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Probing the p spectral function in hot and dense nuclear matter by dileptons
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We present a dynamical study ef'e” and uw*u~ production in proton-nucleus and nucleus-nucleus
collisions at CERN-SPS energies on the basis of the covariant transport approach HSD employing a
momentum-dependeptmeson spectral function that includes the pion modifications in the nuclear medium as
well as the polarization of the meson due to resonaptN scattering. We find that the experimental data from
the CERES and HELIOS-3 Collaborations can be described equally well as within the drqoppiags
scenario. Whereas corresponding dileptgrspectra are found to be very similar, the inclusive dilepton yield
in the invariant mass range 083/ <1.0 GeV should allow us to disentangle the two scenarios experimen-
tally. [S0556-28188)00502-0

PACS numbes): 25.75.Dw, 13.75-n, 14.60.Cd, 21.65:f

I. INTRODUCTION vector-isovector channel at low invariant mass. In fact, the
CERES data for $Au at 20A GeV and PhB-Au at 16(A
The mechanism of chiral symmetry restoration at highGeV, using an expanding fireball model, were found to be
baryon density is of fundamental importance for the undercompatible within such a hadronic scend&Y].
standing of QCO1,2], but clear experimental evidence has In the present work we report on novel developments in
not been achieved, so far. Enhanced antikaon yields at Siis direction by improving both the reaction dynamics and
energies — as compared to transport studies using bare kadime p spectral function(e.g., by constraints fromyp data,
masse$3,4] — point in this direction, but the present knowl- which will be discussed in Sec. Il. In Sec. Ill the resulting
edge of the elementary production cross sections close tilepton spectra are then compared to the data from both
threshold — especially for thaN production channel — CERES and HELIOS-3 Collaborations simultaneously; we
does not yet allow for final conclusions. On the other handalso search for observables that might distinguish between
dileptons are particularly well suited for an investigation ofthe “hadronic” and “dropping mass” scenarios, in particu-
the early phases of high-energy heavy-ion collisions becaudar dileptongt spectra and inclusive yielddovethe p mass.
they can leave the reaction volume essentially undistorted bWe finish with a summary and concluding remarks in Sec.
final-state interactions. Indeed, dileptons from heavy-ion coldV.
lisions have been measured by the DLS Collaboration at the

BEVALAC [5-7] and by the CERE$8], HELIOS [9,10], Il. HEAVY-ION REACTION DYNAMICS
NA38 [11], and NA50 Collaborationgl2] at SPS energies. AND IN-MEDIUM RHO PROPAGATOR
The recent data os™e™ or u* u~ spectra at SPS ener- , o
gies might provide valuable insight; kit al. [13] have pro- The dynammal .descrlp'uon of _prc_)ton—nucleu§ or nucleus-
posed that the enhancementefe™ pairs in StAu colli- nucleus collisions is performed within the covariant transport

sions as observed by the CERES Collaborafishstems @Pproach HSDhadron string dynami¢$28] which has been
from an enhanceg-meson productiorivia 7+ 7~ annihila- found to account for hadronic data from SIS f[o SPS energies
tion) due to a dropping mass in the medium. In fact, their rgasonably well and has recenltly been used in the analysis of
analysis — which is based on an expanding fireball scenarigiléPton data[14,24,29. The dilepton production is calcu-

— is supported by the microscopic transport calculations ifated perturbatively by |ncIud|r(;g+tr1e contributions from the
Ref. [14]. Meanwhile various authors have substantiated th&alitz decaysy— 1717, o—7-171", andy'—yI"1~ and
observation of Refg13,14), i.e., that the spectral shape of the direct dilepton decays of the vector mespnss, and¢
the dilepton yield is incompatible with “free” meson form Where thep and the¢ meson may as well be produced in
factors[15—19. However, a more conventional approach in- 7" 7~ andKK or mp collisions, respectively. For a detailed
cluding the change of thg-meson spectral function in the description of all these processes we refer the reader to Ref.
medium due to the coupling @f, 7, A and nucleon dynam- [29]. We note that we discard baryon-barydg), meson-

ics along the lines of Refs[20-23 was found to be baryon mB) and meson-mesomr(m) bremsstrahlung chan-
(roughly) compatible with the CERES dafa4,23, as well, nels as well as the Dalitz decays of the baryon resonances in
whereas the dimuon data of the HELIOS-3 Collaboraf@n order to avoid double counting when employing the full
could only be described satisfactorily when including “drop- spectral function.

