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Lecture 1

INTRODUCTION

§1. Some empirical regularities in the processes of

high energy multi-particle produotion of hadrons

The problem of multi-particle produotion is one of the
oentral problems in elementary particle physios. For a long time
its atudy was possible only in cosmioc rays. In spite of great
experimental difficulties, connected with oonsiderabdle errors,
cosmic ray physics laid down the foundations of our notions about
multi-particle production.

Modern accelerators have made possidle the intensive and
detalled investigations of multi-particle produotion in a large

3 GeV)., But no reasons so far exist to

energy interval (10—16
oonsider that we have a2 complete and clear description of pheno-
mena,

At the same time a number of fundamental regularities and
specific properties has been established for such processes,

1. We should note that the prediction by G.Wataghin (1934)
ooncerning the increase of the relative number of inelastic

ohannels at high cnefgies is confirmed. The data from ISR
( B~ 10° gev): S« _ 0.175.
Gt .
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It means that under the hadron-hadron collision additional
particles fail to be produced in only 17 cases out of a hundred.
Thus the hadron-hadron collisions are mainly inelastic. The elas-
tic ones obviously show themselves as a shadow of inelastic chan-
nels. This fact received an obvious interpretation in the Logu-
nov-Tavkhelidze quasipotential approach, Qualitative variation

of the characteristic é?ﬁg with energy 1s shown in fig.I.l.
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Fig.I.1l. Ratio of the elastic to the total oross section
above 8 GeV/c. /V.Bartenev et al. JINR El-8456,

Dubna (1974)/.

246



It is interesting to note that the hypothesis of G.Wataghin
anticipated the prediotion of7T-meson by H.Yukawa (1935).

It was proved later that most of the secondaries are

pions SEL? ~ o3
(n>

(it ISR - energies).
Their relative number in inelastio processes soméwhat

deoreases with energy. For example, with E~20 GeV

2. Another important property of inelastic collisions at
high energies is the smallness of the momentum transfer or the

transverse momentum of secondaries. (See fig.I.2).

P (P-Pi)=9u, )

Pir i

Fig. 1.2

At the available energies the average value of the trans-
verse momentum of seoondaries does not depend on energy or depends
onS rather weakly. It 1s limited by the interval:

{Piyd~0-2 + 0.4 GoV/o.
This empirical fact 1s closely related to the existence of the

leading partiole effect, This notion appeared and was effactively
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used in cosmic rays. By a leading particle we conditionally mean
one of the colliding hadrons which loses a negligible part of its
momentum under the interaction. Thus, the particles produced by
the collisions have mainly small momentum, compared with that of
the incoming hadron.

3. The total oross sections have been actively investigated
since the accelerators in Serpukhov, Batavia and CERN were put
into operation. Measurement of this quantity 1s the simplest
multi-particle experiment, since it is extremely oritical to the
theoretioal uodela'.

First unexpected results conoerning the dependence of the
total oross sections on energy were obtained in 1971 at the
Serpukhov accelerator in the energy interval from 30 to 70 GeV.
The decrease in cross seotions, determined at lower energies,
beoame slower and approached a constant value in most of the
hedron-hadron processes. In the case K,S -~00ll. the inorease in
the total oross sections was found. This phenomenon comprising
the change of oross section wWith increasing energy was oalled the
Serpukhov effect. Later the total cross sections were studied
as well at ISR (1973) for the proton-proton collisions in the
300 GeV to 2000 GeV range and at the accelerator in Batavia (1974)
for all the hadron resctions at the energies up to 200 GeV.

The new data confirmed the Serpukhov effeot and also showed
that it may start a new phenomenon in high energy physios: rapid
and, perhaps, unlimited increase of this quantity. The total cross
seotion behaviour in the‘fﬁDjfﬁD-intersotions 18 seen from
£1g.1.3. It 1s so far diffiocult to determine an analytioal funoti-

on which would desoride the increase of Ggﬁt. We can make use of

See lecture by prof. L.D.Solovier.
]
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all the increasing funotions up to the upper bound of possible
inorsase of the total oross sections, determined by Froissart
(1961) from the general prinoiples of quantum field theory
(Bpe S Alnts ).

4. Another rather general feature of inelastic processes
is the average multiplioity. Most of the theoretiocal models pre-
dict its inorease with energy. The models of a statistioal type
give us the power dependence

{n)=ds

Multiperipheral, parton and a number of other models predioct

‘.

the logarithmic inoreass

<ny>=aéns + ¢

tot (uF) I

Fve

N 5 (aev?)

W o e Re e X

Fig.1.). /Semenov S.V.,Troshin S.M., Tyurin N.E.,
Kbhrustalev O.A., Description of Growing Cross
Sections by Means of Reaotion Generaliszed Matrix.
Serpukhov, 197%. p.12 (IHBP 75-24)/.
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It should be noticed that the maximum number of particles (pions),
permitted by the energy-momentum conservation law, is written 1in
the form:
n _ Vs -2m,
maex m
4
The observed multiplicity inoreases more slowly than prediocted
by the former equation, 1.e., it is extremely small in comparison

with what is kinematically allowed (see fig.I.4).

Prag (Sev/c)
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ol ® y 5 8 T Y%

Ecns (Sev)

Fig.I.4. Inorease of multiplioity with E, /B-B-V -D-E-S-
-S=~7-T-U-B-H Col., JINR/.

Unfortunately the comparison of the models with the experi-~
ment does not allow one to give preference to the logarithmio
or power dependence of the average multiplicity on energies. One
may only state the increase to bhe moderate.

5. Another important feature of the processes of high ezergy
multi-particle production is deviation of the multiplicity dis-

tridutions (or the topological cross sections) from the simple
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Poisson law determined at the energies higher than 25 GeV,
(See fi1g. 1.5).

6, (mé) pp- INT
fof 200 GeV/e

Poisson\I
Ir 1

Y 8 12 16 20 n

Fig.1.5. Deviation ofq?n from the simple Poisson law.

The topologioal cross seotion 1s that with the given number
of oharged particles and arbitrary number of neutral particles
in the final state. If the production of particles in the given
00llision 18 oonsidered to be of a random nature, the distribu-
tion naturally assumss the Poisson form:

Sy = e €L
This distribution has the folloviﬁg properties:

<n)= Zn P,.,(V) =)

n=o
—d 2
<ni>= F n2 B (v)=y*+y
Thus, for the Poisson df;gribution the correlation funotion fi

is squal to sero:

fl = <n (n‘1)> - <n>2', - fzah'sson = O

.
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However, the experimental data obtained at the accelerators in
Serpukhov and Batavia show that the multipliocity dlstribut%ons
are broader than the Polsson distributions. And the quantity
differs considerably from zero:
-Fg_ = %44 t .72 (ot P“s"ZOOva/c)_
This faoct shows that the production of seoondaries at high ener-
gies ocannot be considered a statistiocally independent process,
Satisfactory distributions are obtained by the approaches based
on consideration of production of whole hadron associations (or
clusters). The models based on the accounting for two (or more)
mechanisms of the hadron production, leading to the multicompo-
nent descripfion of distributions, are more successful im the
description of experimental data, The possibility of extraction
of the contributions of various mechanisams (the ranges o¢f the
n-partiocle phase-space volume) into the ocross seotions of multi-
particle processes was first poinfcd out by Logunov and oollabo-
rators.
6. The 1dea of two production mechanisms gives wide possibili-
ties for the theoretioal description of the correlation pheénomena.
Already for the simplest distribution which is the topolo-
gical oross section (depending on /1, ) one could see that the
seoondaries are not independent but correlate with each other.,
Then the question arises about the sensitivity of neutral partic-
les to the charged hadron production (i1.e., charge-neutral cor-
relations), 1.6., whether the particles "feel" that the momentum
has a produced "near? or a “"distant® ( i4n the mcomentum scals)
neighbour (short~-range and long-range momeéntum oorroi&tiona).
As we shall have the opportunity to touch upon this question :
later, we should Shly note that thb latest experimenta at high

energies gave a number of qualitatively new results. We have
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reference to the detection of linear dependence of an average
number of neutral partioles on a number of proogs. (See fi1g.I.6).
Such correlation has not been observed at the energies up to

20 GsvV,

4-056:0.06
4- 004006

I 357903517 R
Fig.I.6. Charge-meutral oorrelations.

7. A large number of empirical faots on the dynamicsz of multi-
partiole prooesses makes it possidle to iaterpret experimentally
obssrved soaling regularities of strong interaoticam characteris-
tiss. These regularities are the display of & rather general
prinoiple of automodelity characteristics of & number of physioal
predlems.

Here we mean, rowghly speaking, the decrease in the number
of indepemdent varisdles of the atudied physical quantity con-
aected with definite similarity properties and symmetry of the
problem (4in the space of the given independent variables). The
principle of automodelity was first suggested for the lepton-
hadron and hadron-hadror processes by Matveev Muradyan and
Tavkhelidse. They point out the analogy of these proocesses with

an explosion in gas dynamios.
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Among the socaling regularities, studied in strong interac-
tions, the hypothesis by Feynman on the deorease of the number
of variables of the invariant differential oross sectilons when
S»oois widel,y used:

s-—;— = £CS, Py, ) T:_ff’.fdxs_L p).
Scaling regularities suggested by Koba, Nielsen, Olesen are of
great use in the multiplicity distributions:

<n> (p((»)

where e?h - the topological cross seotion,
G:u{' the total inelastic oross seotion,
<n>~ the average multiplicity.

These and a whole number of scaling laws approximately
satisfied at the available energies make it possible to assume
that the strong interactions have some definits symmetry
(perhaps not only one).

The facts known at pressnt about the hadron-hadron processes
are not limited to the above-listed properties. However, these
properties rsflect the basio oharacteristios of multiple produc-
tion in strong interactions. Thess properties are oonstantly
exploited by theoreticians, no matter, which way they go. Those
advocating phenomenclogioal schemes and empirical formulae sesk
to use these properties in oonstructing the models. Others who
keep to fisld-theoretic approaches verify consistency of these:
properties with the basic axioms of quantum field theory and
develop approximations adequate for the general properties found.

It may be hoped that these two approaches, atudying the
samé phenomena from different viewpoints,after being united, will

provide a oloser ‘description of high energy multi-particle
production.
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§2. Basic definitions

The analysis of multiparticle produotion processes is very
diffioult both from the technical aspect and from the view-
point of kinematioal desoriptiom. Therefore, it is espsoially
important to obtain information 1n the language of inclusive
reactions. We mean heres the processes where only some of the
seoondaries are detected. The oonsideration of such reactions
was first proposed by A.Logunov et al. im 1967.

It is customary to write the inclusive 'n—particle reaotion
in the form

a+b "’P:"Pz.*”-",bn*x: (1.1)
whoreJ{.stnndu for "anything",i.e., all possible particles whioch
are not subjeoted to observation in a given experiment.

Unlike the inolusive case, the reaotion

a+6 = p+p + ... P (1.2)
when all the particles in a final state are detected, is charao-

terized by the differential (exclusive) production aross section”

den 2
= | Ttatp,..p,) | 8 (P-2p)an

ni

" Later we shall have use for different forms of the phase

vYolume

- 3 2
dp ‘%Azaié&ﬁ& = 2nd’p, %X = 2rap, dy=sdtdt
where the variables are:

-»__ - = 2
P=tprafi), E<VFTmt, x= T8, y={e 28
()
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where T(dg-b B)is the amplitude of transition of two
particles d, 8 1nto f' particles with momenta PI ’ioea B.!

The transition from (1.3) to the inclusive distribution
of the process, where only n of 7' particles are identified, 1s

achieved by integrating over momenta of the undetected particles

den
ap- dP~CjIT(d8 =Py Pn)l d(P- Z,D»)C//J,, d/; (1.4)

If we sum over all the chunno}s with /7 particles of reac-
tion (I.1) we arrive at the so-called n-particle inclusive
distridution

de dé.. gz dEr_a.s
dﬁ---‘/ﬁ ;Z 75 Zfdan 9P, ‘P APy

If differenti 1 oross sections were known for all the

exclusive ohannels we could oconstruct, by means of this formuls,
all the incluaive distributions.

And, conversely, knowing all the inclusive distributions
one could reproduce the oross sections of the channels. Thus,
in prinoiple, both the desoriptions ocontain cpmplate inforsation
on the two-hadron collision process.

