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Electron-positron pairs from thermal resonances in ultrarelativistic nuclear collisions
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We use a boost-invariant one-dimensiorieylindrically symmetri¢ fluid dynamics code to calculate
e*e” production fromp® and w decay in the central rapidity region of a centrat&u collision at Js=20
GeV/nucleon. We use equations of state with a first-order phase transition between a massless pion gas and
quark gluon plasma, with transition temperatures in the range 150—200 MeV. The production cross section at
the p mass loosely constrains the transition and freeze-out temperatures, and we find thatsgrectrum is
a good thermometer for sufficiently high. .

PACS numbegs): 25.75+r, 12.38.Mh, 24.85tp

One of the most important problems in nuclear physicdreatment of lepton pairs without transverse expans$idn
today is the study of the equation of stdtOS of high-  We show that the correlation betwe&p and them; spec-
temperature and high-density hadronic matter; the former igum of dileptons fromp® and w decay persists in the pres-
necessary to understand the first few microseconds of the bighce of transverse expansion, and thus that a determination
bang, and the latter for elucidating the physics of neutroryf the transverse mass spectrum of dileptons inhe w
stars and similar dense astrophysical objects. In order to ifyeak would yield useful constraints dp.
vestigate the nature of the transition from norma=0) Here we adopt the position that in strongly interacting

hadronic matter to deconfined quark gluon plas@&P), or  naer at sufficiently high temperature and/or density a tran-
whatever the high-temperature phase may be, experimentsion takes place to a high-energy phase. In the present pa-

are being performed at Brookhaven's Alternating Gradiemp . . L .
. ) er, we are interested in the possibility of extracting the tran-
Synchrotron(AGS) and CERN's Superconducting Proton sition temperature assuming a first-order phase transition. We

Synchrotron (SPS, and future experiments are being assume a boost-invariant longitudinal expansion as discussed
planned for Brookhaven’s Relativistic Heavy lon Collider 9 P

(RHIC) and CERN's Large Hadronic CollidefLHC). In  PY Bjorken[6], coupled to a cylindrically symmetric trans-
these experiments, the only particles expected to emergfrSe expansion. For the initial evolution, we use a simple
from the early part of the collisiotand thus the only probes Model for production of longitudinally free-streaming hot
of the high-temperature EQ®re photons and leptons, which matter[7]. After the hpt matter _has thermally equn.lbrated,
therefore may provide the most important information ob-We use thermal equilibrium fluid-dynamical evolution, but
tained from these collisions. consider deviations from chemical equilibrium in the high-
Predictedee™ transverse massy spectra from reso- temperature phase by allowing the quark and antiquark den-

nance decays in ultrarelativistic nuclear collisions are sensisities to be &fixed) fraction x of their equilibrium values.
tive to the hadronic transition temperatuflg,, when trans- When particle mean free paths become comparable to the
verse expansion is neglectgt-3]. Thus, measurements of radius of the cylinder of hot matter, which we take to occur
these spectra may place strong constraint3 gnas well as ~ at some freeze-out temperatufg,, we assume that the par-
other parameters of the hadronic E(3% However, the pho- ticles crossing the freeze-out surfate=T¢, stream freely
ton transverse momentum spectrum was also predicted to B#til they either decay or reach the detectors. We then calcu-
sensitive toT, [4], but the sensitivity disappeared when late thee*e™ production rate fronp® andw decays; these
transverse expansion was includ&l The next natural step are not separated, as the masses are almost degenerate and
is to studye*e™ transverse mass spectra with a model in-the experimental resolution is typically not good enough to
cluding transverse expansion. This is the subject of théesolve the individual peaks. We investigate the sensitivity to
present paper. Since transverse expansion may increase #iéferent assumptions about the initial temperature, freeze-
contribution of mesons decaying after freeze-out, a carefuput temperature, and quark fraction, and compare production
treatment of freeze-out is necessary. We find thatrthe rates to the preliminary NA45 datg8]. We use standard
spectra are in fact dominated by the freeze-out contributioftigh-energy conventions=7% =kg=1.
for sufficiently highmy, but can still be fitted with apparent ~ Here we describe the initial conditions and assumptions
temperatures correlated 1Q. This may provide a method to about the EOS; the details of the quid-dynamicaI calculation
determine T, experimentally, even though the underlying can be found elsewhef8,5]. We consider a central collision
physics is more complicated than originally envisioned in theof two large nuclei at SPS energy/$=20 GeV/nucleop

