep
and w pole masses.

0.9

matrix elementsMpg are taken from Refs[46,47, where
they have been adjusted to one- and two-pion productioparison with data more difficult since the experimental iden-
data. For the description of the and o production inNN tification by correlated pions misses strength from such sub-
and N reactions, we consider the same set of resonanceblreshold processef49]. Consequently, two recent data
which has been used in Ref®1,34. It includes only the points from the COSY-TOF Collaboratiof50] for pp
well-established4*) resonances listed by the Particle Data— ppw are overestimated in Fig. 2. However, [ip reac-
Group (PDGQ) [48], and is smaller than the complete set oftions at low incident energies the subthreshold contribution
resonances included in the QMD model. This set of resodominates the dilepton yield in the mass region between the
nances is, however, sufficient to describe th and 7N 7 and thep-w peak[21].
vector meson production data. The corresponding decay The importance of the subthreshold contributions where
widths I'y,, 'y, at the resonance pole masses are given ithe p and w are produced with masses far below their pole
Tables Ill and IV. Off-shell the normalization of the total values can be estimated from Fig. 3. Here differential cross
widths is ensured by the same procedure as used ifBH8f. sectionsda/dM are shown as functions of the meson mass
In Fig. 2 the resonance contributionpp—pR M for the same reactions as in Fig. 2. The cross sections are
—ppp’(w) to the exclusivep® and w production are com- calculated at different energies, and translated into the excess
pared to the inclusive cross section from HéB] and to the  energye= \/s— \/s,. It is clear that close to “threshold” the
corresponding experimental data for the exclusive cross seeross sections are dominated by “subthreshold” production
tions. It can be seen from there that the exclusjye  where the vector mesons are produced off shell. The physical
—ppp°(w) cross sections can be saturated by the excitatiothresholds are given byr2_ for p and an_ for w, respec-
of intermediate resonances. In the present calculations th@ely. Experimentally, these off-shell contributions can
dilepton production via the decay of baryonic resonari2es hardly be distinguished from the general pionic background
runs over intermediate vector mesons with misswhich  in coincidence measurements and are generally treated as
can be off shell. Therefore, in E7) the thresholds for the background. Due to the largewidth it is nearly impossible
production of a vector meson with maskare given by the to distinguish thep peak from this background contribution,
two-pion threshold ®y+2m, for p, and the three-pion which makes it impossible to identify experimentally at
threshold My+3m,. for w, respectively. This is in contrast small excess energies.

to parametrizations of the elementary cross sectidds45 The situation is more complicated fas. A detailed in-
where vector mesons are produced with sharp thresholdgestigation of thew production inpp reactions within the
given by their pole masses/§,=2My+my). framework of the resonance model was performed in Ref.

The subthreshold production of vector mesons results in §84]. Among the considered resonances, tN&(1535)
significant strength neay's, and below. Due to the brogsl  turned out to play a special role for the production. The
width, this gives the dominant contribution to the total crossreason is a large decay mode of this resonance td\the
section around threshold and explains the differences beshannel in a kinematical regime where thds far off shell.
tween our calculation and the parametrization of Rég]. A strongN* (1535Nw coupling is implied by the available
The subthreshold production is of course smaller ér  electroproduction and photoproduction da3]. As a con-
However, as discussed, e.g., in REf9] at threshold, also in  sequence, large off-shell contributions in tkeproduction
the case ofw a large amount of the cross section can origi-cross section appear. In particular, close to threshold, the
nate from subthreshol@ production. On the other hand, the off-shell production is dominari34]. This part of the cross
inclusion of subthreshold meson production makes the comsection cannot, however, experimentally be identified, and is
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10° N TABLE |. Coefficients for the isotopic decomposition of the
P strong N'(1535) cpl. ] NN—NNp cross section into contributions frodh and N* reso-
[ COstrong N (1535) cpl., onshef | ] nances.
b - -- weak N'(1535) cpl. ' 1
101 L S?b?rstev, inclqs_ive . J o B
F —- Sibirtsev, exclisive - E
' pp—ppp° 1/6 1/3
a ] pp—pnp”* 5/6 2/3
€100 L i nn—nnp° 1/6 1/3
© : nn—npp- 5/6 23
np—npp° 1/3 1/3
3 np—ppp-~ 1/12 1/3
100 ¢ 3 np—nnp* 112 113
4 AL L " experimentally not accessible. However, these off-shell con-
10 10° 10° 10t 10° 10* tributions fully contribute to the dilepton yield fror» de-

£ [GeV] cays. Therefore, in Sec. V we consider two different sce-
narios for the dilepton production through decays:

FIG. 4. Exclusivep p— ppw cross section obtained in the reso- *(l) @ prOdUCt'qn thr°”9_h baryonic resonances W!th s_trong
nance model as a function of the excess enetgyhe solid curve ~ N* (1535)w coupling, leading to large off-shell contributions
shows the full cross sectidstrongN* (1535Nw coupling includ-  around threshold,
ing off-shell contributions, while the squares show the experimen- (2) @ production through baryonic resonances with weak
tally detectable on-shell part of the cross section. The dashed curvé¥* (1535)w coupling, leading to small off-shell contribu-
show the corresponding cross section obtained with weakions around threshold.

N* (1535Nw coupling. The dotted curve is a parametrization of the ~ Figure 4 summarizes the different possibilities to treat the

inclusive cross section from Ref45]. Data are taken from Refs. o production in elementaryNN reactions. The different

[49,50 and Refs[51,52. cross sections are shown as functions of the excess eaergy
The resonance model, assuming a laNjg 1535Nw cou-

g pling, leads to a very accurate description of the measured
pare to the data we applied in Rg84] the same procedure o hel| cross section. It has, however, a very strong off-shell

as experimental!sts: The theoretical “background” from thecomponent, which fully contributes to the dilepton produc-
off-shell production was SL_lbtracted and o_nIy the measura_blﬁon_ The weak coupling scenario, on the other side, has only
pole part of the cross section was taken into account. DOING 4| offshell component, but the reproduction of the data is

so, without adjusting any new paramgters, the available da latively poor in the low-energy regime. The parametriza-
are accurately reproduced from energies very close to threstﬂbn of the inclusive cross sectionPP~“X=2.5(s/s,

old [49,50 up to energies significantly above the threshold_1)1.47(sls )~111 [45], which has been used in Refs
[51,52. At small excess energies the full cross section shoerlz 23, is a(l)lso shown ’for comparison. '

in Fig. 4bils ab:)ut one order of magnitude larger than the ¢ o, oqq sections are based on fits to data isospin factors
measurable pole part. are usually obtained from the corresponding Clebsh-Gordon

Sirlce thew cross section depends crucially on the role of ., efficients under the assumption of totally isospin indepen-
the N* (1535) in Ref[34], we also considered an alternative yoant matrix elements. Such an assumption is, however,

possible scenario: THew decay of theN* (1535) resonance ¢y, de. |t is not possible to fix the two different isospin am-
has not directly been measured, and the exisigdata  pjiyudes of thepNN final state and their relative phases
leave some freedom to fix the eVMD model parameters. Aygjely from measured cross sections and without further
different normalization to thé&lp channel, thereby making qqe| assumptions. In the resonance model the isospin de-
use of an alternative set of quark model predictions, aHOW%endence of the cross sections is well defined by coupling
to reduce théNw decay mode by maximally a factor of 6-8, the final states tN®[N®p]. In the Np system thd =3/2
however, at the expense of a slightly worse reproduction Oémplitude contains alk resonances whereas the 1/2 con-

the existing dataset. With the reduchid coupling the off-  3ing the contributions form th&l*s. Since the resonance

shell contributions are substantially reduced. However, th%mplitudes are summed incoherently, the cross section can

polg part of the cross section leads to a significant overestisq, easily decomposed into the corresponding isospin contri-
mation of the experimental data around and several 100 MeY ;tions. The isotopic channels of theN— NNp cross sec-

a_lbove_the threshold. Thﬁprod.uction turned out to be prac- iion are then uniquely fixed by
tically independent of the choice of the two different param-
eter sets. d(NN—NNp) = acz,+ Boy,, (12)

In Ref.[34] we concluded that based on th@w data it
would not be possible to decide whether theroductionis wherea, B are determined from the corresponding Clebsh-
accompanied by strong off-shell contributions close toGordon coefficients. The coefficients are summarized in
threshold or not, because this part of the cross section iable I. Figure 5 shows the corresponding contributiogs

currently attributed to the experimental background. To com
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10' ‘ ; — ‘ ‘ ‘ Mg for the resonance productiof8). This assumption is
e e justified for all resonances except th& (1535) [46]. For
, e b o this resonance then— pn* (np*) cross section is known to

T % ] be about five times larger than fpp— pp* [46]. This fact
~ is also reflected in the isotopic relation for theproduction
to which theN*(1535) has a large branching ratio. If we
take the enhancement of thE (1535) matrix element in the
pn channel by a factor of 5 into account, tipa— pnp°
cross section shown in Fig. 5 is shifted upwards by 10% and
Vs[GeV] Vs[GeV] the pn—ppp~ cross section by 20%.
For thew production onlyN* resonances contribute, and