ping” meson massel?4,25. Meanwhile, our knowledge of The dilepton radiation fronp mesons is calculated as

the p spectral function has improved since—as first pointed

out by Friman and Pirngi26]—resonanp-N interactions in AN+ - _ mlmD ( 05, T) 1)
p-wave scattering significantly enhance the strength in the daM 7 pldo.9:pe. 1),
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where D, is the p-meson propagator in the hadronic me- -Im D, (M,q,p,T) [GeV~?]

dium, depending on the baryon densityand temperaturé T=150 MeV

as well as on energgy and three—momenturqz|ﬁ| in the

local rest frame of the baryon curreficomoving” frame).

The invariant massM is related to thep-meson four- Pp=
momentum in the nuclear medium as
M?=q5—d?, (2)

while

=
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The p-meson self-energ®’"(qo,q;pg.T) is obtained by
combining the effects of the different hadronic interactions
as

L_slL L L L 0.0
Ep_EpﬂTW+2pWal+szKl+EpKKl! (5) Mﬂ[i w0
'eV/cz]
ST=5T +3 e 1+ o 3N 3. (6
P Tpmm BB pmay T PKKy T KKy ©) FIG. 1. The(negative imaginary part of thep propagator aver-

o . . aged over the longitudinal and transverse components as a function
The explicit evaluation of the various self-energy compo-of the invariant masM and the momenturq for baryon densities
nents is discussed in detail in Rg27]. We here employ an  of 0, 1p,, 2p,, and 3, and temperaturd = 150 MeV. Note the
improved version in the following respects. different absolute scales in the individual figures.
(a In addition top-wave pN— B interactiong B=N, A,
N(1720), andA(1905)] we also account fas-wave excita-  dilepton rates linear ipg have been considered and higher-
tions into N(1520) andA(1700) resonance&@s usual, the order coherent effects have been discarded.
corresponding coupling constants are estimated fronphhe As an example — relevant for the heavy-ion reactions at
partial decay width SPS energies — we show in Fig. 1 the spin averaged
(b) The coupling of the resonances to virtual photons is—Im D(qo,q;pg,T) as a function of the invariant masé
calculated within the improved vector dominance model ofand the three-momentumfor a temperature of 150 MeV at
Kroll, Lee, and Zumino[30] to avoid overestimates of the pg=0, py, 2py, and Jp,, respectively. With increasing
B— N+ branching ratios. baryon density we find the spectral function to increase
(c) The medium modifications of the two-pion self-energy substantially in width, showing only minor structures at high
2 ,.» are extended to arbitrary three-momentum within thedensity. Thus the lifetime of th@ meson in the nuclear
recently developed model of Urbaat al. [31]. medium becomes very short due to well-established hadronic
The combinedp-meson self-energy is then further con- interactions. As a consequence, its average propagation in
strained by experimental information oip and yA absorp-  space is limited to distances less than 0.5 fm already at nor-
tion cross sectiond32] which correspond to the limit mal nuclear matter densifeven for high momenja
M2—0. The constraints by photoproduction data have been The cross section for the pion annihilation channel
stressed by several authof83,29,19,34-3p and thus #*# —p°—e'e  is taken in line with Ref[37] as
qualify as stringent benchmarks for thespectral function.

We note that by resummation of hadronic interactions in the 167%a% 1 bare 4
p-meson self-energy., [Egs. (5) and (6)] we incorporate Ot roere (M) =~ 92 kZMZ(mp )
dynamical effects which are not only linear in the baryon pmm

density pg, but also of higher order. The resummation of XImD,(do,9;p8,T), (7)

interactions at fixed baryon density and temperature involves

the assumption that all interaction terms add coherently —where k=(M?—4m?2)¥?2 is the pion three-momentum in
an assumption that might become questionable due to thhe center-of-mass frame aadis the fine structure constant.
short time scales of a few fra/in heavy-ion collisions at The pm# coupling constant and bare mass are fixed to
SPS energie$28]. Our approach thus differs conceptually reproduce the pion electromagnetic form factor in free space
from the analysis performed in Reff35,36 where only  [27].
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FIG. 2. The calculated dimuon spectsmlid line) for p+W at FIG. 3. Dimuon invariant mass spectra for central collisions of

