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Soft and hard hadronic processes in the nonperturbative approach of QCD
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A two-component model to analyze both soft and hard hadronic processes at high energies is suggested. The
model is based on the topologicaNLéxpansion of the scattering amplitude and the theory of the supercritical
Pomeron. The longitudinal component is given by the string model and determines the behavior of the cross
section on longitudinal variables. The dependence on the transverse momentum is calculated on the basis of a
two-gluon Pomeron model in which the Pomeron is modeled as an exchange of two nonperturbative gluons
whose propagator is finite af=0. Hard scattering of quarks on the ends of quark-gluon strings is calculated
as a sequence of multi-Pomeron exchanges. It is shown that the propagator which vanigps’asr faster
allows one to reproduce hard distributions of secondary hadrons. The model is used to analyze the inclusive
spectra of hadrons on the Feynman variafy@nd transverse momentym up to 10 GeVt in a wide energy
interval.

PACS numbgs): 11.15.Me, 11.15.Pg, 11.15.Tk

[. INTRODUCTION the Pomeron. The “soft” Pomeron is responsible for most of
the total cross section in hadron-hadron collisions, for small
It is commonly agreed that all the phenomena of hadron-t elastic scattering and for diffractive dissociation. In the
physics should be described in the framework of QCD.framework of QCD the Pomeron is understood as the ex-
There is a simple Lagrangian density of Qdlycp, and in  change of twalor morg gluons[4]. However the exchange
principle everything is derivable from it. But the degrees ofof two perturbative gluons cannot reproduce the experimen-
freedom inLqcp are quarks and gluons, not the hadrons wetal results. It was establish¢8l] that the simple phenomeno-
observe in nature. This is why it is not so easy to makdogical properties of the Pomeron may readily be understood
quantitative predictions for the real world starting from if the gluon propagatob(g?) does not have a singularity at
Locp- There are two areas where this has been successfuj?=0. A behavior softer than a pole of gluon propagator at
for short distance phenomena, where perturbation theory camall g is expected from nonperturbative effects of the
be applied, and for hadron spectroscopy and other long diQCD vacuum 5], which leads to confinement.
tance phenomena, where numerical or perturbative methods There are several very successful Regge models: dual par-
can be applied. There is one more class of phenomena whidbn model (DPM) [6], quark-gluon string mode{QGSM)
is neither pure short distance nor pure long distance. Thed&], VENUS model8], developed originally to describe soft
are high-energy hadron-hadron collisions. These reactionsadronic interactions, and their modificatiof®-11] to de-
are traditionally classified into “hard” and "soft” ones. In scribe both soft and semihard hadronic reactions. Within the
hard reactions, all energies and momentum transfers are agamework of the DPM, the inclusion of a semihard compo-
sumed to be large. In this case the QCD improved partoment has been considered in REJ]. The two-component
model describes the reaction of partons by perturbatiomnodel embodies the standard DPM for the soft component to
theory. which the semihard component was added appropriately. In
As for soft high-energy interactions, the perturbative cal-this model, the partons at the ends of the hard chains get
culation method is not direCtly applicable. Instead, most aUtransverse momentpizpim'o” as predicted by perturba_
thors develop and apply models that are older of QCD Ofjve QCD (PQCD.
QCD motivated. Most successful are models based on the apother model to analyze soft and semihard hadron pro-
Regge approach to high-energy collisions. It was argued iResses was suggested in RéfL]. The interaction of quarks
Refs.[1,2] that the conventional Regge approach to high-from colliding hadrons has been calculated as the exchange
energy collisions is most probably correct. Regge calculugy nonperturbative NP) gluons[12], for which the cutoff
reproduces many features of hadron interactions at high efsarameter in the gluonic propagator has been included. The
ergy remarkably well. It describes accurately@l andpp  model has allowed us to analyze the inclusive spectra of
elastic scattering from the CERN Intersecting Storage Ring&adrons in high-energy hadron collisions for transverse mo-
(ISR) to Fermilab Tevatron energies, successfully predictanents up to=4 GeV/c. A similar approach can be used to
the yp total cross sectiorf3], diffractive processes and, create a model to analyze data at all available energies for all
through optical theorem, the total and inclusive cross secxg and p, . In this work, we investigate the possibility of
tions as well. reproducing hard distributions of secondary hadrons in the
To understand many features of hadronic interactions aramework of the nonperturbative approach. Using the non-
high energy, it is necessary to introduce a Reggeon known gserturbative method, we start with the physics of soft inter-
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actions and move as far as possible to the hard region. Wes**©~1 Any realistic perturbative QCD attempts lead to
develop a two-component model based on the topologicahe introduction of an “infrared” cutoff that generates the

1/N expansion of the scattering amplitude and the “eikonalmain part of Pomeron exchange.

approximation,” with the use of the conception of the super- A comparative investigation of various Pomeron models
critical Pomeron to describe soft and hard hadron distribuwas carried out in Refl16] in the impact parameter space

tions at high energy. The longitudinal component is given bythrough their predicted values o, slopeB, andog/ oot

the String model in which multi-Pomeron eXChangeS are I’ep'm high_energypp and pgscattering_ It was shown that the

resented by the forward scattering diagrams of cylindricaljata agree with a hybrid eikonal model which combines the

topology and determine the behavior of the cross section oRard Lipatov-like QCD Pomeron with the old-fashioned soft
longitudinal variables. Pomeron and Regge terms. The main result of this investi-

Hard scattering of quarks on the ends of quark-gluoryation is that the data is compatible with a smooth transition
strings is calculated in the multi-Pomeron asymptotic as dom a soft to a hard Pomeron contribution which can ac-

sum of multi-gluon exchanges. In these calculations we account for the rise ofr,o, with s.

count for the color interaction between quarks of colliding A connection between the nontrivial vacuum structure of

hadrons before creation and decay of the correspondingCp and soft high-energy reactions has been discussed in

strings. The main contribution into such a process at higlRefs.[5,20,21. It was argued20] that soft collisions should
energy gives a single Pomeron exchange, which is conpyolve in an essential way the NP QCD. A simple model of
structed as an exchange of two nonperturbative gluonge vacuum developed by Landshoff and Nachtm@dm) in
whose propagator is finite a§*=0. Successive multi- Ref.[5] explains the properties of the Pomeron observed in

Pomeron exchanges required $ghannel unitarity are cal- the experiment. In the LN model, Pomeron exchange corre-

culated and give rise to the hard scattering of quarks. Weponds to two-gluon exchange.

analyze several NP gluon propagators proposed by different The starting point of the LN model is that the vacuum

authors and observe that the propagator, which vanishes ggnsists of a gluon condensdg?],

