PHYSICAL REVIEW C VOLUME 59, NUMBER 5 MAY 1999

Analysis of particle multiplicities in Pb +Pb collisions at 15& GeV/c within hadron gas models
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The preliminary data on hadron multiplicities measured in centrat Fb collisions at 158 GeV/c are
analyzed. The ideal hadron gas model fails to give a reasonable explanation tottRé Bhta sets. We study
the possible effects of pion enhancement due to different hard-core repulsion for pions and other hadrons and
strangeness suppression because of incomplete chemical equilibrium. Each of these two modifications im-
proves the results. The combined effect of these two mechanisms leads to an extremely good agreement with
the data. An interpretation of the obtained results in terms of the possible quark-gluon plasma formation at the
early stage of the collision is also discussggi556-281@9)00905-X

PACS numbd(s): 25.75.Dw, 24.10.Pa

I. INTRODUCTION h

PUT, s v tn) = 2 PI(T, )
Different versions of thermal hadron g&slG) models :

have recently been used to fit the data of particle number h g (= 4
ratios in high energy nucleus-nucleu&« A) collisions at :Z —'2 dk2—21/2fi(k)’
BNL AGS and CERN SP$%see, e.g.[1-8]). These particle 67=Jo  (k*+my)

number ratios were measured in fixed rapidity intervals. Par- (1)
ticle abundances in HG models are described in terms of two

chemicalfreeze-out parameters, temperatlirand baryonic ~ where the integration variableis the momentum, and; and
chemical potentialug. However, the restriction on hadron m; are the degeneracy factor and the mass of thdadron,
yields in a fixed rapidity interval causes some problems. Tha&espectively. The distribution function is written as
universal energy distributions of all hadrons in HG models s 21p

are transformed into different rapidity distributions for dif- (K= +m7) ™= u;
ferent hadron species — the width of rapidity distribution is ex T
decreased with increasing particle mass. Therefore, to calcu-

late these particle number ratios measured in the fixed rapidFhe statistic factoty; is — 1 for bosons and-1 for fermions.
ity interval, additional model assumptions on collective flow The thermal number afth particle species is expressed as
effects and specific values ttiermalfreeze-out parameters
are required.

In the present work, we analyze the data on hadron mul-
tiplicities in central Pb-Pb collisions at 158 GeV/c mea-
sured at CERN SPS. The aim of our thermal HG analysis ofn which V is the total volume of the hadron system assumed
hadron multiplicities in a full 4r-geometry is to avoid the to be equal to the sum of the proper volume elements at the

above-mentioned complications. The basic assumption heghemical freeze-out. Hadron chemical potentia|sare ex-
is rather strong that the values of the chemical freeze-ousressed as

parameterd and ug in different elements of the system are

-1

fi(k)= + 7 (2

id N (9_pid_di_v - .
NET =V = ket @)

equal. However, the collective flow effects are still permitted MLi=bijugtSius (4)
and the validity of a pure thermé&ffireball” ) model is not ) .
necessarily required. in terms of baryonic gg) and strange £s) chemical poten-

tials with hadron chargeb;=0,=1 ands;=0,1,+2,53.
Direct (therma) particle yields are calculated according to
Eq. (3) for all known stable hadrons and resonances with
mass up to 2 GeV. The total multiplicity oth hadron is the
The ideal gas equation of state for a mixture of differentsum of its direct yield3) and all possible strong decay con-

Il. THE MODELS

particle speciesi=1,...h with chemical potentials tributions from resonances. This is true for all HG models
M1, .. ,Mp IS given by the pressure function in the granddiscussed in the present paper.
canonical ensemble as There are serious theoretical doubts in the validity of the

ideal HG model at the chemical freeze-out. Particle number

densities and total energy density of the HG for chemical

*Permanent address: Bogoliubov Institute for Theoretical Physicsreeze-out parameters found from fitting experimental data
Kiev, Ukraine. look artificially large. This is hardly consistent with the pic-
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ture of a gas of pointlike noninteracting hadrons. The intro- dV =
duction of the “hard-core” repulsion in the HG model has N (T, ui,|Si]) = '—zf dkk2F3(K). (8)
been widely discussed in the literatue=g.,[1-8]). We fol- 2mJo

low the excluded volume procedure of RE3] with the as-
sumption of substituting the total voluméby V—EihviNi .
The proper volume of each hadron is expressed in terms
of its “hard-core” radiusr; asv;=16/3? [8]. The HG equa-
tion of state with Van der Waald/DW) repulsion can then
be written as

