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Initial conditions and charged multiplicities in ultrarelativistic heavy-ion collisions
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At ultrarelativistic energies the minijet production in heavy-ion collisions becomes sensitive to semihard
parton rescatterings in the initial stages of the process. As a result global characteristics of the event, like the
initial minijet density, become rather insensitive on the infrared cutoff that separates hard and soft interactions.
This allows to define a nearly parameter-fesguration cutofeit which the initial conditions may be computed.

As an application we study the centrality dependence of the charged particle multiplicity, which is compared
with present BNL Relativistic Heavy-lon Collider data and predicted at higher energies.
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[. INTRODUCTION rescatterings. With the help of a few simplifying hypotheses,
semihard parton rescatterings have been included in the in-
In heavy-ion collisions the partonic degrees of freedom ofteraction mechanism ifil1,12, and lead to sizeable effects
the two interacting nuclei become more and more importan@lready at RHIC energigd3—-15. Based on these results, in
as the center of mass energy of the collision increases. Ahis paper we propose a new saturation mechanism for semi-
some point the main particle production mechanism in thé)ard minijet production and use it in a two-component model
initial stage becomes the liberation from the nuclear wavdo compute charged particle multiplicities at RHIC and at the
functions of a great number of partons, also calehijet ~CERN Large Hadron Collide(LHC).
plasma At ultrarelativistic energies the partonic density of
the two nuclei is so high that perturbative methods on one II. INITIAL CONDITIONS AND SATURATION
hand[1-6] and semiclassical nonperturbative methods on
the other[7] become applicable to the computation of the
initial conditions of the minijet plasma. Its successive evolu-
tion will possibly lead to thermalization of the system and to
transition to the quark-gluon plasma phase, whose formation
and characteristics depend crucially on such initial condi- N}‘Q‘(b)zf d?rdxI" o(x,b—r)
tions. Though the latter are not directly accessible experi-
mentally, they can be related to final state observables, like
the charged particle multiplicity and transverse energy, al- X 1—exp{—kf dx’aH(xx’)FB(x’,r)H,
lowing a test of the proposed theoretical models.
We can divide, in general, the models into three classes: 2.9
(i) two-component model$,6], in which particle production o o )
is assumed to be decomposable into the sum of a soft and@d the average minijet initial multiplicity is obtained by
hard part according to some cutqdf; (ii) saturation models SUmming the analogous contribution from tBenucleus,
[1,3,4,7, which exploit the high parton densities involved in N™=Na"+Ng". For simplicity we omit the flavor indices
the processiii ) “others,” like the dual parton moddB] and and consider only gluon-gluon interactions in our formulas,
hydrodynamic mod€l9]. To distinguish between them, it has the inclusion of quarks being straightforward. In the numeri-
been proposed ifi5] to study the centrality dependence of cal computations both the gluons and the quarks have been
the charged particle multiplicity, since this allows to disen-included. In Eq(2.1), I'a=7a(r)G(X) is the nuclear parton
tangle to some degree the dynamical and the geometriclistribution function of theA nucleus,7A(r) is its nuclear
effects. For a review of the results of the above models oﬁhickness function, normalized & evaluated at a transverse
the charged multiplicity see R€f10]. coordinater relative to the center of the nucleus aB¢x) is
At very high energies the target parton densities experithe parton distribution function of a proton at a given frac-
enced by projectile partons are so high that the probabilitfional momentunx. For simplicity we omit the flavor indi-
for them to have more than one semihard scattering mages. oy is the pQCD gluon-gluon cross section at leading
become nonnegligible already at the BNL Relativistic order in the high energy limit,
Heavy-lon Collider(RHIC). At such regimes the usual per-

turbative computatiof2], obtained by eikonalization of the 9 1 4p2
Putation?] t 2 ( —ﬁ) O(xx's—4pj) 6(1—x)
xx's

