PHYSICS OF PARTICLES AND NUCLEI

VOLUME 30, NUMBER 4

JULY-AUGUST 1999

The quark—gluon string model: soft and semihard hadronic processes*

G. |. Lykasov and G. H. Arakelyan**

Joint Institute for Nuclear Research, Dubna

M. N. Sergeenko

Institute of Physics, Belarus Academy of Sciences, Minsk, Belarus
Fiz. Elem. Chastits At. Yadra 30, 817-869 (July—August 1999)

The basic principles of the quark—gluon string model, a perturbative QCD approach to
describing hadronic processes, are presented. The relation between the s-channel topological 1/N
expansion of the hadron—hadron scattering amplitude and the ¢-channel expansion in Regge
poles is demonstrated, where N is the number of quark flavors or colors. This approach is used to
analyze soft hadronic processes. The attempts to extend the region of applicability of this

model to describe the inclusive spectra of resonances and also semihard hadronic processes are
briefly reviewed. In particular, a new modification of the model in which Pomeron

exchange is treated as the exchange of two nonperturbative gluons with dynamically generated
mass is discussed. Soft and semihard processes, and also charmed-particle production in

hadron collisions, are analyzed in this version of the model. The advantages and defects of this
approach compared to other perturbative QCD models are discussed. © 1999 American

Institute of Physics. [S1063-7796(99)00104-7]

INTRODUCTION

Deep-inelastic particle interactions play a decisive role
in the modern theory of fundamental interactions. Whereas
lepton—hadron collisions are used to study the quark distri-
bution in hadrons, e Te ~ collisions are used to study the rules
of quark hadronization. Hadron—hadron processes at large
momentum transfers allow study of the nature of the strong
interactions of quarks with various flavors such as color
quantum-gluon exchange.

At present there is no unified approach for studying
hadron—hadron interactions. This is because hadron interac-
tions are extremely diverse in their properties, both in differ-
ent energy ranges and in different kinematical regions. The
problem is that we are dealing with a nonstatistical system,
and any predictions about the behavior of such a system
strongly depend on its spacetime evolution.

Many regularities of hadron production in hadron—
hadron interactions can be explained quantitatively by using
perturbative quantum chromodynamics (QCD), which has
had considerable success in describing elementary colored
quark and gluon interaction processes under the conditions
of asymptotic freedom. Here the leading-log approximation
is used, the simple semiclassical form of which is formulated
as the Altarelli—Parisi equation.! However, the hadron is a
very complicated object, continually changing its configura-
tion, both in the number of gg pairs which appear and dis-
appear, and in the number of gluons. It is extremely difficult
to take into account all the elementary processes in the had-
ron. Moreover, at high energies the great majority of hadron
interactions are soft processes. Perturbative QCD is of very
limited use for describing such processes; suffice it to recall
the well known difficulties associated with quark confine-
ment, which originate in strong nonperturbative effects.

One of the most popular models of quark confinement is
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the model of color tubes which can begin and end only on
quarks and antiquarks or diquarks. Each such tube is treated
as a real physical object having finite energy per unit length.
Such a picture ensures linear growth of the interquark inter-
action potential.”

In non-Abelian gauge theories of the strong interaction,
confinement is manifested most clearly within the formula-
tion of the theory on a space-time lattice proposed by
Wilson.? It is remarkable that on the lattice in the strong-
coupling limit, confinement is obtained automatically and the
theory leads to a picture of interacting quarks located at the
ends of strings with finite energy per unit length. Recent
studies and lattice calculations have been performed to dem-
onstrate that this phenomenon is preserved in the continuum
limit.*

At present, an approach to describing hadron interactions
is widely used which admits a simple parametrization of the
space-time evolution of a quark-gluon system in local equi-
librium which contains only longitudinal variables. In this
approach, in the c.m. frame of the reaction the fronts of the
colliding hadrons move at the speed of light, while an inter-
polation between these limits is used in the intermediate re-
gion. This picture is a rather crude approximation. Obvi-
ously, hadrons are broken apart in the interaction process,
and instead it is necessary to deal with quark—gluon degrees
of freedom rather than hadron ones. In general, the quark—
gluon system is a nonequilibrium system: it admits represen-
tation by independent strings which are strongly nonequilib-
rium systems.

Soft interactions cannot be calculated by using QCD.
However, it is often forgotten that there exist very successful
phenomenological approaches based on the Regge theory
(see Ref. 5) for describing hadron—hadron, hadron—nucleus,
and nucleus—nucleus interactions in the limit of very high
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energies. Such models are fully relativistic quantum theories,
and certain features of them can be reproduced in QCD by
studying ladder graphs.

