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LECTURE I. 

Introduction 

§1. Some empirical regularities in the processes of 

high energy multi-particle production of hadrons 

The problem of multi-particle production is one of the 

central problems in elementary particle physics. For a long 

time its study was possible only in cosmic rays. In spite 

of large experimental difficulties, connected with considerab

le errors, cosmic ray physics laid down the foundations of 

our notions about mult~article production. 

Modern accelerators have made it possible the 

intensive and detailed investigations of multi-particle produc

tion in a large energy interval ( 10-103 GeV). But no reasons 

so far exist to consider that we have a complete and clear 

description of phenomena. 

At the same time a number of fundamental regularities and 

specific properties has been established for such processes, 

We should note that the prediction by Vatagin (19J4) 

conceraing the increase of the relative number of inelastic 

channels at high energies is confirmed, The data from ISR 
J 6 ( E ~ 10 GeV): ---#-- ~ 0.11:;-. 

U~cC 
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It means that under the hadron-hadron collision 

additional particles are not produced only in 17 cases of a 

hundred. Thus the hadron-hadron collisions are mainly inelastic. 

The elastic ones obviously show themselves as a shadow of ine*as-

tic channels. This fact received an obvious interpretation 

Logunov-Tavkhelidze quasipotential approach. Qualitative 

in the 

changes of the characteristic ~e( 
<ltot 

with energy is shown 
in fig. t 1. 
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It is interesting to note that the hypothesis by 

G.Vatagin anticipated the prediction of 

Yukawa (19J5). 

3T- meson by 

It was proved later that most of the secondaries are 

pions 

<.n-IT> -v 80% 
< n~eo> 

( at ISR- energies). 

Their relative number in inelastic processes somewhat 

decreases with energies. For example, withE-- 20 GeV 

(tt;r> 

<n,e<> 
~ 90/.. 

Another important property of inelastic collisions at 

high energies is the smallness of the momentum transfer or 

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

e. 

Fig. I.2 
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At the available energies. the average value of the 

transverse momentum of secondaries does not depend on energy 

or depends on 5 ~ather weakly. It is limited by the interval: 

< pi-l > -.... 0. 2.. -:- 0. Lf 6-e vjc. . 

This empirical fact is closely relatedto the existence 

of the leading particle effect. This notion appeared and 

was effectively used in cosmic rays. By a leading particle 

we conditionaly mean one of the colliding hadrons which 

looses a negligible part of its momentum under the interaction. 

Thus, the particles produced b,y collision have mainly small 

momentum, compared with that of incoming hadron. 

The total cross sections have been actively investigated 

with putting into operation the accelerators in Serpukhov, 

Batavia and CERN. Measurements of this quantity is the simpliest 

multi-particle experiment, while the latter is extremely 

critical to the theoretical models. 

First unexpected results concerning the dependence of the 

total cross sections on energy were obtained in 1971 at the 

Serpukhov accelerator in the energy interval from JO to 70 GeV. 

The decrease of cross sections, determined at lower energies, 

became slower and went to constant in most of thebadron

-hadron processes. In the case K. p -coll. the increase of the 

total cross sections was found. This phenomenon comprising 

the change of cross section behaviour With increasing energy was 

8 

called as the Serpukhov effect. Later the total cross sections 

were as well studied at ISR (197J) for the proton-proton 

collisions in JOO GeV to 2000 GeV range and at the accelerator 

in Batavia (1974) for all the hadron reactions at the 

energies up to 200 GeV. 

The new data confirmed the Serpukhov effect and also 

showed that it may start a new phenomenon in high energy 

physics: rapid and, may be, unlimited increase of this quantity. 

The total cross section behaviour in the pp-. pp interaction$ 

is seen from fig. I.J. It is so-far difficult to determine an 

analytical function which would describe the increase of ,;t,t. 
We can make use of all the increasing functions up to the 

upper bound of possible increase of the total cross sections, 

determined by Froissart (1961) from the general principles of 

quantum field theory ( Gtct ~ A in_<-'>). 

Another rather general feature of inelastic processes 

is the average multiplicity. Most of the theoretical models 

predict its increase with energy. The models of a statistical 

type give us the power dependence 

c <n.>=a.) 

Multiperipheral, parton and a number of another models predict 

the logarithmic increase 

( n 1 = u_ (rz ) .,.. t 
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It should be noticed that maximum number of particles ( pions), 

perm~ed by the energy-momentum conservation law, is written 

in the form: 

nf1!CIX 

_ v~-2mp 

mr. 

The observing multiplicity increases slower compared with the form

er equation, i.e. ,it is extremely small in comparison 

with that of kinematically allowed ( see fig.I.4). 
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Unfortunately the comparison of the models with the 

experiment does not allow one to give preference to the logarithmic 

or power dependence of the average multiplicity on energies. 

One may only state the increase to be moderate. 

Another inportant feature of the processes of high energy 

multi-particle production is dev~tion of the mUltiplicity 

distributions ( or the topological cross sections) frcrn_';the 

simple Poisson law determined at the energies higher than 

250 GeV • ( See fig.I.5). 

C~n..(mh} 
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The topological cross section is that with the given 

number of charged particles and arbitrary number of neutral 

particlesin the final state. If the production of particles 

in the given collision is considered to be of random nature, 

the distribution naturally assumes the Poisson form: 

-Y yrz 
6n = Guue e --, n. 

This distribution has th! following properties: 

( n.) = L n- Pn ( Y) = J) , 
n:::.o 

<n'> = i n)_P,_rY) = y1-+J/, 
n•o 

Thus, for the Poisson distribution the correlation function 

f)_, is equal to zero: 

-<-
f'-=<n(n-1)>-<n/ 

' f 1
)01)5(/1 - 0 

• ' :2_, -

However, the experimental data obtained at the accelerators in 

Serpukhov and Batavia show that the multiplicity distributions 

are broader than the Poisson distributions. And the quantity 

fz, differs considerably from zero: 

fz, 1_ 4'1 ± C 12.. ( cd Pq 13 - 2GC f"'/c) 
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This fact shows that the production of secondaries at high 

energies cannot be considered a statistically independent 

process. Satisfactory distributions are obtained by the 

approachesbasedon consideration of productions of the whole 

hadron associations ( or clusters). The models based on the 

account of two ( or more) mechanisms of the hadron production, 

leading to the multicomponent description of distributions, 

are more successful for the description of experimental data. 

The possibility of extraction of the contributions of various 

mechanisms ( the ranges of the n-particle volume phase ) into 

the cross sections of multi-particle processes was first pointed 

out by Logunov and collaborators. The idea of two production 

mechanisms gives wide possibilities for the theoretical 

description of the correlation phenomena. 

Already for the simplest distribution which is the 

topological cross section ( depending on n<-h, ) one could 

see that the secondaries are not independent but correlate with 

each other. Then the question arises about the sensitivity 

of neutral particles to the charged hadron production ( i.e., 

charge-neutral correlations). Whether the particles "feel" 

what momentum has a produced "near" or"distant~( in the momen

tum scale) neighbour ( short-range and long range momentum 

correlations). 

As we have possibility to touch upon this question 

later, we should only note that the latest experiments at high 

energies gave a number of qualitatively new results. Here 

may be refered the detection of linear dependence of an 

14 

average number of neutral particle on a number of prongs. 

( See fig.I.6). Such correlation has not been observed at the 

energies up to 20 GeV. 
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A large number of empirical facts on the dynamics of multi

particle processes makes it possible to interprete experimental

ly observed scaling regularities of strong interaction 

characteristics. These regularities are the display of a rather 

general principle of automodelity characteristics of a number 

of physical problems. 

Here we mean, roughly speaking, the decrease of a number 

of independent variables of the studied physical quantity 

IS 



connected with definite similarity properties and symmetry 

of the problem ( in the space of the given independent 

variables). The principle of automodelity was first suggested 

for the lepton-hadron and hadron-hadron processes by MatTe~ 

Muradyan and Tavkhelidze. They point out the analogy of these 

processes with an explosion in the gas dynamics. 

Among the scaling regularities, studied in strong 

interactions, the hypothesis by Feynman on the decrease of a 

number of variables of the invariant differential cross sections 

when <,--. 

E 

is widely used: 

<!<:? 
elf f ( s' f:t ) h ) --

s~<><> 

,(- jtXf!d 

f ( ... ~~ p.~.) 
vs 

Scaling regularities suggested by Koba, Nielsen, Olesen are of 

great use in the multiplicity distributions; 

where 

< n. > 

6n 

-, 
Grt 

, ' 
Gtof!t 

<3wd-

tfl ( ::-rl > ) ' 

the topological cross section 

thetotal inelastic cross section, 

<. n > - the average multiplicity. 
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Those and a whole number of scaling laws. approximately 

satisfying at the available energies make it possible to assume 

that the strong interactions have some definite symmetry 

( may be not one). 

The facts known at present about the hadron-hadron 

processes are not limited to the above-listed properties. However, 

these properties reflect the basic characteristics of multiple 

production in~rong interactions. These properties are constantly 

exploited by theoreticians, no matter, which way they go. 

Those advocating the phenomenological schemes and empirical 

formulae seek to use these properties in constructing the 

models. Others who keep to field-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 approached, studying the same 

phenomena from various directions, after being united, will 

provide a closer description of high energy muti-particle 

production. 

i2o Basic definition 

The analysis of multiparticle production processes is very 

difficult both from the technical aspect and from the view

point of kinematical description. Therefore, it is especially 

important to obtain an information in the language of inclusive 

reactions. We mean here the processes where only a part of 

17 



secondaries is detected. First the consideration of such 

reactions has been proposed by A.Logunov et al. in 1967. 

It is customary to write the inclusive n-particle 

reaction in the form 

a r 6 ~ p1 -r P2... ..- ... -t- p,,. .,... X , (1.1) 

where X stands for "anything", i.e.,all possible particles 

which are not subjected to observation in a given experiment. 

Unlike the inclusive consideration, the reaction 

o..-6 ---7 p, -r f 2 + .. , + Pn/ , (1,2) 

when all the particles in a final state are detected, is 

characterized by the differential ( exclusive) production 

cross section x) 

c( <?.,.' 
d p-; ... elf,' G I T(a(; ~p .... p,.) I~ o( p- L fh') 

(l.J) 

x) Later it will be used different realizationsof the phase 

volume 

dp - d3f2.-
- E 

. . . . . . 
~ .<. ii cljlJ. d ftt ;:;; 2 Ti c1 P.1.. dxl( := 2 7j cP;1 ~~j = 5 dtd 1'1, 

E 

where variables are: 

f ~ ( (J, 'jZ.) E == v--=>z. 2. X = ~ /j - .!_'"' E~p. f .,_ tr) ) v-:- ) - ..z. ~., - ' 
~ 1:;-p., 
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where T r u e -" f' .. Pn•) is the amplitude of 

transition of two particles a I g into n. particles 

with momenta p., 1 •. 1 Pn' 
The transition from (l,J) to the inclusive distribution 

of the process, where only n of ~ particles are identified, 

is achieved by integrating over momenta of the nondetected 

particles 

d~n' 

vi f~ '" cfp7,_ 
c /; T(ct6 ~p 1 .. .fn·)(J(P-2t.) (1.4) 

1
-~ ;·--)> 

• r:-p/1,( ... c.;ll' 

If we make summation over all the channels with n. part-

icles of reaction (i.l) we arrive at the so-called n-particle 

inclusive distribution 

c:fsL_ = c J!Th/ 2
J(P- z.p J T Z];~;,.(J(P-zh,)c/r:,, ... c~p-:.} 1 --~ d,-7 l n ''< rro (1.5) C {1 , .. 'fn 
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If differential cross sections were known for all the 

exclusive channels we could construct , using this formula, 

all the inclusive distributions. 

And, vice versa, knowing all the inclusive distributions 

one could reproduce the cross sections of the channels. Thus, 

in principle, both the descriptions contain complete informa

tion on the two-hadron collision process. 

Until we dealt with a small amount of secondaries it was 

more convenient to employ the exclusive description. At higher 

energies when ten and more particles are produced it is better 

to keep the inclusive consideration. 

1. The one-particle distribution. Consider an example of 

the inclusive reaction with only one detected particle 

C'/+6 
-"> ft + X 
~ +p,r f.L _,_ "' 

The one-particle cross section with a fixed multiplicity is 

defined as follows 

n' 

= 

(1.6) 

c/ Gn' 
c( f, 

f jcl d17r 
- __, _, 

{h-t}_l dp , .. dp~,, n dp-: 
(1.7) ,~z 

20 

Knowing this cross section one can easily go over to the topo

logical cross section of n' particle production 

Gn~ _I_ J d 6_!:., cff; 
t2 I d f1 (1.8) 

Here L 6,,, = r:?lfu{ is the total inelastic cross 
h' 

section. 

As is seen from the previous definitions, summing up 

(i.7) over 

distribution 

n' we get the one-particle inclusive 

c/ 2 
. --7 

cl p 1 

L_ 
17' 4 p7 

with the normalization 

"' _., j cl_c:_, 1 /p, c. 

cl ;, 

'C, I ) I 
/7 C ~II L-

/·' 
< /2 

1 
;- c}'u"·l 

21 

(!.9) 

(1.10) 



From the sum rule 

J d 2_, p_,., cf,P--. = G < p_,., > 
i.fp 

it is easy to get the definitions of average momenta ~ f"'- ) 

at ;~'' =- II 2. c: n d < f 1/ > 0 t // = 3 . 

Notice that relation (1.10) is the definition of mean 

multiplicity z n< > of secondaries. 

2. The two-particle distribution. 

Analogy, one can consider the inclusive reaction with 

identification of two particles 

(/ + ( _., P·r -r p;;_ + X 
~ 

j>:3 r . ' . + /h t 

(1.11) 

Arising here two-particle inclusive distributions define 

a series of the widely used average quantities: 

j cl
2

c] c/-;_ 
· cf(t~c!;-;_ f 

<. . > cle = l?c (jt) ~ 
djJ, 

(1.12) 

J f2 ) -- __., z c __ c)_, c/!1 clf.L = h (11-1) c?,, = < /7(1?-f)/~;,d' 
. cf;1 c!,Pc 
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The quantity < nc Cj?t) > , in particular, is called the 

associated multiplicity. 

Making use of the two- and one-particle inclusive cross 

sections one can construct the two-particle correlation 

function 

c2 1 

~lu.i! 
d<c; 
-1 ~ _, c:j>, c!j<-

f 

<il~L·P 
c/2 
--=:j' 

cl j5; 

and the corresponding moment of distribution 

f;l rs) = f C ( pt,f2){1;;-; rip;" = 

rld 
c!p-; 

(I.lJ) 

(1.14) 

< h ( 17- 1) > - ( 17 > 2. 
2Jl--<'11) 

where 1J = V < 17 t >- < n ><'- is the <Jspersion. 

Higher correlation functions and moments e,, /~, '"J (,;f~ 

are defined analogously. It is natural in the oase of independent 

production of particles all the C,, and f'h are zero. 

This has been demonst~ted above when considering the Poisson 

law. 
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Problems for Discussion to Lee,! 

