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"l'l 1. INTRODUCTION 

The calculation of 80ft processes in QCD is so far a rather 
problematic job connected with alI the difficulties of strong 
interactions. Because of that, it seems to be reasonable to 
describe thes~ processes with the help of a QCD based pheno
menological approach. A possible guide for such a quark-gluon 
phenomenology of soft procesSes may be the 
(N e is the number of quark colours) / 3- 51. 

llN e expansion 

A description of hadron-hadron collisions which is based 
on the results of 1/N e expansion í s given by the scheme of dual 
topological unitarization (DTU) - see, e.g. /6-101 and refe
rences therein. The original version of the DTU scheme is sui
table if the characteristic size of the gluon interaction ia 
of the order of the hadron size. Supposing the effective short
rangeness of gluon interaction, the DTU scheme leads to a cer
tain hierarchy of contributions: cylindrical grapbs which cor

\., 
respond to the impulse approximation of the additive quark mo
del/l.11-131,ecome the dominating one s , while the other graphs 
play the·role of shadow corrections. 

In the present paper high energy hadron collision processes 

'" are considered in the case of short range gluon forces. In' 
Part 2 the results of the 1/N e expansion in the quark madel 
which are necessary for our further considerations are briefly 
reviewed. In Part 3 we investigate the elastic scattering ampli
tude: we estimate colour shadow effects in"p and pp colli
sions and discuss the role they possibly play in hadron-nucleus 
collisions. The inelastic production of fragmentatiohal hadrons 
is considered in Part 4. 

2. llN e EXPANSION, SHORT-RANGE GLUON INTERACTION 
AND TRE QUARK' MODEL 

In the approach of the llNe expansion one considers graphs 
containing large combinatorical factors Ne due to large num~~ 

bers of intermediate colour states. It is convenient to sepa
rate diagrama with different ordera of Ne using a supstitu
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tion of 'gluon lines by double lines corresponding to quark
antiquark pairs (or, to be more accurate, to colour-anticolour 
pairs). The difference between the number of coloured gluon 
states N~- 1 and of co l.oured states of quark.-ane í.quark pairs 
N~ is negligible within the accuracy giv~n by the~~~proach. 
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• Fig.l. Graphs for seLf-energy parts of mesons (a-j), 
quarks (n,o) and bLocks of scattered quarks (k~) 
described in the language of QCD quarksand gLuons 
(a, c, e, h, k, n), in the language of colour' diag
rams (b, d, f, i, l, o) and in that of the quark mo
del: (g, j, m) , 

A quark loop, produced by a white source (F'í.g, 1a or, in 
a different way, Fig.Ib) contains a large factor No corres
pond í.ng to No colours runn i ng v around the Loop , 'Bound s t at es 
can exist only, if the quark-gluon coupling constant is of the 
order of g,..l/Y-"'N';.'In this case a l I planar d agrams of the typesí 

of Fí gs v l a , te, Ih, etc., are of the s ame order(-No).This can 
be seen easily if we redraw these graphs in the form of colour 
gr~phs, i.e., substitute gluon lines by double ones (see 
Figs.lf, li - the dotted lines symbolize the path of flavours). 

Planar diagrams, containing quark loops (e.g., the graph 
Fig. l c ) are of one order less in No (see Fig.ld). However, 
the internaI loop contains quarks of dífferent flavours, conse
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quently, an additional factor Nr arises. Taking into account 
only light quarks (u , d , s ) we have Ne = 3 and the graph Fig.lc 
turns out to be of the same arder as alI the other planar diag
raros. Concerning the role of factor Nr there,exist different 
opinions. For example, from considerations inl 51 it follows 
that Nr is practically irrelevant. On the contrary, in a conc
rete model which is considered in/ 14/the factor Nr enhances 
the contribution of the corresponding diagrams. This shows at 
least, that there might be cases when Nr is significant. In 
the present paper we will use this assumption. 

Let us discuss now what the quark model means from the point 
of view of the l/N expansion. Suppose, that in the graphse 
Figs.la, le, Ih the source is a rneson field. Consider the cor
responding self-energy parts of the meson propagator (they de
termine the rneson masses). One can divide graphs like Figs.lc, 
Ih into parts which are connected by interrnediate states con
taining only qq pairs. In this way one in fact separates blocks 
inside of which the quarks and the antiquarks interact by gluon 
exchanges (Fig.lk). For example, the graph Fig.le contains one 
such block, graph Fig.lh - two of them. 

In the leading approximation in Ne the block with gluon 
exchanges (Fig. 1k) rneans an exchange of co l our states C:: 1 $ 8. 
lndeed, as it is seen in Fig.ll, the colour exchange between 
the quarks is carried out by only two colour lines (the main 
contribution to the number of states is due, naturally, to the 
colour octet). One can assume, that for the block Fig.l1 a sort 
of dual expansion is valid, and it can be represented by an 
exchange of effective fields (see Fig.Im). lf so, the amplitude 
V of the block Fig.lk is the sum of propagation functions of 
these ef f ec t Lve fields (DJ P ) with different J P and C va
lues: C 

BJPr.(s)DJP c(t),VaI where D,r P c(t) - m2(J P C) _ t • (1) 
J P C v C 

The amplitude V is a function o f r s - t he total energy squared 
and of the mornentum transfer squared t. Restricting ourselves 
to the region of low s (the region in which the quark model is 
as sumed to be valid), the coeffieients B in (I) can be consi
dered as being nearly independent of s. In this case it is 
enough to summarize over the lowest values JP = 0-, 0+, 1-, 
etc., only; the exchange of such effective mesons has to desc
ribe the quark interactiens in the quark modelo 

It is known from ínvestigations of potentials that the t
channel exchange of an effective gluon (JP = 1--, C = 8) pla'ys 
a dorninant role in the mass splitting of hadron multiplets/15'1~/ 
Meson spectroscopy shows also that interactions with JP = 0
in the white channel are necessary: they lead to.the splitting 
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of TJ and TJ' mesons . The role of exchanges wi t h order JP i s 
not clear so faro 

Quark propagators Dq determine the quark mas s es D q ,.. 

