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We carry out a study of intermediate-mabsgtween 1 and 2.5 Ge\ilepton spectra from hadronic inter-
actions in heavy-ion collisions. The processes consideredrare:|l, mp—Il, wa;—Il, To—Il, KK
—I1, and KK* +c.c—Il. The elementary cross sections for those are obtained from chiral Lagrangians
involving pseudoscalar, vector, and axial-vector mesons. The respective electromagnetic form factors are
determined by fitting to experimental data for the reverse processeseof— hadrons. Based on this input
we calculate cross sections and thermal dilepton emission rates and compare our results with those from other
approaches. Finally we use these elementary cross sections with a relativistic transport model and calculate
dilepton spectra ir8+W collisions at SPS energies. The comparison of our results with experimental data
from the HELIOS-3 Collaboration indicates the importance of the secondary hadronic contributions to the
intermediate-mass dilepton spectr80556-28188)01411-3

PACS numbsgs): 25.75.Dw, 12.38.Mh, 24.10.Lx

I. INTRODUCTION the DLS Collaboratiofn14]. In the near future, dilepton spec-
tra will be measured by the PHENIX Collaboratipts] at
The experimental measurement and theoretical investigaRHIC, and by the HADES Collaboration at the G36].
tion of dilepton production constitute one of the most active Recent observation of the enhancement of low-mass
and exciting fields in the physics of relativistic nuclear col- dileptons in central heavy-ion collisions by the CERBJ)]
lisions[1]. Because of their relatively weak final-state inter- and the HELIOS-3 Collaboratiori4 0] has generated a great
actions with the hadronic environment, dileptons, as well asleal of theoretical activity. Different models have been used
photons, are considered ideal probes of the early stage o6 interpret these data. The results from many groups with
heavy-ion collisions, where quark-gluon-plas@GP for-  standard scenarigse., using vacuum meson properjiese
mation is expecte@2,3]. Because of an additional variable, in remarkable agreement with each other, but in significant
the invariant mas# -, dileptons have the advantage of a disagreement with the data: the experimental spectra in the
better signal to background ratio than real photgisThey = mass region from 0.3—-0.6 GeV are substantially underesti-
of course also prove superior in processes involving twomated[17,18 (see also Ref9]). This has led to the sugges-
body annihilations. tion of various medium effects that might be responsible for
Dilepton mass spectra produced in heavy ion collisionghe observed enhancement. In particular, the dropping vector
can basically be divided into three regions. The low-massneson mass scenafib7,19,2Q is found to provide a unified
region belowmy(~1 GeV) is dominated by hadronic inter- description of both the CERES and HELIOS-3 data. How-
actions and hadronic decays. In the intermediate-mass regi@ver, see also Ref21].
betweenm, and about 2.5 GeV, the contribution from the  In the high-mass region aroumd,y, , the J/¥ suppres-
thermalized QGP might be se€b—7]. In the high-mass re- sion has been a subject of great interest, since it was first
gion at and aboven;;y the major effort in heavy-ion experi- proposed as a signal of the deconfinement phase transition
ments has been the detection and understandidg®fsup- [22]. Various investigations show that up to centrat/&u
pression. collisions, the normal preresonance absorption in nuclear
So far, the experimental measurement of dilepton spectrenatter can account for the observ&dl suppressiori23].
in ultrarelativistic heavy-ion collisions has mainly been car-However, recent data from the NA50 Collaboration for cen-
ried out at the CERN SPS by three collaborations: theral Pb+Pb collisions show an additional strong “anoma-
CERES Collaboration is dedicated to dielectron measurelous” suppression which might indicate the onset of the
ments in the low-mass regid8,9], the HELIOS-3[10] Col-  color deconfinemeri24].
laboration has measured dimuon spectra from threshold up to Other interesting experimental data that have not yet re-
the J/¥ region, and the NA38/NA50 Collaboratiofil] ceived much theoretical attention are dilepton spectra in the
measures dimuon spectra in the intermediate- and high-maggermediate-mass region from about 1 to about 2.5 GeV.
regions, emphasizind/V suppressionfor a summary of Both the HELIOS-3 and NA38/NA50 Collaborations have
low- and intermediate-mass dilepton measurements see Refsserved significant enhancement of dilepton yield in this
[9,12,13). In addition, dilepton spectra in heavy-ion colli- mass region in centr&b+W and StU collisions as com-
sions at energies of a few GeV/nucleon were measured byared to that in proton-induced reactioimormalized to the
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later. For dilepton spectra at low invariant masses, it is well
oy, known that thersr annihilation plays an extremely impor-

N mM,24(7-2y), m,2+/(2m,)?+(15/cosh(y))Y] tant role in heavy-ion collisions. It is also expected that other
........... primary p,0.¢ T secondary processes will play a role in the dilepton spectra in
y the intermediate mass region, and we attempt to demonstrate
this in a realistic calculation that compares with experimental
data. This will be done with the relativistic transport model
used in Refs[17,26] for the study of low-mass dilepton and
photon production. The main motivation for such a study is
to understand the origin of the observed enhancement in the
intermediate-mass region, and to see whether the data calls
for the formation of a QGP phase.