200A GeV in comparison with the data from Rg8). The thin lines  St+W at 200A GeV (solid lineg in comparison to the data of the
indicate the individual contributions from the different production HELIOS-3 Collaboratiorf9]. The upper part shows the results of a
channels including the HELIOS-3 acceptance and mass resolutiogalculation with a “free” p spectral function whereas the lower part
i.e., starting from lowM, 7»— yete™ (dashed ling w— mete” includes the fullp spectral function as described in the text. The
(dot-dashed ling and ' — ye*e™ (long dashed ling for M~0.8 assignment of the individual contributions is the same as in Fig. 2.
GeV, w—e"e” (double-dot-dashed lingp®—e" e~ (dashed ling
and 7*7n”—p—e*e” (dot-dashed line for M~1 GeV, local temperature is model dependent; here we have used a
¢—e’e  (dot-dashed ling mp—e’e” (dot-long-dashed line  logarithmic fit to the transvers@, spectra of mesons at
andKK—e*e™ (dashed ling The upper part shows the result for midrapidity. Without going into a detailed discussion of this
a “free” p spectral function whereas the lower part is obtained forissue we note that our results for dilepton spectra do not
the full p spectral function. change within the numerical accuracy when using a constant
temperatureT =150 MeV at SPS energies since Dy de-

In this way we ensure that the Fourier transformation ofPends rather weakly of (at a given nucleon density
the isovector current-current correlation function in vacuum
is consistent with the experimental information in terms of |||, COMPARISON TO HELIOS-3 AND CERES DATA
the vacuunp spectral functiori35]. We note that constraints ] ] ) ]
from chiral symmetry are not fully accounted for in our ~We begin our discussion of the dilepton spectra at SPS
model for the spectral function since thg(1260) meson is €nergies with the+W system at 200 GeV incident energy.
not treated as the chiral partner of themeson[19]. How- E|gure 2 shows th<=T speptral channel.decompo§|t|on as a func-
ever, the dominant effects arise frapawave =N and reso- tion of the p"u” invariant massM in comparison to the
nantpN scattering, where chiral symmetry does not play adata of the HELIOS-3 Collaboratiof®] including the ex-
dominant role. perimental cuts in transverse mass and rapidity as well as the

Our dynamical calculations are carried out as follows:€XPerimental mass resolution as in R@HJ. The spectrum is
The time evolution of the proton-nucleus or nucleus-nucleugiormalized to the charged particle multiplicity. in the
collision is described within the covariant transport approactPSeudorapidity bin 3% 7=5.2. The upper part of Fig. 2
HSD [28,29 without dropping vector meson masses. When-Shows the dimuon spectra when employing the “freg”
ever ap meson is produced in the course of the hadronicSPectral function whereas the lower part displays our results
cascadeby baryon-baryon, meson-baryon, or pion-pion col-When accounting for the full medium modifications of the
lisions), its four-momentum in the local rest frame of the ,-MeSON propagator. As is apparent from Fig. 2, the spec-
baryon current is recorded together with the information orfrum for p+W can be fully accounted for by the electromag-
the local baryon density, the local “transverse” temperaturenetic decays of they, 7’ and vector mesons®, w, and¢;
and its production source. We note that the definition of acontributions from meson-meson channets" ¢z~ ,KK, mp)
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Pb+Au, 160 A GeV FIG. 5. The dilepton transverse momentum distribution for the
b=>5 fm, full spectral function invariant mass range 0s3V/ <0.7 GeV for Pb-Au at 160A GeV at
b=5 fm for the “free” p spectral function(dotted ling and with
our in-medium spectral functio¢solid line).

