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Collisions of strongly interacting subnuclear particles 

(hadrons) at relativistic enerqies are distinguished by the 

creation of additional particles. The study of the particle 

production process has been one of the central concerns of 

high-energy and cosmic ray physics for many years. Recentlv 

tne evolution of a phenomenoloqical description of multiple 

production, which began with pioneering stuaies in cosmic 

rays, nas acceleratea dramatically with the accumulation of 

uetaiieo experimental results. These have been obtaineo 

usinq the 7U GeV proton synchrotron at Serpukhov, USSR, the 

5ciB GeV Fermilab proton synchrotron at Batavia, Illinois, 

and the CERN Intersecting Storage Rings (ISR) at Geneva, 

Switzerland. The heao-on collisions of 3B GeV protons which 

may be studied at the ISR are equivalent to collisions of 

288@ GeV protons with a stationary tarqet. With the passinq 

of the survey phase of experimentation in the new eneroy 

regime, it is appropriate to summarize in general terms what 

has been learnea and what new questions 3ave been 

identified. 

Despite prodigious experimental and theoretical effort, 

no unified theory of high-enecqy collisions has yet emerqed. 

Instead there exists a variety of rather different schemes, 

eacn emphasizing one or another asoect of the data ana 

describinq a limited set of phenomena. One of the most 

fruitful of these descriptions rests on the concept of 

hadronic clusters. According to this picture, particle 

production is a two-step process in which correlated groups 
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of particles called clusters are emitted and subseauentlv 

decay indeoendently into the observed secondary hadrons. 

Experimental evidence for the existence of clusters is 

entirely circumstantial. Nevertheless there is a consensus 

that an averane cluster decays into three to four oions and ---i_ 

has much in common with the prominent meson resonances. The 

motivation and indications for the cluster concent and the 

aspirations for theories based upon it form the substance of 

this article. 

Character of Hiqh Energy Collisions 

The total cross section, or probability for two hadrons 

to interact, is aoproximately constant over a wide ranoe of 

enerqies, but the reactions which take olace varv 

considerably. At very low center of mass (c.m.) enemies 

Cl),. elastic scatterino is nreeminent. At hioher enerqies 

inelastic orocesses account for a -raior fraction of the 

total cross section. Over a sinnificant ranne of 

intermediate energies most of the ine.lastic scattering #leads 

to two (stable or unstable) oarticle final states. ilany of 

the hadron resonances were discovered in studies of such 

auasi-two body final states in the early nineteen-sixties. 

Mubltiole production. which is the tocus of this .article, 

dominates at c.m. enerqies above about 8 GeV. 
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The primary observables of hioh-energy collisions are 

the nomenta (or at least directions) of the emercino 

oarticles and infor~~ation, usuallv incomplete. shout their 

identitv. The three cnief cateoories of narticle detectors: 

nhotoaraphic emulsions. hvdrocen-filled bubble chambers. and 

electronic counters as commonlv used are ionization 

devices--hiqhly efficient 'for the detection of charoed 

oartioles but rather insensitive to electrically neutral 

partioles. As a consequence ea,ch event is only partially 

observed in most experiments. 

The necessity to cope with an iqnorance of "any of the 

details of multipsrtiole final states has led to the notion 

of inolusive reactions. ------- --------- Instead of measurins in Eull the 

kinematic narameters of every particle in an event, it is 

useful to characterize final states by the explicit 

occurrence of a small number of particles with soecified 

momenta, toqether with any number of undetected particles. 

Thus a sinqle-observed-oarticle inclusive cross section 

gives the orobability to detect one secondary with specified 

momentum, plus anything else. In this lanquaqe the total 

cross section is a no-observed-particle inclusive cross 

section. 

Several important qeneral features of multiple 

production have been identified. 
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1. ‘The momenta of secondary oartioles oerrendicclar to the 

axis defined hv the direction of the ,collidino rsrtioles 

are severely limited, and smaL1 compared to the 

“~longituoinal” momenta. ,i’he mean value of the 

transverse momentum is ---------- ------- approximately 350 EieV/c, 

indepencent of the energy or the colliding partic,les. 

