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Hadronic phase space density and chiral symmetry restoration in relativistic heavy ion collisions
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The effect of altered hadron masses is studied for its effect with regard to final-state hadronic observables.
It is shown that the final phase space densities of pions and kaons, which can be inferred experimentally, are
sensitive to in-medium properties of the excited matter at earlier stages of the collision, but that the sensitivity
is significantly moderated by interactions that change the effective numbers of pions and kaons during the latter
part of the collision[S0556-281&9)07105-9
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Relativistic heavy ion collisions at the CERN SPS strong signal survives the final expansion, and that if such
(160A GeV Pbt Pb) or the Brookhaven AGS reactions are included, the manifestations of the original
(11A GeV Au+Au) produce a mesoscopic region where novel chemistry survive, but are strongly moderated. We
initial energy densities are in the neighborhood of a fewalso find that hadronic observables are sensitive to the issue
GeV/fm?® [1,2), several times the energy density of a proton.of whether both baryon and vector mesons scale or whether
As the system expands and cools normal hadronic degrees ofily the baryon masses f4lf,8].
freedom become justified, but the system might still have In Pb+Pb collisions at the SPS or in AtAu collisions at
novel properties when energy densities are in the region dhe AGS,~7 fm/c after initial contact, matter has expanded
500 MeV/fn?. Most notably, as a consequence of restoringand cooled to the point where a model based on binary in-
chiral symmetry, the masses of heavier hadrons might fall ateractions of hadrons is justified. We take the onset of binary
much as 50%3]. Evidence of falling masses has appeared inmodeling to occur at a temperature of 160 MeV. We assume
dilepton measurements of the peak in Pb-Pb collisions that the system is both kinetically and chemically equili-
performed at the SPS. The observed lack of strength of dilegsrated at this point and is characterized by three numbers: a
ton pairs in the region of the meson mass, combined with baryon chemical potential,,, a strangeness chemical poten-
the observed additional strength for invariant masses nedial us, and a temperaturé. The strangeness chemical po-
400 MeV, suggests either that tlhemeson was alteref],  tential is chosen such that the net strangeness is zero. It
dissolved 5], or broadened beyond recognition by collisionswould be zero if the baryon density were zero. The baryon
[6]. chemical potential is chosen to match the effective baryon to

Dilepton measurements provide a transparent probe fgpion ratios, unity for the AGS example and 1/5 for the SPS
investigating hadronic properties during the most interestinggxample. The assumption of equilibration wheh
stages of the collision, but only of those hadrons with the=160 MeV is an ansatz, justified only by the fact that the
guantum numbers of the photon. Final-state measurements b&drons significantly overlap at higher temperature, suggest-
hadrons—pions, kaons, protons, and hyperons—provide &g rapid equilibration of the strongly interacting system. At
rich chemistry as nearly £Ohadrons are commonly pro- later times and lower temperatures, kinetic equilibrium is
duced in a single event. However, hadrons interact severapproximately maintainefB], but some aspects of chemical
times after the system has expanded beyond the energy degquilibrium are lost. When the system expands and cools to
sities of greatest interest when temperatures are near @approximatelyT=110 MeV, kinetic equilibrium is lost as
above 150 MeV, and before the breakup density is reachedyell and the system dissolves.
when temperatures are approximately 110 MeV. In the high As the system expands, the effective numbers of kaons
density hadronic state, equilibrium chemical abundances camnd pions must adjust to the rapidly changing environment.
easily change by factors of 2 if masses are adjusted by sevwhe effective number of pions is defined as the number of
eral hundred MeV as predicted by some chiral models. Irpions plus the sum of other hadrons weighted by their effec-
this paper we investigate whether such mass changes, and tfiee pionic content. For instance, @meson counts as two
corresponding changes in hadronic chemical abundancegions since it decays principally into two pions, while the
survive and produce a signal in the measured hadrons. Weffective pionic content of & baryon is one. Reactions such
model the chemical development of a kinetically equilibratedasp+« 77 are rapid and can keep the numbepahesons in
gas and find that falling hadron masses, on the order of 50%&quilibrium but do not change the overall effective pion
result in increased final phase space densities for both piomaumber{10,11]. Reactions that change the overall pion num-
and kaons which can be inferred by measuring spectra arlgker, such asr@« pp, are not sufficiently fast and allow the
two-particle correlations. We show that if reactions that presystem to lose chemical equilibrium. One can characterize
serve the effective pion and kaon numbers are ignored, the unequilibrated state by an effective chemical potential

