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1. Introduction

Dileptons produced in heavy ion reactions present an unique opportionithe study of
nuclear matter under extreme conditions, providing a clear view on eféedéigrees of freedom at
high baryon density and temperature. It has been argued that therediffd spectra could reveal
information about chiral restoration and in-medium properties of hadfihi [3]. Theoretically,
there exists an abundance of models that predict a change of vecton messes and widths
in high density/temperature nuclear matter: Brown-Rho scalihg [1] is elgmizavith a decrease
of vector meson masses in nuclear medium; models based on QCD sunJrutesl [8ffective
hadronic modelq]4] 3] ¢] 7] 8. 9] reach similar conclusions.

Experimentally, a significant enhancement of the dilepton spectrum in lomggheavy ion
collisions [Lp[1l1] over the known hadronic sources has been abethis could not be explained
by present models, as opposed to the ultrarelativistic case, even whamteelium spectral func-
tions or the dropping mass scenarios are taken into accpyrt |12, 13jr tnarios like contribu-
tions from quark-gluon plasma, in-medium modifications ofh@ass or decoherence effedts [14]
have proved only partially successful. Recent res{ils [15] on dimuectigpwith high resolution
in the vicinity of thep-w peak seem to rule out a naive dropping mass scenario but support the
picture of modifiedp — w spectral functions. The HADES collaboration at GSI is dedicated to
the experimental measurement of dilepton spectra with unprecedentedesalsdion for the re-
actions A+A, p+A andr+A [[L6]. Recently, results for C+C collisions at 2.0 AGeV have been
published [IJ7] and preliminary results for C+C at 1.0 AGeV and p+p arilgi+l.25 GeV have
been announced. This wealth of experimental information will hopefully atlwvextraction of
in-medium properties gb andw vector mesons.

In this proceeding we present a recent development of our modelilptan emission in
heavy-ion reactions and present results for C+C collisions at 1.0 and@e¥ together with a
preliminary comparison with the HADES data for C+C at 2.0 AGeV. Vector mesahdilepton
production are described within the framework of the resonance modelaped in [IB[ I9, 20] in
combination with the relativistic quantum molecular dynamics (RQMD) transpadehfor heavy
ion collisions [T}] (Section I1). In previous work§ J1f,]21] influendenoedium effects has been
accounted by a phenomenological dropping of meson masses (BrowseRling) and collisional
broadening of meson decay widths together with quantum decoherdects efn the present work
we employ the extended vector meson dominance model (eVMD) [ILB,]18& @6jermine medium
corrections to vector meson self-energies due to excitation of nuclecsonaaces. Additional
contributions, such as non-resonant Compton scattering of vector mefarucleons and elastic
scattering with the exchange of mesons have also been considered (Section Ill). In Section IV
theoretical dilepton spectra for C+C collisions at 1.0 and 2.0 AGeV areepted making use
of in-medium description of vector mesons both in the spectral function anthtive traditional
Brown-Rho/collisional broadening approaches. We conclude withlarpnary comparison of our
theoretical dilepton spectrum for C+C reaction at 2.0 AGeV with the availaBIPES data.
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2. The modd

2.1 Elementary dilepton sources

In the energy region of interest in this paper there are two main classesadgses that lead
to dilepton emission: decay of light unflavored mesons and decay of muatedi\ resonances. At
incident energies of 1 AGeV the cross-sections for meson produe#ica n,n’, p, w, g are small
and these mesons do not play an important role in the dynamics of heavgllimioas. Their
production can thus be treated perturbatively, in contrast to the case pidh. The decay to a
dilepton pair takes place through the emission of a virtual photon. Theaetditfi@t branching ratios
for the decay of a meson to a final statete~ can be written
M T—ete X _ dr(%M)”%’nﬂgeix

Mo (1)
with ¢ the meson mass amd the dilepton mass. Three types of such decays have been considered:
direct decays# — e*e™ , Dalitz decays# — ye'e~, .# — m(n)e*e" and four-body decays
# — mete” [[L§]. The decay channels there are most important quantitatively foryHea
collisions at 1 and 2 GeV/nucleon bein — yete~ andn — yete .

