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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 topological 1/N expansion 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 atq250. 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 vanishes as (q2)23 or faster
allows one to reproduce hard distributions of secondary hadrons. The model is used to analyze the inclusive
spectra of hadrons on the Feynman variablexF and transverse momentump' up to 10 GeV/c in a wide energy
interval.

PACS number~s!: 11.15.Me, 11.15.Pg, 11.15.Tk
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I. INTRODUCTION

It is commonly agreed that all the phenomena of had
physics should be described in the framework of QC
There is a simple Lagrangian density of QCD,LQCD , and in
principle everything is derivable from it. But the degrees
freedom inLQCD are quarks and gluons, not the hadrons
observe in nature. This is why it is not so easy to ma
quantitative predictions for the real world starting fro
LQCD . There are two areas where this has been succes
for short distance phenomena, where perturbation theory
be applied, and for hadron spectroscopy and other long
tance phenomena, where numerical or perturbative meth
can be applied. There is one more class of phenomena w
is neither pure short distance nor pure long distance. Th
are high-energy hadron-hadron collisions. These react
are traditionally classified into ‘‘hard’’ and ‘‘soft’’ ones. In
hard reactions, all energies and momentum transfers are
sumed to be large. In this case the QCD improved par
model describes the reaction of partons by perturba
theory.

As for soft high-energy interactions, the perturbative c
culation method is not directly applicable. Instead, most
thors develop and apply models that are older of QCD
QCD motivated. Most successful are models based on
Regge approach to high-energy collisions. It was argue
Refs. @1,2# that the conventional Regge approach to hig
energy collisions is most probably correct. Regge calcu
reproduces many features of hadron interactions at high
ergy remarkably well. It describes accurately allpp andpp̄
elastic scattering from the CERN Intersecting Storage Ri
~ISR! to Fermilab Tevatron energies, successfully pred
the gp total cross section@3#, diffractive processes and
through optical theorem, the total and inclusive cross s
tions as well.

To understand many features of hadronic interaction
high energy, it is necessary to introduce a Reggeon know
0556-2821/2000/61~5!/056010~14!/$15.00 61 0560
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the Pomeron. The ‘‘soft’’ Pomeron is responsible for most
the total cross section in hadron-hadron collisions, for sm
2t elastic scattering and for diffractive dissociation. In t
framework of QCD the Pomeron is understood as the
change of two~or more! gluons@4#. However the exchange
of two perturbative gluons cannot reproduce the experim
tal results. It was established@5# that the simple phenomeno
logical properties of the Pomeron may readily be underst
if the gluon propagatorD(q2) does not have a singularity a
q250. A behavior softer than a pole of gluon propagator
small q2 is expected from nonperturbative effects of t
QCD vacuum@5#, which leads to confinement.

There are several very successful Regge models: dual
ton model ~DPM! @6#, quark-gluon string model~QGSM!
@7#, VENUS model@8#, developed originally to describe so
hadronic interactions, and their modifications@9–11# to de-
scribe both soft and semihard hadronic reactions. Within
framework of the DPM, the inclusion of a semihard comp
nent has been considered in Ref.@9#. The two-component
model embodies the standard DPM for the soft componen
which the semihard component was added appropriately
this model, the partons at the ends of the hard chains
transverse momentsp'>p'

cut-o f f as predicted by perturba
tive QCD ~PQCD!.

Another model to analyze soft and semihard hadron p
cesses was suggested in Ref.@11#. The interaction of quarks
from colliding hadrons has been calculated as the excha
by nonperturbative~NP! gluons @12#, for which the cutoff
parameter in the gluonic propagator has been included.
model has allowed us to analyze the inclusive spectra
hadrons in high-energy hadron collisions for transverse m
ments up to.4 GeV/c. A similar approach can be used t
create a model to analyze data at all available energies fo
xF and p' . In this work, we investigate the possibility o
reproducing hard distributions of secondary hadrons in
framework of the nonperturbative approach. Using the n
perturbative method, we start with the physics of soft int
©2000 The American Physical Society10-1
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actions and move as far as possible to the hard region.
develop a two-component model based on the topolog
1/N expansion of the scattering amplitude and the ‘‘eiko
approximation,’’ with the use of the conception of the sup
critical Pomeron to describe soft and hard hadron distri
tions at high energy. The longitudinal component is given
the string model in which multi-Pomeron exchanges are r
resented by the forward scattering diagrams of cylindri
topology and determine the behavior of the cross section
longitudinal variables.

Hard scattering of quarks on the ends of quark-glu
strings is calculated in the multi-Pomeron asymptotic a
sum of multi-gluon exchanges. In these calculations we
count for the color interaction between quarks of collidi
hadrons before creation and decay of the correspon
strings. The main contribution into such a process at h
energy gives a single Pomeron exchange, which is c
structed as an exchange of two nonperturbative glu
whose propagator is finite atq250. Successive multi-
Pomeron exchanges required bys channel unitarity are cal
culated and give rise to the hard scattering of quarks.
analyze several NP gluon propagators proposed by diffe
authors and observe that the propagator, which vanishe
1/q6 or faster, in combination with the multi-Pomero
asymptotic of the model, allows us to reproduce hard dis
butions of secondary hadrons. The model is used to desc
data by the Feynman variablexF and transverse momentum
p' up to 10 GeV/c.

II. THE POMERON

The description of soft hadronic reactions at high energ
is in terms of Regge exchanges. A Reggeon known as
Pomeron plays the dominant role in high-energy hadro
reactions. The question is, what is the Pomeron?

There exist different approaches to investigating an ob
such as the Pomeron@4,13–17#; ‘‘soft’’ and ‘‘hard’’
Pomeron are the most popular of them. The soft Pomero
constructed from multi-peripheral hadronic exchanges
has interceptaP(0)51. Because this is not compatible wit
the rising hadronic cross sections at high energies, the
Pomeron was replaced by a soft supercritical Pomeron w
an interceptaP(0).1 @15,18#.

In the framework of QCD~in the scattering region!, the
Pomeron is understood as the exchange of two~or more!
gluons @4#. The Balitskiǐ-Fadin-Kuraev-Lipatov ~BFKL!
Pomeron is constructed as an exchange of two perturba
gluons@13,14#. The physics of the soft Pomeron is much le
clear. However there is good basis to believe that the
Pomeron can be considered as an exchange of two non
turbative gluons whose propagator does not show a pol
q250 @19#. The perturbative approach to the Pomeron h
been discussed in Ref.@14#. This approach gives reliabl
results where the leading logarithmic approximation hol
The hard Lipatov-like Pomeron is built out of mult
peripheral high transverse momentum gluon exchanges
has a series of poles at 1, j ,11D in the complexj plane.
Both the soft supercritical and the hard QCD Pomeron p
dict a powerlike rise of the total cross section,s tot
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}saP(0)21. Any realistic perturbative QCD attempts lead
the introduction of an ‘‘infrared’’ cutoff that generates th
main part of Pomeron exchange.

