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Baryon stopping and hyperon enhancement in the improved dual parton model

A. Capella* and C. A. Salgado†
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We present an improved version of the dual parton model which contains a new realization of the diquark
breaking mechanism of baryon stopping. We reproduce in this way the net baryon yield in nuclear collisions.
The model, which also considers strings originating from diquark-antidiquark pairs in the nucleon sea, repro-
duces the observed yields ofp and L and their antiparticles and underestimates cascades by less than 50%.
However,V’s are underestimated by a factor of 5. Agreement with data is restored by final state interaction,
with an averaged cross section as small ass50.14 mb. Hyperon yields increase significantly faster than
antihyperons, in agreement with experiment.@S0556-2813~99!05709-X#

PACS number~s!: 25.75.Dw, 24.10.Lx, 24.85.1p
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I. INTRODUCTION

A striking feature of heavy ion collisions is the huge sto
ping of the participating nucleons. At CERN energies,
deep minimum in the net baryon rapidity distribution (DB

5B2B̄) at y* ;0, observed inpp collisions, has been prac
tically filled up in a central collision of heavy ions@1,2#. For
central Pb-Pb collisions, the value of this density is fi
times larger than the corresponding value inpp, scaled by the
average number of participants. Note that the total numbe

B2B̄ ~i.e., integrated over rapidity!, exactly satisfies scaling
in the number of participants, due to baryon number con
vation. This shows the dramatic change in the shape of
B2B̄ ~andp2 p̄! rapidity distributions betweenpp and cen-
tral Pb-Pb collisions. Such a change is usually referred to
baryon stopping.

All independent string models of hadronic and nucle
collisions in their original form completely fail to reproduc
this important feature of heavy ion collisions. In the du
parton model~DPM! @3# and in the quark gluon string mode
~QGSM! @4#, the dominant contribution to particle produ
tion in pp collisions atAs;20 GeV, consists of twoqq-q
strings, which produce, after fragmentation, two baryons
the fragmentation regions of the colliding protons. Start
with the Lund model, which initially had a single string, th
above mechanism of particle production has been adopte
most current string models. In these models, there is s
amount of stopping due to energy conservation. This p
duces an increase of the net baryon yield at midrapidi
betweenNN and central Pb-Pb collisions, which is typical
of a factor of 2@3#—more than two times smaller than th
observed one. Hence, the dramatic failure of all these mo
to reproduce the observed stopping.

Actually, a possibility to slow down the net baryon inpp
collisions was introduced a long time ago by Rossi and V
eziano@5#. In their approach, the baryon is viewed as thr
valence quarks bound together by three strings each one
a quark at one end and with the other end joining in a po
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called string junction. This string junction carries momentu
as well as the baryon quantum number. Rossi and Venez
pointed out that the string junction could migrate to midr
pidities with a distribution in ds/dx;1/Ax ~or ds/dy
;exp(21/2u(y2ymaxu!. This corresponds to an annihilatio
cross section which decreases with energy likes21/2. In
Refs.@6# and @7# a distribution of the string junction inx21

~i.e., flat in rapidity! was proposed, corresponding to an a
nihilation cross section which reaches a constant asymp
value~of 1 to 2 mb!. Here we adopt the first approach. How
ever, we do not rule out the second possibility, which wou
have important consequences at the energies of the fu
heavy ion colliders@8#.

The above stopping mechanism has been recently in
duced in heavy ion collisions@8,9# and implemented in the
Hijing @10# and Venus@11# Monte Carlo simulations. How-
ever, the introduction of the Rossi-Veneziano mechan
does not explain by itself why the stopping is larger in ce
tral heavy ion collisions than inpp. In Ref. @8#, a mechanism
to enhance stopping in heavy ion collisions was proposed
was based on the separation of thepp cross sectionspp

5spp
DP1spp

DB into a diquark breaking~DB! and a diquark
preserving~DP! piece, and on the assumption that the
quark can be broken in any inelastic collision. These resu
a DB cross section inpA andAA collisions which increases
faster with A than theDP one. The drawback of this ap
proach is that it requires some fine tuning. The value ofspp

DB

has to be small enough in order not to contradict thepp and
pA data ~where stopping is comparatively small! and large
enough to produce the large stopping observed in cen
heavy ion collisions.