Therefore, in high-energy hadron physics there is an ap-
proach just as fundamental as QCD itself: the Reggeon
theory. There are several fairly well developed models based
on this theory: the quark—gluon string model,® the dual par-
ton model,” and the VENUS model.”> All these models have
proved successful at describing the experimental data, and
they are now viewed as the most realistic approach to de-
scribing hadron—hadron and hadron-nucleus interactions at
high energies. They are more than a simple extrapolation of
known physics, as often claimed, because in principle rescat-
tering is included. Most of these models (for example, the
dual parton model and the VENUS model) take into account
semihard scattering and are capable of reproducing the data
up to LHC energies. All these models are identical regarding
elastic scattering and the weights of certain inelastic pro-
cesses; however, the inelastic processes themselves are de-
fined differently.

The need for an adequate (taking into account the ex-
perimental conditions) comparison of the large amount of
experimental data with the theoretical results has led to the
creation of numerous models and programs which generate
hadronic and nuclear collisions.®!! They are based on the
achievements of the standard theory of strong and elec-
troweak interactions and various phenomenological ap-
proaches. All the models of hadron—hadron interactions ex-
isting at present and the known generating programs can be
divided into three groups: models based on the Gribov—
Regge theory (the quark—gluon string model, the dual parton
model, and the VENUS model), models based on classical
string theory (FRITIOF, SRM, ATTILA, SPM), and models
based on perturbative QCD (ISAJET, PYTHIA, EUROIJET,
COJETS/WIZJET, FIELDAJET, HIJING, PCM).> Among
the generating programs, the ISAJET program® and the pro-
grams from Lund University, in particular, PYTHIA® and
FRITIOF,'? are especially widely known.

Monte-Carlo versions of the quark—gluon string model
are under intensive development at present (see Ref. 11 and
references therein). These programs attempt to describe the
entire range of momentum transfers, from hard quark and
gluon scattering to hadron production and decay, which ex-
plains why they are so popular.

In the course of fairly long studies, it has become clear
that the main problem in the theory of multiple production
processes amounts to describing their virtual phase, the spa-
tial dimensions of which exceed the nucleon dimensions and
grow with the energy of the colliding particles. The fact that
the transformation of virtual particles into real ones occurs at
distances of the order of the nuclear size allows the nuclear
interaction to be used as a tool for studying the space-time
picture of hadronization in particle multiple production pro-
cesses. In the present review we shall not consider hadron—
nucleus interactions, since they represent a separate and quite
significant topic of study.

One of the most important and least studied problems in
hadron physics is the hadroproduction of particles containing
heavy quarks. Realistic estimates of the cross sections for
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producing heavy quarks in hadron collisions are also needed
for planning experiments at existing and future accelerators.
The enormous expenses involved in building accelerators
and detectors require careful predictions of the experimental
situation. Such estimates are usually made on the basis of the
parton model within perturbative QCD. However, there are
experimental results which contradict the parton model, in
which it is impossible to obtain a high yield of charmed
particles in K beams compared to 7 beams.'? Moreover, par-
ton models systematically underestimate the c- and b-quark
production cross sections at relatively low transverse
momenta.'?

The transition of heavy quarks into hadrons is described
by various models. In Ref. 12 this is done using the recom-
bination model,”‘16 which takes into account the interaction
of newly created heavy Q quarks with quarks from the initial
hadrons. This inclusion of the interaction with valence
quarks makes it possible to describe the production of the
leading component of charmed particles. In this model the
recombination function is expressed in terms of the intercept
«a;(0) of the leading Regge trajectory associated with the
quark ¢;. Another phenomenological model'” has been used
to estimate the yield of charmed particles in the Regge ap-
proach and to obtain a fairly accurate description of D- and
B-meson production using fragmentation functions, which
are also expressed in terms of intercepts of the leading Regge
trajectories.

A good description of various characteristics of heavy-
quark hadroproduction processes can be obtained by using
the approach based on the topological 1/N expansion of the
amplitudes in QCD'®2! and the closely related string and
colored-tube models,zz‘24 i.e., within the quark—gluon string
model.