1 . h lf	 ' ' ... K - • S'i.nce t e se -energy parts of t he quark propaga
- m ~k2) 

tors CF11gs.ln, l c ) are not smaI l, in Nc • t he quark mass m (k 2) 

ha~ to be seriously dependent on k 2 • Calculations on thi basis 
of current algebras lead to small mass values of current quarks 
(i.e., masses at large k 2); m 4 MeV, md= 7 MeV. Es t í.ma t i onsu= 
show /18.19/ that the quark mass increases relevantly at smal I 
virtualities k 2 _ 0.1 GeV (which is the region of validity of 
the quark model) and therefore mq (0.1 GeV 2 ) z 300-400 MeV 
is a fairly plausible value for the mass of a dressed non-
strange quark. . 

In the framework of the quark model graphs lines Figs. le,lh 
are represented' in the forro Figs. 1g . I j. The dressed quark 
propagators contain the self-energy parts, while the blocks 
with quark interactions, which correspond to gluon exchanges 
(of the type Fig.lk) are drawn in the form df effective meson 
exchanges (fat waved lines). 

From the point of view of the l/N expansion it is irrelec 
vant, whether the language in which the interaction graphs 
are written is that of propagator functions of constituent 
quarks and gluons or of QCD quarks and gluons. The combinatorial 
factors Nc have to be separated in the same way in both cases; 
the bl ocks B in (1) are of the same order as the chromodynami
cal coupling constant squared g ,i,e., ~__ g_2_ 1/N c.The meson 
mas e s are defined by the po Le s of the qq ... qq ampli tude, whi ch 
in tue quark model are given by a series oi' graphs Figs.2a,b,c, 
etc. The residua of these poles are squared vertex functions 
(or coup I i ng cons t an t s ) of the transition "meson -to qq". It can 
be seen from Figs.2a,b,c, etc. that the vertex functions G 
are o f the arder of li/ Nc and therefore G - vB... g , 

. In the quark model hadron masses are usually calculated in 
potential approaches. The con~i1ered potentials contain short

3 -to ... ai ai 
range components (- o (rij )À1 Àj -=-.L-) as well as long-range ones 

mi mj 
(which are connected with the confinement of quarks). The had

.ron masses can be obtained, however, without the consideration 
of long-range interactions. 

The additivity in the quark model is an argument in favour 
of the relatively small sizes of the constituent quarks and of 

2 3/ ),t he effective short-rangeness o f gluon interactions (see/ 20 
26The iatter assumption seems not to contradict Qcn/ 24 - / . 

Masses of mesons belonging to the lowest multiplets (JP 
= O, }-, 0+) were c.alculated in /14/ as sumí.ng short-range gluon 
forces by solving bootstrap equations for low-energy scattering 
ampli tudes qq -to qq and qq -+ qq. The obtained mas s values were in 
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Fig.2. Quarks graphs corresponding to interactions which 
Zead to the fOlmation of mesons (a~ b3 03 ... ) and of 
constituent gluons (g3 h3 i 3 ... )3 and their r~presen
tation in the form of colour graphs: (d3 e3 f3 ... ) and 
(j3 k3 l ... ) respectively. . 

satisfactory agreement with experimento The saroe calculations 
indicate the existence of a constituent gluon with a mass m = 
a 700 MeV which is near to the mass of the p-meson. This ap

g 

proximate equali ty IIl g =mp is a direct consequence of the rele
vance of factor Nj , lndeed, the p.-meson mas s can be det e r-: 
mined by graphs of the type Figs.2a, b, c, while the gluon mass 
is defined by diagrams in Figs. 2g, h, i, etc. lf gluon forces 
are short-range ones, these graphs are nearly equal (subs~i

tuting Nc~ Nr ). The existence of a constituent gluon with 
mg == 700 MeV is in agreement with the phenomenology of hard 
pr oc e s s'es /27/ and of glueballs/ 28 -30 / as well. 

3.	 HADRüN-RADRON SCATTERlNG 
AT HlGH ENERGIES AND COLOUR SCREENlNG 

As was ~old already, investigations of hadron collisions 
using l/N e expansion were carried out for the g~neral case 
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Fig.3. Planar (a, b) and cylindrical graphs ({c-f) 
in the quark-gluon language and (g-j) in the form 
?f colour diagrams) for meson~eson Bcattering. 

in the framework o f the DTU scheme. The ma í n c on t r i bu t i cn to 
the scattering amplitude comes from planar-type graphs(Figs.3a, 
b ) , which are of the arder 04N c - l/N c and is interpreted as 
the contribution of Reggeons like P', p, w, etc. with the in
tercept aRCO) :-1/2. At large s values planar type diagrams 
behave like - Ys. The Pomeron exchange (the contribution of 
which increases like - s) corresponds to graph with gluon ex
changes in the t-channel. In this case cylinder-type graphs 
play the main role: a Pomeron is represented by a cylindrical 
gluon net around the quarks., The contribution in Nc is here 
l/N~. The simplest cylindrical graphs corresponding to two
gluon exchanges are shown in Figs.3c-f. 

