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Electron-positron pairs from thermal resonances in ultrarelativistic nuclear collisions

John J. Neumann,1,* David Seibert,2,† and George Fai3,‡
1Center for Nuclear Research, Department of Physics, Kent State University, Kent, Ohio 44242

2Department of Physics, McGill University, Montreal, Quebec, Canada H3A 2T8
~Received 18 May 1995; revised manuscript received 19 October 1995!

We use a boost-invariant one-dimensional~cylindrically symmetric! fluid dynamics code to calculate
e1e2 production fromr0 andv decay in the central rapidity region of a central S1Au collision atAs520
GeV/nucleon. We use equations of state with a first-order phase transition between a massless pion gas a
quark gluon plasma, with transition temperatures in the range 150–200 MeV. The production cross section a
the r mass loosely constrains the transition and freeze-out temperatures, and we find that themT spectrum is
a good thermometer for sufficiently highTc .
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One of the most important problems in nuclear physi
today is the study of the equation of state~EOS! of high-
temperature and high-density hadronic matter; the forme
necessary to understand the first few microseconds of the
bang, and the latter for elucidating the physics of neutr
stars and similar dense astrophysical objects. In order to
vestigate the nature of the transition from normal (T50)
hadronic matter to deconfined quark gluon plasma~QGP!, or
whatever the high-temperature phase may be, experime
are being performed at Brookhaven’s Alternating Gradie
Synchrotron ~AGS! and CERN’s Superconducting Proto
Synchrotron ~SPS!, and future experiments are bein
planned for Brookhaven’s Relativistic Heavy Ion Collide
~RHIC! and CERN’s Large Hadronic Collider~LHC!. In
these experiments, the only particles expected to eme
from the early part of the collision~and thus the only probes
of the high-temperature EOS! are photons and leptons, which
therefore may provide the most important information o
tained from these collisions.

Predictede1e2 transverse massmT spectra from reso-
nance decays in ultrarelativistic nuclear collisions are sen
tive to the hadronic transition temperature,Tc , when trans-
verse expansion is neglected@1–3#. Thus, measurements o
these spectra may place strong constraints onTc , as well as
other parameters of the hadronic EOS@3#. However, the pho-
ton transverse momentum spectrum was also predicted to
sensitive toTc @4#, but the sensitivity disappeared whe
transverse expansion was included@5#. The next natural step
is to studye1e2 transverse mass spectra with a model i
cluding transverse expansion. This is the subject of t
present paper. Since transverse expansion may increase
contribution of mesons decaying after freeze-out, a care
treatment of freeze-out is necessary. We find that themT
spectra are in fact dominated by the freeze-out contribut
for sufficiently highmT , but can still be fitted with apparen
temperatures correlated toTc . This may provide a method to
determineTc experimentally, even though the underlyin
physics is more complicated than originally envisioned in t
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treatment of lepton pairs without transverse expansion@1#.
We show that the correlation betweenTc and themT spec-
trum of dileptons fromr0 andv decay persists in the pres-
ence of transverse expansion, and thus that a determina
of the transverse mass spectrum of dileptons in ther02v
peak would yield useful constraints onTc .

Here we adopt the position that in strongly interactin
matter at sufficiently high temperature and/or density a tra
sition takes place to a high-energy phase. In the present
per, we are interested in the possibility of extracting the tra
sition temperature assuming a first-order phase transition.
assume a boost-invariant longitudinal expansion as discus
by Bjorken @6#, coupled to a cylindrically symmetric trans-
verse expansion. For the initial evolution, we use a simp
model for production of longitudinally free-streaming ho
matter @7#. After the hot matter has thermally equilibrated
we use thermal equilibrium fluid-dynamical evolution, bu
consider deviations from chemical equilibrium in the high
temperature phase by allowing the quark and antiquark d
sities to be a~fixed! fraction x of their equilibrium values.
When particle mean free paths become comparable to
radius of the cylinder of hot matter, which we take to occu
at some freeze-out temperature,Tfo , we assume that the par-
ticles crossing the freeze-out surfaceT5Tfo stream freely
until they either decay or reach the detectors. We then cal
late thee1e2 production rate fromr0 andv decays; these
are not separated, as the masses are almost degenerate
the experimental resolution is typically not good enough
resolve the individual peaks. We investigate the sensitivity
different assumptions about the initial temperature, freez
out temperature, and quark fraction, and compare product
rates to the preliminary NA45 data@8#. We use standard
high-energy conventionsc5\5kB51.