A comparative investigation of various Pomeron mod
was carried out in Ref.@16# in the impact parameter spac
through their predicted values ofs tot , slopeB, andsel /s tot

in high-energypp and pp̄ scattering. It was shown that th
data agree with a hybrid eikonal model which combines
hard Lipatov-like QCD Pomeron with the old-fashioned s
Pomeron and Regge terms. The main result of this inve
gation is that the data is compatible with a smooth transit
from a soft to a hard Pomeron contribution which can a
count for the rise ofs tot with s.

A connection between the nontrivial vacuum structure
QCD and soft high-energy reactions has been discusse
Refs.@5,20,21#. It was argued@20# that soft collisions should
involve in an essential way the NP QCD. A simple model
the vacuum developed by Landshoff and Nachtmann~LN! in
Ref. @5# explains the properties of the Pomeron observed
the experiment. In the LN model, Pomeron exchange co
sponds to two-gluon exchange.

The starting point of the LN model is that the vacuu
consists of a gluon condensate@22#,

^0ug2:Gmn
b ~0!Gbmn~0!:u0&5Mc

4 , ~1!

whereu0& denotes the physical nonperturbative vacuum,g2

54pan is the QCD coupling constant in nonperturbati
regime,b51,2, . . . ,8, andMc.1 GeV. The gluon conden
sate is characterized by the massMc that measures its mag
nitude and a finite correlation length,a @5,23#, which are
considered as fundamental parameters derivable from
first principles. The Pomeron exchange between quarks
haves like a photon exchange diagram with amplitu
ib0

2(ūgmu)(ūgmu). The strength of the Pomeron coupling
quarks,b0, is given by

b0
25

4p

9 E
0

`

dk2an
2DNP

2 ~k2!, ~2!

where DNP(k2) is the NP gluon propagator andk252q2.
The coupling constantb0 and a mass scalem0 ~see below!,
control the Pomeron form factor. The relationship betwe
the phenomenological parameters of the Pomeron,b0, and a
mass scalem0 and fundamental quantities of NP QCD,Mc

4 ,
anda has been established in Ref.@24#.

III. THE NP GLUON PROPAGATOR

The main problem of applicability of perturbative QCD
soft processes comes, as was mentioned in Refs.@25,26#, not
so much from the size of the coupling but rather from t
infrared and collinear singularities emerging from the glu
and quark propagators. Most perturbative calculations n
to introduce some kind of regulator as a gluon mass or m
mum transverse momentum of the order of 1–3 GeV/c to
give reasonable answers.

The derivation of the NP gluon propagator from QC
@12,26# shows that the low-momentum singularity of th
0-2
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gauge field propagator is softened. A soft infrared behav
can also be obtained in a Yang-Mills theory with Hig
mechanism, where the gluon acquires a mass, or for s
solutions of the Dyson-Schwinger equation@12# or simply in
the presence of a cutoff. Hints of a softer behavior at
origin can be found in the lattice calculations~see Ref.@26#!.
In the Landau@27# and the axial@28# gauge, the gluon propa
gator seems to behave like that of a massive particle.

Finite gluon condensate requires that the NP gluon pro
gator,DNP(k2), should be finite atk250. This is a key re-
quirement of the LN model; the dressed gluon propaga
D(k2), should not have the singularity of the bare massl
boson}1/k2 as k2→0, but should be softened. The sing
larity in the two-gluon calculation of hadron-hadron scatt
ing is eliminated.

Several such propagators have been considered in th
erature@12,17,26,29,30#. The simplest choice is given by th
ansatz@30#

anDNP~k2!5
3b0

A2pm0

expS 2
k2

m0
2D , ~3!

with m051.1 GeV. This function is required to match th
perturbative propagator at a givenk5Q0 that determinesQ0
andan .

A more realistic QCD motivated propagator was obtain
in Ref. @12# from the approximate solution of the Dyson
Schwinger equation which contains a dynamically genera
gluon mass. In the Feynman gauge this solution is given
Dmn52 igmnD(k2), where, in Euclidean space,

anD~k2!5
1

b0 ln@„k214m2~k2!…/L2#@k21m2~k2!#
~4!

with momentum dependent dynamical mass given by

m2~k2!5mg
2F ln@~k214mg

2!/L2#

ln~4mg
2/L2!

G212/11

. ~5!

Here in Eqs.~4! and ~5! b05(3322nf)/12p2 and gluon
mass mg55006200 MeV for L5300 MeV @12#. The
coupling an is frozen in the nonperturbative regime an
anD(k2) is formally independent ofan . Solution~4! is valid
only for mg.L/2 @12#. An important feature of the propaga
tor ~4! is that it incorporates the correct ultraviolet behavi
i.e., asymptotically obeys the renormalization group eq
tion. This means that the gluon propagator~4! asymptotically
at largek2 takes the usual form, i.e.,D(k2)}1/k2, because
m2(k2)→0 at k2→` and is valid for the entire range o
momentum withg51.5.

We analyze these two propagators below in the contex
the cross sections they generate in the framework of
model under consideration. We show that the propagator~3!
is good only at smallk2, k2<1 (GeV/c)2. Propagator~4! is
good in a more widep' interval and, in principle, can be
used at allp' . It describes data up top'.3 –4 GeV/c @11#,
where the nonperturbative effects dominate. However, in
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perturbative region, the calculated cross section goes sig
cantly higher than the experimental data.

This behavior can be explained as follows. The propa
tor ~4! has the perturbative ultraviolet behaviorD(k2)
}1/k2 at k2→`, which corresponds to one-gluon exchang
But in the perturbative region, one-gluon exchange rep
duces the hard scattering of hadrons. Growth of the cr
section atp'>3 GeV/c can be explained by the combina
tion of the perturbative behavior of the propagator at largek2

and the nonperturbative nature of the model, i.e., multi
gluon exchanges which are essential in this region. There
some mechanism is required to take into account the non
turbative effects.

A similar problem has been discussed long ago in R
@31#. It was shown that the model obtained by multiplyin
the usual parton-parton scattering amplitude by the facto

B~k2!5
1

~k21m2!2
, ~6!

where m.4 GeV is a parameter~the same for all pro-
cesses!, describes high transverse momentum data fr
CERN ISR and Fermilab for the processespp→cX and
pn→cX (c5p6, p0,K6,p,p̄) surprisingly well. The use of
the same factor in our model, also, results in the descrip
of high p' data~see below!. The form factorB(k2) can be
treated as one, which takes into account nonperturbative
fects. It results in the dependence (k2)23 at k2→`, if one
multiplies the propagator~4! by B(k2). However the factor
B(k2) contains the scalem2516 GeV2 which is purely per-
turbative.