~he assumptions of short-rangeness of gluon interactions 
(with a radius f g ), leads to different contributions of the 
cylindrical d~agrams depending on fi/R~ (where Rh is the had
ron radius). This can be seen in the case of simple graphs 
like Figs.3c-3f; graphs in 9igs.3c,d a~e of" the order of r:. 
6 

while graphs Figs.3e,f give - f:/R~. The s í tua t i on is equiva-· 
lent to that which is considered when in composite systems 
shadow corrections are taken into account. The interactions 
in Figs.3c, d take place if there is one quark pair, those in 
Figs.3e, f if there are three or four quarks at a small irn
pact pararneter. Such an order of contributions remains valid 
for the general case also. Graphs in which a cylindrical Pome
ron is connected to two quarks only (one of the beam, thE: 
other one of the target) play a leading role. These diagrams 
correspond to the impulse approximation of the additive quark 
model l ,11-13/. They are of the order of r~. Diagrams wi th a lar
ger number of quarks (corresponding to shadow corrections) 
give - r4/R~. 

AlI ttis is true, of course, not only for meson-meson scat
tering, but for meson-nucleon and nucleon-nucleon scattering 
too. Baryon scattering can be considered similarly with the 
help of colour graphs, interpreting two quarks belonging to 
the baryon as a diquark, and understanding now the antiquark 
colour line as the colour line of the diquark. 

The impulse approximation of the quark model describes soft 
hadron collisions at high energies sufficiently well. It gives 
for total c r os s sections of pp and rrp collisions O" tot(pp)lato t(rrp) 
= 3/2 ~hich is fulfilled with a 10% accuracy. However, the cal
culation of shadow corrections 131-35! in the framework of the 
model gives O"tot (pp)IO"t t (rrp) < 3/2 while the experimental va
lue is 1.65. o 

It follows from our previous considerations, that shadow 
corrections can be due not only to elastic or quasielastic 
rescatterings of quarks (which are taken into account in!31-3ó!), 
but also to one-cylindrical diagrams when a gluon cylinder is 
connected with three or more quarks. Such a graph is shown in 
Fig.4a (or, in the language of Regge-exchanges,. in Fig.4b). 
The main contribution in Nc comes from the three-Reggeon graph 
PR(8)R(8) (Fig.4d) where R(8) í s a colour octet Reggeon (_N~2). 
Diagrams with exchanges of white states (e.g., the three-Po
meron diagram Fig.4c) lead to contTibutions of the same order 
as elastic rescatterings (_ N~4 ). Since the main contribution 
to the colour forces is given by an effective gluon exchange, 
it seems to be natural to suppose, that a reggeized gluon R~)=g 
exchange will be dominant among the three-Reggeon graphs in 
Fig.4d. (The reggeization of gluons in QCD is considered in 
detai 1 in /34- 36!. 

Let us see now, if coloured three-Reggeon exchanges are 
able to explain the experimentally observed value of 
a tot (pP)!Otot (17p) • Consider the ratio of cross-sections in pp 
and jrp collisions in the form 
~lpp) 9° tot (qq) - 188(p) - 27t1(pp) 

(2)
(~p) = (qq) - 68(p) ::35(~):12~(;)CTto t 80to t 
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o(c 

Fig.4. a) Gluon cylinder, connected to the quarks
 
(quark 1 is a spectator); b) the cylinder
233,4

graph (a) vepresented as a three-Reggeon interaction 
of quarks. The three-Reggeon diagrams, entering graph 
4b are: three-Pomeron graph (c) and three-Reggeon 
graph (d) with the exchange of two coloured Reggeons. 

Her e atot(qq) Ls the interaction cross section of cons t i t uent 
quarks which determines the contribution of the graphs cor
responding to the impulse approximation (Figs.5a, 5g), 8(p) 
is the contribution of the coloured three-Reggeon exchange 
in the graphs Figs.5b, 5h ~nd B(") - that in Fig.5c, 5i. A(pp) 
and A("p)are shadow corrections in pp and "p collisions with 
alI possible rescatterings (factors 27 and 12 are due to the 
number of diagrams with double rescattering - Fig.5d, e, f and 
Figs. 5j,k,1 - which give maximal contributions). 

Shadow corrections connected with elastic quark rescat
terings were calculated in the spirit of the method given 
in/ 37/ , where in Eact inelastic screenings due to white exchan
ges (o f the type o f ppp exchange in Fig.4c) were also taken 
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Fig.5. Diagrams determining the cross sections in pp 
and p" scattering processes (the numbers stay for the 
eorreepondinq combinator-ia L factors).. The di.aqname 
a3 g are those of the impulse approximation (the 
double line represents the Pomeron); diagrams b3C~h,i 

represent three-Reggeon exchanges3 diagrmns d, e3 f3 j~ k, 
l - double quark rescatterings. Not in the calculations 
are t~iple etc. quark rescatterings. 

into account. The proton and pion quark wave functions were
 
written in the following form:
 

..2... 2 2 2 2 2222 2'Ilp _ exp[-3 R1P(k 12+ k13+ k23)]+apexp[-3"R2P(k12+k13+ k23)], 

(3)
4 2 2 4 2. 2 

IJI"- exp[-3"R 1" k12 ] , + a"exp[-3'R2" k121. 

