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HADRONIC COMPOUND-SYSTEMS IN CUMULATIVE
PRODUCTION PROCESSES
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A modified version of the model of cumulative particle production in hadron-nucleus
interactions based on the mechanism of nucleons ““gathering” into hadronic compound-sys-
tem is presented. The model results are compared with the new experimental data. A connec-
tion of the compound-sysiem formation characteristics with the confinement of colour
charges is considered.

PACS numbers: 13.85.-t

1. Introduction

The experimental investigation of cumulative production processes expanded greatly
during the last decade. However it is not clear so far what kind of information the acquired
data contain. The answer to this question depends on the preference to one of the basic
groups of models.

The first group contains the models based on the assumption that the cvmulative
production takes place due to the interaction of the initial particle with some kind of
“flucton” [1-3]. It can be a multinucleon or multiquark formation which appears fluctu-
atively in nucleus before interaction, In the framework of this representation the cumulative
processes contain the information on the details of nuclear siructure wkich are sensible
at high energies.

Another group of models assumes that the hadronic system which radiates a cumulative
particle is formed during the process of the incident particle interaction with the nucleus
[4-6]. In the framework of this representation the nucleus serves as a detector of the space-
-time development of production process. In particular it will be shown below tnat the
questions of colour tube life-time and the character of its interaction with the nucleons
of the target nucleus may be considered in the framework of the “gathering” model [4, 5].

It must be stressed that so far there is no crucial experiment which evidently confirms
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a dominant role of one of these two piccures. The fact of cumulative p-on production in
p-nucleus interactions is not an exception. In Ref. [1] this fact was considered as the stronger
argument against the “gathering” model. However in this model the cumulative leptons
may be produced due to the decays of short living cumulative hadrons (J/y for instance).
Then the spectra of cumulative leptons and hadrons must be similar. It has been noted
in [1] that such similarity was observed experimentally.

We consider that both schemes of the process are to be developed since they may
supplement each other giving the contributions of equal orders of magnitude to the ob-
served cross sections.

The aim of this paper is to present a corrected version of “gathering” model to verify
its correspondence to new experimental data and to consider the arguments pro- and
contra this model which have been suggested during the last years in connection with the
appearance of new ideas and results.

2. The “‘gathering” scheme

The “gathering” scheme arises as an extreme in the general approach to the space-
-time development description of the multihadron production process on nuclei [7-10]
which corresponds to production of particles with extremely large momenta. In accordance
with [7-10] a hadronic compound-system (cluster) is created when an incident particle
interacts with one of the nucleus nucleons. As this compound-system moves inside the
nucleus it collides with nucleons and these collisions increase its mass.

A selection of cumulative particle production channel restricts the characteristics
of interactions in which the compound-system is formed. The first restriction is connected
with the leading particle effect. We consider it for the case when a compound-system is
formed with participation of N nucleons of the target nucleus. Let P, be a momentum
of the incident particle, d, — the portion of P, which is spent for coumpound-system
creation and dy — the corresponding momentum for each of N nucleons. Then the mo-
mentum P, of the cumulative particle “c” is determined by the following equations

Ey+NEy = Eg+NEy+E +E, (€))]
Py+NPy+P.+P, =0, 2

Pé = (1=00)Py, Py= (1-96n)Py, 3

E} = P} + M, ©)

Eo =0 if §=1, Ey=0 if 6y =1. (5)

Here E,, P, and M, are the energy, the momentum and the effective mass of hadronic
system after radiation of the particle “c”. Eq. (5) corresponds to the events when an incident
particle or target nucleons are captured by compound-system.