When rescatterings are included in the interaction of two
nuclei of atomic numberé andB, the average number &f
nucleus minijets at fixed impact paramebes given by[11]

minijet cross section, may become inadequate. Indeed, it UH(XX')ZEW“s p2
takes into account only disconnected two-parton interactions 0

located at different points in transverse space but neglects the X 6(1—x"),

where we included all the kinematic limits amg, is the
*Email address: accardi@ts.infn.it cutoff that discriminates between soft and semihard interac-
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FIG. 1. () The minijet multiplicity N™ (solid line) and its limiting valueN[[, (dotted ling in a central Au-Au collision as a function of
the cutoffp, at RHIC and LHC energies. The dashed lines are the saturated minijet multiplffieith a saturation parameter=0.7
(long dashesand c=0.8 (short dashes The intercept of the dashed lines with the dotted lines determines the saturation @)tdtie
saturation cutoff as a function of the impact parameter at RHIC and LHC energies. The shaded area is the region where we estimate that the

saturation criteria ceases to be valid.

tions. We also included explicitly thiefactor, k, to take into  Taking a very large factor corresponds, indeed, to the limit
account higher-order corrections. Both the cross section anid which the target becomes completely black and the semi-
the parton distributions depend on a sd@le p,, which we  hard interactions are effective in extracting all the partons
take equal to the cutoff. In the numerical computations wefrom the projectile nucleus. The limiting procedure is needed
will set k=2 and use the Woods-Saxon thickness functionin order to keep track of the kinematic limits. As it is easy to
and the Glucket al. parton distribution functionf16]. see,

Equation(2.1) may be interpreted as the integral of the N~ Nm
average density of projectile partofigt a givenx andr) po—0
times the probability of having at least one semihard scatter-
ing against the target. The exponent in E8.1) may be therefore we can define the saturation cutoff as the value of
interpreted as the opacity of the target nucleus, being propoPo such that the minijet multiplicity becomes a substantial
tional to the total transverse area occupied by its partons dtaction of its limiting value,
the resolution scal@,. Two interesting limiting cases may N™(po=Psad =N (Po=Psar), (2.3
be studied. At high values @f, the target has a small opacity
and is seen by the incoming partons as a rather dilute systerwhere the saturation parameter ds a positive number
As a consequence N™=2[d?rdxdx' T A(x,b smaller than 1. Notice thaps.= psal(\/S,C) is a function
—1)oy(xx)T'g(x'), and we recover the usual perturbative also of the energy of the collision. From our discussion it is
result[2]. On the other hand, at low values pf§ the target obvious thaic must be close to 1 to Igig,; lie in the region
opacity increases: the target is becoming black to the projeswhereN™! is saturating. However, to stay in the perturbative
tile partons. As a consequence, the probability of scatteringegime we cannot choose it too close to 1 sipgg—0 as
at least once becomes so high that nearly every projectile— 1. Finally, we define theaturated minijet multiplicityas
parton scatters and the minijet multiplicity reaches a limitingthe average multiplicity evaluated at the saturation cutoff,
\F;iltl;?i(;?ftead of diverging as it happens in the Eikonal com- N = NI J5,6)=N"(po= pear)- (2.4)

In the regime where the target is almost black, the semitn our approach this number represents also the muiltiplicity
hard interactions are extracting from the projectile nucleusf partons produced in the early stage of the heavy-ion col-
wave function all its partons, and even if we use a lowerjsion.
cutoff, no more partons are there to be extracted. For this |n Fig. 1(a) we show the minijet multiplicity and its lim-
reason the minijet multiplicity tends to satur@ie3], see also iting value as a function of the cutoff, at RHIC and LHC
Fig. 1(a). We callsaturation cutoffthe value ofp, at which  energies. The rapidity density gt=0 is computed by inte-
this happens, and will denote it ag,;. Of course the valid- grating Egs.(2.1) and (2.2) over a pseudo-rapidity interval
ity of this picture is limited to the kinematic regions where | ;| <1, where we approximateg~In(xy/s/p,), and by di-
the saturation cutoff is in the perturbative rangey,:  viding the result by a factor 2. The dashed lines represent the
>Aqcp- To give a quantitative definition of the saturation satyrated initial conditions computed with=0.7 and c
cutoff we start by considering a central collision of two equal— 8. we can see that at a given enertyfl,, which is
nuclei. We define theipper boundor the minijet multiplic-  gptained as the intercept of the solid and dashed lines, is

ity as nearly independent of the saturation parameter as long as the
latter is close enough to 1. Indeed, both at RHIC and LHC
NTI (b=0)= lim N/Tj:f d2rdxT A(X,r). energy we obtain approximately a 3% increase in the satu-
k— o0 4pg/s=x=1 rated multiplicity going fromc=0.7 to c=0.8. Therefore,

(2.2 wherea< is an arbitrary parameter its actual choice does not
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affect strongly the determination of the initial conditions.
The dependence gf;,, on \/s was studied if14] where it is
shown that for central collisions the saturation criterion is
applicable from RHIC energies onwards.