For such high collision energies we expect approximate lon-

gitudinal boost invariancg6], so the behavior of the pro-
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7=0 the colliding nuclei reach the point of maximum over- determineT, by assuming entropy conservation fer 7,
lap and are assumed to form a longitudinally expanding pankence
cake. The hot matter has thermalizedrat ;, (=0.2 fmk)

[10,11], when a cylindrically symmetrical transverse expan- S(To) = 3.6dN/dy )
sion begins, coupled to the longitudinal expansion. 0 TFR2<7'0 '

From 7=0 until the transverse expansion starts at
T=179, W€ assume a boost-invariant cylinder of radRls  wheres is the entropy density, with totétharged plus neu-
(the radius of the smaller nucleudilled uniformly with  tral) multiplicity densitydN_/dy.
QGP at temperaturé=T,. This is approximately compat- The equations of stat&OS’y that we use here are of the
ible with the initial entropy density for short timg¢g]. We  form

T e
T<T =_T4 =_
c =15 P=3
T=T 7T_2T4$e\ﬂ-_zg T4+ B _2T4:P:7T_zg T4-B
¢ 10°¢© 30%4' ¢’ = 30 ¢ 9074’ ¢
772 4 m’ 4
c e 3quT +B, P goqu B, (2

whereg, is the number of massless degrees of freedom iuarks. The vacuum energy density in the deconfined phase
the deconfined phase. We treat only the case of zero barydh is related to the transition temperatufe by requiring
density, so the entropy density $s= (e+ P)/T independent equal pressures in the deconfined and hadronic phases at
of the phase of the matter. BeloW,, the EOS is that of a T=T, so thatB:q-rz(gq—a)T‘c‘/go. The value oB we use
massless pion gas. Because recent calculations have prway from equilibrium is calculated by assumirg 1 and
dicted that the quarks may reach only a fraction of theirsupplying an equilibrium transition temperat(rg. It is this
equilibrium number by the beginning of transverse expanT/ that is actually used on the graphs and is useful for com-
sion[10,11], we takeg,=16+21x, wherex is a parameter parison purposes.

that we vary between 0 and 1 to simulate the effect of reduc- We calculate the central rapidity regian; distribution

ing the quark density in the QGP below the equilibrium from both interacting and frozen-out hot matter. The contri-
value k=1 is equilibrium for two flavors of massless bution from the interacting hot matter is

0
dZN(e_ +w)

ere”

mrdmydy

T 2w o dR
:fdnf dr rf dr 2wrf de sinaf dqsf dp p?=z=6(: m2— i mj}?)
y=0 0 0 0 dp

p cosd
y(\p?+m?+pv sing cosp)

X 8| p+tanht

)®(T_Tfo)- 3

Herem;= \m?+p2, Ris thee*e™ production rate per unit Mesons, and the partial widths dfgo_¢+o-=6.77 keV and

four volume in the fluid framey is the transverse velocity of I',_.e+e-=0.60 keV.E is the energy measured in the fluid
the fluid in the cell characterized by proper time space- frame, and we use the average mass of th&and w,

time rapidity » and radial positiom (measured in the frame m=0.775 GeV. No mesons exist in the QGP, and hence the
moving with transverse velocity zero and longitudinal veloc-resonante® e~ production rate is zero for that part of the
ity tanhy in the laboratory, and y=(1-v?)"Y2 The fluid.

