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ABSTRACT

We report on recent work which indicates that an enhancement of
antibaryons produced in the hadronization phase transition can signal the
existence of a transient quark-gluon plasma phase formed in a heavy-ion
collision. The basis of the enhancement mechanism is the realization that
antiquark densities are typically a factor 3 higher in the quark-gluon
plasma phase than in hadronic matter at the 3ame temperature and baryon
density. The signal is improved by studyirg larger clusters of antimatter,
i.e. light antinuclei like @, in the central rapidity region. The effects
of the transition dynamics and of the first order nature of the phase

transition on the hadronization process are discussed.

Although there is widespread agreement that high energy collisions
(E1ab » 10 GeV/A) between very heavy nuclei (A > 200) will provide the

1‘3, the question how one would

conditions to form a quark-gluon plasma
experimentally verify that this plasma had been formed has up to now not
been answered satisfactorily. Various signatures have been suggested3:
direct photons" and lepton pairs5 as electromagnetic probes for the initial
hot phase of the plasma, strange particles as a signature for the presence
6,7

of many gluons in the plasma » and rapidity fluctuations as a signature
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for an (effectively) first order hadronization phase transition in the final

stage of the collision® are the more specific ones, but other features of

the particle emission spectra (like Py distribution and multiplicify) may
also contain information. Unfortunately, all of these signatures are
affected by an hadronic background from the initial and final phases of the
collision, are sensitive to the degree of local thermalization reached
during the collision or, like the Kt/at ratio, may be affected by the nature
of the phase transition (entropy production)g. It is highly unlikely that
the existence of the quark-gluon plasma will be proven through one of the
above signals by itself; corroborating evidence from as many different
channels as possible will be needed to make a convincing case for this new
state of matter.

In this paper we investigate the possibility of forming clusters of
antimatter (antinuclei) from the antiquark content of the plasma phase in
the hadronization phase transition. This is motivated by realizing that,
due to restoration of chiral symmetry and their approximate masslessness,
light quarks are much more abundant in the quark-gluon plasma than in a
hadronic gas of the same temperature and baryon density. Therefore omne is
tempted to conclude that the chance to coalesce several antiquarks to form a
(color-singlet) piece of antimatter should be higher during the confining
phase transition than in a hadronic gas in equilibrium with the same
thermodynamic parameters. This way of reasoning is similar to the one which
led to the suggestion of (antl-) strange particles as a signature for the
plasmae; however, there are a few differences, several of which are in favor
of non-strange antinuclei:

(a) All of them (except the antineutron) are stable in vacuum and
negatively charged, and therefore more easily detected in an experiment
than strange particles.

(b) The chemical equilibration time in the plasma phase for light
antiquarks 1s typically by an order of magnitude faster than for
strange quarks7, and equilibration of their abundance 1is not so
sensitive to the achievement of high temperatures (2 150 MeV) in the
collision.

(c) Due to their masslessness light antiquarks, at least in a baryon number



free (up = 0) system, are even more abundant in the plasma than

strange qugrks (at T = 200 MeV by about a factor of 3).

The disadvantage is that non-strange hadronic matter has a higher
annihilation croes-section than strange particles, leading to a partial loss
of the signal in the final hadronic expansion phase. TFTurthermore, the light
quark abundances may be affected by the phase transition itself: in the
transition a major rearrangement of the quantum chromodynamic (QCD) vacuum
state takes place, developing a type of gluon condensate leading to color
confinement and a condensate of light quark—-antiquark pairs <F|q>10 resulting
in the breaking of chiral symmetry, a large constituent mass for valence
quarks inside hadrons, and a finite pion mass. The coupling of the light
quarks to the change of the QCD vacuum may thus affect our predictions for
relative hadronic particle abundances below -~he phase transition. These
complications will here be neglected but are discussed more extensively in a
forthcoming publication!l.

Our approach will be based on the assumption that the quark and
antiquark content of the plasma phase is completely carried over into the
hadronic phase during the hadronization phase transition. In other words,
we assume that the phase transition happens fast on the timescale for qq
annihilation into gluons which is typically 1 fm/c.” Even 1f this is not
true, our assumption may not be too bad since the quarks and antiquarks
initially are in equilibrium with the gluoas, and the inverse process is
also possible as long as not all of the gluons have been absorbed into
hadrons and into the creation of the nonperturbative (glucn—condensate)
vacuum around the hadrons.

The conservation of the quark and antiquark content will be implemented
into a thermal model for the two phases (hadron gas and quark—-gluon plasma)
within the grand canonical formulation, by introducing appropriate Lagrange
nultipliers (“"chemical potentials”). After hadronization particle
abundances for the different types of hadrons in the hadron gas will be
determined by the requirement that all the originally present quarks and
antiquarks have been absorbed into hadrons through processes like 3q »
NyAyeee, Or q + @ + m,p,s++) etc. These hadronization conditions determine

the chemical potentials and hence the relative concentrations of all hadron



species in terms of the above mentioned Lagrange multipliers which coatrol
the total quark—antiquark content of the fireball.

