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Hadron production in nucleon-nucleon, nucleon-nucleus and nucleus-
nucleus interactions is considered in the framework of the Rossendorf col-
lision model, which aims at describing simultaneously all reaction channels
in a wide energy region. An empirical matrix element based on the partonic
picture of hadrons is combined with the concept of intermediate subsystems
and the calculation of modified statistical weights of the various final states.
In case of nuclear reactions the Glauber concept is used to calculate the
partial cross sections for the interaction of various numbers of participants.
It is demonstrated that a large variety of experimental data can be satis-
factorily reproduced. Predictions for proposed missing-mass measurements
are discussed.

PACS numbers: 25.40. Ve, 25.10. +s, 25.90. +k

1. Introduction

The cooler synchrotron COSY with its excellent beam quality is a pow-
erful tool to investigate all kinds of proton-induced reactions. Because of
the complexity of the detection systems at COSY a careful optimization of
the planned experiments by means of simulation calculations is necessary.
In this context the prediction of the cross section to be measured as well as a
good overall description of all the open reaction channels is needed. An im-
proved version of the Rossendorf Collision (ROC) model [1, 2, and references
therein] used earlier to consider various aspects of proton induced-reactions
is adapted to this task. It is implemented as a Monte-Carlo code, which
samples complete events. This offers the desired possibility to estimate the
relation between the reaction of interest and the physical background.

* Presented at the “Meson 96” Workshop, Cracow, Poland, May 1014, 1996.
** Supported by the Bundesministerium fiir Bildung, Wissenschaft, Forschung und
Technologie under contract No. 06 DR 666 I.
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2. The ROC model

In the ROC model nucleon-nucleon (NN), nucleon-nucleus (N A) and
nucleus-nucleus (AA) interactions are considered in a unified approach,
which aims at describing simultaneously all open reaction channels in a
wide energy region. The interaction process is assumed to proceed via the
creation of intermediate subsystems (called fireballs, clusters or clans in
the literature). This concept is closely related to the partonic structure of
the interacting particles. Subsystems are created in a first step of the in-
teraction process and decay subsequently into the final reaction products.
The discussion of such intermediate systems has a long history (see e.g.the
reviews of Feinberg [3, 4]). Their existence is well established by the ob-
servation of short-range correlations [5] and finds a natural explanation in
a spectator-participant picture of the interaction process at high energies
where the participating partons form the central and the spectators the
leading subsystems. In the context of the ROC model the term “cluster”
used for denoting these hadronic subsystems.

The final channels are selected by creating an arbitrary number of quark-
antiquark (¢g) pairs. The final hadrons are then built up by randomly com-
biriing the available quarks. In this way all possible final channels allowed
by conservation of internal quantum numbers are populated.

In case of nuclear interactions the partial cross sections for the inter-
action of various numbers of participants are calculated in the Glauber
approximation of straight-line motion [6].

2.1. Nucleon-nucleon interactions

The relative probability of populating a channel « is calculated as the
product of the Lorentz-invariant phase-space factor d L, (s; @) with the square
of an empirical matrix element A2, which describes the dynamics of the in-
teraction process

dW (s;a) o dL,(s;a) A . (1)

Here, s = p? denotes the square of the total energy with p being the total
four-momentum, and a channel « is defined by the number n and masses m;
of the final particles. The Lorentz-invariant phase-space factor is defined
as the integral over the momenta of the final particles with energy and
momentum conservation taken into account

d3p;
dL, (s;a) =dL, (s;my,...,my) = ” 2p E Di) - (2)
t=1

The four-momentum of the i-th particle is denoted by p; = (e;, 5;) with

p? = m?. For numerical calculations the & function in Eq. (2) must be
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removed by introducing a new set of 3n — 4 variables to replace the 3n
momentum components. It is reasonable to choose a set of variables, which
reflects the underlying physical picture of the interaction process. These
variables appear also in the matrix element used to modify the phase-space
factor.