Hadron multiplicity data for CERN SPS nucleus-nucleus col-
lisions were recently fitted with E48) in Ref.[15].

Hadron multiplicities(3), (6), and (8) in HG models de-
pend on 3 thermodynamical parametexs, T, and ug
(strange chemical potentials is always defined by the re-
quirement of zero total strangengssThe model with
VOW S - strangeness suppressi@d) introduces an additional phe-
PN pegy vt =P ATy - ), nomenological parametey,. Meanwhile, in the VDW HG

model (6), one new parametar is added to the ideal HG
(5) formalism— =0 is assumed for simplicity7,8]. Note that,
by puttingy,=1 andr =0, the ideal HG model is recovered:
Egs.(8) and(6) are reduced to E(3).

We consider also the HG model which combines both
strangeness supperession and hard-core repulsion effects.

mi=upi—vip’PN

T,,LL]_, L uu“h)v

and particle multiplicities are given as

t?pVDW : : H H 7 -
Ni\/DW(T,,ul, ceoptn) =V 3 The pressure functiop in this model is defined by the equa
Mi tion
o~ - - ~
= h N: (T'MI) . (6) p:pS(T,ILLl, e uu‘h)r Mi= i — Ui, (9)
1+, vJ-Nijd(T,,ﬂj)/V wherep® in Eq. (9) is given by Eq.(1), but with distribution
=1

functionsf; (7) instead off; (2). Thermal hadron multiplici-

ties N; are then given by
All HG multiplicities (6) are suppressed in comparison with

the ideal HG result§3). The same values &; in the VDW NS(T, i ,|S))

HG as in the ideal HG correspond to a larger value of vol- Nj= R . (10
umeV in the VDW HG than in the ideal HG. An artificially 1+ 2 v NS(T ﬁ SV

high energy density in the gas of noninteracting hadrons is = e

therefore remove@B,10).

The ideal HG model cannot fit existing data of hadron
multiplicities. Numerous attempts to fit data on particle num-
ber ratios inA+ A collisions at AGS and SPS energies have The data for hadron multiplicities in PtPb collisions at
revealed two possible ways to modify the ideal HG model:158A GeV/c and references to the original pap¢t$—21]
pion enhancement or strangeness suppression. In othare presented in the last two columns of Table I. Because the
words, in order to fit data, one usually needs either moreneasurement of hadron multiplicities in Bb collisions at
pions or fewer strange particles in comparison with the ideaSPS energies are not yet complete, we also include several
HG results. The introduction of the phenomenological pahadron ratios in the central rapidity region,
rametersr; could change particle numbe_r ratios in corr)pari-K+/K7, HD, E/E, andQ/Q (the controversial\/A ratio
son with ideal HG ‘r‘esults. To’sanha}nce pion/hadron ratios Wes ignored in our fitting. Due to equal mass, the kinematic
assume a smaller “hard-core” radius for pion than those for.ompjications mentioned in previous paragraphs are not ex-
all other hadrons; ,<ri=r [7,8]. The alternative dynamical hacted to be very important. We assume, therefore, that these

explanations of the observed pion excess are presented |Biins in the central rapidity region are approximately equal
Refs.[11,12in the framework of hydrodynamical and trans- ¢, the corresponding ratios of the total hadron multiplicities.