m that corresponds to the “conserved” pion number. We

similarly assign an effective chemical potential to the effec-
*Present address: Department of Physics, Astronomy and Engtive kaon number. Although the net strangeness is zero, the
neering Science, St. Cloud State University, St. Cloud, MN 56301net number of strange quarks must adjust during the expan-
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sion. Reactions that conserve the net number of strange

quarks occur rapidly, e.gk p< A= ", but reactions that 1 Z (AN; )% Ri(1=0)
change the number of strange quarks, ems— KK, are = ) 3
slow as they require a strange and an antistrange hadron to T Na(p7=0)

either interact or be produced jointly. We again describe this
lack of chemical equilibrium via an effective chemical po-
tential ux [12] that corresponds to the effective kaon num-
ber, where a kaon oA baryon counts as one kaon as they
each have one strange quark. Eithehbaryon(with quark

contentss9 or an{) would count as three kaons. Bottx
and i, become zero in chemically equilibrated systems.
When a system is perturbed from chemical equilibrium

Unfortunately, experimental cross sections are not avail-
able for the majority of the combinatiora of the 26 mass
states used in this analysis, and perturbation theory is not
particularly reliable at these energies. We have therefore in-
stituted simplified expressions for the cross sections,

o( Ec_m)=0'00( Ecm—En— N71-,XAE MeV), 4

d h ilibri tiallv with ch 'where N, x is the number of pions in the final state, the
{‘K. 6}(.” {.“T approacd equg rium (laxpoqen 1a ?’ W![ t(;] attra;:- thresholdE,, is the minimum energy of a state with the quan-
enstic imesz and 7. Lur analysis 1S simiar to that ol -, nympers of the initial state, anlz=350 MeV. This

50“9 and Kpct{lO], but includes a greater vari_ety of had- ehavior is motivated by the observed behavior of the inelas-
rons: the spin 1/2 baryon octet, the baryon spin 3/2 decte ic pp and pr cross section§13] with o being 25 mb if
the pseudoscalar meson nonet, and the vector meson nongl.p incoming particles are baryons 020 mb if one is a

but not those resonances which correspond to orbital eXCitadaryon and 15 mb if neither is a baryon. When the produc-

tions of mesons in the framework of the constituent quarktion of more pions becomes available, the entire cross sec-

model. lee_n the cross sections for creating pions in Indl'tion is then devoted to that number of pions. For the case
vidual reactions and time-reversal arguments we calcula

th t rat $here no baryons are present in the initial state, only even
€ net rates numbers of pions are allowed in the final state as required by
conservation ofy parity. For the production of strangeness,

dN only pairs of strange-antistrange hadrons are allowed and the
S = AN; Ri(1—e ANizkalT), steps are in units ahg=1.2 GeV if no baryons are present
d°xdt i in the initial state and 800 MeV if baryons are present. The
cross section for producing strangeness is then
(23,+1)(2p+1) f Ecmd3P 0(Ecm)=000(Ecm—En— Nk xAg). ()
| (2m)® E The term o, for strangeness production is taken as one-

fourth that of the pion production cross section. These values
Xe—[E—uaNa—ubNbI/Tf d*qo(Ecm)Vieiem, (1) were motivated by measurements /ofproduction[14,15,
with the value ofoy being multiplied by 2.5 to account for
the production of other hyperons. Although the prescription
. . . for determining cross sections is phenomenologically moti-