Because the momentum vectors of the outgoinc particles 

are strongly coLl imated alon: the initial beam 

direction, it is useful to idealize partiole production 

as a one-dimensional process in momentum snace (2). A 

useful kinematic variable is the (lonpitudinal) 

raoidity, y=(l/Z)~loa[ (E+pQ)/(E-pQ)l, where E and p k 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 dissimilar momenta is 

therefore given a Lorentz invariant meaning. Second, 

with rapidity as the longitudinal momentum variable the 

Lorentz invariant phase space volume element d$/E 

separates neatly into transverse ano longitudinal parts 

as lrdp +. The one-dimensional picture emerges when 

the transverse degrees of freedom are neglected. 

Finally, for relativistic particles the rapidity is 

closely approximated by a “pseudorapidity” variable 

n=-104 (tanOlab) , for which only the directions of the 

emerging particles need be measured. These properties 
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lead to a suggestive analoqy with a one dimensional qas, 

w1tn the kinematical tounaaries of rapidity in 

corresponaence witn the walls of a container, and the 

uensity of hacirons per unit rapicity corresponding to 

the number of gas molecules per unit "volume." For 

proton-proton collisions at c.m. energy ti, the lenath of 

the allowed rapidity interval is Y = 2 log(W/M), where ,V, 

is the proton rest mass (about 1 GeV). About eight 

units of rapidity are available for study at present day 

accelerators. 

2. On the average, a "leadinq particle" which retains most 

of the attributes of the beam oarticle 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 

fino a fast secondary proton or neutron emerging along 

tne beam alrection. The leading barticle effect can -- --- 

also be regarded as a limitea inelasticity of hadron 

collisions: averaged over many events, the c.m. energy 

expendec in particle production is only about one-half 

of the energy of the colliding particles. 

3. The mean number of secondaries increases slowly with 

energy. At accelerator energies most of the produced 

particles are known to be pions, the least massive 

strongly-interacting particles. If all secondaries were 

produced at rest in the c.m. system, the multiplicity 
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would qrow linearly with the c.m. enerqy. In fact the 

observed qrowtn is more gradual; it is nearly 

logaritnmic, as shown in Fig. l(a). The changing 

cnaracter of tne processes whicn compose the nearly 

constant total cross section is illustrateo in 

Fiq. l(b), which aisplays the semi-inclusive 

"topological" cross sections for inelastic production of 

a fixed number of charqed particles plus any number of 

neutrals. These rise and fall with increasinq energy, 

but sum to the slowly varyino inelastic cross section. 

4. A short-canoe order of multiparticle -- - final states is 

manifested in several ways. The memory of the 

attributes of the beam and target particles persists 

only in restrictea fraqmentation regions which extena 

about two units of rapiaity from the rapidity 

boundaries. Likewise charge correlations ana the other 

clustering phenomena that we wili discuss are enforceo 

over a short, and roughly energy-independent, interval 

in rapidity. 

5. Outside the fragmentation reqions, in the so-calleti 

central or pionization region, the structure of 

multiparticle events does not depend uoon the nature of 

beam or target. For example, excluding the projectile 

fraqmentation region, pion-initiated events at hiqh 

energies are largely indistinguishible from 

proton-initiated events. This is sometimes called the 
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factorization property. 

6. Inciusive cross sections have Seen tounu to scale in tne 

fragmentation regions, in the sense tnat tney are 

approximately indepenaent of the incident energy, being 

functions only of the Feynman variable x = 2 o&/ii. In 

the pionization region cross sections are observed to 

increase gradually with increasing energy. 

7. The structure of events is relatively stable as the 

energy changes. The rapidity density of produced pions 

is almost enerqy 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 

tne molecules are unchangeci. 

