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The Cluster Concept in
Multiple Hadron Production

Independent emission of groups of hadrons describes

the essential features of high-energy scattering.

Collisions of strongly interacting sub-
nuclear particles (hadrons) at relativistic
energies are distinguished by the crea-
tion of additional particles. The study of
the particle production process has been
one of the central concerns of high-ener-
gy and cosmic-ray physics for many
years.

Recently the evolution of a phenom-
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ary target. With the passing of the survey
phase of experimentation in the new en-
ergy regime, it is appropriate to summa-
rize in general terms what has been
learned and what new questions have
been identified.

Despite prodigious experimental and
theoretical effort, no unified theory of
high-energy collisions has yet emerged.

Summary. The general features of high-energy collisions of elementary particles are
outlined. It is argued that multiple production occurs through the production of hadron-
ic clusters. The history and present status of the cluster concept are surveyed.

enological description of multiple pro-
duction, which began with pioneering
studies in cosmic rays, has accelerated
dramatically with the accumulation of
detailed experimental results. These
have been obtained by using the 70-bil-
lion-electron-volt (70-Gev) proton syn-
chrotron at Serpukhov, Soviet Union;
the 500-Gev Fermilab proton synchro-
tron at Batavia, Illinois; and the CERN
Intersecting Storage Rings (ISR) at Ge-
neva, Switzerland. The head-on colli-
sions of 30-Gev protons which may be
studied at the ISR are equivalent to colli-
sions of 2000-Gev protons with a station-
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Instead there is a variety of rather dif-
ferent schemes, each emphasizing one or
another aspect of the data and describing
a limited set of phenomena. One of the
most fruitful of ‘these descriptions rests
on the concept of hadronic clusters. Ac-
cording to this picture, particle produc-
tion is a two-step process in which corre-
lated groups of particles called clusters
are emitted and subsequently decay in-
dependently into the observed second-
ary hadrons. Experimental evidence for
the existence of clusters is entirely cir-
cumstantial. Nevertheless there is a con-
sensus that an average cluster decays in-
to three to four pions and has much in
common with the prominent meson reso-
nances. The motivation and indications
for the cluster concept and the aspira-
tions for theories based on it form the
substance of this article.
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Character of High-Energy Collisions

The total cross section, or probability
for two hadrons to interact, is approxi-
mately constant over a wide range of
energies, but the reactions which take
place vary considerably. At very low
center-of-mass (CM) energies (1), elastic
scattering is preeminent. At higher
energies inelastic processes account for
a major fraction of the total cross sec-
tion. Over a significant range of inter-
mediate energies most of the inelastic
scattering leads to final states involving
two (stable or unstable) particles. Many
of the hadron resonances were discov-
ered in studies of such quasi-two-body fi-
nal states in the early 1960’s. Multiple
production, which is the focus of this ar-
ticle, dominates at CM energies above
about 8 Gev.

The primary observables of high-ener-
gy collisions are the momenta (or at least
directions) of the emerging particles and
information, usually incomplete, about
their identity. The three chief categories
of particle - detectors—photographic
emulsions, hydrogen-filled bubble cham-
bers, and electronic counters—as com-
monly used are ionization devices,
which are highly efficient for the detec-
tion of charged particles but rather in-
sensitive to electrically neutral particles.
As a consequence, each event is only
partially observed in most experiments.

The necessity to cope with ignorance
of many of the details of multiparticle fi-
nal states has led to the idea of inclusive
reactions. Instead of measuring in full
the kinematic parameters of every par-
ticle in an event, it is useful to character-
ize final states by the explicit occurrence
of a small number of particles with speci-
fied momenta, together with any number
of undetected particles. Thus a single-
observed-particle inclusive cross section
gives the probability of detecting one
secondary with specified momentum,
plus anything else. In this language the
total cross section is a no-observed-par-
ticle inclusive cross section.

Several important general features of
multiple production have been identi-
fied.