The interaction process is assumed to proceed in several steps. In de-
pendence on the incidence energy the first step results in the creation of a
varying number of clusters. At low energies only two clusters with invariant
masses M) and M, emerge from the interaction process. The interaction
can be imagined to proceed via color-exchange between two quarks of the
interacting particles (see for example [7]). With regard to the relatively
low energies considered here the resulting “strings” are assumed to decay
isotropically in their rest systems. The valence quarks of the interacting
particles are distributed between the two excited clusters in dependence on
the quark pair which has undergone the color-exchange. Additional ¢g pairs
may be created in each cluster. With increasing energy the partonic sub-
structure of the interacting hadrons becomes more and more important
with the result that two leading spectator- and an arbitrary number of
participant-clusters are produced. Each spectator contains in the case of a
baryon-baryon interaction, as a rule, a valence di-quark, while the residual
valence quarks and a random number of ¢g pairs are distributed in such a
way that color neutral clusters are produced.

The variables introduced for decomposing the phase-space factor are the
invariant masses

MIZ\/P—12=

of the N produced clusters and the four-momenta t,; = (p, — Py)? and
ty2 = (p» — P2)? transferred between the incident particles a and b and
the leading clusters 1 and 2 as well as the transverse momenta Q; of the
participant-clusters 3...N. Here, the four-momenta of clusters are denoted
by capital letters Pj.

The subsequent decay of excited clusters in the second step of the in-
teraction process leads to the production of primary particles by randomly
combining the quarks available in each cluster. Resonances among the pri-
mary particles decay later into stable particles.

The dynamical input of the model is according to

A aN) = AL (GN) AL(GN) AL (GN) AL (GN) (4)

split into factors describing various aspects of the interaction process.
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Cluster creation is treated on the basis of thermodynamical considera-
tions. This is realized by using as matrix element the function

H M]/@] MI/@]) (5)

which is the kernel of the so-called K-transformation (see [8]) used to trans-
form a micro-canonical phase-space distribution depending on the total en-
ergy M of the I-th cluster into a canonical one, which is characterized
by a temperature @;. In Eq. (5) K, stands for the modified Hankel func-
tion. For increasing invariant masses My the function (M;/@1)K1(M[/O))
strongly decreases, while the phase-space factor L, (M) of the I-th cluster
increases. This results in a maximum at a value of M; determined by the
parameter @;. Thus, it is the temperature ©; which determines the average
mass of the I-th cluster.

The cluster distribution in the phase-space is determined by the function

2 (= Al 7\ 2
A (@n) = exp (8 (ta + ) [T exo (- (Q/@D)"). (0
‘ I=3

which restricts the four-momentum transfer to the leading clusters via the
slope parameter 3 (see e.g.Goulianous [9]) and the transverse momenta of
the central clusters via a Gaussian containing the mean transverse momen-
tum @ of the I-th cluster as parameter (see e.g.[10]).

The factor A2 (G@n) in Eq. (4) represents the algorithm for selecting the
decay channels on the basis of the quark picture of hadrons. In addition
to the valence quarks of the initial particles up, down and strange quarks
are produced in the ratiou: d:s=1:1: X with X being the strangeness
suppression factor due to the heavier mass of the strange quark. Thus, each
cluster is viewed as a color-neutral system consisting of a certain number
of quarks. The final hadrons are built up by randomly selecting sequences
of quarks and anti-quarks. Each sequence is transformed into a hadron
according to the rule that a ¢g gives a meson, while baryons or antibaryons
are formed from ¢qq or §gg. A discussion and theoretical foundation of the
quark-statistics can be found by Anisovich and Shekhter [11]. The meson
nonets with angular momenta zero and one (150, S;,! P, Ry, P,* B,) as
well as all baryons with masses up to about 1.7 GeV [12] are used for
building-up the primarily produced hadrons. In the present approach an
empirical probability distribution

P(m) o« exp (-m/Oy) (7)
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(see also [13]) is used to suppress the formation of heavier hadrons in accor-
dance with the experimental findings. In Eq. (7), m is the mass of the final
hadron and Oy is given in Eq. (5).