Here we describe the initial conditions and assumptio
about the EOS; the details of the fluid-dynamical calculatio
can be found elsewhere@9,5#. We consider a central collision
of two large nuclei at SPS energy (As520 GeV/nucleon!.
For such high collision energies we expect approximate lo
gitudinal boost invariance@6#, so the behavior of the pro-
duced matter at different rapidities is the same in the long
tudinally comoving frame for fixed proper time
t5At22z2, wherez is the distance along the beam axis. A
R14 © 1996 The American Physical Society
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t50 the colliding nuclei reach the point of maximum ove
lap and are assumed to form a longitudinally expanding p
cake. The hot matter has thermalized att5t0 ~'0.2 fm/c!
@10,11#, when a cylindrically symmetrical transverse expa
sion begins, coupled to the longitudinal expansion.

From t50 until the transverse expansion starts
t5t0 , we assume a boost-invariant cylinder of radiusR,

~the radius of the smaller nucleus!, filled uniformly with
QGP at temperatureT5T0 . This is approximately compat
ible with the initial entropy density for short times@7#. We
r-
an-

n-

at

-

determineT0 by assuming entropy conservation fort.t0 ,
hence

s~T0!5
3.6dNp /dy

pR,
2 t0

, ~1!

wheres is the entropy density, with total~charged plus neu-
tral! multiplicity densitydNp /dy.

The equations of state~EOS’s! that we use here are of the
form
T,Tc : e5
p2

10
T4, P5

e

3
,

T5Tc :
p2

10
Tc
4<e<

p2

30
gqTc

41B,
p2

30
Tc
45P5

p2

90
gqTc

42B,

T.Tc : e5
p2

30
gqT

41B, P5
p2

90
gqT

42B, ~2!
se
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-
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wheregq is the number of massless degrees of freedom
the deconfined phase. We treat only the case of zero bar
density, so the entropy density iss5(e1P)/T independent
of the phase of the matter. BelowTc , the EOS is that of a
massless pion gas. Because recent calculations have
dicted that the quarks may reach only a fraction of the
equilibrium number by the beginning of transverse expa
sion @10,11#, we takegq516121x, wherex is a parameter
that we vary between 0 and 1 to simulate the effect of red
ing the quark density in the QGP below the equilibrium
value (x51 is equilibrium for two flavors of massless
in
yon

pre-
ir
n-

uc-

quarks!. The vacuum energy density in the deconfined pha
B is related to the transition temperatureTc by requiring
equal pressures in the deconfined and hadronic phases
T5Tc so thatB5p2(gq23)Tc

4/90. The value ofB we use
away from equilibrium is calculated by assumingx51 and
supplying an equilibrium transition temperatureTc8 . It is this
Tc8 that is actually used on the graphs and is useful for com
parison purposes.

We calculate the central rapidity regionmT distribution
from both interacting and frozen-out hot matter. The contr
bution from the interacting hot matter is
d2Ne1e2
~r01v!

mTdmTdy
U
y50

5E dhE dt tE dr 2pr E
0

p

du sinuE
0

2p

dfE
0

`

dp p2
dR

d3p
d~ 1

2 mT
22 1

2 mT8
2!

3dS h1tanh21F p cosu

g~Ap21m21pv sinu cosf!
G D Q~T2Tfo!. ~3!
he

ce
ir
the
am

ith
The
HeremT5Am21pT
2, R is thee1e2 production rate per unit

four volume in the fluid frame,v is the transverse velocity of
the fluid in the cell characterized by proper timet, space-
time rapidityh and radial positionr ~measured in the frame
moving with transverse velocity zero and longitudinal velo
ity tanhh in the laboratory!, and g5(12v2)21/2. The
e1e2 production rate fromr0 andv mesons in thermally
and chemically equilibrated hadron gas is

dR

d3p
5
m~gr0Gr0→e1e21gvGv→e1e2!

