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ABSTRACT

We investigate a multi-chain fragmentation model for particle production in

hadron-hadron and hadron-nucleus collisions for all kinds of incident hadroms.

The model is implemented using a realistic Monte Carlo model for the fragmentation
of quark-antiquark, quark-diquark, and diquark-antidiquark chains into mesons,
baryons, and their resonances. We assume that these jets have universal properties
which are the same in electron—positron, lepton-hadron, and hadron-hadron collisioms.
Energy-momentum and all additive quantum numbers are exactly conserved. The model

is compared with exclusive as well as inclusive particle-production cross-sections.
It is well suited to the study of complete exclusive events and the flavour compo-

sition of secondary multiparticle systems.

(Submitted to Z. Phys. C)
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INTRODUCTION

Multihadron productiom in soft hadron-hadron and hadrom-nucleus collisions is
one of the fields where serious predictions from quantum chromodynamics (QCD) are
missing. These processes are dominated by unperturbative properties of QDC. Never-
theless, during the last 10 years in this field we have seen a complete change of
the basis of the models which are used to interpret the data. From Regge—type and
statistical models we have moved to models constructed in the framework of the
parton model. To describe hadronic multiparticle production, the parton model is
used together with dynamical assumptions introduced on purely phenomenological
grounds. The hope is that these dynamical assumptions will eventually be demon-
strated in QCD. At present it is not even clear whether the partoms used in soft
multihadron production models are the same objects that occur in hard processes

described by perturbative QCD.

The two most important types of models for particle production in hadron-
hadron collisions are recombination models and fragmentation models. Quark recom=—
bination models [lj start from the observatiom EZ] that parton distributioms in
deep inelastic scattering and secondary-hadron x-distributions in hadron-hadron
collisions are rather similar. Fragementation models were first studied by
the Lund group [3]. The origin of these models is the’similarity of the Feynman
x-distributions of hadroms in hadromic collisions to parton fragmentation functioms.
In Ref. [3] the underlying dynamical model is the picture of chromoelectric flux—
tube bréaking via qq pair creation. Most other applications of the fragmentationm
model [4] start from the dual topological unitarization (DTU) scheme (see Capella [5]

for a review). This is the approach which we will follow also in our model.

So far both, recombination and fragmentation, models seem to describe all

essential features of the data.

Particle-production processes in hadron-nucleus collisions involve omne addi-
tional feature, which canmot be studied in hadron-hadron collisioms. This is the
space~time evolution of the scattering process [6]. One of the outstanding

features of particle production in high-energy hadron-nucleus collisions is the
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absence of intranuclear cascading of fast secondaries. The favoured interpretatiom

of this fact is that the fast secondaries are created outside the nucleus.

Faessler [7] gave a recent experimental review of the main features of particle
production in high~energy hadron-nucleus collisions. Two of the most popular theor=-
etical models to describe hadron production in h-A collisions are the comstituent
quark model [8] and the DTU-based fragmentation models. In the latter models, the
approach used by the Austin group E9] differs from that of the Orsay group Ele.

We will follow here the scheme of Capella and Tran Thanh Van [lO].

The aim of our paper is the following. We want to construct a model which
reproduces correctly the projectile dependence in hadron-hadron collisions and
the A-dependence in hadron-nucleus collisioms. Especially, we are interested in
creating exclusive events which fulfil all requirements of quantum~number and
energy-momentum conservation, This will allow us to study all kinds of exclusive
features and correlations. So far [4,5,10] the fragmentation models were mainly
used to study inclusive cross—sections. Our model should also describe the produc-
tion of all kinds of secondary mesons and baryons as well as hadron resonances.
The property which allows us to fulfil all these requirements is "jet universality'.
As reviewed by Kittel Ell], particle production in soft hadronic collisions shows
features very similar to quark—antiquark jets in e"e” and diquark jets in lepton—
hadron collisions. We use a realistic model for the fragmentation of quark and

diquark jets into the observed hadroms.