1. Find relations between the variables in various 

( P~) ('" '"'·':f systems, 
"' ( ~I 5 L 'I 13 p !{ G J ) 

) ' 

2, Let the form of distribution be given find 

J, Find the relation between <n > ""'' p~ 

in the assumption given in (2). 

2 
-At>) P--

<:_ JO• > • ' ie fr•.l) c/G _ 
ct;!' _1_ 

p;v 
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L E C T U R E II 

MULTIPLICITY DISTRIBUTIONS 

~1. Multicomponent descriptions of multi-particle production 

The multiplicity distributions or the topological cross 

sections are referred to a number of the most simple characteris-

tics of the processes of multi-particle production, They are 

determined by a number of events with a given number of 

secondaries, As a rUle the charged secondary particles are 

taken into consideration. In the high energy range up to 20 GeV 

the experimental topological cross sections have been very 

well described by a series of theoretical models and phenomeno
logical formulae. 

Firstly, one may successfully use a usual Poisson formula 

(11-t->11"!: ' 

-----==-:- · ~~xr [- < n + > 1 P( V1±) 
11 ±! -

describing an independent production of particles. Two models 

have been applied for the description of charged distributions, 
were suggested by Wang, 

The first one started from the assumption of unoorrelated 

production of the hadron pairs ZT~Jf-. In this ~ase the 

multiplicity distribution has a simple qaasi-Poisson formula: 

( 1 <' tl ± - ~ 1 fn!: -~ J 

[ 1 ( l1:t- -~ )] f 
P(tz±) = 

E'-Xf [-1 {tl:! -.;;() 7 

27 



where ol... is 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 part! cles: . 
'f1-t--·X:. 

P(ti+) = ( < 11
:r -v<>) ~ exp (-<11±-c,(>) 

- (/ll:t - ,J() ! / 
It was assumed in the Chou and Pignotty multiperipheral 

model that the Poisson dependence describes the distribution 

over a number of secondary pions with excluding events 

of the pure neutral particle production ( 0- prong events), 

Considerable deviations of the topological cross sections 

from the Poisson law are observed from energies ~25 GeV, 

( see fig, II.l), This testifies to failure of the models based 

<n { n, 1 Pn,) 

'/ 

~ 

~ 

<? 
"/ 

'l 

to 

I 
I 

/exp LJatLL 
I 

I Pl"t sc.,OIL 

n.__ 

Fig.II,l 
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on the assumption of unoorrelated production of single particles, 

The experiments perfozmed in Serpukhov on the 2-meter propan 

chamber, irradiated by 7/-- mesons, when pc = lf 0 be V 

proved to be especially critical to the multiplicity distribu-

tions. 

If at the energy 25 GeV Wang and Chow-Pignotty models were 

in satisfactory agreement with experiment, then the data from 

the 2-meter propan chamber in combination with the recent 

experiments in Batavia and at ISR- give evidence in favour 

of the multicomponent description of the multi-particle 

production. 
The attempts to combine the two extreme approaches to multi-

par~le production at high energies became a starting point 

to the origin of the multi-component description.One of them, 

the diffraction dissociation, proceeds from the assumption 

that the secondaries are produced due to the 

leading particle fragmentation ( target particle and incoming 

particle). We may say that the secondaries have infozmation 

about the colliding hadrons, they may be combined with one 

of the initial particles. Figuratively speaking, they remember 

their •parents•. The diffraction dissociation approach leads 

61 -2 
to the topological cross sections of the type ~ n n 

which disagree with the recent experimental data as well as tae 

Poisson distributions. 
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Another approach deals with the secondaries which do not 

"remember" their origin from one or another initial particle. 

To this category we may refer the models of independent 

emission some of which have been discussed above. It is conve

nient to classify these approaches, having determined the 

correlations of the produced particles. The difference between the 

correlations depends on whether the secondaries are in the same 

( short-range)or different (long-range) ranges of phase space 

volume of n-particles. 

If U L/ ( t/ == i tJt (; -rpil) are the rapid1ties of the 
cfJ.. I .f:J. I .:f 2_ ~ 

secondaries, then fu 
1) Short-range (SR) correlations exist between the 

particles, produced with approximately equal rapidities and 

with increasing J !j1 - 'j:;_ J tends to zero, as 

c ( 11 _ J ) _____ f- :y_ I~- y:L I 
2 .j1) 2- • 

when 

I ~~ -Jz I ~:? ~ r 4 c;? 

(L R) 
2) Long-range correlations exist between the particles, 

produced in distant ranges of the //-space, i.e.,for 

and the two-particle function I Y~-J1. I >> -~ 
of the distribution increases rapidly when both particles come 

from one "cluster". 

30 

In other words when observing the particle with /11. 
the information about possible presence of another secondary 

with any admissible rapidity is the LR effects. And vice 

versa, the information aoout probability of 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, 

i.e.,tlle models of independent emission, are characteristic 

of either absence of correlations ( Pt'd'J'C'n I c,;L -= 0) I 
or presence of small SR-correlations. 

we should note that the possibility of extraction of contribu-

tions of various mechanisms ( ranges of phase volume of n-part

icles) into multiple cross sections was first pointed out 

by Logunov and collaborators. 

In this connection in recent years there has 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 multiplici~y distribution, written in the form 

of the sum: 

G. I ,J, 11-
2 

-r j3 P(~1) 
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with the chosen contributions of each component. In particular, 

the parameters may be chosen so that there is left only a 

term, corresponding to one of the approaches. 

Supposing, that both components are present at all the 

energies, the first moments <VI 1<.) of the distribution 
) , ( G are of the form ,.,? == c< .. _ .... o(,;J!;)£.,sVI . z 

<11 ?= t'•-<A',-1.1" + f3: (f.. s t-J_f.,s--4) j 

<~1~/ =' (' t- vi, ,.1'-.- [3-;· ( -&, 3.> ,_ __ J j 
where the contributions with the coefficient o(i are consistent 

with the first component, and those with the coefficient j3; 
are consistent with the second one. It follows, that the first 

component ( the component of the diffraction 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 components leads to the existence of a weak 

deep in the multiplicity distribution. The deep becomes more 

noticeable with increasing energy ( see fig.II.2). 
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In spite of a number of virtue ( for example, the increase 

of the second correlation parameter ~ is in an 

excellent agreement with experiment) the two-component model 

results 1n discrepancy of higher correlation moments with 

experimental data. Note, that such discrepancy cannot be 

eliminated in the models with a large (n>2) number of 

components. 

§2. Model of "two mechanisms" 

Let us consider the multi-component description of 

multi-particle production, realized due to phenomenological 

model of "two mechanisms", suggested by the Dubna group 

( Matveev, Kuleshov, Sissakian, Grishin, Jancso) in 1972. 

The IMP-model appeared_ as a concrete phenomenological 

scheme on the basis of the study of the processes of multi

particle production in the framework of the straight-line 

path approximation in~tum field theory (SLPA) • The physical 

essence of SLPA is the following: At high energies the main 

contribution to the process amplitude in the form of the Bogo

lubov-Feynman functional integral, over the particle paths give 

the trajectories which are nearly straight-lines having the same 
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direction as the momentum vectors of the leading particles 

before and after the correlation. In field theoretic language 

SLPA rests on the assumption of a leading particle. To the most 

important results of SLPA we should refer the generalized Poisson 

law for the topological cross sections, automodel or point-like 

behaviour of the cross sections and the prediction about 

the dependence of the average multiplicities on a transverse 

momentum of an extracted particle. We shall appeal to some of these 

re·sults, when considering the picture of multi-particle 

production. 
The main point of the TYP-model is the hypothesis 

on the existence of two mechanisms of production of secondaries. 

i) There exist the leading particles, dissociating with 

the local conservation of isospin 

ii) in the process of interaction in a statistically 

independent way there appear as well the hadron associations of 

clusters which then decay into mesons. 

It is nataral to suppose that the average numbers of these 

associations at high energies are independent of a type of the 

colliding particles. 
According to these assumptions, one can see that in the 

TMP-model the probability of production of clusters at the 

( i, j) given dissociation channels of the leading particles 

takes the form: 

34 

t,.j 

\'\~/ jYlz. , ... 
.-::>(. 6,. 

( ).,; 

where d. (3 is 
~' rJ 

channels. 1t11 1 
112. 

1 

r (<r11>) ~I (<~lz."?J: . 
111 2.. ) (II .1) 

the probability of the dissociation 

is a number of clusters, produced 

according to the Poisson law. Thus, the di£ribution over 

a number of secondaries in the given model has the form of 

superposition of the Poisson factors. Multi-components character 

appears as a result of summation over a number of channels 

of the leading particle dissociation. Now, consider a concrete 

example of description by the TMP- model of the charged 

distributions in the 7T f and li-lt interactions. 

Comparing with experiment we use the data received on a two-

meter propane chamber of JINR at the Serpukhov accelerator 

(E.,- = 4 (' bf v) 
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In this case it is sufficient to consider only the 

simplest channels of dissociation of the colliding particles 

and the hadron clusters with the isospin I=O• Thus, we consider 

dissociation of the leading nucleon in the following scheme: 

i. ;\/ -/ll -o(1 

J.. ;11 ~ !V;re> - cXz. 

3, IV I -- /1,/ ITt 
-cx'.3 

3 
where ~ iii=i ,anJ d

3
.::2o(, by the assumption on local isospin 

~I ~ 

conservation. As another source for secondary particle 

production we introduce the G- and W - associations, 

produced by the Poisson law, with isospin I= 0 
and G-pari ty G =±i 

We confine ourselves to the main sc~emes for the 

decay of the 6- and W- associations: 

1.. 6J~ ?r+ lr-
) 

7T"7T" 

2. r.u~ 7T+7f-7fo 
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In accordance with the assumptions of the TMP-model, 

one can easily see from eq. (I.l) that the production proba-

bility for the pion pairs (Vl± 1 Yl 0 ) and the triplets 

ofpl.ons n3 at the given channel of the nucleon dissocia

tion is defined by the expression: 

wrt( ~ ~ = ~i·~ (a±)'r;, (ao)'~ (f) 
±I 01 3 ± 0 l 

(II.2) 

where ~ { ( t1 >) the Poisson factor, 

(t± I a.OJ g are the average numbers of pion pairs 

and of pion triplets, correspondingly. 

From the condition that the pairs are produced with the isospin 

I=O, it follows that 

a±= 2t<-o =a 
I~ is evident that the number of charged particles 11~ 

and neutral pions t1.,..., can be written as follows: 

• I 

VI~ = J.-11± +..1.113 + t~ 
I t' 

Yt ~-- = .flt10 + /113 -t e "fro (II.J) 

37 



f 

' ' 
where 

// ( ~ ' 
c(' 1 f rr"' are, respectively, the numbers 

c; 

of charged particles and TT·- mesons among the dissociation 

products of the leading particles in the i-th dissociation 

channel ( See Table II.l). 

Table II.l 

r 
i 

(= i (=2 <'=3 

'? Tit1 lif 7rt1 Trf I --
' II t1 

t:.' 
(• 2 1 2. 1 2 3 

(} t -r'- r 
(' (J 1 { 

I 0 0 

From eqs. (II.2) and (II.J) for distributions over the number 

of charged particles, it follows: 

for the 7r/D-- interaction 

w7Tf_ 
~If' P~, -1. (a') , 

~. 

T 
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(II.4) 

for the 7r-t1....; interaction 

7itl . 
~1 = (t-2v<z.)· P («-) + .~.-./. R (a 1 J . (II.5) 

r ~ f~ "'z ~~ / I 
:l- .;2.. 

/1 I /.'' t~ where u.. =,(t- . has essence of the average numeer of pairs 

+ -7{ TT including the oontr1 but ion from the similar 
I + - c 

combinations among the pion triplets 7r If 7r • 
A comparison of eqs. (II.4) and (II.5) with experimental 

data at E _ = 40 GeV shows a good agreement (·see fig. II.J, .,. 
II.4 and table II.2) 
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Table II, Z 

X' X' I 
•rype of :<umber fit by fit by · JJer~r c (~::..; 
inter- of r; ~15' ·:i.~DG I sugce:3t- o.f 
action events :nodel ed model freedom 

71-p 4400 5.62,:;0.4 2.75 8 8 8 

n·n 1860 5.J2+0.7 2.82 lJ 8.5 7 -
i 

Note, in this simple case of distribution over the number of 

charged particles: only two components are important, each of 

which corresponding to the pair independent emission. However, 

it appears to be sufficient to describe broadenning of 

distributions , which is characteristic of high energies. 

Note as 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 joint 

description for the Tt-/) c~ul 71-11 
-r. -

same average value of the 7( 1{ 

collisions with the 

combinations. It is 

consistent with a natural physical hypothesis on independence 

of particle production in non-diffraction region of a type 

of colliding hadrons. Multi-component structure of distirbutions 

arises also in the case rf under the same assumptions. 

heavy strange particles are included into consideration. 

The following additional channels of dissociation 

of nucleons are possible: 

p ~ ;t''~·t 
p~z::.ol(+ 

p ~L+/(o 

h ~ Ac(o 

[1 ~ Lo /(0 

11 -7 Z::.- I{ +-
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Under the given aseumptiono the pion dissociates, 

with the most probability, according to the schemes: 

?r-- 71-. 
7( ~ 2 n-lr'"t 

ff ~ 2Tclf-

It is necessary to include independent production of heavy 

/1- associations besides the pion pairs and pion triplets 

A~K+-K-) Kcfc 

The scheme leads to the following distribution over the 

( + - r -; charged particles 1T 1T k.' {(' 
I I I 

W ?rp =f'· f!. {c<~ -t-l'. P.. (a tr) 
~1. f'lc-Z llc-1.( 

c T T (II.6) 

~?'~ J p !{(") +-!. p /c<1 + / 
V1 1 '1::f l' 2. '1:.3 l' 3 
e 2 2. 

p ./"· '') 
•:_Cr ( ··~ J 

2 
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where the parameters f"' 1 ll, f.: are connected with proba
,., 1/ 

bilities of the channels of dissociation 1 and c.-t--

is the average number of combinations, including charged pairs. 

It is seen from the above CQnsideration that the idea of 

joining two-opposite viewpoints on the mechanism at 

secondary particle production, namely: 

1) independent emission; 

ii) dissoaiation ( or fragmentation) of leading 

particles, may turn out to •e rather fruitful. 

Simplicity of such a synthetic approach is very 

attractive. The assumption on uncorrelated production of 

associations ( or clusters) makes it possible to combine 

advantages of the models of independent emission with 

possibility ( it will be shown in the following section) to 

study the correlation dependencies. Apart from the 

suggested approach still more models are 

available based on the idea of joining two mechanisms. • 

Note, that the old schemes are reconstructed in accordance with 

the new ideology. To explain, in multi-Regge scheme, experimen

tal data on charged distributions and correlation dependencies 

the assumption is used on the necessity of consideration 

of the diagrams with a large number of showers ( or clusters) 

at high energies. The latter is also equivalent to the multi

component structure of distributions over multiplicity. 
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~ J. Scaling properties of topological cross sections 

As mentioned before, one of the characteristic features 

of topological cross sections is "broadening" of distribution 

with increasing energy. Consideration of normalized topological 

cross sections 

p {11,.S) 
-l 

(-, ~. 

