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The multistring model VENUS
for ultrarelativistic heavy ion collisions
K. Werner
Physics Department
Brookhaven National Laboratory
Upton NY 11973
The event generator VENUS is based on a multistring model for heavy ion collisions at ultrarelativistic energies. The model is a straightforward extension of a successful model for soft proton-proton
scattering, the latter one being consistent with e+e~ annihilation and deep inelastic lepton scattering. Comparisons of VENUS results with pA and recent AA data allow some statements about
intranuclear cascading.
1. Introduction
The main purpose of the heavy ion experiments at Brookhaven and CERN1'2 is to produce a new kind
of matter: quark gluon plasma, a gas of free quarks and gluons. One way to detect such a phenomenon
is to understand "ordinary" heavy ion collisions, collisions without any collective state involved, just pp
extrapolation.
In this paper we construct a model for "ordinary" ultrarelativistic heavy ion collisons, which incorporates
all the knowledge we gained in the past twenty years about deep inelastic lepton scattering and soft pp
interactions. Considering a hierarchy of models from e+e~ annihilation toward the very complex heavy ion
collision should provide confidence into the nucleus-nucleus model, since model assumptions can be tested
step by step: e+e~ annihilation (at least in zero order approximation) is just quark-antiquark (q — q) string
fragmentation. Somewhat more complicated is deep inelastic lepton nucleon scattering: one has to deal with
diquark-quark (qq — q) strings and also with the quark structure of the proton. Whereas in these leptonic
collisions at least the basic boson-quark coupling can be calculated (in perturbation theory due to the large
momentum transfer), the situation is more ambiguous when we proceed to proton-proton collisions: the
majority of the pp events is soft (low momentum transfer), so we can't apply perturbation expansions; we
have to rely on phenomenological models for string formation in pp collisions. Since, however, the string
frag .sntation in pp scattering should be treated as in the leptonic collisions, the only new ingredient —
string formation — can be easily tested by comparing with a huge variety of pp data. Once we have derived
a reliable model for proton-proton collisions, being able to reproduce (more or less) all available data in a.
certain energy range, it is nearly straightforward to extrapolate toward proton-nucleus and nucleus-nucleus
collisions just by taking into account the (well known) nuclear geometry. No additional parameters should
occur (apart from parameters characterizing the nuclear shape and the elementary pp cross section).
Several models have been constructed along these lines: LUND models3'4 assume that every pp collision
results in excited baryons. A phenomenological excitation function determines excitation energy and momentum of the baryon, which is further on treated as a particle-producing string. Another class of models
are motivated by Regge phenomenology like Dual Parton Models5"7 and VENUS,8 which will be described
in this paper. Here the basic mechanism to form strings is color exchange between the quarks of colliding
nucleons. An advantage over LUND is that string properties can be calculated from structure functions
(though an extrapolation toward low momentum transfer is necessary).
2. Multistring model for heavy ion collisions
In the following we give a short summary of the multistring model underlying the computer code
VENUS. Before extrapolating toward pA and AA, let us consider proton-proton scattering. Color exchange
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is assumed to cause the formation of color strings: t exchanges of color between quarks of the projectile and
target proton result in 2t strings. The relative weight of a t color exchange contribution is named u;,, thus
cross sections can be written as a superposition a = X)t/;«<7»i where o-< is the contribution consisting of 2t
strings. We first describe the dominant i — 1 contribution, i.e. the formation of two strings: color exchange
between a quark of the projectile and a quark of the target rearranges the color structure of the pp system:
instead of two protons in singlet states we find two singlets each consisting of a diquark and a quark of the
other nucleon (see fig. la). We explicitly treat the case in which one (or both) of the quarks participating
in the color exchange is accompanied by an antiquark such that the qq~ pair is color neutral, because in this
case the diquark quark qq — q) string is replaced by a q—q string and a baryon. In figs. lb,c,d we show this
for the case when the projectile quark (b), the target quark (c), of both quarks (d) are part of colorless qq
pairs. We generate quarks with and without q partners with probabilities w and 1 — tu, so the relative weights
of the contributions la,b,c,d can be expressed in terms of the parameter ui (in a complicated way because
certain events have to be discarded as unphysical). Higher order contributions (t > 1 color exchanges) are
obtained by applying contributions a-d several times.