FIG. 5. Left: isospin dependence of the exclusN&l— NNp thus the naive isospin relation would impby(pn— pnw)
cross section assuming isospin independent matrix elements for the o(pp—ppw). However, in this case the strongly isospin
resonance production_. Right: _isosp_in dependence of the eXCIUSiV&ependenﬂ\l*(1535) production cross section has a large
NN—NNw cross section. The isospin dependence oNRh€1535) - jnfj ence, which depends of course on the strength of the
is taken |nio account. We dllstmgmsh between a str@®and a N* (1535Nw coupling. In the case of a weak coupling, the
weak(w) N* (1535Ne coupling. pn— phw channel is enhanced by a factor 2, in the case of a
o strong coupling even by a factor of 3. For all other reso-
and oy, originating from the sum oven and N* reso- nancgs whri)chgcontribut)(/e to thiN—NNw cross section
nances, respectively, and the different isospin channels of thsenown in Fig. 5(right), isospin symmetric matrix elements
NN—NNp cross section. The isospin dependence is signifi- d' '
cant. Thepn—pnp® channel is about two times and the are assumed.
pn—pnp" about four times larger than the measuyepl
—ppp° channel.

o [mb]

D. Vector meson production inaN collisions

The two isotopic channels, and o/, can be param- Similar as in the previous case, the pion induced vector
etrized in the form meson production can be parametrized and fitted to existing
data. For example, in Ref45] the exclusive and inclusive
al(\/g— a,)® 7mN—Np(w, ¢) cross sections have been fitted to data and
O3 T (12 LUND string model predictions. In the present work we
(Vs—ay)?+as

again describe the exclusive cross sections microscopically

with  the  coefficients a,=0.7813 (0.334), a, “hinthe resonance model,

=2.512 (2.508), a3=1.206 (1.135), a,=2.736 (2.426), aN—NV R—VN
and ag=0.293 (0.412) for thd =3/2(1/2) channels. A pa- dU(SL:E dg(s,ﬂ)wN—’RM
rametrization ofr(pp— ppw) by Eq.(12) yields the follow- dm? R dm?
ing coefficient: a;=0.4921,a,=2.656,a;=0.7529,a, . 5
=2.6812, anchs=1.8395. Note that the thresholds for the _ (2jrt1) W_FR (w)dWe( )
parametrization§l2) are given by the, values and account R (2jnt1) p2 "7 HITTRLA
only partially for the subthreshold contributions in the cross
sections. dB(u,M)R=VN

The isotopic relations given in Tables | and Il are derived XT’ (13

under the assumption of isospin independent matrix elements

wherejg is the resonance spify the nucleon spin, ang;
the #N c¢.m. momentum. As in the previously discus$¢d
reactions, the cross sections are calculated as an incoherent

TABLE Il. Coefficients for the isotopic decomposition of the
7N—pN cross section into contributions frol and N* reso-

nances. sum over all resonances. The same approximation has also
o B been used in other work®5]. Figure 6 shows the corre-
sponding #"p—pp’ and 7 n—pw cross sections. At
T p—p’p 1 0 laboratory momenta below 1.5 GeV, the existing data are
T n—pn 1/9 419 generally well reproduced. Close to threshold the same phe-
7 n—p% 2/9 2/9 nomenon as in th&IN reactions occurs, i.e., the off-shell
mp—p'n 2/9 2/9 meson production gives a large contribution to the total cross
mp—pp 4/9 1/9 section. Again low-energy data which exist in the case of the
7°n—p°n 4/9 1/9 w are overpredicted by the calculations. At higher energies
m™n—pp 2/9 2/9 the agreement with experiment is very reasonable, both for
7 p—p°n 2/9 2/9 andw. However, at momenta above 1.5-2 GeV, the data are
T p—p P 1/9 4/9 generally underpredicted.
7 n—pn 1 0 As also can be seen form Fig. 11, the totdlp— X and

7~ p—X cross sections can only be well described up to
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5 TABLE IV. List of A resonances which are included in the
T[+p>p p+ QMD transport model. The table shows the resonance masses and
4r the total and partial widths of the included decay channels in MeV.
The values ofl'y, are given at the resonance pole masses. The
a3 (2 T values in brackets as well as the other decay channels are taken
£ from [47] and used for the reaction dynamics.
L2+ - ) %
- Mass Tt
ir T Resonance(MeV) (MeV) Np N7 Aqpg0m Nygagm
00.5 10 15 20 25 1 15 2 25 A123 1232 115 ~0 115
P, [GeV] P, [GEV] A 1600 1700 200 30 110 60
Aig20 1675 180 16.4 45 108 27
FIG. 6. Exclusiver™p—pp* and 7" n—pw cross sections Aj700 1750 300 47.B80) 60 165 45
obtained within the resonance model. The experimentélp A1g00 1850 240 (36) 72 72 60
—pp" are taken from Ref53]. Aigs 1880 363280 307.3168 56 28 28

Ao 1900 250 (100 875 375 25

pion laboratory momenta around 1.2-1.5 GeV. For the de- 1920 150 (45 295 45 375

termination of the inclusive pion cross sections, all baryonic Ais20 1030 250 625 s 625 5
resonances given in Tables Ill, IV are taken into account. ° 190 1950 50 37' 1125 56 50
Nevertheless, at largp,, the contributions of even higher 1950 (37.9 )

lying resonances or other direct processes seem to be miSy the resonance pold;y, is practically zero for the\ ;,5, due to

ing. In the determination of the vector meson productionyanishing phase space. However, thmeson coupling constants of
cross sections we rely on the same set of resonances Whighs resonance, in particular the magnetic one, are IE8gk and

has been used fdNN reactions dicussed in the preceding thys A, ,,, has nonvanishing off-shell contributions.
section. Thus some of the higher lying and insecure reso-

nances included in Fig. 11 are not taken into account here. fycitations. For the SIS energy domain where vector mesons
substantial missing strength in theN—Nw cross section at 4y predominantly produced, subthreshold the present model

large values opq, has also been found in RgR5]. Com-  gives a reliable description of the vector meson production in
pared to Ref[25], our results for the cross sections are gen-_.N reactions.

erally somewhat larger, and thus in better agreement with the
data. The reason lies in a different determination of the reso-
nance decay modes to vector mesons within the extended
vector dominance mod¢R1]. Before turning to heavy-ion collisions, we will consider

As in the case for th&N reaction, isospin relations are the dilepton production in elementary reactions. Dilepton
determined by the composition into contributions frakln  spectra in proton-proton and proton-deuteron reactions have
and N* resonances. Using the same representation as imeen measured by the DLS Collaboration in the energy range
Eg. (11), o(w#N—Np)=aos,+ Boy,, the corresponding T=1-5 GeV[54]. The application of the present model to
isospin coefficients are given in Table . the dilepton production irpp reactions has in detail been

In summary, at high energies one has to restrict oneself tdiscussed in Ref.21]. For completeness, we show the cor-
phenomenological fits to dafa5] or include string model responding results and the comparison to the DLS fath

E. Dilepton production in pp and pd reactions

TABLE llI. List of N* resonances which are included in the QMD transport model. The table shows the
resonance masses and the total and partial widths of the included decay channels in MeV. The ¥alyes of
andT’y, are given at the resonance pole masses. The values in brackets as well as the other decay channels
are taken from Refl47] and used for the reaction dynamics.

Resonance MasMeV) T’y (MeV) Nw Np N7 Nmam  Apgm Nyggr Ny
N 1440 1440 200 <104 0.45 140 10 50
N1s20 1520 125 0.08 26.63 75 1875 31.25
Nisss 1535 150 2.05 4.62 825 75 75 525
Ni6so 1650 150 0.94 3.17 975 75 15 75 75
Nig7s 1675 140 0.003 3.50 63 77
N1ggo 1680 120 0.50 10.224) 78 18
N1700 1700 100 (5 10 45 35 5
N1710 1710 110 (5.5 165 22 22 11 22
N1i720 1720 184150 324 129.87.5 225 675 15
N1900 1870 500 (275 (25) 175 25
N1990 1990 550 (82.5 275 1375 165 82.5
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teron, and second, the isotopic relations betweerpthand
pn contributions to the dilepton production. Only few isoto-
pic relations for the meson production are experimentally

do/dM [ub/GeV]
=
o

Frr T 1 '; [15,28 where w is treated as an elementary parti¢leith
10 TRiaGel 5 fixed massm,=782 MeV) in our approach the off-shell
1o C 3 production starts at the three-pion threshold. Thus subthresh-
3 old w production appears already in elementary reactions. As
10tE . can be seen from Fig. 7 the scenario of large off-shkell
FR 3 contributions which are the consequence of the strong
10? 3 E N* (1535)Nw coupling are consistent with the experimental
af! 3 pp dilepton vyields in the energy range ofT
10°E E =1.04-1.61 GeV. At higher energies this off-shell produc-
10%E ] tion becomes negligiblg34].