~ L: f. h 

"' 

(II.7) 

as a function of the number of particles and energy ,f' shows 

that curves strongly change their form with increasings ,5~ 

( See fig. II.5) 
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n. 

Fig. II.5. 
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(tt> 6~L 
~," 

If one plots a function 

in the scale Vl/<~t;> it appears that at high energies 

the family of distributions over multiplicity for various 

energies~ will be on the same universal curve ( See f~g.II.6) 

;;
~ 
a 
~ 
~ 

nJ<.,.>s 

Fig.II.6 

In fact, it means that the function 

depends only on the ratio n/<'1> 

<~r~>. (;1,. 

EG. 
,... ... 

---;. 

s-oo ~/ (~:t>) 
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<~t>. G'" I~ 

(II.8) 

. 
The existence of such a regularity was first pointed out q, 

Koba, Nielsen and Olesen. Thus, it is called KNO-scalling. 

Kio-soaling was obtained under the assumption of the Feynman 

scaling, i.e., of scale properties with respect to )( = ~ . 
~s 

At present, this universal property is thoroughly verified 

by the experiments for various types of particle interactions 

at the accelerators in Serpukhov and Batavia. This favours 

the statement that at high energies the hadron-hadron collisions 

tend to be similar. 

Note, that at asymptotically high energies 

-=-- , ll- G"" (s") ~~ 't L •1 . -- ....__. J ~1 . ~1 . 
k 6 \ 

.-....... J I 't- I (LI (It ) .-..- c 11 · 11 - · T - -
(i1 > <t-1> 

q; r i (H;> · . dt · Z . '-r(l)
1 

1- << <'~1;> ' 
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i.e., dependence (2.8) may be given in the form: 

< L1 ";> ·-----';> 

s.,. '>CO 

c:'i- . < tt > 'i· . 

Thus, universality of eq. (2.8) is equivalent to the statement 
<tt,.> that the ratio of moments C. = -. -- 0:1 does not depend 

1\, <tt>v'' , .. 
on energy. Such dependence, as it was mentioned above, 

yields in the models of independent emission ( i.e. ,at SR-

correlations), where 

<II) ·"-' ft~.-,_cf 

(t1z> ''-' &:t l.tS' I 

However, the KNO-scaling describes such processes in which one 

cannot do without taking into consideration the LR-correlations. 

Most probably, a mechanism, leading to the KNO-behaviour of 

distributions, unites many components which lead to a non-tri

vial disappearance of dependence ~i = <tl~;: at sufficient-
v <ll>V 

ly high energies. Various modifications of the KNO-scaling, 
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derivation of this regularity from different approaches, and 

fit by empirical functions are intensively discussed at present 

in many theoretical and experimental works. To some of these 

questions we shall return when considering inclusive or semi

inclusive reactions. 

Note, that the KID-scaling is one of the most interesting 

displaTs of a general ~rinciple of automodelity in the hadron

-hadron interactions at high energies. Further investigation of 

this regularity and of divergence from it, makes it possible 

to understand the dynamics of multiparticle processes more 

profoUDdly. 
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Lecture III 

~QRB~IQM~!PENDENCIES 

~1. The problem of correlations 

Correlation dependencies in the multi-particle pro

duction processes can be conditionally separated into two 

groups. The first group is the correlations between different 

parameters of a single particle. For instance, the dependence 

f'- on !-~ L x) 

The second group of correlation effects arises in studying 

the two-particle distributions in the inclusive experiments. 

To this group one can relate the dependencies between different 

particles. For instance, the correlations between neutral and 

charged particles, only at [ ~ 2.:>-G'-" 
' 

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 number of 

other effects. Two-particle, three-particle, •• • 

correlations are considered. There exist many reasons as to the 

appearance of correlations. Among them, the production of 

associations, clusters and other dynamic phenomena are 

important • There may exist other less evident reasons. 

In the present paper we mainly consider the problem of 

two-particle correlations and, especially, the dependence between 

50 

charged and neutral particles, since these effects owe to the 

latest 1Drestigations at modern accelerators. We try to 

interpret these phenomena from the point of view of multi

component description of mutli-particle processes, since it 

makes possible to understand the nature of such correlations 

from the point of view of an important hypothesis on clusteri

zation in multi-particle production. 

q 2. Two-particle correlations 

If one considers an arbitrary multi-component reaction 

o .. -~-~ ____,_ P ... r ~ 
l. " 

~I~, (J.l) 

then the invariant n-particle cross section can be written in 

the form: 

t ( S -I? - ~I' ) ~ ( /7 E, ) 
}\ I )._ J } 1'1 t!l 

~, 

I ,,, 
0( 8 .. 
~ 1? rl t, 

"«I 

where I:' 1 I~ is the energy and three-dimensional 

moaentum of 1-th secondary particle, correspondingly, 
• ' "') <!. :>= (\.,~ '• is the known Mandelstam variable. The 

(J.2) 

corresponding distribution density ma3 be received by separa-

ting j-1\ into total inelastic cross sections 

b ~u..:{' 
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0 ~~') 

),, l ". ll 

il \ \ _\ ( ' ~,) ~,') ) 
· · I=- :J-., ":>f ,. -' " 

., J G.~ . .J • (J. J) 

In the given lecture we consider only two-particle~)<;;?,~) 

distributions. 

If all the particles are independent, then the 0 
l:<._ 

distribution is simply connected with the one-

particle distribution 

() ~ ')~-')/D)\' ('5) •z.(f,,lj- ,t(li ,l 12. (J.4) 

However, if there are correlations between the particles 1 and 

2, then simple factorization is not present here, i.e. , it is 

necessary to introduce the correlation term: 

f p --)' \ (7 -:; )'" ~) - ) ) ) 
z(lillc·"'_,,(l,_,tllz +('-(_/,.lc' (3.5) 

where c-<-
The meaning of C,_ 

is the two particle correlation function. 

is that it is a measure of influence of 

particle 1 ( with mo•entum R ) on the probability that 

another particle 2 has a momentum ~ 

over momenta of remaining particles. 

for any distribution 

The correlation function, determined in the rapidity 

space 

c:_o, ·t) o z .Jz. 
) f, )fz 

\ )z, IC. 
(:" )JJ .J:;z 
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(J. 6) 

is widelT used, 

where "G is the cross section for the given class 

of events. sometimes it is convenient to consider the given 

correlation function 

R.L(~ut.):: C~l1c~J 
I '-

0 <, I d 
I ,~J1 . 

r~ (3.7~ 

Jt' 

The two-particle correlation function (~ is simply connected 

with ~.& 

1
. ·""-">~ )_., , ~-~ <. 11(n-,).> 

L • - C', LJl_ JJ2_ -J,._, - ~ - <.II'? ~ E'-1. 1-::.z < ~,,11,> . .:: 11.> ' 
(J.s) 

to which we have appealed considering the distributions over 

•ul.tipl1o1 t7, i.e., ~ 2 

tion function CL 
is the oomplete17 integrable correla-

I 
Kote that the models of a multiperipheral type ( i.e., )K 

the •odels with the SR-oorrelations) predict a logarithmic 

dependence of the function S on jz. 

~~"""'Q_Ls 

and the diffraction dissociation approach ( where the LR-oorre

lations are taken into account) gives the power dependence 

1z- A.S'/L. 
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In the multi-component description; we separate the 

contributions of different mechanisms into multi-particle 

cross section. In this case the behaviour of correlation 

functions is deteniined by superposition of the correlators, 

corresponding to each of mechanisms. Their concrete form depends 

on the way of realization of multi-compoaent approach. In 

particular, one may consider decomposition of such a type 

d"::_ ~? ••> 
~ J~ 

where 

=> G I•>- (' ? 
L-- J, - Q. J {). '=. i. 21 . - -

Contributions into the average multiplicity and higher 

distribution moments are received for different mechanisms 

separately: 

.::::::110,:") 
j- lt~) -. 

= < lll U1- 1.. > >;, - -< j,J > .~ 2 ~ 
<:.. ~>,,-:. ,-, '"\ 

"- \J ~\ 

where 

C::. -= 1, 2, -

the total ( observed) quantites are correspondingly equal 

< \l>: c=,- C,_ <_ (0 "':>,_, 

(J.9) 

t,_ -::- (_ c l (d 1 ' " 
}z ...k ( ~ ) l ..J.-

< 
-1- C 1 CL(.Cto>,-.CL1>.-) -1- (J.lo) 
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where z__ Ca.-=- :L 

'"' 

The following formula 

. . ..( - c" 
Cz-:.·-J..J.C-._ + J. .. '+ 

- - .-,_, I UJ 
_j 

1
- , ~?, 1 ,1 s_, J I _I_ h - - 1:-

1.-\. 01 ----- 1 ( + -;- L?. j' -?,t ·~ L~ dJ, b,l J, 
J\.n -1 l~Ji ·~ V1-t ... 

(J.ll) 

is widely used in practice for the two-particle correlation 

function. ( rlwr. + d.tL:. i). 

This formula shows the character of correlation function 

in the case of two-component description, i.e., when the inelas

tic collisions may be described by the fraction J,\ of the 

diffraction dissociation proce~Jes and the fraction 

of the pionization process ( the processes with the 

tions are often oalled so). 
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Note, that in this oase as seen from (J.ll), the resul

ting two-particle correlation function Cz_ is not an 

C. il J average quantity of 2 . C1 calculated for each of 

the components. It may be sufficiently large even if the two

-particle correlation functions are very small for eaCh of the 

components taken separately. It is sufficient to assume the 

one-particle distributions different for both components in 

order that the last term in (J.ll) would be large. 

Note, that a large number of correlation functions and 

parameters has been proposed for consideration. We shall deter

mine only the widely accepted ones. 

Point some experimental data. The experilllental values 

for the f\UICtion 1z. · obtained in the ff' interaction, are 

shown in fig. III.l. 

Fig.III.l 
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This curve has a rather characteristic trend showing that 

independent emission ( the Poisson distribution over multi

plicity) ooours only at E .o ~ 50 G~, · 

Here ~1.($).:.0. The integrated correlation 

function has small but negative values, corresponding to 

approximately independent emission ( for instance, the model of 

uncorrelated beams) at f o <. _j() Ge..v · 

At energies larger than 50 GeV, the two-particle correlation 

parameter 1L increases rather rapidly. Note that multi

ooaponent description will be most useful for describing 

this energy region. ( see for instance /J.ll/ ) • 

In 1972 Gaugili and Malhotra considered the dependence of the 

two-particle structural fUnction < ~ (~1--1.) > on ~ 

They ooapared experimental data in a large energy interval 

with the predictions of the maximum fragmentation model 

(Benecke, Chou, Yang, Yen) and the multi-peripheral model 

( Horn, 1972). The first model predicts the dependence 
-ln.• 

< \'\ t 11- i)> ~ /? the second one prediofiiYOr' -t'l.;l s; 

If one assumes <:::. \'\ > "' 4. ~ , then in the asymptotic 

region the quantity 

L:. \1 > 
ZJ 

<::_II> 
- > L..l1'> -<.,> 

1 sf ,1/·1 
is expected to be proportional to~- ~ in the maximum 

fragmentation model and to (L., S) -
1 

in the multi-peri-

pheral model. The authors made a conclusion that the multi

-peripheral model fits better the dependence of< ~(11-1.)> 

and L. 11 > on $ 
::6 
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In the range of energies with data available from the 

bubble chamber both models have small differences, and the 

conclusion is based on the data from cosmic ray research at 
- ·} I""(· I /:: ~ _,... • L- _;e, 

However, this argument for the model with SR-correlations 

is not essential due to a weak sensitivity of the studied 

dependences of the function ~ V\ (\1·1...)/ to experiment. 

The dependence of the dispersion 66 on - v. > is more • 

Consider it by the example. 

If the SR- correlations dominate and do not depend on 

energy then J, determined according to (J.s) by the 

integral 

t: ~ (~ clklit (J.l2) 

receives the main contribution from the integration region, 
. I 

from diagonal ~£ ~ 1.;_ and has an order ~z "' ~:_., S 

due to the fact that the surface of kinematic region in the 

\_ 1 ~1 L plane is broadening with energy like (& ~') -<._ 

As has already been mentioned, in the models with SR-correla-
• I 

tions an average multiplicity increases with energy like Lt1 0. 

Thus, for the integrated two-particle function we have 

~::. "'..:... \1?' 
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Correlation (J.l2) leads to the following dependence of ~ 

on <. ~ :> 

,-t:,L =-t .... ./..v.>-z>~/ (J.lJ) 

However, this dependence is not confirmed experimentally. It 

is seen from fig. III.2 
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Linear dependence between ~ and -(11) holds for 

all available now pp data. It is confirmed, though with a. 

different slope, for the data on the meson-proton 

collisions. ( See Fig.III.J) 
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Note, however, that the assumption on energetic dependence 

of the SR-correlations allowed Bialas to construct a model 

where a linear dependence between -:i and < 11 > holds 

approximately in some region,1nclud1ng almost ISH-energies 

( see fig.III.4). 
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When considering the SR-correlations it is convenient to use 

tae concept of clusters. It appeared in the gas theory. 

If there is SR-interaction between the particles, then it is 

natural to consider grouping of particles into clusterS, i.e., 

into the particle associations which are so close to each other 

that they may interact. Explain this by the picture 

I 4 6 _.1 
1 oc--r 
~ ' I 

z{ ~ 
I 

3~ 

. 
8 

Fig.III.5 

61 



Here, the particles 1,2,J make one cluster, 4,5,6,7 make 

another cluster, and the particle 8 alone makes a cluster. 

If the particle 8 is moved into 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 

introduced the SR-interactions between clusters. Thus, if the 

clusters interact in the SR-way, they merge into one large 

cluster, Clusters in the above determined sense may be introduced 

at the SR-interactions. For elementary particles there are SR

interactions in the rapidity space thus consideration of 

cluesters is justified. 

To realize in terms of associations or clusters, concrete 

dependencies in multi-particle production it is necessary 

to make some additional assumptions on the character of their 

production and on their quantum numbers. Concrete of the 

notion of hadron associations has been considered above in the 

multi-component model of two mechanisms. 

§ J. Charged-neutral correlations and the model 

of two mechanisms 

Consider the charged-neutral correlations between secondaries 

making use of the model of two mechanisms. 

As is seen frGm experimental data ( see fig, III.4). 
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The presence of linear dependence of an average number of 

neutral pions on number of charged traojs is only indicated 

at ""' 25 GeV, and becomes obvious at ""' 400 GeV. 

The experiments performed on ISR at CERN and, also in NAL at 

Batavia verified this regularity by the example of ee calli-

sions at energies 1500 and 200 GeV. Note here that at lower 
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energies the effect of any correlation between neutral and 

charged pions is considerably weaker. 

