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Dilepton and/or photon production in heavy ion collisions and the QCD phase transition
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We study the electromagnetic production from highly excited hadronic matter created in heavy ion colli-
sions. The rates include the usual lowest order processes in quark-gluon plasma plus the usual reactions in the
hadronic phase, related witha,; mesons. The space-time integration is done using a hydrodynamical model.
Conventionaﬁ (7*#7) annihilation in quark-gluon plasma and hadronic phase cannot explain the observed
dilepton spectrum, especially that by the CERES experiment at CERN. A decyeasssts can account for the
observed effect, provided it shifts into the region of 0.4—0.5 GeV near the phase transition. In order to test this
hypothesis one should also look at the chiral partnep,ofhe axiala; meson: its mass must then behave
similarly. Its decaya;— me*e~ populates the low mass region seen in the same experiment. The results for
direct photon production are below the current WA80 experimental bounds, for all variants considered.
[S0556-281®7)04107-1

PACS numbews): 25.75-q, 12.38.Mh, 24.10.Nz

I. INTRODUCTION periments: NA34/3, NA38, and CERE®IA45) for dilep-

. . - . tons and WABS8O for photons. It was found that dilepton pro-
The main goal of the heavy ion collision program in the y,ction exceeds backgrounds expected from hadronic and

alternating gradient synchrotron/super proton synchrotroRnarm decays. Furthermore, the signal also exceeds theoret-

(AGS/SP$ energy rang&10—200 GeVA) is to produce hot/  jcal expectations for “conventional” processes, both in had-

dense hadronic matter with the energy density of the order afonic and quark-gluon matt¢b]. Especially dramatic is the

a few GeV/fn? and to study its properties. Especially inter- excess observed by CERES6] in the mass region

esting are theearly stages of the collisions, when theory Me+.-=0.3—0.6 GeV. This observation has since created a

predicts the existence of the QCD phase transition into a neWi@pidly growing theoretical literature. _

phase, called the quark-gluon plast@GP. However, so Calculation of the dilepton/photon yield consists of two

far no direct experimental evidence of the QGP has beefOMPONeNtsli) evaluation of productiomates (see Sec. )

found. The main reason for this is well known: the strongand(”) their integration over thepace-time evolutioof the

collective interaction in the svstem as it expands and COO|CO|”Si0n (see Sec. Il In the so-calledconservativeap-
el lon i Y It exp roach(the well-known hadronic processes with vacuum pa-
erases most of the traces of the dense stage. As a result, t

; eters and the usual space-time evolution of heavy ion
observed hadrons come mostly from a dilute freeze-outyjisiong several groups have obtained rather similar re-
stage, with dinal temperaturel;=120-140 MeV[1].  gyjts, which, however, do not explain the CERES data, nei-
One possible way to study the earlier stagsbe dis-  ther in magnitude nor even in the shape of the mass spec-
cussed in this papgrs to look for phenomena which mostly trym.
happen very soon after the collision, such as production of This situation has lead to many “unconventional” hy-
dileptons and photons[2].* At high relativistic heavy ion  potheses, which includén a more or less chronological or-
collider/large hadron collideiRHIC/LHC) energies one may den (i) droppingm, [7,8], (i) high pion occupation numbers
hope for some kinematic enhancement of the QGP signalat low momentd?9], (iii) a very long-lived firebal[5], (iv)
because the initial stage is much hotter than hadronic mattedroppingm,, [10-12, (v) a modified pion dispersion curve
T;>T. [3,4], but this is certainlynot the case for AGS/SPS [13], and(vi) droppingm,_ (discussed below
energies. Therefore, in this energy domain the main signals Let us start with the possibilitgii ), which is usually taken
for the phase transition still come from th@dronicstage, into account by the introduction of the pion chemical poten-
not the QGP. tial u ., which is approximately equal tm,, . Although the
Experiments designed to observe thieect photonsor  true nature of the lows, pions is not yet completely clear,
dilepton continuunproduced by excited hadronic matter in most probably they come from the resonance decay and/or
heavy ion collisions are generally much more difficult to spectral modification due to collective potentials. Both are
perform compared with measurements of hadronic obsenlate-stage phenomena, which can hardly affect the early-
ables. Therefore, only recently were the first photon andtage dilepton production. Furthermore, studies of this expla-
dilepton measurements announced by four CERN SPS exiation made in[7] have shown, that the lowt dilepton
enhancement due t@,~m_ is way too small compared to

CERES data.
*Electronic address: cmhung@insti.physics.sunysb.edu In Sec. V we will look at(i), the T-dependentn,, and
TElectronic address: shuryak@dau.physics.sunysb.edu (similar to[7]) conclude that it may indeed describe the data.