We try to make a straightforward extrapolation of the pp model described above toward nucleus-nucleus
collisions. Since we introduced already the concept of multicolor exchange, it is very easy to generalize
to collisions involving several projectile and target nucleons. First of all, the nucleons in each nucleus are
distributed according to a Woods-Saxon density distribution. A projection of the nucleon positions (including
the displacement due to the impact parameter) on the plane perpendicular to the beam axis defines nucleonnucleon collisions whenever a projectile and target nucleon come closer than \Javvj-K. The nucleon-nucleon
interaction is then treated as described above: one or more color exchanges occur (according to Pig. la-d)
resulting in the formation of color strings. A heavy ion collision with two participating nucleons per nucleus
might look as demonstrated in Fig. 2. In this example the third collision (= third color exchange, occurs
between nucleons which suffered already a collision (wounded nucleons!), which does not pose any conceptual
difference. However, as seen in this example, collision between "wounded nucleons" wouldn't increase the
number of baryonic strings, showing thus a similarity to wounded nucleon models.18
To calculate string properties like virtual mass or rapidity of strings, we use the knowledge about the
quark structure of the nucleon, as investigated in deep inelastic lepton nucleon scattering. We consider a
system where projectile and target nucleon are fast (i.e. the cm system). Longitudinal momenta of quarks
involved in color exchange are generated according to quark structure functions, the measured momentum
distributions of quarks in nucleons. The transverse momentum is assumed to be exponentially distributed
with an adjustable parameter < pt >• The assumption of massless partons allows the calculation of string
properties. To determine the particle production of strings, we use a Feynman-Field type of fragmentation
algorithm,9'10 with all parameters being fixed by comparing with e + e~ annihilation and lepton proton
scattering. Since in this way the fragmentation is used like a black box for hadronic collisions it should
not matter which fragmentation procedure is used (provided the same parameters apply for leptonic and
hadronic collisions).
3. Results
Before showing results we want to discuss the parameters. The momentum transfer Q2 entering the
structure function is taken to be Q2 = 4 GeV2. The probability w, that in a pp collisions an interacting quark
is accompanied by anantiquark, is fixed such that the fraction of events with one surviving proton matches
the ratio <7diffr/°mei) which has over a wide energy range the value 0.2. For the mean transverse momentum
< pt > of quarks in the proton, we use < pt > = 0.40 GeV. For the multicolor exchange probabilities to,we use an exponential distribution with a slightly energy-dependent mean value < i >as 1.85. It is obvious
from this discussion of parameters that pp and also AA collisions are essentially (with very few additional
parameters) expressed in terms of string fragmentation.
As (partly) shown in earlier publications,8'10'11 VENUS can reproduce a wide variety of pp data
(rapidity-, momentum-, transverse momentum, multiplicity-, transverse energy distributions and more at
ISR energies) which provides much more a test of the model rather than just a fit. So, we have a reliable
proton-proton model available and can proceed to investigate the consequences of extrapolating toward
pA and AA collisions. As mentioned already, the extrapolation does not involve additional parameters
other than the nucleons' mean free path through nuclear matter, and nuclear shape parameters, yet there

are some difficulties like lack of knowledge about multiquark distribution functions requiring assumptions
(factorization). 8 ' 13
Before comparing pA results we should mention a qualitative difference of pA compared to pp collisions:
a certain number of particles (with small rapidities) from string fragmentation were produced inside the target
nucleus, thus having the possibility to perform collisions with target nucleons (cascading). This effect can
be seen from NA5 data 12 showing an abundance of slow positive particles. To avoid "contamination" with
slow spectator nucleons (= not from string fragmentation) we compare in Fig. 3 negative particle rapidity
distributions for 200 GeV pp, pAr, and pXe reactions. The VENUS results show the same trend as the
data 1 2 to have more and more particles produced at negative rapidities (y is the rapidity in the pp cm
system), because for heavier targets more and more "target-like" strings contribute. A "target-like" string
is a string with a baryon flavor content, moving in target direction. We have always v "target-like" and
one "projectile-like" string in an event with u collisions. A noticable result is that even in the backward
rapidity tails the VENUS results for pAr and pXe are pretty close to the data: there is not much room for
additional production of negatives due to cascading. This is confirmed by Fig. 4, where the negative particle
multiplicity distributions are in excellent agreement with NA5 data, whereas charged particle distributions
are much flatter than VENUS predicts (missing spectator protons, probably). Since cascading occurs only in
a certain rapidity range (< 0), we investigate in Figs. 5 and 6 multiplicity distributions for given rapidity bins
in forward (0 < y < y<, with yt, = 0.5, 1.0 . . . 3.5) and in backward (—yb < y < 0) intervals. First of all, we
observe both for charged and negative particles much broader backward than forward distributions, simply
because more "target-like* than "projectile-like" strings contribute (for pAr on the average twice as many;
therefore the distribution is approximately twice as broad). More remarkable is the following statement: the
negative particle distributions are perfectly reproduced both in forward and backward rapidity bins, whereas
VENUS underpredicts charged particle distributions in the two largest backward bins (-3.5 < y < 0 and
—3 < y < 0). This effect is even slightly stronger for pXe. This again means that cascading essentially just
knocks out some spectator nucleons, which are detected aroung y = —3 (=yub = 0), whereas the effect on
pion production should be small.