In Sec. Il we discuss the elementary dilepton production
cross sections that are needed as inputs in the transport
model. We shall emphasize the constraints imposed on these
cross sections by the experimental data for the reverse pro-
cess ofee” —hadrons. In Sec. I, we discuss the thermal
dilepton emission rates from the hadronic interactions, and
compare our results with those from other approaches. The
elementary cross sections, as constrained byetres anni-
hilation data, are then used in the transport model to calcu-
late dilepton spectra in heavy-ion collisions at SPS energies.
The results will be presented in Sec. V. The paper ends with
a brief summary and outlook in Sec. V.
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II. CROSS SECTIONS AND FORM FACTORS
FIG. 1. Comparison of background with experimental data in

p+W andS+W collisions. The data is from Ref10]. In the low-mass region fromr@, to m ,, it has been
shown that7* 7~ annihilation, which is characteristic of
heavy-ion collisions, plays an important role in explaining
the NA50 Collaboration also show significant enhancemenrthe observed enhancement. Similarly, it is expected that
other secondary hadronic processes should also play some

in central PB-Pb collisions[11] (see also Ref.9]). . . ) . !

For dilepton spectra with mass above 1 GeV, the contri—rOIe in the |ntern_1ed|ate-mass region. Indeed, previous ther-
butions from charm meson decay and the initial DreII-YanmaI rate calculations based on kinetic theory shqw that in the
processes begin to play a role. These hard processes scal ss_and temperature regions re!evant for t.h's study: the
almost linearly with the participant nucleon number, and can°oWing process_e(;from the_hadronlc p_ha&:aﬂa important:
therefore be extrapolated from proton-proton and proton77—Il, @p—ll, 7wa;—Il, 7e—Il, KK—II, and
nucleus collisions. Such a study has recently been carried o#tK* +c.c—1l [27-30. Among these processesa;— |
by Braun-Munzingetet al. [25]. The results fop+W and  has been found to be the most important one, mainly because
centralS+ W collisions corresponding to the HELIOS-3 ac- of its large cross sectiof28,3Q] (similar conclusions have
ceptance are shown in Fig. 1, and are taken from Fgf. been drawn for thermal photon producti¢81,32). Note
These, together with the dileptons from the decay of primanhere that we discuss only two-body reactions, as they should
vector mesons, are collectively termed “background” in thisdominate the phase space region we are considering.
work. It is seen that this background describes very well the An important input in the transport model calculation of
dimuon spectra irp+W reactions, shown in the figure by dilepton spectra in heavy-ion collisions is the elementary
solid circles. dilepton production cross sections for the processes outlined

However, as can be from the figure, the sum of thesé@bove. In next three subsections, we will discuss the cross
background sources grossly underestimates the dimuon yieRections and form factors for pseudoscalar-pseudoscalar,
in central S+W collisions, shown in the figure by open pseudoscalar-vector, and pseudoscalar-axial vector meson
circles. Since the dimuon spectra are normalized by the me&nnihilation.
sured charged particle multiplicity, this underestimation in-
dicates additional sources to dilepton production in heavy- A. Pseudoscalar-pseudoscalar annihilation
ion collisions. There are at least three possible sources for _
this enhancement: the additional production of charmed me- In this class we haver-7 and K-K annihilation. In the
sons and/or Drell-Yan pairs, a QGP formed in the collisionsVector meson dominance mod@/MD), the Feynman dia-
and secondary hadronic interactions. While all these poss@ram for this process is quite simple and is shown in Fig. 2,
bilities are of interest, and may actually coexist, in this workWhereP represents a pseudoscalar mesothe intermediate
we concentrate on the contributions from the secondary hadrector mesony* the virtual photon, andll the lepton pair.
ronic interactions, which we believe need to be quantitativelySee Ref[33] for a discussion of the possible uncertainties in
assessed. In this work we limit ourselves to meson interacYMD. We use a standard Lagrangian for the pseudoscalar-
tions. However, we will also comment on the role of baryonspseudoscalar-vector interaction,

charged-particle multiplicity[10,11]. Preliminary data from
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FIG. 2. Feynman diagram for the annihilation of two pseudo-
scalar mesons into a lepton pair in the VMD model.
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The obtained dilepton production cross section in pion-E - .

pion annihilation is well knowrj34,35 to be C i

L= 8ma’k ) 4m? 2m? I |
o(m 7 —ll)= 3M3 |FA(M)] 1_W 1+W ' 0.1 - Gale—Kapusta

2

wherek is the magnitude of the three-momentum of the pion
in the center-of-mass framb/ is the mass of the lepton pair,
andm, is the mass of the lepton. It is well known that the 0.01 P T R ]
electromagnetic form factorf (M)|? play an important 0 0.5 1 1.5 2 2.5
role in this process, providing empirical support for VMD: M (GeV)

the pion electromagnetic form factor is dominated by the

p(770) meson. In addition, at large invariant masses, higher £, 3. The pion electromagnetic form factor. The solid curve is
p-like resonances such @a§1450) were found to be impor- pased on the model of R4B6], while the dotted curve is based on

—— Biagini et al.

T IIIIIII
Lol

tant[36]. the parametrization of one of us with Kapugsd]. The experimen-
Using Eq.(2) and detailed-balance, we can get the crossal data are from the OLYA Collaboratidi37] (circles, the CMD
section form" 7~ production ine*e™ annihilation, Collaboration[37] (squarel and the DM2 Collaboratiofi38] (tri-
angles.
a’k3

+a— + )= 2
olere —m )= 3M° [Fa(M)[% (3 curve. It, however, underestimates the data at larger invariant

masses, since it neglects the role of highdike resonances.
This cross section has been measured with high accuracy in The dilepton production cross section in kaon-antikaon
the mass region that is relevant to this st(i@y,38. In Ref. ~ annihilation is very similar,
[36] a detailed analysis of the experimental data was carried

in order to determine the pion electromagnetic form factor. o(KTK ™, KOKO=1T) = 8”“2k||: + o(M)]2