105

ping mass” scenarig24] when employing gp-mass shift
according to Hatsuda and LE®88]. However, there persists a
significant difference: Whereas in the “dropping mass” sce-
nario (cf. Fig. 4 of Ref.[24]) the dimuon yield is underesti-
- mated forM=1.2 GeV the in-mediunp spectral function
0.3 Y 07 o9 1 13 seems to give sufficient pairs in this region due to its sub-
M [GeV/c?] stantial broadening in dense mattef. Fig. 1).
In Fig. 4 we also compare the results of our calculation
FIG. 4. Dilepton invariant mass spectra for semicentral colli-for the differential dilepton spectra in FAu at 160A GeV
sions of Pb-Au at 1607 GeV (solid line9 in comparison to the and b=5 fm with preliminary experimental datg89,40.
preliminary data of the CERES Collaboratif®9]. The upper part Thee® e~ acceptance cuts in pseudorapidity .4<2.65)
shows the results of a calculation with a “freg’spectral function  and transverse momenturp(=0.175 GeV/¢ as well as in
whereas the lower part includes the fgllspectral function as de- the opening angle of the*e™ pair (0 =35 mrad are taken
scribed in the text. The assignment of the individual contributions iSnto account. Furthermore, the experimental mass resolution
the same as in Fig. 2. has been included in evaluating the final mass spectrum,
which is normalized to the number of charged patrticles,
are of minor importance here. Furthermore, sinceghme-  dng,/d7, in the pseudorapidity bin 21 7<3.1. Again, the
son essentially hadronizes in the vacuum, there is no noticetpper part shows our results for the “fregs’ spectral func-
able difference between the summed spectra in the upper atidn whereas the lower part represents our results including
lower parts of Fig. 2. the full medium modifications. For PbAu at 16(A GeV
The situation changes appreciably when turning to(and semicentral collisionghe dominant yield for invariant
nucleus-nucleus collisions. In Fig. 3 we compare the resulttnhasses 083M=<0.7 GeV stems fromzr" 7~ annihilation.
of our calculation for the differential dilepton spectra for In the ¢-mass regime around 1 GeV there is again a large
S+W at 2007 GeV with the experimental daf@] employ-  congribution from KK and 7p annihilation to dileptons.
ing the same cuts and mass resolution as before. Again, thgithin the present statistics, however, there is no unique
upper part shows our results for the “freg’spectral func-  gjgnal for in-medium effects since the calculation with the
tion whereas the lower part represents our results includingfree” spectral function(upper pat also describes the data
the full mediu_r_n modifications of the propagator. Even at except for one point at 0.7 GeWf. also Ref.[17]). The
forward rapidities as measured in centrah\® (200A GeV)  cajculation with the full spectral function describes the data
a sizable contribution for invariant masses 0.3 @d\aso._? somewhat better to the same accuracy as within the “drop-
GeV stems from ther "7~ —p—pu”u~ channel. Also in  ping mass” scenarif29]. We note that the comparison with
the ¢ mass regime around 1 GeV there is a significant conthe data in Fig. 4 has been performed for impact parameter
tribution from KK and 7p annihilation to dimuons which b=5 fm, for which our transport model gives a charged
explains the enhanced/(p+ w) ratio in S+W relative to  particle multiplicity dng,/d7»~260 in accordance with the
p+W. As has been found earli¢R4,25 the experimental experimental normalization.
spectrum cannot be properly described in terms of a “free” Since the present dilepton invariant mass spectra do not
p spectral function: There is an excess for invariant massediscriminate the different models, we also explore if the mo-
M=~0.8 GeV and insufficient yield aroud ~0.5 GeV. The mentum distributions of the lepton pairs give some further
description of the data is significantly improved when in-insight (as suggested by Friman and Pirfi26] and in Ref.
cluding the hadronic medium modifications of thepropa-  [29]). Our calculated transverse momentum spectra—
gator (lower part of Fig. 3—quite analogous to the “drop- integrated over rapidity and the invariant mass range

(dn,../dMdn) / (dn /dn) [(100 MeV/c2 )"
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T T T . T T IV. SUMMARY
» On the basis of the covariant transport approach HSD
1t T G . [28,29 we have studied dilepton production in proton and
°‘§ \ heavy-ion induced reactions at SPS energies. Various contri-
C butions are accounted for: the Dalitz-decaysyofw, and '
; 2 mass resolution AM=10 MeV mesons adnj) the derlct dlleptoKn K_deca(ljys of t::e ve(itorI tm_esons;
30 w, an as well asm and wp channels. It is
3 Pb+Au, 160 A GeV, b=5 fm p, @, ST p :
& T ¢ found that forp+W collisions at 200 GeV the mesonic de-
= [ - bare meson mass . . .
________________ H cays almost completely determine the dilepton yield,
atsuda & Lee K .
Rapp et al. whereas in  §W and PbrAu reactions the
10l - . - k mtm —p—ltl7, KK—¢—ITI" annihilation channels
0.3 0.5 0.7 0.9 1.1

