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Dilepton Suppression as a Signature for the Baryon-Rich Quark-Gluon Plasma
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The dilepton yield at invariant masses between 2m, and 1 GeV is shown to be reduced substantially if
a baryon-rich quark-gluon plasma is formed in high-energy heavy-ion collisions. We suggest therefore to
measure the total dilepton yield in this region of invariant masses as a function of the incident energy.
The onset of a baryon-rich quark-gluon plasma is then signaled by a decrease in this excitation function.

PACS numbers: 25.70.Np, 12.38.Mh

The ultimate goal of heavy-ion collisions at ultrarela-
tivistic energies is to create a deconfined quark-gluon
plasma.' It is hoped that during the initial stage of the
collision, a region of high-density will be produced so
that a transition of the hadronic matter due to the
quark-gluon plasma will take place. For future experi-
ments at the proposed relativistic heavy-ion collider
(RHIC) a baryon-free quark-gluon plasma is expected
to be created due to the increasing transparency of the
nuclear matter with increasing collision energies.? At
present, the CERN experiments at both 60 and 200
GeV/nucleon indicate that the incident projectile is not
completely stopped by the target and a high-energy den-
sity of many GeV/fm? has been reached.! The observa-
tion of the suppressed production of the J/y particle has
already stimulated great excitement as it might be possi-
ble evidence for the formation of a quark-gluon plasma.?
However, it will not be considered as a definitive signa-
ture until a better understanding of the dissociation of
J/w by the hadronic particles is achieved.*® For experi-
ments carried out at the Brookhaven Alternating Gra-
dient Synchrotron (AGS) at 14.5 GeV/nucleon,’ the
analysis of the final transverse-energy distribution indi-
cates that the projectile is indeed completely stopped by
the target and that a hadronic matter of density about 5
times the normal nuclear matter density has been
reached in the initial stage. Whether a baryon-rich
quark-gluon plasma has been formed in such a collision
is still uncertain. It has been argued in the past that the
formation of a quark-gluon plasma may be signaled by
an enhanced production of kaons relative to that of
pions.® Data obtained at AGS indeed show an enhance-
ment of a factor of 4 for the K ¥/z ™ ratio compared with
that from the pp collision.® However, theoretical studies
show that the same enhancement can be obtained by as-
suming either the formation of a quark-gluon plasma or
a dense hadronic matter in the initial stage of the col-
lision.'®!" In view of the ambiguity associated with
these observables as signatures for the quark-gluon plas-
ma, it is extremely important to consider other observ-
ables which might be more unique as signatures for the
quark-gluon plasma.

A very interesting suggestion in the past has been the
dileptons. It was suggested that the disappearance of the