Four p-like vector mesons were found to be present. The ' 3m3 KK

comparison of the form factor determined in R6] with anm? om2

the experimental data from the OLYA Collaborati¢87] % 1_ﬂ)( +ﬂ) (5)
(circles, the CMD Collaboration[37] (squares and the M? M2 )"

DM2 Collaboration[38] (triangles is shown in Fig. 3. A ) ) .
direct comparison with the experimental cross section igvherek is the magnitude of the kaon momentum in the
shown in Fig. 4. The agreement between the model and theenter-of-mass frame. The cross section for the reverse pro-
experimental data is excellent. This assures us that the ef€ss of electron-positron annihilation can again be obtained
ementary dilepton production cross section in pion-pion anfrom the detailed-balance relation,
nihilation used in our transport model is well under control. 21 3

_The 'pion electromagnetic form fac_tor has been param- o(e+e‘—>K+K‘,K°E°)=—5|FK+ (M2, (6)
etrized in different ways. For example, in RE34], one of us 3M '

and Kapusta proposed the following form: _ ) ) )
In these equation$k +|* and|Fxo|? are the electromagnetic

4 form factors of charged and neutral kaons, respectively.

FE (M)|2= r 4 These form factors are dominated by the phi meson,
(M) NN 5 4 ;

(Me=m; )+ (mT';) ¢#(1020). At higher masses, other vector mesons may be-

come importan{36]. The experimental form factor will be
where m,=0.775 MeV, m/=0.761 MeV, and T, used in this work. It is shown in Fig. 5. The solid and dotted
=0.118 MeV. This parametrization reproduces thecurves are for charged and neutral kaons, respectively, and
Gounaris-Sakurafi39] formula and describes very well the the symbols are the experimental data for the charged kaon
experimental form factor from thes2 threshold to about 1 form factor from the CMD-2 Collaboratiof#0] (circles, the
GeV in invariant mass, as shown in Fig. 3 by the dottedDM2 Collaboration[41] (squares and the OLYA Collabo-
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FIG. 4. The cross section fee” — "« . The solid curve is FIG. 5. The kaon electromagnetic form factor. The solid and
based on the model of R¢B6]. The experimental data are from the joed curves are for the charged and neutral kaons, respectively

OLYA Collaboration[37] (circles, the CMD Collaboration37]  [36] The symbols are the experimental data for the charged kaon
(squares and the DM2 Collaboratiof3g] (triangles. from the CMD-2 Collaboratioi40] (circles, the DM2 Collabora-

. . tion [41] (squares and the OLYA Collaboratiof42] (triangles.
ration[42] (triangles. The neutral kaon form factor follows

from general argumen{$6]. The direct comparison with the 1, 1h0ses only. This simplification is not used in the actual
experimental charged kaon cross section is shown in Fig. ransport calculation. The cross section &re” — mp can
Again, very good agreement between the model and the da?gain be obtained from detailed balance.
IS seen. The electromagnetic form factdF ,,(M)|? can then be
determined by analyzing the experimental data éére™
B. Pseudoscalar-vector meson annihilation —a"7 7% In Ref. [29], three isoscalar vector mesons

In this class we include the following processesp ~ #(1020), »(1420), andw(1670) were found to be impor-
T, KK* +c.c—IT, andmw—IT. The first two processes tant in order to fit the experimental data from Rd#4,45

effectively involve three pions, while the third one involves (see also Ref46)), namely,
four pions. In transport models a process involving three or

more pions in the initial state can only be described as a two (M)= 2
step process with an intermediate resonance. The empirical s
success of transport approaches gives some credibility to this

scenario. Note however that the treatment of quantum intefygre the summation runs over the three vector mesons listed

—
—
Ay
—
»

i pyyn2
gV7Tp € va

v )(m@—MZ)—imVrV'

(€)

ference_ remain_s a possible_ issue in_this framev{dﬂi. above. While the coupling constangs, and g, can be
The interaction Lagrangian for this case is determined from the measured widths, the coupling con-
Vo stants for other two mesons and the relative phases were
Lyvp=GvppeLrapd V" I*VFP. (7 P

determined by fitting to the experimental data of Refs.
[44,45. In this work, we determine these coupling constants
by fitting to the latest data from the DM2 Collaboratip#v]
and the ND Collaboratiof48]. These parameters are only
2)( 2m,2) slightly different from those listed in Reff29]. The compari-

The first two channels have been studied in [R29]. The
cross section forrp annihilation is given by

— 2mwa’k,

m o X . A
o(mtp —ll)= ' son of our fit with the experimental data is shown in Fig. 7.

—|F77p|2(1__2 +—2 ta 3 i
oM M M ®) Similarly, the cross section fa&¢K* (or KK*) is given by

2
wherek,, is the magnitude of the pion momentum in the o(KHK* T = mﬂkK'F 21— 4m
center-of-mass frame. Note that the above cross section is 6M KK M2

evaluated in the narrow-width approximation for illustration (10

2m?
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FIG. 8. The cross section for e*e”—(KK*

FIG. 6. The cross section fate”—K*K~. The solid curve is
based on the model of RéB6]. The experimental data are from the
CMD-2 Collaboration[40] (circles, the DM2 Collaboratior{41]
(squareys and the OLYA Collaboratiof42] (triangles.

o(ete-~»(np) »n*n-n% (nb)

1.4
M (GeV)

1.6

FIG. 7. The cross section fa@*e™ —(mp)— w7 #°. The
solid curve is our fit to the experimental data from the ND Collabo-
ration[48] (circles and the DM2 Collaboratiof47] (squares

+c.c.)—»K°K* 77, The solid curve is based on the model of Ref.
[29]. The experimental data are from the DM1 Collaboratfidg]
(circles and the DM2 Collaboratiof50] (squarek

where kg is the magnitude of the kaon momentum in the
center-of-mass frame. Sincekd& eventually decays into a
kaon and a pion, the electromagnetic form factor in the
above equation can be determined by analyzing the experi-
mental data foe*e” —K°K* 7, as was done in Ref29].