For the description of decays of baryonic resonances into dileptonst@mséon of the vector
meson dominance (VMD) model has been employeH[[18, 19]. The origik@ Yhodel assumes
that decays of baryon resonances run through an intermediate virtsahngeor w) required for
the description of the form-factors entering in the calculation of the radié®ive Ny) and mesonic
(R— NV) decays. Such a model does not allow the simultaneous description ofoiitive and
mesonic decayg [P0, 22]. Furthermore the quark counting rules regsit@nger suppression of
the transition form-factor than the/tLbehavior predicted by the naive VMD. Similarly therry
transition form-factor shows an asymptoti¢t4 behavior [2B]. An extension of the VMD to allow
contributions from radially excited vector mesopg1250),0(1450), .. in Ref. [19]) that interfere
destructively with the ground state vector mesopsr( this example) allow for a resolution of
the mentioned problems of the original VMD and describe the radiative andnitedecays in a
unitary way.

In terms of the branching ratios for the Dalitz decays of the baryon resesa the cross
section foret e~ production from the initial stat¥’ together with the final statd X can be written

dB(H,M) (2.1)

X'—NXe e~ V/5—my )2
do(s,M) _ / du? 2.2)
dm?2 (mn+M)2
dG(S,[J)X/HRX dB(ILM)RHVNHNe*e*
du? 2 dm? ’

wherep is the mass of the baryon resonaioghich has the production cross-sectim(s, p)< —XR
and dB(u,M)R"VYN—¢e'e" pheing the differential branching ratio for the decay of the resonance
R — Ne"e™ through the vector mesdw. The initial stateX’ could consist of two baryons(( =

NN, NR RR) or of one nucleon and a pioiX(= riN). The dilepton decay rate can be found, once
the widthl" (R — Ny*) is known by using the factorization prescription

dm?

dr(R—Ne'e’) = [(R— Ny )Ml (y* — e*e*)w,

(2.3)
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with

Ml (y* —ete) = %(M2+2m§)w —T\'AT%. (2.4)

The decay widtl (R— Ny*) is described within the extended VMD modETl|[19] in terms of three
transition form-factors (magnetic, electric and Coulomb) in case of a resenaith spin] > 1/2
and two ford = 1/2, which is just the number of independent helicity amplitudes for the respecti
spin value. The free parameters of the model are fixed by constrainiragymeptotic form of the
form-factors by quark counting rulef J24] and fitting to the experimental ftar photo-production
and electro-production amplitudes and partial-wave analysis for multichamwecattering. A
consistent description of radiative and mesonic decays could be aghlewgher details about the
eVMD, including the decoherence effect, can be found in Reff. [19].

3. Vector mesonsin nuclear medium

Properties of elementary particles in vacuum as well as in a nuclear medaieneoded in
the two-point function{Q|T (V,(X)Vy(y))|Q) also known as the propagator. One starts from the
expression of the free-propagator, which in the case of a spin-1 legior w vector meson) can
be put in the form

D% (k) — —Guv +Ruko /K2 1 kuky

Hv k2 —m?+ie me k2
Due to self-interactions and scattering off particles in a dense medium thprispagator is mod-
ified, the two-point function receives higher order contributions whighgenerically accounted
for in the self-energy,,,. Making use of Lorentz covariance the most general expressiondor th
self-energy reads

(3.1)

which in the special case of gauge invariant interactions can be simplified to

in medium :3,, = Ty 2T (K) + Ly ZH(K) .
Here thePJV,TW andL,, are projectors on the four-dimensional transverse, three-dimensional

transverse and respectively longitudinal degrees of freedom wdhasessions can be found else-
where. The four-vectan, characterizes the properties of nuclear matter in an arbitrary rest-frame
and reduces tonfy, 0) in its rest frame. The above expression for the self-energy allowsutime
mation of the perturbative solution of the Dyson-Schwinger equation fospire 1 propagator, to
arrive at the final expression

k2—m? -3t (k?) Kk—mP—-3T(k3) m? k2

Duv(kK) = (3.4)