*Another possibility is to look for signals which asecumulated ~ Furthermore, we have linked it tvi) by theoretical argu-
during the evolution: the well-known examples include excessivements related to chiral symmetry restoration and have de-
production of strangeness or charmonium suppression. rived experimental consequences of the most plausible sce-
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nario, both for dilepton and photaisec. VIl yields. However, this is not true. Ithermal equilibriumthe av-
We also study separately a propo&al). In our previous erage number of mesons depends on their mass but should

paper[14], we found thatat least in a hydro approacthe not depend on their widthwhich only shows how often
so-called “softest point” of the equation of sta{&OS these particles are created and dechyorder to understand
leads to an especially long-lived fireball. Although it is ex- how this happeng$we will give a detailed discussion in the
pected to happen at collision energies way below those foAppendix, recall that the standard Breit-Wigner amplitude
CERN experiments, in Sec. VIl we have pushed this idea tds proportional tol'i,I" /[ (M — M ¢ %+ T'2/4]. Summing
the extreme and assumed the scenario with the long-livedver all possible “in” channels one gel3, in the numera-
fireball. The results for the dileptons are quite disappointingtor, and after that one may approximafelsubstitute the
very different scenarios of space-time evolutions give veryBreit-Wigner amplitude simply by, 6(M —MJ. The re-
similar dilepton mass spectra. So, with the standard dileptosulting rate is nothing else but the decay contribution
rates and fixed masses it is not possible to explain the olmentioned above: clearly one should not include it twice.

served dilepton yield by a longer lifetime. We have found it rather convenient for our applications to
use expressions recently derived[it8]: they contain pro-
Il. ELECTROMAGNETIC PROCESSES cesses in zeroth and first order in the pion density. The ex-
IN HADRONIC MATTER pression for the dilepton rate reads
Dilepton/photon production in the QGP phase is based on dR a? 1

fundamental QCD processes suchgas—e* e~ [2] and was d*q~ 3732 1+expqo/T)
calculated long ago. The rate in the pion gas duerto

annihilation was considered [5], and those two basic pro- | 3g2ImI1 (g?)+ d®kn(ko)
cesses can be included by the “standard rate” formula q°ImIL, (q%) (277)32k0f§7
dR  a? X {—129%ImI1,(q?) + 6(k+q)2ImII[ (k+q)?]

WZWFG_%/T, (1)
+6(k—q)2ImIT[ (k—a)?T}

, ()

where the rateR is counted per unit volume per unit time,
g is the four-momentum of the virtual photon
(9?=MZ,__=M?), F is a constant in QGP and the usual
pion form-factor in the pion gas, which can be written in
standard vector-dominance fofm

wherek is the pion andj is the virtual photon momentum.
Here ImII, ,ImII, are imaginary partéor spectral densitigs

for vector and axial currents. If this expression is understood
as an expansion in the pion density, it should be evaluated in

def mé vacuum and thus related to experimental data eme™ —
= > 2”2 > (Hadronig, hadrons and- lepton decay. Furthermore, Il ,ImII, can
[(m,=M*)“+miI'7] be approximated by well-known contributions @fa; reso-
= def om2 am2\ 12 nances, which produce dileptons by their decays @ite™
Fo= 12> eg 1+ _29> ( 1— _2q) (QGP. andme*e™, respectively. We chose the following parametri-
q M M o zations for Inil, and Inil, (see Sec. ¥
. . . 2f§r miomprp
Later additional processes includipgnesons were added. It ImHU=W MZ—m?)2+ m2r2" 4
was also pointed out if16] that the a; meson is very ( my) =+ my L,
important® especially for photons and low-mass dileptons. 2
Further work was done in Refgl7,18. _ famal’a
o ImII, R Ry 5
Before we come to specific formulas, let us remark on (M“=my)“+mgI'y

some misunderstandings of the role of the resonances, which
have even led to double counting in some previous papersvhere f =93 MeV, I',=T ,o(M?/m%), T o= 149 MeV,
Unstable particles such as tlemeson can be considered m,,= 770 MeV, f,=190 MeV, T =T 4o(M2/m%y), T 0=
either (i) as parents of decay procesgeach asp—ete™, 400 MeV, m ;= 1210 MeV[19].
a;—e" e~ x) or (ii) as intermediate states in particular reac- The resulting ratef19] are shown in Fig. (), where we
tions with “stable” particles(e.g.,m* 7~ —e"e™). Further- show the contributions of the vector and axial parts sepa-
more, the same resonance can enter as an intermediate stagtely. We have used a simple Breit-Wigner parametrization
in many different reactions: this created the impression thatith vacuumparameters for resonances taken from particle
by considering many of these reactions, one can in fact indata tables, while pafb) corresponds to botp,a; masses
crease the dilepton yield. shifted to 1/2n,, in the “mixed phase.”(We assume the
critical temperaturd ;=160 MeV, and the mass shifts will
be discussed in detail belowin both cases, the direct chan-
%For the quark masses, we adopt the perturbative rddsl
mq(T)=gT/\/6, with g=2.05 which corresponds te;=0.33.
3In order to explain whya, is important, let us go “backward in ~ “Provided the total width is not large compared with the tempera-
time”: it is the first hadronic resonance which may be excited in ature.
collision of a photon, real or virtual, with a pion. SThis is why vector contributions do not vanish belom?.
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FIG. 2. The EOS in hydrorelevant coordinates: the ratio of pres-
— Total . . . .
- === Vector sure to the energy densipy/ e versuse. Notice the minimum, which
——- Axial we refer to as the “softest point.” The dashed line is the EOS for
finite baryon chemical potentiau,=0.54 GeV from Braun-

...... Munzinger and Stachel.
T =160 MeV

open question, however, is whether thermalization is rapid
enough, so that one can use the hydro description from very
early times, or collective motion is formed only at later
stages. In this work we assume that the former is the case
and will use the hydro description for dilepton/photon pro-
duction.