In a recent publication@12#, a new formulation of theDB
mechanism has been introduced in which this drawbac
avoided~i.e., one can havespp

DB negligibly small at CERN
energies, and still have an important effect in central Pb
collisions!. In the present paper we use the formulation
@12# to compute the rapidity distributions ofB2B̄ in had-
ronic and nuclear collisions. We obtain a reasonable ag
ment with experiment.1

1Note, however, that similar results are obtained using the
proach of Ref.@8# with the DB mechanism of Fig. 2.
©1999 The American Physical Society06-1
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A. CAPELLA AND C. A. SALGADO PHYSICAL REVIEW C60 054906
Another striking feature of the CERN heavy ion progra
is the strong increase of the yields of hyperons and ant
perons per participant betweenpp or pA and centralAB col-
lisions. This increase obeys the hierarchyV.J.L ~i.e.,
the larger the number of strange quarks inY, the larger the
increase! @13,14#. In two recent publications@12,15#, it has
been shown that a baryon stopping mechanism of the
described above produces a substantial increase of the
peron yields according to this hierarchy. The physical rea
for this increase is quite obvious@16#. Since in the diquark
breaking component the net baryon is formed out of th
sea quarks around the string junction, the probability of p
ducing hyperons is strongly enhanced, especially forV’s
since its probability of production in the conventional d
quark fragmentation mechanism is zero. In the present p
we extend the results of@12# in two directions. First, we
study the rapidity distributions of protons and hyperons inpA
and AA collisions ~in Refs. @12# and @15# the analysis was
restricted to the rapidity windowuy* u,0.5!. Second, we
show how the four free parameters of Ref.@12# can actually
be reduced to two. This makes the model more predict
especially for the antihyperon over hyperon ratios.

While the yield ofL’s and, to a large extent, of cascad
can be described by the model, that of omegas is under
mated by almost an order of magnitude. The same con
sion has been reached in@12,15#. We show that final state
interaction, with an averaged cross section as small as
50.14 mb@12#, allows one to describe all hyperon and an
hyperon yields.

A similar value ofs was found in Ref.@17# in the hadron
gas model. It was argued there that, due to this small valu
s, interactions in a hadron gas could not drive the system
chemical equilibrium~the process would be too slow!. We
find, indeed, that the effect of final state interaction inp and
L production is very small. Its effect onJ production is
moderate. Only for such a rare process asV production is its
effect very important, making theV1V̄ yield five times
larger than the value obtained without final state interacti

Due to the diquark breaking component, we obtain
increase of hyperons substantially larger than the one of
tihyperons, i.e., the ratio between Pb-Pb andpPb yields is
substantially larger forY than forȲ. This effect is enhanced
by final state interaction. It has been observed experimen
@14#.

The paper is organized as follows. In Sec. II we descr
the baryon stopping mechanism and compute the net ba
(B2B̄) rapidity distributions inpp, pPb, SSand Pb-Pb col-
lisions. In Sec. III we compute the rapidity distributions
p2 p̄ andY2Ȳ. In Sec. IV we describeBB̄ pair production
from strings containing sea diquarks or antidiquarks at on
their ends and show how theA dependence ofB̄ production
is increased. In Sec. V we study the effect of the final st
interaction, separately on theY and Ȳ yields. Section VI
contains a discussion of our results. Conclusions are give
Sec. VII.

II. BARYON STOPPING

A fragmentation string mechanism in which thex→0 and
x→1 behavior of the fragmentation functions is controll
05490
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by Regge intercepts has been introduced in Ref.@18#. In the
case of net baryon production, it consists of a sum of t
terms as depicted in Fig. 1. In the original Lund fragmen
tion scheme@19# only the first term is considered. The se
ond one was introduced later—the so-called popcorn mec
nism. Even with the inclusion of the second component@Fig.
1~b!# this mechanism leads to the production of too fast ba
ons and fails completely to reproduce the observed stopp
in heavy ion collisions. This fragmentation scheme@includ-
ing the component in Fig. 1~b!# will be referred to as the
conventional or diquark preserving~DP! mechanism. Fol-
lowing Ref. @12# we introduce the baryon stopping mech
nism showed in Fig. 2. It will be referred to as the diqua
breaking ~DB! component. In this component, the rapidi

distribution of the produced net baryonDB5B2B̄ in a N-N
collision is

dNDB
DB

dy
~y!5Cn1 ,n2

@Z1
1/2~12Z1!n123/21Z2

1/2~12Z2!n223/2#,

~1!

whereZ65exp(6y2ymax), n1 andn2 are the average num
ber of collisions suffered by the two colliding nucleons, a
Cn1 ,n2

is determined from the normalization to two. The fa

tor Z1/2 has already been discussed in the Introduction. T
factor (12Z) gives the behavior neary5ymax. There is
some uncertainty concerning its power@8#. The value in Eq.
~1! is obtained as follows. From Fig. 2 we see that in order
produce the baryon aty;ymax it is necessary to slow down
three quarks. Assuming they behave as 1/Ax at the energies
under consideration@4#, we obtain a power 1/2 for the cas
of Fig. 2, which corresponds ton52. In the general case o
n inelastic collisions we obtain the powern23/2 in Eq.~1!.

The corresponding distribution inAA collisions is@12#

FIG. 1. Conventional diquark preserving~DP! fragmentation
mechanism for net baryon production.