In the preseﬁt work we apply an extended version of'a Monte Carlo chain-decay
model developed earlier by us [12]; which has been carefully tested in a comparison
with quark-antiquark two~jet events produced in e'e amnihilation [12,13]. The
extended version of this model used here [14] simulates, besides the hadronization
of quark—-antiquark two-jet systems, also the transition of (anti)quark-(anti)diquark
and diquark-antidiquark two-jet systems into hadrons. The comservation of energy-
momentum and quantum numbers for such two-jets is always guaranteed. For testing
the model of diquark fragmentation into hadrons one can use data from lepton-hadron

interactions ElS]. In order to apply this Monte Carlo chain-decay model also to
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hadron-hadron collisions, the basic assumption we have to make is that quark and
antiquark jets produced in e%e” annihilation and diquark jets from deep inelastic
lepton~hadron collisions should not differ strongly from those produced in hadron-—

hadron collisions.

The version of the model as described here and our comparison with experiment
is still limited. Here we are only interested in the particle production at moderate
energies, say for 5 to 10 GeV up to around 1 TeV. Therefore it is sufficient to
consider just two chains involving only valence quarks in hadron—hadron collisioms.
In order to describe the particle production at the energies of the CERN SPS proton-
antiproton collider we have to add [16] further chains involving also sea quarks
according to the AGK rules [17]. Such an extemsion of the model [16] seems to
describe those features of particle production known at present at these energies;
see also Refs. ElB]. In this paper we shall not study in detail such problems as
the production of leading particles, two-particle correlatioms, charge correlatioms,
threshold effects at small energies, and the inclusion of diffractive particle

production.

The contents of this paper are as follows. In Section 2 we give a short
summary of the multi-chain model used for hadron-hadron and hadron-nucleus inter-
actions and in Section 3 we discuss our chain~decay fragmentation model. The
formulation of the whole model via a Monte Carlo method is described in Section 4.

In Section 5 we present results of the model and compare it with data.

THE MULTI-CHAIN MODEL FOR HADRON-NUCLEUS COLLISIONS

Capella and Tran Thanh Van developed the two-chain model for hadron—hadron

interactions EA] on the basis of the DTU scheme. They further generalized it to

a multi-chain model for hadron-nucleus interactions [10]. In the following.we

refer to these models.

In hadron-scattering processes we assume that the interaction separates the
valence quarks in each incident hadron into two coloured systems. For an incident

proton we obtain a quark and a diquark sharing the proton momentum. The interaction
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gives rise to two multiparticle chains. In this simple version the chains are
built up only from the valence quarks of the interacting hadroms. In Fig. la, b,
and ¢ we show all possible two-chains for baryon-baryon, antibaryon-baryon, and
meson-baryon interactions. The energy or momentum fraction x carried by the single
valence quarks contributing to a chain is obtained using valence quark distributioms.
In the case of baryons the dressed diquark now gets the remaining energy 1 -x.
Using such a scheme the dressed diquarks carry in general larger x fractioms than
the single valence quarks. In the case of mesons we have two possibilities.

Either we sample at first the x-fraction of the valence quark and give the valence
antiquark the remaining energy 1 -x or vice versa. The invariant masses of the
chains are now completely defined by the x fractions and the c.m. energy of the

collision.

As already discussed in the Introduction, building up the chains only from

valence quarks is not correct for larger emergies, i.e. at collider energies.

In the case of hadron-nucleus scattering the model becomes more complicated
since many interactions may occur. The average number of collisions, V, inside
the nucleus is given by the mass number A and the inelastic cross-sections for

hadron-hadron and hadron—nucleus interactions:

5 = ad®™® /o

h—A
inel (L

inel

Each collision provides two chains as in a hadron-~hadron interaction. So we get

finally two V chains on the average. In Fig. 2 we show an exaﬁple for a simple
triple-scattering process in a proton-nucleus collision. As is seen from Fig. 2,

both the valence quarks and the sea quarks of the projectile have to be included

to construct the chains. Two chains are initiated by the valence quarks of the h

projectile and the valence quarks of the target nucleons. All other chains are

derived from sea quarks of the projectile and valence quarks of target nucleoms.




3.