E~2p!3
~eE/T21!21, ~4!

where gr05gv53 are the degeneracies of ther0 and v
c-

mesons, and the partial widths areGr0→e1e256.77 keV and
Gv→e1e250.60 keV.E is the energy measured in the fluid
frame, and we use the average mass of ther and v,
m50.775 GeV. No mesons exist in the QGP, and hence t
resonante1e2 production rate is zero for that part of the
fluid.

Mesons which pass through the freeze-out surfa
T5Tfo are no longer subject to fluid-dynamic flow, as the
mean free paths are so long that they do not interact with
surrounding matter. As these frozen-out mesons free stre
toward the detectors they decay toe1e2 pairs as before, but
the number of mesons decreases exponentially in time, w
time constant equal to the free space meson decay time.
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contribution from the decay of frozen-outr0 andv mesons
is thus

d2Ne1e2
~r1v!

mTdmTdy
U
y50

5S gr0Gr0→e1e2

Gr
1
gvGv→e1e2

Gv
D E dt t2pr ~t!

3E
21

1

d~cosu!E
0

2p

dfE
0

`

dp p2g~2p!23

3~eE/T21!21

3S vx2 dr

dt DQS vx2 dr

dt D d~ 1
2 mT

22 1
2 mT8

2! ~5!

where

vx5
p sinu cosf1vAp21m2

Ap21m21pv sinu cosf
~6!

is the component of the meson velocity perpendicular to t
freeze-out surface, andGr5151 MeV andGv58.43 MeV
are the total widths for ther and v. dr/dt is the radial
velocity of the freeze-out surface andr (t) is its location. The
Q function ensures that only mesons going through t
freeze-out surface in the outward direction are counted.

Finally, we extract the fit temperatureTfit by performing a
least-squares fit to our calculated spectrum~equilibrium plus
freeze-out! in the window 1.155<mT<1.755 GeV, which is
dominated by freeze-out. The part of the spectrum that
dominated by the equilibrium contribution is much smalle
typically 0.8<mT<0.9 GeV. Unfortunately this is of the or-
der of a single experimental bin, so we choose instead
focus on the freeze-out contribution, in anticipation of fittin
experimental data with both equilibrium and freeze-out co
tributions. Furthermore, a measurement of anmT spectrum
from ther2v peak would look at a finite range ofm, so we
filter the simulated data through an invariant mass bin of s
0.475,m,1.075 GeV, assuming a Breit-Wigner distributio
for each species. For our fitting function, we take Eq.~3!
with v50 ~i.e., ignoring transverse expansion!, resulting in
the formula@1#

d2Ne1e2
~r1v!

mTdmTdy
;SmT

Tfit
D 1/2expS 2

mT

Tfit
10.4

Tfit
mT

D . ~7!

Our ‘‘standard’’ parameter set ist05 0.2 fm/c, x51,
Tfo5120 MeV, and 150,Tc,200 MeV; if different values
of any of the parameters are given, all the others are held
the standard values. We usedNp /dy5188 for central S1Au
collisions at SPS energy~the NA45 experimenters estimate
dNch /dh5125 for their S1Au collision sample, and we as-
sume isospin symmetry!. Our standard value for the equili-
bration time t05 0.2 fm/c implies an initial temperature
T05327 MeV. Figure 1 shows the equilibrium, freeze-ou
and total contributions for the standard set withTc5170
MeV.

In the absence of transverse expansion,Tfit is a monotoni-
cally increasing function, and comparable toTc , so one can
e

e
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infer Tc givenTfit from the measurede1e2 spectrum@1#. In
Fig. 2, we varyTc from 150 to 200 MeV and calculate the
resulting values ofTfit while including transverse expansion
We find thatTfit is higher than in the case of longitudinal
only expansion, but still monotonic~except whereTfo ap-
proachesTc!. Tfit is 10–20 MeV lower for t051 fm
(T05192 MeV!, which we attribute to the fact that trans
verse expansion develops relatively little in this case.

Note that freeze-out is treated dynamically in the prese
calculation in contrast to an earlier investigation@1# where
transverse expansion was neglected and thus freeze-out
approximated as occurring at a fixed proper time. We co
sider a moving freeze-out surface here, and the yield fro
mesons crossing this surface is integrated over the history

FIG. 1. A central S1Au collision at SPS energy, using our stan
dard set of parameters andTc5170 MeV.