The second important observation is related with the
0.0 05 M GV 10 1.5 equation of statéEQS. For finiteT andzerobaryon density,

(GeV) a conventional parametrization of the EOS can be given by a

“resonance gas”[20] below T., plus a bag-model QGP
aboveT,.. We fixed the phase transition poitgmoothened
for numerical purposesat T.=160 MeV. In the hadronic

nel resonance) dominates around its mass, while thg ~ phase the speed of sourtip/de=cZ=0.19 and in the

dRdM® (fm™*GeV™)
7

I
L3

FIG. 1. Dilepton production rateg) standard(b) comparison
with the maximal shift according to variabt discussed in Sec. V.

contribution takes over at small masses. plasma phase the bag constantBis0.32 GeV/fni. The
results are plotted in Fig. 2. This EOS is in reasonable agree-
lll. THE MODEL FOR THE SPACE-TIME EVOLUTION ment with the lattice results.

Unfortunately, there is so far little progress in lattice
The hydrodynamical model was suggested by Landagimulations for nonzero baryon density. People have ex-
more than 40 years ago, and its application to heavy iofrapolated various models which are successful at nuclear
collisions has a long history. Experiments with heavy ions adensities, such as the Walecka model, but it is unclear how
lower energies {1 GeV/A) were able to detect collective well such an extrapolation works. Some guidance can prob-
motion of nuclear matter by comparing velocity distribution ably be provided by hadronic gas including baryonic reso-
of different nuclear fragments. nances, for example, the one discussefllin In Fig. 2 we
One important finding is that in the AGS/SPS energyhave shown the corresponding curdashed lingfor baryon
range for heaviest nucléAu Au at AGS and Pb Pb at SPS chemical potentialu,=0.54 GeV, corresponding to AGS
the rapidity spectra ofr,K,p,d are consistenf1] with a  breakup conditions. In this case the baryon/meson ratio is
simple hydro description: a convolution tifermal motionat  about 1, which is about five times larger than baryon admix-
breakup(which depends on the particle masgth a collec-  ture in central region at SPS energies: and still the EOS in
tive flow common for all species including baryohsAn  p, e coordinates looks approximately the same as the one we
adopted. We are currently calculating the baryon-induced
corrections to the EO®o be reported elsewherehe cor-
®In the framework of cascade models such as relativistic quanturmections are substantial for the AGS but not for the SPS
molecular dynamic$RQMD) this topic was studief21] and it was  energies discussed in the present work.
also concluded that if one cut the excited system into elements, the In summary, the first observation shows that for heavy
mean velocity of different species are the same with accuracy 10ions the flow of the entropymesony and the baryonic
20%. charge(nucleons are about the same. The second shows that
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FIG. 3. Typical hydroevolutions for 280GeV St+Au (a),(b) and 16@\ GeV Pbt+Au (c),(d). (a) and(c) show hydrodynamical solutions
in the plane time-longitudinal coordinate. Solid lines are lines of constant energy density, the dotted ones correspond to constant longitudinal
velocity. Thicker lines show the end of the mixed phase (.47 GeV/fn?) and the breakup conditiong€0.31 GeV/fn?): atz=0 that
happens at about time 5 and 7 tmfespectively(b) and(d) show the calculated pion rapidity spectliaes) compared with data, where the
data has been scaled by 0.7 to account approximately for resonances.

EOSIin p(e) form] is not much affected by baryonic charge. scribed by the following set of paramete(s:the initial size
Taken together, they provide a reasonigoore baryonic  zp, (ii) the fraction of thermalized energy/collision energy
charge in our hydro calculations. k, and(iii) v; , describing initial distribution of the longitu-
We use standard equations(abnviscougrelativistic hy-  dinal velocity
drodynamics for central collision§i.e., we assume axial
symmetry. The hydro equations were solved numerically
using the first-order Lax finite difference scheme. Energy
and entropy conservation is monitored and we have also We consider specifically two cases oéntral collisions: (i)
comparison with the results of several earlier works to ensur&-Au 200 GeVN and (i) Pb Au 160 GeW for which the
that technical aspects are under control. dilepton/photon data were taken. In all cases considered, at
The major uncertainties one faces dealing with hydrodyt=0 we assume thaome partx of total energy goes into
namical models are the initial conditiohdhose can be de- the thermalized matter at rest, and fixdemanding that at
the end of the expansiotat T;=140 MeV) the predicted
number of pion%is the same as observed.-

v(t=0)=v; jtani(z/zp). (6)