THE CHAIN-DECAY FRAGMENTATTION MODEL

The chain-decay model for the fragmentation of quark and diquark jets used
here is based on an earlier version of this model [12,13], which was tested using
data from e'e annihilation. We have now extended the model to produce complete
quark-antiquark two-jets as well as (anti)quark-(anti)diquark and diquark-anti-
diquark two-jet systems El4j with arbitrary initial quark flavours (u,d,s, or ¢
quarks). In Fig. 3a and b we show typical two-jet systems produced by an initial

quark and diquark or an initial diquark and antidiquark.

The fragmentation of diquarks into mesons and baryons can be tested using

data from lepton-hadron interactions [15].

A detailed description of this chain~decay model as well as of the underlying
Monte Carlo formulation is given in Refs. [12,13,14]. Here we want to discuss

only some basic features of the model:

i) In the case of complete two-jet systems the model guarantees exact emergy-

momentum and quantum—number conservation.

ii) The model includes the fragmentation of quarks and of diquarks into mesons
as well as into baryons. All possible vertices duriﬂg the chain decay of an
initial (anti)quark or (anti)diquark and the corresponding probabilities are

given in Fig. 4.

iii) The quark flavours at each actual vertex during the chain decay are sampled
according to a quark-mass—dependent distribution [12], which provides in our
case approximately the following probabilities of creating a ul, dd, or ss

f D - =D - _ . _ . .
pair: P ~ = P9 SPSS. An an extensiom to the model described in Ref. [12]

we have also included isospin comservation for incoming u or d (u or d) quarks.
This provides for am incoming u(u) quark Pda = ZPuﬁ and for an incoming d(d)

quark Puﬁ = 2Pd3'

iv) At each vertex the emitted hadron carries an emergy fraction z from the in-
coming parton and leaves behind a parton jet carrying the energy fraction 1 -z.
In order to describe leading baryon effects one should choose a much flatter

energy-sharing function £(z) in the case of incoming diquarks forming baryons
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vi)

vii)

viii)

FORMULATION OF THE MODEL VIA A MONTE-CARLO METHCD
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£(z) = const. : (2)
than in all other cases, where
£(z) =1 -a+ 3a(l-2z) , a=0.88. (3

Our model has no freedom concerning the flavour contents of the jets. Deter-
mining the flavours of the initial partons'of the chain, the flavour contents
of the final hadron two-jet is defined by the model and quantum-number conser—

vation.

The mentioned two—-jet systems can be considered as colour neutral objects.
This simplifies the model for hadron-nucleus collisions, where many two—-chains

are produced.

The decay of quarks and diquarks into hadrons is realized via pseudoscalar

and vector mesons and baryonms with ‘spin % and %, respectively.

For most applications we consider the decay of hadron resonances into final

stable particles using the Monte Carlo code DECAY [19].

actions on the parton level and in Section 3 we gave a short summary of our hadro-
nization scheme. Now we describe the formulation of the whole model via a Monte
Carlo method. For simplicity we first discuss the event generation in hadron-hadron

interactions. It proceeds by the following steps:

L

2)

3)

In Section 2 we have discussed the multi-chain model for hadron-nucleus inter-

Define the kind of projectile P and target T, i.e. the valence~quark constituents

of these particles, and the laboratory momentum pq of the projectile.
Make a Lorentz boost into the c.m.s. of the projectile and the target particle.

Decide what kind of chains have to be constructed depending on the projectile
and the target particle (see Fig. la-c). For meson-baryon collisions we have
two possibilities: the quark or the antiquark of the meson may belong to the

forward chain, i.e. carry the larger momentum fraction x of the mesonm.




5)

6)

Select initial flavours of the comsidered chains using only the valence quarks

of the projectile and target.

Sample the energy or momentum fraction x of the single valence quarks according

to the distribution

A
- 2
¥ o TR (%)
%2
for baryons and according to
%
oy o Gmn g
2

X
for mesons. The diquarks of the projectile or target are given the remain-
ing energy 1 — x. The invariant masses of the chains are now well defined
by the x—~fractions of the initial partons and the c.m. energy of the colli-

sion.