The kinematical limit P7** for P_ corresponds to the minimal extreme of M, which
is determined by conservation of quantum numbers such as electric and barionic charges,
strangeness etc.
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In Fig. 1 the dependences of (P7*)y on N, 8, and dy in L-system are presented for
m--mesons which fly out at an angle of 180° in p-A collisions at E, = 9 GeV. It is seen
from Fig. 1, that (PT™*)y has a maximum at éy = 1 and diminishes rapidly as dy decreases.
Then the nucleons “gathering” in the compound-system is necessary for production of
a particle with extremely large momentum in the back hemisphere, since “gathering”
corresponds to dy = 1 for all nucleons participating in the compound-system formation.
It is argued in [5] that the cross section for nucleon capture by the compound-system
o, is about (1/3+1/4)¢™. The value o, = 1/3 ¢™ is used in the calculations below.
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Fig. 1. Dependences of (PT®%)y on Jo(dy = 1) — solid lines and on dn(de = 1) — dashed lines

In Fig. 1 one can also see that the values (P;"")y vary slowly with 8,. Therefore
the cumulative particle producticn in the target fragmentation region dces not impose
kinematical restrictions on the leading effect for the incident particle and it preserves its
character peculiar to multi-hadron production. This conclusion is in accordance with the
results of the investigations of tne leading hadrons characteristics in cumulative production
processes [11, 12]. Hence the target nucleons are “gathered” not by incident hadron but
by a compound-system produced in the first interaction of this hadron with a nucleus
nucleon. Then it is cbvious that nucleons may be “gathered” by a hadronic system produced
in a deep inelastic photon and lepton scattering.

The extension of the phase space by several nucleons participation in the compound-
-system formation is only a necessary condition for cumulative particle pioduction but
not a sufficient one. For such a process in each act of the compound-system formation
the system is also required to preserve its ability to interact with nucleors as a single dynam-
ically connected object not touched by dissipative processes. Such a state of the com-
pound-system will be referred to as a coherent one.

In the framework of the multi-hadron production models bascd on the quark-glue
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model of hadron structure a coherent state of the compound-system is a non-broken
colour tube or a string formed by colour chatge exchange between interacting hadrons
(see [13] for instance). As well asin [4, 5] we suppose that a coherent state decays exponen-
tially i.e. the probability for the compound-system to be in a coherent state at a time ¢ is

n = exp(—t/z.). ©®

Here 1, is a mean life-time of a coherent state.
In [4, 5] the life-time of this state was assumed to decrease inversely proportional
to its mass:

Te = TO/M' (7)

This assumption corresponds to the hypothesis of dynamical confinement of colour
charges [14). In accordance with this hypothesis the confinement forces not only depend
on the distance between these charges but also grow with the increase of their relative
motion energy M. As a result the density of the vacuum polarisation energy increases
with M, and the colour tube is destroyed in shorter time intervals. The constant parameter
1, determines the tube life-time and is to be found experimentally.

Taking (7) into account one gets the following expression for quantities sy in the
nucleus rest system.

M —zg)M%
fix = €Xp {— rtoy;’} = xp{— E« ‘——)_} = exp { —ay(z—20)}. 8

Here N is the number of “‘gathered” nucleus nucleons, z, is the coordinate of the
point where the compound-system was born or its mass was increased, z is the running
coordinate; My and yy are the mass and Lorence-factor of the compound-system:

My = 2Nm,Ey+ N*m?, 9
6oEo+Nm

Yy T e ) 10

TN M, (109)

At high energies the quantities ay approach the limit

dy = 2Nm/fo, (11)

which does not depend on 9.

The dependences of ayt on d, at E, = 9 GeV are shown in Fig. 2. One can see that
these dependences are quite weak. This is in agreement with the above mentioned non-
-distortion of leading particle effect in cumulative production processes. The dependences
of quantities (P7™)y and ayt, on E, are shown in Fig. 3a and 3b. They exhibit plateaus
of almost constant heights as E, increases. This results in an analogous behaviour of
cumulative particle production cross section.