N andrp collisions contribute substantially. The experimental
M [GeV/c’] data taken by the HELIOS-®] and CERES collaborations
[8,39,4Q are in general underestimated by the calculations
for invariant masses 0.35 GeW <0.65 GeV when using a

and with our in-medium spectral functigsolid line). The dotted free® p spectral function(in accordance with Refs.

line corresponds to the “dropping mass” scenario investigated irLl3’15’25)' . . N .
Ref. [29]. It turns out that both the “dropping mass” scenario —

using either Brown-Rho scalindl3,25 or dropping vector
meson masses according to QCD sum rule stydié®4,29

— as well as the hadronic spectral function approfZh

lead to dilepton spectra that are in good agreement with the
experimental data for all systems at SPS ener(iésalso
Ref. [40]). In order to discriminate between the different

FIG. 6. The dilepton invariant mass spectra fortAu at 16(A
GeV atb=5 fm for the “free” p spectral functiondashed ling

0.3=M=<0.7 GeV — are shown in Fig. 5 for PPAu at
160A GeV andb=2 fm usinggt bins of 50 MeV¢t. The
dashed line in Fig. 5 displays the result with the “free”
spectral function while the solid line shows the result for the

in-medium spectral function. Apart_ frqm an overall INCréasey,sgels we have investigated dilepton transverse momentum
of the spectrum we doot observe significant changes of the

. . distributions for invariant masses &31<0.7 GeV in Pb
slope inqy — as was the case for the “dropping mass”

. . +Au collisions; unfortunately, only little differences have
scenano.(cf.' F'g' 13 of Ref_[zg])_ 'Thus, theqr SPeC‘Ta do been found as compared to the dropping mass scefZd]o
not qualify in disentangling the different schemes either. 5 yever the in-medium broadening of thespectral func-

_ Another signature studied in R¢29] and also suggested i, yoqyits in a much higher dilepton rate than the dropping
in [36] is related to the total dilepton yield between the free

d ks wh he domi ibui ¢ mass scenariabovethe w mass. Therefore one might ex-
@ and¢ pea S W er_et € ‘2{“‘”""”? contri u:Elon Ste”_‘s rom erimentally distinguish the two different scenarios by the
p decays. In this regime the “dropping mass” scenario lead

duction by ab ¢ ¢ d otal dilepton yield in the invariant mass range 9@ <1
to areductionby about a factor of 2-3 as compared 10 agey in phtAu collisions (cf. Fig. 6, provided that the ex-

“frep” P spectrgl function for PBPb a.t 16@ GeV [29], . perimental mass resolution is on the order of about 10 MeV.
while a broadening of thg spectral function due to hadronic

interactions shows aanhancemenfThis feature is demon-

strated quantitatively in Fig. 6 for PPAu atb=5 fm for the

different scenarios employing an experimental mass resolu- The authors are grateful for many helpful discussions with
tion of AM =10 MeV. We find a difference by about a factor G. E. Brown, A. Drees, C. M. Ko, and U. Mosel. We are
of 5 between the “dropping mass” scenafiotted ling and  indebted to M. Urban for providing us with results on the
the hadronic spectral function approaolid line) which  finite three-momentum dependence in the two-pion self-
might be accessible experimentally with the CERES detectognergy. One of ugR.R) acknowledges support from the
at improved mass resolution. We note, furthermore, that irAlexander-von-Humboldt foundation. This work was sup-
the spectral function approach the relative enhancement jsorted in part by the U.S. Department of Energy under Con-
most pronounced &l =0.3 GeV while in the dropping mass tract No. DE-FG02-88ER40388, by the National Science
scheme we find a maximum enhancemenMat0.5 GeV  Foundation, Grant No. NSF PHY 94-21309, by BMBF, and
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