"Although cascade-type event generatpvenus, RQMD, or a
relativistic cascad¢ARC)] provide some guidance, their physical
basis is questionable exactly at the first 1-2drof the collision, 8Multiple studies have shown that about 1/3 of pions come from
when we need it. resonance decays. We included this fact in the normalization.
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One extreme scenario is complete equilibratign=~0 a agreement between the three papers is reasonable in terms of
la Fermi-Landau. Furthermore, if thermalization is verythe total yield, and even very good in terms of the shape of
rapid, the usual Lorentz contraction is enhanced by the ordithe mass spectrum. Since all three results disagree with data,
nary compression of matter by shocks, leading to a very higlbne may conclude that it is not possible to explain CERES
€~10 GeV/fn? initial energy density, well above the phase data by “conventional sources.”
transition region. As shown, e.g., 23] this scenario is In Fig. 4(c) we also show our predictions for 160 GeV
ever, as shown in Fig.(8), for v; ,=0.9 one obtains a rea- CERES data reported [6]. Since the data are for noncentral

sonable description of the longitudinal motidn. collisions, we have multiplied our curve by the factor 1.7, the
ratio of theobservediilepton yield for minimum bias sample
V. CONVENTIONAL DILEPTON YIELDS (ney =260 to that in central sample,)~400. In this case

the disagreement is not statistically as significant as in the

Now we evaluate the dilepton yield, by integrating the yreyious reaction, but still it seems that the measured shape
production rate over the space-time, Thg .|ntegral is takefy the spectrum is different from the predicted one.
between the surface at which initial conditions are (Se¢

so-called “pre-equilibrium” contribution is thus left over

and the “breakup” surface, at which the density is so small

that secondaries can fly away without interactiihe sur- V- PILEPTON YIELD FROM MODIFIED  p,a; MESONS
faceshould be determined from the mean free path, and for pjleptons, unlike secondary hadrons, are produced at rela-
pions it corresponds @ preaxus= 140 MeV. Furthermore, in ey early stages of the collisions. One possible explanation
order to compare with CERES data one has to apply theigt why the “standard” rates fail to reproduce the observed
experimental cuts: for $Au, pr>200 MeVE, ©.e>35  gycess of low-mass dileptons may be a long-debated idea:
mrad, 2.5 #<2.65. For PErAu, pr>175 MeVk, 0> hadronic properties may brodifiedin high density hadronic

35 n;]rad, 2'|1< 7<2.65. hown in Ei o matter. We know definitely that theucleonmass is modified
The results we obtained are shown in Figl4They are i, clear matter, and shifts of thector meson massasit

split into four contributions: from pure QGP phagkenoted  ove been debated for a long time, see, ¢25,26.

by Q), QGP part of the mixed phasdlix/Q), hadronic part In a low-T hadronic gagwhich may include an admixture

of the mixed phas¢Mix/H), and finally from the hadronic ¢ baryons one can relate modification of mesofesg., of
phase H).. Note that, as gxpected, _QGP cqntribution dpmi-p) to the mp (and Np) forward scattering amplitudd®7].
nates at hlg_h masses, while hadronlc_ contribution domma_lteﬂ“s approach predicts certain momentum-dependent optical
at thep region and below. Although in the rates shown in potentials, which can be loosely interpreted agedatively

Fig. 1 one can see qu.ite substantial contributions _at IO"Ynodes)t shift of m, downward. FiniteT/density QCD sum
masses frona, decay, it is reduced by the small experimen- 05 (see, e.q.[28] and references thergimelate hadronic

tal acceptance in this region so dramatically that it falls well . — .
below thpe data 9 y properties to the quark condensdtgq), which decreases
For a check 'Of consistency, we have compared our resultté)ward chiral restoration transition. This reasoning has cul-
' minated in the so-called Brown-Rho scaling idea, according

with those of other approaches in Figbst All three use : C . " .
“conventional rates” which are similar to our@xcept the to which all hadronic dimensional quantities get their scale

a, parh but have very different dynamics of the evolution. from (da), therefore,all masses are predicted to vanish at
The Li-Ko-Brown approach is based on cascades startedi—Tc- ) o
from RQMD-based initial conditions: Srivastavaet al. as- In the instanton modethe chiral restoration is due to a
sumed Bjorken-scaling longitudinal hydrodynamics, withtransition from random instanton liquid to a gas of
solved hydro in the transverse plalfaie conclude that the instanton—anti-instanton molecul¢29]: the latter survive
the phase transition and lead to a new type of quark interac-
tion unrelated to{qq). Although the results of available
9Distribution of other secondaries, as well as transversemo-  Simulations[30] have not reported any definite conclusions
tion we plan to present elsewhere. The hadron rapidity data is take@bout thep meson mass, at quark level it was clearly dem-
from [24]. (The data actually refers to negative hadrons. We scale@nstrated that al > T, an effective quark mass is substituted
them by 0.7 to account for resonance decays. yh&.65dN/dy by an “effective energy”(or “chiral mass”) of comparable
data for StAu has been reflected by about 2.65 to give data for magnitude, which imply that hadronic masses shoodd
y<2.65) vanish atT—T..

n principle, some pion annihilation can happen even later: we The matter, however, is by no means settled, and quite
have evaluated this contribution and have found that it is smalldifferent suggestions about hadronic properties clos@to
Note also thab,w, 7, etc., decays after breakup are precisely theeven aboveT, can be found in literature. For example, ef-
“hadronic background,” which was separately calculated, by thefective Lagrangians lead to a prediction o§ing m,(T)

experimental group itself. [31], moving it about half way toward the mass of its chiral
Note that it includes additionally the contribution ignored by  partnera;.
us and others. Furthermore, at SPS the baryon/pion ratio is about 1/5,