A8 long as we dealt with a small numdber of secondaries it
was more convenient to employ the exclusive desoription. At
higher energies, when ten and more particles are produced, it is
better to keep the inclusive oomsideration,

A, The one-particle distribution. Consider an example of

the inclusive reaction with only one detected partiocle

a (1.6)
+€ = Py +X .
Pat.tpPn
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The one—-particle oross section with a fixed multiplioity is
defined as follows

nl
dén = 1 deén d" . a.n
dp,  (n-0)!“dg. dp, Q P

Knowing this oross section one can easily go over to the topo-

logical cross section of partiole production
8, = L. [den dp; (1.8)
n' - dp,
Eae Zé,,. =e¢'a¢l 18 the total inelastic oross seotion.
ﬁ'

As 1s seen from the previous definitionms, summing (1.7) over 2’

we get the one-particle inclusive distridbution

dé _ 5 déx (1.9)
sz n' dP:

with the mnormalisation

fj% dp, = %n.' B,y = AN'> B, (110D
From the sum rule
S48 pdf = c<p>
it 1s easy to get definitions of average lo-ontn(ﬁ)at /41 =1,2
and <f,>-t/q-3.
Notice that relation (1.10) 1s the definition of mean
multiplieity {n1)of seoondaries.
B. The two-particle distributiom

Analegously, one can consider the inclusive reactiom with

identification of two particles

— + (1.11)
a+é P /bz + X

i3t ot P','
The two-partiole inclusive distridutions arising here define

a series of widely used average quantities:
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P d py (1.12)
d"é - -

— dp,dp, = 2n(n-1)8, = <N(nr-1)>G,,¢
R pdp, = 2n(n-1) (n~1)> Giive

The quantity(,.(,,‘», in particular, is called the associated
multiplicity.
Making use of the two- and ome-particle inclusive orogss

sections one can construct the two-particle correlation function

2 .
LA - 7 de de (1.13)

€= 3— —5-, — =
Cive dFdfl S dp; dp,
and the corresponding moment of distribution
e -
Fu(s) = fc*- (o) APy dlb"' = (1.14)

— 2
=<h(h-1)>-<n> = D'~ <>,
where Q= Y pt,_cnils the dispersion.
Higher correlation functions and moments C},f_,, ...,C,,,f,,
are defined analogously. It is natural in the case of independent
production of particles for all the f,and f/p to be sero. This

has been demonstrated above when oconsidering the Poisson law,
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Lo Leocture II

MULTIPLICITY DISTRIBUTIONS

§1. Multicomponent desoriptioms of multiparticls production

The multiplicity distributions or the topologioal oross
sections are related to a number of the simplest characteris—
tics of the processes of pultiparticle production. They are
determined by the number of avents with a given number of secom-
daries. As a rule the ocharged secondary particles are taken into
consideration. In the high energy range up to 20 GeV the experi-
mental topologiocal oross ssctions have been very well desoribed
by a series of thecretical mocdels and phenomenological formulae.

Firstly, one may sucoessfully use the usual Poisson formula
(nedhs
Pn,)= 2 exp [-<ne)]
!_-
descriding an independent produotion of particles. Two models

aPplying to the description of oharged distributions, were sug-
gested by Wang.

The first ome atarted from the assumption of unocorrelated
production of the hadron pairs T In this case the multipli-

oity distribution has a simple quasi-Poisson formula:
(Ny-a)

P(n,)= -i_-_:-—_) exp L (n.:—a()]
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where ¢{ 1s the number of charged particles in the initial
state.

The second one, suggested by Wang, led to the Poisson
distribution for the charged secondary particles subtracting
the leading particles: ny-

(ne—a))
Py = T

It was assumed in the Chow and Pignotti multiperipheral

e §
exp (—<n:~°<>)-

model that the Poisson dependence describes the distribution
over a number of secondary pions excluding events of the purely
neutral particle produotion (()—prong events), Considerable
deviations of the topological cross sections from the Poisson
law are observed at energies~25 GeV (see fig. I1I1.1). This
testifies to faillure of the model based

e (ne!R)y /ve*p. data
Poisson

10 Ne

Fig.II.1l. Qualitative variation of &! (n‘l‘Pn‘ )with /2‘.
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on the assumption of uncorrelated production of single particles.
The experiments performed in Serpukhov on the 2-meter propane
chamber, trradiated by 7 -mesons, whenPC-w GeV proved to be
especially oritical to the multiplicity distributions.

If at energy~25 GeV the Wang and Chow-Pignottl models were
in satisfactory agreement with the experiment, them the data
from the 2-meter propane chamber in combination with the recent
experiments in Batavia and at ISR give evidence in favour of
the multicomponent deseription of multiparticle production.

Attempts to combine the two extreme approaches to multi-
particle production at high energies became a starting point
for the origin of the multicomponent descoription. One of them,
the diffraction dissoclation, proceeds from the assumptiom
that the secondaries are produced due to the leading particle
fragmentation (target particle and incoming particle). We may
say that the secondaries have information about the ocolliding
hadrons and, they may be combined with one of the intial partic-—
les. Figuratively speaking, they remember their “parents®, The
diffraction dissociation approach leads to the topological
oross sections of the typeeg?f{zwhioh disagree with the recent
expsrimental data as well as with the Poisson diatributions.

Another approach deals with the secondaries which do not
"remember” their origin from one or amother initial partiole,
In this ocategory we may refer to the models of independent
emission some of which have been discussed above. It is comve-
nient to classify these approaches, according to the correla—
tions of the produced particles. The difference batween the
correlations depends on whether the secondaries are in the same
(short-range) or different (long-range) ranges of the phase

1 E*Qn)
1 £ n- ticles., If = -
space volume of n-particles. I %, %z’ (# Z an_P”
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are the rapidities of the secondaries, then

1) Short-range (SR) correlations exist between the par-
ticles, produced with approximately equal rapidities and with
1ncreasing,%"%’tends to zero, as |

Cz.(#‘v%.) ~ e TR
when
441> 2 . r#0

2) Long-range correlations (LR) exist between particles
produced in distant ranges ofy -space, i.e.,for /y'-yz/»j— s
and the two-particle function of the distribution inoreases
rapidly when both particles come from one "cluster®.

In other words, when observing the particle with bL,the
information about the possible presence of another secondary
with any admissible rapidity is the LR-effect. And conversely
information about the probability of the presence of another
particle with similar rapidity is the SR-effect. ‘

In the diffraction dissociation approach there are strong
LR-correlations. Concrete realizations of the second approach,
i1.e., the models of independent emission, are characterized by
either absence of correlations (Poissou,(izo), or presence of
small SR-correlations.

We should note that the possibility of extraction of ocontri-
butions of various mechanisms (ranges of phase volume of n-par-
ticles) into multiple cross sections was first pointed out
by Logunov and collaborators.

In this connection in recent years there have been changes
in the philosophy of approach to the mechanism of high energy
multi-particle production., Wilson and Feynman proposed the two-
component model. The simplest version of this model is based on

the multiplicity distribution, writtea in the form of the sum:
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38, =an* + P(n)
with the chosen contributions of eaoh compomert., In particular,
the parameters may be so chosen that there is left only a term
corresponding to one of the approasches.
If both components are present at all the energies, the

firat moments<{n')of the distribution are of the form
<n) = a +(d1+ﬁ1)€ns,
<n*>=06 + a, Vs + S (01“5-:-2&:5-‘/),
<Ry =C +dyS + g, (ta’s+..)

where the oontributions with the coefficient OQ are consistent
with the first component, and those with the ooeff1cientJB; are
consistent with the second one.It follows that the first compo-
nent (the component of the diffraotion dissociation) dominates
beginning from the second order moment at high energies,

It should be noted that in the given approach the “play"
of these two compoments leads to the existence of a weak dip
in the multiplioity distridbution. The dip becomes more notice-
able with inoreasing energy (sse fig.II.Z).'

In spite of a number of virtus (for example, the increase
of the second correlation parameter fi is in an excellent agree-
ment with the experiment) the two-component model results in
disorepancies between the higher correlation moments and the
experimental data. Note that such discrepancies cannot be

eliminated in models with a large 01>2)number of components.
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Fig.I11.2. Desoription of topological cross section with
the help of two-component model; é,, =dn"753,(n).

§2. Model of "two mechanisms"

Let us consider the multicomponent. description of multi-
particle production, resulting from the phenomenological model
of "two mechanisms", suggested by the Dubna group (V.Matveev,
S.Kuleshov, A.Sissakiam, V.Grishin, G.Jancso) in 1972.

The IMP-model appeared as a conorete phenomenological
scheme on the bdasis of the study of the processes of multi-
particle production in the framework of the strajght-line path
approximation in quantum field theory (SLPA). The physical es-
sence of SLPA ;s the following: At high energies the main
contridbution to the process amplitude in the form of the Bogo~
lubov-Feynman funoctional integral over the particle paths, give
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trajectories which are nearly straight lines having the same
direction as the momentum veotors of the leading particles before
and after the correlation, In field theoretic language SLPA
rests on the assumption of a leading particle, For the most
important results of SLPA we should refer to the generalized
Poisson law for the topological cross sections, the automodel
or point-like behaviour of the cross sections and prediotion
about the dependence of average multiplicities on a tranaverse
momentum of an extracted particle. We shall refer to some of
these results when considering the picture of wmultiparticle
produotion.
The main point of the TMP-model 1s the hypothesis of the
existence of two mechanisms for production of secondaries.
1) There exist the leading particles, disspociating with
the local conservation of isospin
11) In the process of interaction in a statistically inde-
pendent way, there likewise appear the hadron associatioas of
"clusters which then decay into mesons,
It is natural to suppose that the average numbers of these
associations at high energies are independent of the types
of the colliding particles,
According to these assumptions, one can ses that in the
TMP—mOdei the probability of production of clusters at the
given dissociation channels of the lsading particles(g/)tskos

the form: '
L
W"* . =Ry a’(mo) f’i(m‘))‘(f.l)

where o, ,/BJ_ 1s the probability of the dissociation channels,
n,Mn,, ... 1s the number of olusters, produced according to

the Potsson law. Thus, the distribution over the number of
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secondaries in a given model has the form of superposition of
the Poisson factors. Multicomponent oharacter appears as a
result of summatlion over a number of chamnels of the leading
particle dissociation. Now consider a conorete example of des-—
oription by the TMP-model of the charged distribution in the
777)- and T N-interactions.
In this case it is sufficient to consider only the simplest

channels of dissociation of the colliding particles and hadron
clusters with isospin I=0. Thus, we consider dissociation of

the leading nucleon in the following scheme:
1. NN with the probability of channel di

2. N — N ° With the probability of channel o,

3. N — A/m% with the probability of chanmel o ,
where .Z:d" =4. and d_‘=202, by the assumption on local isospin

iz
conservation., As another source for secondary particle produc-
tion we introduce the &- and W -associations, produced by the
Poisson law, with isospin I=0 and G-farity &=+1.

We confine ourselves to the main schemes for the decay
of the G- and & -assooiations:

1. G —- 7""71"-, Tee

2. Ww — Treme
In accordance with the assumptions of the TMP-model, one can
easily see from eq.( 2.,1) that the production probability for
the pion pairs (rz,,/z,)and the triplets of pions fl_, at the given
channel of the nucleon dissociation is defined by the expres-

siom:

W, No, N, =d; Ezt(q_,)e‘(ao)e{&(z.z)

A,
w¥here E{(n))tha Poisson factor, d, ,da ,CLJare the average
aumbers of pilon pairs and of pion triplets, correspondingly.
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From the condition that the pairs are produced with the iso-
spin I =0, it follows that

a, =2d, =Q:

It 1s evident that the mumher of charged particles nc and
neutral pions nroun be written as follows:

{
n: =an,+2n,+6
. (2.3)
¢ ¢ ¢
R, = 2N, + N, + Lye:s
; ;
where ﬁ, ’ 8,,. are, respectively, the numbers of oharged partio-
1es snd /°-mesons among the dissoolation products of the

leading particles in the i-th dissociation channel (See Table
11.1).

Table II.1
L=1 (=2 £=3
mp T™n TP ™n mp T n
. 1 2 1 2 3
{4, © 0 1 1 0 0

From eqs. ( 2.2) and ( 2.3) for distributions over the number
of charged particles, it follows:

for the ”'P -interaction

Wn‘ - _P_‘i_z_, (a') 5

for the MN-interaction

(2.4)

W, = (1- 20, ) P_(@)+20,Pera.5)
2 2
where A«tf+b has the essence of the average number of pairs T

including the contribution from similar combinations among the
pion triplets 1 8§
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For comparison with the experiment we use the data recei-
ved from the two-meter propane chamber of JINR at the Serxpukhov
accelerator (E7_-40 GeV). A comparison of eqs. (2.4) and ( 2.5)
with experimental data shows & good agreement (see figs.2.3 ,

2.4 apd tadle II.2).

X5 ot pobDevc

-

o

) %
WOMBER OF PRONG

Fig.11.3. Comparison of the TMP-model with the experimental
data at £ =40 Cev.



Table II.2

T 2
Type of Number n’é b ﬁ.txb D
interac- of < . 4 4 sarees
n V] Wang-1 sugges— of
tion events i b model ted mo-~ freedom
del
TF'P 4400 5.62+0.4 2.75 8 8 8
T™n 1860  5.32:0.7 2.82 13 8.5 7

Note that in this simple case of distridbution over the number
of charged particles only two components are important, each of
which corresponds to the pair independent emission. However,

it appears to be sufficient to describe the broadening of the
distributions, which 1s characteristic of high energies.

Note a3 well that unlike the Wang-I model, the case of
distributions of the type — superposition of the Poisson factors
with the same number of parameters gives a good Jjoint description
for the ﬂWD'and TN-collisions with the same average value of
the T'TCombinations. It 1s consistent with a natural physical
hypothesis of independence of particle production in the non-
diffraction region of the type of colliding hadrons. Multi-
component structure of distributions arises also in this oase
1f under the same assumptions, heayy strange particles are
taken into consideration. i

The fgllowing additional channels of dissociation of nuo-

leons are possible: P
p— A°K? n — A°K°
p—=K’ n —Z°K°
p—~Z'K* n — Z°K*
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Under the given assumption, ths pion dissociates with the
most probability, acoording to the sohemes:
T~ — T~
T — 27T
w- — 227°T"
It is necessary to include independent production of heavy

/A -associations besides the pion pairs and pion triplets

A — K*K~, K°K® |
The schems leads to the following distribution over the
charged particles

"c_ F z (2.6)
W= Py (8] 4Rt s R 8
< 2 2 2

whers the paramcterfjv,)',74-aro connected with probabilities
of the channels of dissociation, and A"1s the average numver
of combinations, inoluding charged pairs.