104 - The situation becomes more complicated when proton-
E 3 deuteron reactions are considered. Compared t@ fhease
10°F one has here two important modifications: First, the Fermi

4F 3 motion of the proton and neutron constituents inside the deu-

10°F fixed. Most isospin relations have to be derived from model
WF assumptiongsee also Sec. )l For the dilepton production in
10 N pN collision we distinguish generally between three different
10 channels,
10°F, pPNNR—=NN7% 7% yete,
10t
pN—=NR—NN7%; n—ye'e ,
-2 | _
10" E E
27 ; 3 pN—NR—NNe"e™,
10-3 g “‘ ::'. ‘ % E :
10° I N S whereR is either a nucleon resonanbl or aA resonance.
0 02 04 06 08 10 02 04 06 08 1 The last channel contains all contributions which run over

M [GeV] M [GeV] intermediatep and w mesons. For the first channel we use
here the following isotopic relation for fixed two-nucleon
final states NN); pp:pn=1:1(5) if theintermediate reso-
nance isR=N*[N*(1535)] and pp:pn=1:2 for R=A

in Fig. 7. The agreement with the available data is generally46]. To the 7 production only theN*(1535) contributes
reasonable, i.e., of similar quality as obtained in previoud46], and thus the isotopic relation jg:pn=1:5. Thethird
calculations by Ernsét al.[15] and Bratkovskaj&t al.[28]. channel has the same isotopic relations as the first channel if
As in Ref.[15] we observe a slight underestimation of the one assumes that intermediat@nd w mesons are not inter-
experimental dilepton yield at the two highest energles fering effectively in thepn collision. The latter means that
=2.09 and 4.88 GeV in the mass region belowhe peak. for two equally probable reactionpn—pR° and pn
Here the knowledge of the inclusive cross section with mul-——nR", the radiative decays &®° andR* resonances have
tipion final channels starts to play an important role. In Ref.no p-w interference when summed. Then the isospin rela-
[21] the multipion production was estimated within a semi-tions for thep® and w can be read from Table I. The Fermi
empirical model that is slightly modified in the present casemotion of the constituents inside the deuteron is taken into
However, results are very similar to our previous calculationsaccount using the experimental momentum distribution of

FIG. 7. The differentiapp—e*e—X cross sections at various
proton kinetic energies are compared to the DLS @548

[21]. the bound proton, which was obtained by electron scattering
It should be noted that the dilepton yieldspp reactions  [55].
were obtained with the strony* (1535)Nw decay mode. At the two lowest incident proton energies OfF

As briefly described in Sec. Il and in detail discussed in Ref=1.04 GeV andl=1.27 GeV, the threshold effects for the
[34], the strong coupling mode is the result of the eVMD fit » production become extremely important. For a target
to the available photoproduction and meson-production dataucleon at rest, the; production is far below threshold at
[33]. It leads to sizable contributions from off-shell pro- T=1.04 GeV (= —84 MeV, € is the excess energy in the
duction around threshold energies which are, however, excenter-of-mass systemand slightly above threshold &t
perimentally not accessible ipp— ppw measurements. On =1.27 GeV (=6.4 MeV). The Fermi motion of the proton
the other side, these off-shed)’s fully contribute to the and neutron constituents inside the deuteron increases the
dilepton yield. The off-shell contributions generally lead to accessibles values. In the present calculations experimental
an enhancement of the dilepton yield in the mass regiomesults from electron scatteriri$5] are used to model the
below thew peak, in particular at incident energies where theproton and neutron momentum distributions. It is further
w is dominantly produced subthreshold. In contrast to Refsknown from experimenf56] that close to threshold then
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101 T=104GeV 5 & T =127 GeV i
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FIG. 9. The differentiapd—e" e X cross sections at various
proton kinetic energies are compared to the DLS {ia.

do/dM [pb/GeV]
=
o
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Cod ol T m Cood cood el ol T ol ol ool ol o ol ol ol 1

10 ElS

10® I =2.09 GeV and they production atT=2.09 GeV). AtT

10t = =4.88 GeV this procedure strongly underestimates the ex-
. E perimental data. The reason is clear: here the inclusive reac-

10 tions of 7°, 7, p,w production become much larger than the
. exclusive ones. As discussed above, the resonance model

10 ‘ provides only exclusive vector meson production cross sec-

102 ' i tions and the corresponding dilepton production cross sec-

: n: tions. In the calculations shown in Figs. 7 and 9, we ac-

10° , n"“‘. counted for the inclusive cross sections that play a dominant
GJE L T role at high incident energies in a simple manner: the ratios

105702 04 06 08 10 02 04 06 08 1 of the inclusivelexclusive cross sections fa®—,7—,

M [GeV] M [GeV] p—,w-meson production from the theoretical predictions of
Ref. [15] are derived, and our exclusive cross sections are
FIG. 8. I_Experimental dat_a on near to the threshold cross sectionsecgled by the corresponding factors. The shape of the experi-
of the reactionspp— pp7 (circles [58-62, pn—pny (triangles,  mental curve aff = 4.88 is then well reproduced.
andpn—dy (square}swere taken from Re{56]. The curves show At T=1.04 GeV andT=1.27 GeV we strongly underes-
the corresponding model cross sections. timate the experimentadd data. This is particularly surpris-
ing since the correspondingp data are reasonably well re-
—dzn cross section is much largéoy a factor of 3—4) than produced. The comparison with other available theoretical
the pn—pny cross section, which in turn is much larger calculationg 15,28 shows the following: ouA(1232) con-
than thepp— p p# cross sectioffby a factor of 6.5), see Fig. tribution is 2—2.5 times smaller than that of Reff$5,28.
8. The above channels for themeson production take the Comparing then contributions to thepd dilepton spectrum
pn—pnyn and pp— ppy reactions into accountN* (1535)  from Refs.[15]: [28]:[present yields the following ratios:
is produced with appropriate cross secti¢pdg] in pp and  40:200:6 atT=1.04 GeV and 4:15:8 afl=1.27 GeV.
pn collisions], but this treatment does not describe properlyHowever, the large difference of the meson contributions
the reactionppn—dz», which is dominant near the thresh- at T=1.04 GeV does not significantly influence the total
old. At the two lowest incident proton kinetic energi€s dilepton yield since the absolutg contribution is extremely
=1.04 GeV andr=1.27 GeV, we add therefore the reaction small here. The large difference in the various treatments can
pn—dy to the 5 production sources by a parametrization of be attributed to the high momentum tails of the Fermi motion
the experimental cross sectif®6]. At higher incident ener- in the deuteron, which are experimentally not determined,
gies (T=1.61-4.88 GeV), th@n—d» cross section is not and to differentpp:pn ratios. The same is probably true at
known experimentally, but it is natural to expect that theT=1.27 GeV where the differences concerning theontri-
enhancement of the cross section by the proton-neutrobutions (4:15:8) are smaller. However, this reflects the
intial/final state interactiofISI/FSI) in the deuteron becomes amount of uncertainty inherent in the theoretical description
negligible at high energies. We therefore omit the reactiorof the % production in thepd system around threshold. Nev-
pn—dn atT=1.61-4.88 GeV. ertheless, the isotopic relations and the treatment of the
The results are presented in Fig. 9. At incident kineticFermi motion can be checked calculating the radifpd
proton energies of =1.04—-2.09 GeV, dileptons are mainly — nX)/a(pp— nX) at two energies off =1.3 GeV andT
produced from the exclusive reactions mentioned alfexe  =1.5 GeV, where experimental data on these ratios are
ceptions are ther® production atT=1.85 GeV, andT  available[57]. Our results are
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o(pd— 7X) IIl. DECOHERENCE AS A MEDIUM EFFECT

——————=(1+5)(2.0, T=1.3 GeV, . ) . . . S
o(pp— nX) ( )(2.0 In this section we discuss an in-medium modification of

the cross sectioNlN—e™ e~ X, which is connected with the

decoherence of vector mesons propagating in a hot and dense
o(pd— 5X) nuclear medium. In Ref§21,33, radially excitedp and w
W:(1+5)(0'9)' T=1.5 GeV, mesons were introduced in the transition form fact@iyy

to ensure the correct asymptotic behavior of the amplitudes
in line with the quark counting rules. Thereby, we required a
destructive interference between the members of the vector
and the Second factor is due to the Fermi motion inside the 10 28 S PR LEE PUEC B 2 BIOREOTE: (5
deuteron. The corresponding experimental vall&g] of o 1o mesons can be regarded as a heat bath. Usually the
~10 and ~5, respectively, demonstrate that the presenijiterent scattering channels of the interaction with a heat
treatment of they production is reasonable. bath, i.e., the surrounding nucleons and pions, are summed

A second deviation between the present approach and thg, decoherently since the various channels acquire large un-

former calculations of Ref§15,28 is harder to understand. correlated relative phases. In such a case, the coherent con-
It concerns the contribution of th&(1232) at low energies. tributions to the probability are random and cancel each
In the present treatment the dilepton yield from 5€l232)  other. We have in a sense macroscopically different interme-
in pd reactions is by about a factor 2]-2.5 smaller than indiate states that do not interfere since small perturbations
Refs.[15,28. Concerning theA (1232) there exists no siz- result in macroscopically large variations of the relative
able influence of the Fermi motion in the deuteron since thgphases. The interaction of the vector mesons with the sur-
reaction is well above the kinematical threshold. A compari-rounding particles should therefore breakup the coherence
son of thepd:pp ratios for theA(1232) yields approxi- between the corresponding amplitudes for the dilepton pro-
mately (pd:pp),~5:1 in Refs.[15,28, whereas we obtain duction. The break up of the destructive interference results