FIG. 2. Example of diquark breaking~DB! diagram for net
baryon production inpA with two inelastic collisions.
6-2
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BARYON STOPPING AND HYPERON ENHANCEMENT IN . . . PHYSICAL REVIEW C60 054906
dNAA→DB

dy
~y!5

n̄A

n̄ F n̄AS dNDP
DB

dy
~y! D

n̄/n̄A

1~ n̄2n̄A!

3S dNDB
DB

dy
~y! D

n̄/n̄A

G . ~2!

Here n̄A and n̄ are the average number of participants
nucleusA and the average number of collisions, respective
dNDP /dy is given by the conventional, diquark preservin
hadronization mechanism for which we use the results
Ref. @20#, and dNDB /dy is given by Eq.~1!. The integral
over y of both rapidity distributions is equal to two~baryon
number conservation!.

Let us discuss the physical meaning of Eq.~2! in pp in-
teractions (n̄A51). We see that in the case of a single i
elastic collision (n̄51), we recover the conventionalDP
mechanism. The underlying assumption is that, in this ca
the string junction follows the valence diquark and bary
production takes place in the conventional way.~We do not
exclude a small admixture of theDB component in this case
but experimental data do not require its presence. This sm
ness can be due to the fact that in this case, the corresp
ing graph has three strings@9#. This configuration, the sam
as in pp̄ annihilation, is not the dominant one, which
DPM consists of two strings.! Consider next the case of tw
inelastic collisions (n̄52). Here the underlying assumptio
is that there is an equal probability~1/2! for the net baryon to
be produced in any of the two collisions. However, in on
one of them can the string junction follow the valence
quark and fragment in the conventional~DP! way. In the
other one, the string junction is free and baryon product
takes place according to theDB mechanism.~In this case the
diagram, Fig. 2, is the one corresponding to the domin
configuration: four strings.! The DB component is respon
sible for ~most of! the observed baryon stopping. The gen
alization ton̄ inelastic collisions and toAA interactions@Eq.
~2!# is then straightforward. The probability ofDP is n̄A /n̄
and the one ofDB is 12n̄A /n̄5(n̄2n̄A)/n̄. The extra factor
of n̄A in Eq. ~2! is necessary to ensure baryon number c
servation.

It is quite remarkable that such a simple mechanism, w
no free parameter@modulo the uncertainty in the power o
12Z in Eq. ~1!, discussed above# gives a good description o
the present data on the net baryon rapidity distribution.

Note that in the case ofpp interactions atAs;20 GeV,
the two string component (n̄51) dominates, and, as dis
cussed above, we recover the usualDP results. With increas-
ing energies, the components withn̄Þ1 become increasingly
important and baryon stopping will increase. Equation~1!
~with n̄A51! not only gives definite predictions concernin
this increase but, moreover, leads to specific qualitative
tures. In particular stopping will strongly depend on t
charged particle multiplicity. A low multiplicity even
sample selects low values ofn̄ where stopping will be com-
paratively small, while, at large multiplicities, stopping w
be larger. Such a feature has been observed recent
HERA @21#, and discussed in Ref.@22# in a different theo-
retical framework.
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We turn next to the generalization of Eq.~2! to asymmet-
ric interactions such aspA. In this case one has

dNpA→DB

dy
~y!5

dN
DP

qqA2qv
p

dy
~y!1~ n̄21!

dN
DP

qqA2qs
p

dy
~y!

1
1

n̄
FdN

DP

qv
A

2qqp

dy
~y!1~ n̄21!

3
dN

DB

qv
A

2qqp

dy
~y!G . ~3!

Here dNqqA2qv
p(qs

p)/dy denotes the rapidity distribution of
string stretched between a diquark of one of then̄ wounded
nucleons ofA and a valence~or sea! quark of the proton.~It
is computed in DPM as a convolution of momentum dist
bution functions and fragmentation functions.! Since each of
the wounded nucleons suffers a single inelastic collisi
only theDP component is involved, with each diquark frag
menting in the nucleus fragmentation region (y* ,0). The
terms in the bracket correspond to the fragmentation of
incoming proton. Since it suffersn̄ inelastic collisions, we
have theDP hadronization mechanism~with probability 1/n̄!
and theDB one @with probability (n̄21)/n̄#. The latter is
now given by the first term of Eq.~1!. All rapidity distribu-
tions, integrated overy, are equal to one in this case.

The B2B̄ rapidity distributions obtained from Eq.~2! in
centralSSand Pb-Pb collisions are shown in Fig. 3. Note th
at midrapidities, these distributions are dominated by theDB
component. Not only the latter is proportional ton̄2n̄A @Eq.
~2!#, but, moreover,dNDB /dy is larger thandNDP /dy at
midrapidities~see Table I!. Nevertheless, the existence of th
two huge maxima of theDP component in the fragmentatio
regions, still shows up in theAA distribution. For a given
system, the detailed shape of theB2B̄ rapidity distribution
depends on the power of (12Z) in Eq. ~1!. As discussed
above there is some theoretical uncertainty in the value
this power. However, the variation of the shape of this rap
ity distribution from one system to another is a characteris
feature of the model. As seen in Fig. 3, the minimum
midrapidities is gradually filled up frompp to central Pb-Pb
collisions and, therefore, it is more pronounced inSSthan in
Pb-Pb.