Unless we use nuclear thickness functions with sharp
edges, like the hard-sphere distributions, by applying blindly

the saturation criteria to noncentral collisions we would ob-

tain an impact-parameter-independent bound on the minijet

multiplicity.  Indeed we would have N (b)
= [d?rdxI"s(x,b—r) = fd?rdxI o(x,r). In this way, by re-
quiring saturation as in Eq2.3) we would be asking the
semihard interactions to extract all the partons from the pro

jectile nucleus even in a very peripheral region, which is

clearly unphysical. A simple way to implement the collision a
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FIG. 2. The minijet average occupation number in the transverse

area(solid lineg: nM=AM/AMN  where AT'=NMi(p,)=/pZ and

MV is the transverse area of a gold nucleus. The dashed lines show

geometry in the saturation criterion is to cut by hand thethe average occupation number of the saturated minijets as a func-

thickness functions outside a given radRigof the order of
the nuclear radius. However, the minijet multiplicity as a
function of the centrality of the collision turns out to depend
too strongly on the choice d®. except at very high central-
ity or very high energie$14].

To find a less arbitrary way of implementing the collision

tion of the saturation momentum. Wheiﬁ‘jzl the minijets begin
to overlap transversely.

Psai(b) sets the limit of validity of the present approach, as
will be discussed in the next section.
Notice that the saturation cutoff, and consequently the ini-

geometry we look at the Glauber model computation of thetial conditions, are practically determined by the choice of

average number of nucleons that participate in the collision

Npart(b)=J d?r ra(b—r)Pg(r)+A<B, (2.5

wherePg(r)=1—[1—o0pp(9) 75(r)/B]® and Tpp is the in-
elastic pp cross section, which we take frofil7]. At
Js=130 GeV, 200 GeV, and 6000 GeV we have,,
=39 mb, 42 mb, and 75 mb, respectiveBg is the probabil-
ity that a projectile nucleus at a given transverse coordinate
has at least one inelastic interaction with the target nucleon
Then, we may require the saturation only for the fraction o
projectile partons that belongs to a participating nucleon, an
define aneffective nuclear distribution function

T aa(X,0,1) =T A(X,b—1)Pg(r).
Correspondingly, we have an effective minijet multiplicity,

WQ\”(b)=f d?rdxT og(x,b,r)

X

1—exp[—j dx’o-H(xx’)Fb(x’)]
and an effective upper limit,
N»leim(l:)): f dzrdXFAB(X,b,r),

which is no moreb independent. Then, the saturation crite-
rion generalized to an arbitrary impact parameter becomes

ij(pozpsat)zc (2.6

_Irm]( Po= Psav)-
Finally, having determinegs,; in this way we use it in Eqg.
(2.4) to compute the average initial parton multiplicity.

In Fig. 1(b) we show the saturation cutoff as a function of

the impact parameter at RHIC and LHC energies for differ-

ent saturation parametecs The horizontal line shows the
limit of approximately 0.7 GeV whose intersection with

the parton distribution functions. As explained above and in
[13] the initial conditions are nearly independent of the re-
maining free parameters, namely, the saturation parameter
and thek factor.