It is seen from the above consideration that the idea of
joining two opposite viewpoints on the mechanism at secondary
particle production, namely:

1) independent emission;

11) dissooiation (or fragmentatiom) of leading partiocles,
may turn out to be rather fruitful.

The simplicity of such & synthetio appreach is very
attractive. The assumption of uncorrelated production of asso-
oiations (or alusters) makes it possible to combine the advan-
tages of the models of independent emission with the possibility
(1t will be shown in the following section) of studying the
correlation dependencies., Apart from the suggested approach
discussed above still more models are available based on the

1dea of joining two mechanisms. Note that the old schemes are
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reconstructed in accordance with the new ideology. To explain,

in the multi-Regge scheme, experimental data on charged distribu-~
tions and correlation dependencies, the aashmption is made of

the necessity of oonsideration of diagrams with a large number

of showers (or clusters) at high energies. The latter 1is also
equivalent to the multicomponent structure of multiplicity
distributions.

§3._Scaling properties of topological cross seotions

As 1s mentioned before,one of the characteristic features of
topologioal oross sections is "brosdening" of distribution with
inoreasing energy. Consideration of normalized topological cross

sections

P¢ns) = 2.7y
,S) z&, 7

as & function of the number of particles and energy S shows that

curves strongly change their form with inoreasing S (See fig.IIl.4)

Ey
52
<
n%

Fig.11.4. Normalized topclogical cross soction
as a funotion of 2 and S .,
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If one plots the functibn(fL)ﬂ in the scale <-LI:—). 1t appears

S
that at high energies the family of distridbutions over multipli-
city for various energies S wi1l be on the same universal curve

(See £1g.11.5)

all ¢

r) winis)

3

n/(,o‘
Fig.11.5,. Universal XNO-curve.

In faot, it means that the function <n) % depends only

on the ratio -r-':—

n>
G
{np —— >3, e SU((n)) (2.8)

The existence of sueh a regularity was first pointed out by Koba,
Nielsen and COlesem. Thus, it is oalled KNO-scaling. KNO-scaling
was obtained under the assumption of Feynman scaling, i.e,, of
soale propsrties with respect to X ==1£fﬁl. At present this
universal property i1s thoroughly oontiriid by experiments for
various types of partiole interactioms at the acoelerators in
Serpukhov and Batavia. This favours the statement that at high
energies hadron-hadron collisions tend to be similar.

Note, that at nay-ptotioally high energies

(s) 9 Gals)
n dn n' =2 ~
z ~ J; = =

~ 9 4
"f""‘"' s Y(as) =
<ny! Jdz 2'@(z), q&<ny,

i
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i.e., dependence (2.8) may be given in the form:
<ni> — G <n>t

Thus, universality of eq.(2.8) is equixﬁlent to the statement
<

>
<n>

on energy. Such dependence, as was mentioned above, ylelds in

that tbe ratio of moments Cg = =3 ,¢:12.does not depend

models of independent emission ( i.e., at SR~correlations),where
<n>~ s, ¢n*y~énts ..
However, the KNO-acaling describes such processes in which one
cannot fail to take into consideration the LR—correlations. Most
probably a mechanism, leading to the KNO-behaviour of distribu-
tions unites many components which leads to a non-trivial disappea-

rance of the dependence C,= at sufficiently high energies,

<)
Various modifioations of the KNO-scaling, derivation of this
regularity from different approaches, and fit by empirical fun-
ctions are intensively (iscussed at present in many theoretical
and experimental works. We shall return to some of these ques—
tions when considering inclusive or semiinolusive reactions.

Note that the KNO-soaling is one of the most interssting
examples of a general principle of automodelity in hadron-hadrom
interactions at high energies. Further inveatigation of this
regularity and of divergence from 1t, makes it possible to under-

stand the dynamics of multiparticle proocesses more profoundly.
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Leoture III

CORRELATION DEPENDENCIES

§1. The problem of correlations

Correlation dependencies in multiparticle production pro-
cesses oan be conditionally separated into two groups. The first
group oonsists of correlations between the different parameters
of a single particle. For instance, the dependence of O, on 3,(X).

The second group of correlation effects arises in studying
the two—-particle distributions in the inclusive experiments. To
tlii group one can relate the dependencies between different par-
ticles; for instance, the correlations between neutral and charged
particles, found only at E£325 GeV, the problem of factorization
in the distributions of different particle contributions (it is
usually connected with the problem of deviation from independent
emission) and a pumber of other effeots, Two-particle, three-
particle,... correlations are considered., Thers exist many rea-
sons as to the appearance of correlations. Among them, the pro-
duotion of associations, clusters and other dynamios phenomena
are important. There may exist other less evident reasons.

In the present section we consider mainly the problem of
two-particle corrélations, and especially the dependence between

charged and neutral particles, sinoce these effects ocour in
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the latest investigations of modern accelerators. We shall try
to interpret these phenomena from the viewpoint of multicomponent
description of multiparticle processes, since this makes 1t
possible to understand the nature of such correlations from the
viewpoint of an important hypothesis on oclusterization in multi-

particle production.

§2. Two-partiole correlations

If one considers an arbitrary multicomponent reaction
a+8 = p tp+.. +pa (3.1)

then the invariant n-partiole cross section oan be written in

the form:

]c,,(s,p;,..,pn)—(fze)ndgp T o)

vhereE P are the energy and three-dimensional momentum of i-th
secondary particle, respectively, and S:(R’/.}) is the familiar Mandel-
stam variable. The oorresponding distribution density may bde
obtained by separating fninto total inelastic cross sections (1:;(

ﬁn ('sa ﬁ: AR IB:'-) = éd {:n (S'ﬁ:r--:ﬁ;)o-”

In the present lecture we oonsider only two-partiocle
distributions.

If all the particles are independent, then the ldistribu—
tion is simply connected with the one-particle distribdbution

~> = =» =>
\JOZ (IOI’PI) =ﬂ1(Px)/01 (Pz) . .9
However, if here are correlations between particles 1 and 2,

then simple factorization i1s not present, i.e. it becomes neces-

sary to introduce the correlation term:
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— — —
Jol(IB:’P:) =Jo’{/b‘)/o’{/02) + G (P”Pz)"o.s)
where Czis the two particle correlation function, Thg meaning
of C is that it is a measure of the influence of particle 1 (with
momentum Pf ) on the probability that another particle 2 has a
momentum IDZ for any distribution over momenta of the remaining
particles.

The correlation function, determined in the rapidity space

c (g,:yz.)—_‘ p 1,_ de de
dy1 2 é dyf dy:.
is widely used, where é 18 the cross seotion for the given class
of events. Sometimes it is oonvenient to consider the given

correlation function

—_ 2 /d2 da "¢
Rutdo ). Cch”y‘)é 0’}‘1 dy, "

The two-particle correlation function Czis slmply ‘related to fl ,

i.0.,
3 » <H(h- - 2
fo=Jo Lok "?_ e
1 Tz <ryn, 3~ <R3N
where we have considered the distributions over multipliocity,
t.e., .Flis the completely integrable correlation function Cz_.
Note that the models of a multiperipheral type (i.e., SR the
models with the SR-correlations) predict a logarithmic dependence
of the function S on -/-‘,.
f. ~a éns
and the diffraction dissoolation approach (where the LR-correla-

tions are taken into account) gives the power dependence

o~ As™?
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In the multicomponent description, we separate the contri-
butions of different mechanisms into multiparticle oross seo-
tions. In this case the behaviour of correlation functions is
determined by superposition of the correlators, corresponding to
each of mechanisms, Their concrete form depends on the method of
realization of the multicomponent approach. In particular, one

may consider decomposition of the type

(a) _
én. = g én. (3.9)

Zé,(za)= Cq S , a=12,..

Contributions to the average multiplicity and higher distribution

where

moments are received for different mechanisms separately:

(@)
<y =S5 fo=<alng, - <)

where d= 1,2,..

and the total (observed) quantites are correspondingly equal
<ny =2 Ca<n, (3.10)

fo=C R e G s CCny-cry)e.
where gcqai .

The following formula

= O rot, O o Be [ L 981 d&][4de 145D
. " A e AL
18 widely used for the two-particle correlation functionﬂxn*dd=1l
This formula shows the charaoter of the correlation function
in the case of the two—ocomponent desoription, i.e., when the ine-
lastic collisions may be described by the fraction O{yof the
diffraction dissociation processes and the fraction Oﬂ,of the pioni-

gation process (processes with SR-correlations are often so de-
signuted).
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Note that in this case as 1s seen from (3.11),the resulting

two-particle correlation function CL i1s not an average quantity
C:,C‘d oaloulated for each of the components. It may be suf-
ficiently large even if the two-particle correlation funotions
are very small for each of the components taken separately. It
418 sufficient to assume the one-particle distridutions to be
differsnt for both components in order that the last term in
(3.11) should be large.

Note that a large number of correlation functions and para-
meters has been proposed for consideration. We shall determins
only the widely accepted ones.

We wish to point out some experimental data. The experimental
values for the funetion -fg obtained in thoPP-interuction, are
shown in fig.III.l.

S
L]
T

04t }
i 1 1 % 1 1
y w * 100 200 p,rsd/c

R

-
§",“

rig.I11.1. Experiwental values of {z_u & function of
snergy (for pp~interaction).
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This curve has a rather oharacteristioc trend showing that in-
dependent emission in pp-'-collisions(the Poisson distribution over
multiplicity) ocours only at E°~50 GeV. Here fx{-s):O .

The integrated correlation function has small but negative valwes,
corresponding to approximately independent emission (for instance,
the uncorrelated jet model) at £, 50 GeV. At energies larger

2
rather rapidly. Note that multicomponent description will be

than 50 GeV, the two—-particle correlation paramoterf increases

most useful in desoribing this energy region (sse for instance
(3.11)). In 1972 Ganguli and Malhotra considered the dependence
of the two-particle structure function <m{n-f)>on S . They compared
experimental data in a large energy interval with the predictions
of the limiting fragmentation model (Besnecke, Chou, Yang, Yen)
and the multiperipheral model (Horn, 1972). The first model
predicts the dependence (a{n-”)-o\/fthe sacond one prediots
~&s or ~ 2735 . It one assumes <n>~ts, then in the asymptotie

region the quantity
L nD

2
1s expected to be proportional to &'S/s'/v in the limiting frag-
mentation model and to (fnf}-'in the multiperipheral model. The

authors concluded that the multiperipheral model fits better the
a2
D
In the range of energies with data availadle from the bubble

dependence of <h(a-f)> and on S .
chamber there is 1little difference between the two models, and
the conclusion 18 based on the data from cosmic ray researeh at
E~2-10* cev.

Howsver, this argument for the model with SR-correlations
is not essential due to a weak sensitivity of the studied depen-
dences of the funotion (A (/-7)p to experiment. The dependence

of the dispersionzon <h>13 more oritical in this relationm.
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Consider thae following example.
If the SR-oorrelations dominate and do not depend on energy
then ‘fz_ determined according to (3.8) by the integral .

. = JC.dy,dy, (3.12)
reoceives its main contribution in the integration region, from
diagonal yyzy,l and has an order f‘_a-&'ls due to the faot that the
surface of kinematic region in the yl'gz. plane broadens with
energy proportional to (nS) « As has already been mentioned, in
the models with SR-correlations an average multiplioity increases
with energy in proportion to 52,5 « Thus, for the integrated two-
particle funotion we have

fo ~ <n>
Correlation (3.12) leads to the following dependence of Don <N
2
D= -Fz, +<ny)~<n) (3.13)

However, this dependence is not oonfirmed experimentally. This

L} T T T T

may be seen in fig.III.2.

P INTERACTIONS

OISPERSION

° - N - . . n

? 3 4 s 6 ? [} 9
<n>»

¥ig.111.2. Dependense of D on<n)>for pp-interastions.
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Linear dependence between Z) and <1 holds for all currently
avallable PP-data. It 1s oonfirmed, though with different

slopes, in the data on meson-proton collisions. (See Fig.III.J).

Fig.II1.3. Dependence of D on <n>
for WpP=and KP—interaotions .

~
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S
Fig.III.4. Prediction of the
hypothesis on energetic depen-
denoe of SR-correlation
(vy A.Bialas).