The spectral function, defined as the imaginary part of the propagaintains all the relevant
information about particle properties, such as pole mass and decay widths;lear matter. For
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Figure 1. Diagrammatic representation of processes contributinthéoin-medium vector meson self-
energies: a) direct Compton and b) crossed Compton scagtefimesons on nucleons with (R) and without
(N) excitation of nucleonic resonances; c) scattering atmemesons off nucleons with the exchange of a
O mesons.

the case of spin-1 mesons, due to the fact that manifest Lorentz caaimbroken in nuclear
medium, one has to deal with two such spectral functions characteriziagegely the longitudinal
and transversal degrees of freedom:

1 —ImzbT (k,n)

7 (K2 —m — %esLT(k,n))2+ (—.#m3zbT (k,n))2”
Eventhough not stated explicitly, self-energies, and implicitly also specinatibns, depend inde-
pendently ork® andk at finite nuclear matter densities as effect of the finite Fermi momeipkim
The longitudinal and transversal part of the meson self-energiescaadbe written as the sum of a
vacuum term and a medium contributiatt:T (k, n) = Zvac(k,n) + =1 (k. n). The vacuum contri-

AST(kn) = — (3.5)

med
bution is conventionally defined as being purely imaginary, the real parg plicitly absorbed
in the mass term that defines the pole massof the meson in vacuunZyac(k,n) = —i VK2 yac

(see [2F] for the energy dependence parametrization of vacuuny aédths of p and w vector
mesons).

In our model, a few contributions to vector mesons self-energies in nutlatier have been
considered. First we discuss contributions due to excitation of nuclesomaaces. For simplicity
we will consider a schematic model of a spin 1/2 resonance which is excitdgklapsorption of a
vector meson (of isospin 0) by a nucleo#fiy = —g@r M YV,,. There are two contributions to the
self-energy tensor originating from the direct and crossed contrikaitmthe Compton scattering
of mesons off nucleons (Fig](1)a)-b)):

" Ipl<pe o, " (p+K2—m+imrlr (P)] (36
T = / aprr[PIM Pkt MR rau(p)]. 3.7
W Ipl<pr | 2my VY (p-k2—mE+imglg * (p)] 3.7)

where at first order in a density expansion, nucleon and resonanpagators are unaffected
by the presence of the dense nuclear medium. The parameteasid 'k stand for the mass
and respectively decay width of the nucleonic resonance considéwedatter being an energy
dependent quantity. In the actual calculations, to determaiftfefor a particular resonance R,
the matrix elements of the RNV vertex provided by the eVMD model describedeiptévious

Section have been used. For the calculation of the dilepton yield in heaweibsions a me-

son self-energy averaged over the transversal and longitudinedategf freedom will employed,
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2 (k,n)=(2Z" (k,n)+z"-(k,n))/3, which can be used in E. (B.5) insteadbf to obtain an average
spectral functiorA(ko, K).

Similar expressions to Ed. (B.7) are obtained for the contributions due toasmmant Comp-
ton scattering of vector mesons off nucleons (see [jg. (1)a)-b)).cdbplings ofp andw vector
mesons to nucleons were chosen to be

i T

- 9 = ~ ~
L = QU TY Byt g = WO Ty (GuPy = vPy). (3.8)

Ainw = G Py oy, (3.9

the values of the coupling constants reproducing the ones used in the@®Emodel for the
NN interaction [2B]: g 2/4m=0.84, g}, /gy =6.09 andg},?/4r=20.00. The only difference with
expressions in Eq[(3.7) resides in the fact that each of the contributimswismultiplied with a
step function:6(|p+ k| — pe) and respectivehd(|p— k| — pr) as a result of Pauli blocking of
the scattered on nucleons. As an effect, the sum of the two contributiors gaoge invariant
anymore, as opposed to the vacuum case. The third and last in-meditmbution to the vector
mesons self-energies is due to scattering of mesons off nucleons withahange ofc mesons
as in Fig. [lL)c). The BonwNN interaction withg /4m=6.73 is used, while thppao vertex is
described by the effective Lagrangian