2 -2 2 2Here R 1p = 21.6 GeV , R2p = (3.6+0.8) GeV- , a p = 0.07+0.02, 
2 -2 2 - 2 - . ....R 1"= 16.8 GeV ,R 2" = (1.75.:.0.8) Gey- , a" ....= 0.11 ~0.07, and 

kiE is the relative quark momentum kif= 1/2(k i - kf). Such wave 
functions provide a good description for the proton and piou 
form-factors up to Q2 S 0.7 GeV2 (the deviation is here no t 
more than +5%), while in the r eg i.on a t 1 GeV 2 ..$ Q2 S 2 GeV 2 

the deviatlon is +(10-30%). 
The shadow corrections 8(p) and 8(") are determined by three

Reggeon exchanges ggP, where g is a reggeized gIuon , (Shadow 
effects connected with three-Reggeon exchanges w~re investiga
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ted in general in/ M
it is conveni~nt to 
averaging Ai Aj over 
(in a baryon): 

ô () 2 (O)
ggP P - "3 ô (p):li 

40/ ) . Considering the contribution of ggP 
separate the factors which one obtains 
the colour states qq (in a meson) and qq 

ô (Tr)	 = _ -1. ô(O) ( ) (4)ggP 3 17 • 

The signs of ô(O) (p) and Ô(O)(17) depend on the va lue o f the in ter
cept agem and on the gluon signature. In the case of a nega
tive signature with an intercept 1/2 < a g(O) < 1 the values ô(O)(p) 
and ô(O) (17) are negative/ M - 40/; we consider this version, since 
there are different indications for ag(O) being sma l I , (In /34.35/ 

there are arguments in favour of 1/2 <ag(O) < 1; t he formation 
mechanism of the constituent gluon/ 14/which was discussed in 
the previous part of the present paper leads also to ag(O»a(O)~ 
a 1/2).	 p 

The results of our calculations are the following. The va-'
 
lue ato t (pp)/ atot (17p) = 1.65 can be ob tained í.f
 

a (qq)	 ':. (8,5 - 10,1) rnb , 
tot 

(5 )
 

- ô(O)(p) = (1,0 - 1,5) mb ,
 

Determined by (1tot(qq) ,ô(O}(p) and the wave function parameters, 
the remaining characteristics which enter (2) turn out to be 

~(TTp·) -::. (1,3 - 1,5) mb , - 8(0)(17)/ ~(TTp) = 1,4 - 1,8 , 
(6) 

L\(pp) ::	 (O ,9 - 1,2) fib. 

Without the contribution given by colour screening (i.e., 
a(O)(p)-= a(0)(,r) .,. O ) the ratio atot (pP)/Otot (TTp) does no t 

exceed	 1.47. 
Let us estimate now, with what probabilities one (q), or 

two ar	 more (>q) quarks of the projectile hadron interact with 
the target nucleon. If the projectile is a proton we obtain 
~(q): Wp(>q):: 4:1; if it is a pion, W17(Q):W17(>q):: 3:1. 
These	 relations show that t he consideration of d iagrams \YÍ th 
only single interactions gives a relatively rough approxima
tioR (this we pointed out before, describing the additive 
quark model - see /37.41/). The colour í.n t e r ac t i.on ggP is res
ponsible for about half of the events when two quarks belon
gi~g to á pro t on are interacting: W~Colour) (>q):Wp( > q ) :s 0 .5 : 1. 

The contribution of ggP is even higher for interactions of 
two quarks be l ongi.ng to a pion: WTT(Colour}(>q):WTT(q)~(f,7:1. 

The shadow corrections in pp and 17P collisions break the 
predictions of the additive quark model by about 10-20%. The
 

I situation is probably the same for other hadron-hadron colli 

! sions too: the difference between the measured and predicted

: 
I	 values of their cross sections are due to shadow corrections,
 

which depend significantly on the radia squaren of the colli 

ding h adzon s , (Ano t he r explanation of the 'd i.s c r ep ance between
 
experiment and predictions of the additive quark model is gi 
~}! 
ven in/ 4Vand references tberein).
 

Taking into account three-Reggeon graphs ggP means practi 


I cally the account of gluons in hadrons: in fact, gluon compo

nents in hadrons àre responsible for the breaking of the Levin

Frankfurt relation.
 

An interesting problem is, how the colour screening mani

fests itself in high energy hadron and nucleus interactions.
 
Obviously, ~he colour screening leads to large effects, since
 
quark colours in hadrons are strongly correlated~ If quarks
 
are weakly correlated, the contribution of the ggP exchange
 
decreases, while a gas of incorrelated quarks would give a ze

ro ggP con t r í.bu t í.on (1t~J -+ SpAi' SpAJ '" O). The absence of co

lour screening has to lead to an effective growth of the cross
 
section. The analysis of hadron-nucleus collisions at high
 
energies shows, that the cross-sections pf hadron-nucleus in

teractions are somewhat (5- 10%) larger than t he expec t ed va

lues. This experimental fact might indicate that quarks with
 
weak colour correlations are present in nuclei.
 

4. MULTIPARTICLE PRODUCTION PROCESSES 

As we have already seen, the leading contribution to the 
elastic meson-meson scattering amplitude at high energies comes 
irom the diagrams of the degenerated cylirtder type like those 
in Figs. 2c,d (o r colour diagrams. in Fig.2g,h). A more compli
cated ladder diagram of this type with multiparticle interme
diate state is shown in Fig.6a; the equivalent colour diagram 
is that in Fig.6b. 