2Note that this curve is already corrected for the double countingvhich is small but not negligible. Because the interaction of
which was present in the original paper, but their results are stilp with baryons is stronger than with pions, this amount of
somewhat larger. baryonic admixture may lead to mass/width modifications
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FIG. 4. CERES dilepton spectra from conventional sour@gb) our conventional spectra for 280GeV S+Au, shown without and
with background from hadronic decays),(d) our results for 168 GeV Pbt+Au without and with background.

comparable to the finitd-ones mentioned aboveé. consistent with chiral symmetry restoration only if appropri-
In view of these complications, in the present paper we date modifications of its axial partnem,, follow. A strict
not even attempt to calculate the mass/width shifts. Insteaghagretical relation between the two were derived via
we proceed empiricallyassumingvarious scenarios of had- Weinberg-type sum rule§32]. Possible scenarios of how
ronic mass evolution in dense matter. A particular point Wechiral restoration may proceed are therefore shown in the
want to make in this paper is that the “dropping” idea is m,-m,_plane in Fig. §a). For example, path B corresponds
1

to the results of PisarskB1], while E corresponds to Brown-
B3n order to avoid confusion, we ignore the effect of the nonzeroRho scaling. Anyway, both mesons should become identical

baryonic admixture on the EOS, which is a completely different&t Tc, SO the path of thermal evolution should end up at the
matter. dlagonalmp(TC) = mal(Tc)-
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m be F(0)=1. This statement should hold for tlpecontribu-
tion only if one assumes the so-calleector dominance
A demanding that the whole form fact@nd not just a part of
it) is given by thep pole. It is quite accurately satisfied at
A T=0, but for theT-dependentn, vector dominance has no
reason to persist.
! B Actually the numerator of the form factor contains a com-
bination mf,l“e+e-1“p, and in what follows we assume that
C both widths areT independentNote that only assumption
D I'e+e-=const(T) is actually importan.t,.bgcauié m,f can-
cels when one returns to a nonrelativistic form of the Breit-
Wigner parametrization angi) as we have argued above,
the value of thd”, is nearly irrelevant for the rate anyway.
E Let us concentrate only on thepart of the rate and write
the dilepton production rate dsee the Appendix

dR —a? my " 2m? . 4m\ 12
{ - d'k 7 2M2 T M2 Mz
m
m p y ImIT [ 1 ) -
E T T T T T T T T T T T T = (M2_r’h§)2+(|mn)2\e'ga)_1 !

whererAnﬁzmiowL Rell andII is thep self-energy. One can

: define thedl\{l-dependent width ofp by the relation
e

i ImH(T=O)=—mp0F(M) which is generalized to nonzero

T by ImII(T,M)=—m,(T,M)['(M), where we ignored the

modification of the width withTl. Finally we can rewrite Eq.
1 (7) as

] dR 202 ,My( 2m?\[  4mP|\?
] a1

m,(T)T(M) [ 1 ) @
- (M2—m2)2+ m2(T)D%(M) | 7= 1)°

(dN/dydM)/(dN,,/dy) [(100 MeV/c?)-]

where we have suppressed tledependence af,,, ﬁwp and
we used the relatiofZ =mp /2f2 .

When one includes the nonzero baryon density, the matter
] elements follow a particular path on the phase diagram, e.g.,
\ the T— up— s three-dimensional one. For ideal hydro, it
follows from the initial conditions and the entropy/baryon-
0 ) S S N S ST W — - number/strangeness conservation along the expansion. The
0 0.5 1 path is the one-dimensional curve, and it can be param-
M (GeV) etrized, e.g., byl along it: but the “hidden variable’{such
as the entropy/baryon rajistill exists. If further studies re-
FIG. 5. Dilepton yield(b) in 200A GeV StAu collision for  yea| any difference between, say, medium and heavy ion
different possible scenarios of chiral restoration in thg-m,,  collisions (to which there are no indications yet, see balow
plane(a). or significant dependence on the collision energy, it would
ply that this hidden variable is in fact important.
Thus we showed that the decreasimgnass can be pa-
rametrized byT alone(understood as a parameter along the
ep?r'oper path in the phase diagraand, identifying for sim-
plicity rhp(t) andm,(T), propose their parametrization

To test these ideas, we need a simple consistent model gp
how a changinge mass can change the dilepton production
rates discussed in Sec. Il. In this respect, the standard expr
sion for the pion form facto¢2) happens to be quite mislead-
ing: it includesm,, both in the numerator and in the denomi-
nator, but simply to make it dependent everywhere would
in fact be a mistake. Recall that the usual reasoning why m(T)  a P ©
mﬁ is in the numerator is that & =0 the form factor should mg T/T.—b 1-b’
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FIG. 6. Direct dilepton yieldgwithout and with backgroundor 200A GeV St+Au (a),(b) and 16@\ GeV Pbt+Au (c),(d) using mass
schemeD.

wherer is the value ofm(t)/my whenT=T,, a character-
izes the abruptness of the mass shift, whilés chosen to  160A GeV Pbt+Au. Itis the hadronic part of the mixed phase
makem(T)/my=1 atT=T;= 140 MeV. which is responsible for the observed excess at
Now we can test whethé-dependent masses can indeedM =0.2—0.6 GeV. Furthermore, depending on how exactly
describe the CERES data in the lower mass region. Integrafnp(-r) goes to its limit afT,, one can change the shape of
ing over space-time according to hydro calculations dethe resulting mass spectrum. This statement is demonstrated
scribed above we get the dilepton mass spectra as shown jj Fig. 7, where(a) shows several scenarios, with the result-
Fig. 5. The variantD, with mp(Tc)zmal(Tc)~%mp(O), ing mass spectra in Fig.(). The case E in Fig. 5, which
does the best job and Fig. 6 shows the contribution of sepasorresponds to masslegsanda,, generates more low-mass

rate stages in this scenario for both 20GeV S+Au and
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1.0 data can be fitted pretty well over the whole experimental
mass range by assuming a particutay(T), without any
change in the production mechanism or space-time evolu-

08 r tion.