1/q® or faster, in combination with the multi-Pomeron

asymptotic of the model, allows us to reproduce hard distri- <0|gz:GZV(O)Gb“"(O):|O>= M2, (1)

butions of secondary hadrons. The model is used to describe

data by the Feynman variabie and transverse momentum where|0) denotes the physical nonperturbative vacugm,

p, up to 10 GeVt. =47a, is the QCD coupling constant in nonperturbative
regimeb=1,2,...,8,andM.=1 GeV. The gluon conden-
sate is characterized by the mads that measures its mag-

l. THE POMERON nitude and a finite correlation length, [5,23], which are

The description of soft hadronic reactions at high energie§onsidered as fundamental parameters derivable from the
is in terms of Regge exchanges. A Reggeon known as thi'st principles. The Pomeron exchange between quarks be-
Pomeron plays the dominant role in high-energy hadronidaves like a photon exchange diagram with amplitude
reactions. The question is, what is the Pomeron? i,Bé(UyMu)(U‘y#u). The strength of the Pomeron coupling to

There exist different approaches to investigating an objectjuarks,, is given by
such as the Pomerof4,13-17; “soft” and “hard”
Pomeron are the most popular of them. The soft Pomeron is
constructed from multi-peripheral hadronic exchanges and
has interceptrp(0)=1. Because this is not compatible with
the rising hadronic cross sections at high energies, the softhere Dyp(k?) is the NP gluon propagator and= —q?.
Pomeron was replaced by a soft supercritical Pomeron witlThe coupling constang, and a mass scale, (see below,
an intercepiap(0)>1 [15,18. control the Pomeron form factor. The relationship between

In the framework of QCIXin the scattering regionthe  the phenomenological parameters of the Pomeggnand a
Pomeron is understood as the exchange of faomore  mass scalg., and fundamental quantities of NP QCHE1
gluons [4]. The BalitskitFadin-Kuraev-Lipatov (BFKL)  anda has been established in RE24].

Pomeron is constructed as an exchange of two perturbative
gluons[13,14]. The physics of the soft Pomeron is much less
clear. However there is good basis to believe that the soft
Pomeron can be considered as an exchange of two nonper- The main problem of applicability of perturbative QCD to
turbative gluons whose propagator does not show a pole abft processes comes, as was mentioned in [Re$s26, not
q?=0 [19]. The perturbative approach to the Pomeron haso much from the size of the coupling but rather from the
been discussed in Refl4]. This approach gives reliable infrared and collinear singularities emerging from the gluon
results where the leading logarithmic approximation holdsand quark propagators. Most perturbative calculations need
The hard Lipatov-like Pomeron is built out of multi- to introduce some kind of regulator as a gluon mass or mini-
peripheral high transverse momentum gluon exchanges andum transverse momentum of the order of 1-3 Get

has a series of poles aklj <1+ A in the complex plane. give reasonable answers.

Both the soft supercritical and the hard QCD Pomeron pre- The derivation of the NP gluon propagator from QCD
dict a powerlike rise of the total cross sectiony,  [12,26 shows that the low-momentum singularity of the

4 (=
B§=?fo dk?a?D3p(k?), 2

Ill. THE NP GLUON PROPAGATOR
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gauge field propagator is softened. A soft infrared behavioperturbative region, the calculated cross section goes signifi-
can also be obtained in a Yang-Mills theory with Higgs cantly higher than the experimental data.
mechanism, where the gluon acquires a mass, or for some This behavior can be explained as follows. The propaga-
solutions of the Dyson-Schwinger equatid®] or simply in  tor (4) has the perturbative ultraviolet behavid(k?)
the presence of a cutoff. Hints of a softer behavior at thex1/k? atk?—o, which corresponds to one-gluon exchange.
origin can be found in the lattice calculatiofsee Ref[26]). But in the perturbative region, one-gluon exchange repro-
In the Landalj27] and the axia[28] gauge, the gluon propa- duces the hard scattering of hadrons. Growth of the cross
gator seems to behave like that of a massive particle. section atp, =3 GeV/c can be explained by the combina-
Finite gluon condensate requires that the NP gluon propaion of the perturbative behavior of the propagator at ldge
gator,Dyp(k?), should be finite ak?=0. This is a key re- and the nonperturbative nature of the model, i.e., multiple
quirement of the LN model; the dressed gluon propagatorgluon exchanges which are essential in this region. Therefore
D(k?), should not have the singularity of the bare masslessome mechanism is required to take into account the nonper-
bosono=1/k? ask?—0, but should be softened. The singu- turbative effects.
larity in the two-gluon calculation of hadron-hadron scatter- A similar problem has been discussed long ago in Ref.
ing is eliminated. [31]. It was shown that the model obtained by multiplying
Several such propagators have been considered in the lithe usual parton-parton scattering amplitude by the factor
erature[12,17,26,29,3D The simplest choice is given by the
ansatZ30] , 1
B = o o ()

, 3

3 k?
anDyp(k?) = Fo exp( T2
V2 o Mo where u=4 GeV is a parametefthe same for all pro-

_ o _ cesseg describes high transverse momentum data from
with uo=1.1 GeV. This function is required to match the CERN ISR and Fermilab for the processpp—cX and
perturbative propagator at a gives Qg that determine) pn—cX (c=m*, WO,K:,D,E) surprisingly well. The use of
and a, . . ) . the same factor in our model, also, results in the description
. A more realistic QCD motlyated propagator was obtained,; high p, data(see below. The form factorB(k?) can be
in Ref. [12] from the approximate solution of the Dyson- yeateqd as one, which takes into account nonperturbative ef-
Schwinger equation which contains a dynamically generateg ts |t results in the dependende? 3 at k?—, if one
gluon mass. In the Feynman gauge this solution is given b¥nultiplies the propagatofd) by B(k?). However the factor

_ . 2 . .
D,v="19,,D(k%), where, in Euclidean space, B(k?) contains the scalp?=16 Ge\? which is purely per-

turbative.
D (k)= 1 @) A more rigorous approach which takes into account the
n by In[ (K24 4m2(k2))/ A2][k2+mA(k?)] nonperturbarbative effects was developed by Landshoff and
Nachtmann in Ref[5]. They have shown that the complete
with momentum dependent dynamical mass given by gluon propagator can be split into a perturbative part,
Ap(k?), and a nonperturbative paryp(k?), summarizing
. , In[(k2+4m5)IA2] -12/11 the vacuum-condensate effeftq as
m“(k)=m 5
(= In(4mg/A?) ° (OT(G ()G ,(0))0)=ig,,, A p(X?) +ig ., Anp(X?).