Note, however, that the assumption of energetio dependence
of SR-correlations allowed A.Bialas (1973) to comstruct a model
where linear dependence between D and <”dholds approximately in

some region, including almost ISR-energies (see f1g.111.4).
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When oonsidering the SR-correlations it 1is convenient to use

the concept of olusters, which appeared in the gas theory. If
there is SR-interaction between the particles, them it 1s natural
to oonsider grouping of particles into clusters, i.e.,into the
particle assoclations whioh are sufficiently olose to permit

them to interact. We can explain this by the picture (see fig.III.5)

1 .
) ’) / 4(_7,,..1
< N
3» s
*8
Fig.III.5

Here, particles 1,2,3 make one cluster, 4,5,6,7 make another
cluster, and partiole 8 alone makes a oluater. If particle 8 is
moved to the position indicated by the arrow, it will interact
with the particles 1 and 4 and we shall receive one large cluster,
As a matter of fact we have introduoed SR-interactions betwsen
clusters. Thus, i1f the olusters interact in the SR-way, they
merge into one large cluster, Clusters in the above sense may be
introduced at the SR~interactions. For elementary particles there
are SR-interactions in the rapidity space thus consideration of
olusters is justified,

To this in terms of associations of oclusters and conorete
dependencies in multiparticle production it is necessary to make
some additional assumptions concerning the character of their
produstion and their quantum numbers. Concrete of the notion of
hadron asscoiations has been considared above in the multicompo-—

nent model of two meohanisms,
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§3, Neutral-charged correlations.

Consider the charged-nsutral correlations between secondaries

making use of the model of two mechanisms.

As is seen from sxperimental data (ses f£ig.III.6),

-

12 Gom »e " oo
S8 o 201006 .),.}AY:'::

N Sok pp

L ’..,.‘_ 10062090

y

A } ;r..-:u:

<ngr o ooy

n-

Fig.I11.6. Charged-neutral correlations. *

the existenoe
neutral pions
~25 GeV, and
formed on ISR

regularity by

of linear dependence of an average number of

of the number of charged tracs is only indicated at
bvecomes obvious at ~ 40 GeV. The experiments per-
at CERN and, also in NAL at Batavia verified this
the example of pp-ccllisions at energies 1500 and
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200 GeV. Note here that at lower energies the effect of any ocor-
relation between neutral and charged pions is considerably weaker,
Now we turn to the model of two mechanisms. For simplicity,
we do not take into account strange particles, As has already
been mentioned, the initial assumptions of the model are:
1) Dissooiation of the leading particles with local conser-
vation of 1sospin, and '
11) Independent production of asscoiations (see £ig.III.7)
leads in the given ocass, to the distribdbution

w = Q; FZ:(QI) Ef"o) I,,beff'l‘)

A, =2Q,= )

= m
- 7r+ n.o
3 ,,—"” S
c\ - 7T°
Fig.1I1.7

Taking into asocount that a number of nsutral pions may be pre-

sented in the following way (see formula 2.6 and table II.1l).

i ‘
Npo =21 + Ny + Ly
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one oan easlly obtain the average number of neutral plons.

LMye D, = 2<n~i:;/: Ddatlode . "y

Formulae (3.15) and (3.14) lead to a linear correlation between

<

the average number of neutral particles and the number of charged

particles.

KMy, =Ky + Ky (n,-"n?t) . (3.16)

where

K1=a+6+0(2”

KZ = Ta+8
and an average number of charged particles

‘r—l - 2(a+€)+2 (for M P-collisions)
¢ =

Qa+é+d,)+q (tor T -collisions)

The case of ¥/Minteractions is particularly considered here,in
order to illustrate quantitative comparison of the model with
experimental data, obt_ained at Serpukhov with a two-meter propane
chamber irradlated with 40 GeV T " mesons. The results are given
in fig.I11.8.

Good agreement with experiment (XEOJ on one degree of
freedom) confirms the prediction of the model about the linear

form of oorrelation

{n,. >n‘= A+Bn, . (3.17)-
One of the conclusions of the model 1s that the slope does
not depend on the type of colliding particles (B"_ =0,16+0.02,
B,.,=0-15£0.02). It 1s seen from (3.16) that thePalope 18
expressed in terms of the parameters of independently produced

olusters. If one assumes that the probability of production of
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Fig.111.8. Comparison
of TMP-model with the experi-
3 mental data at f)-40 GeV/o.

2 b=056:0.06

I 35789 n 050 0
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4 b=056:006

2 4 6 8102 K161 N,

multiparticle olusters increases with increasing energy, then
one obtains inorease of the slope with energy.
Indeed, the slope (see formula (3.16)) 18 connected with

the relation of average numbers of the hadron associations

(clusters).

N(w—mtrr)
Nic- )+ N(c-» mrrd)

B = ‘21“ (3.18)

As extreme cases (in the given assumption) from (3.18)

it follows: __ —
1) at N(w)>>/V(e), 5> Stnresnold,
87
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2) at /-\7(l-U) <</v(é) , S Stpresnora
B —-0. _

These oonclusions are consistent with experimental data.

The experimental data at ISR 1in thePPcollisions (E~ 2000 GeV)
also demonstrate a dependence of the type (317) with the slope
B~1/2. An absence of suoh a correlation at low energies means
tnat B~O. Making use of the multicomponent distribution (2.6)
the scheme presented above can easily be extended to the ocase of
multiparticle produotion involving strange particles.

The model of two mechanisms in this case gives a distribution
over the number of charged particles in the form of the superpo-
sition of Poisson functions, and prediocts correlations between
multiplicities K+and K_as well as between Koand Komcsons.

The averags number of K? /\° and Zin the cases considered below
(when the production of clusters off three heavy strange particles
18 hardly probable) is independent of the number of charged par-
tioles in 1r7300111810n5 and reaches its constant value at suffi-
oiently large number of charged particles in T flcollisions. The
processing of results from the two-meter propane chamber has pro-
duced good agreement of the model with experiment. (See Figs.III.9,
111.10).

The model of two mechanisms, realizing the idea of multi-
component description, and 1its comparison with ths results of
experiments for the Il and M P-interactions show that at high
energies many characteristics of multi-particle processea for
various collisions have a tendency to be similar. Such a tendenocy
is observed experimentally. In the spirit of the TMP-model this
looks quite natural: dissociation gives relatively little contri-
bution multiplicity, at increasing anergies multiple charaoteris-

tics are determined by inoreasing number of olusters (with the
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tendency to increase weight) which are produced independently of
each other and of the leading particles.

Indeed everything may be more complicated. Most probably
small distinctions in the characteristics of different types of

interactions

( pp, Tp. Kp, T, Pp,...)

will provide a better description of multiparticle produotion.
However, one may hope that the rough scheme being observed at
modern energies, as well as its simple and obvious realizations
will provide a oconvenient framework for future theories.

Note ip conclusion that now there are many new approaches
to the correlation probdblem.

In this connection I should like to mention that it was
proposed af the same School in 1970 by El.Mihul to use a new
variable which is available exclusively for multiparticle produc—
tion. It 1s the determinant of the matrix formed from the compo-

nents of four 4-momenta. Consider the process

Q+6 —)a,+az+a_;+a,,

K
A = det{ Pl: } [:I,ll’,'/ , K:O,f,z,s

as only one variable built with the particles of final state,

and

In the center of mass system of_:Plllding particles
A = VS (PxP.) B=VSIE-R) A=V ([EE)A

where\¢if is c.m.8. energy. For a fixed S the variable we consider
is the measure of the volume of the parallelepiped of any three
3-vectors of four. The experimental distributions on A for
P‘P-.P,.P.ﬂr".ﬂ" have been psrformed for ten values of energy

between 4.0 GeV and 24.8 GeV, A strong shrinkage (Fig.III.ll) with
respect to the energy is obtained when they are compared with the
phase space distributions. Zl equal to zero defines the singular
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domain of the physical region. So for increasing energy this
region becomes dominant.

In connection with this approach it 4is interesting to find
from experimental data the answer to the following questions:

a. Dol& distributions as functions of energy, 1.e., depend
on the nature of colliding particle or final particles (meutrino-
production, photon-production, eto.)?

b. For four inclusive reactions (four prong events) one can
divide the interval of the energy of the four particles in their
center of mass syst6m(}§4f&+/5+/%)into intervals of the "fixed"
energy. For the events corresponding to every certain energy to
get thel& histogram, will the shrinkage be the same with respect
to energy? ‘

c., It 13 important to know from the reactions with more
than four particles in the final state for which a few independent
determinants exist 1f they are simultaneously going to zero for
a given event, There are n(n-1}(ﬂ-2)(n-3%ﬂ determinants but
not all independent since

A G, 6. by AK,,KLK,,k., = det {Pt R}= 6.0,0, by KaKy K K K,

d. Finally, since is a pseudoscalar it 15 interesting to

investigate 4f there exists any asymmetry in the Zl distribution
with respect to A=0.It is possible to perform it for the channels

where the four particles in the final state are different; hence
they can be uniquely labelled, and the ordering of them permits one

to introduce the orientation of the space. .
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Lecture IV

INCLUSIVE AND SEMI-INCLUSIVE PROCESSES

§1. The problems of description of multiparticle proceésses

The analysis of the processes of multi-particle production
18 important for understanding the nature of hadron interactions
at high energies. It has considerable difficulties both from
the technical point of view and from the viewpoint of kinemati-
cal desoription.

It 18 necessary to find integral charcateristics of inelas-
tic processes which give sufficiently somplete information on the
hadron interactions at high energies, and at the same time are
rather simple both for theoretical and for experimental analysis.

Characteristios of such a type were first introduced in
1967 (A.Logunov, M.Mestvirishvili, Nguyen Van Hieu). Latter a set
of processes, contributing to theae characteristics was ocalled
"the inclusive processes™. Thus the first stage of the experiments
is mainly concentrated on measurements of the most direct quan-
tities: the incluaive and topological characteristics of the
particle production spectra. .

It was first experimentally determined at the Sepukhov-
accelerator (Yu.Bushnin et al.) that the ratio of the production

probablilities of K-mesons and anti-protons to the production

probabilities of 7 -mesons depends only on the ratio of momenta
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ﬂﬁ%;x. The experimental consideration of the scaling invariance
at high energies, as well as the difficulties of microscopic
desoription of multiparticle processes (first of all the absence
of strict mathematical apparatus) lead to the appearanoce of phe-
nomenological approaches and models (the parton model, "droplet"
model) and based on them, to the appsarance of the hypothesis

of limiting fragmentation and scaling (R.Feynman, C.N.Yang).

The latter determine a number of limiting relations and
restrictions for the cross sections of inclusive processes, cor-
relations, and other characteristics. The principle of automode-
11ty (V.Matveev, R.Muradyan, A.Tavkhelidze) on the basis of a
generalized dimensional analysis makes it possidble to classify
the scaling relations at high energies,

In the present lectures we shall not dwell on the problem
of strong interactions, but only remind listeners about the
review by M.Jaoob, A.Logunov and M.Mestvirishvili,and R.Muradyan

(See References).

§2. Semi-inclusive processes and their characteristics

The one-particle inclusive reactions have a number of
practiocal advantages: They are easily obtained experimentally,
the study of average values by the particles not fixed :in the
reaction clears up the colleotive properties of the system of
secondaries, On the other hand they represent a limited part of
the Aynamios, as the one-particle characteristics have been integ-—
rated over partioles and summed over all the inclusive channels,
In fact, in the inclusive approach various mechanisms of particle
produotion, responsible for the different phqnomena are missed

altogether. There arises the question of explaining the dependen—
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ce of these effects on the multiplicity. To solve such probleﬁs
we can make use of the so-called semi-inclusive processes of
multiparticle production, i.s., of the characteristics of reac-
tions with fixed multiplicity (topology) without averaging of
the inclusive approach and thus evidently take into account the

contributions of different multipliocities to the physical effects.

Basic definitions.

Consider the process of particle production as a result
of oollision at high energies

a +6 - P, +P,_ +-~-+P'1+"'

- Pn

— :
="
P

Denote the differential cross seotion of production of n-charged
particles (with a different number of neutral onea) through

da =2 A f 43 ﬂ _(4.1)
= (= - n)! d :
df)’d/o‘“'dﬁ’ Ka2nred (k-n)! d/’ sz dPn dP } sneq

Then the semi~inclusive oross section of particle C(P) production

with a given(n-1) number of charged particles
a+ 6 —-C(P‘)+ T

(n-1 )d- particles

d %————“——P

j%\} (n- 1)0\ particles .
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will be of the following form

déx _ _1 /7_.

dﬁ' (n-1)! dP dPn 2 (4.2)

with the normalizations (see Lec.I):

"fdéncd-'_éc Zdé - é

nldp P " dfdp (4-2)

dé‘ ;-
j;?—,-'dP =<Me , <ny@=2na,

where éh,é is the partial (topological) and total (inelastic)
cross sections of 1ntaraction(0€-'...) correspondingly; {nR>- 1s
the average multiplicity of final particles.

Define now the first moment of the semi-inclusive distri~

bution (4.2)

Nes)
daf
(n-g —~——
<I’l{ﬁ)> L 7Y | )i/” : (4.4)
s Y
d

n

eq. (4.4) defines the average multiplicity of charged particles,

‘produced together (in association) with an extracted fixed par-
- .

ticle "C" with momentum £ and 13 ocalled the associated multi-

plicity of charged particles,

Note the correlation character of the introduced value (4.4).