III. NET HYPERON ENHANCEMENT

In the previous section we have shown that baryon st
ping can be described using a new formulation of the diqu
breaking~DB! mechanism. In this case, depicted in Fig.
the string junction is surrounded by three sea quarks to p
duce the net baryon. Therefore, not only the net proton y
Dp5p2 p̄ will be strongly enhanced frompp to centralAA

collisions, but also the net hyperon yieldDY5Y2Ȳ. This is
especially so forV’s, which cannot be produced at all wit
6-3
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A. CAPELLA AND C. A. SALGADO PHYSICAL REVIEW C60 054906
the DP mechanism of Figs. 1~a! and 1~b!.2 More precisely
the ratio between yields in centralAA andpA ~or pp! colli-
sions will obey the hierarchyDV.DJ.DL.Dp. This is
in agreement with the results of the WA97@14# and NA49
@1,13# Collaborations.

The relative yields of the different baryon species will
determined by the strangeness suppression factorS/L where
S is the probability associated to the strange quark andL the
one associated to the light quarks~u or d!. We consider two
possibilities: S50.10 andL5(12S)/250.45 (S/L50.22)
and S50.13 andL50.435 (S/L50.3). With baryons pro-
duced out of three sea quarks~Fig. 2! it is easy to see that th
relative yields are

I 354L3:4L3:12L2S:3LS2:3LS2:S3 ~4!

for p, n, L1S, J0, J2, andV, respectively. Moreover, we
take, S11S250.6L. This reduction in the number o
chargedS’s is due to resonance decay„S(1385)P13 decays
into Lp with an 8862% fraction….

2A new component consisting in a diquark which contains
quarks has been introduced in@23#. However, this diquark is as
sumed to have the same momentum distribution as a diquark m
out of two valence quarks and, hence, produces baryons main
the fragmentation regions.

FIG. 3. Rapidity distribution of the net baryon number (B2B̄)
in central SS (200A GeV/c) and PbPb (158A GeV/c) collisions.
The full lines are obtained from Eq.~2!. The data are from Refs

@1, 2# @for central SS collisions the data are obtained asB2B̄

52(p2 p̄)11.6(L2L̄)#. Open circles are data reflected abouty*
50 ~errors not shown!. The dotted line is the result obtained with
out theDB component in the case of central PbPb collisions. Due
baryon number conservation, these results are not affected by
state interactions.
05490
It is interesting that, in spite of the huge hyperon enhan
ment observed experimentally, the factors~4! lead~both with
S50.10 andS50.13! to an overestimation of hyperon pro
duction inpPb collisions especially forJ’s andV’s. In cen-
tral Pb-Pb collisions, net hyperon production is also over
timated, except for V’s. In Ref. @12# the following
explanation of this hyperon excess was proposed: at pre
energies, it may happen that the net baryon is not formed
of three sea quarks as in Fig. 2, but, due to phase sp
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FIG. 4. Rapidity distributions for net proton production (p
2 p̄) in central PbPb collisions at 158A GeV/c compared to the
results of Ref.@1#. Open circles are data reflected abouty* 50
~errors not shown!. The dashed line is our result without final sta
interactions with a strangeness suppression factorS/L50.3, and the
full line is the corresponding result with final state interactions. T
dotted-dashed line corresponds to a suppression factorS/L50.22
and with final state interactions. The dotted line is our result with
the DB component and without final state interactions.

TABLE I. Values of the rapidity densities aty* 50 in Eqs.~2!
and ~7! for central PbPb collisions (n̄A5178, n̄5858) with a
50.23 andS/L50.3 ~first four lines!, and with a50.5 andS/L
50.22 ~last two lines!. The DP and string contributions are th
same in both cases. The value of theDP component forJ2 is not
exactly 0, due to the fragmentation mechanism of Fig. 1~b!. How-
ever, its value is very small as compared to the other compon
and has been neglected.

p L J2 V

dNsea
B̄ /dy 4.8031023 2.1531023 3.2131024 3.2031025

dNDB
DB/dy 9.1231022 3.0031022 2.8631023 1.2331024

dNDP
DB/dy 6.9031022 1.4031022 0 0

dNstring
B̄ /dy 8.5031023 2.2631023 1.6531024 5.0731026

dNsea
B̄ /dy 6.5431023 2.4331023 2.9831024 2.431025

dNDB
DB/dy 9.5631022 2.6231022 2.2931023 1.2331024
6-4
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BARYON STOPPING AND HYPERON ENHANCEMENT IN . . . PHYSICAL REVIEW C60 054906
limitation, a valence quark, at one of the ends of the str
where the baryon is produced, is picked up together with
sea quarks. Obviously, in this case the strangeness pro
tion rate is substantially reduced~in particular,V production
is not possible in this case!. The relative yieldsI 3 in ~4! are
then changed into

I 252L2:2L2:4LS:S2/2:S2/2:0. ~5!