A more rigorous approach which takes into account
nonperturbarbative effects was developed by Landshoff
Nachtmann in Ref.@5#. They have shown that the comple
gluon propagator can be split into a perturbative pa
DP(k2), and a nonperturbative part,DNP(k2), summarizing
the vacuum-condensate effects@5# as

^0uT„Gm~x!Gn~0!…u0&5 igmnDP~x2!1 igmnDNP~x2!.
~7!

The NP gluon propagator,DNP(k2), leads to the following
correlation function for the field strength:

^0u:Gmn~x!Gmn~y!:u0&

52 i E d4k

~2p!4
e2 ik(x2y)6k2DNP~k2!, ~8!

whereA(x2y)25a is the correlation length. By settingx
5y one makes contact with the analogue of the Shifm
Vainshtain-Zakharov~SVZ! gluon condensate~1!,

^0ug2:Gmn
b ~x!Gbmn~x!:u0&

[Mc
452 ig2E d4k

~2p!4
6k2DNP~k2!. ~9!
0-3



d
he
he

x
si
t

de

ti
-

r.

io
g
io

rm
,

v

r

l

lti-
of a
nt.
too
n-
an
for
ject

ul-
and

in
step
x-
ods
able
the

re
lu-

r

tion
e-

l

f
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Therefore a finite gluon condensate requiresDNP(k2) to van-
ish faster than (k2)23.

Consequences of the LN model have been examine
Ref. @25#. It was shown that the LN model based on t
analogy Pomeron photon was rather successful. Since t
the LN model has succeeded, att50, in describing the
Pomeron in terms of a modified tree-level two-gluon e
change, thus providing a connection with QCD. The ba
idea appears to be true; the infrared singularities presen
perturbative QCD can be regulated in a process-indepen
way.

The behavior of the NP propagatorDNP(k2) at largek2

can be estimated as follows. According to Eq.~7! the NP
propagatorDNP(k2) can be obtained from the propagator~4!
@which is a complete gluon propagator with the asympto
behaviorD(k2)→0 at k2→`# with the help of the subtrac
tion procedure

DNP~k2!5D~k2!2DP~k2!, ~10!

where DP(k2)51/k2 is the perturbative gluon propagato
Because of the singularity ofDP(k2) at k250 the substruc-
tion procedure makes sense only in the perturbative reg
i.e., k2.2 –3 (GeV/c)2. In this region, the strong couplin
an

2 in Eq. ~4! cannot be taken frozen and the substruct
procedure is very sensitive to the parametrization ofas(k

2)
at smallk2. If one chooses the parametrization in the fo
as

21(k2)5b0 ln@(k214mg
2)/L2#, wheremg is the gluon mass

one obtains, with the help of the substruction procedure
k2>3 (GeV/c)2, the NP gluon propagatorDNP.(k2)2n

with n'3.
Therefore the NP gluon propagatorDNP(k2) and its pa-

rameters can be unambiguously fixed. It was found con
nient to parametrize the propagatorDNP(k2) as follows@5#:

anDNP~k2!5
Mc

4a6

24p
F~k2a2!, ~11!

where dimensionless functionF and correlation lengtha are
both fixed uniquely by Eqs.~2! and ~9!. Generalizing the
above discussions, we come to the NP gluon propagato

anDNP~k2!5
Mc

4a6

24p

1

~a2k211!n
~12!

with n531e. This propagator~incorporated in the mode
under consideration! gives description of highp' data~see
below! and is in agreement with the LN model fore.0. To
guarantee finiteness of the gluon condensate@see Eq.~9!# in
accordance with the substruction procedure, we takee
50.01, though the case withe50 also gives a very good
description of the highp' data. Propagator~12! reproduces
the Pomeron coupling~2!, b0

253.94 GeV22, for Mc

50.993 GeV anda50.444 GeV21 ~or 0.08 fm!. This fixes
the parameters of the NP gluon propagator~12!.
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IV. THE MODEL

The hadron-hadron interactions at high energy are mu
particle processes. Most events consist of the production
large number of particles with a small transverse mome
For soft processes, the running coupling constant is much
large for ordinary perturbation theory to be applicable. A
other feature of hadron interactions is that they involve, in
essential way, multiple gluon exchanges. The amplitude
single quark scattering on each other is not a sensible ob
~see Ref.@20# and references therein!. Sensible objects are
the amplitudes for the scattering of hadrons that imply m
tiple gluon exchanges. The problem is nonperturbative
should involve the corresponding methods. The first step
this way is to use the NP gluon propagator. The second
should involve or effectively account for multiple gluon e
changes. Therefore, alternative nonperturbative meth
must be adopted. The theoretical descriptions of measur
quantities like the total cross sections also should involve
NP QCD. It is expected that if the total cross sections tot has
a finite limit ass→` then the total cross sections in pu
gluonic theory are nonperturbative objects and this conc
sion is not changed ifs tot(s) has a logarithmic behavio
with s for s→`, s tot(s)→const(logs)2. This can also be
true in full QCD ~see Ref.@20#!.

The total cross section and the total inelastic cross sec
of hadron-hadron interaction can be calculated in the fram
work of the ‘‘eikonal approximation’’ as follows@32#:

s tot~s!5 (
n50

`

sn~s!, ~13!

s in~s!5sDD1 (
n51

`

sn~s!, ~14!

where

sn~s!5
sp

nj S 12e2j (
k50

n21
jk

k! D , n>1 ~15!

is the cross section for the production of then Pomeron chain
(n Pomeron exchange!. Here in Eq.~15!

j5
2Cgp

R21aP8 ~0!ln~s/s0!
S s

s0
D D

, ~16!

sp58pgpS s

s0
D D

, ~17!

D5aP(0)21'0.08, aP(0) is the intercept,aP8 (0) is the
slope of the vacuum trajectory att50, s is the squared tota
energy of colliding hadrons in the c.m.s., ands051 GeV2.
The parameterC512sDD /sel accounts for the deviation
from the eikonal approximation andsDD is the total cross
section of diffraction dissociation. The cross sectionsp is
the contribution of the supercritical Pomeron@15,18# to the
total cross section, parametersgp53.45 GeV22, and R2

52.77 GeV22 (pp interaction! and determine the value o
0-4
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SOFT AND HARD HADRONIC PROCESSES IN THE . . . PHYSICAL REVIEW D 61 056010
the Pomeron coupling with a hadron. The sum of the to
logical cross sections,sn , yields the total cross section fo
inclusive reactions@see Eqs.~13! and~14!#. This means that
the quantitiessn contain in integrated form all the informa
tion about the process under consideration, i.e., soft inte
tions, hard interactions, etc. This fact can be used to de
mine the invariant inclusive cross section,F(xF ,pW'), in the
framework of the nonperturbative approach.