e*e” production rate fromp® and » mesons in thermally Mesons which pass through the freeze-out surface
and chemically equilibrated hadron gas is T=T,, are no longer subject to fluid-dynamic flow, as their
mean free paths are so long that they do not interact with the
surrounding matter. As these frozen-out mesons free stream
toward the detectors they decaydbe™ pairs as before, but
the number of mesons decreases exponentially in time, with
where g 0=g,=3 are the degeneracies of thd and w time constant equal to the free space meson decay time. The

dR m(gporpoﬂeJre’_"ngwﬂe*e*) E/IT -1
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contribution from the decay of frozen-opP and w mesons 3
is thus 10 —T T T 1
(pto)
d2NY L
mrdmdy y=0
Toerer Gulyote- < 10*
_ 9p0l p0_ete g ete )JdT 727t (7) % 10
r, r, 0}
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-1 0 0 5 !
+ - RN
x (eE/T—1)"1 £ 10° F i - equilibrium AN
Z { -wee freeze-out N
o [ ~\
dr dr . © ) .
X|vx— a_)q')(vx_ a_) 5(%m'2|'_ %mTz) ©) 5" :
i
4
where 10‘608.1|0.1|2.1|4.1|6.18
sing cosp+ v pZ+m? ’ ) ' . ' '
P S0 coshTuNp © m, (GeV)

ox VpZ+m?+po sind cosp

is the component of the meson velocity perpendicular to th%arzlSétléfzzfggzltjﬁgéoﬂls%nGL\S/PS energy, using our stan-
freeze-out surface, anfi,=151 MeV andI',=8.43 MeV '
are the total widths for th@) and w. dr/dr is the radial infer Te givenTfit from the measured e~ Spectrun'{]_]_ In
velocity of the freeze-out surface anfr) is its location. The Fig. 2, we varyT, from 150 to 200 MeV and calculate the
© function ensures that only mesons going through thgesylting values o, while including transverse expansion.
freeze-out surface in the outward direction are counted. e find thatTy, is higher than in the case of longitudinal-

Finally, we extract the fit temperatufig, by performinga  onjy expansion, but still monotonitexcept whereT;, ap-
least-squares fit to our calculated spectr@quilibrium plus proachesT,). Ty is 10—20 MeV lower for rg=1 fm
freeze-outin the window 1.155my<1.755 GeV, which is  (T,=192 MeV), which we attribute to the fact that trans-
dominated by freeze-out. The part of the spectrum that igerse expansion develops relatively little in this case.
dominated by the equilibrium contribution is much smaller,  Note that freeze-out is treated dynamically in the present
typically 0.8<m=<0.9 GeV. Unfortunately this is of the or- calculation in contrast to an earlier investigatii where
der of a single experimental bin, so we choose instead t@ansverse expansion was neglected and thus freeze-out was
fOCUS on the fl‘eeze-out Contribution, in anticipation Of f|tt|ng approximated as Occurring at a fixed proper t|me We con-
eXperimental data with both equilibrium and freeze-out Con'sider a moving freeze-out surface here, and the y|e|d from
tributions. Furthermore, a measurement ofrap spectrum  mesons crossing this surface is integrated over the history of
from thep— w peak would look at a finite range ai, so we
filter the simulated data through an invariant mass bin of size 270
0.475<m<1.075 GeV, assuming a Breit-Wigner distribution
for each species. For our fitting function, we take [E8).
with v=0 (i.e., ignoring transverse expansjpnesulting in
the formula[1]

2\((pT @)
d Ne+e_

mrdm;dy - ™

mT) 1/2

T 0 240
Tt '

Our “standard” parameter set isg= 0.2 fmk, x=1,
T:,=120 MeV, and 156 T,<200 MeYV, if different values
of any of the parameters are given, all the others are held at 210 5
the standard values. We uddl,./dy= 188 for central S-Au e — standard
collisions at SPS energithe NA45 experimenters estimate // —=- T,=140 MeV
dN.n/dn=125 for their S-Au collision sample, and we as- / == T=1fm
sume isospin symmetyryOur standard value for the equili-
bration time 7= 0.2 fmf implies an initial temperature 180 o, )
To=327 MeV. Figure 1 shows the equilibrium, freeze-out, 150 160 170 180 190 200
and total contributions for the standard set with=170 T (MeV)