The main components of the quark—gluon string model
are the quark structure functions and the functions describing
quark fragmentation into hadrons. These are expressed in
terms of intercepts of the trajectories of Regge poles. The
largest uncertainty in the calculations of the cross sections
for the yields of heavy flavors in the quark—gluon string
model is mainly due to the absence of any reliable informa-
tion about the behavior of the Regge trajectories of heavy

Q0 quarkonia. Assuming linearity of the QQ trajectories,
the intercepts turn out to be low, a,(0)=—2.2 and ay(0)
=—16, and so the contribution of the peripheral mechanism
falls off very rapidly with increasing quark mass. Accord-
ingly, the determination of the behavior of the Regge Q0
trajectories in the region OStstQ o and estimation of the
intercepts a@5(0) of the trajectories become especially im-
portant.

The quark—gluon string model has been used success-
fully to describe hadron production processes integrated over
the transverse momentum of the created particle and contain-
ing not only light u, d, and s quarks. However, it allows the
explanation of many characteristic features of the hadropro-
duction of charmed particles (see Refs. 25 and 26, and also
Refs. 27-36). The 1/N; expansion and the model of
Reggeized one-pion exchange were used in Ref. 37 to calcu-
late the spectra of A, baryons in pp collisions.
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In this review we study modifications of the quark—
gluon string model taking into account the dependence of the
spectra on the spin of the created particle, namely, the pro-
duction of resonance states,>*>* and also the dependence of
the particle distributions in the transverse momentum of the
created particle taking into account the transverse motion of
the quarks in the colliding hadrons. %%

In Sec. 1 we briefly describe the main principles of the
1/N expansion in QCD and its relation to the Regge theory.
We review the studies devoted to the construction of the
quark—gluon string model on the basis of this relation. We
present a scheme for obtaining the Regge asymptote of the
quark distribution functions in the colliding hadrons and the
functions describing fragmentation into the produced had-
rons. We discuss the features of the interaction of objects
with structure compared to the scattering of point particles
and the resulting difficulties in describing hadronic pro-
cesses. A brief characterization of soft hadronic processes is
given, and several models of peripheral hadron interactions
are studied.

In Sec. 2 we use the quark—gluon string model to ana-
lyze the production of boson resonances containing light u-,
d-, and s-quarks.32 Using the model based on the Reggeon—
photon analogy, we obtain equations relating the spectra of
mesons with higher spins to the spectra of vector (p,K*) and
pseudoscalar (7,K) mesons.

Section 3 is devoted to a modification of the quark—
gluon string model to describe the hadroproduction of par-
ticles with open charm taking into account the contributions
from decays of the corresponding S-wave resonances.*>°

Section 4 is devoted to a new approach within the
quark—gluon string model for describing soft and semihard
hadronic processes based on the two-gluon model of the
Pomeron.** In the proposed model the Pomeron is treated
as the exchange of two gluons with dynamically generated
mass, i.e., a cutoff parameter in k£, which vanishes logarith-
mically at large k, is introduced into the gluon propagator.
The proposed version of the quark—gluon string model is
used to estimate quantitatively the cross sections for the pro-
duction of 7 and D mesons in pp interactions at various
initial energies.***> Comparing the calculations for two val-
ues of the intercept of the Regge W trajectory, ay(0)=0 and
ay(0)=—2.2, with the experimental data at energy Js
=27.4GeV, we see that a good description of the spectra
both in the Feynman variable x and in the transverse mo-
mentum p, is obtained for incercept of the Regge V¥ trajec-
tory near zero, ay(0)==0.

In the Conclusion we briefly state the main results of this
study.

1. THE TOPOLOGICAL 1/N EXPANSION AND ITS
RELATION TO THE REGGE THEORY

The difficulties associated with the increase of the QCD
coupling constant a (Q?) in soft processes have led to the
development of alternative approaches to calculating had-
ronic interactions. The small parameters in QCD can be
taken to be 1/Ny and 1/N,., where N is the number of quark
flavors (u,d,s,...) and N, is the number of colors.'®!? The
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case close to reality occurs when the ratio N¢/N, is fixed
(N;/N 1) and the expansion is made in 1/N¢ or 1/N,.. This
approach is called dual topological unitarization,”*! because
it was proposed independently of QCD for taking into ac-
count the unitarity condition within the dual approach. Its
connection to QCD was established later.?’

In processes with small momentum transfers, only light
u, d, and s quarks effectively participate, and the number N
is close to 3, i.e., the expansion parameter is about 1/3. How-
ever, the expansion for amplitudes with definite quantum
numbers in the ¢ channel is actually made in 1/Nj§:0.l.