Lppo = —ppa(OuPy —0vPy) - (OHpY —0"pH)o. (3.10)

The coupling constamy,, is determined by requiring that the value of the branching B —
mt ot m)=(1.8+0.9)x 107 is reproduced supposing that the mentioned decay is a two-step
process:p® — pPo — mtmr . A similar interaction is supposed to exist for themeson
With gwwo = 39ppo-

We turn now to quantitative results for the spectral functions ofglend w vector mesons.
In obtaining the present results the following set of nucleonic resosamas been considered:
N*(1440,N*(1520,N*(1535,N*(1650,N*(1680,A*(1232),A*(1620,A* (1700 andA*(1905).
In Fig. (3) we present results for tiemeson average spectral functiatko, k) introduced before
for two values of the meson three-momentknk=0.0 GeV which corresponds to a meson at rest
with respect to nuclear matter and k=0.5 GeV. In the upper plots resultsiausauclear matter
densities: 1/@o, po, 200 are presented by including only contributions from nucleonic resorsance
to the in-medium self-energies and compared with vacuum. It is readily visiateatith the in-
crease of density the original Breit-Wigner peak gets broader and éhdfteards higher invariant
masses, an effect mainly due to contributions fromAhesonances with a mass higher than 1600
MeV. In-medium contributions are most readily visible in a secondary pe@kvariant masses
around 0.5 GeV or below, originating from the excitation di{h620), N'(1535), and\(1620). Its
magnitude increases with increasing density, as one would expect froloviraensity theorem
and displays a strong dependence on the value of meson’s three-momé&heilradronic models
of Postet al.[P3] and Lutzet al[B] provide a similar picture, up to a quantitative agreement with
the former model due to a similarity in both the approach and included phydeslaiter model
relies on a dynamic generation of nucleonic resonances within a relativistiartary approach
to pion and photo-nucleon reactions and as a result the decay width of*{i&29) resonance
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Figure2: Averaged spectral functions of tipevector meson for two values of the three-momentum k: k=0.0
GeV (left panels) and respectively k=0.5 GeV (right panelis)the upper panels the spectral function in
nuclear medium with resonant contributions only are digpdefor different values of the density parameter.
In the lower panel spectral functions are plotted by takimg account progressively the various in-medium
contributions discussed in the text at saturation denginuiolear matter. The vacuum spectral functions are

also plotted for comparison.
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Figure 3: The same as in Fig. 2 but for the meson.
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is roughly an order of magnitude smaller than the listed PDG vacuum valueghasia result a
rather small impact of nucleonic resonances on the vector meson sdeaattbns at small in-
variant masses. In the lower part of Fif]. (2) the importance of the nemment contributions to
in-medium spectral functions at nuclear-matter saturation density is stugliadding these terms
progressively to the final result. The non-resonant Compton scattesintgibution increases with
the meson three-momentum leading to a shift of the original meson branchd®leeser invariant
masses and increasing the decay width somewhat. Inclusiom@son exchange terms leads to a
similar effect.

In a subsequent figure, Fid](3), our results for theneson are presented in an identical
display as for thep meson. A strong influence of resonant contributions is observed daliaa
densities well below the nuclear matter saturation density with results in therappeaf a sharp
(30100 MeV) second branch in-medium at invariant masses of less than U.9Gis is mainly
due to excitation of K(1535) and N(1520) in the order of importance. The original peak shifts
towards slightly higher masses with a decay width of about an order of madgriiigher than in
vacuum and strength comparable to the newly observed second bumalitatively the models of
Postet al.[P2] and Lutzet al.[B] agree with our findings, with the exception the strength of second
w branch is considerably smaller relatively to the original peak. The inclugfitime non-resonant
terms has as main effect a a shift of the origingpeak towards smaller masses supplemented by
a strong suppression. Consequently, in nuclear mediumpthector meson survives as a quasi-
particle of lower mass than in vacuum (39800 MeV) due to excitation of nucleonic resonances.