(7
Here in Egs.(4) and (5) bo=(33—2n;)/127% and gluon
mass my=500=200 MeV for A=300 MeV [12]. The The NP gluon propagatobyp(k?), leads to the following
coupling «, is frozen in the nonperturbative regime and correlation function for the field strength:
a,D(k?) is formally independent of,,. Solution(4) is valid

only for my>A/2 [12]. An important feature of the propaga- (0]:G,,,(x)G**(y):|0)

tor (4) is that it incorporates the correct ultraviolet behavior,

i.e., asymptotically obeys the renormalization group equa- , d*k ik (x—y) R L2 )

tion. This means that the gluon propaga#rasymptotically = _'J’ (277)46 6k Dyp(k?),  (8)

at largek? takes the usual form, i.eD (k%)= 1/k?, because

21,2 N 2_) . . .
m(k%)—0 atk"—c and is valid for the entre range of |, J(x—y)?=a is the correlation length. By setting

entum withg=1.5. ) .
mom g =Yy one makes contact with the analogue of the Shifman-

We analyze these two propagators below in the context . .
the cross sections they generate in the framework of tr?é{alnshtaln—ZakharO\(SVZ) gluon condensated),

model under consideration. We show that the propag&jor

2.~b buv .
is good only at smak?, k?<1 (GeV/c)?. Propagatof4) is (0[g%:G,,(x)G™"(x):|0)
good in a more wide, interval and, in principle, can be 4%k
used at alp, . It describes data up {@, =3-4 GeVk [11], =M%= — ing 6Kk2D yp(K2) 9)
H . . C 4 NP .
where the nonperturbative effects dominate. However, in the (2m)
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Therefore a finite gluon condensate requiBgg(k?) to van-
ish faster thanK?) 2.

Consequences of the LN model have been examined in
Ref. [25]. It was shown that the LN model based on the
analogy Pomeron photon was rather successful. Since the

the LN model has succeeded, &t0, in describing the

Pomeron in terms of a modified tree-level two-gluon ex-
change, thus providing a connection with QCD. The basi
idea appears to be true; the infrared singularities present i

perturbative QCD can be regulated in a process-independe

way.

The behavior of the NP propagatbryp(k?) at largek?
can be estimated as follows. According to E@) the NP
propagatoD yp(k?) can be obtained from the propagatdy
[which is a complete gluon propagator with the asymptoti
behaviorD(k?)—0 atk?—o] with the help of the subtrac-
tion procedure

Dp(k?)=D(k?)—Dp(k?), (10

where Dp(k?)=1/k? is the perturbative gluon propagator.
Because of the singularity dp(k?) atk?=0 the substruc-

tion procedure makes sense only in the perturbative regio

i.e., k?>2-3 (GeVk)?. In this region, the strong coupling

2
o
procedure is very sensitive to the parametrizationrgk?)

at smallk?. If one chooses the parametrization in the form

ag (k%) = by In[(K*+4nE)/A?], wheremy is the gluon mass,

one obtains, with the help of the substruction procedure at

k=3 (GeVic)?, the NP gluon propagatob yp=(k?) "
with v~3.
Therefore the NP gluon propagatbrp(k?) and its pa-

rameters can be unambiguously fixed. It was found conve-

nient to parametrize the propagafp(k?) as follows[5]:

4.6

Mca
aDyp(k?) = -, —F(K?a?), (1

where dimensionless functidhand correlation lengtla are
both fixed uniquely by Eqs(2) and (9). Generalizing the
above discussions, we come to the NP gluon propagator

Mia® 1

2 =
anDnp(k) Ly (a2k?+ 1)

12

with v=3+ €. This propagatorincorporated in the model
under consideratigngives description of higlp, data(see
below) and is in agreement with the LN model fer-0. To
guarantee finiteness of the gluon condengs¢e Eq.(9)] in
accordance with the substruction procedure, we take
=0.01, though the case wite=0 also gives a very good
description of the highp, data. Propagatail2) reproduces
the Pomeron coupling(2), B3=3.94 GeV?, for M,
=0.993 GeV an&=0.444 GeV! (or 0.08 fm). This fixes
the parameters of the NP gluon propagdfi®).

%ssential way, multiple gluon exchanges. The amplitude for

C

- in Eq. (4) cannot be taken frozen and the substruction

PHYSICAL REVIEW D 61 056010

IV. THE MODEL

The hadron-hadron interactions at high energy are multi-
particle processes. Most events consist of the production of a
large number of particles with a small transverse moment.
Por soft processes, the running coupling constant is much too
large for ordinary perturbation theory to be applicable. An-
other feature of hadron interactions is that they involve, in an
Q'&ngle guark scattering on each other is not a sensible object
Psee Ref[20] and references therginSensible objects are
the amplitudes for the scattering of hadrons that imply mul-
tiple gluon exchanges. The problem is nonperturbative and
should involve the corresponding methods. The first step in
this way is to use the NP gluon propagator. The second step
should involve or effectively account for multiple gluon ex-
changes. Therefore, alternative nonperturbative methods
must be adopted. The theoretical descriptions of measurable
quantities like the total cross sections also should involve the
NP QCD. It is expected that if the total cross sectigg, has
a finite limit ass—oo then the total cross sections in pure
gluonic theory are nonperturbative objects and this conclu-
sion is not changed iftr;1(S) has a logarithmic behavior

ith s for s—o%, o (S)—const(logs)®>. This can also be
tue in full QCD (see Ref[20]).

The total cross section and the total inelastic cross section
of hadron-hadron interaction can be calculated in the frame-
work of the “eikonal approximation” as follow$32]:

©

oro(8)= 2 (S, (13
Tin(8)= 0"+ 2, (), (14
where
n-1 .k
on(s)zg—g(l—eg‘zo i—,) n=1 (15)

is the cross section for the production of thBomeron chain
(n Pomeron exchangeHere in Eq.(15)

. 2Cy, (E)A (16)
" R2+ab(0)In(s/sy) | So)
s A
0'p=877'yp(s—o) , (17)