where the sum is over all reactional{—X) that increase \ateq, given the large amount of experimentally unknown
the gffectlve pion number b&N_m,. Here_,q a_ndv,e| are the information, the cross sections must not be taken seriously
relative momentum and relative velocity in the center-of-peyond the 50% level, especially for the case of strangeness-
mass frame. The energy of the pairksin the laboratory producing rates.
frame andE., in the center-of-mags frame. The integral Furthermore, one must not forget that the underlying
over the center-of-mass momentuis performed analyti- - gnsatz—that the entire system is described by temperature
cally, while the integral over the relative momentumis 414 chemical potentials—is an approximation. Although cer-
performed numerically. tain species, like thg, rapidly equilibrate with the pion den-

As mentioned above, t|_n1A%jreve/rTsaI_arguments are used Gy, other species like the which has a lifetime of thou-
motivate the factor (re “N.=#~T) in Eq. (1). Time-  gands of fmé or the w with a lifetime of 20 fmE can be
reversal arguments imply that the inverse reaction rate i§joyy to equilibrate due to their three-pion decay modes. Al-
equal to the for&"éﬂrd rate multiplied by the ratio of the den-y,qgh the lifetime of the» is not so out of scale with typical
sity of states,e™ ', where AS is the change of entropy, eynansion times, they lifetime is far longer. Although we
AS= _'“AN/,T' , i include then in our treatment, it may be better to ignore it.

The effective pion density Such a choice might affect the phase space density on the
10% level, since roughly a tenth of the pions originate from
&3p n decays. Such considerations underline the importance of

e E-uaNan)IT () not trusting equilibration arguments for calculating chemical
(2m)° abundances to a better than 20% level.

Characteristic chemical equilibration times are displayed
in Fig. 1. Characteristic expansion times ar& fm/c when

can also be found analytically given the effective pionic con-T=160 MeV and ~20 fm/c when the system is near
tentN, ,, of the species. One can expand the above expres-breakup afT~110 MeV. From viewing Fig. 1 one expects
sions for smallw . to find the rate at which , exponentially  pionic chemical equilibrium to be lost when the temperature
returns to equilibrium, approaches 150 MeV while strangeness equilibration can be

=3 N, (20,+1) f
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FIG. 1. Characteristic times for chemical potentials returning to  FIG. 2. The evolution ofx, (solid line) and uy (dashed lingis
zero are shown fog . (circles and ux (squares The decay time shown for an expanding hadron gas that began at a 160 MeV tem-
corresponding tqu,, becomes larger than characteristic expansionperature. This calculation has incorporated pion- and kaon-number-
times whenT~150 MeV, while equilibration times fouy are  changing rates.
longer than characteristic expansion times evenlferl60 MeV.

at the SPS. The large strangeness chemical potentials are
characteristic of all the calculations we have performed.

hadron densities ri dinal dch teristic t They can be attributed to two factors. First, the chemical
adron densities rise accordingly and charactenstic imes afey oo ¢, adjusting the strangeness content are slow since
considerably shorter. The role of baryons in maintainin

.gthey require the production of pairs of strange hadrons,

Chef’.‘ic‘?" equilibrium is crucial as they _catalyze MESONIGy hich carries a large penalty in energy. Second, the equili-
;ahqumbr:jum. (;E\r/]er; thou?h basrylgosns C”‘?“."p”se 0”'%.' a f'fth Olf brated number of kaons falls very sharply with temperature,
€ produced hadrons from collisions, reactions Involva o compared to pions, due to their relatively large mass.