The form factor was found to be dominated &#y(1680),

Qg Kicx m<2p'

FKE*(M): 2 . ’
g¢! m¢,_M2_|m¢rF¢r

1D

where the coupling constagt, «ix /g4 =0.19 GeV ! was
determined by fitting the experimental data of the DM1 Col-
laboration[49] and the DM2 Collaboratiof50]. The com-
parison with the experimental data is shown in Fig. 8.

Finally, the cross section for lepton pair production in
pion-omega annihilation is given by

(12

2m?

amy
M2 M2

o

4mra’k,
o(mPo—ll)= —7T"

oM

|F7rw|2( 1- MZ

wherek . is the magnitude of pion momentum in the center-
of-mass frame. Experimentally, the electromagnetic form
factor |F,,(M)|?> was studied in Ref[48] by measuring
ete = 7%7%y. The form factor was parametrized in terms
of three isovectolp-like vector mesonsp(770), p(1450),
andp(1700) in Ref.[48],

i

i 2
Ovrw € ¢va

Ov

(13

FW(M>=§ (

m\zl_ Mz)_imvrvl
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A e T
o(m a;— =~ 5 < |Fx»
1 7mglg§M5kW a;

am? 2m?
X 1— W 1+ W , (14

where H is a complicated function of coupling constants,
masses, and kinematics, akg is the magnitude of the pion
momentum in the center-of-mass frame.

One must now consider the issue of the electromagnetic

. form factor [F . |. In principle, it can be determined by
analyzinge'e —n 7w wt7w~ and ete -7t 700

- data. Although many analyses have been carried out, an un-
ambiguous determination of this form factor is not yet pos-

/ . sible, since other intermediate-state can contribute to the
¢ same four-pion final state. Here we consider three scenarios,
5 % ; - which should bracket this form factor. In the first scenario,

O ND
20 -

]

O ARGUS

15 -

o(e*e~-»n%) (nb)

- we assume that most of the strength in thén =" 7~
channel comes from aa; intermediate state. We can then
determine|F7Tal(M)|2 from experimental data foe*e”

0 N TR T R . —at7 ot 7~ from the yy2 Collaboration55], the M3N
0.8 1 1.2 1.4 1.6 1.8 Collaboration[56], and the ND Collaboratiof48]. Further
M (GeV) constraint on thdle|2 is provided by the experimental

data forete”— "7 #%7#° which can also come from
FIG. 9. The cross section f&'e™ — m%w. The solid curve is  7°w intermediate state. This scenario basically sets an upper

based on the model of Ré#8]. The experimental data are from the limit for the dilepton production from thera; annihilation.

ND Collaboration48] (circles and the ARGUS Collaboratidrbl] In a second scenario, we assume that itag electromag-

(squares netic form factor is represented by th€770) only. We shall

use the parametrization of E@l) for this purpose. The com-
Here the summation runs over the thredike resonances parison of our results foete™— 7 7 7 7~ in the two

listed above. We will use the form factor determined in Ref.scenarios with the experimenta| data is shown in F|g 10. Our

[48] in this work. The comparison with the experimental datacross section in the second scenario is similar to that ex-
of the ND[48] and ARGUS Collaboration51] is shown in - tracted in Ref.[57]. In the second scenario, the missing
Fig. 9. strength is attributed tp(1700) which then directly decays
into pr7r without coupling to thera, state. In Fig. 11, we
C. Pseudoscalar-axial vector meson annihilation show the comparison of our results in the first scenario for

In this class we consider chieflya;—I1, which is effec the procesge” — "o m°x°. The solid curve is the sum
— - . .
1 ' of our parametrizations fon*eﬂ;Mral andog+e-_, ., - NOte

tively a four pion process which we treat in the manner de- T i ) . N
scribed previously. that in this first scenario, the interpretations of the*4and

Thermal rate calculations indicate that this process is pard™ 27° data sets are consistent: our fit is adjusted to pro-
ticularly important in the intermediate-mass region. Thereide @ compromise between the two sets of measurements.
are, however, significant differences between calculations>€€ Figs. 10 and 11. _
Already in Ref.[30] it was shown that the dilepton produc- ~ Finally, as a lower bound we use the cross section
tion rates based on different models for thpa, dynamics ~“e*e —ma, d€t€rmined by the DM2 Collaboration using par-
can differ by an order of magnitude. This problem was re-tial wave analysi$PWA) [59]. We first parametrize the data
cently revisited in Ref[52], where a comparative study was as shown in Fig. 12, and then use detailed-balance to obtain
carried out for both on-shell properties and dilepton producthe cross sectiotr, ;. Note that the cross section at high
tion rates using several models for thga; dynamics. It masses is smaller than with our other two approaches.
was found that, although some of the models provide reason-
able description of the on—ghell proper?ies, the cqrespon_ding IIl. THERMAL RATES
dilepton rate could vary widely. By using some information
from experimentally constrained spectral functifsg], it The theoretical description of heavy-ion collision dynam-
was found that the effective chiral Lagrangian of R&#], ics can be divided into two broad categories: transpuas-
in which the vector mesons are introduced as massive Yangadeg models and hydrodynamical models. In the latter
Mills fields of the chiral symmetry, provides reasonable off- model, (local) thermal and chemical equilibrium is usually
shell as well as on-shell properties of thpa, system. The assumed. To calculate dilepton spectra using the hydrody-
interaction Lagrangian in this model is slightly elaborate andhamical model, one then needs to know the thermal dilepton
is given in Refs[28,52. The dilepton production cross sec- emission rates, which we discuss in this section.
tion can then be obtaind@®2] According to kinetic theory, at a given temperatdiehe
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FIG. 11. The cross section f&"e™— 7" 7~ #%7°. The solid