A=ap(0)—1~0.08, ap(0) is the interceptu;(0) is the
slope of the vacuum trajectory &t 0, sis the squared total
energy of colliding hadrons in the c.m.s., agg=1 Ge\2.
The parameteC=1—¢PP /oy, accounts for the deviation
from the eikonal approximation and®P is the total cross
section of diffraction dissociation. The cross sectioy is
the contribution of the supercritical Pomerftb,18 to the
total cross section, parametesg=3.45 GeV ?, and R
=2.77 GeV ? (pp interaction and determine the value of
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the Pomeron coupling with a hadron. The sum of the topozation functions, the form of which is determined by the
logical cross sectionsr,, yields the total cross section for Regge asymptotic of these graphs {@¢
inclusive reactiongsee Eqs(13) and(14)]. This means that Consider a hadron production in the hadron-nucleon col-
the quantitiesr,, contain in integrated form all the informa- lision at high energy including the transverse motion of
tion about the process under consideration, i.e., soft interaguarks in colliding hadrons in the framework of the nonper-
tions, hard interactions, etc. This fact can be used to deteturbative approach. The Pomeron exchange corresponding to
mine the invariant inclusive cross sectidf(x,p,), in the  the cylindrical graph can be represented as the exchange of
framework of the nonperturbative approach. two NP gluons as follows. Each of the two colliding hadrons
At the present time, the best one can do in describinds divided into a quark and diquarantiquark with the op-
nonperturbative phenomena is to construct models which inPOsite transverse moments. After the color interaction be-
corporate all available theoretical ideas. One widely studiedween quarks of the hadrons by means of NP gluons, two
nonperturbative approach consists of taking various latge Strings are created in the chromostatic constant field. These
limits of QCD, whereN can be either the number of colors tWo strings then decay into secondary hadrons. In the frame-
N, or the number of flavordl; [33]. This approach, which is Work of 1IN expansion of the scattering amplitude, the pro-
known as dual topological unitarizatigPTU) [33,34, has ~ CesS is repeatedtimes during then Pomeron exchange. The
allowed us to establish the connection between Feynman digain contribution to such processes at large energies gives
grams and certain geometrical objects like planar diagramghe graphs of cylinder-cut type in tiechannel which corre-
cylindrical diagrams, etc. The Pomeranchuk singularity inSPond to the multiple Pomeron exchanges in tfehannel
this approach corresponds to the first term of topologidal 1/ [6—8]. Successive multiple gluon exchanges result in the in-
expansion. The next terms correspond to multi-Pomeron excrease of the transverse moments of quarks on the ends of
changes, which are the most important feature we use in o§trings that is analogous to the so-called successive division
model. of energy between them2quark-gluon strings in the multi-
There are several very successful models based on ttReripheral model of hadron production]. _
topological 1N expansion of the scattering amplitude; DPM  The invariant inclusive hadron spectrum corresponding to
[6], QGSM[7], and the VENUS moddi8] for very energy these diagrams can be written in the following fofrh0,11:
nuclear scattering. In the QGSM, the multiple production of
hadrons at high energies is described by “cutting” the for- _ do = .
ward scattering diagrams of the “cylindrical” tyd&]. Each F(X,p)=E—== > (s d)ﬂ(x,pl), (19
cylinder corresponds to the exchange of a single Pomeron. d°p n=o
For the production of a hadrdnin hadron-hadron scattering,
the cross section corresponding to graphs of the cylinder-cutvhere o, is the topological cross section and the function

type is written in the forni7] #N(x,p,) describes the andp, distribution of hadrons pro-
" duced from the decay of then2strings. The term witm
f(x)zf £ do;dzﬁj_ -y an(s)¢2(x), (18) =hO co;responds_ to di_ffraction dissocigtion. The dis_tributions
d®p n=0 ¢n(X,p,) are written in terms of the light-cone variables.
Light-cone quantization of quantum field theory has

whereo, is the cross section of trePomeron exchange that emerged as a promising method for solving problems in the
corresponds to the creation oh2y(qq) (or qq) strings de-  strong coupling regime. This method has a number of unique
caying into secondary hadrons and the functigit(x) de-  features. It seems to be well suited to solving QCD and,
scribes thex distribution of hadrorh produced from the de- contrary to other approaches, the relativistic wave functions

cay of the D strings created in the Pomeron-exchange transform trivially to a boosted frame. Moreover, its lan-
process. guage is close to experiment and phenomenology. An impor-

There are some versions of the DP@] and QGSM tant gent_aral feature of the behavior of the !ight—cone wave
[10,11,39 which account for the transverse moments offunction is that each Fqck component despnbgs a system of
quarks in initial hadrons. These models have allowed us téfe€ particled36,37. This feature is especially important in
describe the two-dimensional inclusive spectra of hadron8ur further consideration.
produced in hadron-hadron, hadron-nucleus, and nucleus- The functions¢2(x,pL) in Eq. (19 can be written in the
nucleus collisions at different energies. In particular, theform
Monte Carlo version of the DPN9] allows us to describe
the p, distribution of both produced stable particles and . 1 1 .
resonances. ¢2(x,pl)=j dxlj dxzzﬁﬂ(x,pL iX1,X2), (20

The QGSM is usually limited by the analysis of soft had- X+ X-
ronic reactions and we use its basic features in the longitu-
dinal component of our model. For soft hadronic processes,
quark distributions over the longitudinal variabkeon the  1as an example, we consider here the production of hatirom
ends ofqq strings are found from the Regge asymptotic ofthe nucleon-nucleon collision. In case of meson-nucleon scattering
graphs(cylinder or planar typeatx—0 and 1[7]. The decay one needs to replace the diquark from the projectile nucleon by the
of each of this strings into hadrons is described by hadroniantiquark from the mesomg—q, in the formulas.
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where
YR(X,PL i Xe %) = F (X Py X)) FHX_ P, i%p)
+ FUXs ,Pr iX) FRX_ Py iX0)
+2(n—1)F e qx, ,p, iX1)

X FIAx_ B, %), (21)

Herex. =3[ (x? +x2)¥2+x,] are the light-cone variables in

the n Pomeron chainy, =2[(m2+p?)/s]*?, x, X, are the

longitudinal coordinates of quarks on the ends of the string

andm;, is the mass of the secondary haditon

There are several methods to calculate the functions Q(El)zzexp(—?kf), k =p, —zk, , Z:X_+_
o

¢2(x,|5l) [18]. As we show below, in our approach trans-
verse momentum between the Pomeron showers is divided

successively. In this case the functio:hﬁ(x,@) are written
in the form

¢2<x,5l>=k§1 B (xi,p), (22)

where the longitudinal variabbein the nth chain depends on

the n [7]; x,=x/(1—x)" 1, Xp=0.35. The functions

F X+ P, ;X1), Wherer=q,,40, Usea Usear are the prob-
abilities of production of the hadroh from the fragmenta-
tion of the upper ends of the stringbeam fragmentation
and the functions

Fa(x_puixe) = Fr(x_,pL i)/ Fp(0py)  (23)

are the probabilities of production of the hadrorfrom the
fragmentation of the lower end¢target fragmentation
These functions are represented by the convolutions
T s 21, F7.h C O\ X+ - e~
‘/Tn(xi P 1X1,2): d kan’ (Xl,Z!kL)GT—m mvki P
(24)
- 1 .~ . - -
F080)= | ax [ R0 KB, (050,
(25)

The quark distributions in the initial hadrons owveandk
can be taken in the factorized forfh1,35, i.e.,

T (xk ) =1§"(x)g0(K,), (26)

Xy

N 1
Ph(x,p, )= f dx

Xy

X1

n

> (—X* b
k 1ML

k=2 X1

X
Useavh +
+1 <xl>euseaﬁh(—xl

n—1
— X X; - -
+ fgsea’h(xl)Gdsea_»h(X—I) gl Ik<X_vaL) + @pp(X1)9pp(PL)