Now we turn to the model of two mechanisms at first 

For the simplicity , we do not take into account strange 

particle. As has already been mentioned, the initial points 

of the model: 

i) Dissociation of the leading particles with local 

conservation of isospin and 

ii) Independent production of associations ( see fig. 111.7) 

leads in the given case, to the distribution 

\A( ,r1v,\))"' :>(_' J~._ ( ti,) f:,, (cl,) 8, ( [) 
(J.l4) 

L'± -:: .2Lt0 :::. a 

(.1) .~310 

esC 
-- :JT-

.JJ1" 

---:JiT c5~JTo 

~ Ji"' 
~r 

Fig. III.7 

Taking into account that a number of neutral pions may be 

presented 1n the following way ( see formula 2.6 and table J11). 

n];.~ ; i \\., .;. n~ i- [ iic 

one can easily obtain the average number of neutral pions. 

~<.. t1v/h0 +~Ill'.>,." .L..; Lr.<>,,c / n.-v) c=. 
......._ .>I t'le (J.l5) 'vi,(_ 

Formulae (J.l5) and (J.l4) lead to a linear correlation 

between an average number of neutral particles and a number 

of charged particles. 

<llr;·%,<~ k~.+l',(l/,-h,) 

where 

k
1

:: Ci + l r } 2 , 

)..__ 1. :0. L--.-, 
'- l''-
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and an average number of charged particles 

r 
n"-= ! 

2 (t1+..(,)+) 

L(~-+C+'-2-)-+-1 

( for -:~~- P collisions) 

(for~-\\ collisions) 

The case of ~-A( interactions is specially given here, in 

order to illustrate quantitative comparison of the model with 

experimental data, obtained at Serpukhov with a two-meter 

propane chamber irradiated with 40 GeV ~~- mesons. The 

results are given in fig. III.8 
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'I 
3 

~l 

J 5 7 9 II IJ 15 17 n, 2 It 5 8 /0 !2 /'1 !6 f/j nc 

Fig.III.S 
1. 

Good agreement with experiment (X "'--' 0,5 on one degree of 

freedom) confirms the prediction of the model about the 
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linear form of correlation 

<:.. n.,>~C--::. A-+ t)ilc:.-. 

One of the conclusions of the model is that the slope J:l, 

does not depend vn the type of colliding particles 

( 0JlT":. 0 lb.:!: 0 ul, b_i;·l, -= \.)IS ~ u c.. 2. J 

(J.l7) 

It is seen from (J.l6) that the slope is expressed in terms of the 

parameters of independently produced clusters. If one assumes 

that probability of production of multi-particle clusters 

increases with increasing energy, then as a result one obtains 

the increase of the slope with energy. 

Indeed, the slope ( see fonnula (J.l6) ) is connected with 

the relation af average numbers of the hadron associations 

(clusters), 

j_ 
6 :: 2 

tf ( <-0 -" ~~ < s-: -f,") 

r:r c ""G ~ ;, < s·-) .. IV c 0 ~ ~.·jfi""l") (J.l8) 

As extreme cases (in the given assumption) from (J,l8) 

it follows: 

_,) at N ttc..JJ >> N. 12.) 5 
->.> 

5 threshold 
d ~ 1 

z_ 

;;.) at IV {tv) << Nld) s « 5 threshold 

13 -> v 
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These oonolusions are oonsistent with experimental data. 

The experimental data at ISR in the {Jf collisions 

C E-v 2000 GeV) also demonstrate a dependence of the 

type ( Jl7) with the slope 1?:> "-' 1/2. An absence of such a 

correlation at low energies means that i?l '-' (..' • Making use of 

the multi-component distribution ( 2 (,) the scheme 

presented above can easily be extended to the case of multi

particle production 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 superposition of Poisson functions, and predicts 

correlations betwee~ multiplicities K + and k as well as 

between )\a and IZ' mesons. The average number of k" A 0 

' ) 

and ") 0 in the region under consideration ( when 

the production of clusters off three heavy strange particles 

is hardly probable) is independent of the number of charged 

particles in ~-r collisions and reaches its constant 

value at sufficiently large number of charged particles in 

}l-1\ collisions. The processing of results from the two-meter 

propane chamber has produced good agreement of the model with 

experiment. ( See Fig. 0 ':1. iii to) 
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The model of two mechanisms, realizing the idea of multi

component description, and its comparison with the results 

n-+ 

of experiments for the _G·n and II-)' interactions show that 

at high energies many characteristics of multi-particle processes 
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for various collisions have a tendency to be similar. 

Such a tendency is observed experimentally. In the spirit 

of TMP-model this looks quite natural: dissociation gives 

relatively small contribution into multiplicity, at increasing 

energies multiple characteristics are determined by increasing 

number of clusters ( with the tendency to increase weight) 

which are produced independentlyof each other and of the leading 

particles. 

Indeed everything may be more complicated. Most probable 

little distinctions in the characteristics of different 

types of interactions 

( r e ,) ') Ji e . L e . ) 

will provide a closer description of multi-particle production. 

However, one may hope that a rough scheme being observed at 

modern energies, as well as its simple and obvious 

realizations will be a convenient frame for future theories. 

Note for conclusion that now there are many new approaches 

to the correlation problem. 

In the same connection I should like to mention that it 

was proposed at the same school in 1970 by El.Mikhul to use a new 

variable which is available exclusively for multi-.partiole 

production. It is the determinant of the matrix formed With the 

components of four 4-momenta. Consider the process 

(i ....J- t -> L { 1._ -4- ~1l ~ ~-t i .!.- l1'1 
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i~ 

and 

D. = ) "-1: l P, "J L ::- I'!,, 'I ) I( " v, i. 2, ., 

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

In the center of mass system of colliding particles 

r--:<(Ci ...,r) '""' 17'(i1' =i") 0 .-:-;() --:;) ~ f:,=- y) /,X l I:::\/) ., y; '=--- '> l"yll. /,1 

where , ·' 

is o.m.s. energy. For a fixed ~ the variable we consider 

is the measure of the volume of the parallelepiped 

on any three J-vectors of four. 

The experimental distributions on [;,. for P+l'~l)•('>.,_j;'f,-

have been performed for ten values of energy between 4.0 GeV 

and w4.8 GeV. A strong shrinkage ( Fig.III.l[) with respect 

to the energy is obtained when they are compared with the 

phase space distributions. !J. equals to zero define the 

~singular domain of the physical region. So for increasing 

energy this region becomes prevalent. 

·In connection with this approach it is interesting 

to find from experimental data the answer to the following 

questions: 

a. Do ..f.. distributions as functions of energy ,i.e., 

depend on the nature of colliding particle or final 

particles ( neutrino-production, foto-production,etc.)? 
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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 sy-stem ( 1;-<ii +-1; 'P,) into 

intervals of the "fixed" energy. For the events corresponding 

to every- certain energy to get the /'::.,. histogram. Will be 

the shrinkage the ~ame with respect to energy. 

c. Important is to know f~m the reactions with acre 

then four particles in final state for which a few independent 

determinants exist if they- are simultaneously- going to zero 

for a given event. ( There are n(tH)l1,-2)(11-'J/2tr 

determinants but not all independent J since 

A , A ·· -=-<~c-l fp,~l -'It' I'• 1-~{.l,t~~~~,. /_,)1..'(1(,~~~...., l I I~-t,l.-z.<) l'1 J \(- 1(1," !1, l~ 

d. Finally- /':, being a pseudoscalar it 1s interesting 

to investigate if there exists any asymmetry- in the ~ 

distribution with respect to L -- o. 

It is possible to perform it for the channels where the four 

particles in final state are different, thus, they- can be 

uniquely- labelled, and the ordering of them permits to introduce 

the orientation of the space. 
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Problems for Discussion to Lec.II and III 

1. Find < n ) < n 2 > 'L f , , <. u '; 
J ) I } 

in the case of two-oomponent model, when 

.., - _,/.. ~I 'I .1 ~ (2) 
G 11 - t..>,., -1 :) c,, 

2. Show, that in the assumption on independent production 

of particle pairs, the distribution over multiplicity 

has the form of Wang I - distribution. 

J. Obtain (2.4) from (2.2) and (2,J) , 

4. Write out the correlation parameters / l and f"~ 
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Lecture IV 

Inclusive and semi- inclusive processes 

§ 1, The problems of description of mUlti-particle 

processes 

The analysis of the processes of mUlti-particle production 

is important for inderstanding the nature of hadron interactions 

at high energies. It has considerable difficulties both from 

a technical point of view and from a point of view of kinema
tical description. 

It is necessary to find such summation characteristics of 

inelastic processes which give a sufficiently complete 

information on the hadron interactions at high energies and at 

the same time are rather simple both for theoretical and for 
experimental analysis. 

Characteristics of 
such azype were, first introduced 

in 1967 ( Logunov, Mestvirishvili, Nguyen Van Hieu) • Later a set 

of processes, giving the contribution into these characte-

ristics was called "the inclusive processes". Thus, ths first 

stage of experiments is mainly concentrated on the measurements 

of the most direct quantities: the inclusive and topological cha-

racteristics of the particle production spectra. 

It was first experimentally determined at the SerpUkhov

aocelerator ( Yu.Bushmin et al,) that the ratio of the produc

tion probabilities of K-mesons and anti-protons 
tion probabilities 

of 1ft:- mesons depends only 
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to the produc

on the ratio of 

p 
momenta. P.' The experimental consideration of the scaling 

~ 

invariance at high energies, as well as the difficulties of 

microscopic description of multi-particle processes ( first 

of all,absence of strict mathematical apparatus) lead to the 

appearance of phenomenological approaches and models ( the 

parton mode, "droplet" model) and on their basis, to the 

appearance of hypothesis of limiting fragmentation and scaling 

(Feynman, Yang). 

The later determine a number of limiting relations and 

restrictions to the cross sections of inclusive processes, 

correlations and other characteristics. The principle of 

automodelity ( Matveev, Muradyan, Tavkhelidze) on the basis of 

a generalized dimensional analysis makes it possible to classify 

the scaling relations at high energies. 

In the p~esent lectures we shall not dwell on the problem 

of strong interactions, but only remind the listeners about 

the review by M.Jacob, A.Logunov and Mestvirishvili, 

Muradyan • (See rteferences). 

§ 2. Semi-inclusive processes and their characteristics 

The one-particle inclusive reactions have a number of 

practical advantages: they are easily obtained experimentally, 

the study of average values by the particles non-fixed in the 

reaction clears up the collective properties of the system 

of secondaries,On the other hand they represent a limited part 
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of dynamics as the one-particle characteristics have been integra-

ted over particles and summed over all the inclusive channels. 

In fact, in the inclusive approach are mised various mechanisms 

of particle production, responsible for different phenomena. 

There arises a question to explain the dependence of these 

effects on multiplicity. To solve such problems we can make 

use of the so-called semi-inclusive processes of multi-particle 

production, i.e., of the characteristics of reactions with the 

fixed multiplicity ( topology) without averaging of the 

inclusive approach and, thus, evidently giving the contribu-

tions of different multiplicities 

Basic definitions. 

to physical effects. 

Consider the process of particle production as a result 

of collision at high energies 

(L ,. t - f• + t~ .- + f, + 

P, 

C'L p3 

PL 

p, 
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Denote the differential cross seotion of production of n-oharged 

particles ( with a different number of neutral ones) through 

d G = L _!_, J ~,.:'~--- -r ;·~ II c/;. ( ./~ (-> fp--> (!<· n). ap< r{/J"- ·-<flJ, .. Ctf).. J- I d 4.1) 
c1p~fo. .. ·UJ" •"n•t 1 r r ;~ -n•t 

Then the semi-inclusive cross section of particle C(pl production 

with a given (n_-t) number of charged particles 

a+t ~crf)-r .... + 
'----y-----' 

(it -L) ch, f._.,t.,_{.j 

~t d ~ ~} (n-t)~.-?..;x-<-'tt,cCd 
"--' 

will be of the following form '~ 

Jc:ic 
rz 

d,~ 

1 
{n-1).1 1 o/6 

cit--:" c~;--:_ 

h n r~1-; '"..2. 

(4.2) 

with the normalizations (see. Lec.I): 

J_ J rf G nc. c(~-> = d_ ~ 
h __, " ) olf 
{I?) G =. :Znd,, 

where G: •. d 

2 dd,c _ dcr· 
r1 ~ 2 d ,__.. - c(~~ I j ol~ rc1-? ~<n>~ 4. J) 

c/~ 

is the partial (topological) and total 

(inelastic) cross sections of interaction ( t7C ..... .) correspondingly; 

< n > - is the average multiplicity of final particles. 
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Define now the first moment of the semi-inclusive distribu

tion (4.2) 

< n (pJ> = 
tv(~/ c 

L (n-t} cl<i>n/c/l 
•2. 

z_ c1 6.~ I clp~ 
t) 

(4.4) 

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

produced together ( in association) with an extracted fixed 

particle .,c" from momentum p and is called the associative 

multiplicity of charged particles. 

Pay attention to the oo rrelation character of the introdu

ced value ( 4.4). In this connection consider the reaction 

with two ( inclusively) extracted particles 

c~.~e ~ ctcFJ _,_ c:~.JP:J 11 I -t-
-j-~1,1 

( n- :l) Ch, /X'-' d.-' ck:, --P, 
~ 

Ct h. 

~---} 
"- ---; (h. -d. ) J, fX<'zl tdii 

and determine the corresponding two-particle spectra: the 

semi-inclusive distributions with fixed multiplicity 

cl c:5 c, c,_ 
It 

c!P, dp: 
== _1_ jr'l cl ~ clciJ 

( ) 
1 p, ol__,. ..r~ 

f7 -2 . t=j 'f· "' {'fl1 

10 

( 'i, 5) 

and the corresponding two-particle inclusive spectrum 

J ciS c,c~ 

df-; Jp7 

dciJ~·,cL L_ 
cf,p-; c-!i"';_ 11:3 

with the normalizations: 

_1_ 
n{h-1) 

-·"n-t. 

j , del''"" I---:;-+ J;7 r;l~-;_ = d,. . 
~~ p4 

j . d'G'. '''• J (' --"- . ...;, uc' 
1 - _;-> c/fz == -~n-

" fs <1 f'- ..J -'" 
w;~ 

(4. 6) 

(4. 7) 

j c/dc,cz. 

<I~ cl~ cl!7 c/;7 = Z_ h(ll-1)~ .. = 
Pt f2. 

\h(h-J.j)c]. 

Having partially integrated (4.5) over the phase volume 

of the particle C-l- ( p;) taking into acoount ( 4. 7) and (I) 

j cl G> ~. c:,__ _, "> de?" c, -z. -::i'--_, c( fL = L --:::;- ( l1 -.I) -
h c/ It d j>L c./ f>i 

J I _:, c·, Cl_ .J c., 

=- c; 
0 

c( -y = <. 17! J) > ~ 
.J ... - J -'> '" /t !!-,> af, Cf fL c 1 

and using the definition of the two-particle correlation 

funo tion c-2 c p-:, f,_) ( see I), we receive necessary relation 

1 ;; (.h~ =-- Cc--. '?tJ> ..Ldc <f"p .. J 
c ·c~-; 

+ < tz> (4.8) 
' 
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i, e., in absence of correlations between the particles C1 

and c.:.- the associative average multiplicity does not depend on 

the momentum 0 and 

<hCpt)>= <_rz.,;>-1 

Reduce as well the formula determining the semi-inclusive 

two-particle correlations. Defining 

Jn ( ;;>) 
f. ddn 

~·elf 
(4.9) 

by (4.9) put by analogy with I: 

-1 C(?v) c.-" -)) =: - -
'J /Jt) f"- c;;;IJ 

d.2.c5,., 

cl;? <IJ7 -P0Y~0~c4.10) 

{2) ._.. 