FIG. 2. Tfit for various parameter sets as a function ofTc .
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the collision. This contribution is enhanced by transverse e
pansion; the larger the temperature differenceTc2Tfo , the
stronger the enhancement. We find that increasingTfo to 140
MeV from its standard value decreasesTfit . For largerTfo
the hadronic matter near the freeze-out surface expands o
ward at a lower velocity, so that there is less contribution t
mT from the fluid motion. ThusTfit , which depends strongly
on the fluid motion, is lowered.

The curve forx50.7 shows thatTfit is about 15 MeV
higher than forx51. The increase occurs because the tem
perature of the mixed phase, which makes a large contrib
tion to thee1e2 spectrum, is raised whenx is lowered andB
is held constant.

Our overall production at ther02v peak is up to a factor
3 below the value measured by the NA45 experiment. W
take the value measured in the experimental b
0.7,m,0.8 GeV~which contains ther02v peak!, assum-
ing that the signal is all from meson decay, obtainin

d2Ne1e2
(r01v)/dm dh51.731023 GeV21. We calculate the

same quantity for our simulated data from the standard c
culation withTc5150 MeV, including the experimental ac-
ceptance by counting onlye1e2 pairs whose members both
have 2.1,h,2.65, and integrating over a Breit-Wigner dis-

tribution for each species, giving usd2Ne1e2
(r01v)/dm dh

55.931024 GeV21 for our standard parameter set. Increas

ing Tc to 200 MeV makesd2Ne1e2
(r01v)/dm dh51.231023

GeV21, still below the preliminary NA45 data. Additional
pair-producing processes not included here will increase t
cross-section. Also, one likely effect of a departure from
chemical equilibrium in the hadronic phase is an excess or
mesons, increasing the strength of the peak and thus acco
ing for some of the missing signal. The overall productio
rate is sensitive toTfo: increasingTfo from 120 to 140 MeV

while keepingTc5150 MeV givesd2Ne1e2
(r01v)/dm dh58.5

31024 GeV21 ~Tfo5140 MeV with Tc5200 MeV gives

d2Ne1e2
(r01v)/dm dh51.531023 GeV21!; on the other hand,

sensitivity to increasingt0 or decreasingx is minimal. Omit-
ting transverse expansion gives a value that is a factor of 2
too high. Since the estimated error in the NA45 data is
order 50%, we would not rule out any of the calculation
except that with no transverse expansion.
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Partial restoration of chiral symmetry in hot and dens
matter @12# is expected to modify the masses and lifetime
~widths! of vector mesons. Changes in ther-meson proper-
ties may indicate chiral restoration through modifiede1e2

production. However, there is no consensus at present on
behavior of ther @17#. Arguments based on QCD sum rules
@13# and effective Lagrangians@14# point to decreasing me-
son masses with increasing temperature and density, wh
vector-meson dominance studies@15# and consistency argu-
ments@16# have been used to support the opposing view. F
the time being, we therefore use the free mass and width
the resonances as a first approximation. The study of t
effects of in-medium modifications one1e2 production
from thermal resonances as a probe for chiral restoration
left for future work.

It is tempting to carry out a calculation without a transi
tion to a high-energy phase in the present model. Howev
this would not be sensible with the massless pion gas a
proximation. The complete resonance spectrum would ha
to be taken into account and such an investigation is beyo
the scope of the present paper.

We have shown that transverse expansion does not d
stroy the correlation suggested in Ref.@1#. If Tc is close to
the high end of the interval considered here~Tc.200 MeV!
and Tfo is not too low, we come close to reproducing the
preliminary NA45 data, so that the shape of thee1e2 mT
spectrum, as parametrized byTfit , should make a good ther-
mometer to measureTc in this region. If, however,Tc.150
MeV or Tfo,140 MeV, the contribution from other~poten-
tially long-lived! resonances appears to be significant, an
therefore the usefulness of ther meson as a thermometer in
that region is questionable. The preliminary NA45 data ap
pear to rule out high freeze-out temperatures and models
which transverse expansion plays no role, but otherwi
place no significant constraints on the collision dynamics.
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