and dotted curves give our results in the first and second scenari@éirve gives our fit in the first scenario for thea, form factor. The
for the 7a, form factor, respectively. The experimental data are€xperimental data are from they2 Collaboration[55], the M3N

from the yy2 Collaboration(circles [55], the M3N Collaboration
[56] (squarel and the ND Collaboratiof48] (triangles.

Collaboration[58] (squarel and the ND Collaboratiof48] (tri-
angles.

differential rate per unit time and per unit volume for a me-the results forrp and KK* +c.c. are shown in Fig. 14, and

son pair to annihilate into a lepton paér;+ b—Il, is given
by

dR  dN d3p, d3py,
dM2~ d*xdm? 2E,(2m)? 2Ep(27)?
d°p, d°py

“E2m? 2522 )

X (2m) 4| M|28%(pat Po—P1— PD)
X SM?=(p+pD?, (15

wheref is the Bose-Einstein distributions for mesons, a¥id
is an overall spin-isospin degeneracy factor.

Approximating the Bose-Einstein distribution functions
by the Boltzmann ones, we arrive at a simple expression f

the thermal rate,

dR T s o a— _
d_M2:N3’277—4MK1(M/T))\(M ,ma,mb)a(a+ball),

(16)

whereK is a modified Bessel functiom;(a+b—Il) is the
isospin-averaged cross section, andgs the usual kinematic
triangle relation.

We consider here three temperaturés; 120, 150, and

180 MeV. The results forrm andKK are shown in Fig. 13,

the results forrw andra,; are shown in Fig. 15. The results
for ra, are obtained in the scenario where the measured 4
final states all come from an intermediate; state. In the
case ofa; meson, here we have also included the finite-
width effects as in Ref60]. We mention that in the trans-
port model, those are included for all the baryon and meson
resonances.

The dilepton emission rates are seen to depend strongly
on the temperature of the system. In heavy-ion collisions, as
the system expands, its temperature rapidly decreases, so
does the contribution to the dilepton rate. So most of the
dileptons are emitted in the early hot and dense stage of the
collisions. Comparing with previous calculations, our results

for w7 andKK are in agreement with those of RE27], and

our results formp and KK* +c.c. are in agreement with
Othose of Ref[29]. Finally, as expected, our results faiw

find ma, are different from those in Ref§28,60, since we
use new form factors for these processes which we obtain
from e" e annihilation data. Of all the processes considered
here, thema, is found to be the most important one for
intermediate-mass dileptons. This is in line with previous
observation$28,30,60.

Dilepton emission rates from hot and dense hadronic mat-
ter have been calculated in different approaches. Here we
discuss and compare our results with three of these ap-
proaches: the spectral function approach of RB8], the
chiral reduction formalism of Refd.61,62, and a model
based on quark-hadron dualit§3].
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FIG. 14. Same as Fig. 13, farp andKK* +c.c. annihilation.
% ﬁ tral functions which can be extracted from thée™ annihi-
B lation and lepton decay data. Including the soft final-state
0 P —— interaction corrections that leads to the parity mixing phe-
1 12 14 16 1.8 2 R.2 nomenon(i.e., the mixing between the vector and the axial-
M (GeV) vector currents the dilepton emission rate can be expressed

as[53]
FIG. 12. The cross section f@ e~ — mwa,. The open circles
are the experimental data determined by the DM2 Collaboration

2 2
using partial wave analys[§9]. The solid curve gives our fit to the dR — 21 MTKy(M/T)| pe™(M)—| e— €
data. dM? x ! 2
In general, the dilepton emission rate is given by the ther- X[pV(M)—pA(M)]} (18)
mal expectation value of the electromagnetic current-current

correlation functior{6,64,69,

wheree=T?/6F2, andp°®™, pV, andp” are the electromag-
netic spectral function, the vector spectral function, and the
axial-vector spectral function, respectivelyS™ can be re-
lated to the total hadronic cross sectioredfe™ annihilation,
Different approaches differ in the way this correlation func-
tion is approximated and calculated. In R¢b3], this

dR a? 4o i
G 5| X4 03,0 @

M?g(ete”— hadrong

current-current correlator was reduced to a number of spec- emM) = (19
P 3.2 )
167«
108 71 T
- =-T=120 MeV ] 10-8 EI T T T T T T T T T

107 | T ey : . F - —-T=120 MeV
a nn : ] or Lo T=150 MeV ]
KK ] E —— T=180 MeV E

E ma,
PAEREN E
// AN
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\ ! A ] \ ] \ \
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FIG. 13. Dilepton emission rates froms and KK annihilation
at three different temperatures. FIG. 15. Same as Fig. 13, farw and ma,; annihilation.
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Similarly, the vector spectral function can be determined by  10-¢
selecting events with even number of pions