Rh ( f>J~-) -
C;, (2) , ~ '--7 

~2) 
j,,( f~J i)Jp;) 

I v I 

c/20\ £',. '~ _,/, - ,e -i de?;., 
~ jJ; 

d d., --d f;_ 
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§ J. The experimental situation 

Now we shall make use of the experimental data on semi

-inclusive distributions and give a brief classification of the 

basio facts. 

The one-particle spectra with fixed 

~~c.~~ X 

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

densities ]n ( () for the fixed ~, Cp-.) 

-{.J2,.id ~ 
= --- u n • I ~ "8 

J-<:e41.-t'2,;..( 

J /!- ()f) 
G" 

see,e,g.,Fig. IV.l 

I cl s, 
------.:___ 

r/ f-'-
.:::::()+In 

JnCf.L) -- ci: 
f) 
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2. The shrinkage of semi-inclusive spectra with increasing 

multiplicity 

~ 

jn l(j) = I d 6_, = __'!:____ e- #/zsnL 
::> 

where 

l
dN 

"p,, 
dN 
dp.L 

co,., dj-
5" ~ ;ljn 

5
11 

e -ap., 

8 P 
3/z -6p. 

r .L e "
) 

- -a 
df,, = N,, a01 e '' f" 

f;~ iS 

ct =(o.3g~- o.-<.3) G<·•·fc 

6 = ( 0. 31n. +- :i 36} Gc~-jc 

q, = tc • 5- ,z. 

Wc, 

(FNAL ISR) 

pp -. Jf-+ XN' 

( l3NL 

Ti-p~ J/ +XIV 

( t3N '- ) i
dN 

~- <J< j dp - N_,_ a"- b Y.a _ -a,h '.l... r.1.. e. r'.J.. ct1=rt-o:.n)-.- Grt•rzJ" 
If!,_. •'h 

PP "Ji•X,.· 

f .. ''!·f·) = A( e-ctnmJ_chtJ-;'J 

The properties of the experimental data 1 and 2 are 

( T II E P ) 
I< p _, )7c •X,.,. 

clearly seen, for example, in the experiment Pisa-stony Brook 

cell.at ISR ( Fig. IV.2). 
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J. The asymmetry in azimuthal semi-inclusive distribu

tions, which is not explained by energy-momentum conservation 

low and has the character of LR-correlations 
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The correlations have a typical short range character 
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J. The associative multiplicities. The correlations between 

11, and (d>f.L) 

The associative multiplicity as a function of various 

variables has been calculated in many experiments up to the 

ISR energies. 

Consider the typical data. 

a) There has not been found an essential dependence of 

< n 1i,_. J> on the transverse momentum of secondaries ( f, ,-,," . ") 

for /.J. ~ f Cc•-/c when /'-- ::-.:: 19 GeV;L 
in the Jp- interaction (The Scandinavian group) as well as 

in the f' ~nteraction at ?t •40 GeV/c when though the same data 

in the same-opposite selection show an essential dependence on p~ . 

The value <n(x.)>l<rt!~'))) is gradually decreasing with the growth of 

transverse momenta X(~) 

b) The BNL-collaboration points out the increasing 

dependence of <n(f .... )) 

of a leading proton in the range 

and for different missing masses 

on the transverse momentum 

PL<N "- :Zecz-/c 

/1f1 x ), The data from 

FNAL-ISR confirm this effect in a wide energy range and PL 
( a detailed discussion of the range of large fL see in V). 

x) Note that experimental observation of the linear relation 

of the average multiplicity with the transverse momentum of one 

of the final protons was first presented in the paper by 

Anderson, Collins, 1967. 
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c. The associative multiplicity as a function of 

missing masses, produced with a leading particle, increases 

according to the same low as the average multiplicity as a 

function of 1r; 

90 

§4. Theoretical approaches. Cluster models 

Various experimental in:forma tiona on correlations, e. g., 

data on fz (s) , 1{'
21 <y1. -LJ~l , an approximate validity 

of the KND-scaling for mutli-particle distributions, etc.,point 

out the fact that the multi-particle production ( in any case, 

most of it) proceeds through mult~ cluster intermediate states. 

In particular, the assumption of the independent emission 

of isotropic clusters makes it 

possible to understand a positive short-range character of the 

completely inclusive two-particle correlation functions with 

respect to rapidities in the central region. 

The central idea of this approach is that the hadron 

associations ( clusters) are produced according to a definite 

dynamics and that the secondaries observed are products of 

decay bf these clusters. 

Nowadays it is not yet clear whether clusters have 

intrinsic dynamical meaning or represent simply a phenomeno

logical method,i.e.,suitable initiation of more complicated 

dynamics. 

The cluster models have been extensively studied recently 

( see review artides of Berger, J.Ranft) in connection with 

the experimental information of FNAL-ISR on correlations with 

respect to rapidieis at multiplicity fixed ( on semi-inclusive 

correlations). 
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We list here some model consequences: 

1. It is convenient to split c/c'5,, /.Ay-- into ,::," and 
II 

diffractive" and "nondiffractive" parts; 

2. The correlation length :l S ( c.,u.J ~ c -(y.- :f;_) y.,d 2) 
does not depend on h and .':> 

f de J. In the model of independent clusters: -:c:;--- -. -'-' 
e;,,L cr,y-

4. The behaviour of semi-inclusive correlations is 

consistent with experimental data of FNAL-ISR: 

C~ 21 
r ~.c) 

t:t!z) ( t-', c) 

IL 

u:f ) 
f (<K>) 

t& ~/ f I < K ). ) 

where ~ t > stands for the average number of hadrons in a 

cluster. 

!l 

-y 

5. The n-dependence of the semi-inclusive correlation 

functions reflects the structure of multi-particle distribution 

inside a cluster. 

In the concrete cluster model with diffractive excitation 

the one-particle distribution at a fixed multiplicity reduces 

to the following form 
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N") 

ole?. .... =A jJMo(H)Cf/'1-fJj,;) -11 I 

ol'f v 

l 2 j.! J - A ,_, ' I { 'l· 'i 
( ...:::: 

( ;, 2(;;- y) 
(4.11) 

where M and tf are resp. the cluster mass and rapidity. 

In present variants of the cluster diffractive models, 

agreement of the slow decrease of topological cross sections 

~~ and nondecreasing character of spectra relative to 

rapidities in the central region is achieved if one gives up 

the assumption of the isotropy of the cluster decay, 

Note that if one takes as the cluster decay amplitude 

a modified distribution~ the Bose gas it is possible to avoid 

an artificial introduction 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 spectra in the central region, 

there is obtained the increase of max~values of distributions 

Jt> Lj) ~ 

Jn fjJL) """ 

-a: n sh ~1-<e _, J" ( J = c) ~ C 1/il ('1-uun) 

(4.12) 

CY-t- tf.L - f7 ( ( 111
1 

- I>?) 

e Jrz (P.~..: frlt·1~c:;z ml_ IlL 
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Scaling in Semi-Inclusive Distributions 

a. Uncorrelated Production.KNO II. 

Keeping to the same ideas which have resulted in the 

similarity law for multi-particle distributions (See Lee. II) 

Koba, Nielsen and Olesen have obtained the law of automodel 

behaviour for semi-inclusive cross sections jJ~ (?~), 

Assuming the noncorrelated 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 fozmMla: 

_:1_ 
--, 

Gn 

c/2., Cp~<,) 
,___,. 

cf p 
----7 h { <:>s > )<, f.L)[1-rO{~t)}4.1J) 
s ~ C>c> 

for the reaction ct-+- 6 --7 c Cp) -t-

+ ~-i)charged + anything neutral; where X .:::... !l p,, I {$ > 

< n >s is the mean multiplicity at energy 3 • The rela-

tion (~lJ) predicts that if one compares two or more semi

inclusive experiments at different ( high enough) energies 

taking the same values of n j < n >!> , then the distribu

tions over momenta ( in the variables X and p .L ) normali

zed to d., will be almost equal to each other, i.e.,the 

cross sections d6 
,/,. df..L 

for different s and 
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different topologies but with the same ratio ~J'~~> 
should be the same. For instance, for the experimental distribu-

tiona shown in Fig. IV.2 the relation (4.1J) means 

one performs a selection over "'-'/<.n-) and rejects 

with respect to 2f , the curves corresponding to 

will ~oincide approximately for different energies. 

that, if 
.1_ cld.: 

=> --
'=h c:.ly-

the same !Y 
<."> 

Due to non rigorous character of the arguments resulting 

in (4.1J) it is interesting to check, through models, this 

relation. This has been made in the two cases: 

1. The Feynman gas model ( Olesen) 

2. The uncorrelated beam model. 

In the first case, by using the Mueller method of the 

generating funotionals the proper relations (4.1J) are found 

for semi-inclusive cross sections and it is shown, on the 

example of the reaction 

+~thing neutral}at p _ ( 
5 

/<. + -t f. _ __,. 1<." -<- 11Jr-+-
,_ - , 13 .<.. -16 ) ~v/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 conserva

tion laws are important). 

As l?i is the discrete variable a convenient way 

to check the prediction (4.1J) is to obtain an analytical 

expression which then can be fitted to experimental data. Such 

an expression ~ 
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_j_ c/c:Si'L 
c6n J p 

1?..- ...\,:h> .-Az. \1 c - ( 1- X) [1+DC~~(4.14) <.n> 

has been found in the model of nonoorrelated beams. Here ~iJ~~ 

are constants. Formula (4.14) has been fitted to experimental 

data at p - 19 GeV/c in the reaction pp -- JTT + (nr,- -t)c 
+ anything neutral. 

Applicability of the semi-inclusive scaling (4.1J) (KNO II) 

to the one particle spectra has been verified experimentally for 

the corresponding cross sections with pion production in pp-colli

sions at 2o5 GeV/o ( FIAL). A comparison has been made 

at fixed 0 "'> with data at low energies from lJ to 

28.4 GeVJc. B¥ relation (4.1J), it follows that if one takes 

two 111ergies 

and nz.-. 

$ 1 and 

then f 

<i5n 
should 

( up to corrections 

<; '- and two multiplicities h1 
cl i'. 
elf? 

be equal 1f 

0 ( -' ) < .. > 

quantities 

n, _n-= .. '---
~;:: .(11L(h)). 

). Though a qualitative 

agreement holds for such a behaviour ( except for the 

region )<..::::0 ) essential deviations are observed in data 

on the semi-inclusive scaling. These are considerably larger 

than for corresponding inclusive cross sections. Analo~us 

results have been obtained for semi-inclusive distributions of 

pions in 

boration). 

Jr-p-oollisions at p = 40 GeV/o ( !REP - colla-
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Since 

and nf<.n> 

< n.- l s) >is a slowly varying function of energy 

is roughly constant for a constant multiplicity 

fl., from (4.1J) 1he usual unclusive scaling should be valid 

in a wide energy interval. This prediction was compared- w1 th 

experiment ( Shliapnikov et al.). In the 

at p= 5.82, 16 GeV/c the quantity 

K 1j::> -interaction 
_L_ {12" 
::> ~ 

Gr1 <YjJ 
has been found to be indepeDient of energy, for 11 ~ 2,4,6 

though the corresponding change considerably in this energy 

range. 

b) Strongly Correlated Production 

(2) f2} 
Experimental data on Cn R., and essential 

) 

-) ~ dependence of the associative momenta < h If ) on p 
point out noticeable correlations in processes of the 

multiparticle production. Studies of the correlation dependences 

of average characteristics of hadron production processes 

oan give evidences only to existence of certain relation 

between secondaries. In studying the semi-inelastic 

characteristics there arises the question: what restrictions 

on the shape and character of dependence of the on&particle 

distributions on rz, and p_,. do correlations between the 

average multiplicity and magnitude of the momentum or transfer 

momentum result? 

Consider a semi-inclusive reaction of the type 

97 



u -r {: ~ particle of large p.L -+ nL.,_ -r 

+ anything neutral, 

where one of secondaries which receives after interaction 

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 multi-particle production. 

Proceeding from the assumption on the coherent excitation 

of particles colliding at high energies ( Matveev, Tavkhelidze) 

one may find that the average number of secondaries grows 

linearly with the squared transverse momentum transferred: 

<.. tL ce_,J > = (i + 8 f: . 

This result for the diffractive production of particles has 

been obtained in the framework of the straight-line path 

method. Such a behaviour is in a qualitative agreement with 

experimental data obtained in pp-collisions at the lab. 

momentum of incident proton (J,A,~ = JO GeV/c. An ana-

logous phenomenon follows also from the fragmentation 

principle ( Yang) where the growth of < n > with p .L arises 

due to that it is impossible to give a large transverse 

momentum to a proton without its disintegration. Note that 

in the multiperipheral model the average multiplicity decreases 
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logarithmically with increasing X f.L • As we think, 

this decrease follows from that the multiperipheral model 

corresponds mainly to the secondary production mechanism due 

to appearance of the hadron clustersin the central region, 

while the results of the cokerent state model, of the 

straight-line path method and fragmentation principle correspond 

to the mechanisms of diffractive dissociation of colliding 

particles. 

Besides, keeping 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 dependence 

< ruC(?;J>=- j'cj!) 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: 

J&rv 

elf);_ 
= A { pl) 4J ( n I f c p~) · (4.15) 

Substituting this relation into formula (41 ) for the associative 

multiplicity and changing the summation by integration, we find 

x)At the same time, in the framework of the multiperipheral 

model it is possible to reproduce the growth of specra 

with energy and their power decrease p_:8 at large transverse 

momenta ( Dremin, Amati , Caneschi, Testa). 
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!\is 
/v'< 

L. " F;, oi s I J ,1 cf n y; ( n / f 1 p7J} 
<ncf:P-

Z F.. r;J;, ~J } """d n if' (hI fr;;t4.16) 

l I ;7";. ) ?- ( /v~ I f ( fi. ) ) ' 

where /'/~ ~ Vs. 

Thus, the function f C p';) reall;r represents the 

dependence of the associative multiplicity < h(p:!>on momentum 

1f 8(11sji!J'7))4i_for S->.,.o and p_,_-fixed.The 

deviation from this asymptotic limit may appear only in the 

region, where fp~ j '(; ""' i. If the function /P., Jt"has the 

power asymptotic behaviour, this condition corresponds to 
1b_oi. 

relatively small momentum transfers j>L ~ S , i.e., to 

values of the parameter x.l ~ :zp_,_;rs tending to zero with 

increasing "s". 
2 

Note further that the function A ( p;_) defined b;r 

(4.15) can be related to the inClusive o•osa section 

de 
d p: 2 ~ ~ A r ?-< 2 J f rp-:) . 

n ctf: 
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(4.17) 

Making use of formula (4.15), (4.16), (4.17) one can 

easily establish the validity of the following relation 

(Matveev, Sissakian, Slepchehko) 

z. I'L (p-: )> d~n Ida.~->£.{ 
d PJ. ---,-=-

'" fL 

r( hI< vupi.J>. (4.18) 

We stress here, that the similarity relation (4.18) analogous 

to the KNO-scaling is based only on general ideas of the 

physical similarity and, in particular, not on the assumption 

on the Feynman scaling. 