(pd:pp)s~3:1. This latter result is probably closer to the in an increase of the total cross sections at low dilepton
required isotopic relation. The simplest way to obtain thisMasses. In the following, we want to investigate if the deco-
isotopic relation is the following: the deuteron has a total"€rénce effect can explain the enhancement observed in the

isospin ofl =0, and the incoming proton has-1/2. There- dilepton spectra at the BEVALAC experime{lLS puzzlg.

fore, the finaINNA system should have a total isospinlof Below we put this idea on a more quantitative basis.
=1/2. The isotopic wave function of such a system is
unique, i.e., it corresponds m2+, AT, and A% isobars in A. In-medium modification of the transition form factors

the proportionA?*:A":A%=3x:2x:1x. Herex is a factor The decay widths of nucleon resonances with spinl
which accounts effectively for the Fermi motion of the deu- | 1,5 514 masg: into a nucleon with mass, and a dilep-
teron constituents. It is only written for the comparison to the;,, pair with massVl are described by Eqség)—(G). These
pp—NA reaction. Let us compare this result to tgecorl- widths are proportional to squares of the magnetit) (
tribution in pp—NA reaction. We now haveA<":A electric €), and Coulomb(C) form factors,G(Ti)(MZ) (T

=3: iati + 0
_S’.'l.' Rad!gta/e decays °|°°T“r: only far™ anda ing qu =M,E,C). In the eVMD model, the transition form factors
radiative widths are equal. Thus one gepgd{pp),=3x: RNy are written as

~3:1 due tox~1. At T=1.04; 1.27 GeV this is an upper
limit, i.e., x<1, sinceNN— NA is almost on top of the cross
section. GLIMH = ME). (14)
In summary, the present model reproduces the dilepton :

production in pd collisions at T=1.61-4.88 GeV to be

rather reasonable. At the two lowest energiés The sum runs over the ground state and excpiednd w
=1.04; 1.27 GeV we underestimate tpel data (probably ~mesons. The amplitude

due to an underestimation of the contributior). At these

where the first factor originates from thmn isospin relation

energies an underestimation which is, however, less pro- mﬁ
nounced, was also observed in Rf5]. It should be noted M=) (15)
that for thepp reactions the present results and those of Ref. m—im I’ —M

[15,28 coincide more or less. In all cases the theoretical
calculations reproduce the corresponding DLS data reasontescribes the contribution from theh vector meson to the
ably well. Hence the dilepton production on the deuterontype-T decay width. The quark counting rulp40,63 predict
turns out to be rather involved at subthreshold energies dughe following asymptotics for the covariant form factors of
to strong ISI/FSI effects. Thpd system is therefore only of J=23/2 nucleon resonances:

limited use to check isospin relations of the applied models.

Another important result is the fact that the scenario of large

off-shell w contributions from theN* (1535)Nw decay is ~1GE,(M?)=G{;L(M?)~0
consistent with the availablep and pd dilepton data.

1
(_M2)|+l ’
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1 The meson decay takes place before the first collision,
GSI(MH)~0 W) . (16)  provided that &Ip<Ic, so the probability of the coherent
(—M?) decay equals
These relations provide constraints to the residu.ﬁé and +od| ledlp Lc
. . . . w= _eflc/Lc _ele/LD: ) (22)
imply a destructive interference between the different mem- o Le o Lp Le+Lp

bers of the vector meson families.

For _spinJ=% resonances one obtains the following as-a|| mesons have in general different values andL, and
ymptotics: thus the coherent decay probabilities are different as well.
Therefore below the indek is attached to the decay and

GE) (M2)~0 GE(M2) -0 scattering lengths and to the coherent decay probabilities. In
em(M*) (—M?)2)’ ¢ (M%) (—M2)3)" order to account for the decoherence, one should make the
(17)  replacements
In the case of a full decoherence the vector meson contri- IGHIMAP-EF(M2,QH)|GFI(MA)12 (29

butions to the cross sectiohN\N—e"e~X, which run over > o
nucleon resonances, must be summed up decoherently. THE EGs. (5) and (6). The enhancement factér(M<, Q) is
leads to the replacement given by

2
2k ME) +2| (1-w)

2

2

‘ZK M

= M2 1y  EF(MZQY)=
k

4.

As a consequence, total decoherence will result in an en- X wk(|/\/1(ﬁ)|2+
hancement of the resonance contributions due to the pres- k7|
ence of the medium. The prescripti¢tB) refers to the limit
of full decoherence, i.e., collisions with nearest neighbors +1] 1-w)> IM(TT()IZ)/
occur always before the dilepton emission. However, in re- ' K
ality, both the density and the meson wavelengths are finite;
and thus it is necessary to have a relation for the decoherence
effect, which is valid in an intermediate regime for densities
and the meson wavelengths. The basic assumption is thﬁt
each of the propagated vector mesons radietes  pairs
coherently up to its first collision with a nucledor gener-
ally a hadrom, and incoherently afterwards. This leads to the
destruction of the coherence of one meson with the other
which, by themselves, may still form a coherent state. Th
problem receives at this stage a combinatorial character.
The decay probability for a resonance at distanpgcim the
intervaldly equals

2
) . (24

depends on square of the spacelike garof the vector
meson momentum through E(R1). The first term in Eq.
(24) in the numerator corresponds to the probability that all
-mesons radiate the dilepton pairs coherently. The second
erm corresponds to the probability that title meson decays
o the dilepton pair after its first collision, while the other
mesons radiate before the first collision. Finally, the last term
corresponds to the probability for an incoherent radiation of
all vector mesons. Each term in EQ4) contains the squares
dl of the amplitudes\ {3, according to the proper interference
dWD(|D):e*ID/LD_D_ (19 pattern. If the probability for the coherent radiation equals
Lo w,=1, i.e., the collision length_¢ is infinite like in the
vacuum, then the vacuum result is recoverel;) (M?,Q?)
=1. If the collision length goes to zero, thg,=0 (full
decoherencde and prescription18) is valid. In the case of
isospinl =1/2 resonance decays, H@1) also takes the de-
coherence betweem and w mesons into account.
di In order to illustrate the effect of the enhancement factor,
dWg(lo)=e e/t —<, (200  We consider the Coulomb form factor for a spin-N2reso-
Lc nance where the formulas are simplest. According to the
minimal eVMD, threep mesons are needed to ensure the

The decay length for a resonance with lifetimig equals
Lo=vvyTp, whereTp=1/T", I" being the total vector meson
vacuum width. The collision probability at a distanicein
the intervaldl- equals

The collision lengthl ¢ is defined by the expression correct asymptotics of the transition form factors, i.e., the
ground state and the excitgq1250) andp(1450). Let us
L _ 1 (21) take Lp~Tp=1/T, w;=w,=wjz, and vary the collision
€ pgo’ lengthL from O (total decoherengeo « (total coherence

The decoherence factor is plotted in Fig. 10 as a function of
where o is the totalVN cross section angdg is the nuclear the running masM in the no-width approximation for the
density. mesons. As can be seen from Fig. 10, the decoherence will
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6 Equation(21) is the leading term when the density ap-
| proaches zero. The condition for a fully decoherent scatter-

0 ing of particles propagating through a medium is the dilute
S 1 gas limit. It means that sequential scattering processes are

statistically independent. In terms of a scattering length, the
dilute gas limit corresponds to the requirement that no addi-

4r Lim i tional scattering centers appear inside the wave zone of the
scattered particle. In the present case this area can be esti-
S 5l 2fm | mated by a sphere of radius which is of the order of the
u meson wave lengtir,~\. In the low-density limit this con-
4fm ] dition is satisfied, and Ed21) is applicable.
2L i In the following, we intend to derive a modified expres-

sion for the collision length, which describegalitatively

also the intermediate and high density regime and provides
1 the restoration of coherence in the soft-dilepton limit. The
scattering has a coherent character if many scattering centers
appear on the scale of the particle’s wavelengthFor a

0 I I I I

0 02 0.4 0.6 08 1 coherent scattering process on a cluster which consists of
M [GeV] individual scattering centers, the cross section is given by
FIG. 10. The enhancement fact&i(M) for the spin-1/2A o,~2%0, (25)

—Nete~ Coulomb transition due to the decoherence between the

p mesons in the medium, estimated within the eVMD model forwhere o is the cross section for a single scattering center

different values of the mean free paih of the p mesons in the (Z=1). If one assumes—as usually done—that the scatter-

medium. Thregp mesons interfere. ing centers are homogeneously distributed according to the
densitypg, the probability to find a cluster with scattering

generally lead to an enhancement of the dilepton yield in theenters inside a volum¥ is given by the Poisson distribu-

low-mass region below the peak. It should be noted that a tion

similar effect exists for the dilepton decays of the mesons.