p peak in the dilepton invariance-mass spectrum might
signal the formation of a quark-gluon plasma.'? De-
tailed studies including proper treatment of the expan-
sion dynamics, however, do not support such a possibili-
ty.!? These studies are all concerned with the baryon-
free quark-gluon plasma that might be produced in fu-
ture RHIC energies. At AGS energies in the range of
about 15 GeV/nucleon, a dense hadronic matter will be
formed if no quark-gluon plasma is created in the initial
stage. In the hadronic matter, dileptons can be produced
from both pn bremsstrahlung and the zz annihilation.
As shown in Refs. 14 and 15 for dense hadronic matter
at high temperatures, the contribution from 7z annihila-
tion is more significant than that from the pn brems-
strahlung for dileptons of invariant masses in the region
of 2m, to about 1 GeV, where m, is the mass of the pion.
It is also found in Ref. 15 that the modification of pion
dispersion relation by the dense nuclear matter to the
strong p-wave zn/V interaction can lead to enhanced pro-
duction of dileptons at small invariant masses. This
effect becomes more pronounced as the density of the ha-
dronic matter increases. On the other hand, if a
baryon-rich quark-gluon plasma is initially formed, then
dileptons will be produced from the gg annihilation.
After hadronization, dileptons can also be produced from
the hadronic matter via pn bremsstrahlung and zz an-
nihilation. Since the total entropy cannot decrease dur-
ing the transition, the final hadronic matter will be at a
higher temperature and lower density than the initial
quark-gluon matter. If the quark-gluon plasma contrib-
utes mainly to dileptons with larger invariant masses,
then we expect a reduced production of dileptons with
low invariant masses compared with the case without the
formation of a quark-gluon plasma due to the low ha-
dronic matter density after hadronization. In this case,
it is of interest to measure the total dilepton yield in this
region of invariant masses as a function of the incident
energy. The onset of a baryon-rich quark-gluon plasma
is thus signaled by a decrease in this excitation function.
To substantiate this conjecture, we have carried out
calculations for dilepton production based on the hydro-
chemical description of heavy-ion collisions.'®'® We as-
sume that a baryon-rich fireball is formed in the collision
of two heavy ions. For collisions between identical nu-
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clei, the initial density can be estimated from the
prescription that two Lorentz-contracted nuclei are
stopped by each other with a density given by 2yp,
where y is the Lorentz factor. Including compressions
via the shock model as in Ref. 17 will lead to an even
larger initial density. Whether the initial fireball is in
the hadronic or the quark-gluon phase depends on the
structure of the nuclear phase diagram. We use that of
Ref. 18. The nuclear phase diagram is determined by
considering both the hadronic and the quark-gluon
matter as composed of noninteracting nonstrange parti-
cles with the latter supplemented by a bag constant. The
transition from one phase to the other is through a mixed
phase of both kinds of matter very similar to that of the
familiar gas-liquid transition. The boundary between
the hadronic and the quark-gluon phase is determined by
the condition that the temperature, pressure, and baryon
chemical potential of the hadronic and the quark-gluon
phase are equal. The inclusion of strong particles affects
the phase diagram only slightly as pointed out in Ref. 19.
Since the collision time in heavy-ion reactions is shorter
than the equilibration time for strange particles, it is
reasonable to neglect the strange particles in the con-
sideration of the phase diagram. In constructing the
phase diagram, we have used a bag constant B =250
MeV/fm?, which leads to a critical energy density of
=1 GeV/fm>. Figure 1 shows such a nuclear phase dia-
gram in the temperature and baryon density space. Also
shown in the figure by the solid curve is the injection
points for central collisions between identical nuclei at
energies below the AGS. According to this phase dia-
gram, a mixed phase of quark-gluon and hadronic
matter is formed when the incident energy is above =2
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FIG. 1. Nuclear phase diagram in the space of temperature
T and the baryon density p. The injection points from heavy-
ion collisions between identical nuclei are shown by the solid
curve. The numbers near the circles denote the incident energy
per nucleon for collisions between identical nuclei. The dotted
curve corresponds to injection points for a pure hadronic
scenario.
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GeV/nucleon, and a baryon-rich quark-gluon matter is
produced once the incident energy is higher than =5
GeV/nucleon. The dotted curve corresponds to the injec-
tion points in a purely hadronic scenario. We like to em-
phasize that his phase diagram is meant to illustrate the
possible scenarios that might happen in high-energy
heavy-ion reactions and probably differs in details when
more sophisticated models such as that of Ref. 20 are
used. The expansion of the fireball is then described by
the hydrochemical model in which the fireball is assumed
to be in thermal but not chemical equilibrium. The
thermal energy in the fireball is converted into the collec-
tive flow energy via a simplified relativistic hydrodynami-
cal equation with linear scaling Ansatz for the velocity
profile.'®!'® At any instant of time during the expansion
of the fireball, the thermodynamical quantities such as
energy, pressure, etc., are determined from standard
equilibrium thermodynamics.