As is known ( see the review of experiment) to the 

decreasing character of the associative multiplicity there 

corresponds a "shrinkage" of the semi-inclusive distributions, 

i.e.1 at small f>.J.. the probabilities of production of a large 

number of partiCles drop much faster than those for small 

multiplicities. On the other hand, the growth of "-. IL·Ip_,_l >-pJ. 
corresponds to the transition to a new regime: at increasing P~ 

the cross sections with large _ tv become more smooth than 

for small multiplicities - the so-called "broadening" of 

distributions. Thus, the region of small and large p~ 

are clearly separated by essentially different regimes of 

behaviours both for the inclusive and semi-inclusive cross 

sections and for the moments of these distributions. 

A relation between the semi-inclusive distributions and 

associative multiplicities in definite combination (4.18) 

with an essentially different behaviour at small and large 

transverse momenta indicate, as we think, a certain universali

ty of the similarity law obtained ( scaling law) for diffracti

ve semi-inclusive spectra (4.18) 
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Figure IV.6 shows a distribution of the experimental 

quantity corresponding to the l.h.s. of (4.18), obtained for 

JTi mesons from processing of about 6000 inelastic Yijo-

events :b the Ji-f ·- interaction at jJ :::::- 40 GeV/ c ( IHEP- in 

collaboration). We emphasize here that experimental points, 

corresponding to the two-dimensional distributions ~~: ( n.,p.._) 
with different magnitudes of the charged-particle multiplicity 

n = 2.;-12 and to the whole measured range of J L 

( in the scale i= hj<n. according to formula 

(4.18) ), are on the same universal curve. 

Thus, this relation can be considered as a particular 

manifestation of automodelity specific for a wide class of 

phenomena in particle interactions at high energies. 
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c.) The models w1 th weak correlations 

We have already mentioned that within the framework of 

the KNo-soaling the result (4.13) is valid under the assumption 

of absenoe of correlations between the secondaries. The question 

arises: what will happen if we introduce the correlations? We 

have partly mentioned such examples when having considered the 

Fe~ gas models and the model of non-correlative beams. Let 

us consider in more detail the Feynman gas model ( Mueller, 

Olesen) in which only the two particle correlations are taken 
~M • 

into account. Define the function vn ~J) 

which determines the divergence from a non-correlative case 

y; 11} _,. 1 cl d" "' - ) h (p} = d --= (Cit• _,. C(pj + (11-:i)ch f- M•y'h· nu;,(J'<,;.t' -

h clp 

_j_ .!!_ cld'nc.~ (at-'" cr?) -+- "~"') (4.19) 
c5 <.n 7 cl p- 11 'f. 

It appeared that the scaling law in the form (4.13) is valid 

for the considered model in the case of the short-range 

correlations. There, the function is factorized with respect 

to the momentum and multiplicity 

ft)( ~) 
T, p !I 1 s, x,p.1.) {j/c n, s) 
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In agreement with the scaling (4,1J) at highmergies 

fun H (s,x,pJ.) = H (x,p.LJ 

~-- (4. 20) 

eL/Y} lf ( 11, S) = lf' ( :n) n z;;>- /tked 
& -> 00 

This means the factorization of the semi-inclusive distribution. 

Note, that these results can 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: 

f ddn A { ~ L- ] Gn d/~ = fh} rp J 1 of CfJrn ,p) , (4.21) 

where 1>rn,p) is the divergence measure ( analogous 

to 4,19). It can be written in the form: 

-+ 
<::p ( "~ p) -

.:L dd., 

.z, ;IP 
di?'iut' 

h 
olp~ 
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-1 
(4.22) 

. 

J 
; 

t 
? 

.1 + 

~ j 11 ! !I) i· 

i lJf ~· ~ 1 j 

;I 

~~ + 
{. ~ 

Thus, the function r, r F) and cp ( n 'f-) 

ma;y be considered as some analogues to the correlation n... 
r~J r2) functions C,, and fl, respectively ( see 

4.10). 
Due to a weak decrease ( constancy) of the associative 

multiplicity as a function of the transverse momentum of JI-m• 

sons we can make a conclusion on the smallness of the transvers' 

correlations of charged particles. It is concerned the form ~~ 
~ 

of distributions. In particular, when analyzing the experimenta 

data on the semi-inclusive distributions of J/ r mesons in 

the ~·-e -interaction when p a 40 GeV/o (!HER - accelerater 

2 meter propane chamber JINR). 

it was found that these distributions as multiplicity functions 

are similar in form at different fixed values pL (see Fig. IV.j 
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i.e.,the parametrization (4.21) holds there. This property 

is more convincing in Fig. IV.8 • It follows that except 

for the range of small f.J... ( f.L ~ 0. 2 . .) the correlation ¢ 1 n, p~J 

is weak and there holds, with good accuracy, the factorization 

of the n and p.J.. variables. 

d <5,, :::: F (rz.J f < p.~..) dp 
Frn) = rt.2, frpJ.) -

(4.2J) 

o/ <i] tn<r' 

clp • 
Note that for the semi-inclusive spectra with the non-correlative 

~--fi dependence (4.2J) from the similarity law, it follows 

the relation of the KNo-scaling for the multiplicity distri

butions 

<n.> ""'"12 r(nj<n>) 

The relation of the moments of distribUtion over multiplicity 

with the multi-particle inclusive spectra and the correlation 

functions made it possible to investigate the properties 

of automodelity distributions over multiplicity to obtain 

in the case of weak (SR) correlations, a number of rather 

interesting results for the inclusive and semi-inclusive react

ions. In particular, for the process 

Cl -r e .- C c fJ .. ) ...,. C ( f'"-) -t , , , r C CjJ.,) -+ 

+ c: ''f rn~"? 
assuming the existence of scaling for the inclusive multi-

particle distributions ( Chliapnikov, Gerdyukov, Manyukov, 
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Minakata ) there was obtained the asymptotic scaling 

behaviour of the associative moments like 

, K. .... · --; z K · ( •-' ) ( ) <... f1., I c,, f J > = a~ (X, eJ ) t~t ( S) + L {" lSI , 4. 24 

<, 

Thus for example, the average multiplicity of charged particles 

<. n ( ML) > in the reaction c;.,. 6 ---"" c .,_ x,., 
associated with the quantity ).{<- of the system XM 

is: 

< n ( ,,,., J > = c.t ( My~ ) en. > + 6(M'/5), (<f. zv 

where a, 6 are the functions depending only on r'?~~ 

The experimental test of these relations is of interest. 

The presence of weak correlations between the dependence 

of semi-inclusive spectra, both on multiplicity and the 

secondaries momentum made it possible to assume the existence 

( experimentally) of so-called "scaling in the mean" ( Dao 

et al~. The authors confirm the independence of the forms of 

the p;.- and p"- spectra of produced par tiel es on the multi

plicity or the colliding particle momentum. The data on fP 

for different multiplicites between 13 c-e .. ,·jc and 3tlti c""~7c 

were analyzed. It was found that this hypothesis does not 

qualitatively contradict the production of:;;-- -mesons. 
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Thus, the cross sections, expressed in terms of normalization 

variables, must be of universal form: 
(4.26) 

!._ v )'7 
<i;n 

dci?n 
dv ~ r (~~>~~ J , 

where 

and 

v 
CJ (<~>) 

is the transverse or longitudinal variable, 

is the universal function independent of S 

or the multiplicity. Though one has no grounds to consider that 

this behaviour has a quantitative support it may serve as a 

useful approximate parametrization. 

Fig. IY.9, IV.lO. 
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f5. The relation of elastic and inelastic processes 

It is convenient to study the elastic and inelastic 

processes at high energies making use of the approach based on 

the unitarity condition in quantum field theory. The unitarity 

equation of the amplitude of scattering of the Z - spinless 

particles has the form 

TmTrs,t) :- jd'w Trs,t') T-'(s,t'') + F(s,i) 1 (4.27) 

where ~ ""' l to:-!p-"1 ) t; '=- r F- fJ' t II --.., _,.')L 
:-(? " 

S == 'f (ml-rf} 'l' = /t---.1 =if/ 

and 

rife!£: J(f-tf'-1·() 
2'1, -''f· 

dtAJ 
1 

!r," 

are connected with the two particle phase volume. 

Graphically the condition (4.27) is the following: 
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The illustraction of the S-channel 

U. ~ ~~unitarity corrlition. The value F,rs tJ~L.t:,.t1 r tn _.............. .....-::::: -== +I -- I ~ .., "> • 

~ c. ~ :- which is called the Van Hove overlap 

" 

Fig.IV.ll 

function is the contribution of 

inelastic (multi-particle) states to 

(4.27). According to this the elastic 

amplitude at high energies is nothing else than the shadow of 

multitudes of inelastic channels. Under the definite assumptions 

on the character of amplitude of scattering at high energies 

one ce. n obtain in the range ':. - _.., and t /s <<;. 1 

the known formula 

J,., T -{ r.rt- ..,. F. 
$;;'5, 

(4.28) 

Representing the impact parameter we rewrite (4.28) in the 

form 

J,,J f r~, s; i_ /{tt',5J(-rD(~s), (4.a9) 

where { is the impact parameter, fr(5) =Tis, t). 
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Thus, an important result from the angular moment conservation 

law is that the amplitude of elastic scattering with a given 

impact parameter is produced by the absorption into inelas-

tic channels with the same impact parameter. According to the 

definition of the overlap function 

j( sJ i!) 2 
It 

/T;, (o.,6)jz_.= o/.?,"'-"t 
d 6L 

(4.JO) 

where 7;, f>, {j is the amplitude of the inelastic state 

production with the n-particles with the impact parameter t 
If the phase of elastic amplitude is known we can solve the 

equation (4.29). In particular, for the parametrization 

jt(s} = t (1-ez,·,rrG,<J) we obtain 

The value 

limit reached 

Of{,>) 
~' 

± ( 1- e ".[,..,,he,') 

{ ~pf(SJ=z.. corresponds to the unitarity 

in the case of a full absorption. 

(4.31) 

The approach to the diffraction scattering, considered as 

a shadow of inelastic processes, puts a number of 

interesting questions. How close to the maximum absorption 
? is j(c:.,£) when 8: {; • What is its form and an 

average radius? 
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. ) 
How do individual n-particle amplitudes construct _/ l '>_, t) 

What processes ( impact parameters) are responsible for growing 

cross sections with energy? and so on. 

In papers of the Serpukhov group ( Khrustalev, Savrin, 

Semenov, Troshin, Tyurin ) as well as of the group of Bialas, 

Buras, Dias de Dens, Miettinen some interesting similarity 

properties for ~;'lis, {) are found and discussed• An analysis 

of the ISR experimental data on elastic pp-scattering in 1he 

diffraction region makes it possible to draws several important 

conclusions about properties of inelastic channel& 

In particular, the observed growth of the total inelastic 

cross section occurs, as the authors think, due to peripheral 

inelastic interactions, and infue energy region under consi-
" Tti~ deration f ( 6,.,) appears to depend only on the ratio / c;'"'< ( 1 s) • 

This relation is a manifestation of the geometrical similarity 

in inelastic processes at high energies. 

J ( (, <;) /::1 ( 

) ~ :.>0 

e ~. 
Rr>) ) . 

(4. J2) 

All the approaches and models studying the inelastic 

collisions in the language of impact parameter and also 

connections with a character of the behaviour of elastic 

collisions at high energies have been called geometrical approaches. 

These models accentuate the geometrical nature of collisions, an 

elementary act of collisions, productions being considered 

( in general of weakly correlated particles) to occur at a 

fixed impact parameter t . The total inelastic cross section 

is derived by integrating over all the impact parameters. 

Accordingly, inclusive ( semi-inclusive) characteristics include 

mixtures of a large number of elementary components with 

given 6 
Following Van Hove, one has 

Fu,t) = j c/ 2 l e' 11~t:Sft) ~L 

t=-JJ ., 
(4.JJ) 

where the total inelastic cross section with given b (4.JO) 

d (d'j = L c:" It) 
'7 

c/ 2tn<( 

cl t<- (4.J4) 

and the n-particle production ( topological) cross section is 

written as a superposition of n-particle cross sections at 

fixed impact parameters ( 

i;, = jcJ!.{, 6~ ({j = jrF( t! c?, 
cl (-' 

(4.J5) 



To obtain the multiplicity distributions we need r:i: ( t') / ~~ ( t) 
By using the relation (4.JJ) and its partial analog overlap 

fsemi-inclusive) function F, r 5, t) 

~" ( s, f) ===- J cfl € e ' 4 
t d, ({) (4.J6) 

and also the corresponding formula for transformation ( the 

Fourier-Bessel transformation) one may find relations between 

the functions .1 (s, r:J and multiplicity distributions <:5"'(5) 

In particular, for the contribution of inelastic channels 

(4.J6) obtained in the framework of probability approach to 

description of the scattering processes at high energies 

( Logunov, Khrustalev) it is shown, proceeding from the 

universality of function p f( s) (4.32), that f(S, () 

is connected by the Lehman transformation, with the function 

~(l,~) characterising the multiplicity distribution in 

proton-proton collisions at high energies 

Lf ( ~) <. h > d:n 
c; 

z: ::_ It 

L.n> 
(4.J7) 

The three-component model for Vri!} found and analysed 

further describes well both the multiplicity distribution and 

the first ten moments of distribution ( see discussion 

concerning difficulties of the two-component description, Lect.II). 

It would be of interest to study what follows i~ the language 

of geometrical models, from separation of the mechanisms of 

multipartiole production into a sum of contributions from 

different components and in this connection to study the relation 

between such concept as range of correlation, diffraction, 

fragmentation and independent emission of produced particles. 

The existence of connection between elastic and inelastic 

processes following from the unitarity condition ( 4.27), (4.29) 

is supported also by that the result of two particle collision is 

defined by the internal structure of hadrons. The structure of 

interacting particles, displaying in the smoothness of an 

effective quasipotential of interaction, defines also the 

multiparticle production processes. An attempt is, therefore, 

natural to gain information on some simple characteristics of 

inelastic processes qy using the quantity characterising 

the elastic scattering. 

Consider now several aspects of this problem: 

a) A connection of parameters of the elastic scattering 

with inclusive and semi-inclusive distributions. 

b) A behaviour of the associative multiplicity as a 

function of t~ -dL and elastic re-scattering on a compound 

system. 

c) A relation between slopes of the elastic scattering 

amplitude and average multiplicity of secondaries. 



f 

a) In considering the model of independent emission ------
of soft pions as a result of collisions of two scalar nucleons, 

the differential cross section of production of m mesons 

( semi-inclusive distribution) can be written in the form 

(Khrustalev, Savrin, Semenov, Tyurin) 

~ I 2._ 

d c::., = I.{Ti 2 (.t( +1) 1 n d ~7 ( le ( "' t,·, r) ' (4 • .38) 
di<' (n-t}! ( <"2-

If one introduces the density of meson distribution .fl ( ·· K,) 

and the corresponding quantity in r-space, then the assumption 

on independent emission of mesons, together with partial 

unitarity, allows one to connect the quantity }Je to) 

with the phase of elastic scattering of two nucleons 

Je ro) = Ltfrn £e (4 • .39) 

and the cross section for n-meson production takes the fonn 

- 1-1 
de, 
eli' 

:Ji 

)
J 2. 