T | T I T
— incl. p(1700) in ma,

2

v M . — — excl. p(1700) in wa,
P (M)= 5> o(e’e —2nm). (20 10-7
16m°a“i=1

..... — DM2 PWA
— — — - Lee—Yamagishi—Zahed

Finally, the axial-vector spectra functigf can be extracted MRy e Leonidov—Ruuskanen

from the differential probability of the lepton decaying into §¢ 1g-8

an odd number of pions. Thus, with these spectral functions%,

extracted from thee™e™ and 7 decay data, one can deter- ¥

mine the empirical dilepton emission rate using E9). IE

Note that the terms i represent a small correction. o 10°®
In Ref. [63], the idea of a Hagedorn resonance gas ap-g

proach was explored. There, the vector meson mass distribLg

tion is characterized by the mass spectpupm) (we usep” E 10-10

for the vector spectral function, and, for the vector meson =

T T IIIIII|
'd
11 IIIIII|

mass spectruinThe dileptons are associated with direct vec- T=150 MeV
tor meson decay@he vector meson dominance assumption
Therefore the thermal rate can expressed as 10-1t & 5
aR M) — ety (20 : N
— p —_— s - Y *
sz v 67ng(M) ! 10-12 | 1 | 1 | 1 ™
1 1.5 2 2.5

whereg(M) is the vector-meson-photon coupling constant,
which also determines the vector meson production cross M (GeV)

section in thee*e™ annihilation, _ . )
FIG. 16. Dilepton emission rates from different approaches.

B (2m)3a? 1
olete =V)= Tg ™) MPV(M)' (22) hadronic production cross sectionafie™ annihilation. This
approximation would apply to invariant masses greater than
In Ref. [63], it was assumed that the total cross section of~1.5 GeV.
e*e™ annihilation is saturated by the production of vector  Finally, in Refs[61,62, a chiral reduction formalisi66]
mesons, which is supported by experimental observatiowas use to reduce the current-current correlation function in
[53], Eg. (17) into a number of vacuum correlation functions,
) which are constrained by the experimental data fiehe ™
o _ oex _ o annihilation, 7 lepton decay, pion radiative decay, and two-
o(e’e — hadron=R p? W_G(e e V), photon fusion reF;ctions. T¥1ispapproach allows f}c/)r a system-
(23 atic expansion in terms of pion densiignd nucleon density
if baryons are included
where R®P is the experimentaR value, which reflects the In Fig. 16, we compare the dilepton emission rates ob-
strong interaction aspect of the"e™ annihilation physics. tained with our different scenarios with those obtained in the
With this approximation the dilepton emission rate can thenhree models just outlined. The solid, long-dashed, and dash-

be written as dotted curves are our results based on our pictures for the
dR ) ra; Cross sections. The scenario that includesiE700)
a in the 7ra, form factor leads to a larger rate above 1.2 GeV
=R MTK(M/T). 24y N hema, ger ra
dM 6 u ) 24 invariant mass, as expected. The open circles are the results

of Ref.[53] based on empirical spectral functions. Our result
This is very similar to the results of Ref53], except here  with a full 7ra; form factor is in agreement with the spectral
that the soft-pion corrections are neglected. In R&8], it function result up to 1.6 GeV invariant mass. It is slightly
was further assumed thR*® can be approximated bg”*"  apove at higher invariant masses. The scenario that excludes
=N.Zef, the parton model prediction fd The dilepton  p(1700) in thewa, form factor is slightly lower than the
emission rate is then determined theoretically without referspectral function result between 1.2 and 1.6 GeV invariant

ring to experimental data, mass. In other mass regions, they give comparable rates. Fi-
nally, the use of the DM2 partial wave analysis for tha;
dR part o? cross section yields rates that are somewhat lower than those
avz - R WMTKl(M/T)' @9 btained in the other models, passed 1.75 GeV invariant

mass. We will see later that hard background processes will
For three flavor caseRP¥'=3(4/9+1/9+1/9)=2. This mask this difference.
equality states that the dilepton emission rate from hadronic The short-dashed curve gives the results of R62],
gas can be approximated by the parton model prediction witlwhich is based on a SB) version of the chiral reduction
the same accuracy as the parton model describes the tof@rmalism. The result is in good agreement with the one



PRC 58 INTERMEDIATE-MASS DILEPTON SPECTRA AND THE ... 2923

from empirical spectral functiong§53], suggesting that 10-¢ T I T T T T
higher-order interactiongnot explicitly included in Ref.
[53]) are not significant at the temperatures considered here
Finally, the dotted curve gives the result of Eg5) which

central S+W, 200A GeV
m,24(7-2y), m,2v/(2m,)?+(15/cosh(y))?

makes use of the hadron-quark duality that allows theuse o0 [ N\ = = =7 I 7
RPin the place ofR®*®. It is interesting to note that the 10-7 -——=mp N
dilepton rate from this approach is in very good agreement —-— 7w 3
with the one obtained with empirical spectral functions - — — KR ]
above about 1 GeV. This supports the idea that, even thougls™ A U \ N RK'+KR* ]
there are resonances in the the intermediate-mass regiols _"-.'\ ‘\‘\ na i
these resonances cannot be easily resolved individually. o 2\ \ tot:al