If the fireball is initially in the hadronic phase, the sys-
tem will simply expand until it reaches the freezeout
density at which the mean free path of the particles is
comparable to the size of the fireball. Dileptons are then
produced predominantly from the pion-pion annihila-
tions, which can be calculated as in Ref. 15. On the oth-
er hand, if the fireball is initially in the quark-gluon
phase, then dileptons are produced from g¢-g annihila-
tions and can be calculated as in Refs. 12 and 13. The
temperature and pressure of the fireball decrease during
the expansion and eventually it reaches the boundary of
the phase diagram and makes a transition to the hadron-
ic matter. As the fireball transforms from the quark-
gluon plasma to the hadronic matter, it goes through a
mixed phase of these two kinds of matter. Assuming
that the fraction f of quark-gluon plasma decreases
linearly with time, i.e., f=1—1¢/7. The lifetime 7 of the
mixed phase depends on the hadronization rate of the
quark-gluon plasma and is taken to be 5 fm/c, a value
similar to that of Ref. 21. To determine the hadronic
content from the hadronization of the quark-gluon plas-
ma, we make use of the combinatoric breakup model of
Biré and Zimainyi.22 In this model, the effective number
of quarks and antiquarks in the plasma are given by
Ng=N,+f,;N, and N;=N;+f,N,, where N, and N,
are the number of light quarks and antiquarks in the
fireball while NV, is the number of gluons. The parame-
ter f,, which determines how gluons are converted into
quarks during hadronization, is determined from the
flux-tube model and has a value of 0.425. The flavor
composition of hadrons formed from the plasma is then
determined by the following rule of recombination:
N,,=a1VqJVq, Ny =pBN}/3!, etc. We have also induced
hadrons such as p, A, etc., as in Ref. 18. The a and 8 for
the baryons are determined from the condition that the
total quark content in the hadrons is given by the
effective number of quarks and antiquarks in the plasma,
ie, a=44/(3A4*+B?) and B=8/(34°+B?), where
A =1Vq+ﬁq and B=1Vq —Nq. In the mixed phase,
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dileptons are produced from both g-g annihilations in
the quark-gluon matter and pion-pion annihilations in
the hadronic matter.

In Fig. 2, we show the dilepton invariant-mass spectra
from the collision of two *°Ca nuclei at 14 GeV/nucleon.
From Fig. 1, we see that the initial density is about 6pg,
where pg is the normal nuclear matter density and the
fireball is initially in the quark-gluon phase. The life-
time 7 of the mixed phase is taken to be 5 fm/c and is
similar to that of Ref. 22. The dashed curve is the con-
tribution from the quark-gluon plasma, while the dotted
curve is due to the oz annihilation in the hadronic
matter. The two peaks in the latter correspond to the p
resonances at 770 and 1660 MeV, respectively. It is seen
that the former becomes important for dileptons with in-
variant masses larger than 2 GeV. At smaller invariant
masses, it is still dominated by zz annihilation even
though the corresponding hadronic matter is at a rela-
tively low density of about pg after the complete hadroni-
zation from the initial quark-gluon plasma. Also shown
in the same figure by the solid curve is the dilepton
invariant-mass spectrum from zz annihilation if we as-
sume that no quark-gluon plasma is formed in the initial
stage and that the initial matter is a dense hadronic
matter of density of also about 6pp. We see that the
dilepton yield is much larger than that from the scenario
of the formation of an initial quark-gluon plasma. This
is due to both the increased modification of the pion
dispersion relation at higher densities and the higher ini-
tial temperature of the fireball. We therefore expect that
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FIG. 2. Dilepton invariant-mass spectra from the central
collision of Ca on Ca at 14 GeV/nucleon. The dashed curve is
from the quark-gluon plasma and the dotted curve is from the
nmr annihilation in the hadronic phase. The solid curve is from
the 7z annihilation in the scenario that no quark-gluon plasma
is formed in the collision.

a useful way for the diagnosis of the quark-gluon plasma
is not to look for observables which are related directly
to the quark-gluon plasma, rather to verify its formation
indirectly via the suppression of the dilepton yields. In
our discussions, we do not consider the production of
dileptons from the Drell-Yan process as it is important
for invariant masses that are larger than the region we
are interested in. Also, the pn bremsstrahlung is not im-
portant as already pointed out in the above.