MeV. ¢

In the absence of transverse expansibpjs a monotoni-

cally increasing function, and comparableTtg, so one can FIG. 2. Ty, for various parameter sets as a functionTef

T, (MeV)
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the collision. This contribution is enhanced by transverse ex- Partial restoration of chiral symmetry in hot and dense
pansion; the larger the temperature differefige-T;,, the  matter[12] is expected to modify the masses and lifetimes
stronger the enhancement. We find that increaSiggo 140  (widths) of vector mesons. Changes in themeson proper-
MeV from its standard value decreaskg. For largerTy, ties may indicate chiral restoration through modifiete ™

the hadronic matter near the freeze-out surface expands owgroduction. However, there is no consensus at present on the
ward at a lower velocity, so that there is less contribution toPehavior of thep [17]. Arguments based on QCD sum rules

my from the fluid motion. Thud,, which depends strongly [13] and effective Lagrangiar{g4] point to decreasing me-
on the fluid motion. is lowered. son masses with increasing temperature and density, while

The curve forx=0.7 shows thafl; is about 15 MeV vector-meson dominance studigs] and consistency argu-
higher than forx=1. The increase occurs because the tem_men;s[16] h.ave been used to support the opposing view. For
perature of the mixed phase, which makes a large contrib he time being, we therefore use the free mass and width of
tion to thee*e™ spectrum, is raised whenis lowered and he resonances as a first ?‘Pprf’x'ma"oﬂ- J’he study_ of the
is held constant. effects of in-medium modifications oe™e _ product|or_1 _

Our overall production at thg®— w peak is up to a factor from thermal resonances as a probe for chiral restoration is
3 below the value measured by the NA45 experiment. Wéeft fc_>r future.work. . . .

It is tempting to carry out a calculation without a transi-

take the value measured in the experimental bir}ion to a high-ener hase in the present model. However
0.7<m<0.8 GeV(which contains the’— w peaB, assum- this would 9r]10t be g}e/znpsible with thg massless i(.)n as a i
ing that the signal is all from meson decay, obtaining S pion g P
on (004 ©) B q o proximation. The complete resonance spectrum wguld have
d°Ngie-/dm dyp=1.7<10"" GeV " We calculate the {5 pe taken into account and such an investigation is beyond
same quantity for our simulated data from the standard cakhe scope of the present paper.
culation with T;=150 MeV, including the experimental ac-  We have shown that transverse expansion does not de-
ceptance by counting only" e~ pairs whose members both stroy the correlation suggested in REF]. If T, is close to
have 2.K 7<2.65, and integrating over a Breit-Wigner dis- the high end of the interval considered héfg=200 MeV)

tribution for each species, giving udzNéﬁoet‘”)/dm dy and Ty is not too low, we come close to reproducing the

=5.9x 10" % GeV ™! for our standard parameter set. |ncreas_prelirtninary NA45 datta., sg ;)_hat t?]e Slgapek‘)f mbe*drm

_ 014 - spectrum, as parametrized By, , should make a good ther-
Ing T_Clto 200 MeV makea?lzl\_lgie, idm dy=1.2x 10 *  mometer to measurg, in this region. If, howeverJ,=150
GeV™ ", still below the preliminary NA45 data. Additional ey or T,,<140 MeV, the contribution from othefpoten-
pair-producing processes not included here will increase thﬁally long-lived) resonances appears to be significant, and
cross-section. Also, one likely effect of a departure frominerefore the usefulness of themeson as a thermometer in
chemical equilibrium in the hadronic phase is an excegs of 5t region is questionable. The preliminary NA45 data ap-
mesons, increasing the strength of the peak and thus accoulfsar 1o rule out high freeze-out temperatures and models in
ing for some of the missing signal. The overall production,yhich transverse expansion plays no role, but otherwise
rate is sensitive . increasingTy, from 120 to 140 MeV yjace no significant constraints on the collision dynamics.
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