Finally, all factors still necessary for a correct counting of the final states
are collected in the term

i {fr (2]

ny N-1
e} ()" o

=1

It contains the spin degeneracy factors (20; + 1), the volumes Vy in which
the N clusters and V; in which the particles arising from the I-th cluster
are produced with V; = 47 R%/3 determined by the radius parameter Ry
(J = Ior N). The quantity g(a;) = (Hﬁ ng!) ' prevents multiple counting
of states for groups of ng identical particles in the final state of the cluster 1.

By defining the number of states in the decay channel a; of one cluster

ny=—1 Ty
dZ1(r) = g(er) (s ) {H(?ai + 1)2m,}

(2m) P
dM; (A@/I’) K, (g’) dan,(MI, ;) 9)

and the analogous number of “cluster states”

N-1 N
dzzv(s):(—(;/TN)g) {H(QMI)}

I=1
N
{exp (B(tar +ti2)) T] exp (—(QI/QT))}
I=3
dLN(S;Mlv"'aMN) (10)

the probability of populating the channel &n = (ay,...,an) [see Eq. (1)],
follows as

N
dW (s; @n) o {HdZ[(al)}dZN(s). (11)
I=1

The physical quantities of interest can be derived from the differential cross
section

dW (s; @)

S San [ AW (5 Gn) (12)

do(s; an) = oin(s)
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by summing up all channels and integrating over the unobserved variables.
Here, the inelastic NN cross section oj,(s) serves as normalization.

For the present considerations the following fixed set of parameter values
is used:

@ = @ =300MeV
Ry = Ry = R =17fm
B =3GeV~? (13)
Q; = Q =400MeV/c
A =0.15.

2.2. Nucleus-nucleus interactions

In the ROC model a nucleus-nucleus reaction is described on the basis
of the participant-spectator picture (at the nucleon level). Each interaction
of the projectile nucleus (AZ4) consisting of A nucleons and Z4 protons
with the target nucleus (BZp) is characterized by the numbers a (b) and
z4 (2) of projectile (target) nucleons and of projectile (target) protons
involved in the reaction. After the separation of the spectators consisting of
C = A —a and D = B — b nucleons it remains the participant interaction,
which is treated in close analogy to the nuceon-nuceon interaction described
in Sect. 2.1. As an additional aspect light fragments (deuterons, tritons and
so on) may emerge from the subsystems if the number of initial valence
quarks is sufficient. Nucleons may also coalesce into fragments via final-
state interactions. The structure of the residual nucleus is disturbed by the
primary projectile-participant reactions as well as by secondary interactions
of the outgoing particles with the nuclear environment. That means that the
residual nucleus becomes excited too and may break into several fragments.
The cross sections o, for the interaction of a projectile nucleons with b
target nucleons are calculated on the basis of a probabilistic interpretation
of the Glauber theory [6] (for details see [14]). Simple combinatorics is
then used to calculate the cross sections 04,,5,, which take into account
the different charge states z,, z; of the participating nucleon groups. The
differential cross section is calculated as an incoherent sum

dWazabzb(s CYN)
dUAB 3 a) Z Z Z E Tazabzy Z: f dWazabzb(s’ Q’N) (14)

with s denoting the square of the CM energy of the projectile-target system.
In (14) the relative probability dW,.,s., (s;@n) of populating the channel
an = (oq,...,an,ac,ap) is given by

dW(s;an) x dZ¢(ac)dZp(ap) {H dZi(ar }dZN(s'), (15)
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with dZ;(ay) and dZn(s") defined by (9) and (10), while the spectator
system J {J = C, D) is described by

dZ;(ey) = dM p,, (P} {H(m + 1)2m; dm,F(m,)}

1=1

a(es) ((7?)3)"]_1 (g"j) K, (ZIJ) dL,,(My;ay) (16)

in analogy to (9). New features compared to the NN case are the integral

over the internal momentum distribution pA(ﬁ}) and the function F;(m;),
which defines the level density of the i-th nuclear fragment.