In this connection consider the reaction with two (inolusively)

extracted particles

A+l = e (B) +C (B ..o+
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and determine the corresponding two-partiocle spectra: the semi-

inclusive distributions with fixed multiplioity

dé.™ 4 f" L. deé

=2 = dp, —=—— (4.5)
dp,dp; (r-2)! iy 9P dp, ..dp,
and the corresponding two—particle inclusive spectrum
dafs dame 7 (4.6)
dPthz k=3 dpidpl
with the normalizations:
1 da.”
n-1in I dp dp; d/” I =3,
1 dé,f’c'- J5 =4S
n-1 dp{’di,‘; ¢ dﬁ: ? 4.7
¢,,C .
9 " dpdp = 2 h(n-4)&,=<nlr-)Q
dp, a’llJz

Having partially integrated (4.5) over the phase volume of the
particle C (ﬁ)taking into acocount (4.7) and (I)

(,,C,_ dén -
Zfd.,dp =Z gEm(n1) =

= <n( 1)>'"—2_
jd/’d f

and using the definition of the two-particle correlation function

C (" ") (see 1), we obtaine the necessary relation
2 Pf‘Pz

<n(p’,)> 3 dé fC (P1,P2)+<n>(48)
S dp,
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1.e., in the absence of correlations between the particles C,

and Czthe associated average multipliocity does not depend on
—p

the momentum /Dz. and

<nUp)> = <ny -1 .

Let us simplify as well the formula determining the semi-

inclusive two-particle correlations. Defining

‘Pn (/5‘)= é—--;% (4.9)
n

by (4.9) put by analogy with Leo.I:

Clipp) = 2= LS - ppou
PP = Sn dpdp; ‘)O A (4.1/3))’
2 (2), -
R(n)(-: ‘; = Ca (npz) — =
pi= BB
S, d%, /ajg': D _ j
dén/d* ,6',0z )

§3. The experimental situation

Now we shall make use of the experimental data on semi-
inclusive distributions and give a brief classification of the

basic facts,

A. The one-particle spectra with fixed multiplicity.

1. The linear growth of semi-inclusive one-particle densi-

ties ﬂ(-.)tor the fixed # , (/Q‘) IHEP
FNAL ISR

X I T
n 4 y—centrat TP T+ X
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see, e.g., Flg.IV.l.

) 4 déa
Prtp) =3 GR,

e

‘55"_»)-”'

r'4
X
.

B=1.0520.05 |
(Y /jad
5=1.192005

» n st
T4 6 & 0 #«

Fig. IV.1

Fig. IV.1l. (é— i—f%i)m‘-ustnbunon over 2 (tor Tt ana T
. n o pL
in 7P -coll. at P = 40 geV/c (2-meter propane chamber, JINR,

IHEP-accelerator).
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2. The shrinkage of semi~inoclusive spectra with inoreasing
multiplioity

. FNALISR
Y TE dy T s : P,

where Sn~2/n_
gN = B" e"aPu )

dpr a=(039n-0.23)5y | BN

Tp->mX,
dN _ B, pp~R .
GTP: =0.pe . b =(031n«536)°%

Pn ’ Wem Pp- X,
dN s/, - 31T
dP‘L = N‘LQ‘Q -L%e a‘,&a15{£<o,3 )+5(1on

<m
Po 4, p) =NEDTEEGY w-fa'i’f,fm

The properties of the experimental data 1 and 2 are clearly seen,
for example, in the Pisa-Stony Brook coll. experiment at ISR
(F1g.IV.2).

3. The asymmetry in azimuthal semi-inclusive distributions,
which i1s not explained by energy-momentum conservation low and

has the character of LR-correlations (Fig.IV.3)
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B. The semi-inclusive correlations

1. The central region
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The oorrelations have a typical short range charaoter

(Fig.1V.4)
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2. In the range of large Ag 91

'rho correlations are maximum for amall fl

This effect

inoreases with energy (long range) and Cn (y ’ )~-n, Rf;(#"],) 7

(Fi1g.1V.5)
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3. The associated multiplicities. The correlations between

N ana (y, P"‘)'

The associated multiplicity as a function of various vari-

ables has been calculated in many sxperiments up to the ISR
energies. v

Consider the typical data.

a) There has not been found an essential dependence of{fz(lo‘»
on the transverse momentum of secondaries(ﬂn; K /\) for P-‘-s {5_3
when P‘=19 GeV/c 4in the IDP-interaction (The Socandinavian group)
as well as in the Trp-intera.ction ath-40 GeV/c though the same
data in the same-opposite selection show an essential dependence
on P-L . The value {RAX)> ((n(y)))is gradually decreasing with
the growth of transverse momenta X (y}

) The BNL-collaboration points out the increasing depen-
dence of <n(P1))on the transverse momentum of a leading proton
in the range P,LSQ«GEV/C and for different missing masses MN‘).
The data from FNAL-ISR confirm this effect in a wide energy
range and P'L (a detailed discussion of the range of large P-l-
see in Lec.V).

¢) The assooiated multiplicity as a function of missing
masses, produced with a leading particle, increases according

to the same law as the average multiplicity as a function of vs.

v Note that experimental observation of the linear relation
vetween the average multiplicity and the transverse momentum of
one of the final protons was first presented in the paper by
E.¥.Anderson and G.Collins, 1967. :
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§4. Theoretical approaches

A. Cluster models.

Various experimental information on correlations, e.g.,
data on ﬁ(S), R(z%‘%-yz)approiime.te validity of the KNO-scaling
for multiparticle distributions, etc., point out the fact that
multiparticle production, (most of it in any case) proceeds
through multicluster intermediate states,

In partiocular, the assumption of the independent emission
of isctropic clusters makes it possible to understand the posi-
tive short-range character of the completely inclusive two-—
partiole correlation functions with respect to rapidities in the
oentral region.

The central idea of this approach is that the hadron asso-
ciations (olusters) are produced acoording to definite dynamics
and that the secondaries observed are products of the decay of
these clusters.

At present it is not yet clear whether clusters have intrin-
slo dynamics meaning or represent simply a phenomenological
method, 1.6., suitable initiation of more complicated dynamios,

The cluster models have been extensively studied recently
(see review articles of E,Berger, J.Ranft) in connection with
the experimental information of FNAL-ISR on correlations with
respect to rapidities at multiplicity fixed (on semi-inclusive
correlations).

We 1list here some model oonsequences:

1, It is oonvenient to split 6; and d6;/ into "diffrac~-
tive" and "nondiffractive® parts; 2

2. The ocorrelation length 2/‘( Cn“)’\‘e -{%_%) /WM)

does not depend on Nand S.
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dfn _
dy ~ Y
ons

is consis-

U=

3. In the model of independent clusters:
4. The behaviour of semi-inclusive correlati

tent with experimental data of FNAL-ISR:
(2) ”
R (00) ~ 882 p(<k>),

where {ADstands for the average number of hadrons in a cluster.

(4.10)

5. Thf n-dependence of the semi-inclusive correlation funo-
tions reflects the structure of pmultiparticle distribution
inside a cluster.

In the concrete oluster model with diffractive excitation

the one-particle distribution at a fixed multiplicity reduces

to the following fox;m}: Al/ﬂzsﬁl(y )
6(67, S , e - =P,
"27— /4”/ 0/”/’{/”}{/‘(/‘7’ /r} Py z(y'y/ (4.11)

whereNand yare resp. the ocluster mass and rapidity.

In present versjions of the cluster diffractive models,
agreement of the slow decrease of topological oross sections 6;
and nondecreasing character of spectra relative to rapidities
in the central region is achieved if one gives up the assuwption
of the isotropy of the cluster decay.

Note that 1f one takes as the cluster decay amplitude a
modified distribution of the Bose gas, it is possible to avoid
the artificial introduoction of non-isotropy. In this case, in
particular, observable properties of "shrinkage" of distributions
are obtained and, unlike the standard models (DEM) resulting in
a fall of the speotra in the central region, an increase of

maximal values of distributions is obtained
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-ansh ‘y/

f,, /y/ ~ e ’ : ﬂ(y:o)n[ﬁ/hﬂﬂ)} (4.12)
/ -nf(m, -
.ﬁn(ﬂt} ~ _‘%_'/‘&L_ e m’} ﬂ_’//o_ﬁmm()wcll

B. Soaling in Semi~Inclusive Distributions
a), Uncorrelated Production. KNO II.

Keeping to the same ideas which have resulted in the simi-
larity law for multiparticle distributions (See Leo. II) Koba,
Nielsen and Olesen have obtained the law of automodel behaviour
for semi-inclusive oross aeotionsf"/,;;. Assuming the noncorre-
lated particle production (or weak short-range correlations) and
the Feynman scaling for the one-particle spectral densities at a

fixed multiplicity they have found the asymptotical formula:
1 46; //7'-5) N ’ .
—_— ——l /S 4 e
6 dp” h <nd,’ ’/Di}l;*o/(n)}] (4.13)

S on

for the reaction a*g—éc(}?)*(n.-f)charged + anything neutral;
where X:ZP”/‘I? ’ <I’L>S 18 the mean

multiplicity at energy S . The relation (4.13) predicts that

if one compares two or more semi-inclusive experiments at dif-

ferent (sufficiently)energies taking the same values of %”>s

then the distributions over momenta (in the variables X and IDJ.‘)

normaliged to 6\w111 be almost equal to each other, i.e.,, the

h
oross sections #\— for different S and different topologies
x4y
but with the same ratio %n) should be the same. For instance,
for the experimental distridbutions shown in Fig. IV.2 the rela-

tion (4.13) means that, i1f one performs a selection over "/<,;)
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and rejects i d—ﬂ with tespect tO/ the curves corresponding to
the same 'V(n) will approximately coincide for different energies,

Due to the non rigorous charaoter of the arguments resulting
in (4.13) it is interesting to check, this relation with models.
This has bee}x done in the two cases:

1. The Feynman gas model (Olesen)

2. The uncorrelated jet model.

In the first case, by using the method of the generating
funotionals,* the proper relations (4.13) are found for semi-~
inclusive cross sections and it is shown, in the example of the
reaction K++P —=K 0+ﬂ€h + (anything neutral) at /)‘ = (5,8.2,
16)neV/c . That the spectra are in qualitative agreement with
the Feynman gas model within a good accuracy (except for boundary
regions of phase space where effects of the energy-momentum con-
servation laws are important).

Since /] 1s the discrete variable a convenient way to check
the prediction (4.13) 1s to obtain an analytical expression

which then can be fitted to experimental data, Such an expression:

1 d0; l<n)
6, d/)i’ =C <,7)/ -2 [*0/@)/] (4.18)

has been found in the uncorrelated jet model, Here A, ’ )\ are
constants. Formula (4. 14) has been fitted to experimental data
atP 19 GeV/o in the reaction /)P-’rfr/” /)+ anything neutral.

¥ The method of generating functional was firstly introdu-
ced in statistioal physics by N.N.Bogolubov (1945).
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Applicability of the semi~inclusive scaling (4.13) (KNO II)
to the one particle spectra has bee;l verified experimentally for
the corresponding cross sections with pion production in pp-colli-
sions at 205 GeV/o (FNAL). A comparison has been made at fixed
%”) with data at low energies from 13 to 28.4 GeV/c. By rela-
tion (4.13), it follows that if one takes two energies 9 and Sz
and two mult:lplioities /), and /], then quantities 6é 4__
should be equal if m U’;(—LS-._)S (up to corrections 0(__ N
Though a qualitative agreement holds for such a boha.viour (ex—
cept for the region X=(), essential deviations are observed
in data on the semi-inclusive scaling. These are considerably
larger than for corresponding inolusive cross sections. Analogous
results have been obtained for semi-inolusive distributions of
ploms in /7/3 -oollisions at P =40 GeV/o (IHEP,Collaboration).

Since ("(S}) is a slowly varying function of energy and 7(,,)
is roughly constant for a constant multiplicity 1 trom (4.13)
the usual inolusive scaling should be valid in a wide energy
interval. This prediction was compared with experiment ( P.C.

Shliapnikov et al.). In thaK/) -interaction at/)-5 .82, 16 GeV/c
d6n

dp”
energy, for /) =2,4, 6 though the corresponding </7> change oconside-

the quantityoz has been found to be independent of

rably in this energy range.

b) Strongly Correlated Produotion

2) y

Experimental data on (‘n H R,, and essential dependence of
the associated momenta <”(/)7> on /5' point out considerable oor-
relations in processes of the multipartiole produotion. Studies
of the correlation dependences of average oharacteristiocs of
hadron production processes can give evidence only of the exis-

tence of a certain relation between secondaries, .In studying
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the semi-inelastic characteristics there arises the question:
What restrictions on the shape and character of dependence

of the one-particle distributions on /7 and j;tresult from cor-
relations between the average multiplicity and magnitude of the
momentum or transfer momentum?

Consider a semi-inclusive reaction of the type:

a+6’ —p» partiole of large /D.L + ”N} + anything neutral,
where one of the secondaries which after interaction receives
a large transverse momentum is produced inclusively.

When choosing a special form of the dependence of the
average number on the transverse momentum one should allow for
considerations on a mechanism of multiparticle production.

Proceeding from the assumption on the ccherent excitation
of particles colliding at high energies (Matveev, Tavkhelidze)
one may f£ind that the average number of secondaries grows
linearly with the squared transverse momentum transferred:

Lnlp)>=a+bp.
This result for the diffractive production of particles has
been obtained in the framework of the straight-line path
method. Such behaviour is in qualitative agreement with experi-
mental data obtairned in pp-collisions at the lab., momentum
of incident proton/QA‘::JO GeV/c,

Furthermore retaining ideas on the physical similarity seen
in a number of observed properties of particle interactions at
high energies, we may assume that the shape of the dependence

n (p-.:)>f(l-é;) will affect the character of asymptotic behaviour
of cross sections of the semi-inclusive processes.