< og | (&) Temperature Profile of p mass ‘t\ VI. SEARCHING FOR THE MODIFIED a;
£ | CONTRIBUTION
b& 04 —-— (A)a=0.001,r=05 lil Great interest related with modified hadronic masses is
g " — (g)zjg-ggg,f:g-g | explained by a possible relation between this phenomenon
- ED; a=0.002.1=0 : and the chiral phase transition. As it was repeatedly empha-

02 | } sized above, the modification of implies certain modifica-
tions ofa; as well. In this section we discuss how this can be
experimentally verified as well.

0.0 ‘ ‘ ‘ ‘ The important role ofa; for the production of photons

0875 0.900 0'925T/T 0.950 0.975 1000 and dileptons was discussed [it6,5,17,18 As we have
c shown in Sec. I, the main, contribution is at low dilepton
0.0001 ————————————— — masses. However, CERES has adopted cuts which makes its
s ] acceptance very small at smdl, .-, and therefore tha,
r (b) 1 contribution to its mass spectrum is not very significant.
I ] Those cuts were made in order to get rid of hadronic back-
L (A) a=0.001, =0.5 grounds, such ag Dalitz decay. So, by simply looking at
the small mass region one cannot find thecontribution.

10-5 \ — (B)a=0002,1=0.5 . Nevertheless, one can try to locate a kinematical “win-

\ ~ 7 (0)a=0.005,r=05 ] dow” in which it may be better seen. We have found that the
()

a=0.002, r=0 1 best range of invariant dilepton massediig: .- ~300 MeV.
Above it, the hadronic background is relatively small, but the
contribution of thep channel and even of the quark annihi-
lation in the QGP phase exceed tag contribution. Below
= this mass they are not so important, but soon the hadronic
] background from ordinary Dalitz decays take over.
Furthermore, there is a particular dependence of the
effect. Consider first theunmodified @, decaying into
mete”. For relatively small dilepton masses, in tag rest
frame both the pion and dilepton get half of its total mass.
Including thermal motion andrather large a; width, one
still finds a broad maximum in the dilepton production rate at
a dilepton energy of about 600 MeV. Integrated over longi-
tudinal momentum, one gets the dileptgn distribution
shown in Fig. 8a), with a maximum. It looks very different
compared to the dileptons coming frgzndecay and having
the usual thermab, dependence. Now comes the main point:
M (GeV) if the a; mass shifts down, as expected from chiral restora-
tion, then the wide peak is absent and the shape is different,
FIG. 7. Different temperature profiles fon,(T) (a) and the ~ S€€ Fig. &).

corresponding dilepton spectth). For meaning of the parameters ~ IN summary, it is important to locate and to test properties
a andr, refer to text. of the a; contribution. We have shown how sensitive dilep-

ton production is to its modification in dense matter. Al-
pairs than the hadronic cocktail. Better datapproduction  though this task is not easy, the next generation of experi-
are needed to rule out this case. ments (with accurate knowledge of hadronic backgrounds,

Of course, specific dynamical models lead to a more commeasured dependence on the event centralities, &to. in

plicated picture: instead of simple universa)(T) for any  principle do it.
p meson, they lead to specific modification of the whole
dispersion curve. Clearly, mesons which travel fast relative
to matter are modified differently from those which have
zero velocity. Furthermore, since the meson-meson and
meson-baryon scattering is dominated by resonances, this In our previous worK14] it was shown that under certain
dependence may even be nonmonotonous. Future higleonditions the “softness” of EOS near the phase transition
statistics studies may look into those matters by consideringan affect thdongitudinal expansion, so that even the global
mass spectrum at a different rapidity andggrof the dilep- lifetime of the excited system increases substantially. It hap-
tons. In conclusion, we have demonstrated that the CEREBens in awindow of collision energies such that the initial

10-¢

(dN/dydM)/(dN,,/dy) [(100 MeV/c?)-1]

10-8 ) 1 1 1 | 1 1 1 L | 1

VII. CAN ONE EXPLAIN THE DILEPTON EXCESS
BY A LONG-LIVED FIREBALL?
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FIG. 8. Dileptonp, spectrum for 208 GeV StAu. (a) and(b) are for mass schem (i.e., unshifted massgsvhile (c) and(d) are for
mass schemb.

energy density is close to the “softest point,” which makeswhich indeed give the initial energy density close to the soft-
secondary acceleration of matter impossible. Due to uncerst point value.