The parameters 8 and Q [see (6)] are adapted to the peculiarities of a
nuclear interaction. It must be expected that the predominantly longitu-
dinal population of the phase-space in hadronic interactions becomes more
and more isotropic with increasing number of participants ¢ and b in nu-
clear reactions. To reproduce this feature the values from the NN case, § =
3GeV~? and Q = 0.4GeV /c, are replaced by functions of the number of par-
ticipants, namely 3 = 3(a4+b—1)"3/2GeV~2 and Q = 0.4(a+b—1)3/2GeV /c.
The calculated spectra are not very sensitive to the details of the selected
functional dependence, and the scaling with the number of participants
should be considered as one possibility to achieve a reasonable description
of the data. For the temperature parameters of the spectator systems values
around 5 MeV are used.

3. Comparison with experimental results

In this section a few examples are discussed, which demonstrate the abil-
ity of the model to reproduce experimental data in wide regions of incident
energy and types of interacting particles.

In a recent paper [1] the total cross sections for various inclusive and
exclusive particle production channels in pp interactions at energies up to
50 GeV has been considered. In Fig. 1 the equivalent result for pn reactions
is shown. The overall reproduction of the data is quite satisfactory. It is
not the aim to discuss all depicted channels thoroughly but rather to stress
the variety of reactions reaching from exclusive channels with two up to
six final particles to inclusive channels and the variety of particles reaching
from pions over strange mesons to baryon and meson resonances, which can
be described at the same time.

A systematic set of proton-induced reactions [16] on Be, Al, Cu, and
Au targets at 14.6 GeV/c has been measured by the E-802 Collaboration
at the BNL-AGS. As pointed out by Abott et al. [16] it is the aim of these
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Fig. 1. Energy dependence of the cross section for various particle-production chan-
nels in pn collisions. Experimental data (full circles) from Refs. [15] are compared
with ROC model results (solid lines).

experiments to clarify the reaction mechanism of nucleus-nucleus (AA) re-
actions investigated at the same energy per nucleon [17, 18, 19]. In central
SiAu interactions an enhanced K+ /x% ratio has been observed [18]. This
fact is of particular interest, because strangeness production has been dis-
cussed in the context of quark-gluon plasma formation [20, 21]. So far,
theoretical work [22] — [28] has mainly concentrated on the explanation of
the enhanced K*/n* ratio. The comprehensive data set now available is,
however, an ideal tool to check models in a more systematic way by consid-
ering first pA reactions starting from the lightest systems. After that one
can hope to find a more profound explanation of the enhanced K* /7™ ratio.
In a recent note [2] a first step has been done by calculating the invariant
cross sections for the production of 7%, K%, p, and d in pBe interactions
within the ROC model. Here, the analog results for a heavier target (Al)
are presented in Fig. 2, while Fig. 3 shows the rapidity distributions, which
follow from the spectra of Fig. 2 by integrating over the transverse kinetic
energy m; — mg. The overall agreement is quite satisfactory.
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Fig. 2. Invariant cross sections for the production of a) n*, b) =~ ¢) p, d)
K*, e) K—, and f) d in the rapidity interval 0.4 < y < 2.8 as a function of
m; — mp with my = \/m$ + p? being the transverse mass. Spectra are plotted for
a rapidity interval of 0.2 and multiplied by an integral power of 10, that is 10° for
0.4 <y < 0.6 10! for 0.6 < y < 0.8, etc. For the deuterons in f) the spectra are
multiplied by powers of 10? instead of 10. The experimental data (open and full
circles) [16] are compared with the results of ROC model calculations (thin and
thick histograms).

4. Missing-mass spectra at subthreshold energies

As an example for the application of the ROC model in preparing new
experiments the proposed [29] measurement of missing mass spectra is dis-
cussed in this section. Subthreshold production of particles is at present far
from being understood. Alternative physical pictures are used to interpret
the experimental results. The determination of the number of target nucle-
ons participating in the interaction process will be a useful tool to decide
between the various approaches. This will be discussed in more detail for
the case of subthreshold K~ production, because there are plans [29] to
investigate subthreshold K~ production at the spectrometer ANKE [30] at
COSY-Jiilich.
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Fig. 3. Rapidity distributions for the production of #+, n~,p, K+, K~, and d. The
experimental data (full circles) [16] are compared with the results of ROC model
calculations (histograms)