Let us assume, for instance, that the semi-inclusive

cross sections obey the similarity relations:
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a} }0//;/]‘- (/,:). (4.15)

Substituting this relation into formula (44) for the associated
multiplicity and changing the summation by integration, we find

A
Snbalpe,s) [ rdo¥0f0p])) _

Eh ) [Tn #(0fpir))

= £(n;) gIM [160)),
where "'V- N

Thus, the function)((h)rtnlly represents the dependence
of the associated multiplioity(n(h»on momentum if ﬂ”/f’ﬂd _.f
for $—+°2and PL -fixed. The deviation from this asymptotic

nlp)>=

(4.16)

limit may appear only in the region where f,ﬂ.L/V—"” If the
function f‘ '\-P has the power asymptotic behaviour, this condi-
Py Ve
tion ocorresponds to relatively small transverse momenta&as
1.e., to values of the parameter XJ:Z/"/')-S—tcnding to zerg with
inoreasing “s®,
2
Note further that the function A(pl) defined by (4.15)

oan be related to the inclusive cross section

2.5 db, (157 .
15 5 4 ~ARIR) (1

Making use of formulae (4.15),(4.16), (4.17) one can easily
establish the validity of the following relation (V.Matveev,
A.Siasakian, L.Slepchenko)

ine.
<n/pl) og‘l_% a6 W”/<'7/,01/>) (4.18)
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We stress here, that the similarity relation (4.18) analogous

to the KNO-scaling 1s based only on general ideas of the physioal
sipilarity and not in particular on the assumpfion of Feynman
scaling. 7

As is known (see the review of experiment) to the decreauins
character of the associative multiplioity ‘there corresponds a
wShrinkage® of the semi-inclusive diatrib;tions, i.e. at small/&
the probabilities o( produot1on~of a large number of particles
droﬁ puch faster than those for small multiplibitios. On the
other hand, the growth of <J70&lﬁpcorreaponds to the transition
to a new regime: at increasing Pi the oross dgqtions.with large
n became wore smooth than for small multiplioitiea - the so—
called 'broadoning' of distrivutions. Thus, the regiona of small
and large 1ailre clearly separuted by essentially different re-
gimes of behaviour dboth for the 1nolu31ve and semi-inolusive
cross sections and for the moments of these distributions.

The relation between the semi-inclusive distributions and )
associated multiplicities 1in definite combination (4.18) with an
essentially different behaviour at spall and large transverse
momenta indiacte think, a certain universality of the similarity
law obtained (soaling law) for diffractive semi-inolusive Spootr;
(4.18).
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B 2
< -
Fig. IV.6. The dependence of <n'(PJ—,) g""'ﬂ' dct

/T —_— fl’- dp
on m due to the data of thesp-interactio
(71',9—&77"‘)(*.) at p=40 GeV/c. (The collaboration
of the 2-meter propane chamber; JINR, IHEP).

Figure IV.6 shows a distribution of the experimental quan-
tity corresponding to the 1l.h.s. of (4.18), obtained for f[f
mesons from the processing of about 6000 inelastic i‘p -gvents
in theﬁﬁ-inter&ctiom‘ at /0 =40 GeV/o (IHEP-JINR, Collaboration).
We emphasize here that experimental points, corresponding to the
two-dimensional distributions %Z::(I),/o_‘) with different magnitu-
des of the charged-~particle multiplicity /?: 2412 and to the
whole measured range of /D.L (in the soale Z=’y< n>acoording to
formula (4.18)), are on the same universal curve.

Thus, this relation oan be considered as a particular mani-
fectation of automodelity specifioc for a wide class of phenomena
in particle interactions at high energies.
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c¢) Models with weak oorrelations

We have already mentioned that within the framework of
KNO-scaling the result (4.13) 1s valid under the assumption of
absence of correlations betwaeen the secondaries. The question
arilses: what will happen if we introduce the correlations? We
have partly mentioned such examples when having considered the
Feynman gas models and the uncorrelated jet model. Let us
consider in more detail the FPeynman gas model (A.Mueller, P.0le-
sen) in which only the two particle correlations are taken into
aocount. Define the funotion Z;“k;) which determines the
deviation from an uncorrelated case

/‘u)(-} 2 5/06 — c{//+/ﬂ Yy + aryth nrui(n:l{;)

mce
T ;,—,%f- [af — clf)+ anythig)

It appears that the scaling law in the form (4.13) 1s valid for
the considered model in the case of the short-range correlations.
There, the function 1s factorized with respect to the momentum
and multiplicity

5 UB) = HEsxp.) Yinc).

In agreement with the scaling (4.13) at high energies

bim H [S,4,p,)= HIxp),
fm “’//7 S} 9’0’) <% —)/l':ra’ (4.20)

$ - 20
This means the factorization of the semi-inclusive distribution.
Note that these results ocan be obtained when considering the
sum rules for the semi~inclusive cross sections and correlations.

The factorization of semi-inclusive spectra in a general case
can be written in the form:
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L. db, - -
G, #: /4/”////0//,—'+¢//;,/o/]l (4.21)

-
where ¢//7,/0)15 the deviation measure (analogous to 4,19). It can

be written in the form:
1 dbon

BInp)e 2t g . (4.22)
/7 ==
d/a"
Thus, the function 2;65‘/ and ¢//2/-07may be considered analogous
to the correlation funotions C,,"} and le,,ﬂ}respectively (see
4.10).

Due to a weak decrease (constancy) of the assoclative
multiplicity as a funoction of the transverse momentum of _7l~-me—
Bons we can come to & conclusion on the smallness of the trans—
verse correlatlions of charged particles. It concerns the form

Z”—f" of distributions. In particular, when analyzing the ex-
perim:ntal data on the semi-inolusive distributions of /Z?nasons
in the /270 -interaction when /0-40 GeV/o (IHEP - accelerator;
2-meter propane ohamber-JINR). It was found that these distri-
butions as multiplicity functions are similar in form at diffe-
rent fixed values/qL(aee F1g.IV.7), i.e., the parametrization
(4.21) holds. This property is more convincing in Fig.IV.8. It
follows that except for the range of small &(/)‘_eqz)the correla-
tion ¢f/),/3_) 1s weak and holds, with good aocuracy, the factori-
zation of the /7 andﬁ variables.

de

df’ :’C/”/f/ﬂ/ (4.23)
el
Fnlenfh,  flp)- 467°
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Note that for the semi-inclusive spectra with the non-correlative
ﬂetﬁrdependenco (4.23) from the similarity law, there follows

the relation of the KNO—scaling for the multipliocity distributions

Lnd Gufs e ¥(n/cns)

The relation of the moments of multiplicity distribution with

the multiparticle 1inclusive spectra and the correlation functi-
ons made 1t pcsaible to investigate automodelity properties of
distributions over multiplicity to obtain in the ocase of weak

(SR) correlations a number of rather interesting results for the
inolusive and semi-inclusive reactions. In particular, for the

proocess

a*! - C{ID, +¢"‘/+"'+ C‘//DA,"/#'
* anythen
assuming the existenoe of scaling for the inclusive multipartic-—
le distributions (P.Chliapnikov, L.Gerdyukov, P.Manyukov,
H.Minakata) there was obtained the asymptotic scaling behaviour

of the associated moments like

<'»K(S,/5’/>= (7, ,0__:7 7 k/S/+0//?7N/§}/. (4.24)
S— co
Thus for example, the average multiplicity of charged particles
(n//‘ll)>in the reaction fo—’ €+, assooiated with the quantity
f1zof the system Xgis:

<’7f/‘7‘/>:a/”l/s/51$+l/”z/s), (4.25)

where &Lé? are the functions depending only on ﬁ’jé. The experi-
mental test of these relations is of interest.

The presence of weak correlations between the dependence
of semi-inolusive spectra, both on multiplicity and the secon-—

daries momentum made it possible to assume the existence (2xpe-
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rimentally)of the so-called "soaling in the mean" (Dao et al.).
The authors confirm the - independence of the forms of the/eL -
and /L -spectra of produced partiocles on the multiplicity or

the colliding particle momentum. The data on/qp for different
multiplicities between 13 GeV/c and 300 GeV/c were analyzed,

1t was found that this hypothesis does not qualitatively contra-
dict the production of .z:mesons. Thus, the cross seotions,
expressed in terms of normalization variables, must be of univer-

sal form:

¥ db, v

v v~ Plas,) 29
where V 1s the transverse of longitudinal variable, and ¢/<'§)"
4s the universal funotion independent of S or the nu1t1p1101ty.h
Though one bas no grounds to consider that this behaviour has

a quantitative support it may serve as a useful approximate

parametrization (See Figs.IV.9, IV.10).

§5. Connection between elastic and inelastic processes*

It is oconvenient to study elastic and inelastic processes
at high energies making use of the approach based on the unita-
rity condition in quantum f£1eld theory. The unitarity equation
of the amplitude of scattering of the 2-spinless particles has
the form

Tm T/S,t}-'fa’HT/S,U7"'/5/{7"/’—/-% ¢) (4.27)

* 5se lectures by prof. C.Michael.
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where

t=-(F-K)%, tElF-g); tT--/g-F)*
$=///m’+/5"/ , //57=//?/‘/5/

and

are oonnected with the two particle phase-space vclume.
Graphically the condition (4.27) is the following:

Fig.IV.11l. The illustraction of the S~channel unitarity
condition.

The value /L,-,{s,{)-an;/s;{/which 1s ocalled the Van Hove overlap
funotion is the contribution of inelastioc (multi-particle) states
to (4.27), According to this the elastic amplitude at high ener-
gies 18 nothing else than the shadow of numbers of inelastioc
channels. Under definite assumptions on the character of scatter-
ing amplitude at high energies one oan obtain in the range S-+eo
and t/x <<{ the known formula

e T;ﬁ:"‘s IEVARY - (4.28)

Representing the impact parameter we rewrite (4.28) in the form

J.Hs)- 7 1£6s)/ I’+Jo/gj ) (4.29)

where g 1s the impact parameter, 7&/‘65/5 7-[5,1/.
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Thus an important result froe the angular moment oonservation
law ‘is that the aglitude of elastic scattering with a given
impaoct para-etor‘ is produced by absorption into, inelastic chan-
nels with the same impact parameter. According to the definition

of the overlap fumotion

Pl =S 1Th(s,0)) s STime w0

where 7;,/:,[/15 the production amplitude of the inelastic state
with the n-particles having impact parameter 5. If the phase of
elastic amplitude is known we carn solve the equation (4.29). In
. 2¢¥08
particular, for the parametrisation ﬂ'f_‘-/_—, ‘//'f ”,f/}

we obtain
PlESY=4(1-e Y ily) . (4.30)

The value f/&sj-‘éoorresponda to the unitarity limit reached
in the case of a full absorption.

The approach to the diffraotion scattering, considered as
& shadow of 1inelastic processes, possess a number of interesting
questions. How olose to the maximum absorption is f{s,(/when' /:07
What 1s its form and average radius?

How do individual n—-particle amplitudes construotf{% f/ ?
What prooesses (impaoct parameters) are responsible for growing
ocross seotions with ensrgy? and so on.

In the papers of the Serpukhov group (0.Khrustalev, V.Savrin,
S.5emenov, S5.Troshin, N.Tyurin) as well of A.Bialas, A.Buras,
J.Dias de Deus, H.Miettinen some interesting similarity proper-
ties for ffsf)are found and discussed. An amalysis of the ISR
experlmental data on elastic pp-scattering in the diffraction
region makes it possible to draw several important conclusions

about properties of inelastic channels.
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In particular, the observed growth of the total inelastic
oross section occurs, as the authors think, due to peripheral
inelastic interactions, and in the energy region under considera-
tion JD/[,s} appears to depend only on the ratio I/é‘,"’

This relation is a manifestation of the geometrical similarity

in inelastic processes at high energies.

Ples —p (‘N (4.32)

S o0

All the approaches and models studying inelastic collisions
in the language of impact parameters and also connections with
the character of the behaviour of elastic collisions at high
snergies have boen‘oalled geometriocal approaches. These models
acoentuate the geometriocal nature of collisions, an elementary
act of collisions, productions being oonsidered (in general of
weakly correlated particles) to oocur at a fixed impact parameter

‘. The total inelastic cross section is derived by integrating

over all the impact parameters. Accordingly, inclusive (semi-
inolusive) characteristics inolude mixtures of a large number
of elementary components with given Z.