In the proposed mechanism saturation is reached when
there are no more partons that semihard interactions can ex-
tract from the nuclear wave functions. In this sense this
mechanism is a saturation of the minijet production and is
intermediate between initial and final state saturation. In ini-
tial state saturatioril] (see alsq6,7]) the parton density

f1°’hside the incoming nuclei saturates due to a compensation
%etween parton splitting and parton fusion processes in the

okshitzer-Gribov-Lipatov-Altarelli-Pari§DGLAP) evolu-
tion, which induces a corresponding saturation in the minijet
multiplicity. On the contrary, in the final state mechanism
[3,4] the saturation is assumed to be caused by the high
density of produced minijets, which screens softer parton
production due to parton fusion processes in the final state.
In particular these final state interactions are assumed to set
in when the transverse area occupied by the minijets be-
comes comparable to the nuclear overlap area. Both pro-
cesses may, therefore, complement our saturation mechanism
since the former modifies the input parton distribution func-
tions and the latter deals with a later stage process. However,
as we can see in Fig. 2, ats=130 GeV and /s
=200 GeV the saturated minijets fill the transverse area
only partially. Therefore final state saturation effects should
not alter significantly our computations at RHIC energies,
but may play some role at LHC energies.

IIl. CHARGED PARTICLE MULTIPLICITY

We want to apply the saturation criterion for the semihard
parton production in the initial stage of the collision to the
computation of the charged particle multiplicity. Thanks to
the self-shadowing property of the semihard interactions
[15,18, even if in Eg.(2.1) only the semihard cross section
oy appears, we are actually taking into account all the par-
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tons that hadat leastone semihard scattering, while their UL A AES SRR R LR DA
other scatterings may be semihard or soft with no restric- .~ 4 [s oz oy © T T 7
tions. Therefore we are missing only the purely soft part of g - T —]
the production mechanism. This leads us to adopt a two- < 3 -+ -
component model in which the charged particle multiplicity g C C ]
is written as the sum of a soft and a semihard part: = 2| /. S ocev e | Je200 cev
dN"/d7(b) =dNZge/dn(b) + dNS/d7(b). The soft part is T AT AT S T M
assumed to scale with the number of participants, (Edp), :11* 18 £ #4 100 200 300 400
so that[6] T 186 = /— o

chh N b § 14 F E c=0:7 averaged

ﬁ(bhxn@(s)%”. (3.0 ERC I = s e

10 3 // ety 3 T ¢=0.8 averaged

Here n,(s) is the pseudorapidity density of charged par- 80:"" 1(‘)0 2(')0 3(')0 ':00

ticles produced aty=0 in a pp collision at a given c.m.

energy s. We use the fit[19], n,5(s)=2.5-0.25Ing) Npart
+0.0231rf(s). The coefficientx=x(s) is a parameter that
allows to adjust the relative weight of soft and semihard
interactions and will be determined from the experimental
data. Further, we assume the semihard part to be completely, ., panel the lower pair of curvésashed and dotted linesep-
qomputab_le frqm the saturatipn criterion for minije_t PrOduc'resent the semihard contribution. The upper pair of cureesid
tion described in the last section. To convert the minijet Mul-3ng got-dashed lingsre obtained by averaging the semihard con-
tiplicity to charged particle multiplicity, we further assume tipytion and by adding the soft part. AB=130 GeV the param-
isentropic expansion of the initially produced minijet plasmaeterx is extracted from the 3% most central PHOBOS Collabora-

FIG. 3. Charged particle multiplicity per participant pair, Eq.
(3.3), as a function of the number of participants at different center
f mass energies and saturation parameter.7 andc=0.8. In

and parton-hadron duality, so that tion events atys=130 GeV[21]. At higher energies the upper
Neh dNmM curves may be considered an upper bound, while the lower ones
sh 2 sat .
J (b)=0.9><§ X d (b), (3.2  give a lower bound, see text.
n Y

where the factor 0.9 is due to the different number of degrees At ‘./5_ 130 GeVv we f|ndx—£).445 andx—_0.453 for

of freedom of the system in the minijet-plasma phase and iﬁalturatlofr)]( parametecd§0.7 ?ndc.— O'E;’ respﬁctg/gly. The;e
the hadronic phasgs]. To mark out the contribution of the va u_es 0 correspo_n to a fraction of semihard interactions
hard part it is customary to divide the charged multiplicity byFSh_O'805 andrs,=0.817, respectively, and show a good

the number of participant pairs, so that the observables Wgt."f:ﬁ”'ty Wm: :est[;)]ect tac. The relatlvtelty Iargfe V?l;le dcTSth
are interested in are with respect to the common expectation of nearhand to

the value of 0.37 extracted from the Bagekal. data in Ref.
1 dNeP NSh [6] is due to the fact that we considered as belonging to the

N (D)2 dry O =XM(S)+ 5 5, (P) ft part of the observable al ihard regi

part ” par(D)/2 d7 nonsoft part of the observable also semihard region
(3.3 0.7 Ge\=py=2 GeV. Note that we can push our perturba-
tive computations to such low values of the cutoff because
and the fraction of semihard interactionsFg, inclusion of parton rescatterings results in a rather small sen-
=(d Ngﬂ/d 7) (ANMd7). sitivity of global observables tp, in that region[13,14).