PHYSICAL REVIEW D 61 056010

Wherefg'h(x) is the quarkx distribution in the initial hadron,
which has the fornf}"(x) =Cx%(1—x)# [7,18], andg(k. )

is quarkk, distribution in initial hadron. The factorized form
(26) will also be true after the gluon exchange

Trh(x,k ) =7 (x)gn(k) ). (27)

The hadronization function$s. .,(z,k, ;p,) have been
taken in the fornm{ 10]

G,_n(zk ;p)=G,_n(2)9(k), (28)

where

1,2
(29

The functionsG,_,,(z) on the right hand side of Eq28)
describez dependence of the hadronization of the quark
into the hadrorh; these functions have the forf88]

G _n(2)=ay(1-2)""M " M(2), (30

Quantitiesn(7,h) andf(z) depend on the type of reaction.
The functionsG,_,(z) and their parameters have been
described in detail in Ref[38]. For the fragmentation
u—=" (favored fragmentationthey are, for example,
n(u,7")=—a,(0) and f(z2)=1, and ford—=" (unfa-
vored fragmentationwe have n(u,7")=—«,(0)+1 and
f(z2)=1. Herea,(0) is the intercept of the leading Regge
trajectory corresponding to light and d quarks. Parameter
A=2a/,(0)(p?), wherea},(0) and(p?) are the intercept of

the leading Regge trajectory and the average squared trans-
verse momentum of the secondary hadtgrrespectively.

The parametex=0.5 is considered as an universal one, i.e.,

it is the same for all reactions. This gives, for example, an
estimation of(p?) if we know interceptay,(0). (Intercepts

and slopes of meson Regge trajectories have been calculated
in Ref. [39] in the framework of the quark potential model
with- QCD motivated potentigl. The functions

F Xy .. iX1) give dominant contribution into the cross

section atx>0 [=97% with respect td?;’(x_ P.iX2)]. In
this case light-cone variable_=0. On the contrary, the

functions 77,(x_ .P. iX,) give the dominant contribution at
x<0 (x,=0). This essentially simplifies calculations and
formulas without a loss of accuracy if one considers the re-
gionsx>0 or x<<0 separately. For instance, for the reaction
7*N—hX we have, forx>0 (beam fragmentation

Xy - Iy X >
f%“(xl)csuﬂh(—)ln(x—*,pl) +fﬂ*“<xl>edﬂh(x—*>ll<z,pi>
1 1

(31)
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where The solution for two particles bound in a harmonic oscil-
lator potential can be taken as a model for the light-cone
|n(2'5L):f 4%k, (K )G,n(p, —2K,) (32 Wwave function,z//LC(x,IZf), for quarks in the co_nfinin_g linear
potential. In order to get the Lorentz invariant light-cone
) . ) _ ) wave function, we use the Brodsky-Huang-Lepage prescrip-
and the functiongpp(x;) andgpp(p, ) describe diffraction  tion for the harmonic wave functiori6),
dissociation10,18§.
A é kizT—}_rni2
V. QUARK k, DISTRIBUTIONS bc(x,k))=Aexp —b s %

: (36)

Pomeron exchange is a soft process. However the capa- B 2 B 2 . .
bility of the model under consideration to calculate the con—Whereb_ 1/6a° for nucleonb=1/85" for pion, andn is the

tribution of multi-Pomeron exchanges allows us to reproducémmber of particles in t_he bounditatﬁé The same behavior is
hard scattering of quarks on the ends of quark-gluon stringdISo true for asymptotically large? , ki —o [44]. It was
as a sequence of multi-Pomeron exchanges. shown in Ref.[45] that with the universal scaler~pj

The functionsgn(lzi) in the above formulas describe the %3?0 MeV qnd constituent quark masses 330 Mevall
quarkk, distributions on the ends of strings aftePomeron static properties of the nucleon and pion but the charge ra-

Ay _ . ; 0
exchange between colliding hadrons, which reduces to thQ'U_IS:hOf the r:(e(tjj_tronbar_e descn:ed t% ar; accuracy of 1b0/°' |
color interaction between constituents of these hadrons. We | edquafr I Istr Vliltlon (f)n t _elgg 0 abstrlng can e;]ca-
calculate these functions as the convolutions of the quarfU/ated as follows. Wave functiof36) can be written in the

distributions in initial hadronsgo(lzl), with the square of the factorized form
NP quark-quark scattering amplitude. n

(1) Initial quark distributionsgo(k, ), can be calculated dex k=11 A eXP( -b
with the help of hadronic wave functiorief). The hadronic !
wf are underlying links between hadronic phenomena ifypere each factor corresponds to a separate particle. Quark
QCD at large distancegonperturbativeand small distances | - gistribution on the end of a string can be calculated for

(perturbative. To be successive we have to use the nonpergme ayerage, (x). Using the fact that the convolution of
turbative wf appropriate at small transverse moments. Thet

. . . two Gaussian distributions gives again Gaussian distribution,
NPwfin QCD have been introduced to the theory to describg, e oniain, for the quark distribution on the end of the string,
the exclusive processg40]. The main idea of this approach
is the separation of the large and small distances physics. At go('i): C exp(— ),Ef), (39)
small distances one can use the standard perturbative expan-

sion. All nontrivial, large distance physics is hidden into prherey= 1/<I2f> and(IZf) is the average squared transverse

wf and cannot be found by the perturbative technique. T L
Large distance phenomena are controled by the confinin@Omentum of quarks inside the hadron. To estmﬁkfe) we

linear potential. Thevf for this potential was obtained from assume the hadronief peaked ak=3 [19]. Then for(k?)
an approximate bound-state solution in the quark models foin the nucleon we estimatg?)~6a%(x)=0.18 (GeVk)?.
hadrons[41] and the exact solution for harmonic-oscillator The constanC= v/ is determined from the normalization
interaction in the framework of the Poincare-invariant quan-condition

tum mechanic$42],

Kz +m?

: (37

Xi

Yo (G2 =A exp( - Zq—ﬁz . 33

*2) J go(k, )d%k, =1. (39
Therefore the initial quarkk, distribution on the end of
string can be taken in the Gaussian form normalized to 1.