To describe produced particle spectra we assume the invariant inclusive cross section
for production of i particle in the interaction of the compound-system with N*® nucleon
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to be identical to the corresponding cross section in hadron-nucleon collision at
JS = (J§)N. Then the invariant cross section for the i particle production on nucleus
is determined by the equation

et N —
E E? (x, Py, Ep) = W F(xy, Py, \/SN)' (12)
N
Here xy = P /(P{"*)y and
— E d%™ —
Fi(x9P.L’\/S)=_i;'_£3—(st_La\/S)' (13)
o,y dP

The quantities W7 are the cross sections of the formation process of a compound-
-system containing N— 1 nucleons and its interaction with N nucleon.
Taking (8) into account one gets the following equation for W

W) =2n { bdb | dzo.e(b,z)exp[—o, | dzo(b, 2)]
0 — o0 =00

X j dzzacQ(b, ZZ) €Xp [_Gc I sz(b’ Z)] CXp ["a1(zz—z1)]

z1

e ZN
. | dzyofied, Dexp[—oiy | dze(b, Dlexp[—aw-i(zn—2v-0)  (14)
ZN-1 ZN -1
It differs formally from the corresponding equation for W7 in [4, 5] in one point:
in the last integral the cross section o, is replaced by o}%. This replacement is stipulated
by the following circumstance. In papers [4, 5] the function F(x, P,, ./S) was used in a sense
of inclusive spectrum of particles produced by a decay of the compound-system of mass
My. But actually the invariant cross section (13) taken from hadron-nucleon interaction
is a sum over all the mass spectrum of compound-system which corresponds to inelasticity
distribution in these interactions. The usage of (13) as a cross section for particles produced
by compound-system with a certain decay mass is not quite correct. A more precise defini-
tion of the model [4, 5] given here eliminates this discrepancy.
Fermi’s distribution for nucleon density in nuclei ¢ was used in (14). In papers [4, 5]
the uniform sphere approximation was applied.
To calculate a cumulative = production cross-section, we use for F the approximation
obtained in [15]:

F(x, P,,/S) = F(x, P,) = f(x) exp [ag(— P, +P x~Pix)], (15)
where

exp (—a,x)

xX—a,
1+exp a
4

f(x)=a, (1—x)*. (16)
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1t takes into account the scaling of = spectra in pp-inceractions and satisfies the exper-
imental data. The values of a; are the following: a, = 0.92, @, = 3.9, a; = 0.65, a,
= 0.083, a5 = 0.69, a5 = 6.12.

The dependence close to (16) was obtained in [16] from the quark-parton model:

Jx) ~ (1=x)* 17

The comparison of (16) with (17) is given in Fig. 4. However, it has been shown
in [17] that the expression like (1 —x)" follows from the longitudinal phase space model

f(x)
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Fig. 4. Function f(x) determined by expression (15) — solid line, and by (16) — dashed line

when the momentum conservation is taken into account. Then a power n = 45 was
obtained in the framework of a statistical model which takes into account the peculiarities
of hadronization process in relativistic expansion of the compound-system [14]. There-
fore cumulative particle production may be considered in the framework of a statistical
approach applied to the compound-system decay®.

Two important conclusions follow:

Firstly, the identity of the invariant cross sections of particle production in hadronic

1 A statistical model of cumulative particle production has been developed in [6]. However a thermo-
dynamical approximation used there does not take into account the energy conservation law. This is inad-
missible for description of the large x particle production.
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collisions and in “gatnering” scheme obtains a simple explanation based on statistical
model: the decay properties of system are determined by its mass only.

Secondly, the statistical shape of cumulative particle spectrum agress with the assump-
tion that their radiation does not take place at the early stage of the compound-system
evolution but occurs as a result of hadronization process whose duration is long enough
for the compound-system to fly out the nucleus [10]. Then a quite complicated question
of cumulative particle absorption in nuclear matter is removed. This question arises inevi-
tably when a cumulative hadron is born inside the nucleus. The absorption may be quite
intensive since the momentum of cumulative pions observed in the majority of experiments
is of the order 1 GeV/c. This value corresponds to the resonance region. Obviously such
an absorption should decrease repeatedly the yield of cumulative particles and turns its
A-dependence into the 4*/® form.