These seven generalizations are simplifieo 

idealizations which are subject to numerous caveats and to 

quantitative refinement. They nevertheless provide a 

reliable outline of all the gross characteristics of 

multiple production now known. One further ohenomenoloqical 

construct is often of value. It is the seoaration of 

many-body events into two classes: 

1. inelastic diffraction, the quasielas t ic product ion of 

fixed final states (such that fraaments of the taraet 

have fixed laboratory momenta independent of the 
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incident energy), predominantly of 1OW mass and 

multiplicity, each uith a cross section that is nearly 

constant at hioh energies: and 

2. nondiffractive production accountino for the bulk of the 

inelastic cross section, the cross section to oroduce 

any soecific channel beinrl stronnlv nnercw ieoendent. 

'Tne exnlicit models to he discussed helow ,aoolv snecifical,lv 

to the nondiffractive comnonent. 

fiistorv of the Cluster Concept 

The tendency of nroduced nadrons to meroe into 

correlated systems at definite eneroies was first observed 

in the early fifties when resonances were discovered in 

pion-nucleon scattering experiments. however , the 

nypothesis that multiple production is a two-steo process 

was not advanced until 1959. It arose from the analysis of 

exnerimental data obtained by cosmic rav chysicists in the 

Study of coIlisions initiated by orimary aarticles with 

enernies around 1000 GeV. A class of processes was found in 

which particles in the oionization region appeared to 

emanate from two isotropically decaying centers, called 

fireballs. Each fireball haa a mass estimated at 3-4 GeV/c 2 

ano decayed into seven or eight oions. 



A year later, cosmic ray experiments with 380 GeV 

primaries revealea events which coulu be axplaineo my tne 

creation of a sins3le tireball possessin? similar oroperties, 

thoqh .#ith a sliqntly broader mass distribution. At these 

eneroies, individual events 'were found in which the ,ancular 

distribution of secondaries lacked forward backward svmmetrv 

in the c.m. Such asvmmetrical showers were ascribed to the -.---------- -~-I--- 

motion of the fireball. 

The statistical or hydrodynamic%1 oicture (3) which was 

at that time the most popular 2ppKOJCil t0 multiole 

oroouction coula not explain these results. But soon ideas 

about the peripheral nature of hadron collisions evolveo 

into the one-oion exchange [model for two-body collisions, 

which was in turn generalized into the multiperipheral 

oluster model (4). Aocordino to this idea. the virtual 

partiole exchanqed between collidinq hadrons radiates groups 

of correlated pions. This chain of clusters is shown 

schematically in Fig. 2. The limited transverse momentum of 

secondaries and the leading particle effect follow from the 

dampina of momentum transfer characteristic of virtual 

particle exchange. The other imnortant prooerties of 

multiple nroduction have natural exolanations in this 

picture as well. 

A new wave of interest in the structure of 

multioarticle events arose about five years ,aqo after the 

discovery at the then new accelerators of strong short-ranqe 
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rapidity correlations amonn brodoced nions. Soon afterwaros 

the azimuthal, charce. and fixed multiolicity correlations 

were studied. Early comparisons of exoerimenta~l features 

with those exoected in the cluster picture were made on the 

basis of a simplified version, or caricature, of the model, 

nameo the indepenoent cluster emission model -. (ICE!*I) . 

Inspired by multiperipheral results and by the pacton model 

ideas developed to interpret inelastic electron-nucleon 

scattering (51, theorists assumed clusters to be produced 

with uniform probability over the entire rapidity interval. 

So tnat calculations could oe carried out analytically, the 

properties of the clusters themselves 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 

ICEH does not pretend to treat such oroblems 3s the energy 

deoendence of total cross sections or the relation between 

elastic and inelastic scatterina which are usually addressed 

in the framework of the multioeripheral soproach. It does, 

however, provide a faithful reoresentation of the oroperties 

of inelastic events suooested by the multinerioheral model. 