Note that the rapidity distribution of the net baryon
taken to be the same for the two mechanisms descr
above. The idea is that this distribution is given in both ca
by the probability to slow down the string junction, Eq.~1!,
and that a valence quark is picked up only when it happ
to be close by in rapidity.

In the following, we introduce a free parametera (0
,a,1) which determines the admixture ofI 3 and I 2 given
by Eqs.~4! and~5!. More precisely, we will take the relativ
yields given by

I 5aI 31~12a!I 2 . ~6!

The best description of the data is obtained witha50.23 for
S50.13 anda50.5 forS50.1. The results are similar in th
two cases, the sensitivity to the value of the strangeness
pression factorS/L turns out to be quite small. The resul
for the rapidity distribution of the net yields ofp and L in
central Pb-Pb collisions are given in Figs. 4 and 5. Note t
our rapidity distribution forL2L̄ ~Fig. 5! is broader than
the estimates of the NA49 Collaboration@1#. This, in turn,
produces some discrepancies in thep2 p̄ yield ~Fig. 4!. Final
data onL andL̄ are needed in order to clarify the situatio
we shall come back to this point in Sec. VI. The netL
rapidity distribution in centralSScollisions is shown in Fig.

FIG. 5. Same as Fig. 4 forL2L̄. Now the three dotted lines ar
estimates by the NA49 Collaboration@1#. The experimental point a
y* 50 is from the WA97 Collaboration@14#.
05490
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6. The corresponding results for minimum biaspA collisions
are given in Figs. 7 and 8. It is seen that the normalization
the experimental data is larger than the theoretical one, e
cially for p2 p̄. Note, however, that by integrating overy the
experimental distributions one realizes that their normali
tion is larger than the number of wounded nucleus inpAu
~given by the Glauber model! by more than a factor of 2. As

FIG. 6. Same as Fig. 5 for centralSScollisions. The data are
from NA35 @2# ~circles!. Also shown, the value of the totalL yield
measured by NA36@32# ~squares!. The theoretical curves are com
puted with:a50.23,S/L50.3 ~full line!; a51, S/L50.3 ~dashed
line!; a50.23, S/L50.22 ~dotted line! and a51, S/L50.22
~dashed-dotted line!.

FIG. 7. Same as Fig. 4 for minimum biaspAu interactions. The
experimental data are from Ref.@2#.
6-5
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A. CAPELLA AND C. A. SALGADO PHYSICAL REVIEW C60 054906
pointed out in@2# this excess may be due to recoil nucleo
which are not completely disentangled from the wound
ones. This point needs clarification.

Note that, in our model, the relative yieldsI 3 @Eq. ~4!#
should apply at higher energies when the phase space
tations are less important. WithS/L50.3, they would give a
ratio J11J0/L1S;0.3 which is in agreement with Fer
milab @24# and SPS collider data@25#.

IV. ANTIBARYON PRODUCTION

In string models,BB̄ pair production takes place vi
diquark-antidiquark pair production in the string fragmen
tion. It turns out that at present CERN energies only strin
of type qq-q have large enough invariant mass to produ
BB̄ pairs. This gives rise to a scaling ofB̄ yields in the
number of participants.~The number ofqq-q strings is pro-
portional to the number of wounded nucleons.! Experimen-
tally, the observed increase is much faster—closer to a s
ing in the number of collisions. In order to solve th
problem it was proposed some time ago@20,26,27# to con-
sider the production ofBB̄ pairs from diquark-antidiquark
pairs in the sea of the participating nucleons.3 The rapidity
distribution of antibaryons inAA collisions is then given by

dNAA→B̄

dy
~y!5n̄AS dNstring

B̄

dy
~y!D

n̄/n̄A

1~ n̄2n̄A!

3S dNsea
B̄

dy
~y!D

n̄/n̄A

. ~7!

3A different mechanism based on string junction-antijunction
change has been proposed recently@15#.

FIG. 8. Same as Fig. 5 for minimum biaspAu interactions. The
experimental data are from Ref.@2#.
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The first term represents the conventional pair production
the string breaking process. As discussed above, it is pro
tional to the number of participants. The second term co
sponds to pair production from a string having a sea diqu
or antidiquark at one of their ends. In DPM, the total numb
of strings is proportional ton̄. Since the number of string
with a valence diquark at one of their ends is proportiona
n̄A , the number of strings with a sea diquark at one of th
ends is proportional ton̄2n̄A . Of course, pulling a diquark-
antidiquark pair out the nucleon sea is dynamically su
pressed, in the same way as its production in the str
breaking process is suppressed as compared toq-q̄ produc-
tion. Thus, we expect that in each individual string, the p

duction ofBB̄ pairs in the two components~sea and string!
in Eq. ~7! are comparable. In practice, the normalization
the second component is treated as a free parameter. H
ever, it turns out that the sea component is always sma
than the string one, not only aty* 50 ~see Table I! but also
after integration over rapidity. Note that the string with s
diquarks have a smaller invariant mass.