At the present time, the best one can do in describ
nonperturbative phenomena is to construct models which
corporate all available theoretical ideas. One widely stud
nonperturbative approach consists of taking various largN
limits of QCD, whereN can be either the number of colo
Nc or the number of flavorsNf @33#. This approach, which is
known as dual topological unitarization~DTU! @33,34#, has
allowed us to establish the connection between Feynman
grams and certain geometrical objects like planar diagra
cylindrical diagrams, etc. The Pomeranchuk singularity
this approach corresponds to the first term of topological 1N
expansion. The next terms correspond to multi-Pomeron
changes, which are the most important feature we use in
model.

There are several very successful models based on
topological 1/N expansion of the scattering amplitude; DP
@6#, QGSM @7#, and the VENUS model@8# for very energy
nuclear scattering. In the QGSM, the multiple production
hadrons at high energies is described by ‘‘cutting’’ the fo
ward scattering diagrams of the ‘‘cylindrical’’ type@7#. Each
cylinder corresponds to the exchange of a single Pome
For the production of a hadronh in hadron-hadron scattering
the cross section corresponding to graphs of the cylinder
type is written in the form@7#

f ~x![E E
ds

d3pW
d2pW'5 (

n50

`

sn~s!fn
h~x!, ~18!

wheresn is the cross section of then Pomeron exchange tha
corresponds to the creation of 2n q(qq) ~or qq̄) strings de-
caying into secondary hadrons and the functionfn

h(x) de-
scribes thex distribution of hadronh produced from the de
cay of the 2n strings created in then Pomeron-exchange
process.

There are some versions of the DPM@9# and QGSM
@10,11,35# which account for the transverse moments
quarks in initial hadrons. These models have allowed u
describe the two-dimensional inclusive spectra of hadr
produced in hadron-hadron, hadron-nucleus, and nucl
nucleus collisions at different energies. In particular,
Monte Carlo version of the DPM@9# allows us to describe
the p' distribution of both produced stable particles a
resonances.

The QGSM is usually limited by the analysis of soft ha
ronic reactions and we use its basic features in the long
dinal component of our model. For soft hadronic process
quark distributions over the longitudinal variablex on the
ends ofqq̄ strings are found from the Regge asymptotic
graphs~cylinder or planar type! at x→0 and 1@7#. The decay
of each of this strings into hadrons is described by hadro
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zation functions, the form of which is determined by th
Regge asymptotic of these graphs too@7#.

Consider a hadron production in the hadron-nucleon c
lision at high energy including the transverse motion
quarks in colliding hadrons in the framework of the nonp
turbative approach. The Pomeron exchange correspondin
the cylindrical graph can be represented as the exchang
two NP gluons as follows. Each of the two colliding hadro
is divided into a quark and diquark~antiquark! with the op-
posite transverse moments. After the color interaction
tween quarks of the hadrons by means of NP gluons,
strings are created in the chromostatic constant field. Th
two strings then decay into secondary hadrons. In the fra
work of 1/N expansion of the scattering amplitude, the pr
cess is repeatedn times during then Pomeron exchange. Th
main contribution to such processes at large energies g
the graphs of cylinder-cut type in thes channel which corre-
spond to the multiple Pomeron exchanges in thet channel
@6–8#. Successive multiple gluon exchanges result in the
crease of the transverse moments of quarks on the end
strings that is analogous to the so-called successive divi
of energy between the 2n quark-gluon strings in the multi-
peripheral model of hadron production@7#.

The invariant inclusive hadron spectrum corresponding
these diagrams can be written in the following form1 @10,11#:

F~x,pW'![E
ds

d3pW
5 (

n50

`

sn~s!fn
h~x,pW'!, ~19!

where sn is the topological cross section and the functi
fn

h(x,pW') describes thex andp' distribution of hadrons pro-
duced from the decay of the 2n strings. The term withn
50 corresponds to diffraction dissociation. The distributio
fn

h(x,pW') are written in terms of the light-cone variables.
Light-cone quantization of quantum field theory h

emerged as a promising method for solving problems in
strong coupling regime. This method has a number of uni
features. It seems to be well suited to solving QCD a
contrary to other approaches, the relativistic wave functio
transform trivially to a boosted frame. Moreover, its la
guage is close to experiment and phenomenology. An imp
tant general feature of the behavior of the light-cone wa
function is that each Fock component describes a system
free particles@36,37#. This feature is especially important i
our further consideration.

The functionsfn
h(x,pW') in Eq. ~19! can be written in the

form

fn
h~x,pW'!5E

x1

1

dx1E
x2

1

dx2cn
h~x,pW' ;x1 ,x2!, ~20!

1As an example, we consider here the production of hadronh in
the nucleon-nucleon collision. In case of meson-nucleon scatte
one needs to replace the diquark from the projectile nucleon by

antiquark from the meson,qq→q̄, in the formulas.
0-5
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where

cn
h~x,pW' ;x1 ,x2!5F n

qq~x1 ,pW' ;x1!F̃n
q~x2 ,pW' ;x2!

1F n
q~x1 ,pW' ;x1!F̃n

qq~x2 ,pW' ;x2!

12~n21!F n
qsea~x1 ,pW' ;x1!

3F̃n
q̄sea~x2 ,pW' ;x2!. ~21!

Herex65 1
2 @(x'

2 1xn
2)1/26xn# are the light-cone variables i

the n Pomeron chain,x'52@(mh
21pW'

2 )/s#1/2, x1 , x2 are the
longitudinal coordinates of quarks on the ends of the stri
andmh is the mass of the secondary hadronh.

There are several methods to calculate the functi
fn

h(x,pW') @18#. As we show below, in our approach tran
verse momentum between the Pomeron showers is div
successively. In this case the functionsfn

h(x,pW') are written
in the form

fn
h~x,pW'!5 (

k51

n

f1
h~xk ,pW'!, ~22!

where the longitudinal variablex in thenth chain depends on
the n @7#; xn5x/(12x0)n21, x0.0.35. The functions
F n

t(x1 ,pW' ;x1), wheret5q,q̄,qq, qsea,q̄sea, are the prob-
abilities of production of the hadronh from the fragmenta-
tion of the upper ends of the strings~beam fragmentation!
and the functions

F̃n
t~x2 ,pW' ;x2!5F n

t~x2 ,pW' ;x2!/F̄n
t~0,pW'! ~23!

are the probabilities of production of the hadronh from the
fragmentation of the lower ends~target fragmentation!.
These functions are represented by the convolutions

F n
t~x6 ,pW' ;x1,2!5E d2kW' f̃ n

t,h~x1,2,kW'!G̃t→hS x6

x1,2
,kW' ;pW'D ,

~24!