There is a possible connection between the rest frafia3) (2) The next important ingredient we have to estimate is

and the light-conavf, s c(x,k,) [43], the NP quark-quark scattering amplitude. In order to deter-
-y _ mine the scattering amplitude in the infrared limit one needs
Pem (A= dhre(x.kp). (34 information about the nonperturbative behavior of gluons,

i.e., in this limit, nonperturbative aspects of QCD are crucial
[20,26. Explicit calculations for high-energy elastic hadron-
fadron scattering near the forward directj@d] support the
Sidea that the vacuum structure of QCD plays an essential role

An important general feature of the behavior of the light-
cone wave function is that each Fock component describes
system of free particles with kinematics invariant mas

squared 36,37 in soft high-energy scattering.
N2 2 As was shown in Ref4.20,21] the qq scattering is a NP
k& +m: . . . .
M2= E T (35) process and the scattering amplitude can be obtained by first
i Xp calculating the amplitudes for each quark in an external glu-
onic potential. In a second step one has to average the prod-
This feature is essentially exploited in our model. uct of the corresponding scattering amplitudes over all gluon
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potentials with an appropriate functional integral measureThe distribution functiongy,(k,), ga(k,), etc., are calcu-
The result obtained in Ref21] apparently shows that one |ated analogously to the above case. This means that the

has to take the whole sum of gluon interactions of two qua”ﬁguark distributiongZ(IZL) is obtained after exchange by the

Imes and average them. In these calculations the nonpertu econd Pomeron in the corresponding chain; this distribution
bative ansatz for the gluon propagator should be used.

To find the NPqq scattering amplitude we consider elas- Will P& expressed via the functiogy (k, ),
tic proton-proton scattering via the Pomeron exchange in ) ) o )
which the Pomeron is constructed as an exchange of two NP go(k, )= f d?k] AZp[ (k! —k,)?1g.(K]). (44
gluons. The amplitude for elastic proton-proton scattering

via two-gluon exchange can be written B5] (see, also, Repeating this iteration proceduretimes, we obtain the

Ref. [19) quark distribution functiorgn(lzl) in thenth chain expressed
A(s,t)=8i3a§[T1—T2]. (40) via the functiongn,l(li) and, therefore, via the function
do(k,) as

Here T, represents contributions from diagrams where both

gluons are attached to the same quark within the proton, - - 5 = - -

whereasT, comes from diagrams in which the gluons are g”(kL):f A%k, -2 ARPL (KL -1 K)IGn-1(K) 1)

attached to different quarks. Analysis of the data from the

total cross sections, elastic scattering, and inelastic diffrac- :j d2k A2 [ (K —K, 2]

tion dissociation strongly suggests that the Pomeron couples LT IENPLARL AL TN

to single quarks and to a good approximation behaves like a

Cc=1 isosca_lar photof5]. X f dzIZJ_,n—ZAﬁP[(lzJ_,n—Z_ 12“1_1)2]. ..
Perturbative exchange of two gluons does not reproduce

thet dependence if the gluons couple to different quarks and . . . .

is obtained naturally when one makes the gluons couple to X f dzkl,oAﬁ,p[(kLO— kLvl)Z]gO(kilo). (45)

single quarks. There is a contribution from diagrams in

which the two gluons do not couple to the same quark. Thigyote that ifn is the number of Pomeron exchanges we take
provides a partial cancellation which is complete in the I|m|tinto account in a given reaction, thén =K
’ N—Rl n-

of zero hadr_on rad_|u§46]. . The distribution functionsf,:'h(x) can be calculated with
This fact is particularly important for our purpose of ex- g L
: ; ! X the help of the regular or successive divisiorxdietween 2n
tracting theqq scattering amplitude via two NP gluon ex- — 7 ) . o
change; for the scattering of two pointlike quarks, formuladd chains[18]. In this work, we use the successive division

(40) can be simplified by the taking into account only the ©f X, which corresponds to thee, division arising(by prod-
uct) in our approach as a result of the successive gluon ex-

term T4,
changes.
s X 5 This method of calculation of the successive NP gluon
= fod qDnpl(a+k/2)7]1Dnpl(q—k/2)“]F (1), exchanges effectivey results in the hard distribution of

(41) quarks on the ends mfastring. The sensitivity of the distri-

butionsg,(k,) to the choice of the form ogo(@) is very
where the electromagnetic form factey(t)=1 for the scat- weak because of the strong dependence of the NP scattering
tering of point-like particles anti= —k?2. Therefore, we can amplitude(42) on g2. This method of calculation of thie,
consider the NP quark-quark scattering amplitude of thelistributions of quarks on the ends of strings allows us to
form reproduce the inclusive spectfgx,p,) of secondary had-
rons overx andp, up top, =10 GeVcL.

Anp(s,t)= isKaﬁfOSdzq Dnel (q+k/2)21D e[ (g—k/2)?],
(42)

VI. RESULTS AND DISCUSSIONS

One-Pomeron exchange plays the dominant role in high-
whereK is a constant factorg,, is the strong running cou- energy hadronic reactions. However, with the energy growth,
pling constant in the nonperturbative regime, @gh(k?) is  multiple Pomeron exchanges begin to play an important role.
the NP gluon propagat@fi2). The convolution function then The model developed in this work represents a natural
can be taken in the form of the scattering amplitude squaredramework to calculate such processes. In Fig. 1, we show
A,Z\,P(kz). the mean number of the exchanged Pomerons ipthé-

The quark distributiory; (K) on the end of the string after teraction as the function of/s. As one might expect the
one-Pomeron exchange can be calculated with the help of tHenction <Np)(\/§) grows with \/s, i.e., the contribution of
formula multi-Pomeron exchange processes becomes more and more

important with the energy growth. It is interesting to empha-
S (S T S size that theNp)(\/s) is between 1 and 3 up to TeV ener-
gl(ki)_f a7k Anpl (ki —k)"1go(k1).- (43 gies. Figure 2 represents the distributions of quarks on the
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N ]
o 5 10 o \6=52.7 GeV 3
< 9 < 107 :
\Z } ? g
107 3 3
Mean number of pomerons ..,d' 10 _‘é ;
N PR 107k 1
10 10° 10° 10* 10° NABPOA: 3
Vs, Gev 107
7t ]
FIG. 1. Average number of the exchanged Pomerorsprnin- 10
teraction as the function ofs [the solid curve here and on other 10k ,
plots below shows the calculation result with the propagétay]. _95 . . . o ]
10 00 20 40 6.0 80 100
ends of the quark-gluon stringg,(k,), for different n. pr. GeV/c

These distributions are harder for larger ) ) ) . 0
Using the formula19), we can calculate many character- FIG. 3. The inclusive cross section of the reactm)p_—wr X

istics of the hadron production at high energies; invariani/éTsus transverse momentum ¢=52.7 GeV. The solid curve

distributions, differential and total cross sections, asymmetry"oWs the calculation result with the propagdf®), the dotted line

of D meson production, multiplicities of hadrons, correlation "Vt the Gaussian propagat¢®), and the dashed line above the

of the average transverse moment(m) on multiplicity of data has been obtalned_ with the use of the Cornwall s propagator
S TR . 7 (4). The small dashed line shows one Pomeron contribution into

hadrons, multiplicity .dlsmbu.tlons' et¢10]. Invariant d.lsm' cross sectionr{=1) with the propagatof12). The data are from

bution f(x) and p, distribution can be calculated with the ¢ [47].

help of the formulas

. whereE* is the energy of the hadrdmin the c.m.s. of the
f(x):f F(X,p1)d"p. (46)  reaction andF(x,p, ) is given by Eq.(19).