As a partial summary, our results are based on kinetic®, 10-8 |- '-.__\‘\ \ =
theory which assumes pair-wise collisions of mesons. To g C ‘-‘\\ \\ ]
make use oB* e~ annihilation data as a constraint, we need Z S \ ]
to know the hadronic production cross section in specific - \\ \\ .
channels, such as#, KK, or 7a;. Data are available for & i \\\ ]

most of the processes considered here. Butifag an un- 10-9 \ \

ambiguous determination of its production cross section 2 \ s 3
from the measured# cross sections is not yet possible. This - \ : x ]
introduces model dependence. On the other hand, the othe B KRN ]
three approaches use directly the total hadronic productior s \ I3 .
cross section ie* e~ annihilation, without the need to sepa- . )’\}\

rate them into specific channels and thus avoiding the uncer 10-10
tainties involved in such a separation. The nice agreemen

shown in Fig. 16 thus suggests that the model dependence i M (GeV)

our approach is not severe. Furthermore, this level of agree-

ment from different approaches for these elementary pro- FIG. 17. Dimuon spectra in centra5+W collisions at
cesses provides us with the basis for further discussiond?0A GeV from different secondary processes.

about the dynamics of heavy-ion collisions, the possibility of

GQP formation, and charm enhancement. sion rates where the resonance is usually given a fixed mass.
Furthermore, in our transport model, the fact that the reso-
IV. APPLICATION TO HEAVY-ION COLLISIONS nance has a finite life time is fully respected: its population is
AT SPS ENERGIES evolved dynamically. The resonance is formed in collisions

and also eventually decays. In the early stage of the heavy-

To compare with experimental data, the thermal rate calion collision, resonance formation is favored since the den-
culation is certainly not sufficient. One needs a transpor8ity is high. As the system expands and the density gets
model that describes the dynamical evolution of the collidingsmaller, the resonance decay process gradually becomes
system, and integrate the dilepton production rate over théominant. This is again different from kinetic theory calcu-
entire reaction volume and time. In heavy-ion collisions atlations.
CERN SPS energies, many hadrons are produced in the ini- Let us takem+a,;— dilepton as a concrete example. In
tial nucleon-nucleon interactions. This is usually modeled byour approach, a rho meson is first made from two-pions col-
the fragmentation of strings, which are the chromoelectrididing. It then interacts with a third pion to form a me-
flux-tubes excited from the interacting quarks. One empiri-son. Finally thisa; meson annihilates a fourth pion to pro-
cally successful model for taking into account this nonequi-duce a lepton pair. The explicit treatment of intermediate
librium dynamics iRQMD [67]. To define a relativistic trans- resonances takes care of the formation time typical of strong
port model for heavy-ion collisions at these energies, wdnteraction, which is very important for heavy-ion collisions
have used as initial conditions the hadron abundances art SPS energies. Furthermore, this algorithm also includes
distributions obtained from string fragmentation. Further in-the possibility that in the course of the multistep process the
teractions and decays of these hadrons are then taken inittermediate rho oe; meson might interact with other par-
account as in most relativistic transport models. This apficles, say a nucleon, rather than with the third or the fourth
proach is found to provide a good description of hadronicpion. This amounts to a dynamical generation of a broadened
observables(such as transverse mass spectra and rapiditwidth. Finally, for any reasonable comparison with experi-
distributions in heavy-ion collisions at CERN SPS energies mental data from heavy-ion collisions, a transport model that
[17,24]. describes the dynamic evolution of the colliding system is a

We should here make some comments on the treatment oéquired tool.
resonances and multiparticle interactions in the transport The contributions from the secondary processes outlined
model. The narrow-width approximation was not used in ourabove are shown in Fig. 17. These are obtained in our rela-
calculation. The mass distribution of the resonan@esex- tivistic transport model17,2€, including the HELIOS-3 ac-
ample thea,) in our approach is taken into account. Note ceptances, mass resolution, and normalizafib@]. Here
that this realistic sampling of the spectral function is differ- N, /N, represents number of dimuon pairs within the 50
ent from usual kinetic theory estimates of the dilepton emisMeV mass bin, normalized by the charged particle multiplic-
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FIG. 18. Dimuon spectra in centrab+W collisions at FIG. 19. Dimuon spectra in centrab+W collisions at

200A GeV. The dotted curve gives the background contribution a200A GeV. The solid and dotted curves give our results with and
shown in Fig. 1, the dashed curve gives the contribution from secwithout p(1700) in thewa, form factor, while the dashed curve
ondary processes shown in Fig. 17, and the solid curve gives thegives our results using DM2 PWA cross section. The dashed curve
sum of the two contributions. gives the results from Ref62].

ity. It is seen that thera, process is by far the most impor- section proceeds through the, intermediate state. We also
tant source for dimuon yields in this mass region. The@  did a calculation in which thera, form factor contains only
process also plays some role in the entire intermeﬂate-maﬂse normalp(770). The results are shown in Fig. 19 by the
region, while the contributions fromrs, mp, andKK are  dotted curve. Finally, to complete our survey of possible
important around 1 GeV invariant mass The relative impor-constraints and uncertainties ira,—e*e~ cross sections,
tance of various processes follow basically the thermal ratave did a calculation in which this cross section is obtained
predictions, as discussed in the previous section. from thee*e™ — ma, cross section determined by the DM2