Such decays have also constraints from the quark counting

rules on the asymptotic behavior of the transition form fac-

tors. The decay modeR—e*e™ y, whereP=m, » and

p®—e*e" 7w~ have monopole form factors in the ampli- Herea=pgV is the average number of scattering centers in

tudes. To obtain a monopole form factor, it is sufficient tothe volumeV. Coherent scattering takes place on clusters

consider only a single meson. In this case no enhancementinside a sphere of radius-\. The average cross section for

occurs, i.e.E(M2,Q?%)=1. The decay mode¥—e*e P, the scattering on clusters equals

n—ete wta, and p’(w)—ete #Ox° with dipole o 5

form factors, require the existence of at least ates. In _ 2% o

such a minimal case, these modes are enh:\vr\fed. However, Telus UZZ:O z z1© =oa(lta). @

the decays of the last type are nondominant, and their en-

hancement is not taken into account in the simulations. ~ The average number of scattering centers inside a single
cluster is

aZ

P,=—e . (26)

56

B. Restoration of coherence in the soft-dilepton limit

+ o Z
P o
Physically, if many nucleons appear on the scale of the Z= 2 Zie*“=a. (28)
mesonic wavelength, the scattering process must have a co- z=0 '

P:J(neggnzhﬁ:i?;%rn\gltrn rsjgﬁcg E;C;SC(IEUS;;;S Ijoorgego?é;g?ysuﬁ‘he ratio between Eq$27) and (28) now provides the ef-

: ’ fective cross section for the scattering on a single scattering
any more. The eVMD model can also be used for the debenter'
scription of the diagonal electromagnetic form factors. When '

M=Q?=0, the diagonal form factors, e.g., of the nucleon, e~ (14 a). (29)
measure the total electric chargbroughGg). The nucleon

charge must be counted in the same way as in the vacuurin the case of decoherent scattering, the above arguments
which leads to the requiremel:(M?,Q%)=1 atM=Q? lead to the relations;~Zo, ogus~ oa, andoes~ 0.

=0 for the enhancement factor of the nucleon electric Sachs In relativistic heavy ion reactions the masses and mo-
form factor. Since the in-medium behavior of vector mesonsnenta which occur in hadronic scattering processes are usu-
does not depend on their origiemission from nucleons or ally large, and thus quantum interference effects do not play
nucleon resonancgshe constraints to the diagonal and the a significant role. But here we are interested in the soft limit
transition form factors must be identical. Hence, in the soft-of the vector meson propagation, and thus one has to account
dilepton limit, the coherence must be restored. for quantum effects. From scattering theory one knows that
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the radiation takes _pIace if the asymptotic regimﬂe/r starts (Z—) m~ Zm becomes dominant ové and Po, and so
for the wave function of the scattered particle outside the — ,
wave zone. When scattered on a cluster, the incident particle (Vs.M ;M —|Quud. The c.m. velocityvy,s of a large
can hit new scattering centers inside the wave zone, and {fHUSter relative to the matter rest frame vanishesvgs
this case radiation is assumed not to be formed. This mearis1/Z. It follows that |Qu.,d—|Q| and 1A—[Ql. For a
that a discrete scattering process can only take place on thosigle scattering centem=m, and the wavelength is de-
clusters which leave the wave zone of the scattered partictermined by the momentum* (1/s,M,m) averaged over the
unblocked, i.e., free from new scattering centers. The probaucleon velocity distribution in the matter.
ability to find such a configuration can be estimated by the In deriving Eq.(31), we neglected the dependencexadn
Poisson law: Z. Although very qualitative, Eq(31) provides the desired
behavior of the decoherence factors in the soft-dilepton limit.
Punblocked™ €™ . (B0 It leads to Lc—, we—1, E{)(M%,Q%)—1 at A—o
(M,Q?—0), so that vector mesons witl,Q>—0 propa-

The value ofPynpiockeqiS the probability that no additional gate in a ‘dense medium coherently. The decoherence be-
scattering centers exist inside the wave zone, which we corj:

) . . i omes generally weaker with increasing
sider to be simply a region around the scattering cluster o

. L oe The requirement of a restoration of coherence in the soft-
the same volum¥. The collision probability is then propor- - gjjepton fimit follows directly from charge conservation. It is

tional to the effective cross section; multiplied by the ot principle importance but has no immediate practical im-

probability Pynpiociedfor an unblocked wave zone. The modi- pjications for the description of experimental spectra. The

fication of Eq.(21) is now straightforward: experimental filters cut the dilepton spectra at low values of
M, and thus this limit is presently not accessible. We do not

(3 discuss here possible effects of the mass dependence of the
decay time through the equatidf,=1/1"(M?) or through

. . . Eg. (41). Note also that the meaning of the cross section

with a=pg(47/3)\3. Expression(31) has finally the de- entering the collision length . becomes unclear whek

sired features. In the low density limit one obtaias-0, falls below the two-pion threshol@for p mesong so the

and thus expressiaf21) is recovered. In the long wave limit 5p6ve discussion is restricted to the case of massless pions.
a—oo, Lc—o, w—1, and so the full coherence is restored.

Note that the functiom®/(1+ «) is a monotonously increas-

ea
e e (1t a)”

IV. THE QMD TRANSPORT MODEL

ing function.
The wavelengtfa is inverse proportional to the center-of-  Heavy-ion reactions are described within the framework
mass momentum of the vector meson and the cluster, of the guantum molecular dynam|(@MD) transport model
[35]. We extended our QMD transport cofi#] in order to
Ewp*(\/g M, m) (32) include all nuclear resonances with masses below 2 GeV.
A B These are altogether N* and 10A resonances. The corre-

. sponding masses and decay widths are listed in Tables llI
wherem?=(=%_,p;)?, p; are the four-momenta of the nucle- and V. For the description of the dilepton production
ons in the cluster. Here=(P+=%_,p;)? andP is the vector through baryonic resonances, respectively, ghend » pro-
meson momentumP2=M?2. In the local rest frame of the duction inNN and 7N reactions, only the well established
cluster, i.e., the center-of-mass frame of its constituents, the4*) resonances listed by the PD@&8] are taken into ac-

vector meson momentum is given by count. This corresponds to the same set of resonances which
was used in Refd.21,34, for the description of vector me-
e m son and dilepton production. TH&;, and theNp andNw
p*(\/E,M ,M)=—=|Qqud" (33)  widths given in brackets as well as the decay widths of the
Vs other decay channels are taken from Réf’] and used for

_ the reaction dynamics.

where s=M?+2Pom+m? and Po=M?*+ Qg In order As in the previous calculationi86], we take the isospin
to obtain an infinite wavelength =<, one has to require dependent production cross sectiorg'N—~NR  for the
that the vector meson momentum vanishes simultaneously in(1232) and theN* (1440) resonances from Ref64].
the rest frames of all clusterQ3,,=0. This is, however, These cross sections were determined within the framework
only possible if the conditioM = Q=0 is fufilled. Thus, at  of a one-boson-exchange model. For the higher-lying reso-
finite density a full restoration of the coherence can only takenances, parametrizations for the production cross section are
place forM=Q?=0. This condition appears quite reason-taken from different sourcd€7,46. The following types of
able, since a vector meson at rest with#0 andQ?=0 can  baryon-baryon collisions are included: all elastic channels,
still collide with the surrounding nucleons due to the Fermireactions of the type NN—NN*, NN—NA*, NN
motion and/or motion caused by a finite temperature. —Aq23N*, NN—A53A*; andNR—NR', whereA* de-

It is interesting to note thalt~— both atpg—0 and notes all higher lying\ resonances. Elastic scattering is con-
pg—°. This implies the full restoration of coherence at fi- sidered on the same footing for all the particles involved.
nite A for both small and infinite densities. For large clustersMatrix elements for elastic reactions are assumed to be the
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same for nucleons and nucleonic resonances. Thus elastic
NR and RR cross sections are determined from the elastic B
pp or np cross sections, depending on the total charge. In- 100 mnp
elastic collisions are considered according to the expression — i
[47] £

(Pr) °

Pt

O12.34~ ———|M(mg,my)|?, (34)

PisS
p; and(p;) are the momenta of incoming and outgoing par- 1000 o5 10 15 20 05 1 15 ’
ticles in the center-of-mass frame. In the case that final states ' 'plab [GeV] ' ' 'plab [GeV] ’
are resonances, the phase space has to be averaged over the
corresponding spectral function, FIG. 11. Inclusiver~p and* p cross sections obtained by the

sum over all resonances which are taken into account in the present
<pf>:J n( \/g,mN ) AW (1), (35) description(see Tables Ill and IY Data are taken from Reff48].