The calculation results of different physical characteristics

of hadrons produced in hadron-nucleon collisions are shown

d_w\/sf F(x Fi)ﬂ (47)  inFigs. 3—11. In Fig. 3, we show the invariant cross section
dp? 2 E* E(da/d3p) versus transverse momentym for the 7° me-
T 10
L ] —~ E pp-m'X
10 'k E "0
2 ] N \§ = 195 Gev
| - % 10F E
10 ; § é‘é E ]
10} 3
~ F ] o TE E
< 10~ O
S F ? N
[ ] o
10 & 10 7'k E
107 -
107k 1 10 2% 3
E 3 :| TN W T N T T S [ T T A ]
10 Y IS T W S S 0.0 0.5 1.0 1.5 2.0
00 20 40 60 80 100 pr, GeV/c

kr, GeV/c -
FIG. 4. Invariant cross sectidﬁ(x,pf) of 7+ mesons produced
FIG. 2. Distributions of quarks on the ends of the quark-gluonin reactionpp— 7" X at p,=200 GeVt as a function ofp, for
strings as the function of the internal transverse momerkurfor the different values ok, x=0, 0.3, and 0.6. Experimental data are
n=1, n=3, andn=5. from Refs.[48].
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Es LB AL L AL B B B B R T T T T T
» - ] 2 - i
a i pp>7 X ] 0 pp-D"X E
o F ¥ = 195 GeV 3 N Vs=27.4 GeV ]
F >
()]
¢ gk '
> - 3
£ 3
s i a1 E 3
210 'k 3 CE: E
2 ' 3
b o [
o L ] ©
W0k 3 107 3
10 -Jg 3 10 -2 I § ! 'I {
E PRRE TN TR WO T S W N W N T SO WO W A M S ] 0.0 2.0 40 6.0
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pTv GeV/C . . . . _
FIG. 7. Differential cross sections of the reactipp—D ™ X at

R _ - 2

FIG. 5. Invariant cross sectidf(x,p2) of =~ mesons produced the energyy/s= 27.4 GeV as a function op’ . The curve corre-
in reactionpp— 7~ X at p,=200 GeVk as a function ofp, for sponds to calculation with the intercept,(0)=0. The data are
the different values ok, x=0, 0.3, and 0.6. Experimental data are from Ref.[49].
from Refs.[48].

=0.2 (GeVk)?. Values of the parameters for some reac-
sons produced ipp collisions atys=52.7 GeV ank=0.  tions are given in Table I. In this table, parametggsandR?
Curves correspond to the calculation results obtained witlidetermine the value of the Pomeron coupling with a hadron
the use of the propagators considered in Sec. lll. We see [@ee Eqs(13)—(17)]; these parameters depend only on the
good description (solid line) of data [47] up to p,  type of initial particles. Parametess, andy enter into had-

=10 GeVik with thezprppagqtoflz). ronization functionsG(z,k, ,p,) [see Eqs(28)—(30)]; they
Parametery=1/k{) is defined by the average squared depend on the type of secondary particles.
transverse momentum of quarks inside a hadron. For a |5 Figs. 4 and 5 we show the invariant cross section
nucleon, we estimatékf)zO.lB (GeVL)? (see Sec. IV. E(dcr/d3|5) of #* and#~ mesons produced imp collisions
This parameter is the same for all processes at all energie&t Dap=200 GeVE as a function ofp, for three different
Parametery [see Eq.(29)], y=1Kp?), where(p?) is the  yalues of the Feynman variabke : x-=0, 0.3, and 0.6. We
average squared transverse momentum of the secondary hagee a good agreement of the model prediction with the ex-
ron. For 7 meson production, we estimatdp®)  perimental dat§48]. In Figs. 6—12 we demonstrate the pos-
sibility of the model for description o meson spectra. We
show the calculation results for the differential cross sections

T T T T T

2 o
107 pp~D"X
ot Ve=27.4 GeV ] 10 F—T——T—— T
o ] 3
% 10 3 7 p=+(D*+D7)X
e F VE =250 GeV/c
\ F
g L
oo o 107'F
N-é- { E
B » % 10k 3
o 10 E E E 3
107
-2 t 1 1 i 1 E ]
0.0 20 40 6.0 W e
2 10
P2 (GeV/c) 00 20 40 60 80 100 120
P, (GeV/c)
FIG. 6. Differential cross sections of the reactipp—D "X at
the energyy/s=27.4 GeV as a function qbf . The curve corre- FIG. 8. The combinedDIpf data from E76952] is compared
sponds to calculation with the intercept,(0)=0. The data are to our calculation integrated over G4g<1. The curve corre-
from Ref.[49]. sponds to calculation with the intercep},(0)=0.
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10 T T T T T T T T T . ! J ! J T T v T T
! 10°F 3
F n p->DX
Asymmetry o po=340 GeV/c
10k
0.5 e & 5
N ] T
RS >k
% o -
' * -
0.0 ¢ + = 10 'F i
+ :
10 -2 | L 1 L 1 1 I f 1 L
0.0 0.2 0.4 0.6 0.8 1.0
-0.5 ) 1 L 1 . [ ) ) Xg
.0 . 4. . R . o . L
0 20 0 80 2 80 100 FIG. 11. Thexg distribution for leading charm production in the
P (Gev/c) reactiont~p—D~ X atp,=340 GeVkt compared with the WA82
data[52].

FIG. 9. Thexg integrated (0.£x:<0.7) asymmetry oD me-
son production in 7 "p interaction of E769[52] at Po  clej, theD~ x. distribution is consistently harder than the
=250 GeVE. D* distribution. TheD~ and D are referred to as “lead-
ing” charmed mesons while th® " andD° are nonleading.
do/d pf of the reactionpp—D*X at \'s=27.4 GeV. The The observed correlation of the"N—D*X cross sections

curves correspond to the case when the Regdmijectory ~ With the projectile charge violates the usual assumption that
has the intercept,(0)=0 that presupposes nonlinegtra-  heavy quark jet fragmentation factorizes. .
jectory[39]. From this figure, one can see a good agreement The asymmetry between leading and nonleading charm
of the model prediction with the experimental data far particles is defined as

mesong49]. The inclusive spectra d* mesons have been

calculated for the parameter=0.9 (Gevt) 2 in hadroni-
zation functions, which corresponds to the average squared

2
transverse momentum of the seconddymesons,(p.) In Ref. [51], the asymmetry as a function & and pf has

=1.11 (GeVk)2. . . .
. . been examined assuming a two-component model combining
Experiments at Fermilab and CERN havg observed ?eading-twist fusion subprocesses and charm production
strong asymmetry between the hadroproduction cross S€%om intrinsic heavy quark Fock states. The magnitude and

tions of leadingD mesons, containing prOJe_ctlle vale_nce_ kinematics dependence of the asymmetry is explained in this
guarks, and nonleading charmed mesons without projectile - ) )
valence quarkg50]. In 7~ interactions with hadrons or nu- Model by an intrinsicc production cross section of 04b.