4. Dilepton spectrum

In this Section we provide theoretical predictions for dilepton emission in GiiGions at 1
and 2 AGeV. The main purpose will be to compare previous calculations ttlad in-medium
effects in a more traditional way,e. via Brown-Rho scaling of the vector meson masses and
empirical collisional broadening of the decay widths, with preliminary resuitsined usingo
andw mesons described by the in-medium spectral functions of the previotisise®ur results
are shown in Fig.[{4).

Dilepton spectra at intermediate energies (probed by DLS and HADE Siegrés) are more
sensitive to theo meson collisional broadening. In absence of in-medium modifications ofmaeso
the invariant mass dilepton spectrum would show a pronounceéak (black curve in Fig[}4)).

In the DLS experiment such an enhancement has not been obserespiteDthe limited mass
resolution in [14] an in-mediunw width of IS = 100+ 300 MeV at nuclear matter density=
1.500 has been extracted from the DLS data. The modification ofpthrédth was found to be
similar in magnitude, i.el’5" = 200+ 300 MeV (again ap = 1.50p).

For the Brown-Rho scaling/collisional broadening scenario we presdeulations with an as-
sumed linear dependence of thendw decay widths, i.el9t = V34 p/pol !, with I9=125
MeV, r;g’tzzso MeV atp = pp. Simultaneously, the masses of mesons are supposed to vary as
a function of the nuclear matter density at the point where the resonaceg decurs, follow-
ing a Brown-Rho scaling law; = my(1— ap/po) with p the local baryon density anal = 0.2.
Results are indicated by the red curve in F{g. (4). This calculation also ieslodntributions of
an additional in-medium effect only briefly mentioned in this proceedingolde@nce, which has
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Figure 4: Dilepton spectrum in C+C at 1.0 AGeV (left panel) and 2.0 AGgight panel). Brown-Rho
scenario calculations are depicted by the red curve. Threaasios for the spectral function approach
are presented which differ with respect to what contritngiare considered for the computation of the in-
medium meson self-energies: only nucleonic resonancas (hlrve), nucleonic resonances+non-resonant
Compton scattering (cyan curve) and the full model (mageuntae). The vacuum result (black curve) is
also shown for comparison.

as a result an increase of the dilepton production cross-section bhlyo#gh0 at intermediate
masses[[21]. Sensitivity of the dilepton spectrum with respect to variatibtie@ and w colli-
sional widths is mild[[21]: variation d1‘;§’t = 150-+-250 MeV leads to a modification of the dilepton
yield by a factor of 2 in the dilepton mass range 0.5-0.8 GeV, while a calculaitbrevmoderately

low value for thew widths [ '= 60 MeV allows for at most %50 increase in the same mass region.

Medium effects can enter in a few places in the expression for the dileptatugtion rate
Eqg. (2.2) and Eq[(23). As the decay of a resonance into a dileptonupaitiirough an interme-
diate vector meson (within the VMD approach) the branching Bgu, M)R—VN-Ne'e” /g2 jg
expected to alter. Medium modification will affect bath(u, M)R-VN=Ne"e" /qM2 andr (u)R—X.
The former is accounted for by including in the expression of the vectoonsegropagators the
effect of the in-medium self-energies. This procedure only affectgtbiend statgp andw vector
mesons, their excited states are supposed to be, in a first approximatdfiected by the presence
of the dense nuclear medium. In-medium modifications of the total decay witilisleonic reso-
nances occur due to in-medium modifications of the vector mesons and aulnig of nucleons.
At present we have only partially accounted for the first soureethe meson spectral functions
with the provision that the total resonance decay widths have not beeteddis they depend
upon each other) to obtain self-consistency.