In Fig. 18, we add the secondary contributions obtained irCollaboration in partial wave analys{PWA) [59] (see Fig.
our transport model to the background, and compare agaih?). The results are shown by the dashed curve in Fig. 19.
with the HELIOS-3 data for centrab+ W collisions. It is  The region between the solid and dashed curves thus reflect
seen that the data can be adequately reproduced. This higtire uncertainty for heavy-ion collisions due to our limited
lights for the first time the importance of the secondary proknowledge of thera, cross section. This area is not unrea-
cesses for the intermediate-mass dilepton spectra in heavgeonably large. From a formal point of view, it is fair to say
ion collisions. This is an important step forward in the use ofthat no strong evidence currently exists couplingab&700)
intermediate-mass dilepton spectra as a probe of the phase a 7a; state[68], even though better# data could help
transition and QGP formation. Although the current data daesolve this issue along with others of interference aig
not show any necessity to invoke the QGP formation in S<contribution. Note that the fact that the DM2 results are
induced reactions, consistent with some conclusions fronfower than in other scenarios at high invariant masses is con-
J/I'¥ physics, we believe that the observation that the secondzealed by the hard background.
ary processes do play a significant role in the intermediate- Also shown in this figure are the results of R¢62]
mass dilepton spectra is interesting and important. We notehich uses the dilepton emission rate obtained in the chiral
in passing that the change of slope observed in the experreduction formalism with a simple fireball model for the dy-
mental data corresponds in our interpretation to a crossoveramics of heavy-ion collisions. It is seen that their results are
between the secondary processes andBmell-Yan/charm  also in good agreement with the experimental data.
background. This represents a transition from soft to hard Another issue we want to address here is the effects of
physics and this observation should be explored further imdropping vector meson masses on the entire dimuon spectra
the future. from the threshold to about 2.5 GeV. In R¢l7] it was

The results shown in Figs. 17 and 18 are obtained undeshown that the enhancement of low-mass dileptons could be
the assumption that all themfinal state in thee*e™ cross interpreted as a signature of vector meson masses decreasing
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0.0001

ronic interactions in heavy-ion collisions. The processes in-
cluded are mm—lIl, mwp—Ill, wa;—Il, mo—Il, KK
—II, and KK* +c.c—Il. We calculated the elementary

T T I T | T | T I

central S+W, 200 GeV

m,24(7-2y), m,2+/(2m,)?+(15/cosh(y))?
O HELIOS-3

10-5 7 L‘;e_em’:;s‘::l‘eg‘:r’ls;ass cross sections for these processes based on chiral hadronic

Lagrangians for pseudoscalar, vector, and axial-vector me-
sons. The corresponding electromagnetic form factors are de-
termined by fitting to the experimental data for the reverse

processes oé*e”— hadrons. While the form factors for

7, KK, 7p, mw, andKK* +c.c. are uniquely constrained
by thee*e™ data, there are still uncertainties in the,
form factor, for which we have considered three scenarios.
We used these cross sections with kinetic theory to calcu-
late the dilepton emission rates at finite temperature. The

ma;—I|l process was found to be the most important one in
the intermediate-mass region, as was found in previous cal-
culations. Our rates were compared with those from other
approaches. This provides us with the confidence that we
have some control of the dilepton spectra from the second-
aries hadronic interaction. This is important for the use of the
dilepton spectra as a probe of phase transition and QGP
properties.

Finally we apply these elementary cross sections in a rela-
tivistic transport model and calculate dilepton spectr&in

M (GeV) +W collisions at SPS energies. Again, thm,—I1l was
found to be the most important process. The comparison of
dour results with experimental data from the HELIOS-3 Col-
laboration indicates the importance of the secondary had-
ronic contributions to the intermediate-mass dilepton spectra.
with increasing density and temperature. This should affect This work can be extended in several directions. Although
the dilepton spectra in the intermediate-mass region, mainlyhe current experimental data from the HELIOS-3 Collabo-
through two effects. One is the change of the invariant enration are not very sensitive to the different assumptions of
ergy spectra of these secondary meson pairs. The secopgk 7ra, form factor, it would be very useful to pin this down
effect enters through the modification of the electromagnetigjce themra, is the single most important source of the

form factor. Since we can only conjecture how the masses Qfiermediate-mass dileptons from hadronic secondary colli-
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FIG. 20. Dimuon spectra in centraB+W collisions at
200A GeV. The solid and dotted curves give our results with an
without meson medium effects.

the same amount of scalar field as the “common” rho MeDrell-yan contributions in heavy-ion collisions is needed.

* = —_— . . . .
son, namelymy, \,, =My, —2/3g,(a) [17]. The results of g0 4 calculation could put the conclusions reached in this
this calculation are shown in Fig. 20. Below 1.1 GeV and,york concerning the role of secondary hadronic processes

especially from 0.4 to 0.6 GeV, the agreement with the Xy gropping vector meson masses on an even firmer foot-

perimental data is much better when the dropping Vectof,, - rinajly “the current investigation can be extended to
g:fs %27Tazf z?er? :rrl%ssg\etrsodtl#;eg,rgs \;\r/]as r%';izdgcse?f;v:ig igher incident energies, such as those of the RHIC collider,
: ) 9 ! bping f)ey combining the cross sectioigsr thermal ratesobtained

somewhat underestimates the experimental data. Also notel oot dv with hvdrodvnamical models for the evo-
that our starting point was our first scenario. For complete- S study » €.9., hydrodynamical models for the evo

ness, however, we have to state that there might be addEJtign ]?f hedavy-ion cfolllisf,ionsh atdthe R'._”C. enerfgir(]es(.j Th_is
tional contributions from, e.g., secondary Drell-Yan pro-Kind Of study is useful for the determination of hadronic

cesse$69] that were not included in this study. There could sources in the dilepton spectra to be measured by the

also be enhanced production of charmed mesons. Further HENIX Collaboration, and thus for the clear identification

more, as we progress higher in invariant mass, the role off the dilepton yield arising from the QGP.
baryons has to be carefully assessed. So far, the baryons

seem to play little role in the overall dilepton yidld0]. This

statement was examined in Ré61] for masses below 1 ACKNOWLEDGMENTS
GeV, which is being extended to the intermediate-mass re-
gion in Ref.[62]. See however Ref21] for an alternate

discussion on the role of baryons.
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