The point where hadronization of the plasma sets in is determined by
finding the phase coexistence curve between a hadron resonance gas and a
quark-gluon plasma in thermal equilibrium. Since we are interested in
particle abundances, the hadron gas is described explicitly as a mixture of
(finite size) mesons, baryons and antibaryons and their resonances as they
are found in nature12,19, rather than using an analytical (e.g.
polytropic) equation of state. Strange particles are here neglected, but
will be included in further studies. Their impact on the phase transition
itself 1is small. All particles are described realistically by using the
appropriate relativistic Bose and Fermi distributions:
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The subscript “"pt” denotes the familiar expressions for pointlike hadruns
with mass mj, chemical potential yj, degeneracy dy, baryon number by,

and statistics 63 (64 = +1 for fermious, 84y = -1 for bosons):
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These point particle expressions are corrected for a finite proper volume of

the hadrons by multiplication with a common factor (1 + g:;d/éB)‘l; this



Tee fIMeV] @ T HMev] ®

. e —
H —~ - ———

plasma 150 s

NS 100 -

UFtmTP8S - 094

resongnce
gas

50 - \ \ 50 -
\\l \\ N

Ece t[ﬁe\l/tmq ©

(SA)..4 B+ 250 MeY/tm?
15 . A D)
— = A-100MeVix>0.35)

PN = — A~ 200 MeV o= 0.6)

@

100 \L - ’:-’5;'{)

. . 9
D0 200 40 wMV] 0 200 400 pglMeV]

Fig. 1. (a) The critical line of phase coexistence between hadron resonance
gas and quark-gluon plasma, for B = 250 MeV/fm3 and different
values for ag. (b) The baryon density along the critical line as
it is is approached from above (p ) and from below (phad)

(¢c) The energy density along the crftinal line; the shaded area
shows the amount of latent heat. (d) The entropy per baryon, (e)
the critical pressure, and (f) the entropy density along the
critical line.



prescription was derived by Hagedorn within the framework of the so-called
“pressure ensemble” 3. The parameter 4B defines the energy density inside
hadrons and parametrizes the volume excluded from the avallable phase space
for the hadrons due to their own finite size!“*. 1In our case the sum over i
extends over all non-strange mesons with magss < 1 GeV and all nou-strange
baryons and antibaryons with mass < 2 Gevi2,

The chemical potentials pj are determined by requiring chemical
equilibrium with respect to all processes that can transform the hadrons
among each other. These processes, llke N+ N - N + N4+ 7, n =21, AN+
m, N+ N - mnm, etc. have in common that they conserve only baryon number;
nence all chemical potentials can be expressed as multiples of a single
chemical potential for the conservetion of baryon number pyp through yy =
bjup where by is the baryon number cof hadron species i.

The quark-gluon plasma phase is described as a nearly ideal gas of
light quarks and antiquarks and gzluons, with perturbative interactionsl® and
vacuum pressure -B. The corresponding expressions for P, ¢, pp and s are
given in Refs. (11,15,16).

The phase transition line Tepit(ub,crit) between the hadron

resonance gas and the quark-gluon plasma 1s determined by the three

conditions:
Phad = qup (mechanical equilibrium) ;
Thad = qup (therwal equilibrium) ;
uy = 3uq (chemical equilibrium) .

The last equation imposes chemical equilibrium for the hadronization
processes 3q « baryon, 3q ~ antibaryon, q + § ~ meson.

In Fig. la we show the critical line Terjr(up,crie) for B = 250
MeV/fm3 and different values for the strong coupling constant ag
describing the interactions in the quark-gluon plasma. Larger values of B
and/or ag reduce the pressure in the quark-gluon plasma phase and push the
phase transition point (i.e. the point where qup becomes larger than
Phad) towards larger values of T and .

Figs. 1b-1f show the critical values along the phase transition line

for the baryon demsity, energy density, pressure, entropy density and
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Fig. 2. (above) The quark and antiquark densities along the critical line
in Fig. la, as it is approached from above ("quark gluon plasma")
and from below (“hadron gas"). (a) B = 250 MeV/fm3; (b) B = 400
MeV/fm3. For this figure ag = 0 was chosen.