In describing multiple production processes, this ap-
proach allows a correspondence to be established between
the Feynman diagrams of the reaction a+b—c+X and defi-
nite geometrical objects: planar graphs, cylindrical graphs,
and graphs with handles and more complicated topologies.
Summation over all the types of graph possible in each case
allows the amplitudes of soft processes to be obtained as
series in 1/N.

1.1. The topological 1/N expansion in QCD

The approach proposed by ’t Hooft'® uses perturbation
theory, however, not in the QCD constant «, but in 1/N,,
where N, is the number of colors. Here it is assumed that
a,-N =const, and the number of flavors N, is fixed. The
QCD Lagrangian is written in a form which can be clearly
illustrated as follows. A gluon is treated as a quark—
antiquark system, i.e., it is represented as two oppositely

-directed quark lines. A quark is also represented as two lines

(the solid and the dashed lines in Fig. 1a) in the same direc-
tion, one of which corresponds to definite color, and the
other to definite flavor. Using these rules, the Feynman
graphs can then also be depicted differently.

Graphs of the planar and nonplanar type are distin-
guished. The first include graphs like that shown in Fig. la
with external gluon lines. For such graphs, all lines can be
moved around, without self-intersections, on the plane inside
the contour bounded by the quark lines determining the
graph boundary. To make this clear, in Fig. 1b we show the
equivalent ordinary Feynman graph of QCD, where the wavy
lines depict gluons, and the solid lines quarks and antiquarks.
The nth-order graph, G, , where n is the number of external
legs or external gluon lines leaving the graph (in Fig. 1, n
=4) is proportional to the following expression:’

G, (8°)*" 2+ (8N o) (g N )Y, (1)

where we have introduced the following notation: g is the
coupling constant, N. and N are the numbers of colors and
flavors, respectively, /. and [, are the numbers of color and
flavor loops, A is the number of handles characterizing the
degree of nonplanarity of the graph, and b is the number of
boundaries.

In the 't Hooft approach'® it is assumed that g?N, and
Ny are fixed constants. A stronger assumption was made in
the studies by Veneziano:'*?° g?N,_ and g’N ¢ are fixed. Then
in the Veneziano approach

1 2h+b 1 2h+b
Gn“(g2)2h+b°‘(N—c) “(N—f) ()
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In the topological Veneziano expansion the graphs are
classified according to the numbers of handles and bound-
aries. To obtain, for example, the amplitude of the binary
process (n=4; see Fig. 2), it is necessary to sum over all
and b, i.e., over the contributions corresponding to different
topologies: planar, cylindrical, and so on. We note that the
requirement g*N r=const (of order 1) makes the order of the
graph n constant, if the quark—antiquark loop is included in
it. The main contribution to the topological expansion of the
amplitude given above will come, according to Ref. 18, from
graphs with =0 and b=1, i.e., graphs of the planar type
without handles and with a single boundary. Examples of
such graphs are given in Fig. 2a for meson—meson scatter-
ing. Cutting this graph in the s channel also gives a planar
graph for the amplitude of particle multiple production, as
shown in Fig. 2b (here and below, to simplify the graphs, the
internal quark and gluon lines are not shown, in contrast to
Fig. 2a). The amplitudes of such binary processes behave as

1

1
h=0b=1
T2 Ve N_f N (3)

c

Graphs of higher topology, when #=0 and b=2 (called
cylindrical graphs, an example of which for elastic scattering
is shown in Fig. 3a), behave as follows as a function of N, or
N f .

1

T NN @)

Cutting this graph in the s channel corresponds to the
cylindrical graph for particle multiple production shown in
Fig. 3b. The graphs of next order in topology, the double
cylinder with h=1 and b=2, fall off as 1/N}=1/N;. The
other graphs of the cylindrical type can be represented as
multiple cylinders. The latter fall off as 1/N®, 1/N?,..., be-
cause h=2,3,..., i.e., each additional cylinder gives a
single handle, while the number of boundaries is unchanged:
b=2.