. . . Thus, even if equilibration rates were similar to kaons, they
from the fact that reactions involving baryons do not need Qyould have more difficulty in maintaining equilibrium in a

Coﬁir\éﬁcﬂﬂg :r?gmelcc:?spgfeic:iglzt fk())f Sp;gglﬁso\l,vﬁ%ﬂ”;%(apidly cooling system. Attempts have been made to extract
o ) emperatures from chemical ratios that involve kapb8],
from an equilibrated state dat=160 MeV to a chemically P o)

. . ) . .g.,K/7. Th nsiderations emphasize the inherent dif-
unequilibrated state 8t=110 MeV with chemical potentials feich]JI,tyé:corrgiﬁycgeffgrem?rtg siceh epxt?z—fcti?)r:se erent d

M @ndug . If number-changing rates are neglected, the four cpoical evolutions were also calculated with the as-
final chemical potentialg.,, uk, ps, anduy can be found o, oion that the hadronic masses varied as a function of the
by the following four con§tra|nts_(:1)_ Th_e net strangeness is temperature. The hadrons, aside from the pseudoscalar me-
zero. (2) The baryon to pion ratio is fixed3) The entropy  s,n¢ \vhich are Goldstone bosons, were assumed to scale
per pion 1S fixed(4) The net number of stra}nge quarks per inearly with the temperature from their vacuum mass when
pion is fixed. If rates that change the pion number andr_ 115 mev to a fractionm/m, at T=160 MeV. The as-

s:ra_n%e quatrkb numbde_fr_ ?jreb m_cltuded{_ thethlat:_er thdree lcorgumption of a linear scaling of mass with temperature is
straints must bé modilied by integrating the tme develop,eainly crude. In finite-temperature field theories the scal-

ment of the system ing factor typically changes little from the vacuum value,

hardly justified even aT =160 MeV. We should point out
that if masses fall due to restoration of chiral symmetry,

d n, n, d and then changes suddenly for temperatures near 150 MeV.
T - 2 gi N (6)  The scaling also strongly depends on the baryon density
dt n,. n dt . . .

m which also changes rapidly as a function of temperature. If

d the mass restoration were forced to occur at earlier times and
Ns ns d M d pk d

— —=———n_———n_—— —n, (7) higher temperatures, the system would have more of a
dtn, p2dt n, dt n, dt chance to chemically equilibrate, while if restoration were to
occur at lower temperatures, the out-of-equilibrium effects

dne_ ngd 1d ®) would be stronger than those reported here. A more sophis-

ticated form of the mass scaling with temperature and den-
sity could be easily implemented, although one would still
where ng is the entropy density. Thus, if one knows the have to emphasize the wide range of theoretical predictions.
temperature as a function of time, one can integrate these The lower panels of Fig. 3 show the value pf, at
equations forward in time, using the four aforementionedoreakup for four cases. The final baryon to pion ratio was
guantities to determine the four unknown chemical potentialghosen to be 0.2 or 1.0, roughly appropriate for SPS or AGS
at any time. We assumed a simplified behavior of theconditions, respectively. If no number-changing rates are in-

——=—— —N,+— N
dtn, p2dt " n_dt "

temperature T as a function of time, dT/dt= cluded, the generated chemical potential is large, approach-
—6.5 MeV/(fm/c), which was motivated by the behavior ing 100 MeV for the SPS case and 150 MeV for the AGS
observed in cascade simulatioréy. case, when the mass reduction factor falls below 0.5. How-

The resulting evolutions of.,, and ux as a function of ever, inclusion of the rates reduces the resulting chemical
temperature are illustrated in Fig. 2. The baryon to pion ratiqpotential to near 50 MeV. Since the falling of themass is
was chosen to be 0.2, which is relevant fortHb collisions  controversial, the calculations were repeated with the as-
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L L to the breakup volume, and spectra one can infer phase space
densities, which should be=e*'T, at low momentum.
Strangeness chemical potentials can also be inferred from

ratios involving strange or antistrange hadrons, eJp
[19]. Combined with careful modeling of the breakup stage
of the reaction, one can infer chemical potentials to an accu-
racy of =30 MeV.