1) The momenta of secondary parti-
cles perpendicular to the axis defined by
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the direction of the colliding particles are
severely limited and are small compared
to the ‘‘longitudinal”’ momenta. The
mean value of the transverse momentum
is approximately 350 Mev/c (where ¢ is
the velocity of light) independent of the
energy of the colliding particles. Because
the momentum vectors of the outgoing
particles are strongly collimated along
the initial beam direction, it is useful to
idealize particle production as a one-di-
mensional process in momentum space
2). A useful kinematic variable is the
(longitudinal) rapidity, y = (1/2)log-
[(E + p)/(E — p)], where E and p, are
the energy and longitudinal momentum
of the observed particle. The rapidity has
some important virtues. First, rapidity
differences are preserved under Lorentz
boosts along the beam direction. The
concept of particles with similar or dis-
similar momenta is therefore given a
Lorentz-invariant meaning. Second,
with rapidity as the longitudinal momen-
tum variable the Lorentz-invariant phase
space volume element &*p/E separates
neatly into transverse and longitudinal
parts as wdp2dy. The one-dimensional
picture emerges when the transverse de-
grees of freedom are neglected. Finally,
for relativistic particles the rapidity is
closely approximated by a ‘‘pseudo-
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rapidity’’ variable n = —log(tan 6,,y,), for
which only the directions 6, of the
emerging particles need be measured.
These properties lead to a suggestive
analogy with a one-dimensional gas, with
the kinematic boundaries of rapidity in
correspondence with the walls of a con-
tainer, and the density of hadrons per
unit rapidity corresponding to the num-
ber of gas molecules per unit volume.
For proton-proton collisions at CM ener-
gy W, the length of the allowed rapidity
interval is ¥ = 2 log(W/M), where M is
the proton rest mass (about 1 Gev).
About eight units of rapidity are avail-
able for study at present-day accelera-
tors.

2) On the average, a ‘‘leading par-
ticle’” which retains most of the attri-
butes of the beam particle emerges with
half the energy of the incident projectile.
(A similar statement holds for the target
particle.) Thus in collisions initiated by a
proton beam it is routine to find a fast
secondary proton or neutron emerging
along the beam direction. The leading
particle effect can also be regarded as a
limited inelasticity of hadron collisions:
averaged over many events, the CM en-
ergy expended in particle production is
only about one-half of the energy of the
colliding particles.
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Fig. 1. Some gross features of proton-proton collisions at high energies. (A) Mean multiplicity of
secondary charged particles plotted against the beam momentum. (B) Evolution of the ‘‘topo-
logical” cross sections (in millibarns) with increasing beam momentum; numbers inside the
axes show the number of charged particles in the final state. Also shown (C) are the total
inelastic cross section (the sum of the topological cross sections) and the elastic and total cross

sections.
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3) The mean number of secondaries
increases slowly with energy. At acceler-
ator energies most of the produced parti-
cles are known to be pions, the least
massive strongly interacting particles. If
all secondaries were produced at rest in
the CM system, the multiplicity would
grow linearly with the CM energy. In
fact the observed growth is more gradu-
al; it is nearly logarithmic, as shown in
Fig. 1A. The changing character of the
processes which compose the nearly
constant total cross section is illustrated
in Fig. 1B, which displays the semi-in-
clusive ‘‘topological’’ cross sections for
inelastic production of a fixed number of
charged particles plus any number of
neutrals. These rise and fall with increas-
ing energy, but sum to the slowly varying
inelastic cross section.

4) A short-range order of multiparticle
final states is manifested in several ways.
The memory of the attributes of the
beam and target particles persists only in
restricted fragmentation regions, which
extend about two units of rapidity from
the rapidity boundaries. Likewise,
charge correlations and the other cluster-
ing phenomena that we will discuss are
enforced over a short, and roughly ener-
gy-independent, interval in rapidity.

5) Outside the fragmentation regions,
in the so-called central or pionization
region, the structure of multiparticle
events does not depend on the nature of
the beam or the target. For example, ex-
cluding the projectile fragmentation re-
gion, pion-initiated events at high ener-
gies are largely indistinguishable from
proton-initiated events. This is some-
times called the factorization property.

6) Inclusive cross sections have been
found to scale in the fragmentation re-
gions, in the sense that they are approxi-
mately independent of the incident ener-
gy, being functions only of the Feynman
variable x = 2 p;/W. In the pionization
region cross sections are observed to in-
crease gradually with increasing energy.