. . . - - Backward reactions, e.gNNR—NN, are treated by the
with dWg: given by the corresponding Breit-Wigner distri- detailed balance gNR= y

bution (10). In the general case that both the final states in
Eq. (34) are resonances, the averagingpfis performed

2
over both resonances, P12

Ip&AZ

(Pf)ZJ P(VS, o ) AWR()dWri (). (36)  where the proportionality sign is due to over@o)spin fac-
tors. The expressions for the momenta of incomiagtgo-

The integrations are performed over kinematically definedng) particles are calculated according to E) and(36),
limits. M in Eq. (34) is the matrix element of the cross respectively.
section, and the proportionality sign accounts for possible Pion-baryon collisions are standardly treated as two-stage
overall (iso)spin coefficients. For most of the cases we useprocesses, i.e., first the pion is absorbed by a nucleon or a
expressions for the matrix elements from Ref7]. How- baryonic resonance forming a new resonance state with sub-
ever, parametrizations of the matrix elements are given isequent decay. The pion absorption by nucleons is treated in
Ref. [46], and we make use of these expressions. This is, ithe standard way36,46,41, and the pion absorption by
particular, the case for reactions where resonances contributesonances is proportional to the partial decay width of the
to the dilepton yieldsee Tables Il and 1Y For example, the reverse processt6],
cross section for the reactiohtR—NR' is determined from

034,12~ 012,34 (39

the known channelsIN—NR andNN—NR' by 2Jx+1 47 S(T'r_gra)?
OrR—R' = 2 2 2"
0.5(| M wn—nrl?+ [ M nnonr [5)2(23p +1) (25t D(2S+1D) pf (s—mp)?+sTg,
ONR-NR' = 167p;s (40
X (py). (37) The decay of baryonic resonances is treated as proposed in

Refs.[65—67), i.e., the resonance life time is given by the
In Eqg. (37), | is an isospin coefficient, depending on the spectral function
resonances’ types, arl: denotes the spin dr’.

For all resonances we use mass-dependent widths in ex- dWi(u)
pressiong37) and (36), namely TR(M)=47T/Ld—M2- (41)
p\3 p2+ 52\ 2 . S
I'(w)=Tg _) r (38) Here we use constant widths when considering resonance
Pr/ \ p?+ 62 decays. The decay channels which are taken into account are

listed in Tables Il and 1V, together with their corresponding
In Eq. (38) p andp, are the c.m. momenta of the pion in the branching ratios. For the mass systems under consideration
resonance rest frame evaluated at the running and the respgion multiplicities are reasonably well reproduced by the
nance pole mass, respectiveliz=0.3 is chosen for thd 1,3,  present description. For example, inclusiw€ cross sec-
and 6=/ (mg—my—m_)>+T?/4 for the rest of the reso- tions in C+C reactions were recently measured by the KaoS
nances. The inclusiver p and #*p cross sections are Collaboration[68], and the experimental results can be re-
shown in Fig. 11. The fit to the data including the sum overproduced by the present description within error bars.
all resonances is of similar quality as in Refd46,47 and Concerningy, the fit of Ref.[45] is in good agreement
reproduces the absorption cross section up to pion laboratonyith the exclusivepp— pp#» production data from COSY
momenta of 1-1.5 GeV. At higher energies string excitationg§59] around threshold. Thus in this case we apply the cross
start to play a rolg47]. section from Ref[45] and neglect the; production through
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10° —— —————— calculations with the DLS data is here not completely con-
CtC clusive: The lighter G-C system would favor the weak
10° ¢ E 3 N*(1535)Nw coupling scenario whereas the €&a reac-

N tions are better described by the strong coupling.
i/ A In the low mass region] =0.1-0.5 GeV) we observe an
\ underestimation of the DLS spectra by a factor of 2—3. Thus
oo in the present approach the underestimation of the DLS data
1| — strong Nygoy Necpl. ) is somewhat smaller than observed in the previous works of
T preakMNus Neo I Refs.[15,17. One reason for this is a larger contribution,
which is probably due to the isospin factor of 6.5 for the
np— npzn channellcompared to a factor of 2.5 used in Refs.
[12,28). Other differences to the previous treatmdns,12]
FIG. 12. The dilepton spectrum in4C and Ca Ca reactions ~ are the following: In Ref[12] the vector meson production
is compared to the DLS dafd4]. The calculations are performed was described by parametrizations of ti& and 7N pro-
with a strong, respectively a wedk* (1535)Nw coupling. duction channels, while in the present approach these reac-
tions run solely over the excitation of intermediate nucleon
resonances. As a consistency check we compared the direesonances. In Refd15,12 only the A(1232)—Ne“e”
n production by the procesBIN—NN7 to that of NN Dalitz decay has explicitly been included. In addition, the
—RN—NN7%, and found that the two production mecha- decays of the nucleon resonances into vector mesons were
nisms lead to almost identicaj yields in heavy ion reac- treated till recently in the nonrelativistic approximation
tions. However, to avoid double counting only one of the[28,24, and usually only one transition form factor was
channels should be included. In line with experimental datdaken into account. From counting the independent helicity
[69] for 7, an isospin factor of amplitudes it is clear that a phenomenologically complete
treatment requires three transition form factors for spin
a(pn—pnn)=6.50(pp—pp») (42 =3/2 nucleon resonances and two transition form factors for
_ spin-1/2 resonances. Earlier attempts to derive a complete
is assumed. phenomenological expression for the dilepton decay of the
A(1232) were not successf(fbr a discussion see Rédf32)).
V. DILEPTON PRODUCTION IN HEAVY-ION REACTIONS Despite the details which differ in the various transport cal-
culations(we included significantly more decay channels and
apply an improved description of the baryonic resonance de-
With this input QMD transport calculations for€C and  cayg the present results confirm qualitatively the underesti-
Cat+Ca reactions at 1.4 GeV are performed. First we dis- mation of the DLS data at invariant masses below ghe
cuss the results obtained without any additional medium efpeak[15,12.
fects concerning the dilepton production. For the nuclear A deviation to the results of Ref§15,12] and appears in
mean field a soft momentum dependent Skyrme foi€e ( the vicinity of the w peak. Even after averaging over the
=200 MeV) is used35], which provides also a good de- experimental resolution, the present results show a clear peak
scription of the subthreshold* production in the consid- structure around 0.8 GeV, which is absent in R¢1&,17.
ered energy rangl0]. The reactions are treated as minimal However, in Ref[12] absorptive channelé.g., No— N
bias collisions with maximal impact parametels,,, [71]) have been included, which lead automatically to a col-
=5(8) fm for C+ C (Cat+Ca). lisional broadening of the in-medium vector meson width.
In Fig. 12 the results are compared to the DLS data. Th&uch a collision broadening is not included in the results
acceptance filter functions provided by the DLS Collaborashown in Fig. 12, but will be separately discussed in the
tion are applied, and the results are smeared over the expefellowing section. With respect to the UrQMD calculations
mental resolution ofAM =35 MeV. The calculations are of Ref. [15] our approach is in principle similar, because
performed within the two scenarios discussed in Sec. llyector mesons are produced through the excitation of nuclear
namely, a strondN* (1535)Nw coupling as implied by the resonances. However, in R¢f.5] the naive VMD was ap-
original fit to the available photoproduction dd@4] and a plied to treat the mesonic decays and the treatment is more
weaker coupling which can be enforced by a different choicequalitative, i.e., couplings were not particularly adjusted in
of input parameters. In the first case strong off-skelton-  order to describ@ and w cross section, as it was done in
tributions appear, which are also visible in the dilepton specRefs.[33,34]. For example, in Ref.15] only the N* (1900)
trum at invariant masses below thepeak. In the mass re- —Nw decay mode was taken into account, which leads pre-
gion between 0.4-0.8 GeV, the two scenarios yieldsumably to a significant underestimation of tRé&l—NNw
significantly different results. The rest of the spectrum iscross section.
practically identical, except the height of tle peak itself. The contributions of the various nuclear resonances are
As discussed in connection with the elementary cross sedisplayed in Fig. 13 for the CaCa reaction. Here the theo-
tions, thew contribution from theN* (1535) is suppressed at retical results are not averaged according to the experimental
the w pole in the strong coupling scenario, and thus the totatesolution, but the DLS filter is applied and the data are also
w peak is slightly lower. The comparison of the transportshown in order to guide the eye. The contributions from the

do/dM [mb/GeV]

2 Lo L ‘ - —— ‘
00 02 04 06 08 10 02 04 06 08 10
M [GeV] M [GeV]

A. Standard treatment
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FIG. 13. Contributions of various nuclear resonances to the 10° T ST B R I W
dilepton spectra in CaCa reactions at 1.4 GeV. Left: contribu- 0 0.2 04 0.6 0.8 1
tions fromA decays. Right: The total contribution froN* decays M [GeV]
and that of theN*(1535) are shown for the two scenarios of a o . . .
strong/weak ¢/w) N* (1535)Nw coupling. The DLS dathl4] are FIG. 14. Contributions of varioud* resonances to the dilepton

shown in order to guide the eye. spectra in Ca Ca reactions at 1.04 GeV.