Cascading is usually blamed for disagreement in Et distributions between data and models, especially in
the target, but also in the projectile fragmentation region. Fortunately three CERN experiments investigate
different rapidity regions: NA3414 (-0.1 < q < 2.9) covers the target fragmentation region, where cascading
in the target should play a role; NA35 15 (2.2 < y < 3.8) covers the central region, which should not be affected
by rescattering; WA8016 (2.4 < rj < 5.5) includes the projectile fragmentation region, which is thought to be
affected by projectile cascading. To be consistent with the pA results, which indicate a moderate cascading
effect, the VENUS results should not be too far off the data, even for NA34 and WA80. Figure 7 shows
the results: agreement for NA35 (central region = > no rescattering); slight underprediction for WA80, and
somewhat more underprediction for NA35, especially for the heavier targets.
4. Conclusions
We conclude, even without considering cascading, that VENUS gives a fairly good description of pA
multiplicity distrib'; •. JII and A A Et distributions, both for a variety of rapidity regions. The effect of
cascading might be smaller than expected 17 for the following reason: inelastic rescattering occurs in a
certain rapidity interval ym\a < y < </max where the upper limit guarantees that the particle materializes
inside the nucleus. The fastest pions in this region are still pretty much forward peaked, so they travel a
considerable portion of their way through a tube of "string matter" rather than nuclear matter. This means
that interactions occur with forward-moving baryons (f'om string fragmentation) rather than with nucleons
at rest, which results in a smaller collision energy.
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Figure C a p t i o n s
Fig. 1. The four basic (one color exchange) contributions to pp collisions. Color exchange (arrow) is the basic
mechanism to rearrange color singlets (closed lines) and thus to produce strings. The contributions
(a) to (d) differ in the number N of quarks being part of a white qq pair: JV = 0 for (a), N = 1 for
(b),(c), and N = 2 for (d). Contributions (b) and (c) may be referred to as "diffractive excitation," (d)
corresponds to "double Pomeron exchange."
Fig. 2. A possible diagram for nucleus-nucleus collisions.
Fig. 3. Rapidity distributions of negative particles for pp, pAr, and pXe at 200 GeV.
Fig. 4. Multiplicity distributions of charged particles (left) and negative particles (right) for 200 GeV pp, pAr,
and pXe. The Argon results are multiplied by 10; the Xenon results by 100.
Fig. 5. Multiplicity distributions for negative particles for forward and backward rapidity intervals: 0 < y < t/,
and -t/j < y < 0 respectively (y is the rapidity in the pp cm system) with t/i = 3.5, 3.0, 2.5, 2.0, 1.5,
1.0, 0.5 (from top to bottom). The curves are displaced by a factor of 10. The points represent negative
binomial fits to data.
Fig. 6. Same as Fig. 6, but for charged particles (including slow protons!).
Fig. 7. Transverse energy distributions for 0 + Nucleus collisions for different rapidity coverage: target fragmentation region (left), central region (middle), and projectile fragmentation region (right).
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