We present in Fig[{4) theoretical predictions for the dilepton spectrunintitie spectral func-
tion approach to in-medium vector mesons for three scenarios of in-medfaptseffirst we only
include contributions from nucleonic resonances to in-medium mesonrsalfies (blue curve)
and than gradually add non-resonant Compton scattering (cyan @mdefjinally alsoo meson
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Figure5: Comparison between the theoretical dilepton spectrumtandxtperimental result obtained by the
HADES collaboration in C+C collisions at 2.0 AGeV. Indivaucontributions of some dilepton emission
channels are also shown.

exchange contributions (magenta curve). For these curves the emigsiibeptons due to Dalitz
decays of pions ang mesons does not change. Substantial difference with respect to thietrald
Brown-Rho/collisional approach is observed over the whole mass rétgavariant masses below
0.7 GeV the dilepton production rate has decreased by a factor up to 10 dustrong decrease
of the dilepton emission through decays of nucleonic resonances in thisegass, most notably
theA(1232) isobar. The effect is more pronounced for the 2 AGeV C+Cli@a, since previously
the Dalitzn and nucleonic decays were of comparable magnitude, while for the 1 AGs¥/tbe
latter dominates. At invariant masses above 0.7 GeV the outcome of the timgreddn-medium
scenarios vary widely. Inclusion of only nucleonic resonance contoibdeads to an important
increase of the dilepton cross-section in this region with respect to the sxdg waile the inclusion
of non-resonant background suppresses the dilepton spectrunstjaitgly.

In the past year, dilepton spectrum measurements in the C+C heavy-tionsat 2.0 AGeV
and more recently 1.0 AGeV preliminary results due to the HADES collaboratiGisahave been
published. Also recently the HADES acceptance filter has been made dvadahe community
allowing for a full comparison between the various competing theoretical Ina@ahel the experi-
mental results. Following these recent developments, we have startedtesses of filtering our
theoretical dilepton spectra with the HADES filter. At this moment, final or fuduts are not yet
available, we are only able to present a preliminary comparison of outrap&mction approach
to in-medium effects for one of the scenarios presented here for ther€agfion at 2AGeV: in-
medium meson self-energies only receive contributions from excited anicleesonances only
(the scenario depicted by blue curve in Fi. (4)). The comparison withxperignental data is
shown in Fig. [p). A clear disagreement over almost the entire mass raogsdsved: at invariant
masses below 0.7 GeV the theoretical spectrum underpredicts data kpradia2 to 4. This has
been linked to a strong change of th€l232) dilepton emission in this region. A comparison of
the Brown-Rho/ collisional broadening scenario dilepton spectrum witestberimental datd [P7]

10
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only shows a discrepancy in the region around 0.6 GeV invariant mass.sifiation might be
improved if additional contributions, which have previously been thoughbturibute little, like
pn bremsstrahlung are included [28], an issue somewhat controversiabda possible double-
counting problem. At masses above 0.7 GeV the experimental spectrumréstiveted. This can
however be cured by the inclusion of non-resonant contributions to titmemeson self-energies,
as these reduce the predicted dilepton cross-section in this mass regiomimeaof magnitude.

5. Final conclusions

We have presented results for the in-medium spectral functions @f #melw vector mesons.
Interactions between vector mesons and nuclear matter were describgdheseVMD model.
Important modifications of meson properties with respect to vacuum aeausdue to the exci-
tation of nucleonic resonances in nuclear matter: the original Breit-Wigeak pets broader and
shifts towards higher masses. As second peak, due to excitation of nigciesonances, is ob-
served at low invariant masses. A strong dependence on the mesomibmeentum has also been
noticed. Inclusion of additional in-medium contributions (non-resonamh@on scattering and
meson exchange contributions) results in a downward shift of the main masshband an addi-
tional increase of the collision width for thge For thew meson the results are more dramatic: the
original peak dissolves while the secondary branch due to resonacitatiens is narrow enough
(30-100 MeV) to allow this meson to keep its quasi-particle properties in-medium.

Additionally, calculations for the dilepton emission spectra in C+C heavy-iactiens at 1.0
and 2.0 AGeV have been performed. A preliminary comparison with the pelolistADES data
for C+C collisions at 2 AGeV reveals differences in the-0®7 mass range for the in-medium
spectral function scenario. As suggested by other authors the disagemight be cured by the
inclusion of reactions previously thought to be unimportant. For a finatlogion a comparison
with the whole experimental results of the HADES collaboration (presenfi#nde) and of the
DLS experiment is mandatory, for both invariant mass and transversal nitomespectra.
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