A resonances which run exclusively oyedecays are domi- B. p and » meson in-medium widths

nated by theA(1232). However, in the vicinity of the In previous studies, in-medium spectral functions of the
peak, theA (1620) gives an almost comparable contribution.p and @ mesons were implemented into heavy-ion codes
The A(1700) andA(1905) give only minor contributions. ab initio [12]. At intermediate energies, the sensitivity of the
The N* resonances which contribute both, yisand w de-  dilepton spectra on the in-mediuptrmeson broadening is
cays, are in particular important at invariant masses arountkss pronounced as compared to theneson. Estimates for
and slightly below thep/w peak. Before smearing over the the collision broadening of the in hadronic matter, i.e.,
experimental resolution, the peak is clearly visible. As dense nuclear matter or a hot pion gas, predict a collision
discussed in Sec. Il in connection with the elementary prowidth which is of the magnitude of the vacuysmwidth. For
duction cross sections, thi¢* (1535) plays a crucial role in  w, on the other hand, the vacuum width is only 8.4 MeV,
our treatment. Therefore we display the contribution fromwhereas in the medium it is expected to be more than one
this resonance separately for the two scenarios of a strongrder of magnitude larger. However, the possibility of a
and a weakN* (1535)Nw coupling. The first caséstrong  strong in-medium modification of the meson has not at-
coupling results in a smaller on-shell cross section, which tracted much attention in previous studies. The reason is
is reflected in a lowemw peak in the dilepton spectrum. The probably due to the fact that the direct information on the
reason for the smaller on-shell value is a suppression of the-meson channels from resonance decays, available through
w strength from this resonance just at thgpole[34]. How-  the multichannelrN scattering analysis, is quite restricted.
ever, this scenario leads to a strong background contributiomhe present model provides an unified description of the
which is experimentally not accessiblednproduction mea- photoproduction and electroproduction data, and of the vec-
surements but is clearly reflected in the enhanced dileptotor meson and dilepton decays of the nucleon resonances. It
spectrum below the@ pole. Compared to the weak coupling also provides a reasonable description of the vector meson
scenario, the dilepton yield frol* (1535) is enhanced by and the dilepton production in elementary reactioms (
almost one order of magnitude in this mass region. In thet+p,p+d) in the BEVALAC energy range. However, when
weak coupling scenario, on the other hand, Mie(1535) applied toA+ A reactions, the model leads to a very strong
plays only a minor role in this kinematical region. overestimation of the dilepton yield around the peak,

The contributions of the othed* resonances are shown which suggests significant medium modifications of the
in Fig. 14. In the low mass region the most important one iscontribution. At low energies, the vector meson production
theN* (1520), which has a strongdecay mod¢33]. Atthe  occurs due to decays of nucleon resonances. The in-medium
o peak theN* (1520) and theN* (1680) dominate. Similar broadening of vector mesons can be understood within the
relative yields are obtained in-€C reactions. framework of the resonance model. It has qualitatively two

In summary, one can conclude that the theoretical calcumajor consequencegl) an increase of the nucleon reso-
lations without medium effects show, in two distinct kine- nance decay widthR—NV, (2) a decrease of the dilepton
matical areas, clear deviations from experiment: the lowbranchings/—e*e™ due to the enhanced total vector meson
mass region betweem =0.1 and 0.5 GeV is underesti- widths.
mated, while the contribution at the (and p) peak is These two effects are of opposite signs and can be com-
strongly overestimated. We also investigated the contribupletely described in terms of Eq&)—(6) through appropri-
tions from 7" 7~ annihilation. In our calculations the influ- ate modifications of the vector meson propagators entering
ence of this channel is significantly smaller than that in Refinto the RNy transition form factorsG(M?). Within the
[12], and does not play an important role. eVMD framework, it is sufficient to increase the total widths
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of the vector mesons. In a less formal way, the effect can be ;52— ‘ ‘
explained as follows. The differential branching

Cat+Ca, 1.04 AGeV

drrRy(u,M) 10°E strong N (1535)New cpl. 5
r(p) > ]
® [)
. . . O 10'f 3
becomes usually larger with an increasiigneson width, g "~ F Experiment E
which is due to the subthreshold character of the vector me-_ L= Tp=150Mev 1
son production through the light nucleon resonances. Thes 10°s |~ p” 300NV 3 3
dilepton branching of the nucleon resonances, S F o flomw ]
4l | 3 r,=100Mev 1
" | V- 10°E | 4 r =200Mev E
N - N —e'e £ - ]
B(M)R Ne'e "’B(,LL)R NV Fmt , (44) i 5 = 400 Mev ]
\% -2 PR Y P B PR B TN B
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is, on the other hand, inversely proportional to the total vec- M [GeV]

H tot H H
tor meson widthl'y,". Hence, an increase of the total width £~ 15 Dilepton spectra in GaCa collisions at 1.04 GeV

results in a decrease of the dilepton production rate. Thig, gitferent values of the in-medium and w widths. The solid

effect is particularly strong fow since the in-mediumv  cyryes correspond to calculations where thevidth is kept at its

width is expected to be more than one order of magnitudgacuyum value of 150 MeVno collision broadening The dashed

greater than in the vacuuii]. Although the estimates of curves correspond to a totalwidth of 300 MeV. In both cases the
Ref. [6] were based on the standard VMD model which is width is varied betweed''°'=8.4-400 MeV. The results are
contradictive with respect to the description of both, theobtained with the strondl* (1535)Nw coupling.

RNV and RNy branchingg[21,24,23, the qualitative con-

clusions concerning the magnitude of the in-mediwm \here the DLS puzzle is observed. This means that the prob-
broadening should be valid. A relatively large collision  |em to extract in-medium vector meson widths is isolated
width is not too surprising. According to the SU(3) symme-from the difficulties concerning the theoretical interpretation
try the o coupling to nucleons is three times greater than theyf the dilepton spectra below théw peak. As expected, the
p coupling. One can therefore expect that at identical kinegjlepton spectra in the vicinity of the/w peak react very
matical conditions thé&w cross section will be greater than sensitive on modifications of the in-medium width. The re-
the Np cross section. Since the collision widths are propor-production of the DLS data requires an in-mediunwidth
tional to the cross sections, the same conclusion holds for thghich lies above 50 MeV for both strong and weak cou-
collision widths. Thew contribution is extremely sensitive to plings. The best fits are obtained wmjft = 300 MeV and
the reaction conditions in the course of the heavy-ion colli-ptot— 190300 MeV. With these values we reproduce in the
sions. While the increase of the total branchiBg) ™" strongN* (1535)Nw coupling scenario the DLS data points
depends on kinematical details, one can expect that the sugiy,nd and 100 MeV below the/ @ peak within error bars.
pression of thew contribution due the enhanced total width |, the weak coupling scenario the DLS data are still slightly
I, is a one order of magnitude effect. underestimated below the peak. However, the situation is not
In the standard approach without additional medium ef'completely conclusive if one considers also the C sys-

N*(1535)Nw decay modes, lead to a significant overesti-

mation of the DLS data in the vicinity of the peak. An

empirical way to investigate the influence of the collisional 1035 " . ‘ ‘ E
broadening is to assume in a first step average in-medium i Cat+Ca, 1.04 AGeV :
values forl“},o,tw, and to compare the corresponding results to ;2L B weak N'(1535)Nwcpl. =
the experiment. In Figs. 15 and 16 this is done for the Ca__ | — 3 1
+ Ca reaction. The QMD results are shown for two values of 3 r [) 1
the in-mediump width, i.e., the vacuum value of 150 MeV % 101f Experiment 3
andI'}"'=300 MeV. = f | — r-150Mev ]
The latter assumes an additional collision widthIgf" 3 0L | r,=300Mev ]
=150 MeV, which agrees with the estimates of Rgfs-7]. 5 |t M,=84Mev E
In both cases the» width is varied betweed'9'=8.4, 50, i : r:;fgohf,é\/,
100, 200, and 400 MeV. As already mentioned, the in- 10 F |4 r =200mev E
medium » broadening is less studied. Thus we cover the FoL° Tomd00Mey 1
possible range of in-medium values by the above parameter ;2 Ll Ll Ll N I
0 0.2 0.4 0.6 038 1

First of all, it is important to realize that the region which

is sensitive to in-medium modifications of the meson widths FIG. 16. Same as Fig. 15, but with we&k (1535)Nw cou-
is distinct from the mass interval between 0.2 and 0.6 Ge\pling.
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10°F T T E 10°
i ] +
i C+C, 1L.04 AGeV = 10 | c+C 1 ]
10'F strong N (1535)Nwcpl. 3
E 1 ~ 1
> r _g 10 k3 E
D [ e
Q 100? E s 100 il il
Ke) E Experiment S -~ coherent
3 E [ =150 MeV = — decoherent
s r P _8 101 1| - Acoherent
= 104 Lo = 300 MeV 4 — A decoherent
B F |1 r,=s84Mev oDLS
© F 2 Tr,=50 Mev 02 / L L L 0 L L L L
L |3 ri=100mev 00 02 04 06 08 10 02 04 06 08 10
10°F | 4 r =200mev SN G M [GeV] M [GeV]
F 5 , =400 Mev \ ]
3l L L L L FIG. 18. Influence of a totally decoherent dilepton emission in
107 0.2 0.4 0.6 0.8 1 C+C and Ca- Ca reactions. The contributions from tie reso-

M[Gev] nances are in both cases shown separately.
FIG. 17. Dilepton spectra in €C collisions at 1.04 GeV for

different values of the in-medium and w widths. The solid curves
correspond calculations where thpewidth is kept at its vacuum
value of 150 MeV(no collision broadening The dashed curves
correspond to a total width of 300 MeV. In both cases the width
is varied in the rang&'%'=8.4-400 MeV. The results are obtained
with the strongN* (1535)Nw coupling.