In our model, a sizable leading charm asymmetry is pre-
dicted by the charm hadronization mechanisms incorporated
wik T ] in the hadronization functions. The calculation results for
7 p-D*X 7~ p interaction are shown in Fig. 8. The hadronization
Po=340 GeV/c ] functionsG,_.n(2) of quark(diquarkg chains into charmed
mesons are determined as-1 by the intercept of thec
Regge trajectorye,(0) [38]. The main uncertainty of the
calculations comes from poor knowledge of the intercept of
¥ trajectory, a,(0). Unfortunately, the large number of er-

rors in charm cross section measurement/st630 GeV

B o(lead — o(nonlead

~ o(lead +o(nonlead” (48)

10 E

dN/dXF

TABLE I. The model parameters for some reactions.

107

Reaction y,, GeV' > R? GeV® a, 7, (GeVic) 2

it 1 mp— X 2.27 2.23 0.43 5.0
pp— X 3.43 2.77 0.45 5.0

FIG. 10. Thex distribution for nonleading charm production in pp—KX 3.45 2.77 0.05 3.81
the reactionm p—D*X at p,=340 GeVt compared with the pp—DX 3.45 2.77 104 0.90
WAB82 data[52].
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does not allow one to extract a useful constant fordh€0). .00 77

Comparison of the calculations with data shows a good - . 1

agreement for the case whepm trajectory has intercept 0.75 | Asymmetry 07/D i

@,(0)=0. Such a value of the intercept corresponds to the ! ]

nonlineary trajectory calculated in Ref39]. 050 F 5

If one assumes the leadira trajectory to be nonlinear < |

(on what indicates many quark models; see, for example, b

[39] and references thergiand the parameters of the(t) 025 - ’

are dictated by the perturbation theory of QCD, theg0) r +

=0. For the fragmentation of thd quark chain intoD ™~ 0.00 -+ } + .

mesons(favored fragmentation for instance, the function L .

G(z) is [38] 025 b
Gy_p-(z2)=ap(1—2z) O N1+bpz?), (49 00 (:(: "

and the hadronization function of tllequark intoD ™ me- FIG. 12. Thep, integrated asymmetry d meson production

sons(unfavored fragmentatioris of E769[52] at po=340 GeVk.
Gy_p+(z)=ag(1—z) @O +21-erO1  (50)  |andshoff and Nachtmann. The most important ingredient of

the transverse component of our model is the NP gluon

Here ag(0)=0.5, a,(0)=0 are the intercepts of the me-  propagator. We have analyzed several propagators proposed
son andy Regge trajectories, respectivelgp=0.110"3,  py different authors and shown that the Gaussian-type propa-
bp=5. Favored fragmentation corresponds to leading quarlgator (3) is good only at smalk?, k?<1 (GeV/c)?. Corn-
fragmentation and unfavored to nonleading. The completgvall’s propagator(4) can be usedin the framework of the
list of the hadronization functions is given in RE28]. approach under consideratjorat small p, up to p,

In Fig. 9 we show theg-integrated (0.£x<0.7) asym-  =3-4 GeVt, where nonperturbative effects dominate, and
metry of D meson production int ™~ p interaction of E769 fails to describe data at, >4 GeV/c [11].
[52] at pp=250 GeVk. In Figs. 10 and 11 we compare the ~ We have dealt with Cornwall’s propagator in the context
calculation results with the distributions for nonleading of the Landshoff-Nachtmann model and extracted the
charm(Fig. 10, leading charm distributiongFig. 11), and  “pure” NP propagator. We have shown that the last one
the asymmetry (Fig. 12 in 7~ p interaction at pg which vanishes as1/q® or faster, in combination with the
=340 GeVkt with the WA82[52] data. The calculations multi-Pomeron asymptotic of the model, can reproduce the

show a good agreement with data. soft and hard distributions of secondary hadrons. The propa-
gator suggested reproduces the Pomeron cougﬁ@gﬁg
VIl. CONCLUSION =3.94 GeV ? for the value of the gluon condensalié,

) =0.993 GeV and the correlation lengt+0.444 GeV'?!
Hard processes can be explained by the PQCD and moghat aliowed us to fix parameters of the NP gluon propagator.
els containing the semihard component. The main question 14 cajcylate soft and hard hadronic processes, we have
that should be considered in this work is whether it is POSyayen into account the dependence of quark distributions in
sible to apply the nonperturbative approach based oh 1/ |jiging hadrons and the quark hadronization functions on
expansion of the scattering amplitude and the “eikonal aptne transverse momentuky . The color interaction of va-

proximation” to analyze the hard hadronic processes. lence quarks, diquarks, and sea quafiwtiquarks of the
To deal with such a possibility we have used the fact tha},54rons has been taken into account.

the first term of the tppolog@caIIlVexpansion corresponds to Contrary to the simple one-gluon-exchange picture for
the Pomeranchuk singularity and the next terms correspongrq scattering, in our approach the transverse momentum of
to multi-Pomeron exchanges. In this work, we have devel'quarks on the ends af Pomeron strings is a result of the

oped a nonperturbative model to describe both soft and harg;yy of multiple gluon exchanges. The quark distribution
distributions of hadrons at high energies. For this we hav? i K lculated iterativelv as the convolu-
used the fact that the total cross section and the total inelastlglfInC ions, gn( .L)-,.are caic T yﬁ ’
cross section of hadron-hadron interactions can be calculatd{pns of the initial quark distributiongg(k,), with the
in the framework of the “eikonal approximation” as the sum Squared NP scattering amplitudig, p(q%), corresponding to
of the topological cross sections,,, which give weights of the exchange by two NP gluons. This calculation procedure
the Corresponding\ Pomeron_exchange diagramsl The |On_reSU|tS in hard distributions of qua}l’ks On the ends .Of the
gitudinal component is given by the string model in which strings and corresponds to successive division of the internal
the n Pomeron exchange is modeled by the forward scatterransverse momenturk, and longitudinal variablex be-
ing diagrams of the cylindrical type. tween  chains (2 quark-gluon strings

According to Low and Nussinov we have modeled the The model has been developed to calculate invariant dis-
Pomeron as the two-gluon exchange, but we have modeledibutions F(x,p,) for inclusive hadronic reactions. Self-
the exchange of two nonperturbative gluons as suggested lgpnsistency of the model is demonstrated by a good agree-
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