{Zli '7 
- f< fc;} .J, rc) 0 t) 

2 (.:!! ., t) e ---) ~, j "' ( ' (4.40) e ( ,,_ t . 

i.e.,the inclusive one-particle Qistribution is 

d~ -elk' 
]I 

0r.)Jc2_ L (.2c • t} (). ( K~} 
(• I 1 C •' t , 
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In the impact parameter representation one has 

ole?. 
di? = 

-- c{). . ~ ~ { J' (2 7i) ~ . g J< ~I () , 
(4.41) 

In this way, we arrive at the explicit relation 

between the inclusive distribution over transverse momentum 

and the imaginary part of the phase of elastic scattering of two 

nucleons ( simultaneously with spatial distribution of the 

hadron matter in huoleon): 

cld 
J~ 

= _/_ CJ 2 I ~ 
(27iJ 3 o (zK~,uJ 

[f ( ~' o) = z ~o~(2~) 

(4.42) 

b) Consider now, 1a the framework of eikonal approach 

and impact parameter representation, the interaction of a fast 

particle with a compound system, the target particle in the 

final state dissociating into h - constituents. Consideration 

of the interaction with a compound system allows one 

(Kvinikhidze, 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) 
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and in this way to simulate the inclusive and semi-inclusive 

characteristics of multi-particle processes. 

Consider a contribution of a multiple interaction to the 

one-particle distribution function of final particles. For 

n=2, by definition, one has 

( { '--') 

~ 
dY..J L12 J

! j 

F- i n ~ c)~ "'( c - i_ f·) o" r 4-- r t> y:J ') 
' 2p, .. 

C::: 

~ /2 
(;(x- !:._!__ ) / /V/n-2( )< J p;_ J d) ' 

F2 'PH 

(4.4J) 

where F~ 2(2r,) 2 A
1
1'(S, fh/;fl1 2

} and /'-'In defines 

contributions of double interaction: 
-,> 

,\-12 '--

t;L j (e:_,, x). 
_.,. ' )( (;:) IL ( [- (1-X) f;:) ,(4.44) 

·,-- ~ 

1
2 , ·2 · ' ( L1 + , . D , t 1 r e 1. ; '1. 

(_ t. 17 

+I I{+ 
j 
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~~ = i; -l 
..... ~ ~ 

where t: (1-l<) t, + )( (. and ( t'2 

are individual. impact parameters o:f interaction of the fast 

particle with constituents 1,2. Substituting (4.44) into 

definition (4.4J) we get 

Ji:,n,z. j' 
d)( ,/ A-L = C c('( dl ff' 

- 12 f._ d, ... (t--l') jc/ 2 6,
2 

/yJrt.L,;c) ' 
(4.45) 

/ ;f r g~' -r v. ~~.J f z. r /~- r 1 - x) lz; 1 rl-- xC;:J 

? j~ (/- (1-x) ~~} 1 

f 
.,. 

where , f ( 1 .>t} are the two-particle elastic amplitudes _, 
and the wave fUnction Iii (x ( ) plays now the role of the T 1 tz 

probability amplitude of dissociation ( fragmentation) of a 

compound system into constituents. From (4.45) one can easily 

see that the distribution over the squared momentum transfer 

is defined essentially 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 system 

I :;, ~ "" _, ,.J-r(t?~-6.' c co,,=z - 'I ,.~·2tl I'~ I (/) (t I ) lJ!(( ) e ~~ JL IZ, - C 11 t;12 C t· 12 T ;z.. 1 X 1 u, .ll , 

dx clp1 

J 2 ........ "'"~Jf"'r·"" """') 1 J f f~ (f. r X giL z 6 - ( ·1- X) f,z. 

( 4.46) 

·-+ 7 ... - ~ r r £ -t- x t~ z_) 1 L r f - r .,_ x) ttz J . 
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strongly depends on a character of the wave function (i.e., 

on properties of fragmentation of atarget into constituents). 

In the general case of an arbitrary number (n) of 

constituents one has: 

I{/ 
I '1 I )(/ " . X /i I Ll.L I 

___,. 
p,l. fr,_,)-1_; s) = 

...... ~ h ....,. ' ~ 

J 
j I t cJ n r; '2 · L f-L< [, j' ." . ~ ] 

(/ t ( I o If c( (I f I ( i, 1- Xt t) . (4.47) 

v(,) ( {X t , rf, i ) ' J ( i x, e,) S( i x, - t) . 
1 ' 

As has been mentioned above, the distribution I ~z. 
t d, /clxr/11 

corresponding to (4.47) is sensitive to the form of the two

-particle amplitude of scattering on constituents~~ ~~~ 1 x). 

Making different assumptions on the structure of the local 

two-particle quasipotentials one may obtain a detailed informa

rion concerningthe behaviour of a compound system. 

In particular, if one assumes that in the region of large 
~~ 

~ ~ 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 
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\ 

rather general assumptions on the fUnction <prt}x.J 
for X 

where 

fixed one can show that 

dc"~

d tf•.z. 
c ( r& ) . .) f " ( ( Ll / ,., ) z.) ' 

ft (LJ) = f~ (£1) · ·. ==: f rtl} 

(4.48) 

i.e.,(4.48) results in the so-called "broadening" of the effective 

slope of the 
-->z 

4 - distribution as a function of R ( becomes 

more smooth in the region of large Ll ) • 

Composing the first moment (4.48), i.e.1 the corresponding 

associative multiplicity, under the assumptions made above, 
<lc' -. J' -} leading to the automodel behaviour of the dependence -~-:;~-' 1 r, 

I? ~ Af17 ( see (4.18) ), one may obtain the growing 

behaviour 

z. 'l ( ll ) > ~ c .<1_, <-

(4.49) 
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C) On the relationship z n,l,ft,v > with slope of the diffraction 

peak and G' u•t 
-~------

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, tbis 

approximation has been suggested and developed by the Dubna 

group ( Tavkhelidze, Barbashov, Matveev, Kuleshov, Pervushin, 

Sissakian) for high energies and fixed momentum transfers. 

This method leads to number of interesting results for high

energy multi-particle production processes. 

One of them is that the total differential cross 

section obtained by summing aver the number of all emitted 

mesons is found to bendependent of t 

cJ G tct = ( o/6") .:= L1lft-Yt 

cit dt 0 

in a certain range of secondary particle momenta. 

(4.50) 

This is, in a certain sense, analogous to the point-like 

or automodel behaviour of the cross sections for deep inelastic 

hadron-lepton processes. 

The real content of the result (4) 50) consists in the fact 

that the total differential cross section can change noticeably 

only by changing !Jt- tc~~~ which greatly exceeds the 

sizes of the diffraction domain. 

To estimate fcff' , we may make use of the unitarity 

condition which yields 
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-tcff ~ 

This value of t"({-

I il 

Gt .. C 
( 4. '>-L) 

can be employed for estimating 

the average number of secondary particles ~iffr. produced 

in the diffraction collisions of hadrons at high energies 

-
n do if" ( >) 

t,H-
_I_ J u'r?''t Aro!rlf 
c;' t-c.c (J c:l t 

~ i,·.c~t 1/;n) 
, c .. c 

c 

Thus, the diffraction or peripheral part of the average 

multiplicity is defined by the parameters of the elastic 

zero-angle scattering amplitude. The conclusion about the 

behaviour of the total particle number hrs) can be drawn only 

under definite assumptions about the contribution of small 

distances to high-energy multiple production processes. In 

particular, if the assumption about the disappearance of 11pioni

zation" effects at high energies, i.e., the production of 

secondaries with limited momenta in the c.m.s. of the colliding 

hadrons, is used, then•relation (4 . ~-1 ) will define the 

behaviour of the total average multiplicity 

il (S} .=-. 
(;,n;f lltsj 

-r ),/ J {q ,-z) 
C! t£ L 

where )J is the number of ~eadin~" particles. 

From the viewpoint of attempts to connect the regularities 

observable in multiple productions with the p&rameters 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 is known 
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that within the model of uncorrelated streams very small values 

are obtained for the elastic slope, and a mechanism of the multi

peripheral type gives very fast narrowing of the slope with 

increasing energy. In this respectit would be rather interesting 

to estimate the value of A(s) within the models allowing for the 

two mechanisms. 

Using the well-known restriction on the asymptotic behaviour 

of the diffraction peak width in quantum field theory (Logunov, 

et a1., R. Eden) from Eqs. ( tf. s·2 ) , we get in the general case 

i?rs) <- 1.£'1<-sf 
<!Sue 

e~, 2 s . ( '/ 5_3) 

This relation is an interesting interpretation of the increase 

of the strong interaction radius. 

Indeed, A(s) is the "visible" hadron size, c;t<>t:- defines 

the minimal distance R for which the automodel behaviour holds. 

One can see from Eq. (" 52 ) that 

A IS}~ R. 2
c: ";r}- . 

Tbus 1 the strong interaction radius increases under the 

condition of the oonstant oross seotion, at the expense of 

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

secondary particles. 
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Problems for Discussion to Lee. IV 

~. Find (.n(p,J> and 
C/ G ""''-

if Y r c) 

<.( !11 
in (4.15) has the form y ( z J - ;z _, - '/? 

t h'/ 2.< 
f• 

2. Find from (4.18) KNO (I) for the factorized distribution. 
«... II > ~~ ~ 

d2., F J f'r } -- = (u pJ. ..., 
tt PJ.. 

.J. Find r,r<J = 0 for the 

K!VC T ~i/<·/)! 

non-correlation case 

according to (4.19). 

4. Solve the unitarity corrlition (4. 29), 

find f : J fP) and vice versa. 
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Lecture v. 

PHYSICS AT HIGH pl. 
~1. New regularities in high energy production 

In this part we present a review both of experimental and 

theoretical results on large transverse momentum inclusive 

processes. An interest to these processes is due to the present 

experimental possibilities of getting large f .L or momentum 

transfers on new ac9elerators. On the other hand, there are some 

theoretical arguments to expect that the interaction mechanism 

at large momentum transfers differs essentially from that which 

determines 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 the cross section behaviour 

compared with that in the small transfer momentum region. 

Some of specific features of the processes in question are as 

follows. A steep decrease of the cross sections with growing 

r _L at fixed S' , the increase of cross sections With 

energy at large fixed transverse momenta jJL , the appea-

ranee of appreciable correlations between particles with large f)~ 

and other seoondartes, etc. A general view on a behaviour 

of these processes as a result of analysis of experimental data, 

is given in Table. 
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Table 

Pl.. Small Large fl. 
-----------------------------------------------------

Rapid decrease Less rapid (steeper) 
of the cross of the cross section S fixed 

decrease 
with 

n.L increases sections with increasing fJ.. 
r -- ~~~~~fet_p ... _· --------~5:.~----------

p~ fixed Weak dependence 

5 increases of the cross , 
sections on .S 

Growing cross sections with 
increasing S 

-----------------------------------------
Particle 
Ratios 

Among secondaries 
the pions dominate 
( 7r(/f..)"- tC'/o 

7i fll- -i 

Heavy particles are produced 
relatively more copiously 

7r+/rr->i pp (collosions) 

-------------------------------------------
Associated 

Multi
particle 

Weak dependence of 
the ass. multipli
city on (1.1.. 

(llcfJ..J> v Canst. 
--------------------------
Correlations Small 

Growth of the associated 
multiplicity with i:creasing fL 

< 11 (p.L)> '- p.L 

Large positive correlations 
between two large pi. particle: 

('.z. {e.! ( , e ~ 2 ) 
---------------------------
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The first indication of sur~risingly high cross sections at 

large iJl.. came from CERN ISR where the cross section was found 
I 

to be several orders of magnitude higher than the extrapolation 

of an exponential fit tothe invariant inclusive cross section 

found for fi. < 1 GeV/c. Data also displayed a very 

strong S-dependence at large /)1.. 

J~~~ T1T li \\~ ~ ' ... 
··.4 \ . 1 
~.~ \ ~ 
j ~\--~ ' 

1 I • I ' ' f p. .... -'t\ 

Fig. V .1. 

Thus the exponential drop 
-Ci.f' e .4 of the invariant cross section 

for production of charged particles established for f.L < 1 (-.e\jt. 

does not last for pl.-;;. 2 GeV/c. In this region the fj_ 
dependence of the invariant cross section is much less steep than 

in the low fl- region 

"j··~fl(_ 1 

~~.. j {~·" •·"Jt.jll ll ; 

- · I j i j' Jjj 1 j< ~.- I ·- "'""' l( j j I j ' 
• "! - I 1 "L : ~ " l 1 I . . ~. ,; ·~ 

OQ OIOt 01' tit ..... --.-!i- ••• •• 

Fig. V .2. 
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Thi.s data is consistent with a D_L 
I 

dependence given by 

'!> 
- Ji,' ftl,,-t J? £:: --

(l( (' 
= p.L J (x1.) (Ce-\·y-

(5.1) 

where X l. = :Jp.J. ~Is and 

for f p .- 7T£( 5l'/ --t- .. , 

AI-===.? 
I 

f( f)' 1" XJ.) ·"- ~- XL 

c/6 --N-(; 
The parametrization E: ci(~:: p.i.- f t<J.) with 

gives a fair description of pion data at large 

L() -Ct,)(.' 
:r x! ---e .J. 

{J.L ( XJ..) 

however, with different values of the parameters ;1/ and c?_ 

depending on the region of p1- and S' over which the fits 

are made, typically giving ;i/ ~ 8 at the ISR for Xj_ ~ o.5 
and N= 11 at the larger values of xl. at FNAL. Fig. v.J 

shows the variation of )V as a function of Xj_ requires 

to bring the charged pion data of different energies of the 

FNAL to get her. 7~-r,-,-.,-~-.,-~-.-ro 

6 

5 

4 
n 

3 

2 

;--1-,-!-!
/'1 

,! I 
I 
I 

I ISR IRonge,, 

0 - -
0 0.1 0.2 0.3 0-4 0.5 0.6 0.7 08 

X~ =2p~fiS 
Fig.V,J 

Variation of exponent in the parametrization 

as function of '· 
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Most of experiments on production of particles with high 

transverse momenta are purely inclusive. They give only the 

p1-distribution of secondaries of a given type without 

telling us what kind of collisions leads to the emission of high 

transverse momentum particles. A study of particle correlations 

in high energy collisions leading to high transverse momentum 

of secondaries can provide further insight into the dynamics 

of these processes. Knowledge of the correlations between the 

high pi particle and the other secondaries in an interaction 

is thus essential for a complete understanding of the produc

tion process at large transverse momentum. The experimental 

information presently available on such correlations at very 

high energy comes from ISR measurements involving photons ("Te} 
+ 

and 71- mesons with large transverse momentum. 