7) The structure of events is relatively
stable as the energy changes. The rapidi-
ty density of produced pions is almost
energy-independent. In terms of the one-
dimensional gas analogy, the length of
the container (the rapidity interval)
grows as the energy increases, but the
density of gas is fixed and correlations
among the molecules are unchanged.

These seven generalizations are sim-
plified idealizations which are subject to
numerous caveats and to quantitative re-
finement. They nevertheless provide a
reliable outline of all the gross character-
istics of multiple production now known.
One further phenomenological construct
is often of value. It is the separation
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of many-body events into two classes.

1) Inelastic diffraction, the quasi-elas-
tic production of fixed final states (such
that fragments of the target have fixed
laboratory momenta independent of the
incident energy), predominantly of low
mass and multiplicity, each with a cross
section that is nearly constant at high
energies.

2) Nondiffractive production, ac-
counting for the bulk of the inelastic
cross section, the cross section to pro-
duce any specific channel being strongly
energy-dependent. ‘

The explicit models to be discussed
below apply specifically to the non-
diffractive component.

History of the Cluster Concept

The tendency of produced hadrons to
merge into correlated systems at definite
energies was first observed in the early
1950°s, when resonances were discov-
ered in pion-nucleon scattering experi-
ments. However, the hypothesis that
multiple production is a two-step process
was not advanced until 1958. It arose
from the analysis of experimental data
obtained by cosmic-ray physicists in the
study of collisions initiated by primary
particles with energies around 1000 Gev.
A class of processes was found in which
particles in the pionization region ap-
peared to emanate from two isotropically
decaying centers, called fireballs. Each
fireball had a mass estimated at 3 to 4
Gev/c? and decayed into seven or eight
pions.

A year later, cosmic-ray experiments
with 300-Gev primaries revealed events
which could be explained by the creation
of a single fireball possessing similar
properties, although with a slightly
broader mass distribution. At these
energies, individual events were found in
which the angular distribution of second-
aries lacked forward-backward symme-
try in the CM system. Such asymmetric
showers were ascribed to the motion of
the fireball.

The statistical or hydrodynamic pic-
ture (3), which was at that time the most
popular approach to multiple produc-
tion, could not explain these results. But
soon ideas about the peripheral nature of
hadron collisions evolved into the one-
pion exchange model for two-body colli-
sions, which was, in turn, generalized in-
to the multiperipheral clustér model ¢).
According to this idea, the virtual par-
ticle exchanged between colliding ha-
drons radiates groups of correlated
pions. This chain of clusters is shown
schematically in Fig. 2. The limited
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Produced particles

Incident particles

Fig. 2. Multiperipheral cluster mechanism for
particle production. Hadronic clusters are
emitted by a virtual particle (dashed line) ex-
changed between the colliding hadrons.

transverse momentum of secondaries
and the leading particle effect follow
from the damping of momentum transfer
characteristic of virtual particle ex-
change. The other important properties
of multiple production have natural ex-
planations in this picture as well.

A new wave of interest in the structure
of multiparticle events arose about 5
years ago after the discovery at the then
new accelerators of strong short-range
rapidity correlations among produced
pions. Soon afterward the azimuthal,
charge, and fixed-multiplicity correla-
tions were studied. Early comparisons of
experimental features with those ex-
pected in the cluster picture were made
on the basis of a simplified version, or
caricature, of the model, named the inde-
pendent cluster emission model (ICEM).
Inspired by results obtained with the
multiperipheral model and by ideas in
the quark parton model developed to in-
terpret inelastic electron-nucleon scat-
tering (5), theorists assumed that clusters
are produced with uniform probability
over the entire rapidity interval. So that
calculations could be carried out analyti-
cally, the properties of the clusters them-
selves were postulated very roughly: all
clusters were taken to be identical and to
decay isotropically into a fixed number
of pions. In addition, the constraints of
energy and momentum . conservation
were imposed only in an average sense.
The ICEM does not pretend to treat such
problems as the energy dependence of
total cross sections or the relation be-
tween elastic and inelastic scattering,
which are usually addressed in the
framework of the multiperipheral ap-
proach. It does, however, provide a
faithful representation of the properties
of inelastic events suggested by the mul-
tiperipheral model. On the basis of the
comparison of ICEM predictions with
experiment, it was suggested that the av-
erage cluster has a mass of no more than
about 1.5 to 2 Gev/c? and decays into
three or four pions.