On the basis of tne comparison of ICEb predictions with 

experiment it was suqgesteci that the averape cluster has a - - 

mass ot no more than aoout 1.5-i GeV/c 2 ano aecays into 

three or four pions. 
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Kore elaborate multiperipheral calculations in which 

clusters of varying masses are allowed and the conservation 

laws and dynamics of the interaction are taken riqorously 

into account tend to indicate that such fiqures could arise 

as an averaqe of the contributions of prominent resonances 

with heavier clusters or Eireballs. These studies 

suaqested, furthermore, that different experiments might be 

sensitive to various sorts of clusters. This may account 

for the variability of the prooerties imnuted to clusters. 

At rather low enerqies and for low aultiulicity events at 

hioh enerqies. it is mostly the liqht resonances that 

dominate, but for tne hiqher multiplicities favored by 

cosmic ray studies the part played by heavy clusters miqht 

be enlaraed. 

Concludinc this brief history, we mav say that the 

ouestions reqardinq clusterinq effects have been answered on 

the Fhenomenoloqical level in the oresent range of 

accelerator energies. Much work remains to clarify the 

nature of the clustering phenomenon and, particularly, the 

existence, decay properties and other attributes of 

extremely massive clusters. 

Lxperimental Evioence for Clusters 

To explain now the effects of clusterinq of secondary 

pions were discovered, we shall discuss several methoos of - 

cluster detection. It is impossible to describe them all 
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ncre. However, onlv a few of the nearly twenty techniques 

are in active use. 

As we have alreadv mentioned, hndronic clusters are not 

directly observed. Their existence is Suyqested indirectly 

by effects such as correlations. Two circumstances make the 

isolation of individual clusters difficult. First, the 

decay products of two or more clusters in an event can 

overlap in rapidity, making a unique separation almost 

impossible. Secona, an isolated group of particles may 

occur as a fluctuation, particularly if neutral particles go 

undetected. To exclude 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 appeared to be well separated in oseudorapidity. 

The statistics and precision of these early studies were 

quite modest. Consequently we must regard their results as 

more suggestive than definitive. 

The occurrence of clustering effects in .an unbiased 

sample of inelastic events was demonstrated for tne first 

time by measurements of inolusive two-pion correlations --.--.-------- 

The probability to observe in a single event one pion at 

rapidity yl and a second pion at rapidity y2, together with 

anvthina else, is recorded. If the uions were nroduced 

independently, this joint probability would be eoual to the 
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product of the probabilities to find nions at rapidities y 1 
and y2 in different events. In the absence of dynamical and 

kinematical correlations the correlation function defined as 

the difference of the two-particle inclusive distribution 

ana a product of single-particle inclusive cross sections 

should vanish (6). Experiments have shown that this 

difference is noticeaoly greater tnan zero at coincident 

rapidities Yl =Y2 and decreases exponentially with the 

separation of pions Iyl-y21. Thus all correlations are 

concentrated within a limited interval of about two units of 

raoiditv (see Fiq. 3). This observation provided a stronc 

argument in favor of the cluster conceot. 

The more particles are contained in a cluster, the 

strander is the correlation at Y1'Y*. The correlation 

.lenoth is related to the annular distribution of oions 

createo in the cluster decay. Comparison of experimental 

data with theoretical formulas has shown that inoependent 

emission of individual particles is excluded by experiment, 

but that excellent agreement results if particles are 

proauceu oy clusters which decay isotropically into 3-4 

pions on the average. 

Information of a more detailed nature can be extracted 

from analogous distributions for events with #fixed numbers 

of charyed particles (semi-inclusive correlations). When ---_-, -------- --- 

analyzed in the ICEM framework, data on semi-inclusive 

correlations yield a measure of the width of the 
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multinlicity distributicn for cluster decay, in addition to 

its mean. The inferred average orooerties of clusters are 

unchangeo 3ut at 106.4 multiplicities clusters closely 

resembling resonances are groauced while at the niqnest 

multiplicities (accounting for pernaps 10% of the inelastic 

cross section) higner multiplicity clusters seem calleo for. 