For the string term we use the results of Ref.@20#. The
absolute normalization of this term was determined from a
of thepp data. For they dependence of the sea term, we al
use the results of Ref.@20#. As discussed above, its absolu
normalization is a free parameter. This parameter is the s
for all species of baryons. More precisely, since the bary
and antibaryons in the sea component are made out of t
sea quarks or antiquarks, the relative yields of the differ
baryon species is again given by Eq.~4!.4 ~We neglect here
the small differences in the rapidity shapes induced by
different baryon masses.! We are left in this way with a
single free parameter for this new sea component. Theref
we have a total number of two free parameters, one in
diquark breaking component and one in the sea compon
plus the value of the strangeness suppression factorS/L for
which two values~0.22 and 0.3! have been considered. O
course, the conventional componentsDP and string in Eqs.
~2! and~7! contain several free parameters. However, as
cussed above, these parameters have been fixed in Ref.@20#
from a fit of the pp data and are not changed here.5 The
values aty* 50 of the various components for the differe
baryon species are given in Table I.

The results for the rapidity distributions of theL1L̄,
J21J1, J2, andV1V̄ yields in central Pb-Pb collisions
at 158 GeV are given in Figs. 9–12. Thep, p̄, Y, and Ȳ
yields at uy* u,0.5 in minimum biaspPb collisions as well
as at four different centralities in Pb-Pb collisions, are giv
in Fig. 13. The corresponding ratiosRY5Ȳ/Y at uy* u,0.5
are given in Fig. 14. It should be noted that the values ofRY
are not absolute predictions of our model. They can

-

4Note that in this casea51; i.e., no admixture of the type dis
cussed in connection with theDB component is present here.

5For this reason, the change in the strange suppression param
S/L from 0.22 to 0.3 only applies to the new componentsDB and
sea in Eqs.~2! and ~7! ~see Table I!.
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changed by changing the normalization of the sea compo
in Eq. ~7!. However, the ratiosRp :RL :RJ :RV are a charac-
teristic feature of the model. They show an increase with
number of strange quarks in the baryon. In Fig. 15 we sh
the various baryon yields aty* 50 divided to the average
number of participants, 2n̄A , normalized to the same quan
tity in pPb. A discussion of these results is given in Sec.
after introducing final state interaction.

FIG. 9. Same as Fig. 4 forL1L̄. The point aty* 50 ~circle! is
from the WA97 Collaboration@14#. The squares are from NA49@1#.

FIG. 10. Same as Fig. 9 forJ21J̄1. The NA49 data are from
Ref. @13#.
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V. FINAL STATE INTERACTION

In an attempt to explain the strong enhancement of
V1V̄ yield observed by the WA97 Collaboration@14#, we
are going to use our results for the baryon densities as in
conditions in the gain and loss differential equations wh
govern final state interactions@17,28#

dNi

d4x
5(

k,l
sklrk~x!r l~x!2(

k
s ikr i~x!rk~x!. ~8!

FIG. 11. Same as Fig. 9 forJ2. The NA49 data are from Ref
@13#.

FIG. 12. Same as Fig. 9 forV1V̄. The experimental point is
from WA97 @14#.
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The first term on the right-hand side of Eq.~8! describes
the production of particles of typei resulting from the inter-
action of particlesk andl with space-time densitiesr(x) and
cross sectionsskl ~averaged over the momentum distributio
of the interacting particles!. The second term describes th
loss of particles of typei due to its interaction with particle
of type k. We use cylindrical space-time variables and
sume boost invariance@i.e., the densitiesr(x) are taken to be
independent ofy#. If we furthermore assume that the dilutio
in time of the densities is mainly due to longitudinal motio
i.e.,

r i~t,y,sW !5r i~t,sW !
t0

t
, ~9!

where t5At22z2 is the proper time andsW the transverse
coordinate, Eqs.~8! can be written as@28#

t
dr i

dt
5(

k,l
sklrkr l2(

k
s ikr irk . ~10!