Fig. 3. (opposite page) Densities of different hadrons at the critical
temperature Terie (Mg, crit) as a function of Hq,crits as
obtained from hadronization of a quark-gluon piasma (solid curves)
or in an equilibrium hadron gas (broken curves). Note that
generally all solid curves lie above their respective broken
partners, reflecting the effect of the quark-antiquark
overabundance in the plasma. Note also the larger gain factor for

antibaryons and antinuclei. (ag = 0; B = 250 MeV/fms.)
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entropy per baryon, in the limit as one approaches the critical line fr
below and from above, respectively. One sees that the transition is fi
order and that there are large discontinuities in all the extensive
quantities: there is a huge latent heat of the order of 1 GeV/fn® { som
smaller at larger baryon densities) shown by the shaded area in Fig. lc.
a large latent entropy (the entropy density typically jumps by a factor
5 across the phase transition, Fig. 1f); the latter also shows up in the
entropy per baryon (Fig. 1d) implying that it i1s not correlated with the
discontinuity in the baryon density (Fig. 1b).

In Fig. 2 we show that not only the baryon density Py = %‘(pq - pa)
but also the quark density pq and antiquark density pa themselves are
discontinuous across the phase transition, typically by a factor 3. (Th
quark and antiquark contents of the hadronic phase was determined by
counting 3 (anti-) quarks for each (anti-) baryon and 1 quark plus 1
antiquark for each meson.) This means that in an equilibrium phase
transition many excess qJ pairs have to annihilate during the hadronizati
process. The time scale for annihilation, although short?, in a realisti
hadronization process need not be small compared to the phase transition
time, because in this realistic case there is no heat bath which can abso
all the latent heat, latent entropy and excess qq pairs: the speed of ‘4
phase transition is rather given by the rate of change in temperature and
density as dictated by energy, entropy and baryon number conservation whi
control the global expansion of the hot nuclear matter.

To take an extreme example, let us assume that locally the phase
transition takes place so fast that qJ pairs don't have time to annihilat:
at all. (This says nothing about the time the system as a whole spends i1
the region of phase coexistence which may actually be rather long17.) To
simplify things further we assume that during the phase transition neithez
the volume nor the temperature changes, and that therefore after
hadronization the quark and antiquark densities computed as above are
exactly the same as before. This is not a realistic scenario since it doe
not conserve entropy (the entropy density in the final state is still lowe
than initially, although not quite as low as in an equilibrium hadronic

phase at the same temperature and baryon density). To obtain at the same



time entropy conservation and conservation of the number of quarks and
antiquarks, we would have to allow for a change of volume and temperature.
Such computationally more involved calculations are presently being done.
Until their results are available, we will take the outcome of the above
simple-minded hadronization calculation as an indication for the qualitative
behavior to be expected.

Fig. 3 shows the expected densities for different hadrons and light
(anti-) nuclei, assuming hadronization of a quark-gluon plasma with
conservation of quark and antiquark content (solid lines), as compared to
the corresponding values 1in an equilibrium hadron gas at the same
temperature and baryon chemical potential (dashed lines). One sees that the
necessity to absorb the higher quark-antiquark content of the original
plasma phase into hadrons leads to an enhancement for the densities of all
species; however, the increase 1is strongest and the (anti-) quark signal is
therefore amplified in the larger (anti-) nuclei. Due to the usual
suppression of antibaryons and antinuclei at finite chemical potentials, the
signal to noise ratio is best for the antibaryons and particularly for
larger antinuclei. Of course, absolute abundances decrease very steeply
with the size of the antinucleus; looking for fragments larger than g is
increasingly hopeless. For G the enhancement factor can reach 2 orders of
magnitude, and 1f a central rapidity region with y = 0 is formed, there may
even be a realistic hope to detect some @ in a collider experiment: assuming
a reaction volume of 500 fm3, Fig. 3 predicts about one G in every 2x105
collisions in which a quark-gluon plasma was formed.

These numbers have to be taken with great caution: The major
uncertainty in relating the curves of Fig. 3 to experimental multiplicities
is the reaction volume which is essentially unknown. This uncertainty drops
out 1f ratios of particle abundances are formed. This can be easily done
from Fig. 3; however, we would like to await more realistic hadronization
calculations before committing ourseives to predict numbers for measured
particle ratios. Another correction stems from final state interactions
during the remainder of the hadronic expamnsion phase before the particles

actually decouple from each other. These will tend to drive the systen



~fter hadronizaticn back towerde hadronic equilibrium by, say, nucleon-
antinucleon annihilation. Although the cross-section for the latter process
is large (0(200mb)), the inverse reactions are also strengthened because all
hadron species have appeared with large densities from the hadronization
process. On the other hand, hydrodynamic calculations seem to indicate!8
that the time from completion of the phase transition to freeze-out is
rather short (~1-2fm/c) such that we may hope for a large fraction of the
signal to survive. On the other hand, as also noted in the context of
strangeness productione, the hadronic equilibrium value may never actually
be reached during the lifetime of a collision without plasma formation; this

will even enhance the antibaryon/antinucleus signal.
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