lll. FITTING PROCEDURE AND RESULTS

port approaches. o _ The fitting procedure is to minimize
A chemical nonequilibrium HG with a strangeness sup-
pression was suggested in REf3]. It is usually formulated N (yexper_ytheor2
in terms of a phenomenological paramefgr 1, which can Y= 1y

be connected to additional chemical potential regulating the k=1 (AVEXper)z

absolute value of total number of strange quarks and anti- . )

quarks in the HG systeffiL4]. The form of Egs(1) and (3) To comparg the fitting of different models to the data, we
remains the same in this approach, but the distribution funcformalizex” by

tions are modified as 2 2
X __ X (12)
(k2+m-2)1/2—,u,- -1 DOF N-n'
—|s 1 I
fis(k)z['ys S'lex;{f%-m} , (7) i . . .
whereN is the number of experimental data points fitted and

n is the number of parameters in each model. The best fit
where|S| is the sum of the number of strange quarks andwith ideal HG model is presented in the first coluifiD) in
antiquarks in hadron. Hence Eq(3) becomes Table I. It has been known that the ideal HG model cannot fit



2790 GRANDDON D. YEN AND MARK I. GORENSTEIN PRC 59

TABLE I. Particle multiplicities and ratios for central P#Pb SPS collisions in different HG models.

ID VDW SS SS+tVDW Data Reference

T [MeV] 165 165 165 165

Lt [MeV] 235 235 235 235

V [fm?] 2490 6060 3150 6640

r [fm] 0.00 0.46 0.00 0.45

Vs 1.00 1.00 0.55 0.62

Ng 347 337 382 374 37210 [16]
h™ 514 615 566 674 68050 [17]
Kg 89.3 86.4 60.5 65.3 6810 [17]
@ 11.7 11.3 4.46 5.42 540.7 [18]
p_E 124 120 155 149 15520 [17]
K*/K™ 1.78 1.78 1.74 1.75 180.1 [19]
ap 0.060 0.060 0.059 0.060 0.60.01 [20]
E/E 0.242 0.244 0.223 0.227 0.249.019 [21]
5/9 0.496 0.502 0.441 0.452 0.383.081 [21]
x%/DOF 108/6 95.4/5 12.5/5 3.58/4

all hadron ratios simultaneously. This problem has been disformation at the early stage @&+ A collisions. The “en-
covered in the previous attempts to fit data on particle numhancement” in strange hadron productions was suggested as
ber ratios in collisions of S nuclei with different targets at a signal for the formation of QGP iA+ A collisions (see
CERN SP92,3]. From our fit of the data set in Table | for e.g., Ref.[22]). One expects that the strangeness equilibra-
Pb+Pb it follows that the main problems for the ideal HG tion time in the QGP is much shorter than in the HG. There-
model are indeed a deficiency of pions, the major contribufore, rapid production and equilibration of strangeness is ex-
tion to h™, and a surplus of strange particles —2 Knd ¢ pected in the QGP initial state, and the strangeness
substantially exceed their experimental estimates. It is possuppression factorys;<1) is usually associated with an in-
sible to improve the agreement withr and ¢ within the  complete strangeness equilibrium in the pure hadron matter.
ideal HG model [~ =603, ¢=6.38) by choosing a A real picture could be, however, very different. We
smaller temperatureT(=125 MeV) and a larger volume found that, for the chemical freeze-out paramefieesd ug
(V=15900 fn?). To keepNj close to datalg=370) one shown in Table |, the strangeness to entropy ratio is larger in
needs then a larger value of the baryonic chemical potentighe equilibrium HG than in the equilibrium QGP. Therefore,
(ug=300 MeV). These “small"T and “large” ug param-  ys<1 strangenessuppressiorin the HG would become a
eters in ID HG lead, however, to completely wrong anti- signal for the formation of QGP at the early stagefof A
baryon to baryon ratios’/p, E/E, andQ/€ all become an collisions at CERN SPS energies. The same conclusion was

order of magnitude smaller than their measured values. obtgtined in Ref[k23].t_ K pai be primaril duced
The agreement is improved if one adopts either theby range guark-antiquark pairs may be primarily produce

strangeness suppression schéB® or hadron “hard-core” hard (with typical momenta of several Ge\(ant)quark