Now we have to hadronize the two-jet systems on the basis of the Monte Carlo
chain-decay model characterized in Section 3. Of course this is only possible
if the invariant masses of the chains are large enough. We proceed in the .

following way:

i) For M > mﬁ* + 300 MeV/c? the chain decay occurs, where Wk is the

chain

mass of the hadron resonance defined by the initial quarks of the chain

(vector meson or spin >k baryon).

ii) For < . < + 2 um fractions x
)] Mk < Mchaln < mgk 300 MeV/c* we correct the moment ions

I3 3 - . . *
of the initial quarks of the chain in such a way that the resonance H

will be directly created.

iii) For mH <M . < mH* we also correct the x-fractiomns in order to create
chain

directly the stable hadron H (pseudoscalar meson ot spin % baryomn).

iv) In the case of 4 < m, we sample a new event. For diquark—antidiquark

chain

chains we always demand an invariant mass larger than 2.3 GeV/c? to be

able to create a baryon and an antibaryon. Otherwise we sample a new event.
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Our Monte Carlo chain-decay model conserves emergy-momentum and quantum

numbers for each chain exactly; therefore we obtain final hadron states conserving

these quantities too.

Generating events in a hadron-nucleus interaction is more complicated since

many collisions occur:

i)

2)

3)

4)

Define the kind of projectile P, target nucleus T, and the laboratory momentum

po of the projectile.

Sample the number v of collisions during the interaction process using a
Poisson distribution with an avefage v=-value given in Eq. (1). Taking the
picture of multiple interaction inside the nucleus seriously one can from
the density distribution inside the nucleus directly determine this multi-
plicity distribution EZO], which turns out to be quite different from a
Poisson distribution. We leave it to further work to study how much measur-
able cross—sections are influenced by the exact form of this multiplicity

distribution.

Construct vV two-chain systems as in hadron-hadron coilisions: one collision
occurs between the valence quarks of the projectile and the valence quarks

of a nucleon of the target nucleus. All other v - 1 collisions occur between
quark-antiquark pairs of the parton sea of the projectilé and the valence

quarks of further target nucleons as in a meson-baryon collision.

Other than in hadron-hadron interactions we have to take into account not

"only the valence quarks but also the sea quarks of the projectile. The

al and xval for the single valence quarks of projectile P and

T
target T particles, respectively, are obtained from distributioms (4) or (35).

energy fractions x;

The fractions x;ea of the sea quarks of the projectile are sampled according to

sea L a-=-x"
(x) = ———;———

d . (6)

The remaining valence diquarks of the target nucleons now carry the x-fraction

val .. . . cq s .
1 - Xp s whereas the remaining quark or diquark of the projectile is given
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val

. sea
the x-fraction 1 - xP

- Z X The sum is taken over all sea quarks which
sea

take part in the interaction. For kinematic reasoms we neglect chains
containing sea quarks which carry an energy of less than 2 GeV and we sample
a complete new event if the energy of the two—chains containing only valence

quarks is less than 4 GeV.

5) Going into the c.m.s. of each chain, we can hadronize the chains as in hadrom-

hadron collisions.

6) Adding all produced chains and hadrons in the laboratory frame, we obtain the

whole final hadron state of the considered hadron-nucleus collision.

A description of the underlying Monte Carlo program will be given elsewhere [21].

5. RESULTS OF THE MODEL AND COMPARISON WITH DATA

We compare the results of our two-chain model for hadron-hadron collisions
and of our multi-chain model for hadron-nucleus collisions with data [7,22—27]-
We also present some Monte Carlo results of our multi-chain model concerning
average particle multiplicities depending on the mass number A of the nucleus

and the laboratory momentum.

At first we show results of our model for hadron-hadron collisious, Proton-
proton interactioms are especially well known experimentally. In Fig. 5 we plot
average multiplicities for several charged particles versus the squared c.m.
energy s of the pp collision and compare it with data from Ref. [22]. In general
we find a reasonably good agreement with the data. For larger P1ab values we get
average multiplicities for antiprotons, which are somewhat below the data. This
may be due to the fact that we use probabilities appropriate to incoming diquarks
in the emission of baryons or mesons (see Fig. 4). This has not yet been tested

carefully enough in comparison with data.

-
In Figs. 6a to 6e we present also average multiplicities for m , K, 7, p,
and A(R). We find again a good agreement with data given in a compilation by

Anisovich and Nyiri [24]. In the case of charged kaons (Fig. 6b) our Monte Carlo
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results might increase somewhat too fast compared to data, but experimental errors

x . i
for K~ production are not well known at the present time.