The decoherence effect is treated as described in Sec. Ill.
The collision broadening and the collision length are related
through the equations

coll
e*'c/che*vt/che*Fv t/y' (45)

Expression(45) provides the probability that a mesbftrav-
o ] ] o els after its creation the length through the medium with-
error bars even with in-medium meson widths. Definite con; being scattered by the surrounding hadrons. In(&),
clusions on theN* (1535)Nw mode from dilepton yields in , js velocity andy is the Lorentz factor. The collision length
heavy-ion reactions require more precise data which will beand width are thus related by
provided by the HADES CollaboratidiY2]. The present es-
timates can be interpreted as empirical values which are di- v/LC=F\C,°“/y. (46)
rectly extracted from the experiment. The strength of ¢the
broadening and the theoretical motivation through @¢)  The collision length for the mesons is given by E81). An
provide confidence for these estimates. effective cross sections, (which is related to the collision
If the average widths are fixed one d@m the other hand width) corresponds to Eq31), i.e., the factors (+ a)e™ “in

extract an average cross section from the collision broaderEd: (31 are then effectively included. Since the collision
coll_ widths are directly extracted from data, th@ndw collision

ing conditionT'y=(pg)v yoyy. The average nuclear den- . . :
sity at the vector meson production, respectively, at the del_engths which are necessary in order to determine the prob-

cay of the corresponding nuclear resonarReis in minimal abilities for a coherent dilepton emission can be obtained

bias 1A GeV Car Ca reactions about 15 times the saturaroil S CCk [0 SSTEER O T LI B0 e
tion density, i.e.{pg)car ca=0.24 fm 3 and slightly less for y y

C+C ((po)c,c=020 im 9. It one assumes now that the Ee 8 208 Bt 2 e, e hose of
vector mesons are produced in an isotropic fireball with y g

temperature off=80 MeV, the extracted collisional width athe_ground statp and . As a consequence, the radially
. excited mesons show a tendency to decay coherently. The
corresponds to an averagéN cross section of about,y

tot decoherence effect is most pronounced for the ground-state

=30 mb andz =50 mb forw (T',’=200 MeV) [73]. w meson, since its vacuum width is particularly small. Ehe
meson decays in the medium almost fully decoherently, i.e.,
after its first collision with another hadron. This results in a
modification of theN* —Ne*e~ decay rates of thé=1/2

The collision broadening of the vector mesons discusse@esonances due to the destruction of the interference between
above is most pronounced at invariant masses clogeatid  thel =0 andl =1 transition form factors. Since for the con-
w pole masses. A possible decoherence between the intermsidered reactions the matter is isospin symmetric, the
diate mesonic states in the resonance decays, in contragfeakup of thep-w coherence does not result in a significant
affects the dilepton spectrum preferentially below @&  change of the dilepton spectra. In this case the isoscalar-
peak(see Sec. I)l. The values which have already been ex-isovector interference terms cancel on average. The major
tracted for the collision broadening of the vector mesons willeffect arises from the break up of the interference between
therefore not significantly be changed when decoherence efhe w and its radial excitations.
fects are additionally taken into account. Hence, we consider In Fig. 18 the influence of the decoherent summation of
the valuesI'S®'=150 MeV and I'S"'=100-300 MeV al-  the intermediate mesonic states in the transition form factors
ready as final estimates, which must not be iterated. is shown for both, C&Ca and C-C reactions. To demon-

C. Decoherence
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10° ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ pling). However, definite conclusions on the strength of the
CiC N* (1535Nw coupling are still difficult to make at the
< 100 ¢ 3 1 present data situation. For the strong coupling, the-Ca
A system is in agreement within error bars with the DLS data
g 10 3 3 whereas in the lighter €C system the data are now overes-
= timated and would favor the weak coupling. In both cases the
% 10 % [— decoherent (5) 3 agreement with the data is significantly improved in the low-
g o [ Sgﬁg:‘:n'f(";;"”’ 1 mass region. However, the considered decoherence effects
opLs I are not completely sufficient in order to solve the DLS
5 ‘ ‘ puzzle. The reason is that the microscopic determination of

00 02 04 06 08 10 02 04 06 08 10 the decoherence probability favors the breakup of the coher-
M [GeV] M [GeV] ence between the and its excited states in tHé* decays
FIG. 19. Influence of the microscopically determined decoher-,[ﬁtheAr t(;wan the _?_LealTug betweprand its eXCItﬁd states ,[IE
ent dilepton emission in €C and Ca- Ca reactions. The calcula- ﬁ. h ec"")és- e latter resonanlces_ are, nowever, those
tions are performed with in-mediumande widths of 300 and 200  WNIC contribute to most extent at low invariant masses.

MeV, respectively. The stron@) and weakw) N* (1535)Nw cou-
plings are used. For comparison also the coherent(sageshown. VI. CONCLUSION

strate the maximal possible effect we assume first total de- In the present work we provided a systematic description
coherence of all intermediate mesons. In this calculation n@f vector meson and dilepton production in elementsiy
further medium effects are considered, i.e., fii® vacuum andwN as well as inA+ A reactions. The reaction dynamics
widths are used and the stromd(1535)Nw coupling is  Of the heavy-ion collisions is described by the QMD trans-
applied (the corresponding coherent calculations are thdort model which was extended for the inclusion of nucleon
same as in Fig. 12A totally decoherent summation of the resonances with masses up to 2 GeV. The vector meson pro-
mesonic amplitudes in the resonance decays enhances tdction in elementary reactions is described through excita-
dilepton yield generally by about a factor of 2. In the low- tions of nuclear resonances within the framework of an ex-
mass region this enhancement is able to describe the DL®nded VMD model. The model parameters were fixed
data. As can be seen from Fig. 18, this fact is due the enutilizing electroproduction and photoproduction data as well
hancement of thés contributions by a factor of 2—-3. How- as wN scattering analysis. Available data on theand
ever, also at larger invariant masses above 0.4 GeV the yielgroduction inp+p and-+ N reactions are well reproduced.
is enhanced, and the spectrum is now stronger overestimatddie same holds for the dilepton production in elemenfary
than in the coherent case. In the mass region betweet p andp+d reactions.
0.4 and 0.8 GeV, th&* resonances give the major contri-  The situation becomes different turning to heavy-ion col-
bution to the yield. One has to keep in mind that the endisions: In C+C and Ca- Ca reactions we observe in two
hancement arises from the sum over the variauand N* distinct kinematical regions significant deviations from the
resonances and the interplay between the corresponding eledjlepton yields measured by the DLS Collaboration. At small
tric, magnetic, and Coulomb form factors. The enhancemerifivariant masses the experimental data are strongly underes-
is thus a complex function of the dilepton magsHowever, timated, which confirms the observations made by other
the scenario of a completely decoherent dilepton emission igroups. Although accounting for the experimental resolution
rather unrealistic. we observe further a clear structure of e peak, which

In a realistic calculation shown in Fig. 19, the probabili- is not present in the data. Both features imply the investiga-
ties for coherent/decoherent dilepton emission are detetion of further medium effects.
mined microscopically as outlined above, i.e., by the use of The collisional broadening of the vector mesons sup-
Egs.(22)—(24), and(45). These realistic calculations are per- presses the/w peak in the dilepton spectra. This allows to
formed using the “optimal” values for the in-medium widths extract empirical values for the in-medium widths of the vec-
of Ff)o”=150,l“fu°”=200 MeV. The low-mass dilepton yield tor mesons. From the reproduction of the DLS data the fol-
is now enhanced by about 50% by the decoherence effeb@wing estimates for the collision widthk$*'=150 MeV
which is, however, still too small to describe the DLS data.andl“‘jf”=100—300 MeV can be made. The in-medium val-
The interplay between the two in-medium effects, i.e., theues correspond to an average nuclear density of abopi.1.5
collisional broadening and the decoherent dilepton emissioflADES will certainly help to constrain these values with
is more complex. Decoherence also leads to an enhancemerigher precision.
of the dilepton vyield in the mass region between The second medium effect discussed here concerns the
0.4 and 0.7 GeV. Since the main decoherence effect occuproblem of quantum interference. Semiclassical transport
through the broken interference @fwith its excited states, it models like QMD do not generally account for interference
is most pronounced in the dilepton contribution which stemseffects, i.e., they propagate probabilities rather than ampli-
from the N* resonance decays. This explains the differencdudes and assume that relative phases cancel the interference
between the two calculations assuming a strong/weakn average. However, interference effects can play an impor-
N* (1535)Nw coupling in the mass range where possibletant role for the dilepton production. In the present model the
off-shell w contributions are now enhancedtrong cou- decay of nuclear resonances, which is the dominant source
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for the dilepton yield, requires the destructive interference othis effect is not sufficient to resolve the DLS puzzle com-
intermediatep and @ mesons with their excited states. The pletely.

interference can at least partially be destroyed by the pres-

ence of the_ med|um Whl_ch leads to an enhancement of the ACKNOWLEDGMENTS
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