1t should be noted that by the logic of the most popular “flucton”-type models
[1] the cumulative hadrons are born inside a nucleus and the problem of their absorption
awaits its solution.

Another specification of the model [4, 5] presented here is the allowance of a core
in nucleon-nucleon interaction which prevents the nucleons to approach a distance less
than a core radius r.. This brings Eq. (13) to the form

WY =2 [ bdb | dz,e(b,z)exp[—o. § dzo(b,2)]
0 - T

X }O dz,0.0(b, z,) exp [—o, zj'z dzo(b, z)] exp [—a(z2—24)]

ZiHre zytre
x [ dzyouye(b,zy)exp[—ouy | dze(b,2)]exp [—ay_i(zx—zy-1)} (18)
ZN-1tre ZN-1HTc

The value r, = 0.6 fm is used in the calculations.
It is necessary to emphasize the importance of correct determination of M, for Eq.
(4). Let us consider, for instance, the ratio of K+ and K~ meson production cross section
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Fig. 5. Values of (PZ**) on E, (a) and the ratio of X* and K- production cross sections (b)
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being used as one of the tests for cumulative particles production models {1]. There is
a notable peculiarity in production of these particles in nucleon-nucleon interaction:
K+ may be produced in pair with Ay, but K~ in pair with K+ only. Then M, for K--mesons
is larger

AM, = my—(my,—my) = 0.32 GeV, (19)

and the kinematical bounds are more restrictive. The influence of 4M, on these bounds
grows with decrease of E. The dependences of (Pg™"), upon E, for K* and K--production
at an angle of 180° in pp-collisions are shown in Fig. 5a. The ratio of K+ and K- produc-
tion cross sections at the same momentum may be arbitrary large due to this factor only.

The dependence of this ratio on Py at E; = 9 GeV is shown in Fig. 5b. In our calcula-
tions the shape of K-meson spectra was assumed to be determined by (17). This factor
was not taken into account in Ref. [1] and incorrect conclusion was made that the “gather-
ing” model is unable to describe this ratio.

3. Some consequences of the model and their comparison with experimental data

In 1979 at JINR the new data were obtained for the invariant cross sections of cumula-
tive particle production by proton interacting with various nuclei at P, = 8.9 GeV/c
[18]. The previous results [19] were considerably changed, particularly for pions with
kinetic energies E;, = 0.6.GeV. The difference between new and former results reaches
three-to-four orders of magnitude (see Fig. 6). In Refs [4, 5] the parameters of the “‘gather-
ing” model were fit to the data [19]. The results of our calculations are shown in Fig. 6
by curve 1.

We have used the new data on cumulative pions production in p Pb interaction at
P, = 8.9 GeV/c to choose the value of 7, in corrected version of the “gathering” model.
The curve 2 in Fig. 6 corresponds to the value 7, = 2 fm GeV/c. This value is used in all
following calculations.

P+Pb——4x

N
i ] 1 é\\\
03 05 07 09 _ 1
E,GeV

Fig. 6. The cross sections E/Ad%c/dP? in pPb-interactions: (A) — the data from Ref. [19], (@) — the data
from Ref. [18]; the curves are the model calculation
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In Fig. 7 the results of these calculations are compared with the experimental data for
cumulative pions at energies 9 GeV [18] and 400 GeV [20]. It is seen that the model correctly
reproduces :he energy dependence of invariant cross sections. As it has been repeatedly
noted the parametrization of A-dependence of cumulative particle production cross sec-
tion by the form A4 is not quite successful. It is dependent on nuclei which one uses for
determination of «. In fact, the cross sections E/A4 x d3c/dP? increase with 4 at 4 < 20
and become constant at 4 2 20 (see Fig. 8). As it follows from Fig. 8 the model cdrrectly

g/a d3siaP3
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/*./1/:/
//////
E/A d36/dp3
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-5 X
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o't ° \ Al
1 L L i C
0.5 0.7 09 11 05 0.7 0.9
Ekm»GeV Ekm,GQV