I.	 The cut of the diagram in Fig.6b gives the leading contribu
tion to the inelastic process with production of quarks and

'1 gluons (see Fig.6c). The process of hadronization of the pro
duced coloured objects assumes the production of some additio

~'.	 nal quark-antiquark pairs. Let us consicler in more detail the 
process of 11adronizatiun of the constituent quark-spectatorI;., (quark 2 in Fig.6c), when it picks up one of the newly produced 
qua rk s r and recombines i n t o a meson (Fig.6d). The aurpl i t.ud e 
of ~uch a recombination procrss may be easily calculated with 
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I 
') 

(2) -+ -+ (2)... -+ -+i X Ô (k 
1.1 + ~l.)Ô (k.1 -k1J. - k21.)o(1- x1 - X2 ) O( X - X 2- Xc) x 

t (S)
2 2 :2 2 -+k 2 

m 11. m 2 J m 2 1. m f .L s f + r1.
xô(--+~-s)ô(--+-------)·A . 

xl X2 X2 xf X 2-.nli'. 
k az 2 -+2 2 K"ll', k + m • 1 1ng ô-functions in eq.(S) 

l. 
Here Xa= ~ mal. a.1 a' . 

'I gives: 
2-+ 

1 li: dx ( d k C.L 

Arecomb(x, k:) =: 2"l Xc (x':-~êT:-;:~0 2(211) 3 

2 2 2 2
mt.L m 1. mfl. m'J.1 2 (9 )G(---.::;:; + ~-) G (x (-- + _.-tL-=-) - k ) 

1 - X + x f x - x f r x ( x - Xr .L 
" A2 -+ n ' ,. ,, 2 2 2 2." m 1.L m 21. m f 1. m 2.L o 2

(---- + -- - fL2)(x(_- + ---) - k -': Il c) 
1 - x + Xc x - X( Xr x r x r .La) b) c) d)
 

-+ -+ -+ ..,.
 
whe r e k lJ..== k (L - k.1 =: - k 21."
Fig.6. (a) Degenerated cylinder diag~arn for meson·-meson 

The inclusive cross section of the meson production withelastic scattering and (b) it8 representation in the 
momentum k is given by Yhe square of the amplitude (9) sunnnedform of eolour diagramo (c) Cut of this diagram repre
over alI possible intermediate states. It may be related withsenta an ineZastic process; (d) quark-spectator (2) 
the discontinuity of the 3 -+ 3 amplitude in Fig. 7a /43/:recombines with a sea quark (i). 

dainel (] O)___1 1_ disc " A -+ A -+ 3 ' 
3-d3"ithe help of dispersion relation technique (see, e.g.,/4~ ): (27T)3 2ko S 3 

2-+ 
x d k 'J.l. 1 G(s ) G (s f ) 1 ds dsj G(s)G(sr) 4 (4) - . 

A - f dx f --- -. xArecornb= "2 f 2 2 ----2-- 2 (27T) o (P - k 1 - k 2) .x s...3- o f 4(27T)3 x((x-x r)(l-x+x r) (S-1l 2)(Sr-ILf)
7T' rr (s -Il )(Sr - Ilr) 

.a 3 3 (7) 
a- k 1 d t k 2 d k r 4 ( 4) ... x d2 }{" .1 1 G(s')G(sé) .( I I ) x----- -_._- -- (2") ô (k - k - k ).A

" (27T)3 2k lO 
(217)3 2k 20 (2rr)3 2k ft) r 1 2-+n' x{dXf f 4(217~3 x;(x- xé)(l-x-+x~) (S'-Il2}(Sr-1l r) x 

Momentum no t a t i ons are clear ir_om FiS' 6d; s =: P2 = (k 1+ k 2) 2, (qu ark) " ' k'" k "" k : )x A 3 -+ 3 (x 1 ' k 1.1 • Xl' 1.1' x c' r.i : x f' C.1 •
-2 2 ... -+2-+ - =r-+ 

Sr =: k == (k 2 + kr)-,where P == (V s + P ,P) and k:::: (v'S(+k 2 , k). 
G and G f are the vertex f unc t i ons of the transi tions "me son -+ In the diagrarn in Fig. 7a P is a whi te Pomeron, while R 
-+ quarks", fL ~nd fL f are the initial and final meson mas s e s , ,J Ls a coloured 1 ffi 8 exchange state. The ampl í cude A (3q~~rk) 18 

correspondingly. A 2-+ n in eq. (7) is some "quark-quark" in- given then by the diagram in Fig.7b. We shall consider this am
elastic amplitude. -+ plitude in two kinematic Lí.mí t s ; x » 1 and x' - ]/2. Let us begin 

In the infinite momentum frame P -+ 00, P.1 ee O from (7) we f] with the first one.z 

~-" 

Iget : .. 

1 ds ds, G(s)G(Sr) 2 dX 1 2-+ dX 2 z.+ dx( 2-+ 
A ':: --f---- -_._.------(217) -d k --d k - d k • 

frecornb 2 (217)2 (S-1l2)( Sr - ll f) xl 1.1 X2 là. x 
f 

.L 

12 

In the limi t 1 - X« 1 the invariant energies of quark pairs 
]f and l"f in Fig.7b are small with respect to the total ini
tial Lnva r i'an t energy (o f the order of x r .. 1 - x ); t h i s means 
that these quarks interact, producing some effective rneson 
states. On the other hand, the invariant energy in the system 

13 



~u 

.p ?1 
/ Here rnt is the rnass of the target partic1e; P, the beam mo

fI 
mentum in the,l~b.sYltem~ a sum is assume~ over alI possib1e 
Reggeons. Insert1ng ('2) 1nto (11) we obta1n: 

2-+ 
x d k f.L 1 G(S)G(Sf)"- ~ ... -~ K. 