To make a comparison with experimental data we have The two curves start with a moderate slope at high cen-
first to relate the observables appearing in E33), which  trality and at some point they decrease very fast. This hap-
are functions of the impact parameter, to the experimentgbens when the corresponding saturation cutoff becomes
ones, which are obtained as averages over centrality classesaller than 0.7 GeV, approximately. The reason for this
of events[20—23. Following [6,23], to which we refer for behavior is that the distribution functions are fitted just down
the details, we do this by studying the minimum bias multi-to a scaleQ~0.9 GeV and they are numerically extrapo-
plicity distribution of charged particles and by dividing the lated at lower scales. Below 0.7 GeV the extrapolation gives
events in suitable subsets over which the average is peen unnaturally fast decrease of the parton densities, which
formed. The next step is to extract the parametén Eq. results in the rapid fall of the minijet production. Then, we
(3.1) by comparing the computation for the 3% most centraldefine the region of validity of our computations as one such
events and the PHOBOS Collaboration data @t thatps,=0.7 GeV, or in other words one to the right of the
=130 GeV from Ref[21]. This value is then used to make knee in the charged multiplicity.
predictions at higher energy. The value ofpg,,; at fixed centrality decreases when the

In Fig. 3 we show both the results for the semihard partsaturation parameter increasegsee Fig. 1, therefore the
before averaging over the centrality classes, and the resultsirve withc=0.8 is reliable for a smaller range of centrality
obtained after the averaging and inclusion of the soft partthan the curve witlt=0.7. They agree, however, in the com-
For each curve the result obtained by setta¥g0.7 andc mon region of validity(showing a slight tendency to increase
=0.8 in Eq.(2.6) is shown. their slope with increasing), and after the experimental
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averaging and the fit to the most central data point, both IV. CONCLUSIONS

describe well the experimental data. The inclusion of semihard parton rescatterings in the in-

RS . o Ao Sl teracton cynamic ofheayion clisions at very ig en-
. . S ’ . ergy allows a reliable computation of the initial conditions,
SOft. mteractlons Is expected to grow with the energy of thelike the minijet multiplicity, and the introduction of a nearly
collision, and we can use the va_lue 6L, determined at parameter-free saturation criterion to determine the infrared
Vs=130 GeV to obtain an approximate upper bound for the it 1o be used in the perturbative computations. The pro-

charged multiplicities: for/s=130, posed saturation mechanism is intermediate between the ini-
1—Feplb=0.5=130 Gevd Ngﬂ/d 7 tial and fina_l state ones, in that, it deals with the saturation in
XNyp(S) < (b=0y). the production of minijets.

Ferlb-0.5-130 cev  Npart/2

(3.4 We tested our approach against RHIC data on the central-
' ity dependence of charged multiplicities by using a two-
The curves for the two values ofagree over a wider range component model in which the semihard part is assumed to
of neutralities. This is to be expected since the saturatio€ completely given by the proposed saturation criterion. At
cutoff at fixed centrality grows with the center of mass en-Vs=130 GeV we find a good agreement with the data,
ergy, and goes below the critical value of 0.7 GeV at smalleihich allows us to extrapolate the results at the highest
centrality. Notice also that the slope of the curves has inRHIC energy of Js=200 GeV and at LHC energy/s
creased. =6 TeV, by putting upper and lower bounds on the charged
At LHC energy, Vs=6 TeV, the particle production is Multiplicities per participant pair as a function of the number
generally believed to be almost completely semihard. Thereof participants and by predicting their slope.
fore we expect that the data will be close to the averaged
semihgrq multiplicity without any nor_mal!zatio(which is ACKNOWLEDGMENTS
very similar to the lower curve plotted in Fig).3Though the
saturation criterion is applicable over the whole centrality | am very grateful to D. Treleani and P. Huovinen for their
range considerefksee Fig. 1b)], the slope of the curves is stimulating comments and a critical reading of the manu-
rather sensitive to the saturation parameter, resulting in acript. | would like also to thank R. Arnaldi, M. Gyulassy, D.
larger theoretical uncertainty. We expect that a better treatKharzeev, H. J. Pirner, A. Polleri, C. Salgado, U. Wiede-
ment of the scal& and of the pseudorapidity, which are mann, and F. Yuan for many useful discussions. This work
taken to depend simply on the cutgif, could solve at least was partially supported by the Italian Ministry of the Univer-
partially this problem. However, the average slope has insity and of the Scientific and Technological Research
creased confirming the trend observed at lower energies. (MURST) by Grant No. COFIN99.