To make this problel!l more clear the distributions of the 

charged particles emitted in proton-proton collisions in 

assooiation with a photon of high transverse momentum were 

studied at the CERN ISR • The normalized total aultiplioity, 

associated with the photon is plotted in Fig.V.4 as a function 

of PJ. and for different a.m. energies. The multiplicity 

I'" 
115~ v 62 . " 

" • Jl 

0 " 110r 

J 

t 
) 1! 

J • 
• t t 

t l 

• t 

I ~oo~v !t ~ 
r , 

P.._ lGe~,c) 

~ lr 
tr 
l 
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Fig.V.4. 

Average total multi
plicity of charged 
particles at vr ... 2J,Jl, 
45,5J and 62 GeV as a 
function of p~ of the 
photons, detected 
at {)eM== 90°. 

increases moderately with /)~ the growth being more 

pronounced at higher energies; above fJ~~ J GeV/c the 

distribution is flattenning. In order to understand such 

a behaviour, the fL dependence was studied for the multi

plic~es observed in the two hemispheres: towards the observed 

photon and away from it ( or in the same and opposite direc

tions) • Figures V.5a and V.5b show the normalized hemisphere 

multiplicities as a function of p~ and for the same c.m. 

energies as in Fig.V.4. The multiplicity away from the photon 

increases linearly with /)L and displays a little a-dependen

ce. The dependence on energy seems to be entirely concentra-

ted in the hemispheres towards the photon. Here the multi-

plici ty decreases with p 1. 

while only a slight increase r-· .. T:~l 
J 1ft' 
1.1 

., 
{+ 

I Of-. 

2
p.._(GtN/d 

3 

" V62 
• 53 ,., 
~" . " 

at the lowest c.m. energies 

is observed at the highest energy. 

2 ' pl.~) 

Fig.V.5a,b • Normalized partial multiplicities as a function 
of photon transverse momentum in the hemispheres 
a) towards and b) away from the detected photon 

The following analysis has been repeated for photons 
') it 

emitted at 1-;'c 11 ::: 17.5 ° ( li ~ ;t ) and for cm.m. energjl 

\rs' = 5J GeV. The data are compared with the corresponding 

90° data at the same p.L value. The normalized total multi-



plicity, shown in Fig. v.6, displays a rise with p j_ 

which is rapid than that observed at 90° and which begins 

at larger /!L . 
-• 1 I) ._ 

'" 

;o 

1v1.-' 011 

• 
• 

0 

1 

• 
t I I (j.r "0: ')o·· j_ 

? s ~ o• 
:) t 

• 
0 

0 

L '{ f_. ( c:.:zrjc) 

Fig.V.6 

Average total multiplicities of charged particles as a 
function of pj__ of the detected photon for ot/1=90° and 17.5°. 

(See. T. Deb Prete, 1974). 

one can summarize the relevant features of these data as 

follows: 
1. The charged particle multiplicity increases with j>l 

in a wide cone opposite to the detected photon. The growth of 

multiplicity is roughly linear 
in ? j_ and energy independent. 

2. The mean multiplicity of charged particles, emitted 

in the same direction as the photon generally decreases with 

increasing pj_ ; only at the highest ISR energy a tiny rise 

is observed. 
J. 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 effect has been obtained in a somewhat 

different tyfe of high p~ correlation experiment which has 

been performed at BNL at the relatively low beam momentum 

of 28.5 GeVfc. In this experiment the reaction is ff ~f(ll)i (tH 

where the charged multiplicity of the fixed missing mass (MM) 

is measured as a function of the transverse momentum of the 

fast towards proton ( pion). As is seen in Fig.V.7 the multi-

plicity is r.,ughly indepement of f.l below 1 GeV/c but 

rises moderately as fJ. increases from 1 to 2 GeV/c. 

" "' 1\ vsttl 

10 20 30 40 $.0 &O 
t![Ge>•c:1 

Fig. V. 7 

Variation of the average charged 
with /i:l"' p~ for four intervals 

particle multiplicity, 
of MM 

t\. I 

v 
At the CERN ISR the measurements were also performed of If 
correlation as a function of transverse momentum when 

two neutral pions are detected at large angles on opposite sides 

of the SIR intersection. The correlations at VS: = 5 J GeV 

are shown in Fig.V.8 • One finds that when a large P.t 
pion is detected on one side, the probability of having another 

TTc with large pL on the opposite side W several orders of 

magnitude larger than would be expected from uncorrelated pion 

production. 



o0.13~X~<.0.165 
a) 

o o.1ss<,x:<o.2os fJ) 
•0-075.$ x:<.o.1os • 0.105<,X~ (0.13i{ 

? 

-;0 10000 

9 / 

j :00 ~l /~/t 
WM (I "' 

•' I 
I 

10~ 
I 100 ., 

;"-PAPTON 
• 

d., I I I I 
0--- ~- (l.-2- 0.30 0.2 0.3 

x1 
Fig.V.S a,b 

(; 

The correlation coefficient for two 7(, S near Oe!:\,=90° 
as a function of X .L ( azimuthal separation ..-.180 ) 

Here by correlation function we mean 

R(x.11, x.!.l) ~ 
~11 . 

,.('6' 
eip1'!> 

where x j_ = j_ rj_/ rs 

e ; 
c./ 6 
. :s I J 
dfi -e f2. 

J6' 
,(pt 

The correlation is seen to increase with increasing X .L 

(5.2) 

of either 71" 0 
and R is a.shigh as ~104 for x,J.=-X =02. 

J J..L ' 

'fhis behaviour might be rather a consequence of momentum 

conservation, however, the function R for the same-side 
0 ·rr 's ( see Fig. v. 9) is also positive and large ( at 

X =X -0.1) an effect of which cannot be explained by kinematics 
/i :U.- I 
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Jj 
~~. X.11=o.11 
D XJ.1=0.13 t 

~+. 
~ + 
4 

0.025 0.05 0.015 0.10 0.125 
X.L2 

Fig.V.9 

The correlation co efficient R for two lr 0
'S with azimuthal 

separation "0° 

2. Hadron structure and high transverse momentum 

A common view is that the collisions with small t = pf:" 
are determined by a global structure of hadrons, for example, 

by the effective range of interactions of order 1 fermi which 

is related to the slope parameter of the cross section. 

It is naturaly to expect that in collisions with extremely 

large transverse momentum ( or momentum transfers) pl...,_ f;1 ""'E 1 

E~~ an inner local structure of hadrons which is 

presently assumed to have "hard" of "point-like" character 

becomes more important. In inclusive reactions at large p~ 

the "hard" point-like structure of hadrons can be revealed. 

From automodelity point of view the processes with large 

have an analogy with the phenomenon of poin-like explosion 

and, therefore, they must be described by a usual dimensional 

analysis. For large $ by simple dimensional considerations, 
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it follows that instead of general form d6f'{ f = f. (S, fi1
1 

p.J.) 
we may have the following asymptotic formula 

tJ/ (~' 

"'f -
-A<' 

PJ. ](x, X1). 

In the framework of the quark model using the principle of 

automodelity it was shown ( by Matveev, Muradyan and Tavkhelidze) 

that the above mentioned power law at large angles depends 

essentially on a number of hadron constituents,i.e.,on 

"a degree of complexity" of particles. 

Attempts to derive the power character of the asymptotic 

behaviour of cross sections at large angles ( P.J.) 
have been made in a number of recent works under the various 

model assumptions. 

Recently various oowposite models such as quark model, 

parton model and others, have extensively been used in the 

elementary particle theory. In this connection the problem of 

a self-consistent-relativistic description of interactions of 

composite particles is of much importance. An effective method 

of describing the properties of relativistic composite systems 

is the quasipotential 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) processes at high energy and transverse momentum • 
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Quas1potent1al formulation in terms of the light-front 

Tariables giTes us in particular within rather general 

assmaptiops about the behaviour of wave-functions of composite 

system, the intrinsic power dependence of measured quantities, 

e.g. ,oJ{;'jrfp.J.-""S-A:J'(X.J.) 
1 

where J is a scaled 

function, in region of high pJ. -~ VS , S ---"" .,.a • Such a 

behaviour is obtained in the framework of various models in 

which a hadron is assumed to be a composite object with many 

point-like constituents. When these constituents are cal~ed 

partons (~rks) there are two possible mechanisms of the 

interaction of two colliding hadrons: the parton-parton 

scattering and the parton interchange. According to that there 

exist, 1n fact, two parton models of the high pj_ particle 

production. In the mechanisms of the parton-parton scattering 

discussed by Berman, Bjorken and Kogut two colliding hadrons are 

considered as two colliding beams of partons. 

The interaction of hadrons occurs when a pair of partons 

interacts via a gluon exchange, scattered one against another 

according to the parton model the cross section for production 
d(" ( . -

of a high p.i. particle is given by E ,-tp" "-' 1~., · f(pJ.,S) 
where factor p~4 comes from the vector gluon exchange in 

scattering of two partons. The function f(PL,S') 
is determined by the probability to have a parton with the 

momentum X and then to obtain from this scattered parton 

a particle with the transverse mo~entum p~ 
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The second possible mecr~nisms of the interaction of two 

hadrons was discussed by Blanckenbecler, Brodsky and Gunion. 

They assumed that in a collision of two composite objects 

their constituents can be interchanged. 

The probability a parton with a large transverse 

momentum can be evaluated from the form factor of a hadron 

and same, power la~ for high p.~.- production 

E ,l_j:_ ..-v p;A (;::. ( f.=.) where exponent 1\/ 
"P rs ' can 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 p 1. particles observed in high anergy 

collisions are the decay products of two clusters which 

d~cay anisotropically and their decay products are collimated 

along the line-of-flight of clusters. The cluster models 

predict that a high transverse momentum particles are oftnn 

accompanied by other particles with high transverse momenta. 

all of them being the decay products of the srune cluster. 

The production of high transverse momentum particles 

is strongly damped by the multiperipheral mechanism of the 

particle production. In some recent versions of this model 

attempts were made for the description of high r~ data a 

serious difficulty of the model is the observed increase of the 

multiplicity associated with high fl. particles. The model 

requires that masses of many-particle systems should be 

small and therefore multi-particles of these systems to be low. 
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Xnatead the multiperipheral model describes correctly the 

1norease of the heavier particle component at high J?-L 

§ J. Associated multiplicities. 

As was mentioned in the lecture, a dependence of the 

growth o.r average multiplicities on the transverse momentum 

was considered ( by Matveev, Sissakian and Slepchenko) 

under the assumption on the automodel character of the 

behaviour of semi-inclusive spectra. To demonstrate more 

clearly the correlation character of the associated multi

plicity .( V1(pi.) > one can also introduce the equivalent to 

definition 

< 11 (fJ> = 1_~ dF I c. (it f,_) d f, + ('tl;>, (?.3) 
~~ c/ f, 

where _C.:t. ( P11 P1.) is defined in I. 

From ( S..3) it is seen, in particular, that if there are 

""' ~ p and ~, 

the associated multiplicity for the inclusive production 

no correlations between particles with momenta 

of a particle with momentum -::"> -~ 
C{- does not depend on l 

( t1 ({5') > = < VI ~.-t -1 
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Note that in accordance with the total momentum conservation 

the large transverse momentum {JL of the detected particle 

is balanced 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 take 

considerations of the multi-particle production mechanisms. 

Proceedings from the assumption on coherent excitation of the 

particles, colliding at high energies one can obtain that the 

average number of secondaries increases linearly with the 

squared transfer momentum 

~ 1. < !1(p.~.);> = ~ -t- f· pl. (5.4) 

Within the framework of the straight line path method, this 

result has been derived for the diffractive production of 

secondaries. Such a behaviour is in qualitative agreement 

with the experimental chta on pp- collisions at the laboratory 

momentum of the incident proton pe«R ~ JO GeV/c. ( See 

fig. Y.7). 

An analogous phenomenon follows also from the hypothesis 

of limiting fragmentation where the growth of < ~1 > 
with p.J.. arises due to the impossibility to give a large 

transverse momentum to a hadron without its break up. 
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Note that in the multiperipheral model the mean multi-

X plicity decreases logarithmically with growing pL 
This decrease, apparently, is a consequence of that the multi-

peripheral model corresponds mainly to the mechanisms of 

secondary production connected with appearance of hadron 

clusters in a central region, while the results of the coherent 

state model ( Matveev, Tavkhelidze), the straightline path 

method and fragmentation picture correspond to the mechanism 

of diffractive dissociation of colliding particles. 

The inclusive cross sections for a diffractive production of 

high {JJ.- particle corresponding to topological ( semi-inclusi

ve) distribution, satisfying the differential scaling law 

eq. are consistent with a power asymptotic behaviour on 

the form 

~ ~·) r--,.( ,_l._.>(_'f-2. 

dp.~. ( rLJ 

F(2) -e~ 
f? 

( :i_'~) 
\ s 

r:-

c{S/. e yz 
(5.5) 

The associated multiplicity has approximately rising dependence 

on r~ 

<'tJ(r"-)> "' (a. f.L ).::2..><. (5. 6) 

x) Within the NP scheme it is possible to reproduce 
-"C the growth of spectra with energy and their power decrease pl. 

at large transverse momenta . 
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In this connection note the fact that the assumptions, made in 

the framework of our consideration, make it possible to 

establish a relation between theeffective degree of fall for the 

inclusive cross sections at large p1 ( taking in account 

the factor F u~ J ) and the increasing character of •he 

associative multiplicity relative to Pi. 
This correlation depends on the range of x~. 

It is of interest to turn back to (Fig.V.J) where 

the correlation of such type is drown, i.e., an effective 

dependence of degree of power decreases on the interval of 

the variable x1 • 

In particular it may serve as some evidence of the possibility 

to describe the inclusive spectra at large fL not by 

a single term of the type (5.2), but by their superposition 

with various ;V • The value of ;•/ for the given region x.L 

decreases with increasing energy• 

Note, that from the 

theoretical point of view the appearance of an effective 

dependence of the degree of the value x~ may be interpre

ted as a result of the competitions of several different 

dynamic mechanisms. 
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In the language of quarks, the process if inclusive 

production of mesonH with large FL 
of the exclusive interactions. 

is determined by one 

117->/111 N"' :2 Ill-!~ 'f 

'lf -Mit -II 

f 8 -> flur IV = n
8 

+ 11
15 

~· o,-

1 1r --- J./6 - 1/ - -

The extrapolation of the found dependence into the region 

gives nz 2 that would correspond to the point-like behaviour 

of a oross section and oould be defined by the elementary 

process '11 -- rr with the subsequent fragmentation 

of quarks into real particles. A direct experimental examina

tion of a dependence of the associated multiplicity on the 

particle transverse momentum is thus of great interest 

for test of theoretical models • 
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Problems for Discussion to Lec.V 

1. Find the relations between different variables 

p~, p.L , t , e, 1 = c~ 1 "/z.. , 

y, XL I 

2. How do you understand the following conditions in the 

terms of variables pointed out in 1): large angles ( or mom. 

transfers); 

fixed angles ( or mom transfers). 
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