F̄n
t~0,pW'!5E

0

1

dx8E d2kW' f̃ n
t,h~x8,kW'!G̃t→h~0,pW'!.

~25!

The quark distributions in the initial hadrons overx andk'

can be taken in the factorized form@11,35#, i.e.,

f̃ 0
t,h~x,kW'!5 f 0

t,h~x!g0~kW'!, ~26!
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wheref 0
t,h(x) is the quarkx distribution in the initial hadron,

which has the formf 0
t,h(x)5Cxa(12x)b @7,18#, andg0(kW')

is quarkk' distribution in initial hadron. The factorized form
~26! will also be true after then gluon exchange

f̃ n
t,h~x,kW'!5 f n

t,h~x!gn~kW'!. ~27!

The hadronization functionsG̃t→h(z,kW' ;pW') have been
taken in the form@10#

G̃t→h~z,kW' ;pW'!5Gt→h~z!g̃~ k̃'!, ~28!

where

g̃~ k̃'!5
g̃

p
exp~2g̃ k̃'

2 !, k̃'5pW'2zkW' , z5
x6

x1,2
.

~29!

The functionsGt→h(z) on the right hand side of Eq.~28!
describez dependence of the hadronization of the quarkt
into the hadronh; these functions have the form@38#

Gt→h~z!5ah~12z!h(t,h)1l f ~z!. ~30!

Quantitiesh(t,h) and f (z) depend on the type of reaction
The functions Gt→h(z) and their parameters have bee
described in detail in Ref.@38#. For the fragmentation
u→p1 ~favored fragmentation! they are, for example
h(u,p1)52ar(0) and f (z)51, and for d→p1 ~unfa-
vored fragmentation! we haveh(u,p1)52ar(0)11 and
f (z)51. Herear(0) is the intercept of the leadingr Regge
trajectory corresponding to lightu and d quarks. Paramete
l52ah8(0)^p'

2 &, whereah8(0) and^p'
2 & are the intercept of

the leading Regge trajectory and the average squared tr
verse momentum of the secondary hadronh, respectively.
The parameterl.0.5 is considered as an universal one, i.
it is the same for all reactions. This gives, for example,
estimation of^p'

2 & if we know interceptah8(0). ~Intercepts
and slopes of meson Regge trajectories have been calcu
in Ref. @39# in the framework of the quark potential mod
with QCD motivated potential.! The functions
F n

t(x1 ,pW' ;x1) give dominant contribution into the cros

section atx.0 @.97% with respect toF̃n
t(x2 ,pW' ;x2)]. In

this case light-cone variablex2.0. On the contrary, the
functions F̃n

t(x2 ,pW' ;x2) give the dominant contribution a
x,0 (x1.0). This essentially simplifies calculations an
formulas without a loss of accuracy if one considers the
gionsx.0 or x,0 separately. For instance, for the reacti
p1N→hX we have, forx.0 ~beam fragmentation!,
fn
h~x,pW'!5E

x1

1

dx1F f n
u,h~x1!Gu→hS x1

x1
D I nS x1

x1
,pW'D1 f n

d̄,h~x1!Gd̄→hS x1

x1
D I 1~z,pW'!

1 f n
usea,h

~x1!Gusea→hS x1

x1
D (

k52

n

I kS x1

x1
,pW'D1 f n

d̄sea,h
~x1!Gd̄sea→hS x1

x1
D (

k51

n21

I kS x1

x1
,pW'D1wDD~x1!gDD~pW'!G ,

~31!
0-6
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where

I n~z,pW'!5E d2kW'gn~kW'!g̃t→h~pW'2zkW'! ~32!

and the functionswDD(x1) andgDD(pW') describe diffraction
dissociation@10,18#.

V. QUARK k� DISTRIBUTIONS

Pomeron exchange is a soft process. However the c
bility of the model under consideration to calculate the co
tribution of multi-Pomeron exchanges allows us to reprod
hard scattering of quarks on the ends of quark-gluon stri
as a sequence of multi-Pomeron exchanges.

The functionsgn(kW') in the above formulas describe th
quarkk' distributions on the ends of strings aftern Pomeron
exchange between colliding hadrons, which reduces to
color interaction between constituents of these hadrons.
calculate these functions as the convolutions of the qu
distributions in initial hadrons,g0(kW'), with the square of the
NP quark-quark scattering amplitude.

~1! Initial quark distributions,g0(kW'), can be calculated
with the help of hadronic wave functions~wf!. The hadronic
wf are underlying links between hadronic phenomena
QCD at large distances~nonperturbative! and small distances
~perturbative!. To be successive we have to use the nonp
turbative wf appropriate at small transverse moments. T
NP wf in QCD have been introduced to the theory to descr
the exclusive processes@40#. The main idea of this approac
is the separation of the large and small distances physics
small distances one can use the standard perturbative ex
sion. All nontrivial, large distance physics is hidden into N
wf and cannot be found by the perturbative technique.

Large distance phenomena are controled by the confin
linear potential. Thewf for this potential was obtained from
an approximate bound-state solution in the quark models
hadrons@41# and the exact solution for harmonic-oscillat
interaction in the framework of the Poincare-invariant qua
tum mechanics@42#,

cc.m.~qW 2!5A expS 2
qW 2

2b2D . ~33!

There is a possible connection between the rest framewf ~33!

and the light-conewf, cLC(x,kW') @43#,

cc.m.~qW 2!↔cLC~x,kW'!. ~34!

An important general feature of the behavior of the lig
cone wave function is that each Fock component describ
system of free particles with kinematics invariant ma
squared@36,37#

M25(
i

n kW iT
2 1mi

2

xi
. ~35!