Following Van Héve, one has

Flst)-[d*te ‘“Tere) , t=-4 (4.33)

where the total 4nelastic oross seotion with a given (4.30)

61¢) = Z 6,(¢) - ‘M\“"‘ (4.34)

and the n-particle produotion (topological) cross section is
written as & superposition of n-particle cross sections at fixed

impact parameters {:

by, = A 6, 18)- /a/z/ ”‘ ' (4.3%)
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To obtain the multipliocity distributions we need 6777, 6;(?7.
By using the relation (4.33) and its partial analog overlap
(semi-inolusive) function ‘; [31£/

-

£, (5t):[d?le ‘“6),/!/ (4.36)
and also the corresponding formula for transformation (the
Fourier—Bessel transformation) one may find relations between
the funotions f["” and multiplioity distributions 0, (Y. In
partioular, for the contribution of inelastic channels (4.36)
obtained in the framework of a probability approach to the
desoription of the scattering processes at high energies (A.Lo-
gunov, O.Khrustalev) it 1s shown, proceeding from the universa-
11ty of funotionf/f’s} (4.32), tmtJD[S,fj 15 conneoted by the
laplace transformation, with the fumotion ﬁ%ﬂﬁg} characterising
the multiplicity distribution in proton—-proton collisions at
high energies

z)=<n> 2

The three-component model for yﬁytound and analysed further

-2
Z= <nd (4.37)

’

desoribes well both the multiplicity distribution and the first
ten moments of distribution (see discussion concerning diffi-
culties of the two-component description, Lect.II). It would be
of interest to study what follows in the language of geometrical
models, from separation of the.mechanisns of miltiparticle pro-
duction into a sum of contributions from different components
and in this connection to study the relation among such concepts
as range of correlation, diffraction, fragmentation apd indepen—
dent emission of produced particles.

The existence of connection between elastic and inelastio

processes following from the unitarity condition (4.27), (4.29)
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1s supported also by the faot that the result of two particle
collision is defined by the internal structure of hadrons. The
struoture of interacting particles, displayed in the gmoothnesa
of an effective quasipotential of interaction, defines also the
multipartiocle production processes. It 18 natural therefore to
attempt to gain information on some simple oharacteristics of
inelastic processes by using the quantity characterising the
elastic scattering.

Consider now several aspects of this problem:

a) A oconnection of parameters of the elastic scattering
with inclusive and semi-inclusive distributions.

b) Behaviour of the assoociated multiplioity as a funoction
of f:-dzand elastic re—scattering on a compound system.

¢) A relation between the slopes of the elastic socattering

amplitude and average. multiplicity of secondaries.

a) In considering the model of independent emission of

soft pions as a result of collisions of two scalar nucleons,

the differential oross section of production of m mesons (semi-—
inclusive distridbution) can be written in the form (0.XKhrustalev,
V.Savrin, S.Semenov, N.Tyurin)

a6,
T (n s Z(Z&/}/ﬂ di; (1! .. x., ¢)/ (4.38)

If one introduces the density of meson distribution /D/M.Aﬁ/
and the corresponding quantity in r-space, then the assumption
on independent emission of mesons, together with partial unita-
rity, allows one to connect the quantity}/glal with the phase

of elastic scattering of two nucleons

ﬁ/,,} =4, o (4.39)
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and the oross section for n-meson production takes the form

65 . & /e//ﬂ o)
7 i L TV

i1.8,, the inclusive one-particle distribution is

as
e [zf, z 2, (26+1) o ()

In the impact parameter represnntation one haa

df 4.41
2 * @14 pED), e

In this way, we arrive at the explicit relation between
the inolusive distribution over transverse momentum and the
imaginary part of the phase of elastic scattiring of two nucleons
(simultaneously with the spatial distribution of the hadron
matter in the nucleon):

d6\_ 1 ) - .
i€~ @pd /% K..9) (4.42)
g (f0)=2V0ltz3) .

b) Consider now, in the framework of eikonal approach and
impact parameter representation, the interaction of a fact
particle with a compound system, the target particle in the
final state dissociating into /7 —constituents. Consideration
of the interaction with a compound system allows one (A Kvi-
nikhidzge, L.Slepchenko) to obtain information on dependence
of the one-particle distribution functions on the number of
particles in the final state (on the number of constituents)
and in this way to simulate the inclusive and semi~-inclusive

oharacteristics of multi-particle processes.
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Consider the contribution of a multiple interaotion to the
one-particle distribution fﬁnction of final particles., For n=2,
by definition, one has

d ney )
/ﬂ Pﬂm Z/,}/{A (pi-ga)?) - D
”ﬂ(x L')/an{ /0-1 A//

Lratfe
where [, = 20 (5, MEM pdjand M, detines oontribntmons of

double interaction:

M, /t/zfa"(” «IA_‘H,O,,I/L X([‘ ).
Al nl,z/ﬁ/o’-/f’zfo’n)

L el
wherae f =/, /L' Z/l»z}ﬂ +1[ and (,’/;are individual impact
parameters of interaction of the fast partiole with constituents
1,2. Substituting (4.44) into definition (4.43) we get

fr /,"*X/;‘c/f;/" /f'llftz)f/f*k'/;z/ (4.45)
) 7‘&”"/"1//&)

whorcf /{1/ are the two—partiolo elastio amplitudes and the
wave funotion P/X, /u/ now plays the role of the probability

(4.44)

amplitude of dissocoilation (fragmentation) of & compound system
into constituents. From (4.45) one can easily see that the
diatribﬁtion over the squared momentum transfer is defined essen-
tially by re-scatterings of an incident particle with a compound
system. On the other hand, the distribution over the relative

momentum of particles composing a systenm
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d6h: . . , . G
dz d/;‘ =cfd*e, 44, ¥t ) ¥t x)e Al ]

' fl/sz.‘/i'f x?;_;/f://-://.d{:} ) (4.46)
Pl 1l ) £E (3 £).

strongly depends on the charscter of the wave function (1.e.,
on properties of fragmentation of a target into constituents).
In the general case of an arbitrary number (n) of constitu-

M/], ~'XII,AJ ,;l’.l. /3;0 r/,‘,'S/=
- Jase T [fatg e P gl e 28] o
Vrt}) SIE 8] IE R~

As has been mentioned adove, the distribution ”//2' a4
ocorresponding to (4.47) is sensitive to the form of the two—
particle amplitude of scattering on constituents 7‘,([,/ X/

Making different assumptions on the structure of the local
two—particle quasipotentials one may obtain detailed information
concerning the behaviour of & compound system,

In particular, if one assumes that in the region of large
Z’— the incident particle scatters on all n constituents of a
target at least once. In this case, if the scattering angle is
the same for each individual amplitude, then under rather general

-
assumptions on the funotion }‘{{x for Xfixed one oan show that

6\', y 48
a'” 36/0,'.../75 //A/"/q (4.48)
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where
fila)=f(8)=.. =4(a)
1.e., (4.48) results in the so-called "broadening® of the effec-
‘ .
tive slope of the A‘-distribution‘as a funotion of R (becomes
more smooth in the region of large A ).
Composing the first moment (4.48), 1.e., the corresponding
associated multiplicity, under the assumptions made above,
UBrf = fle)
leading to the automodel behaviour of the dependence da * v/
Z"E/n (see (4.18)), one may obtain the growing behaviour

in(s)>~ca s’ (4.49)

¢) Let us consider some results concerning multi-particle
production in the framework of the straight-line path approxi-
mation (SLPA) in quantum field theory. As is known, this appro-
ximation has been suggested and déveloped'by the Dubna group
(A.Tavkhelidze, B.Barbashov, V.Matveev, S.Kuleshov, V.Pervushin,
A.Sissakian) for high ener;ies,and fixed momentum transfers.
This method leads to a number of interesting results for high-
energy multiparticle production processes.

One of them 1a that the total differential cross section
obtained by summing éver the number of all epiﬁted mesons 1s
found to be independent of f ‘

” o2
; %—::: gti/o = const (4.50)
in a ocertain range of secondary particle momenta.

This 1s, in a certain sense, analogous to the point-—like
or automodel behaviour of the ocross sections for deep inelastic
hadron-lepton processes.

The real content of the result (4.50) consists of the fact
that the total differential oross seotion can ohange noticeadbly
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only by changing Ai‘*f?/{ which greatly exceeds the sizes of
the diffraction domain,

To estimate t%vv we may make use of the unitarity condi-
tion which yields

‘ éx
_t'/f £ Fit (4.51)

This value of é(f{ ‘'can be employed for estimating the
average number of secondary partioles 54.'”,—, produced in the

diffraction collisions of hadrons at high energies

- : Tess tot .
Maggetd) * 5z | A ) ears LB

Thus, the diffraction or pcriphcral part of the average

multiplioity 1is defined by the parameters of the slastic zero-
angle scattering amplitude. TE: conclusion about the behaviour
of the total particle number Avgfcdn be drawn only under definite
agsumptions about the contribution of small distances to high—
snergy multiples production prooesses, In particular, 1f the
assumption about the disappearance of "pilonization" effects at
high energies, 1.e.,the production of secondaries with limited
momenta in the c.m.s. of the colliding hadrons, is used, then
relation (4.51) will define the behaviour of the total average
multiplioity

Al = cmst/’ﬂ) .7

, (4.52)

where Z’ is the number of "leading" particles.

From the viewpoint of attempts to connect the regularities
observable in multiple productions with the parameters of elastic
scattering, this result can be treated as a contribution to the
magnitude of the slope of the elastic scattering amplitude
(this contribution is due to the diffraction mechanism). It 1is



known that within the uncorrelated jet model very small values
are obtained for the elastic slope, and a mechanism of the multi~
peripheral type gives very large values to the slope with
inoreasing energy. In this respect it would be rather interesting
to estimate the value of A(s) within the models allowing for the
two mechanisms.

Uaing the well—known restriction on the asymptotic behaviour
of the diffraction peak width in quantum field theory (A .Logunov,
et al., R.Eden) from Egs. (4.52), we get in the general oase

L.

This relation is an interesting 1nterpreta$1¢pﬂof the increase
of the strong interaction radius. li tot

Indeed, A(s) 1s the "visible" hadron sige, é\ defines the
minimal distance R for whioh the automodel behaviour hplds.

One can see from Bq. (4.52) that

Al ~ R =R '
. Thus, the strong interaction radius inoreases under the

condition of the constant cross section, at the expense of the

"swelling out" ot hadrons associated with the "clouds" of

seocondary particles®,
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Lecture Vv

PHYSICS AT HIGH /D_,_

§1. New regularities in high energy production

In this part we present a review both of experimental and of
theoretical results on large transverse momentum inclusive Pro-
cesses, An interest in these prooesses 1s due to the present
experimental possibilities of getting large /&or momentum trans-
fers on new accelerators. On the other hand, there are some
theoretical arguments that lead us to expect that the interaction
meéchanism at large transverse momentum differs essentially from
that whioch prevails in the region of small transverse momentum.

Recent experiments on production of particles with large
transverse momentum in hadron-hadron collisions at high energies
have revealed definite changes in cross section behaviour compa-~
red with that in the small transverse momentum region. Some
specific features of the processes 1in question are as follows.

A steep decrease of the cross seotions with growing /& at fixed
S, the increase of oross sections with energy at large fixed
transverse momenta ﬁh s the appearance of appreciable correlations
between particles with large fh and other secondaries, etc, A
general view of the behaviour of these processes as a result

of analysls of experimental data, is given in Tadble V.1,
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Table V.l.

Small P-L Large /DJ.
S Tixed Rapid deorease Less rapid (less steep) deorease
of the oross of the cross section with
P inoreases sections with increasing IDJ
FR inoreasing p, v
~expl-ap,) ~pe
PJ_ fixed Weak dependence Growing oross sections with
S inoreases of the cross increasing S

sections on S

Particle Among secondaries Heavy particles are produced
Ratios the pions dominate relatively more copiously
(K/yr} ~ 10% 2-4/,[_>1 pp(collisions)
/e ~1
Associated Weak dependence of Growth of the associated
- the ass. multipli- multiplicity with inocreasing
Multi city on P . F"‘
particle L (”(P )> oL
~
Ln (p)> ~ const < Pu
Correlations . Small Large positive correlations

vetween two large PJ- particles

ColPis, Pr2a)

The first indication of surprisingly high cross seotions at

large PJ- came from CERN ISR where the oross seotion was found

to be several orders of magnitude higher than the extrapolation

of an exponential fit to the invariant inclusive oross section

found for PJ-<1 GeV/oc. Data also displayed a very strong S -de-

pendence at

large P-L (Fig.V.1.)
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Fig. V.l. Invariant oross sections for prp—+rre X
as function of /9_,, .

-ap, .
Thus the exponential drop e of the invariant oross section

for produotion of charged particles established rorf £ 1 Gev/c.
does not last for 'D>2 GeV/c. In this region the RL dependence
of the invariant oross section is much less steep than in the
low PL-resion (Fig.v.2).

This data is consistent with a ﬂdependonoe given by

mé
“/” —/QL 7‘(&‘) Gevlt (3.3)
-13
where 4 'Z/.)‘A’and /t/.’."f f/&)’*él xéor ,0/—-/2‘“/907+
The parametrization E -P f/x}with f/x.l)"f %Ues a fair
desoription of pion datsa’ at large ID'l (X.L)' However, with diffe~
rent values of the parameters/Vand depending on the region

of P.Land S over which the fits are made, typically giving /1/4\«8
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Most of the experiments of produotion of particles with
high transverse momenta are purely inclusive. They give only the
f&r—distribution of seoondaries of a given type without telling
us what kind of collisions leads to the emission of high transver-
se momentum particles. A study of particle correlations in high
energy collisions leading to high transverse momentum of seconda-
ries oan provide further insight into the dynamics of these pro-
oesses. Knowledge of the correlations between the highfhxarticle
and the other secondaries in an interaction is thus essential
for & complete understanding of the produotion process at large
transverse momentum. The experimental information presently
available on suoch correlations at very high energy comes from
ISR measurements involving photonslfyand /’f\! mesons with large
transverse momentum.