Fig. 7. Invariant cross sections of m~-meson production, the curves are the model calculation

reproduces this behaviour. It follows from such behaviour of cross-sections that determina-
tion of « with the use of a pair of heavy nuclei gives « &~ 1. If the used pair contained a light
nucleus then « should be considerably above unity.

There is a simple qualitative explanation of such A-dependence of the cumulative
particle production in the context of “gathering” model. In accordance with (8) the prob-
ability for compound-system to be in the coherent state decreases exponentially with the
distance from the point where it was born. Hence the probability for the next nucleon
to be “gathered” in the compound-system rises with decreasing the mean internucleon
distance in nuclei. In heavy nuclei this distance is almost independent of A. In light nuclei
it diminishes when A increases and this implies the rise of the cross section. This explana-
tion is confirmed by similarity of the cross section values for heavy nuclei and for “He
[18] whose densities are almost equal.

In Fig. 9 the cross sections of cumulative =-meson production on Ta at £, = 400 GeV
are shown for two angles of observation. It is seen that the model satisfactorily describes
the angular dependence of these cross sections.

Some interesting results were obtained from investigation of the cumulative process
on carbon nuclei in the propane chamber [11, 12]. On the basis of these results it is possible
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Fig. 9. E[Ad%0,+[dP? is at 6 = 118° (line 1) and 6 = 160° (line 2)

E/A d361/dP3
)

to estimate the rapidity y, of hadronic system which radiates the cumulative particle.
The mean cumulative meson momentum is 1 GeV/c, its angle is 0, ~ 120° and the mean
rapidity of the rest particles is y, = 1.8 when a cumulative number is n, ~ 1.5 [12].
From here it follows:
Y % N, =t + Vx

=2 TT 1.6, 20
‘s 3 Nps +1 (20)
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Here N, = 6.5 is the mean charge particle multiplicity, y, is the rapidity of a cumula-
tive m-pion. The value of y; determined in the model is 1.55 for a compound-system
containing two nucleus pucleons. This estimation agrees well with (20).

It should be noted that in the model [6] the velocity of a hadronic cluster radiating
a cumulative particle is fix & 0.7. Hence the rapidity of this cluster is

1+8
Lin—F ~ 087, (1)

—PK

4

Vs

which obviously contradicts (20).

However the constancy of f in the model [6] does not seem to be a crude approxi-
mation. One may abandon it and determine the speed and the mass of the cluster by the
use of the equation of cluster motion in the nuclear matter [7-10]. By doing it, one not only
excludes the adjustable parameter B¢ but also, in contrast to [6], one obtains an absolute
value of cumulative particle production cress section. The example of such calculation for
pPb-interaction at £, = 9 GeV is shown in Fig. 6 by a dashed line. It is seen that contri-
buticn of such mechanism to cumulative particle production may be of the order of a few
per cent.

4. Conclusion

The “'gathering” model does not contiadict the new experimental results of cumulative
production process. If the cutput of the “gathering” channel dominates in the cross sec-
tions of cumulative production then using this model one can obtain the characteristics
of the hadronic compound-systems in the coherent state: the life-time 7, and the cross
sections of their interaction with nucleus.

The coherent state of the compound-system may be considered as a colour tube.
Hence 7. is a time interval between creation and rupture of the tube. The 7 -dependence
on tube mass (1/M) agrees with the hypothesis of dynamical confinement [14] and is an
argument in favour of this hypothesis.

The authors are grateful to B. N. Kalinkin and V. B. Lyubimov for valuable discus-
sions.
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