This feature is essentially exploited in our model.
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The solution for two particles bound in a harmonic osc
lator potential can be taken as a model for the light-co
wave function,cLC(x,kW'

2 ), for quarks in the confining linea
potential. In order to get the Lorentz invariant light-con
wave function, we use the Brodsky-Huang-Lepage presc
tion for the harmonic wave functions@36#,

cLC~x,kW'
2 !5A expS 2b(

i

n kW iT
2 1mi

2

xi
D , ~36!

whereb51/6a2 for nucleon,b51/8b2 for pion, andn is the
number of particles in the bound state. The same behavio
also true for asymptotically largekW'

2 , kW'
2 →` @44#. It was

shown in Ref. @45# that with the universal scalea'b
'320 MeV and constituent quark massesm5330 MeV all
static properties of the nucleon and pion but the charge
dius of the neutron are described to an accuracy of 10%

The quark distribution on the end of a string can be c
culated as follows. Wave function~36! can be written in the
factorized form

cLC~x,kW'
2 !5)

i

n

Ai expS 2b
kW iT

2 1mi
2

xi
D , ~37!

where each factor corresponds to a separate particle. Q
k' distribution on the end of a string can be calculated
some averagex, ^x&. Using the fact that the convolution o
two Gaussian distributions gives again Gaussian distribut
we obtain, for the quark distribution on the end of the strin

g0~kW'!5C exp~2gkW'
2 !, ~38!

whereg51/̂ kW'
2 & and^kW'

2 & is the average squared transver

momentum of quarks inside the hadron. To estimate^kW'
2 & we

assume the hadronicwf peaked atx. 1
3 @19#. Then for^kW'

2 &
in the nucleon we estimatêkW'

2 &'6a2^x&50.18 (GeV/c)2.
The constantC5g/p is determined from the normalizatio
condition

E g0~kW'!d2kW'51. ~39!

Therefore the initial quarkk' distribution on the end of
string can be taken in the Gaussian form normalized to 1

~2! The next important ingredient we have to estimate
the NP quark-quark scattering amplitude. In order to de
mine the scattering amplitude in the infrared limit one nee
information about the nonperturbative behavior of gluo
i.e., in this limit, nonperturbative aspects of QCD are cruc
@20,26#. Explicit calculations for high-energy elastic hadro
hadron scattering near the forward direction@20# support the
idea that the vacuum structure of QCD plays an essential
in soft high-energy scattering.

As was shown in Refs.@20,21# the qq scattering is a NP
process and the scattering amplitude can be obtained by
calculating the amplitudes for each quark in an external g
onic potential. In a second step one has to average the p
uct of the corresponding scattering amplitudes over all glu
0-7
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M. N. SERGEENKO PHYSICAL REVIEW D 61 056010
potentials with an appropriate functional integral measu
The result obtained in Ref.@21# apparently shows that on
has to take the whole sum of gluon interactions of two qu
lines and average them. In these calculations the nonpe
bative ansatz for the gluon propagator should be used.

To find the NPqq scattering amplitude we consider ela
tic proton-proton scattering via the Pomeron exchange
which the Pomeron is constructed as an exchange of two
gluons. The amplitude for elastic proton-proton scatter
via two-gluon exchange can be written as@46# ~see, also,
Ref. @19#!

A~s,t !58isas
2@T12T2#. ~40!

HereT1 represents contributions from diagrams where b
gluons are attached to the same quark within the pro
whereasT2 comes from diagrams in which the gluons a
attached to different quarks. Analysis of the data from
total cross sections, elastic scattering, and inelastic diff
tion dissociation strongly suggests that the Pomeron cou
to single quarks and to a good approximation behaves lik
C51 isoscalar photon@5#.

Perturbative exchange of two gluons does not reprod
the t dependence if the gluons couple to different quarks
is obtained naturally when one makes the gluons coupl
single quarks. There is a contribution from diagrams
which the two gluons do not couple to the same quark. T
provides a partial cancellation which is complete in the lim
of zero hadron radius@46#.

This fact is particularly important for our purpose of e
tracting theqq scattering amplitude via two NP gluon ex
change; for the scattering of two pointlike quarks, formu
~40! can be simplified by the taking into account only t
term T1,

T15E
0

s

d2qDNP@~q1k/2!2#DNP@~q2k/2!2#F1~ t !,

~41!

where the electromagnetic form factorF1(t)51 for the scat-
tering of point-like particles andt52k2. Therefore, we can
consider the NP quark-quark scattering amplitude of
form

ANP~s,t !5 isKan
2E

0

s

d2qDNP@~q1k/2!2#DNP@~q2k/2!2#,

~42!

whereK is a constant factor,an is the strong running cou
pling constant in the nonperturbative regime, andDNP(k2) is
the NP gluon propagator~12!. The convolution function then
can be taken in the form of the scattering amplitude squa
ANP

2 (k2).

The quark distributiong1(kW ) on the end of the string afte
one-Pomeron exchange can be calculated with the help o
formula

g1~kW'!5E d2kW'8 ANP
2 @~kW'8 2kW'!2#g0~kW'8 !. ~43!
05601
.

k
ur-

in
P

g

h
n,

e
c-
es
a

e
d
to

is
t

e

d,

he

The distribution functionsg2(kW'), g3(kW'), etc., are calcu-
lated analogously to the above case. This means that
quark distributiong2(kW') is obtained after exchange by th
second Pomeron in the corresponding chain; this distribu
will be expressed via the functiong1(kW'),

g2~kW'!5E d2kW'8 ANP
2 @~kW'8 2kW'!2#g1~kW'8 !. ~44!

Repeating this iteration proceduren times, we obtain the
quark distribution functiongn(kW') in thenth chain expressed
via the functiongn21(kW') and, therefore, via the function
g0(kW') as

gn~kW'!5E d2kW',n21ANP
2 @~kW',n212kW'!2#gn21~kW',n21!

5E d2kW',n21ANP
2 @~kW',n212kW',n!2#

3E d2kW',n22ANP
2 @~kW',n222kW',n21!2#•••

3E d2kW',0ANP
2 @~kW',02kW',1!

2#g0~kW',0!. ~45!

Note that ifn is the number of Pomeron exchanges we ta
into account in a given reaction, thenkW'5kW',n .

The distribution functionsf n
t,h(x) can be calculated with

the help of the regular or successive division ofx between 2n
qq̄ chains@18#. In this work, we use the successive divisio
of x, which corresponds to thek' division arising~by prod-
uct! in our approach as a result of the successive gluon
changes.

This method of calculation of the successive NP glu
exchanges effectivey results in the hard distribution
quarks on the ends ofqq̄ string. The sensitivity of the distri-
butionsgn(kW') to the choice of the form ofg0(kW') is very
weak because of the strong dependence of the NP scatt
amplitude~42! on q2. This method of calculation of thek'

distributions of quarks on the ends of strings allows us
reproduce the inclusive spectraF(x,pW') of secondary had-
rons overx andp' up to p'.10 GeV/c.

VI. RESULTS AND DISCUSSIONS

One-Pomeron exchange plays the dominant role in hi
energy hadronic reactions. However, with the energy grow
multiple Pomeron exchanges begin to play an important r
The model developed in this work represents a natu
framework to calculate such processes. In Fig. 1, we sh
the mean number of the exchanged Pomerons in thepp in-
teraction as the function ofAs. As one might expect the
function ^NP&(As) grows with As, i.e., the contribution of
multi-Pomeron exchange processes becomes more and
important with the energy growth. It is interesting to emph
size that thê NP&(As) is between 1 and 3 up to TeV ene
gies. Figure 2 represents the distributions of quarks on
0-8
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SOFT AND HARD HADRONIC PROCESSES IN THE . . . PHYSICAL REVIEW D 61 056010
ends of the quark-gluon strings,gn(kW'), for different n.
These distributions are harder for largern.