[1] L.V. Gribov, E.M. Levin, and M.G. Ryskin, Phys. Rep00, 1 J. Mod. Phys. 26, 4375(1991); Phys. Rev. D49, 138(1994);

(1983; J.P. Blaizot and A.H. Mueller, Nucl. PhyB289, 847 50, 4703(1994.

(1987; A.H. Mueller and J. Qiujbid. B268, 427 (1986. [13] A. Accardi and D. Treleani, Phys. Rev. &, 116002(2001J).
[2] K. Kajantie, P.V. Landshoff, and J. Lindfors, Phys. Rev. Lett. [14] A. Accardi, hep-ph/0104060.

59, 2527(1987. [15] A. Accardi and D. Treleani, hep-ph/01063(6 be published
[3] K.J. Eskola, K. Kajantie, P.V. Ruuskanen, and K. Tuominen, in Phys. Rev. D.

Nucl. Phys.B570, 379 (2000. [16] M. Gluck, E. Reya, and A. Vogt, Eur. Phys. J5C461(1998.
[4] K.J. Eskola, K. Kajantie, and K. Tuominen, Phys. Lett47, [17] See Fig. 37.19 in Particle Data Group, D.E. Groetal, Eur.

39 (2001); H.J. Pirner and F. Yuarnbid. 512 297(2001); K.J. Phys. J. C15, 1 (2000.

Eskola, P.V. Ruuskanen, S.S. Rasanen, and K. Tuominer18] R. Blankenbecler, A. Capella, C. Pajares, J. Tran Thanh Van,
hep-ph/0104010; K.J. Eskola, K. Kajantie, and K. Tuominen, and A. Ramallo, Phys. Letil07B, 106(1981); C. Pajares and

hep-ph/0106330. A.V. Ramallo, Phys. Rev. [31, 2800(1985; D. Treleani, Int.
[5] X.N. Wang and M. Gyulassy, Phys. Rev. L&6, 3496(2001). J. Mod. Phys. All, 613(1996.
[6] D. Kharzeev and M. Nardi, Phys. Lett. 87, 121 (2001). [19] CDF Collaboration, F. Abeet al, Phys. Rev. D41, 2330
[7] L. McLerran, hep-ph/0104285, and references therein; A.H. (1990.
Mueller, Nucl. PhysB572 227 (2000. [20] PHOBOS Collaboration, B.B. Baait al, Phys. Rev. Lett85,
[8] A. Capella and D. Sousa, Phys. Lett.5R1, 185 (200J. 3100(2000.
[9] P.F. Kolb, U. Heinz, P. Huovinen, K.J. Eskola, and K. Tuom- [21] PHOBOS Collaboration, B.B. Badt al., nucl-ex/0105011.
inen, hep-ph/0103234, and references therein. [22] PHENIX Collaboration, K. Adcoxet al, Phys. Rev. Lett86,
[10] K.J. Eskola, hep-ph/0104058; M. Gyulassy, nucl-th/0106072. 3500(2001).
[11] G. Calucci and D. Treleani, Phys. Rev.4d, 3367 (1990. [23] D. Kharzeey, C. Lourenco, M. Nardi, and H. Satz, Z. Phys. C
[12] G. Calucci and D. Treleani, Phys. Rev.4d, 2746(199Y); Int. 74, 307 (1997).

064905-5