To make this problem more clear the distributions of the
oharged particles emitted in proton-proton collisions in assocla-
tion with a photon of high transverse momentum were studied at the
CERN ISR. The normalized total multiplicity, associated with the
photon is plotted in Fig.V.4 as a function of fb_ and for diffe-
rent c.m. energies. The multiplicity increases moderately with/a
the growth being more pronounced at higher energies; above
RL=3 GeV/c the distribution is flattening. In order to understand
such behaviour, the}ﬁ.dependence was studied for the multiplioci-
ties observed in the two hemispheres: towards the observed photon
and away from it (or in the same and opposite directions).

Figures ¥.5a and V.5b show the normalized hemisphere multiplici-
ties as a funotion of ’1 and for the same c.m. energies as in
Fig.V.4. The gultipliocity away from the photon increases linearly
with RL and displays little s—dependence. The dependence on energy

seems to be entirely concentrated in the hemispheres towards the
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Fig.V.4. Average total multiplicity of oharged particles
at VS =23,31,45,53 and 62 GeV as a function of P,
of the photons, detected at Q,,=90°.
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Pig.V.%,b. Normalized partial multiplicities as a function
of photon transverse moméntum in the hemispheres
a)towards and b) away from the detected photon.
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photon. Here the multiplicity deoreases with /D.L at the lowest

c.m. energies while only a slight inorease is observed at the

highest energy.
The following analysis has been repeated for photons emitted

at O

(1,]
compared with the corresponding 90° data at the same P.L value.

L
=17.5° (yzz) and for c.m. snergy 6-53 GeV. The data are
The normalized total multiplioity, shown in F1g.V.6, display a

rise with P-‘- which 1s more rapid than that observed at 90° and
which begins at larger PJ- .

NORMALIZED TOTAL MULTIPLICITY (VE=53Ga¥)
T T v T T T L

e {
{ 3,-!0’
1108 3§ 1
¥
‘-“r ; 6 é 817 J
-]
10 ' :
0 = 1
g 1 .
e N Dot B )

Fig.V.6. Average total multiplicities of charged particles
as a funoction of P, of the detacted photon for @c;
=90° and 17.5%. (See T.Del Prete, 1974).



One can summarize the relevant features of these data as
follows:

1. The charged particle multiplicity increases with P‘L
in a wide cone opposite to the detected photon. The growth of
multiplicity is roughly linear with /?L and energy independent.

2. The mean multiplicity of charged particles, emitted in
the .same direction as the photon generally decreases with increas—
ing PJ_; only at the highest ISR energy a tiny rise 1s observed.

3. At small angles towards the beam directions the multi-
Plicity decreases at all energies.

4, The forward photon data show also some observable
increase of multiplicity in the “towards" hemisphere.

A similar effeot has been obtained in a somewhat different
type of high P-L correlation experiment which has been performed
at BNL at the relatively low beam momentum of 28.5 GeV/c. In
this oxpori-e%xct the reaction as Plp-pm'}o/‘/”where the charged

70

Ne vs It

10 20 30 40 80

Hibeva"

Fig.V.7. Variation of the average charged particle multi-
plicity, a, , with lelp/ for four intervals of MM

344



multiplicity of the fixed missing mass (MM) is measured as a func-
tion of the transverase momentum of the fast towards proton (pion).
As is seen in Fig.V.7 the multiplicity is roughly independent of
,D.L below 1 GeV/c but rises moderately as /01 increases from 1

to 2 GeV/o,

At the CERN ISR the measuremex{ts were also performed of £
correlation as a funotion of transverse momentum when two neutral
Plons are detected at - large angles on opposite sides of the ISR
intersection. The correlations at V§=5 3 GeV are shown in Fig.v.s,
One finds that when a large P-L plon is detected on one side, the
probability of having another x with large Bon the opposite
side is sevaral orders of magnitude larger than would be expected

from uncorrelated pion production.

O 0B X <om o s <0
® 0105% X} <0138

e somEx <ons

1 [] ¢
]

F1g.V.8 a,b. The correlation coefficient for two £'s
near 6 %,=90° as a funotion of XJ(azimuthal
separation ~180°),
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Here by correlation function we mean

G 450
R(Z.Lf,xzi): en  dpt-dpt

die gie -2
dp,’ dp,*

where X.L = Z/JJ/VE i

The correlation is seen to inorease with increasing XJ‘ of
I3 4
either /', and R 1s as high as~10" for X, =X, =0.2. This
behaviour might be rather a oonsequence of momentum conservation,
however, the function R for the same-side 2°S (see Fig.V.9) 1s
also positive and large (at 4,,:Z,,<0.1) an effect of which

cannot be explained by kinematios.
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Fig.V.9. The correlation ccefficient R for two Z°S with
azimuthal separation s 0°.
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§2. Hadron structure and high transverse moment um

A common view 13 .that the collisions with small f:/dzre
determined by a global structure of hadrons, for example, by the
effeotive range of interactions of order 1 fermi which 1s related
to the slope parameter of the oross section.

It is natural to expect that in collisions with extremely
large transverse momentum (or momentum transfers) fu]wfm'vgfl
E—>or an inner local structure of hadrons which is presently
assumed to have "hard" or "point—like® character beoomes more
important. In inolusive reactions at large fh the "hard® point-
1ike struoture of hadrons can be revealed., From the automodelity
viewpoint processes with large le are somewhat analogous to the
phenomenon of point-like explosion and, therefore, they must be
desoribed by the usual dimensional analysis. For large S by
simple diwenaional considerations, it follows that instead of
the general form d?@ﬂ-;f/&',ﬂ"/ul we may have the following
asyeptotic formula

a6 -
di e Flxn)

In the framework of the quark model using the principle of
automodelity it was shown (by V.Matveev, R.Muradyan and A.Tavkhe-
lidze) that the above mentioned power law at large angles depends
essantially on the number of bhadron comstituents, i.e.son "a
degres of complexity® of particles,

Attempts to derive the power character of the asymptotic
behaviour of cross sections at large angles (fh) have been made
in a number of recent works under the various model assumptions.

Reoently various composite models such as the quark model,
parton model and others, have extensively been used in elementary

partiole theory. In this connection the problem of a self-consis—
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tent-relativistic desoription of interaotions of composite par-
ticles is of much importance, An effective method of desoribing
the properties of relativistic composite systems is the quasi-
potential approach of Logunov-Tavkhelidze in quantum field theory.
This approach has turned out to be more suitable in explanation
of general regularities of elastic and inelastic (inclusive) pro-
cesses at high energy and transverse momentum. Quasipotential
formulation in terms of the light-front variables gives us in
partioular, within rather general assumptions about the behaviour
of wave-functions of composite system, the intrinsic power de-
pendence of measured quantities, e.g., 46\/‘?1 NS-;/IJ/ , where
£ 1s a scaled function, in reglon of high ﬂl"ﬁ’ S-so . Such
behaviour is obtained in the framework of various models in
whioh a hadron 1s assumed to be a composite object with many
point-like constituents, When these constituents are called
partons (quarks) there are two possible mechanisms of the inte-
raction of two colliding hadrons: parton-parton scattering and
parton interchange. According to that there exist, in fact, two
parton models of the high& particle production. In the mecha-
nisms of the parton-parton scattering discussed by S.Berman,
J.Bjorken and J.Kogut two colliding hadrons are oconsidered as

two 00lliding beams of partons. The interaction of hadroms occurs
when a pair of partons interacts via a gluon exohange, scattered
one against another. According to the parton model the eross
seotion for production of a high [D.L paerticle is given by[
r\«—--f-/la" g} where factor P'ycomes from the vootor

gluon exchange in scattering of two partons. The function f{/?_l 5)
is determined by the probability of a parton with the momentum X
and then to obtain from this scattered parton a particle with the

transverse momentum P-L'
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The seoond possible mechanism of the interaction of two
hadrons was disoussed by Blanckenbecler, Brodsky and Gunion.
They assumed that in & collision of two composite objeots their
constituents can be interchanged.

The probability of finding a parton with a large transverse
momentum can be evaluated from the form factor of a hadron and
gives the same power law for high Piproduotion E dé;rf\-f." C.’(%')
where exponent A/oan be calculated when we know the form factor
of a pion.

The last group of models to be discussed are the cluster
and multi-peripheral approaches. Berger and Branson suggested
that high RLpartioles observed in high energy collisions are the
decay produots of two clusters which decay anisotropically and
their decay products are collimated along the line-of-flight
of olusters. The cluster models predict that high transverse
momentum particles are often accompanied by other particles with
high transverse momenta all of them being the decay products of
the same oluster.

The production of high transverse momentum particles is
strongly damped by the multiperipheral mechanism of particle
production. In some recent versions of this model attempts were
made to describe high EL data. A serious oriticism of the model
13 the observed increase of the multiplioity associated with
high/ﬂ particlea. The model requires that masses of many-particle
systems should be small and therefore multiplicities of these
systems to be low. Instead the multiperipheral model describes

correctly the increase of the heavier particle component at

high F-L .
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§3. Associated multiplicities

As was mentioned in the lecture, a dependence of the
growth of average multiplicities on the transverse momentum was
considered (by V.Matveev, A.Sissakian and L.Slepchenko) under
the assumption of the automodel character of the behaviour of
semi~inclusive spectra. To demonstrate more clearly the correla-
tion character of the associated multiplicity (n_(pl) ne can
also introduce the egquivalent to definition

(n{,b /)- /c [/,“ L)dp +<n>, (5.3)

where CZ(/), }18 defined in Lec.I. From (5.3) it is seen, in
particular, that 1f there are no oorrelations between particles
with momenta P and q, the associated wultiplicity for the

inclusive production of a particle with momentum gdoes not

<ﬂ[/))> <n>¢‘,-t A

depend on P

Note that in accordance with the total momentum conservation
the large transverse momentum fh of the detected particle is
valanced by the whole transverse momentum of the group of other
particles that causes a strong correlation between them.

When choosing a concrete form of dependence.of the average
number of particles on the transverse momentum one should
consider multi-particle production mechanisms. Proceeding from
the assumption on coherent excitation of the particles oolliding
at high energies one can obtain that the average number of secon-

daries increases linearly with the squared transfer momentum

(nlp)>=a+& p (5.4)

350



Within the framework of the straight-line path method, this
result has been derived for the diffractive production of secon-
daries, Such behaviour i3 in qualitative agreement with the expe-
rimental data on F/’-Oollisions at the laboratory momentum of
the incident proton f%hltjo GeV/c. (See £ig.v.7).

An analogous phenomenon follows also from the hypothesis
of limiting fragmentation where the growth of(n}withfiarises
due to the impossibility of giving large transverse momentum
to a hadron without its break up.

Note that in the multiperipheral model the mean multiplicity
decreases logarithmically with growing fh *. This decrease,
apparently, is a oonsequence of the fact that the multiperipheral
model corresponds mainly to the mechanisms of secondary produc-—
tion oconnescted with the appearance of hadron clusters in a central
region, while the results of the coherent state model (V.Matveev,
A,Tavkhelidze), the straightline path method and fragmentation
picture correspond to the mechanism of diffractive dissociation
of 00lliding particles, The inolusive cross sections for a diff-
raotive production of high ’&’—particle corresponding to topolo-
giocal (semi-inclusive) distribution, satisfying the differential
scaling law eq.(4.18) are consistent with a power asygptotio

behaviour of the form

LA P2
d,ol‘ {/’4‘)““ /C-/ _V_E—) (5.5)
2z cVE/z

Flz)-e - e

* Within the MP scheme it is possible to reproduce the
growth of speatra with energy and their power decrease f)L at
large transverse momenta.
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The associated multipliocity has approximately rising dependence
on )y

74
(nip)> ~lap.)? 5.6)
In this conneotion note the fact that the assumptions, made in
the framework of our consideration, make it possible to establish
a relation between the effective degree of fall for the inolusive
cross sections at large RL(taking into acoount the factor F?Xd)
and the increasing character of the assoclated multiplicity re—
lative to /h.. This correlation depends on the range of Xy

It is of interest to turn back to (Fig.V.3) where the oor-
relation of such a type is drawn, i.e., an effeotive dependence
of degree of power decreases on the interval of the variable‘Xl.

In particular it may serve as some evidence of the possibili~-
ty to describe the inclusive spectra at large ﬂi"°t by a single
term of the type (5.2), but by their superposition with various
/V. The value of N tor the given region Xl.decreases with
inoreasing energy. Note that from the theoretical polnt of view
the appearance of an effective dependence of the degree of
the value may be interpreted as a result of the competition
of several different dynamlc mechanisms.

In the language of quarks, the process of inclusive produc~
tion of meson M with 1arge/&_1s determined by one of the exclu—

sive interactions.
Mg —11g N=20m=4
A
g8 — IM2¢ Nz N+ /1= 5
92 /18 ~

”
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The extrapolation of the found dependence into the region gives
n=2 that would correspond to the point-like behaviour of a cross
seoction and oould be defined by the elementary process 77-—-7?
with the subsequent fragmentation of quarks into real particles.
A direct experimental exemination of a dependence of the associa-
ted multiplicity on the particle transverse momentum is thus

of great interest in the testing of theoretical models.
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