tain initial conditions, we do not exactly know to which col- ~ The results, however, indicate that this scenario can nei-
lision energies this window corresponds, but estimates put #her be made consistent with rapidity distribution of second-
in the region E,,;~30 GeV/A, between AGS and SPS. aries, nor does it actually result in a larger production of
Some examples of the solution we got at higher energies ar@leptons. In Fig. 10 we compare two expansion scenarios

at the softest point are shown in Fig. 9. One can see that th‘éith unmodifiedmasses. The reason for this is that a longer
long-lived fireball is slowly burning, with the lifetime reach- lifetime is compensated by a smaller three volume. And also,
ing more than 30 fr. the shape of the dilepton mass spectrum is different from the

It has further been proposed that one can test these uﬁpsgrved one. Furthermo_re, if masses are m_od[Bay ac-
usual predictions experimentally iy looking for the maxi- cording to variant D O.f Fig. @], bOth Space-time pictures
mal lifetime [or the minimum of the Hanbury-Brown-Twiss become compatible with data, see Fig. 11.

(HBT) parametei] [14], (ii) looking for theminimumof the

“directed” flow in the collision plan€33], (iii) looking for VIIl. PHOTON PRODUCTION
the nearly isotropic distribution of dileptons, produced in the '
long-lived fireball[14]. In connection with(i) it is very in- Let us briefly comment on the history of theoretical and

triguing that the E802 AGS experiment reported preliminaryexperimental studies for photon production. As for dileptons,

studies of HBT which indicate significant-(40%) growth the radiation from the QGP phase was already calculated in

of lifetime for the most central Au Au collisions4]. [2]. Reactions in a gas ofr,p mesons were considered in
We now would like to check whether the long-lived fire- [15], and the importance od,— y# reactions was pointed

ball, if present at SPS energiesan enhance the dilepton out in[16]. Following our dilepton calculations, we use the

production to a degree necessary to explain the CERES datphoton rate given if19].

For that we take the initial conditions as shown in Table I, Experimental observation of direct photons is an ex-
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FIG. 9. Space-time evolutions for the standard Bjorken-like scerayi@) and the long-lived fireball scenarig),(d).

tremely difficult task. Unlike dileptons, we cannot tune the ment, only upper bounds on the direct photon cross section
invariant mass and therefore for all photon momenta théias been given by the WA8S0 experim¢gs).1*

background from hadronic decagmostly 7°, %) dominates

In Fig. 12 we show the results of our calculations of the

the signal of the “direct” photons. Therefore, the issue isdirect photon production. They correspond to unmodified
very accurate measurements of these backgrounds and inclg@dronic parameters and are performed both for the standard
sive photon spectra, with subsequent subtraction. At the mgiPace-time scenari@) and the long-lived firebal(b). The

TABLE I. Parameters for the two hydro models used.

Bjorken-like  Long-lived

fireball
Initial energy densitye; (GeV/fnT) 9.0 1.5
Initial temperatureT; (GeV) 0.27 0.16
Total energy in firebalE; (GeV) 830 930
Initial long velocity v, /c 0.0 0.0
Initial transverse velvrolc 0.0 0.0
Initial long half-sizezy (fm) 11 8.0
Initial transverse radiusy (fm) 3.8 3.8
Critical temperaturd . (GeV) 0.16 0.16
Freeze-out temperatuig (GeV) 0.14 0.14

main conclusions aréi) the theoretical predictions are in
both casedelow the experimental bound in the whole re-
gion, although the difference between them is not that large
and (ii) the two scenarios show significant differences at
large p;~3 GeV, mostly due to the existence of relatively
hot QGP in the first case. It would be very important to

YEarlier preliminary WAB80 data indicated a nonzero effect: its
comparison with theoretical expectations based on ‘“standard
sources” [5] leads to the conclusion that those data significantly
exceeded the expectations. Later[#2] this conclusion was dis-
puted: a larger photon yielhow consistent with dajawas ob-
tained. The issue under debate was basically how one should nor-
malize the hydrodynamical initial conditions. Eventually, the
preliminary data were withdrawn after the reanalysis.
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FIG. 10. 20@& GeV St+Au direct dilepton yields using unshifted FIG. 11. 20@& GeV St+Au direct dilepton mass spectrum using
masses for the usual Bjorken-like expansianhand for the long-  the p,a; masses in scenarD for the Bjorken-like hydra(a) and
lived fireball (b). for the long-lived fireball(b).
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FIG. 12. Direct photon production in 260GeV S+Au com-
pared with preliminary WA80 upper bounds on direct photon pro-
duction. Our predictions are for the Bjorken-like expandi@nwith

a hot initial stage and for the long-lived fireb#li).

Furthermore, we have pointed out that chiral restoration
demands that the mass of the meson should be shifted
together with the mass @f. In order to get more convincing
evidence that the excited matter is indeed approaching chiral
restoration, experimental observation of #herelated com-
ponent is essential. We discussed in which kinematical win-
dow one should look for it, and evaluated the magnitude of
the effect.

Among suggestions to explain the dilepton excess was a
proposal that the space-time picture of heavy ion collisions
can in fact be different, possibly with a longer-lived fireball.
However, although for specific initial conditions this long-
lived scenario is hydrodynamically possible, it does sig-
nificantly enhance the production of dileptons because longer
lifetime is compensated by smaller spatial volume. Further-
more, this scenario is incompatible with the observed spectra
of secondaries.