Herer i(y,sW,bW )5dNi /dydsWdbW . Thus, at fixed impact param
eter bW , we have to know the rapidity densities per unit
transverse areadsW. Our Eqs.~2! and~7! do give these rapid-
ity densities—the dependence onsW andbW is contained in the
geometrical factorsn̄A and n̄, given by the Glauber mode
In the following, we use nuclear profiles obtained fro
Woods-Saxon nuclear densities using the three-param
Fermi distribution of Ref.@29#. For the pion densities we us

FIG. 13. Yields ofp, L, J2, V1V̄, p̄, L̄, andJ̄1 for mini-
mum bias pPb (158 GeV/c) and central PbPb collision
(158A GeV/c) in four centrality bins. Experimental data are fro
WA97 @14# ~black points! and NA49 @13# ~open square!. Full
~dashed! lines are our results with~without! final state interactions
for strangeness suppression factorS/L50.3. The dashed-dotte
lines are our results with final state interactions forS/L50.22.
05490
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ter

the DPM results of Ref.@30#, where explicit expressions as
function of n̄A and n̄ are given.

Equations~10! have to be integrated from initial timet0
to freeze-out timet. These equations are invariant under t
changet→ct. Therefore the result depends only on the ra

FIG. 14. RatiosB̄/B at y* 50 for minimum biaspPb and PbPb
collisions in four different centrality bins at 158A GeV/c. Black
circles, squares, and the triangle correspond to experimental da

WA97 @14# for L̄/L, J̄1/J2, and V̄/V, respectively. Open
squares are NA49 data@13#. Full lines are our results with final stat
interactions and dashed lines without final state interactions, b
for S/L50.3.

FIG. 15. Same as Fig. 14 for the baryon yields aty* 50 in PbPb
divided by the number of participant nucleons relative to the sa
ratio in minimum biaspPb.
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BARYON STOPPING AND HYPERON ENHANCEMENT IN . . . PHYSICAL REVIEW C60 054906
t/t0 . Following Refs.@30, 31#, we use the~inverse! propor-
tionality betweent andr and putt/t05r(y,sW,bW )/r f 0

. Here

r(y,sW,bW ) are the initial densities given by our expressio
obtained in previous sections andr f 0

is the freeze-out den
sity. For the latter, we take the charged density per unit
pidity in a pp collision, i.e., r f 0

5@3/pRp
2#(dN2/dy)y* 50

51.15 fm22 @30,31#.
We now have to specify the channels that have been ta

into account in our calculation. They are

pN→KL, pN→KS, pL→KJ, pS→KJ,

pJ→KV, ~11!

and the corresponding reactions for antiparticles. To be m
precise, of all possible charge combinations in Eq.~11!,
some are of the type shown in Fig. 16~a!, with annihilation of
a light quark pair and production of ans2 s̄. They have all
been taken into account with the same cross sections
50.14 mb. All other reactions in Eq.~11! are of the type
shown in Fig. 16~b!. They have three quark lines in thet
channel~baryon exchange!. Their average cross section

FIG. 16. ~a! Quark diagrams for reactions~11! with light quark
pair annihilation ands2 s̄ quark creation.~b! Quark diagram for
reactions~11! with three quark exchange in thet channel.~c! Quark
diagram for strangeness exchange reactions.
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smaller than the one of Fig. 16~a! and has been neglected6

We have also neglected all strangeness exchange reac
@Fig. 16~c!# KN↔pL, etc. Although the correspondin
cross sections are larger at threshold, this is no longer
case for the cross sections averaged over the momentum
tributions of the interacting particles.~This is due to their
steep decrease with increasing energy, see@17#.! Channels
~11! are thus dominant due to the relationsrN.rL.rJ

.rV and rp.rK between particle densities. The resul
obtained after solving numerically Eqs.~10!, with our initial
densities and a common value of the averaged cross se
s50.14 mb for all channels, are shown in our figures by
full line in the caseS/L50.3 anda50.23 and by a dashed
dotted line in the caseS/L50.22 anda50.5.~A comparable
value of s has been obtained in Ref.@17# in a hadron gas
model.!

The effect of the final state interaction is negligibly sm
in pA collisions. In centralSScollisions its effect on thep
and L yields is very small~less than 5%!. The effect in-
creases with the number of strange quarks in the produ
hyperon. In central Pb-Pb collisions, with our value of t
cross section, it turns out to be comparatively small forp and
L yields. However, it increases theJ yields by up to 50%
and theV1V̄ yield by a factor of 5. Agreement with the
WA97 data@14# is obtained in this way~Fig. 13!.

It is important to note that, due to the small value ofs, the
final state interaction has an important effect only on ve
rare processes such asV production. It cannot drive the sys
tem into chemical equilibrium, even locally.