In the process
p+[aN]—= (a+D)N+KT+ K~ (a=1...4) (17)

with @ being the number of participants an energy of about 1 GeV is trans-
ferred. Most of this energy is necessary to create the kaon pair. Only a
small amount of the available energy remains as relative energy between
the (a + 1) nucleons and the two kaons in the rest system of this particle
group. Thus, the velocity of all particles originating from the participant
interaction is in the laboratory system quite close to the (high) velocity
of their rest system itself. Because the energy transfer to the remaining
(A — a) spectator nucleons is comparably small, their relative velocities as
well as the velocity of their rest system in the laboratory remain small.
Therefore, a kinematic distinction between these two groups of particles is
possible. The recipe for fixing the number of participants is quite obvious,
one has to measure all fast particles (kaons, nucleons, fragments), which at
subthreshold energies are emitted under small angles in the laboratory sys-
tem. In the missing-mass spectra peaks must appear, which correspond to
the masses of the spectator systems consisting of the residual (A —a) nucle-
ons, if all fast particles are measured. If one or several of the fast particles
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are missed then they increase the corresponding missing mass and the peaks
are accompanied by tails at the high-mass side. Therefore it is necessary
to measure the momenta of all fast particles with an accuracy sufficient for
separating the peaks from the accompanying background.
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Fig. 4. Calculated missing mass spectra from p'2C interactions at 2.0 GeV for the
production of K*/K~ pairs accompanied by (a + 1) nucleons with a being the
number of participants (see Eq.(17)). Type and number of the nucleonic ejectiles
are indicated. Some of the histograms are multiplied by factors given in parentheses

As an illustration missing-mass spectra calculated with the ROC model
for p'2C interactions at 2.0 GeV are plotted in Fig. 4. It is assumed that
all charged particles emitted under angles © < 10° are “measured” with
100% efficiency and with a momentum resolution of Ap/p = 1.5%. There
are peak positions at about 10.2, 9.3, 8.4 and 7.5 GeV, which correspond to
spectator systems consisting of eleven to eight nucleons, respectively. The
peak denoted by “2p” arises from the interaction of the projectile with a
single target proton according to

p+pl o p+p+ KT+ K. (18)

The tail at the right side of this peak in Fig. 4 indicates the presence of
processes with additional fast particles involved, which are not detected.
One such process, denoted by “3p”, originates from the interaction with a
two-nucleon cluster [2p]

p+[2p) 5 3p+ KT+ K. (19)
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The peak denoted by “d” comes from the interaction of the projectile with a
single target neutron and subsequent coalescence of the p and the n into a d

p+[n]=-p+n+ Kt +K —-d+Kt+ K. (20)

Here, the distinguished bump arises mainly from additional protons emerg-
ing in the process labeled by “d + p”. The effective target in this case is a
[pn] cluster, which can form a d directly

p+lpn] = p+d+ Kt + K- (21)
or again via coalescence
p+[pm] s p+p+n+ Kt+ K- s p+d+ Kt + K. (22)

The extension of this discussion to all other processes from Fig. 4 is straight-
forward.

So far, subthreshold particle production has been investigated by inclu-
sive measurements. In such experiments the various subprocesses cannot be
identified in a model-independent way, because inclusive momentum spectra
contain no peculiarities which would allow this. In contrast, the positions of
the expected peaks in the missing-mass spectra are clearly model indepen-
dent, while the calculation of the relative intensity of the various subpro-
cesses is a critical measure, which depends on the model approach. Thus, a
measurement of missing-mass spectra opens a new way to study details of
particle production processes so far unaccessible at medium energies.

5. Conclusions

The ROC model offers the possibility of a simultaneous description of all
reaction channels and can be understood as an approach complementary to
the usual way of describing a definite reaction channel by means of Feynman
diagrams. It is implemented as a generator sampling complete events. This
allows the comparison of model calculations with any kind of experimental
results as well as the application as event generator for the preparation and
simulation of new experiments.
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