More elaborate multiperipheral calcu-
lations, in which clusters of varying

masses are allowed and the conservation
laws and dynamics of the interaction are
taken rigorously into account, tended to
indicate that such figures could arise as
an average of the contributions of promi-
nent resonances with heavier clusters or
fireballs. These studies suggested, fur-
thermore, that different experiments
might be sensitive to different sorts of
clusters. This may account for the varia-
bility of the properties imputed to clus-
ters. At rather low energies and for low-
multiplicity events at high energies, it is
mostly the light resonances that domi-
nate, but for the higher multiplicities fa-
vored by cosmic-ray studies the part
played by heavy clusters might be great-
er.

Concluding this brief history, we may
say that the questions regarding cluster-
ing effects have been answered on the
phenomenological level in the present
range of accelerator energies. Much
work remains to clarify the nature of the
clustering phenomenon and particularly
the existence, decay properties, and oth-
er attributes of extremely massive clus-
ters.

Experimental Evidence for Clusters

To explain how the effects of cluster-
ing of secondary pions were discovered,
we will discuss several methods of clus-
ter detection. It is impossible to describe
them all here. However, only a few of
the nearly 20 techniques are in active
use.

As we have already mentioned, ha-
dronic clusters are not directly observed.
Their existence is suggested indirectly
by effects such as correlations. Two cir-
cumstances make the isolation of indi-
vidual clusters difficult. First, the decay
products of two or more clusters in an
event can overlap in rapidity, making a
unique separation almost impossible.
Second, an isolated group of particles
may occur as a fluctuation, particularly if
neutral particles go undetected. To ex-
clude a fluctuation interpretation it is
necessary to identify and collect many
similar (fully analyzed) events, which is
not an easy matter.

The cosmic-ray studies which gave
rise to the two-center hypothesis were
restricted to events in which clusters ap-
peared to be well separated in pseudo-
rapidity. The statistics and precision of
these early studies were quite modest.
Consequently, we must regard their re-
sults as more suggestive than definitive.

The occurrence of clustering effects in
an unbiased sample of inelastic events
was demonstrated for the first time by
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Fig. 3. Rapidity correlations of two pions pro-
duced in proton-proton collisions at a CM en-
ergy of 63 Gev, as a function of the pseudo-
rapidity difference, for m, = 0. The data are
from Amendolia et al. (7).

measurements of inclusive two-pion cor-
relations. The probability of observing in
a single event one pion at rapidity y, and
a second pion at rapidity y,, together
with anything else, is recorded. If the
pions were produced independently, this
joint probability would be equal to the
product of the probabilities of finding
pions at rapidities y, and y, in different
events. In the absence of dynamic and
kinematic correlations, the correlation
function defined as the difference be-
tween the two-particle inclusive distribu-
tion and a product of single-particle in-
clusive cross sections should vanish (6).
Experiments have shown that this dif-
ference is noticeably greater than zero at
coincident rapidities y, = y, and de-
creases exponentially with the separa-
tion of pions |yy — yql- Thus all correla-
tions are concentrated within a limited
interval of about two units of rapidity
(see Fig. 3). This observation provided a
strong argument in favor of the cluster
concept.

The more particles that are contained
in a cluster, the stronger is the correla-
tion at y; = y,. The correlation length is
related to the angular distribution of the
pions created in the cluster decay. A
comparison of experimental data with
theoretical formulas has shown that in-
dependent emission of individual parti-
cles is excluded by experiment, but that
excellent agreement results if particles
are produced by clusters which decay
isotropically into three or four pions on
the average.