A 3 3= f dXr f --~' 2 ---.x 
-+ o 4(2")3 x f(x-xf)(l-x+x f ) (S-/! )(Sf- fL~) 

f' 
x d

2 k' 1 G(s)G(sf) 
x f dx' f f.L ---- , ------- x (I 3) 

o 4(217)3 x'f(x-x'f)(l-x+x'f) (s'- Jl2)( S f - Jl ~) .~ 

J 

p -+2 up(O) (O) (.J(,-+2 (:).,-+2 (.J(k2 (.J,-+2 
x ~ R ík )(2PriI ) (1 _ x)Up -f-J 1ç.L )-f-J (k.L\ f-J ~) , f-J (k.L) 
f3f3' f3f3.L t f X f •bct 

i>t' Q -+2 -+2,,
Neglecting 1- x everywhere except the factor (l_x)u p (O) - f3( k.L>-f3 ' ( k.L) " 

K we obtain in the leading order in 1 - x: 
...2 ...2 ~-

2
1A - ~ r f d.2k f.L xl(k.L) G(s)'G(Sf) 1 , d "k f.L x/'(k.L)

f' 3-+3- dXC --3" 2-- fdxff-- .----- x 
f3f3'o 4(2")' x f(1-x r) (S-Jl 2)( s r - ll f)o 4(2")3 x'2(1_ x' )1 f f (14) 

2)-f3'(k 2 
G(s')G(s'f) R P "' 2 up(O) ap(O)-f3(k )1Mt;l'x .2.~t.P 

x -(' 2)(' 2-)- f3f3,.(k.1) (2Prn t ) (1- x) .L .Lt t S-" Jl s r- Jl f • 

""'tP(i-J) where 
2'" -+ 2 2 ... -+ 2 

rn 1+ (~ - kf.1) m 2 + (k.1 - k f1.) 
s = + 

J !_--- 1 
Xf 1 - x f
 

c
 
-·2 ~ 

s = 
-+2 

m ~+ (kJ. - kq)m~~1.:h. + 
k1.f 

x( 1 - x(Fig. ? • (a) Doub"le-Reggeon diagram for A 3 -+3 in eq . (11 ) ; 
(b ) the same for A~q~~k); (c) tihree-Reqqeon diagram 

and similar expressions for primed values s', si.Dispersionfor A 3-+ 3 in the x-.1 f.,imit j (d) the eame for A ~q: ~rk) 
relation technique allows one to intradl1ce the infinite-momen
tum frame meson wave function 

"final meson-Pomeron" is 1arge, since the energy of the Pomeron ... 2 1 -i'P(x, k ) :I: G(s)part o f the 1adder is a1so of the order of 1 - x, Thus these \JI (s) t 

effective meson states may be considered as Reggeons, and the 2 -Jx ( 1 - x) S - Jl 2 2y'x(1-x) 

diagram in Fig.7a may be presented as a three-Reggeon diagram 1 d
2 k' 

which Ls no rmaLí zed by the condi tion f (~ f -3'-1 '1'1 2=ol;the va1ueFig.7c, or, equiva1ent1y, a quark diagram Fig.7b may be re ) 0(5) o (217)drawn as a three-Reggeon·diagram 7d. The corresponding expres
s í on for A(quark) is· o f --- == '1'(8) here s taken to be the s amc that for the non

3-+ 3 • S-/1 2 ... -+ 2'\ 
í 

-+2 -+2 G ( k 1 - k 2) ) 
A(qUark) " R P -.2 ap (O) ap (O)-,B(k.L)-,B'(k.L) 'I relativistic wave function \JInr- --+--"'--2--' whor e l is t he 

8 ... ~ =f3~' 13,B,(k.1)(2P rn t ) (1- x) x (k 1- k 2) + , 4m(12)
-+2 -+2 

binding energy af the composite systcrn. lntroducing 'li and 9 rf3 ( k.L ) ( , ) f3 ' ( k.L ) 
X ( xf ) x r • into eq.(14)~ we obtain: 

14 
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~r
 
2-+ f3-+2 

1 d k f I (k1. )-1 -+2 -+ -+ 2 
A3 3 = k IdxfI--=-Xf 'P(Xf.kCJ..)'Pf(Xf,«l-x)k -k f ) ) X 

-+ f3f3' o (217)3 ,.1. .L 

2-+ R,·.2
1 d k' fJ (K1. )- 1 -+ 2 -+ -+ 2 

(I 5)xfdXéI--!fxr lP(x;,k'CJ..)'l'f (xé,(l-x)kJ.. - kfJ..) ) X 
o (2rr) 

-+ 2 -+2 
X R;f3' (O) (2Pm ) ap (0\1 _ x) a p (0)- f3 (k1. )- f3 '(k1. ) 

t 

At k = O eq.(IS) takes a very simple form:
.1. 

_ 1 d 
2-+

k f f3 (O)· 1 -+ 2 -+ 2 

A3-+ 3 -f3~' ~dXfI-(2rr)3Xf 'V(X f ,kfJ..) \{I f (xf,kfJ..) X 

2"-' 
1 d k f f3 (O) - 1 -, 2 -+ 2 

X I dx éI ----- x f \}I(x 'f' k ~ ) \{I C (x Í' ' k 'f ) X (16) 
o (217) 3 '.1. .1. 