For A production (see Fig. 6e) we get a very nice agreement with the data
given in Réf. [24], whereas the average multiplicities for A particles seem to be
too large. Taking into account that the two data points of Ref. [24] above
s ® 1000 GeV? are only lower limits and using a more recent result from Ref. [23]
in this energy region, we are also able to describe average A multiplicities reason-
ably well. A more detailed comparison of strange-particle production requires

more accurate data.

In Fig. 7 we consider KNO multiplicity distributions for charged-particle
production in pp collisions for laboratory momenta between 40 and 640 GeV/c. Since
in our model diffractive events are not included, we get in the region for small

charged multiplicities Monte Carlo results which are too low compared to data E25-27].

Looking for rapidity distributions we consider in Fig. 8 the rapidity

[E+p E +p
y:%—ln-————l_'. =]_n—-_—L_ (7)

E-rp VPZ +m?

as well as the pseudorapidity

n = —1-{@[61;”}] : (®

where 8 E, and p; are the laboratory quantities of polar angle,. energy, and

lab’
longitudinal momentum with respect to the beam axis. The results of our hadron-
hadron Monte Carlo model for different laboratory momenta P1ab indicate that ome
has to be careful in using rapidity or pseudorapidity since the shapes differ
significantly from one another. The reason is that our model does not only con-
tain pioﬁs. A qualitative discussion shows that our model provides rapidity dis-
tributions with a more or less correct behaviour. This includes the increase of
the height of the platéau as well as the broadening of the plateau with rising

energy. Even quantitatively the ‘height of the plateaux is in the right order of 2

found at ISR energies. 'Of course the absence of diffractive events in our model
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will méinly influence the behaviour of the left and the right tail of the rapidity

distributions.

Now we present results of the hadron-nucleus Monte Carlo model and compare
them with the data measured at the CERN SPS [7]. We first have to mention that
these are results obtained without a careful optimization of several free para-
meters of our model. So we neglect chains with energies below some fixed lower
limit (see Section 4). Taking the model more seriously one has to consider also
the Fermi momentum.of the nucleons of the target nucleus and one has to take into
account diffractive events. We have not done this up to now. Neglecting the
Fermi momentum of the nucleons woul@ probably not allow the description of rapidity

distributions for negative rapidities in detail.

In Fig. 9 average charged multiplicities are plotted versus the average
number of collisions (v) inside the nucleus. The Monte Carlo results for proton=-
nucleus collisions at Plap = 100 GeV/c are compared with data for different projec-—
tiles and energies. The multiplicities provided by our hadron-nucleus model are
somewhat too low at small (V) values and increase faster with (v) than the data.

On the other hand, looking for KNO distributions in pp collisions (see Fig. 7) we
find that our curves at small multiplicities decrease faster than data. This
indicates that our hadron—hadrom two;chain model provides somewhat too high mul-
tiplicities on the average. On the other hand, our average multiplicities in the
case of proton-nucleus collisions at (V) ® 1 are too low, Decreasing our multipli-
cities in pp collisions we would get even lower multiplicities in p=-A collisiomns

at small (V) values, It is not clear what one has to do in order to avoid this
contradiction. Arguments explaining the faster increase of the average multipli-
cities at larger (V) in comparison with data are the following: In the case of
data, grey prongs representing slow particles have been subtracted. We consider
here all charged particles. Furthermore, we neglect very light chains. So ptrobably
we obtain larger multiplicities at higher (v). Eventually there might élso be

some differences in calculating the average number of collisioms (V) compared to
the procedure used in Ref. [7]. Nevertheless in this first approximation our

results agree reasonably well with the data,
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In Figs. 10a and b we present pseudorapidity distributions produced in T -A
+ . .
collisions for different nuclei at Prap = 37 GeV/c and for 7 =Cu collisions at
several laboratory momenta. In both cases our model is in good agreement with the

data.

Finally we show model predictions of our hadron-nucleus model for average
multiplicities of all particles, all charged particles, and several kinds of neutral
and charged particles at larger emergies. In Fig. 11 the A-dependence at Piap =
= 400 GeV/c is.presented and in Fig. 12 we plot the plab-dependence up to 2500 GeV/c
at A = 100. In this figure we show also average multiplicities for all charged

particles, protoms, and neutrons, produced in pp collisions.