This trend is eviaent in Fig. 4. It is intriguing that this 

tendency was observed at the CERN ISR at energies equivalent 

to about 1000 GeV primaries, i.e. the regime in which 

fireballs were first detected in cosmic rays. 

A slightly different Eorm of the two-narticle 

correlation idea was exoloited in the raniditv oap method ----.---i _-i _.-___* 

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 t0 the density Of ClUSterS. Therefore from a 

knowledge of densities of pions and clusters one can easily 

determine the average number of pions 3er cluster. Once 

again the same value of 3-4 pions oer cluster was inferred. 

Similar estimates were obtained from other methods as well. 

Thus the average characteristics of clusters are now well 

established. 

As useful as a descriution of multiple production in 

terms of the average nroperties of clusters is, it is an 

obvious oversimplification to regard all clusters as 

identical. Some particles may well, in principle, be 
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produced indepenaently, and it is known that two-pion 

resonances such as the p meson are produced cooiously. To 

the extent that these low-multiplicity objects are produced 

directly, the spectrum of cluster masses and decay 

multiplicities must extend well above the average values. 

TO study this possibility it iS necessary to 

investiaate many-cartiole correlations. The simplest 

generalization of correlation functions to three and more 

pions results in cumbersome multidimensional distributions. 

It is much more suitable to generalize the rapidity gap 

technique by considerinq distributions of raoiditv intervals A --- 

which contain 1. 2, . . . nions. The maxima and widths of 

the distributions of rapidity intervals are connected in the 

ICEM with the decay nroperties of clusters. Comparison with 

experiment confirmed the mean values mentioned above ana, in 

accoroance with semi-inclusive results, showed that heavier 

clusters appear to be important in high multiplicity events. 

Analytical calculations using the ICEM played an 

important part in establishing the averaqe properties of 

clusters. However fOC more detailed stuoies the ICEPI is 

comoromised by tne omission 3 f conservation laws, the 

leedinn oarticle effect, and the transverse motion of 

clusters. A more conolete treatment can be done only by 

computer calculations emoloyino '4onte car.10 technioues. 

Khen that ,level of comautational complexity is reached, the 

.more realistic -- and more ambitious -- multioeripheral 

model becomes the preferred tool. 
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Cutlook 

Ghat 1s the nature at tneSe hatirOniC ClUSteCS toC Which 

so mucn indirect experimental evidence has been conoiled? 

Are they actual dynamical objects OK are thev illusions 

caused CY the internlav of kinematica, restrictions ‘2nd 

fluctuations? 20 they, in other words, crovido .an accurate 

oh.ysical descriotion of hiah enerev collisions or merely a 

convenient '"as if" mnemonic? Although clustering phenomena 

are firmly established, the ClUSteK i"teCoCetati0" remains 

unproved. However, the observed stability of cluster 

pCOpeCtieS favcCS their existence, ti"ct in most theoretical 

schemes they are treated as real. 

I" tne multiperipheral model. hiah enemy multiple 

production is viewed as a sequence of low energy 

interactions 2monq virtual particles. In this light it is 

quite natural that the low-mass clusters recroduce the 

snectrum of Eeson-meson scatterins, incluaino the well-known 

meson resonances. The nature of the conjectured high-mass 

clusters is far less clear. One may imagine them to 

represent an averaoe of overlaooing heavy reso".a"ces and 

continuum states. not intrinsicallv different from their 

less massive countercarts. 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 microscopic interpretation, even if correct, 

might not provide great economy or insight. It may be that 

clusters can be 
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oescrioeo most economically as coilective excitations ot 

naoronic systems ,ditn Tl‘S”Y ciegrees of freeaom. In this 

event, tneoretical techniques traditionally brouoht to bear 

0” nonrelativistic nanv-body oroblems wi,ll supplv new 

insights into their nature. Alternatively, it rrav be 

possible to make exolicit the susoestive connection with the 

quark parton model description of the hadron jets observed 

in inelastic electron-nroton collisions. This would yield 3 

unified description of the full spectrum of clusters. 