P a (O)
x Rf3f3' (O)(2Prn t ) P (l .. x) Clp (O)-f3(O)-f3'(O) 

Now let llS turn to the situation in the multiparticle pro
duction process when x _ 1/2. In this case both invariant ener
gies slf~" (k 1 + kc ) 2 and 2rntXfP (o r St'c':= (ká + kr)2 and 2mtxÍ')
in the diagram Fig.6b are large, and A~~~;r) is a usual double
Reggeon amplitude: 

-+ -. 2 
A(quark) = R«k -k' )2)SCl R« k f1. -- k f 1. ) )(2m Px'tp(O) x 

3-. 3 f.1. f.1. ir t f 

(17) 
~ -+ 2 -. .• 

X H «kfJ..- kf.1 ) ' sff') + (x f.: x;. kfJ..-t kcJ.. ], 

where 

-+ -+ 2 (2 k 2 ) (1 x x) -+ -+ 2 2 2 
Slf= mi + (k!"..J.. - kJ..) x + ...~!".._~-L:!:.._ - - f _ (2k -k.1.) + m. 1.+ m .!.

fJ.. 1 r1 - x - Xf f x f 
,..2m2 -+ 2 

mf ..+Kfl. -+ -+, 22Sff' =: f + k,fJ.. x + ----x(- (kfl. + kfJ.. ) + mf + m2f'f Xx 'f f 

-+ -+ 2 
and H«k f.1. - kéJ..) " S ff') is a vertex 4-point function with ex
ternal tails R, f, f', P. 

Inserting (I 7) into (11) and introducing wave functions 
-+2

'li (x , -k.1.) we ge t :
 
2-+ 2
 

x d kfJ.. 'I' (1 - x + x C• (k C.1.-- kJ..) 2) 'P (.!L. kr ) 
_ r x 1. XA3-+ 3 =: f dx f -

o (217) 3 YX f (1- X+ xC) 

16 

~ : 
l- x d 2'k ' 'li(1 ,'" -+ 2 'xI dx : _~ - X+ Xf ' (kéJ.. - kJ..) )lI'f'(~' k' 2) 

o C (2 ) 3 x f .1. X 

17 
" YX;C1- x + xi ) 

-+ -+ 2 ap (O) -+ '... 2 
xIR(kfJ..-k cJ) (2mtPx~) . H«kfJ..-kf,J..) • Sff')X (18) 

a k -k' 2 +- -+ +--+ 
X s R« (1. f 1.) ) + (xC -+ x'f, kfJ..-+ k'fJ..) l.lf 

Generally speak ng , A 3-+3 in eq. (I8) may have a complicated 
dependence on xand 

í 

k1 for different ini tial and s econd ary me
sons. However, there are some simple considerations in the fra
mework of the quark model, which give a possibility of clari 
fying the structure of A 3 -+ 3 • 

First of alI, the integration domain in eq. {i8) is deter
mined mainlr by the wave functions 'P and 'Pc because the ampli
tude A~q~~rk is a r athe r smooth f unc t i on as compared with '1'. 
The r ea son for it is that coloured Re ggeori exchange R in Fig.7b 
is built of gluonic states, which are assumed to be heavier 
than qq states; besides that, the invariant energy in the 
block H in Fig.7b is compar-at í.ve Iy low (x f <::s x'f) and its de
pendence on S Cf' and (1< f.1. - k f.1.) 2 is to be a l s o smoo t h, 

In the quark model the momentum wave functions of the had
rons-members of one SU(6) multiplet are equal to each other 
wi th a good accuracy , Thus, if A ãu....a~ is approximately spin
independent (this is possible in the case of exchange degene
rated coloured Reggeons R and of approximate SU(6) symmetry 
of qq interaction at 10w energies), from eqs. (18) and (lO) 
we see, that each spin state of the secondary meson is produ
ced with the same cross section, or in other words, the cross 
section of production of the meson belonging to a given SU(6) 
multiplet is proportional to the number of its spin states 
2J f + 1. The resulting set of relations was previously known 
as the rules of quark statistics (see!4~43! and refs. given 
therein) ~ 

In order toestimate the x -dependence of A 3-+ 3 in the re
gion x - l ! 2 in more detail,let us neglect transverse momentum 
dependence in the Reggeon R exchange amplitude and assume 
the block H to be approximately constant. Then Aqua~ will be 

. 1 () 8 .. 3 p ropo r t ona to a p (O) = 1í 

(q u ark), x f xé 
A 3-+ 3 - xf • a (-----) + X ( • a ( , ), (19)

l-x+xr l-x+x r 

where a{z) i s some unknown smooth function. At k.1.=o O A 3 -+ 3
they may be written as 

1'7 



x 2-' 'I'(S)'P f (Sc) x ~-+ 'I'(S"')'II(S;)
A g 3 - f dx rd k --_.- . fdx .. (d ké . -~-x 

,-. o r rJ.xr(x-xr)(l-x+xr) o r J. xé(x-xf)(l-x+x f ) 
1	 x r xx; f dza(z) ô(z- - __ ) (20)o l-x+xr 

x dz 2-+ (1 - z) 'I'(s)'P (Sr) x 2'" 'P(s ") 'P(si)r 
== f -za(z)fd k f l--~ f dxé fd ké I 

o . 1 - x x- z o ..J.. (x -	 xC)(1 - x +-X é5' 
where 

2 -+ 2 2 -+ 2 2 
s==-IDl + krJ. + ID2 + k'rJ.	 m +k2 2+"k 2 ,	 m )- r f1. 2 rJ. (21)Ôf -I 1 -- + 1- x 1 - X -x l-x.1-x+z--- x-z._- ( z-- x-z-

1-z 1-z 1-z 1 - z
 

Taking the simplest possible parametrization for 'JI and 'JI r 
'li (s)	 == 'Pf (s) _ exp ( _ R 2 s) • (22) 

we may estimate A3 ... 3 in the eq . (20) provided a (z) is given.
 