SUMMARY

We have developed a multi~chain model for hadron-nucleus collisions based on
the dual parton model. The hadronization of quarks and diquarks is realized via a
chain-decay fragmentation model. Our model includes quantum—number structure and
correct kinematics. So we are able to calculate final hadronic states conserving
energy momentum and quantum numbers exactly. The formulation on the basis of a
Monte Carlo method allows the calculation of several inclusive distributiomns as
well as the simulation of exclusive quantities. In this sense the model can be

used as an event generator for hadron-hadron and hadron-nucleus interactions.

The model presented here is not in a final state. There are several possi-
bilities in order to make it more realistic in future. So at present we have not
included the Fermi momentum éf the nucleons and we have not taken into account
diffractive events. Furthermore, we did not really optimize several free para-
meters of the model, such as the energy-sharing function for baryons or the energy
cut for light chains, Even without this optimization we are able to present

results which agree reasonably well with data.
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Figure captions
Fig. 1 : All possible diagrams for two-chain systems in (a) baryon-baryonm,
(b) antibaryon-baryon, and (c) meson-baryon interactions. B, ﬁ, M

9 and xd are the quark

stand for baryon, antibaryon and meson; and x
and diquark momentum fractions, respectively. The indices P and T

stand for projectile and target particle, respectively.

Fig. 2 : Example of a triple~scattering diagram in a proton-nucleus interaction.
P represents the incoming proton and T;, T, and T3 are the three
Si

. . . . v
target nucleons taking part in the interaction. x and x are valence

and sea—-quark momentum fractioms.

Fig. 3 ¢ Typical two-jet systems for an incident
(a) quark and diquark,
(b) diquark and antidiquark.
4, qq and qq stand for quark, diquark and antidiquark; and M, B, and B

stand for meson, baryon, and antibaryon, respectively.

Fig. 4 : All possible vertices during the chain decay of an incoming quark g
(antiquark q) or diquark qq (antidiquark qq) and their probabilities.

M, B and B stand for meson, baryon, and antibaryon, respectively.

. . + _* -
. Fig. 5 : Average multiplicities for all charged particles, ™, K, p, and p,

produced in pp collisions as a function 6f the squared c.m. energy s.
The results of our Monte Carlo model for hadron-hadron interactions

are compared with data from Ref. [22].

Fig. 6 ¢ Average multiplicities for
(a) charged pions ni,
(b) charged kaons Ki,
(¢) neutral pioms w°,

(d) antiprotoms P,
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and antilambdas A, A

pp collisions. The data [23,24] are compared with

results of our hadron-hadron Monte Carlo model.

KNO multiplicity distributions for charged particles in the laboratory

momentum range py ., = 40 GeV/c to 640 GeV/c. The results of our

Monte Carlo model are compared with the data [25,26,27] from pp

collisions.

for several

‘Pseudorapidity distributions dN/dn and rapidity distributions dN/dy

laboratory momenta P1ab in pp collisions provided by our

hadron—hadron Monte Carlo model.

Average charged multiplicity (nch) versus the average number of colli-

sions (V).

The results of our hadron-nucleus Monte Carlo model for

proton-nucleus interactions at Piap = 100 GeV are compared with data E7]

for different projectiles and energies. The lines are drawn to guide

the eye.

Pseudorapidity distributions dN/dn for

(a) 7 projectile and different target nuclei at Plap = 37.GeV/c,

(b) Tt projectile and different Plab for a copper target. (A = 63).

The results

histograms,
Predictions
tiplicities
mass number

Predictions

tiplicities

of the hadron-nucleus Monte Carlo model, represented by

are compared with data E7].

of the hadron-nucleus Monte Carlo model for average mul-
for different charged and neutral particles versus the

A of the nucleus at Plap = 400 GeV/c.

of the hadron—-nucleus Monte Carlo model for average mul-

for different charged and neutral particles versus the

laboratory momentum Piab at A = 100. In the case of average charged

multiplicities and inclusive protom and neutron production, we also

show results of our hadron-hadron Monte Carlo model for pp interactioms

at the same

energy.
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