The chemical evolution of a heavy ion collision is a com-
plex process that depends on hundreds of cross sections,
most of which are not well understood. Although the reduc-
tion to a thermal picture as performed here represents a crude
approximation to reality, we are nonetheless able to learn
several valuable lessons. We see that chemical properties of
the hottest stages of relativistic heavy ion collisions can in-
0.5 10 05 10 deed manifest themselves in the final hadronic measure-

m/m m/m ments. In partlcula_r,_ chiral restoration can affect the final
0 0 phase space densities of both pions and kaons. However,

FIG. 3. Final chemical potentials are shown as a function of thechemical processes, which drive the system towards equilib-
mass reduction factor. Calculations are shown for the cases whefqum, significantly mitigate such signals. Altering chiral
number-changing processes are negle¢sedd lines or included  properties of the hottest stages results in a difference of the
(dashed lings and for when vector mesons scale with the baryonfina| chemical potentials of the order of 50 MeV or less,
massed|eft pane} or remain fixed(right pane]. Calculations are \yhjje the ability of an experiment to determine the chemical
performed for two choices of the baryon to pion ratio, 1.0 which ispotentials is probably in the 30 MeV range at best. Thus
relevant for AGS measuremer(sguaresand 0.2 which is relevant measuring’ hadrons can be expected to provide informatio}w

for measurements at SR&rcles. Number-changing rates signifi- - . i i
cantly dampen the effect of altering hadron masses, and the chentl(-agardlng the chiral transition, but would probably not sup

istry is less affected if vector meson masses are unchanged. ply a “smoking gun S|gnal, unless the chemical r‘f"tes em-
ployed here are overestimated. A stronger conclusion can be

made with respect to strangeness equilibration. Since
gtrangeness equilibration has longer equilibration times, and

the resulting chemical potentials were far lower for the SP Ince the equilibrium density of kaons is a rapidly changilng
case, and in fact chemical potentials were smaller for in-unCtlon of temperature due to the larger mass, chemical

creasingly small mass reduction factors. This owes itself toequm_bratlon Of kaons does not seem possﬂale. .
This analysis has relevance beyond the issue of dropping

the fact that the entropy per pion due fo the presence c:f;adron masses. Effective chemical potentials and phase
baryons is rather high, compared to the entropy per pion i e i poten phe
space densities are of crucial importance in understanding

the mesonic sector. the entropy of the reaction, which can signal the presence of

Calculations ofuk as a function of the mass reduction : i >
factor are displayed in the upper panels of Fig. 3. The resy|th€ deconfinement transition. Second, the conditions of the

ing uk is much larger tham,, surpassing 100 MeV, even final state provide boundary conditions necessary for model-

. . ing the earlier stages of the collision. For instance, dilepton
for the case where rates were included. Since the phase spac ; o
roduction from a7 annihilation would scale as

. . . M/T
322:?’ by F;lrggrolr“ggﬁ'bfd C’Omeasrgg“t%e:‘;;i ghgzgesﬂacegxp(mﬂm. Finally, the sensitivity of the observables to the
y y P inclusion of pion-number-changing and kaon-number-
masses do not scale and more than doubled when mass scal nai ) .
changing chemical processes demonstrates the importance of

ing occurs. The number-changing rates that most. Strongl}/ncluding such reactions, along with the corresponding time-
affecteduy were not those that changed the effective kaon

number but those that affected the net pion number, Threversed processes, in any modeling of the final-state expan-
: - ion.
kaon-number-changing rates are sufficiently small that they
had a relatively small effect toward the final outcome. The authors thank Yang Pang for pointing out the impor-
Chemical potentials can be inferred from hadronic meatance of baryons in hadronic chemistry. This work was sup-
surements via correlation measuremdiif, 18. Combining  ported by the National Science Foundation under Grant No.

two-particle correlations measurements, which are sensitivBeHY-9605207.

sumption that only the baryon masses scdtaght panels of
Fig. 3), leaving the vector meson masses fixed. In this cas
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