Using the formula~19!, we can calculate many characte
istics of the hadron production at high energies; invari
distributions, differential and total cross sections, asymme
of D meson production, multiplicities of hadrons, correlati
of the average transverse momentum^p'& on multiplicity of
hadrons, multiplicity distributions, etc.@10#. Invariant distri-
bution f (x) and p' distribution can be calculated with th
help of the formulas

f ~x!5E F~x,pW'!d2pW' , ~46!

ds

dp'
2

5p
As

2 E F~x,pW'!
dx

E*
, ~47!

FIG. 1. Average number of the exchanged Pomerons inpp in-
teraction as the function ofAs @the solid curve here and on othe
plots below shows the calculation result with the propagator~12!#.

FIG. 2. Distributions of quarks on the ends of the quark-glu
strings as the function of the internal transverse momentumk' for
n51, n53, andn55.
05601
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whereE* is the energy of the hadronh in the c.m.s. of the
reaction andF(x,pW') is given by Eq.~19!.

The calculation results of different physical characterist
of hadrons produced in hadron-nucleon collisions are sho
in Figs. 3–11. In Fig. 3, we show the invariant cross sect
E(ds/d3pW ) versus transverse momentump' for the p0 me-

FIG. 3. The inclusive cross section of the reactionpp→p0X
versus transverse momentum atAs552.7 GeV. The solid curve
shows the calculation result with the propagator~12!, the dotted line
with the Gaussian propagator~3!, and the dashed line above th
data has been obtained with the use of the Cornwall’s propag
~4!. The small dashed line shows one Pomeron contribution
cross section (n51) with the propagator~12!. The data are from
Ref. @47#.

FIG. 4. Invariant cross sectionF(x,pW'
2 ) of p1 mesons produced

in reactionpp→p1X at p05200 GeV/c as a function ofp' for
the different values ofx, x50, 0.3, and 0.6. Experimental data a
from Refs.@48#.
0-9
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M. N. SERGEENKO PHYSICAL REVIEW D 61 056010
sons produced inpp collisions atAs552.7 GeV andx50.
Curves correspond to the calculation results obtained w
the use of the propagators considered in Sec. III. We se
good description ~solid line! of data @47# up to p'

.10 GeV/c with the propagator~12!.
Parameterg51/̂ k'

2 & is defined by the average squar
transverse momentum of quarks inside a hadron. Fo
nucleon, we estimatêk'

2 &.0.18 (GeV/c)2 ~see Sec. IV!.
This parameter is the same for all processes at all ener
Parameterg̃ @see Eq.~29!#, g̃51/̂ p'

2 &, where ^p'
2 & is the

average squared transverse momentum of the secondary
ron. For p meson production, we estimatê p'

2 &

FIG. 5. Invariant cross sectionF(x,pW'
2 ) of p2 mesons produced

in reactionpp→p2X at p05200 GeV/c as a function ofp' for
the different values ofx, x50, 0.3, and 0.6. Experimental data a
from Refs.@48#.

FIG. 6. Differential cross sections of the reactionpp→D1X at
the energyAs527.4 GeV as a function ofp'

2 . The curve corre-
sponds to calculation with the interceptac(0)50. The data are
from Ref. @49#.
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.0.2 (GeV/c)2. Values of the parameters for some rea
tions are given in Table I. In this table, parametersgp andR2

determine the value of the Pomeron coupling with a had
@see Eqs.~13!–~17!#; these parameters depend only on t
type of initial particles. Parametersah and g̃ enter into had-
ronization functionsG(z,kW' ,pW') @see Eqs.~28!–~30!#; they
depend on the type of secondary particles.

In Figs. 4 and 5 we show the invariant cross sect
E(ds/d3pW ) of p1 andp2 mesons produced inpp collisions
at plab5200 GeV/c as a function ofp' for three different
values of the Feynman variablexF : xF50, 0.3, and 0.6. We
see a good agreement of the model prediction with the
perimental data@48#. In Figs. 6–12 we demonstrate the po
sibility of the model for description ofD meson spectra. We
show the calculation results for the differential cross secti

FIG. 7. Differential cross sections of the reactionpp→D2X at
the energyAs527.4 GeV as a function ofp'

2 . The curve corre-
sponds to calculation with the interceptac(0)50. The data are
from Ref. @49#.

FIG. 8. The combinedD6p'
2 data from E769@52# is compared

to our calculation integrated over 0.4,xF,1. The curve corre-
sponds to calculation with the interceptac(0)50.
0-10
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SOFT AND HARD HADRONIC PROCESSES IN THE . . . PHYSICAL REVIEW D 61 056010
ds/dp'
2 of the reactionspp→D6X at As527.4 GeV. The

curves correspond to the case when the Reggec trajectory
has the interceptac(0).0 that presupposes nonlinearc tra-
jectory @39#. From this figure, one can see a good agreem
of the model prediction with the experimental data forD
mesons@49#. The inclusive spectra ofD6 mesons have bee
calculated for the parameterg̃50.9 (Gev/c)22 in hadroni-
zation functions, which corresponds to the average squ
transverse momentum of the secondaryD mesons,^p'

2 &
.1.11 (GeV/c)2.

Experiments at Fermilab and CERN have observe
strong asymmetry between the hadroproduction cross
tions of leadingD mesons, containing projectile valenc
quarks, and nonleading charmed mesons without proje
valence quarks@50#. In p2 interactions with hadrons or nu

FIG. 9. ThexF integrated (0.1,xF,0.7) asymmetry ofD me-
son production in p2p interaction of E769 @52# at p0

5250 GeV/c.

FIG. 10. ThexF distribution for nonleading charm production i
the reactionp2p→D1X at p05340 GeV/c compared with the
WA82 data@52#.
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clei, the D2 xF distribution is consistently harder than th
D1 distribution. TheD2 and D0 are referred to as ‘‘lead-
ing’’ charmed mesons while theD1 andD̄0 are nonleading.
The observed correlation of thep6N→D6X cross sections
with the projectile charge violates the usual assumption
heavy quark jet fragmentation factorizes.

The asymmetry between leading and nonleading ch
particles is defined as

A5
s~ lead!2s~nonlead!

s~ lead!1s~nonlead!
. ~48!

In Ref. @51#, the asymmetry as a function ofxF and p'
2 has

been examined assuming a two-component model combi
leading-twist fusion subprocesses and charm produc
from intrinsic heavy quark Fock states. The magnitude a
kinematics dependence of the asymmetry is explained in
model by an intrinsiccc̄ production cross section of 0.5mb.