VI. DISCUSSION

We discuss here the main features of our results. FoL

1L̄ our results for Pb-Pb are slightly higher than the WA
data and grossly underestimate NA49 ones at midrapid
~Fig. 9!. Note, however, that the latter are very prelimina
and are currently under reanalysis. For centralSScollisions,
where the NA35 data are final, we slightly underestim
their netL yield and slightly overestimate the totalL yield
form NA36 @32# ~Fig. 6!. However, the NA35 value for the
L̄ yield at midrapidities 0.7560.15 is about two times large
than our result. Note that this experimental point loo
‘‘anomalous’’: compared with the WA97 value for the mo
central rapidity bin in Pb-Pb collisions, (1.860.2), there is
an increase by a factor of 2.4, whereas the number of
ticipants increases by a factor of 7. Note also that NA35 fin
a ratio L̄/ p̄51.960.7 at midrapidities, while in our mode

6The reactions we have kept arep11n→K1L, p2p→K0L,
p21n→K0S2, p1p→K1S1, p2L→K0J2, p1L→K1J0,
p1S2→K1J2, p2S1→K0J0, p2J0→K0V, and p1J2

→K1V for the reactions initiated byp1 or p2. For all of them, as
well as for the corresponding ones with antiparticles, we takes
50.14 mb. The reactions initiated byp0 are either of the type of

Figs. 16~a! or 16~b!, depending on whether theuū or dd̄ component
of thep0 is considered. For this reason all these reactions have b
included with cross sections/2.
6-9
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this ratio is always smaller than one~see Fig. 13!. This im-
portant point needs clarification. In particular, final values
this ratio in Pb-Pb collisions are needed.

The NA49 data concerning the cascade yield are p
lished @13#. They are 30–40% higher than the WA97 on
@14# at midrapidities. Our results, after final state interactio
are intermediate between the two sets of data, but some
closer to the NA49 results~Figs. 10 and 11!. The V1V̄
yields are in agreement with the WA97 data, after final st
interaction~Fig. 12 and 13!.

As discussed in Sec. IV, in our model, the ratiosRY

5Ȳ/Y increase with the number of strange quarks in
baryon ~Fig. 14!. This tendency is also seen in the da
However, the ratio of ratiosRJ /RL is somewhat too small in
our model as compared to the WA97 data@14#, but agrees
with the NA49 ones@1,13#. ~Remember, however, that th
value ofRL from NA49 is preliminary.!

Another characteristic feature of our approach is that
midrapidities, hyperons are more strongly enhanced than
tihyperons. As a consequence, the ratioȲ/Y decreases be
tweenpPb and central Pb-Pb collisions~Fig. 14!. This is due
to the strong effect of theDB component in the net baryo
yield. Final state interaction works in the same directio
This important feature of our results is seen in the data@14#.

Finally, the WA97 Collaboration has found that the i
crease of the hyperon and antihyperon yields per particip
~Fig. 15! increases faster than the number of participa
betweenpPb and the first centrality bin in Pb-Pb. Howeve
between the first and last centrality bin all yields appro
mately scale with the number of participants. We find
increase which is faster in the first case than in the sec
one. However, some mild increase is left in Pb-Pb~Fig. 15!.

VII. CONCLUSIONS

The large baryon stopping observed in central heavy
collisions at CERN energy is not reproduced by any of
available independent string models, at least in their orig
form. We have modified the DPM by introducing a ne
realization of the diquark breaking mechanism. We rep
duce in this way the observed net baryon yield. This mec
nism also produces an important enhancement of net hy
ons. At this level, the new version of DPM presented h
~which has also diquark-antiquark pairs in the nucleon s!
remains strictly an independent string model. It reprodu
n

.
tt.
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with two free parameters, the observed yields ofp andL and
their antiparticles inpA and Pb-Pb collisions. Cascades
central Pb-Pb collisions are underestimated by less than
while V’s are too small by a factor of 5. Agreement wit
experiment is restored by introducing final state interact
with an averaged cross section as small ass50.14 mb. In
this way, we depart from string independence. Howev
with this small value of the cross section, there is no sign
cant effect on the bulk of particle production. A comparab
value of the cross section for final state interaction was
tained in Ref.@17# from the experimental data on the ener
dependence of cross sections, averaged over the mome
distribution of the interacting particles obtained in the hadr
gas model. The smallness of this averaged cross section
the authors of@17# to argue that strangeness phase sp
saturation would be too slow in a hadron gas. It is interest
that such a small value of the averaged cross section all
one to reproduce the observed enhancement of multistra
hyperons and antihyperons in central Pb-Pb collisions.

The main features of our results are the following:~1! The
hyperon yields per participant increase faster than ant
peron ones. As a consequence, the ratioRY5Ȳ/Y decreases
betweenpPb and central Pb-Pb collisions;~2! The ratiosRY
increase with the number of strange quarks in the hype
~3! The increase of theY andȲ yields per participant is faste
betweenpPb and the first centrality bin in Pb-Pb collision
and slows down between the first and last centrality bins
WA97. All these features are also present in the data.

Note added in proof. Preliminary data on thep̄ yield at
mid rapidities by the NA49 Collaboration have been p
sented at the Quark Matter 99 meeting~Torino, Italy, 1999!.
Together with published data on theL̄ yield by the WA97
Collaboration in the same acceptance window, they indic
that the rationL̄ p̄ is significantly lower than one, in agree
ment with our predictions.
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