*1 S Fermi National Accelerator Laboratory

FERMILAB~-Pub-77/69-THY
Aucust 1977

The Cluster Concept in
Multiple Hadron Proauction

Independent emissicon of groups of hadrons aescribes
the essential features of high-energy scattering.

I. M. Dremin and C. Quigg

Dr. Cremin is a theoretical physicist at the P. N. Lebegev
Fhysical Institute, Moscow, U.S5.5.R.

Dr. Quigg is a theoretical pnysicist at the Fermi National
Accelerator Laboratory, P. O. Box 5§86, Batavia, Illinois
66518, and a visiting scholar at the Enrico Fermi Institute,
University of Chicago, Chicago, Illinocis 68637.

# Operated by Universities Research Association Inc. under contract with the Energy Research and Development Administration



FERMILAB-Pub-77/65~THY Z

Collisions of strongly interacting subnuclear particles
(hadrons) at relativistic energies are distinguished by the
creation of adaitional particles. The stuay of the narticle
production process has been one of the central concerns of
high-energy and cosmic ray physics for many years. Recently
the evolution of a phenomenological descriptiocn of multiple
production, which began with pioneerinag stuagies in cosmic
rays, nas accelerated dramatically with the accumulation of
cetalilea experimental results. These have been obtainea
using the 7# GeV proton synchrotron at Serpukhov, USSR, the
5P Gev Fermilab proton synchrotron at Batavia, Illinois,
ana the CERN Intersecting Storage kinas (ISR) at Geneva,
Switzerland., The head-on collisions of 38 GeV protons which
may be studied at the ISR are egquivalent to collisions of
2006 GeV protons with a stationary target. With the passing
of the survey ophase of experimentation in the new eneray
regime, it is appropriate to summarize in general terms what
has been learned and wnat new guestions have Dbeen

identifiea.

Despite proaigious experimental and theoretical effort,
no unified theory of high-energy collisions has yet emerged.
Instead there exists a variety of rather different schemes,
eacn empnasizing one or another aspect of the data and
describing a limited set of phenomena. One of the most
fruitful of these descrivntions rests on the concept of
hadronic clusters. According to this oicture, particle

production is a two-step process in which correlated groups
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of particles called clusters are emitted 2nd subseauently
decay indenendently into the observed seconcdarv hadrons.
txperimental evidence for the existence of clusters 1is
entirely circumstantial. Nevertheless there is a consensus

that an average cluster decays into three to four pions and

has much in common with the prominent meson resonances. The
motivation and indications for the cluster conceot and the
aspirations for theories based upon it form the substance of

this article.

Character ot High Eneray Collisions

The total cross section, or probability for two hadrons
to interact, is aoproximately constant over a wide ranage of
eneraies, but the reactions which take nlace vary
considerably. At wvery low center of mass {c.m.,) eneraies
(l). elastic scatterinag is nreeminant. At hiagher eneraies
inelastic orocesses account for a major Ffraction of the
total <cross section, Over a sianificant ranae of
intermediate energies most of the inelastic scattering .leads
to two {(stable or unstable} particle final states. Many of
the hadron resconances were discovered in studies of such
aquasi-two body final states in the early nineteen-sixties.
Multiole nroduction, which is the tfocus of this article,

dominates at c.m. energies above about 8 GeV.
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The primarv observables of hich-enesray collisions are
tne nmomenta (or at least directions} of the emercina
particles and informaticn., wusuallv incomnlete, =2hout their
identity. The three chief cateaories of narticle detectors:
nhotoaraphic emulsions, hvdrocen-tilled bubble chambers. and
electronic counters as commonly used are ionization
devices~-hiably efficient .for the detection of charged
particles but rather insensitive to electrically neutral
particles. As a consecguence each event is only partially

observed in most experiments.

The necessity to cope with an ianorance of many of the
details of multivarticle final states has led to the notion
of inclusive reactions., 1Instead of measuring in full the
kinematic parameters of every varticle in an event, it is
useful to characterize final states by the explicit
occurrence of a small number of particles with svecified
momenta, together with any number of undetected particles.
Thus a csingle-observed-particle inclusive c¢ross section
gives the probability to detect one secondary with specified
momentum, plus anything =zlse. In this language the total

cross section 1is a no-observed-varticle inclusive cross

section.