The value of z expressed the ratio of the longitudinal momenturn
 
of the sea quark, picked up by the spectator, to that of the
 

interacting quark (z == --.:L ). In simple multi"peripheral models 
xl 

this value never exceeds 1/2; taking into account that quark qr 
is not the fastest one in the ladder (see Fig.6d), we take 
a (z) - (1 - z) 3 • The resul t í ng A 3 ... 3 is then shown in Fig. 8; 
it i~ interesting to compare it with the x -distribution of the 
quark-spectator (dashed curve in Fig.8). One can see that these 
distributions are quite similar in the region x ~ 1/2. This 
property of secondary hadron distributions was previously cal
led "the assumption of soft hadronization" /41.43/ ; in the con
text of 11Ne expansion it seems to be a good first approxima
tion. 

Let us compare now the expressions for A 3 .. 3 in two cases 
considered here: x ... 1 and x - 1/2. The main difference between 
these two cases is that in the f i r s t one x -dependence of the 
cross section is mainly determined by She set of the e~changed 
Reggeons R{3,R{3' (fac t or (l_x)a p - {j - {3 in the eq.(13», while 
the forro of the wave functions 'I' and 'l'r is not significant.'On 
the contrary, in the second case x -dependence of the cross sec
tion is strongly determined by the forro of the wave functions 
almo~t independent of t~e exchanged states. Of course, there 
is an intermediate region of values, where both wave functions 
and exchanged states play signi.ficant role in the formation of 
x-dependence of the inclusive cross sections. Looking at the 

18 

eq.	 (lI) one may conclude that
AJ-3 the two considered behaviours 

of the inclusive cross section 
turn one into another smoothly, 
like, e.g., the resonance beha
viour of the low-energy scatte
ring cross section turns into 
high-energy Regge behaviour.10.2 

5.10-3 

Fig. 8. Secóndary meeon x -dis2.10-3 

tribution, estimated as desc
. ribed in the text (fu"l"l curve) 

and that for the quark-spectator 
Idaehed curve). 

o 0,5 1 X 
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hcoe~~ .. 1.1. M AP• l2•86•1t37 
1 /lie ·p~~e, n•PKOaM MOAM~ M CTonK_._ -,qpott0e 

Ill* eMCOICMX a ... prltiiX 

1 .,.._ .. rMnOTUM o ,,_,....,.. ICOIM)TKOAei1CTIIMM " IIMnOI!MeMMM np•eMn 1/N •· 
...~ ... CCMIITPMIMTCII nPQ~&eCQI IIUIIrKOro CTQfiKHOeettMII ~ "PM IIMCG
ICOA a ... prMM • lloua•HO, .. TO I :tTOM CIIY'IH IOIHMKHT ex-. ... TMIHOI U•PMO-
eoel MQA .... , lt(lnQIIHeHHU C ... IMMTU.HO &lnloiiMMM .... KnMM llleToeoro :tK,....po-
I.HMJI. QeeTOeGe :tK ... HMPQe ..... OTIITCTieHHO a• -CTKTIIHMCM H-.»,._... COOT 
..._. ... ,. JleiiMtte - ~T· IV M, I ~e CY!leCTeGe•HMJI I AAPU MHOf"Oicaap
KOIIMX .... ICOI, a• .... KTMI- Yl ...... eMMe C ... eHMJI IIIIMMQAeACTIIMJI ~ C 
HYIU10HM ,.,..p /II • P•cC...TPMI•eTCJI MX.HMIM o6paaoe•Hitll tparMHT.IIMM .. K

TMII • npo11ecce MHOIIeCTieHHOro ~eHM.II aAPG-. 

P .CSOT. .w1011ttette I Jl.c5op•TopttM TIIQPeTM .. eCICOA tMIMICM OMJIM • 

Anlsovlch v.v. et •1. 
1/Me Expansion, Quark Model •nd H•dron Collisions 
•t High Energies 

E2-86-lt37 

Soft hadron collision processes •t high energies •r• considered, su~ 
posing the short·r•ngeness of gluon lnter•ctlons •nd that the rules of 1/N• 
expansion •re fulfilled. It Is shown, that these conslder•tlons l .. d to 
the sch ... of the •ddltlve qu•rk .adel with some rel•tlvely l•rge •ddltlo
n•l effects of colour scr .. nlng. This colour screening Is responsible for 
the unn•tur•l br .. klng of the Levln·Fr•nkfurt condltlon1V •nd •lso for the 
effective lncre•se of cross sections for h•dron~nucleus lnterectlons ·/11 If 
quark bags In nuclei . exist. The fon.etlon mech•nl .. of freg.ent•tlonel per-

. tlcles Is considered In .ultlple hadron production proc .. ses. 

The lnvestlg•tlon has been perfo~d •t the L•bor•tory of Theoretlcel 
Physics, JINR. 
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