; ; _ : d gluon caollisions at the early nonequilibrium stageAof
repulsion schemé&/DW) with r _.=0 andr>0 which leads an )
to the pion enhancement as mentioned before. The VDW A at the SPS. If the QGP is for(gned one can expect the

results are shown in the second column of Table I. Note thaf®MPlete strangeness equilibratiops(=1 in the QGR. To
h~ becomes closer to data bug kind ¢ are still too large. estimate the strangeness/entropy ratio in the QGP, let us use

The SS results are shown in the third column of Table I. Théhe ideal gas approximation of maSSIfss d—(anthuarI:]s,
quality of the fit is significantly improved. However, there is 91Uons and strangeantjquarks withms=150 MeV. In the

still a deficiency of pions in the SS HG model. Finally, the Wide range ofT and up(T=160-300 MeV,ug=0-400
results of taking both SS and VDW together into consider-MeV)’ one finds an almost constant value of the ratio of total

ation are given in the fourth column of Table I. Th& of ~ nuUmber of strange quarks and antiquas- N to the total

this it is remarkably small as shown in the table. In addition,€NroPYS:

we present in Table Il all relevant total hadron multiplicities N+ N=

calculated with parameters found from-$8DW. Similar to R= ———=0.022-0.025. (13
Table | the hadron multiplicities presented in Table Il in- S

clude both directtherma) yield (10) and all possible contri- TABLE II. Particle multiplicities for central PiPb SPS colli-
butions from strong resonance decays. sions predicted in SSYDW HG model. The values of model pa-

rameters are taken from Table I.

IV. DISCUSSION

Il |

_ _ o _ 77 K" K~ A A E Q Q
Let us discuss a possible physical interpretation of thegsy  g31 476 389 443 586 1.33 0242 0.110
obtained results in terms of the quark-gluon plasiQ&P
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There is no realistic model for the QGP hadronization.reasonable explanation to the PBb data sets. Meanwhile,
We do not expect, however, essential additional contributiorthe obtained particle number density and total energy density
to the strange-antistrandgadronproduction during the QGP of the ideal HG at the chemical freeze-out is extremely large,
hadronization: at this stage the typical therntahtiquark  which is inconsistent with the picture of a gas of pointlike
and gluon momenta are only a several hundred of MeVnoninteracting hadrons. To improve this situation, the hadron
Therefore, we assume the same number of strange quarkbard-core” repulsion had been proposed. It removes the
and antiquarks in the QGP before hadronization and in thartificially high energy and particle number densities in the
HG after hadronization. This number is not expected to begas of noninteracting hadrons. The VDW HG model with
further changed in the HG with local thermal equilibrium. r ,=0 andr;=r>0 leads to the pion enhancement and better
The typical thermal hadron momenta are too small forfit of hadron multiplicities is obtained. Chemical nonequilib-
strange hadron production. We expect, therefore, the sam@m effects with strangeness suppression were also studied.
number ofNg+ Ngin the HG at the chemical freeze-out. The We have found that this modification significantly improves
total entropy is also expected to be conserved approximatelthe agreement with data. Furthermore, the combined effect
during the hadronization of QGP and HG expansion. Thisof these two mechanisms results in an extremely good agree-
suggests that the value B at the HG chemical freeze-out ment with the data analyzed. We present the-S®W HG
should be close to that in the QGP. The valueRaffor ~ model predictions for relevant hadron multiplicities in cen-
different HG model fits are 0.048D), 0.037(VDW), 0.029 tral Pb+Pb at the SPS. Finally, an interpretation of the ob-
(S9, and 0.026(SS+VDW). It is remarkable that our best tained results in terms of the possible QGP formation at the
HG model fit, S VDW, where both pion enhancement early stage oA+ A collisions at the SPS is also discussed.
(r,=0, r>0) and strangeness suppression<(1) are in-

cluded, leads to the value &, very close, indeed, to the ACKNOWLEDGMENTS
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