Information of a more detailed nature
can be extracted from analogous distri-
butions for events with fixed numbers of
charged particles (semi-inclusive corre-
lations). When analyzed in the ICEM
framework, data on semi-inclusive cor-
relations yield a measure of the width of
the multiplicity distribution for cluster
decay, in addition to its mean. The in-

940

ferred average properties of clusters are
unchanged, but at low multiplicities clus-
ters closely resembling resonances are
produced, while at the highest multi-
plicities (accounting for perhaps 10 per-
cent of the inelastic cross section) high-
er-multiplicity clusters seem called for.
This trend is evident in Fig. 4. It is in-
triguing that this tendency was observed
at the CERN ISR at energies equivalent
to about 1000-Gev primaries—that is, the
regime in which fireballs were first de-
tected in cosmic rays.

A slightly different form of the two-
particle correlation idea was exploited in
the rapidity gap method. The main idea
behind this approach is that the distance
in rapidity between neighboring particles
is related at small separations to the
mean density of particles, and at larger
separations to the density of clusters.
Therefore from a knowledge of the den-
sities of pions and clusters orie can easily
determine the average number of pions
per cluster. Again, the value of three or
four pions per cluster was inferred. Simi-
lar estimates were obtained by other
methods as well, Thus the average char-
acteristics of clusters are now well estab-
lished.

As useful as a description of multiple
production in terms of the average prop-
erties of clusters is, it is an obvious over-
simplification to regard all clusters as
identical. Some particles may well, in
principle, be produced independently,
and it is known that two-pion resonances
such as the p meson are produced co-
piously. To the extent that these low-
multiplicity objects are produced direct-
ly, the spectrum of cluster masses and
decay multiplicities must extend well
above the average values.

To study this possibility it is necessary
to investigate many-particle correla-
tions. The simplest generalization of cor-
relation functions to three and more
pions results in cumbersome multi-
dimensional distributions. It is much
more suitable to generalize the rapidity
gap technique by considering distribu-
tions of rapidity intervals which contain
1,2, ... pions. The maxima and widths
of the distributions of rapidity intervals
are connected in the ICEM with the
decay properties of clusters. Com-
parison with experiment confirmed the
mean values mentioned above and, in ac-
cordance with semi-inclusive results,
showed that heavier clusters appear to
be important in high-multiplicity events.

Analytical calculations with the ICEM
played an important part in establishing
the average properties of clusters. How-
ever, for more detailed studies the ICEM
is compromised by the omission of con-
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Fig. 4. Dependence of (K(K — 1))/(K) on the
number of charged particles n, as measured
in proton-proton collisions at W = 62 Gev
[from Amendolia et al. (7)]. Here K is the num-
ber of charged decay products of a cluster.
The dashed line shows the expected depen-
dence if clusters are three-particle (7o~ 7°)
resonances. The increase observed above
n/(ny = 1.5 suggests the growing importance
of high-multiplicity clusters. A Poisson distri-
bution for the number of decay products
would result in a linear growth of

(K(K = 1)/(K) with n/(n).

servation laws, the leading particle ef-
fect, and the transverse motion of clus-
ters. A more complete treatment can be
done only by computer calculations em-
ploying Monte Carlo techniques. When
that level of computational complexity is
reached, the more realistic—and more
ambitious—multiperipheral model be-
comes the preferred tool.

Outlook

What is the nature of these hadronic
clusters for which so much indirect ex-
perimental evidence has been compiled?
Are they actual dynamic objects or are
they illusions caused by the interplay of
kinematic restrictions and fluctuations?
Do they, in other words, provide an ac-
curate physical description of high-ener-
gy collisions or merely a convenient ‘‘as
if”” mnemonic? Although clustering phe-
nomena are firmly established, the clus-
ter interpretation remains unproved.
However, the observed stability of clus-
ter properties favors their existence, and
in most theoretical schemes they are
treated as real.

In the multiperipheral model, high-en-
ergy multiple production is viewed as a
sequence of low-energy interactions
among virtual particles. In this light it is
quite natural that the low-mass clusters
reproduce the spectrum of meson-meson
scattering, including the well-known
meson resonances. The nature of the
conjectured high-mass clusters is far less
clear. One may imagine them to repre-
sent an average of overlapping heavy
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resonances and continuum states, not in-
trinsically different from their less mas-
sive counterparts. Indeed, such a model
implies some degree of correlation
among clusters of arbitrary size, which
makes the notion of an individual cluster
slightly nebulous. But this sort of micro-
scopic interpretation, even if correct,
might not provide great economy or in-
sight. It may be that clusters can be de-
scribed most economically as collective
excitations of hadronic systems with
many degrees of freedom. In this event,
theoretical  techniques traditionally
brought to bear on nonrelativistic many-
body problems will supply new insights
into their nature. Alternatively, it may be
possible to make explicit the suggestive
connection with the quark parton model
description of the hadron jets observed
in inelastic electron-proton collisions.
This would yield a unified description of
the full spectrum of clusters.