In our model, a sizable leading charm asymmetry is p
dicted by the charm hadronization mechanisms incorpora
in the hadronization functions. The calculation results
p2p interaction are shown in Fig. 8. The hadronizati
functionsGq→h(z) of quark ~diquarks! chains into charmed
mesons are determined asz→1 by the intercept of thecc̄
Regge trajectory,ac(0) @38#. The main uncertainty of the
calculations comes from poor knowledge of the intercept
c trajectory,ac(0). Unfortunately, the large number of er
rors in charm cross section measurement atAs5630 GeV

FIG. 11. ThexF distribution for leading charm production in th
reactionp2p→D2X at p05340 GeV/c compared with the WA82
data@52#.

TABLE I. The model parameters for some reactions.

Reaction gp , GeV22 R2, GeV22 ah g̃, (GeV/c)22

pp→pX 2.27 2.23 0.43 5.0
pp→DX 2.27 2.23 1024 0.90
pp→pX 3.43 2.77 0.45 5.0
pp→KX 3.45 2.77 0.05 3.81
pp→DX 3.45 2.77 1024 0.90
0-11
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does not allow one to extract a useful constant for theac(0).
Comparison of the calculations with data shows a go
agreement for the case whenc trajectory has intercep
ac(0).0. Such a value of the intercept corresponds to
nonlinearc trajectory calculated in Ref.@39#.

If one assumes the leadingcc̄ trajectory to be nonlinea
~on what indicates many quark models; see, for exam
@39# and references therein! and the parameters of theac(t)
are dictated by the perturbation theory of QCD, thenac(0)
.0. For the fragmentation of thed quark chain intoD2

mesons~favored fragmentation!, for instance, the function
G(z) is @38#

Gd→D2~z!5aD~12z!2ac(0)1l~11bDz2!, ~49!

and the hadronization function of thed quark intoD1 me-
sons~unfavored fragmentation! is

Gd→D1~z!5a0
D~12z!2ac(0)1l12[12aR(0)]. ~50!

HereaR(0).0.5, ac(0).0 are the intercepts of ther me-
son andc Regge trajectories, respectively,aD50.11023,
bD55. Favored fragmentation corresponds to leading qu
fragmentation and unfavored to nonleading. The comp
list of the hadronization functions is given in Ref.@38#.

In Fig. 9 we show thexF-integrated (0.1,xF,0.7) asym-
metry of D meson production inp2p interaction of E769
@52# at p05250 GeV/c. In Figs. 10 and 11 we compare th
calculation results with thexF distributions for nonleading
charm ~Fig. 10!, leading charm distributions~Fig. 11!, and
the asymmetry ~Fig. 12! in p2p interaction at p0
5340 GeV/c with the WA82 @52# data. The calculations
show a good agreement with data.

VII. CONCLUSION

Hard processes can be explained by the PQCD and m
els containing the semihard component. The main ques
that should be considered in this work is whether it is p
sible to apply the nonperturbative approach based onN
expansion of the scattering amplitude and the ‘‘eikonal
proximation’’ to analyze the hard hadronic processes.

To deal with such a possibility we have used the fact t
the first term of the topological 1/N expansion corresponds t
the Pomeranchuk singularity and the next terms corresp
to multi-Pomeron exchanges. In this work, we have dev
oped a nonperturbative model to describe both soft and h
distributions of hadrons at high energies. For this we h
used the fact that the total cross section and the total inela
cross section of hadron-hadron interactions can be calcul
in the framework of the ‘‘eikonal approximation’’ as the su
of the topological cross sections,sn , which give weights of
the correspondingn Pomeron-exchange diagrams. The lo
gitudinal component is given by the string model in whi
the n Pomeron exchange is modeled by the forward scat
ing diagrams of the cylindrical type.

According to Low and Nussinov we have modeled t
Pomeron as the two-gluon exchange, but we have mod
the exchange of two nonperturbative gluons as suggeste
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Landshoff and Nachtmann. The most important ingredien
the transverse component of our model is the NP glu
propagator. We have analyzed several propagators prop
by different authors and shown that the Gaussian-type pro
gator ~3! is good only at smallk2, k2<1 (GeV/c)2. Corn-
wall’s propagator~4! can be used~in the framework of the
approach under consideration! at small p' up to p'

.3 – 4 GeV/c, where nonperturbative effects dominate, a
fails to describe data atp'.4 GeV/c @11#.

We have dealt with Cornwall’s propagator in the conte
of the Landshoff-Nachtmann model and extracted
‘‘pure’’ NP propagator. We have shown that the last o
which vanishes as}1/q6 or faster, in combination with the
multi-Pomeron asymptotic of the model, can reproduce
soft and hard distributions of secondary hadrons. The pro
gator suggested reproduces the Pomeron couplingb0

2, b0
2

53.94 GeV22 for the value of the gluon condensateMc
50.993 GeV and the correlation lengtha50.444 GeV21

that allowed us to fix parameters of the NP gluon propaga
To calculate soft and hard hadronic processes, we h

taken into account the dependence of quark distribution
colliding hadrons and the quark hadronization functions
the transverse momentumk' . The color interaction of va-
lence quarks, diquarks, and sea quarks~antiquarks! of the
hadrons has been taken into account.

Contrary to the simple one-gluon-exchange picture
hard scattering, in our approach the transverse momentu
quarks on the ends ofn Pomeron strings is a result of th
sum of multiple gluon exchanges. The quark distributi
functions,gn(kW'), are calculated iteratively as the convol
tions of the initial quark distribution,g0(kW'), with the
squared NP scattering amplitude,ANP

2 (q2), corresponding to
the exchange by two NP gluons. This calculation proced
results in hard distributions of quarks on the ends of
strings and corresponds to successive division of the inte
transverse momentumk' and longitudinal variablex be-
tween 2n chains (2n quark-gluon strings!.

The model has been developed to calculate invariant
tributions F(x,pW') for inclusive hadronic reactions. Self
consistency of the model is demonstrated by a good ag

FIG. 12. Thep' integrated asymmetry ofD meson production
of E769 @52# at p05340 GeV/c.
0-12
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ment ofx and p' distributions of secondary hadrons whic
are obtained by integration of invariant distributionF(x,pW').
The model provides a reasonable description of inclus
spectra of protons,p, K, D, andB mesons in hadron colli-
sions at high energy for allx and transverse moments up
10 Gev/c, for the same parameter values at all energies.
essential parameters of the transverse component of
model, the value of the gluon condensateMc and the corre-
lation lengtha, are both fixed by normalization condition
for the NP gluon propagator and can be calculated from
first principles.
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an
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