Several important general features of multiple

pvroduction have been identified.
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The momenta of secondary partioles verrendicuvlar to the
axic defined bv the direction of the collidine narticles
are severely limited, and srall compared to the
“longitudinal" momenta. The mean value of the
transverse romentum is approximately 350 MeV/c,
indepencent of the energy ot the collidina particles.
Because the momentum vectors of the outcoine particles
are strongly collimated alonc the initial beam
direction, it 1is useful to idealize particle produvction
as a one-dimensional process in momentum space (2). A
useful kinematic variable is the (lenoitudinal)
rarpidity, y=(l/2)loc{(E+p£)/(E-pl)], where E and by are
the enerqy and lonagitudinal momentum of the observed
particle. The rapidity has some 1important virtues.
First, rapidity differences are preserved under Lorentz
boosts along tne 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 d3p/E
separates neatly into transverse and longitudinal parts
as ndptzdy. 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" wvariable

n=-log(tans }r» for which only the directions of the

lab
emerging particles need be measured. These properties
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lead to a suggestive analogy with 2 one dimensional gsas,
with the xlnematical toundaries  of rapidity in
correspondence witn the walls of a container, and the
aensity of hadrons per unit rapicity corresponding to
the number of gas molecules per unit "volume." For
proton-proton collisions at c.m. energy W, the ienath of
the allowed rapidity interval is Y = 2 log(W/M), where M
is the proton rest mass (about 1 GeVv). About eight
units of rapidity are available for study at present day

accelerators.

On the average, a "leadina particle" which retains most
of the attributes 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
fina a fast secondary proton or neutron emerging along

the beam wirection. The leading particle effect can

also be regarded as a limitea inelasticity of hadron
collisiens: averagea over many events, the c.m. energy
expended 1n particle procuction is only about one-half

of the energy of the colliding particles.

The mean number of seconocaries increases slowly with
energy. At accelerator energies most of the oroduced
particles are known to be wvions, the least massive
strongly-interacting particles. If all secondaries were

produced at rest in the <¢.m. system, the multiplicity



FERMILAB-PUb~T77/69-THY 7

woula aqrow linearly with the c.m. energy. In fact the
observed «aqrowth 1s more dgradual; it is nearly
logaritnmic, as shown in Fig. l{(a). The changing
character o©f the processes whicn compose the nearly
constant total cross section is illustratea in
Fig. 1(b), which displays the semi-inclusive
“"topological" cross sections for inelastic production of
a fixed number of charged particles golus any number of
neutrals. These rise and fall with increasing eneray,

but sum to the slowly varyinag inelastic cross section.

A short-range order of multiparticle final states 1is

manifested in several ways. The memory of the
attributes of tne beam and target particles persists

only in restrictea fragmentation regions which extena

about two units of rapidity from the rapiaity
boundaries. Likewise charge correlations and the other
clustering phenomena that we will discuss are enforcea
over a short, and roughly energy-independent, 1interval

in rapidity.

Qutside the fragmentation regions, 1in the so-called

central or pionization region, the structure of

multiparticle events does not devend upon the nature of
beam or target. For example, excluding the projectile
fragmentation region, pion-initiated events at high
energies are largely indistinguisnhible from

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

6. Inclusive cross sections nave been tound to scale in tne
fragmentation regions, 1in the sense tnat they are
approximately indepenacdent of the incident eneragy, being
functions only of the Feynman variable x = 2 og/w. In
the pionization region cross sections are observed to

increase gradually with increasing enerqy.

7. The structure of events 1is relatively stable as the
energy changes. The rapidity density of oroduced pions
is almost energy independent. In terms of the one
aimensional gas analogy, the length of the container
(the rapidity interval) grows as the eneray increases,
but the aqensity of gas is fixed, and correlations among

tne molecules are unchanged,

These seven generalizations are simplifieao
idealizations which are subject to numerous caveats and to
guantitative refinement. Thney nevertheless ocrovide a
reliable outline of all the gross characteristics of
multiole p»roduction now known. One further nhenomenclogical
construct is often of vwvalue. It 1is the =separation of

many-body events into two classes:

1. inelastic diffraction, the aguasielastic oroduction of
fixed final states (such that fragments of the taraet

have tixed laboratory momenta independent of the
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incident energy), predominantly  of low mass and
multiolicity, each with a cross section that is nearly

constant at hiagh energies; and

2, nondiffractive production accounting for the hulk of the
inelastic cross section, the c¢cross section to oproduce

any specific channel bheina stronaly sneraqy dependent,

The sxmlicit models to he discussad below annlv grecifically

to the nondiffractive comrnonent.