Either development would raise the
clustering phenomenon to a general
property of hadronic matter. It should
then be observed not only in hadronic re-
actions but also in lepton-induced reac-
tions in which hadronic final states are
formed. First indications of clustering ef-
fects are already visible in proton-anti-
proton annihilation and in electron-posi-
tron annihilation into hadrons at high
energies. New opportunities for experi-
mentation with colliding electron-posi-
tron beams with CM energies up to 40
Gev, which will appear soon, undoubt-
edly will shed new light on the apparent
similarity between many-particle reac-
tions initiated by different beams.

In conclusion, the cluster concept has
led to many important insights, and fur-
ther study of the phenomenon of cluster-
ing is certain to provide clues for a deep-
er understanding of the strong inter-
actions.

Coevolution in Insect
Herbivores and Conifers

Scale insects adapt to intraspecific variation in pine

defenses with a differentiated deme on each tree.

George F. Edmunds, Jr., and Donald N. Alstad

Sessile habits facilitate demographic
studies in many conspicuous scale in-
sects and permit a number of experimen-
tal manipulations that illustrate plant-
herbivore interactions. Outbreaks of
black pineleaf scale, Nuculaspis califor-
nica (Coleman), on ponderosa pine,
Pinus ponderosa (Laws), are caused
when dust or insecticide drift kills the
Prospaltella (Eulophidae: Aphelininae)
parasitoid, which normally controls
scale abundance (/). Evidence from
long-term observation of persistent out-
breaks led to the hypothesis that pon-
derosa pine shows a complex intraspecific
variation in its defensive characteristics,
and that scale insects are selected for in-
creasing adaptation to individual host
trees (/).

A number of observations provide evi-
SCIENCE, VOL. 199, 3 MARCH 1978

dence that pines are resistant to the
scales. One striking characteristic of an
infestation is the variation of scale popu-
lation density from one pine to the next;
scale-free pines frequently stand for
years beside trees infested with as many
as ten insects per centimeter of needle,
often with intertwining branches. Scale-
free trees tend to remain uninfested even
though first instar larvae can be seen
crawling on their needles during the in-
sect’s reproductive period in July. When
plots of trees are sprayed with in-
secticide to control the scales, trees are
reinfested after 2 to 5 years to approxi-
mately their original level of infestation;
that is, formerly severely infested trees
become severely reinfested, previously
lightly infested trees become lightly rein-
fested, and so forth. When twigs are re-
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ciprocally grafted from adjacent infested
and uninfested trees, the grafted twigs
retain their characteristics. Two of three
scale-free grafts remained uninfested for
3 years (after which the trees were re-
moved for construction of a building),
and none of the infested twigs caused ad-
joining twigs to become infested.

Other evidence suggests that tree de-
fenses are complex and that scales are
adapted to host individuals. In severe
outbreaks, where trees receive numer-
ous potential colonists for many years,
most of the scale-free trees eventually
become infested. After a few scales suc-
cessfully establish themselves, insect
population density gradually increases in
succeeding generations (unless a high
winter mortality occurs). When only the
lower limbs of infested trees were dipped
in insecticide and 100 percent mortality
was achieved, the scale populations re-
turned to normal in two generations (2
years). In contrast, similar dipping of
every twig on 4- to 5-foot (1 foot = 0.3
meter) pines that were surrounded and
overgrown by densely infested trees re-
sulted in a scale-free period of up to 10
years. The recolonization in both cases
appears to be primarily by offspring fall-
ing from overhanging limbs; and, al-
though fewer larvae reached the smaller
trees, this does not account for the dif-
ference in repopulation rate. Finally, in
scale outbreaks there is a strong correla-
tion of scale population density with the
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