Either develooment would raise the clusterinl 

chenomenon to a oeneral proberty of hsdronic matter. It 

should then be observed not only in hadronic reactions but 

also in .lepton-induced reactions in which badronic final 

states are formeu. First indications of clusterinq effects 

at-e alreaay visible in proton-antiproton annihilation and in 

electron-positron annihilation into hadrons at hiah 

enemies. New opportunities for experimentation .dith 

collidinq electron-oositron bears of UP to 40 C:eV 

C.E. energy , which will appear soon, undoubtedly ,will shed 

new light on the apparent similarity of many particle 

reactions initiated by different beams. 

In conclusion, the cluster conceot has led to manv 

important insishts, and further study of the phenomenon of 

clusterino is certain to provide clues for the deeper 

understandino of the stronn interactions. 
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Footnotes 

1. I" collisions of relativistic particles with a 

stationary proton target, the C.PJ. energy is 
+ ~=[2M(Elab+M)j , where ELab is the beam energy and 13 is the 

proton mass. At very high energies, K is anoroximately the 

sauare root of twice the beam momentum, in GeV units. 

2. Vere barticles emitted isotrooically in the c.m. system 

we should regard oarticle production as a three-dimensional 

Process. There are regimes, in low-energy annihilation 

reaCtiOnS and in the decays of nassiva particles, in which 

tha three-dimensional picture seams aopropriate. 

3. 'The nydrodynamical approach was initiated by L. 0. 

Landau, IZV. Akad. Nauk SSSR. Ser. Fiz. g, 51 (1953). A 

recent survey is given by ?. Carruthers, Ann. New York 

Acad. Sci. 229, 91 (1974). 

4. The multiperioherel mooel was introduced by G. Amati, 

A. Stanghellini, and S. Fubini, NUOVO Cimento 26, 696 

(1962). 

5. R. P. Feynman, Photon-Hadron Interactions (W. A. 

Benjamin, Headinn, Mass., 1972). 

6. If all effects of energy and momentum conservation ma" 

be neslected (a oood approximation in the oionization 

reqion), the correlation function can depend only on the 

rapidity difference Iyl-y21. 

5. Fernilab is operated by Universities Research 

Association, Inc., under contract witn the United States 

Energy Research and Uevelopment Administration. The 
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research ,3f CQ is partially su?por ted by the Alfred 2. 

Sloan Foundation. 
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Fioure Cantions 

Fio 1. . . 3crre nross features of oroton-nroton collisions at 

hiqh energies. (a) The mean multiolicitv .of secondary 

charoed particles is displayed vs --' the beam momentum. (b) 

Evolution of the "topological" cross sections with 

increasing beam momentum. AlSO shown (cl are the total 

inelastic cross section (the sum of the topoloqical cross 

sections), and the elastic and total cross sections. 

Fis. 2: 'The multiperioheral oluster mechanism for carticle 

production. The blobs, representing nadronic clusters, are 

emitted ‘QY a virtual particle (dashed line) exchanged 

between the 'colliding hadrons. 

Fig. 3: The rapidity correlations of two pions produced in 

p p collisions at a c.m. energy of 62 GeV, as a function of 

the pseudorapidity oifference, for n l=O. The data are from 

5. R. Amendolia, et al., NUDVO Cimento 31.4, 17 (1976). - 

Fio. 4: The deoendence of <K(K-l)>/<K> upon the number of 

charged prongs n, as measured in p p collisions at rl=62 GeV 

[,from Amendolia, et al -- --2' 2pr cj_t,l. tiere K is the number 

of charged decay products of a cluster. The cashed line 

shows the expected dependence if clusters are three-particle 

(Tr+lT-lTO) resonances. The increase observed above n/<n>=1.5 

suggests the growinq importance of hish-nultinlicity 

clusters. A Poisson distributicn for the number of decav 
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Droducts wou:ld resuslt in A .linear growth of <K(K-l)>/<K> 

with n/<n>. 
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