Histerv of the Cluster Concepnt

The tendency of ©nroduced nadrons to merae into
correlated systems at definite eneraies was first cbserved
in the early ftifties when resonances were discovered in
plon~-nucleon scattering experiments. however, the
ayootheasis that multiole oroduction is a two-step nrocess
was not advanced until 1958, It arose from the analysis of
experimental data abtained bv coswmic rav n»hysicists in the
study of collisions initieted by primary vrarticles with
eneraies around 1068 GeV. A class of processes was found in
which »oarticles in the ©vionization reqion appezred to
emanate from two isotropically decayina centers, called
fireballs., Each fireball had 2 mass estimated at 31-4 GeV/c2

and decayed into seven or eight vions.
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A vear later, cosmic ray experiments with 398 GeV
primaries revealea events which coulu be explainea by tne
creation of & single tireball possessing similar promerties,
though with a slightly broader mass distribution. At these
eneraies, individual events were found in which tae anqular
distribution of secondaries lacked forward backward symmetry
in the ¢.m. Sueh asymmetrical showers were ascribed to the

motion of the fireball.

The statistical or hydrodynamical oicture (3) which was
at that time the most popular approacin to multivle
proauction coula not explain these results. But soon ideas
about the peripvheral nature of hadron collisions evolved
into tne one-pion exchange model for two-body collisions,
winich was in turn generalized into the multiperipheral
cluster model (4). According to this 1idea, the virtual
partiole exchanged between colliding hadrons radiates groups
of correlated pions. This chain of clusters 1is shown
schematically in Fig. 2. The limited transverse momentum of
seconaaries and the leading particle effect follow from the
dampina of momentum transfer c¢haracteristic of wvirtual
particle exchange. The other impnortant orooerties of
multiple oproduction have natural explanations in this

picture as well.

A  new wave of interest in the structure of
multivarticle events arose about five vyears ago after the

discovery at the then new accelerators of strong short-range
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rapidity correlations amono nroduced nions. .Soon afterwarcs
the azimuthal, charce, and fixed multiolicity correlations
were studiec. Early comparisons o©of experimental features
with those expected in the cluster picture were made on the
basis of 2 simplifiea version, or caricature, of the model,

namea the indepenaent cluster emission model {ICEM),

Inspired by multiperipheral results and by the parton model
ideas develored to interpret inelastic electron-nucleon
scattering (5), theorists assumed clusters to be produced
with uniform probability over the entire rapidity interwval.
S50 tnat calculations could ce carried out analytically, the
properties of tne clusters themselves were ovostulated very
roughly: all clusters were taken to be identical and to
decay isotropically inteo a fixed number of pions. In
addition, the constraints of energy and momentumn
conservation were imposed only in an average sense. The
ICEM does not oretend to treat such pnroblems 23 the eneray
devendence of total cross sections or the relation between
elastic and inelastic scattering which are usually addressed
in the framework of the multioceripheral aoproach. It doces,
however, provide a faithful reoresentaticn of the rroperties
of inelastic events suacested by the multinerioheral model,
Un the basis of the comparison of ICEM precictions with

experiment it was suggested that the average cluster nas a

. - 7 /el .
mass of no mnore than apout 1.5-z GeV/c ana cecays into

three or four pions.
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liore elaborate multiverivheral calculations in which
clusters of varving masses are allowed and the conservation
laws and dynamics of the interaction are taken rigorously
into account tend to indicate that such figqures could arise
as an average of the contributions of oprominent resonances
with heavier clustars or fireballs. These studies
suaggested, furthermore, that different experiments might be
sensitive to various sorts of clusters. This may account
for the variability of the proverties imnuted to clusters.
At rather low energies and for low multipiicity events at
high energies, it 1is mostly the 1liaht rescnances tnat
dominate, but for the higher wultiplicities favored by
cosmic ray studies the part played by neavy clusters might

be enlaraed.

Concludina this brief history, we mav say that the
cuestions regarding clustering effects have been answered on
the chenomenological level in the present range of
accelerator energies. Much work remains to clarify the
nature of the clustering phenomenon and, varticularly, the
existence, daecay oroperties and other attributes of

extremely massive clusters.

txperimental Eviaence for Clusters

To explain now the effects of clustering of secondary
pions were discovered, we shall discuss several methocs of

cluster detection. It is impossible to describe them all




FERMILAB-Pub-77/69-THY 13

nere. However, onlv a few of the nearly twenty technigues

are in active use.

As we have already mentioned, hadronic clusters are not
directly observed. Their existence is sucaested indirectly
ny effects such as correlations. Two circumstances make the
isolation of individual clusters difficult. First, the
decay products of twe or more .clusters in an event can
overlap in rapidity, making a unique separation almost
impossible. Secona, an isolatea 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) eveants, which is not an easy matter.