Finally, all scenarios considered lead pgboton produc-
tion well below the current upper limit on direct photons
from WAS8O0. The results, however, are sensitive to expansion
scenarios. The QGP component in particular becomes domi-
nant aroundp;~3 GeV.
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APPENDIX: THERMAL DILEPTON RATE

It can be showri36] that the thermal rate of the dilepton
production in a hot hadron gas is

dR 2 1 R (K
W‘(ZTWW”“ wl gy

f d°p,

X[php”+ pip’i—g‘”(mpﬁmf)]. (A1)

+p_—k)

Using vector dominance to relate the imaginary part of

pursue the issue further, in WA80 or elsewhere, and try tahe photon self- energl][ and the imaginary part of the

observe radiation from QGP and hot hadronic gas.

IX. CONCLUSIONS

In summary, we have studied dilepton/photon production %k~ 373 2m4
p

propagatorAR [36], then integrating ovep, andp_, we
get

dR o®2 m 2m? 4m?\ 12
1+—M2 ~MZ

from highly excited hadronic matter produced in heavy ion
collisions. Using the rates from the usual hadronic reactions , , R
with vacuumparameters and the usual hydro description of X (k#k"—M<g* )ImAW(k)w. (A2)
the space-time picture, we obtained results which are consis-

tent with those of previous works but cannot account for the  This can be manipulated further into the fof8v,36
low-mass dilepton excess observed by the CERES experi-

ment. However, if thep mass is shifted to about 1/2 of its ~ dR  2wdR _—a® mj [ 2m 4mz\ 12
value around the critical temperature, the data can be ex- K~ aMZk - 7% 2M2 \1+ W)( W)
plained. More detailed observed distributide.g., over P

dilepton mass ang;) should provide a better understanding ImII 1 )

of whether this explanation of the observed dilepton excess X ——= 2| o1
is in fact correct. (M2=m9)“+(ImID)=\ €

(A3)
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whereﬁﬁzmiJr Rell andII is now the transverse or longi- ~ 487rmﬁ

tudinal part of thep self-energy. We will now demonstrate Feft max= Fer(M,) = — PEECT (A10)
that the above rate can be written in terms of therpndécay pMp!M

rates. We are interested in the invariant mass distribution

[assuminglT=I1(M)] where we assumed that, and Inil/M? are slowly varying

functions of M. Thus we see that the peak Bf; decreases
with increasing Inbl. This contradicts the conclusions in
[38] where increases iboth the width and height of .«
were reported. The discrepancy can partly be explained by

dR -2 m? ( 2m? amg\ 12
= 1+ 1- —
dM? 27° £2M2 7 M2 M?2

% ImI1 J’ ﬂ 1 (Ad) double counting of dilepton rates j89], which is the basis
(M2_fn’§)2+(|mn)2 w efo—1’ for Fe in [38]. To see this, we rewrite the dilepton rd#e4)
as

which in the Boltzmann approximation reduces to
dR —2a2 m) MTK( )(1 2m,2)( 4m,2>1’2 dR 3 mil“ptotm(M)FpH“(M)jdsk 1
= JE— +_ —_ = — = _a)—!
dM2~ @2 f2m? T U T M?2 M2 dM* 87% (M2—m2)2+(m, I, 2] @ =1
(A11)
ImII
(A5)

X - .
(M2—=m2)2+ (ImII)? where the decay widths are given [87]*°

Following the notations of38] we write the dilepton rate as

o [ m 2m? amZ\ 12
dR _ o’ MY (2P amP) PonM) =gz 3z )\ 1wz || - vz )
W‘WMTKl(?) ”W)(l_W) Fer(M). ’ (A12)
where we define Iyoa(M)=I",_ -2(M)
m?[ — (48m/f2M2)ImI1 fp M2 am7)
Fa(M)= 2 { ?2/2” ) 2]. (A7) :mm—(l‘w 6(M*~4m?)
(M2=m2)“+ (ImlII) P
ImIT
To one loop[36] (i.e., consider only ther-7 annihilation, =— . (A13)
we have My
ImH:—iMz(l— 4m’27)3/20(M2—4m2) (A8) We note that Eq(All) is essentially the same as the
487w M? e thermalp decay ratg2.9) of [39], which wasaddedto the
a-7r annihilation and other reactions j89]. But Eq.(A11)
Thus we recover the usual form of the form factor is simply a statement of the fact that the dilepton rate can be
4 interpretedeitheras coming from annihilation of pions as
Fo(M)(1loop = m, coming from the decay of thermal's, the invariant mass
eff (M2=m?)2+(m, T o) distribution of which is given by the Breit-Wigner for(see
P e also[40,37). We cannot, however, includmth the thermal
4m72T 32 ) 5 decay ofp’s and m-7 annihilation. Doing so, as if39]
X 1_W O(M*—4m?7), (A9) amounts to double counting of the dilepton rates coming

from the p channeft®
where we have defined lit=—m,I", o5 @s usual.

If we include other interactions besidesz annihilation,
in general Inl (or I' , 1) Will increase, which increases the  *Note thatl’
width of F. in Eq. (A7). However, the maximum of . is  of 48.
given by 18n [41] this double-counting has been noted and corrected.

in Eq.(2.18 of [37] has a factor of 16 instead

p—TT
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