In theoretical studies carried out recently on dilepton
production at LBL Bevalac energies,'> we have shown
that its yield from znz annihilation dominates for invari-
ant masses M <1 GeV and increases significantly with
the initial density of the hadronic matter. It is thus of
interest to calculate the total dilepton yield with invari-
ant masses 2m, < M <1 GeV. Since the initial hadronic
matter density increases with the incident energy of the
projectile, this yield would increase as well due to both
the increasing softening of the pion dispersion relation
and the increasing initial temperature with increasing
density. In Fig. 3, we show such an excitation function
for this yield. It is calculated with the hydrochemical
model as before for the reaction of “°Ca on *°Ca at zero
impact parameter corresponding to central collisions.
The solid curve is obtained when the initial conditions of
the fireball are determined from the phase diagram of
Fig. 1. It shows a steep rise of the dilepton yield at in-

0.0 3.0 6.0 9.0

12.0 15.0

E/A (GeV)

FIG. 3. The total dilepton yield for invariant masses be-
tween 2m, and 1 GeV as a function of the incident energy per
nucleon for the central collision of Ca and Ca. The solid curve
is from initial fireball conditions determined from the phase di-
agram of Fig. 1 and a mixed-phase lifetime =5 fm/c. The
dashed-dotted curve is from assuming that the fireball is ini-
tially always in the hadronic phase. Short- and long-dashed
curves correspond to 7=2.5 and 10 fm/c, respectively. The
dotted curve is obtained from a phase diagram with a bag con-
stant of 400 MeV/fm3 and a mixed-phase lifetime of =5
fm/c.
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cident energies below about 2 GeV/nucleon as the initial
hadronic matter density increases as a result of higher
compression. When the initial energy density is large
enough so that a mixed phase of quark-gluon and ha-
dronic matter is formed, the dilepton yield is seen to de-
crease as a function of the incident energy. Also shown
in the figure by the dashed-dotted curve is the dilepton
yield from assuming that the initial fireball is always in
the hadronic phase. As in Fig. 2, the dilepton yield at a
given incident energy is higher in the latter case than the
case when either a mixed or a quark-gluon phase exists.
Because of the short formation time of the initial fireball,
it is likely that the system may be superheated and still
stays in the hadronic phase even though its energy densi-
ty is high enough to be in the mixed phase. We then ex-
pect that the steep rise of the dilepton excitation function
would continue to higher incident energies. In either
case, the onset of the formation of a quark-gluon plasma
in the initial high-density matter is accompanied by a de-
crease in the total yield of the dilepton with invariant
masses 2m, < M <1 GeV.

These results are not qualitatively modified when a
different phase diagram and hydrodynamical description
are used. The short- and long-dashed curves, corre-
sponding to lifetimes for the mixed phase 7=2.5 and 10
fm/c, respectively, still show the suppression of dileptons
when a baryon-rich quark-gluon plasma is formed. The
same is true as shown by the dotted curve if we use a
phase diagram obtained with a larger bag constant of
400 MeV/fm?, which leads to a critical energy density of
=2 GeV/fm? for the formation of the quark-gluon plas-
ma. Using a quadratic scaling Ansatz for the velocity
profile in the hydrodynamical expansion leads to only
minor changes in the dilepton excitation function. We
therefore conclude that the suppression of dilepton yield
due to the formation of a baryon-rich quark-gluon plas-
ma remains under these variations of the model.

It is thus of great interest to perform experimental
measurements of dilepton yield for various incident ener-
gies in order to find the onset of such a suppression of the
dilepton yield so that we will be able to see at what in-
cident energies a quark-gluon plasma is formed in the
collision. Experiments carried out so far at LBL Be-
valac?® are very useful in verifying the effect of the
softening of the pion spectrum in dense nuclear matter
on dilepton production through nz annihilations. Future
experiments at the AGS for dilepton production will cer-
tainly be extremely interesting in searching for evidence
for the formation of a baryon-rich quark-gluon plasma in
the initial stage of the collision.
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