The cosmic ray studies which aave rise to the
two-center hypothesis were restricteda to events in which
clusters appeared to be well separated in oseudorapidity.
The statistics and precision of these early studies were
gquite mecdest. Consequently we must regard their results as

more suggestive than definitive.

The occurrence of clustering effects in an unbiased
sample o©of inelastic events was demonstrated for tne first

time by measurements of inclusive two-pion correlations.

The probability to observe in a single event one vion at
rapidity Y, and a second pion at ravidity Yor together with
anvthina else, 1is recorded. If the vions were nroduced

independently, this joint nrobability would be ecual to the
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product cf the crobabilities to find ricns at rapidities Yy
and Y5 in different events. In the absence of dynamical and
kinematical correlations the correlation function defined as
the difference of the two-particle inclusive distribution
and a product of single-particle inclusive cross sections
should wvanish (6). Experiments nave shown that this
difference 1s noticeanly greater than zero at coincident
rapidgities ¥ =Y, and decreases exponentially with the
separation of vpions lyl-yzl. Thus all correlations are
concentrated within a limited interval of about two units of
rapidity (see Fig. 3). This observation provided a stronc

arcument in favor of the cluster concept.

The more varticles are contained in a cluster, the
stronfer 1is the correlation at Y=Y 5- The correlation
lencth 1is related to the angular distribution of pions
createa in the cluster decay. Comparison of experimental
data with thecretical formulas has shown that ingependent
emission of individual particles 1is excluded by experiment,
but that excellent agreement results if particles are
producea oy <clusters which decay isotropically into 3-4

pions on the average.

Information of a more detailed nature can be extracted
from analcoqous distributions for events with fixed numbers

of charaed wparticles (semi-inclusive correlations). When

analyzed in the ICEM framework, data on semi-inclusive

correlations vield a measure of the width of the
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multiclicity cistributicn for cluster decay, in addition to
1ts mean. The inferred averadge properties of clusters are
unciiangec out at  low wmultiplicities clusters closely
resembling resonances are groauced while at the nighest
multiplicities (accounting for pernaps lu% of the inelastic
cross saection} higner multiplicity clusters seem callea for.
This trend is evident in Fig. 4. It is intrigquing that this
tendency was observed at the CERN ISR at energies equivalent
to about 1638 GeV rprimaries, i.e. the reaime in which

fireballs were first detected in cosmic rays.

A slightly different Eorm of the two-narticie
correlation idea was exploited in the rapidity aap rethod.
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 densities of pions and clusters one can easily
determine the average number of pions per cluster. Once
again the same value of 3-4 pions ver 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 descrivtion of multivle production in
terms of the average properties of clusters is, it is an
obvious oversimplification to regard 211 <clusters as

identical. Some wvarticles may well, in orinciple, be
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produced indepenaently, and 1t 1s known that two-pion
resonances sucn as the p meson are produced copiously. To
the extent that tnese low-multiplicity objects are produced
directly, the spectrum of <cluster masses and deceay

multiplicities must extend well above the average values.

To study this possibility it is necessary to
investigate many-rarticle correlations. The simplest
generalization of correlation functions to three and more
pions results in cumbersome multidimensional distributions.
It is much more suitable to ageneralize the rapidity gap

technigue by considerina distributions of rapidity intervals

which contain 1. 2, ... mwnions. The maxima and widths of
the distributions of rapidity intervals are connected in the
ICEM with the decay proverties of clusters. Corparison with
experiment confirmed the mean values menticned above and, in
accoraance with semi-inclusive results, showed that heavier

clusters appear to be important in high multiplicity events,

Analytical calculations wusing the ICEM olayed an
important part in eostablishing the average properties of
clusters. However for more detailed stuaies the ICEn is
compromisea by tne omission of conservation laws, the
leadinn nparticle effect, and the transverse motion of
clusters, A nrore complete treatment can be done onlv by
computer calculations emplovino HMonte Corle technicues.
when that level of computational complexity is reached, the
more realistic -- and more ambitious -- multiceripheral

model becomes the preferred tool.
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Cutlook

what 1s tne nature of tness2 nadronic clusters for which
80 muca 1inairect exoerimental evidence has bHsen compiled?
Are they actual dynamical objects or are thev illusions
caused Ly the internlav of kinematical restrictions and
fluctuations? Do they, in other words, crovide an accurate
nhysical descriotion of high enerov collisions or Terely 2
convenient "as if" mnemwonic? Although clustering rhenomena
are firmly established, the cluster interpretation remains
unproved. However, the observed stabilitv of cluster
properties favors tnelr existence, and in most thesoretical

schemes they are treated as real.

In tne multiperivheral model, hiah eneray multiple
producticn is viewed as a2 sequence of low enerqy
interactions among virtual particles. In this light it is
auite natural that the low-mass clusters reproduce the
spectrum of meson-meson scattering, inclucing the well-known
reson resonances. The nature of the conjectured high-mass
clusters is far less clear. One may imazsinz2 them to
represent an averade of overlapping heavy resonances 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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dgescrioea @oOst economically as coilective excitations ot
nadronic systems witn many ucegrees of freegom, In tnis
avent, tneoretical technigues traaitionally broucnt to Gtear
on nonrelativistic wmanv-hodv oproblers will supply rew
insights into their nature. Alternatively, it may be
rvossible to make exmlicit the suaoestive connection with the
guark oparton model description ¢f the hadron jets observead
in inelastic electron-nroton collisions. This would yield a

unifiea descrivtion of the full spectrum cof clusters.

Eitner development would raise the clusterinn
chenomenon to a aesnerzl proverty of hadreonic wmatter. It
should then pe observed not only in hadronic reactions kut
also 1in lepton-induced reacticns in which hadronic final
states are tormea. First indications of clustering effects
are alreaay visible in proton-antiproton annihilation and in
electron-positron annihilation into haarons at hiah
eneraies, New opportunities for experimentation with
colliding electron-nesitron beams of up to 40 GeVv
c.m. eneray, which will appear soon, undoubtedly will shed
new light on the apparent similarity of rmany particle

reactions initiated bv different beams.

In conclusion, the cluster conceot nas led to many
important insights, and further study of tha phenomenon of
clusterine 1is <certain to provide clues for the deeper

understandinag of the stronc interactions.
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Footnotes
1. In ccllisions of relativistic particles with a
stationary proton target, the C.m. energy is

W=[2M(Elab+m)]%' where Elab is the beam enerqy and ¥ is the
proton mass. At very high eneragies, ¥ is anproximately tne
square root of twice the beam momentum, in GeV units.

2. Were varticles emitted isotrovically in the c¢.m, system
we should regard marticle nroduction as a three~dimensional
nrocess, There are regimes, in low-energy annihilation
reactions and 1in the decays of massiva particles, in which
tha three-dimensional picture seems anprooriate.

3. The nydrodynamical aoproach was initiated by L. D.
Landau, Izv. Akad. Nauk SSSR, Ser. Fiz. 17, 51 (1953). A
recent survey 1is given by P. Carruthers, ann., New York
Acad, Sci. 229, 91 (1974).

4. The multiverivheral mocel was introduced by E. Amati,
A. Stanghellini, and S. Fubini, Nuove Cimento 26, ©&96
(1962).

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

Benjamin, Reading, Mass., 1972).

6. It all effects of eneray and momentum conservation may
be neglected (a «ood approximation in the ©opionization
region), the correlation function can depend only on the
rapicdity aifference Iyl—yzl.

7. Fermilab is operated by Universities Research

Association, Inc., under contract witn the United States

Energy Research and Levelopment Administration. The
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research of (CQ 1is woartially supgported 5y the Alfrea =£.

Slocan Foundation.
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Fiaure Captions

fia. 1: 3cme aross features of proton-nroton collisions at
high eneraies. (r) The mean multiolicitv aof secondary
charced particles is displaved vs. the beam momentum, (b)
Evolution of the "topologicai™ Ccross sections with

increasing beam momentum. Also shown (c) are tha total
inelastic c¢ross section (the sum of the topological cross

sections), and the slastic and total cross sections.,

Fig. 2: The multiperioneral ocluster mechanism for rarticle
production. The bloks, representing nadronic clusters, are

emittea Dby a virtual varticle (dashed line) exchanged

between the colliding hadrons.

Fig. 3: The rapidity correlations of two pions preoduced in
p p collisions at a c.m. enercy of 62 CeV, as a function of
the pseudorapidity difference, for nl=ﬁ. The data z2re from
5. R. Amendolia, et al., Nuovo Cimento 31A, 17 (1976).

Fia, 4: The dependence of <K(K-1)>/<K> upon the number of
charged prongs n, as measured in o p collisions at W=62 GeV

[from Amendolia, et al., op. <cit.]. Here K is the number

of charged decay products of a cluster. Thne cashed line
snows the expectea dependence if clusters are three-particle
(W+W-WO) resonances. The increase observaed above n/<n>=1.5

suggests the growing importance of high-muitiolicity

clusters. A Poisson distributicn for the number of decay
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products would result in 3 .linear arowth of <K(K-1)>/<E>

with n/<{n>.
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