The dual topological approach proposed in Refs. 18-22
amounts to the following. Planar graphs with A=0 and b
=1 (Fig. 2a) in the s channel are put into correspondence
with graphs of one-Reggeon exchange in the ¢ channel.
Graphs of the cylindrical type with h=0 and b=2 (Fig. 3a)
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FIG. 1. (a) Planar graph with external legs; (b) the equivalent Feynman graph.

correspond to one-Pomeron exchange for elastic scattering
ab—ab in the ¢ channel. Other cylindrical graphs in the s
channel with h=1,2,3,... and =2 are put into correspon-
dence with multi-Pomeron exchange graphs for elastic scat-
tering in the ¢ channel. Planar graphs of the cut type (Fig. 2b)
thus correspond to multiple production in the collision of
mesons a and b consisting of valence quarks and antiquarks.
The line determining the left-hand boundary of the cut graph
in Fig. 2b corresponds to the annihilation of valence quarks
and antiquarks belonging to the colliding hadrons (mesons).
The right-hand boundary of that graph depicts a ¢g pair
which then fragments into hadrons. Between the left- and
right-hand boundaries of that graph is a network of gluon
lines and ¢g loops as in Fig. 2a, where they are not shown.

The graph of Fig. 2b cut in the s channel can be
interpreted6 physically as follows. In a collision of two me-
sons, a quark of one meson annihilates with an antiquark of
the other, and the particles of the other gg pair interact and
then separate in opposite directions (in the c.m. frame of the
colliding hadrons). A string is formed between these two
quarks in the chromostatic field.® It then breaks, resulting in
the production of a gg pair in the chromodynamic vacuum.
The question arises of how to calculate the graph in Fig. 2a,
the cut form of which in the s channel is shown in Fig. 2b.
The above-mentioned correspondence between the s-channel
topological 1/N expansion of the amplitude of a binary pro-
cess and its ¢-channel expansion in Regge poles (the duality
principle) comes to the rescue. At high energies and small
momentum transfers, the behavior of the graphs in Fig. 2 in

FIG. 2. (a) Planar graph for a binary process; (b) planar graph for a multiple
production process.
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FIG. 3. (a) Cylindrical graph for an elastic process (Pomeron); (b) cylindrical graph for a multiple-production process.

the ¢ channel is determined by the Regge poles with given
quantum numbers farthest to the right in the j plane. It is
assumed that these poles accurately coincide with the sec-
ondary Regge poles observed experimentally
(p,A,,.f,@,...). Multiple hadron production in a collision
of particles a and b (Fig. 2b) occurs owing to the multi-
peripheral mechanism in the ¢ channel.® The cross section for
this process decreases with increasing s as (1/s'~ar0)y,
where the intercept of the Regge trajectory is az(0)=0.5.
Therefore, planar graphs of the type in Fig. 2 fall off with s
as 1/\/5.

The cylindrical graphs of the type shown in Fig. 3 cor-
respond to graphs of Pomeron exchange in the ¢ channel,
which in the theory of the supercritical Pomeron do not fall
off, but actually grow as s%, where A=ap(0)—1>0 (Refs.
6 and 33). The intercept of the supercritical Pomeron is
ap(0)=1.27 (Ref. 6), instead of the usual Pomeron intercept
ap(0)=1. Therefore, the main contribution to hadron mul-
tiple production in binary hadronic reactions comes from cy-
lindrical graphs of the type shown in Fig. 3. These graphs
can be treated physically like the planar graphs of Fig. 2b:
both in the collision of two high-energy protons between a
quark of one nucleon and a diquark of the other and, accord-
ingly, the remaining diquark and quark of these nucleons,
and in a collision between a color triplet and antitriplet, two
color-singlet strings are formed after a color interaction.
When the string ends separate, the string breaks, which re-
sults in the production of ¢g pairs from the vacuum, which
then fragment into hadrons.

The physical treatment of the cylindrical graphs corre-
sponding to multi-Pomeron #-channel exchanges is like that
described above, except that instead of two strings, 2n color-
singlet strings are formed between quarks and diquarks (2
strings) and sea quarks and antiquarks (2n—2 strings),
where n is the number of Pomeron exchanges in the ¢ chan-
nel.

The relation between the s-channel topological 1/N ex-

pansion of the amplitude of a binary process and its
t-channel expansion in Regge poles allows the calculation,
starting from the correct Regge asymptote, of the quark dis-
tributions in hadrons and their fragmentation functions. It
then becomes possible to analyze all soft hadronic processes
of hadron multiple production, i.e., processes with small mo-
mentum transfers.

The picture of strong hadronic interactions based on the
topological expansion allows us to understand many of the
properties of strong interactions at high energies.'®*° How-
ever, it is a semiphenomenological theory. The theory of the
1/N expansion possesses considerably greater predictive
power if the graphs of the topological expansion are com-
pared with a definite space-time picture of quark and gluon
interactions, using the color-tube and string model to de-
scribe confinement effects.

1.2. The color-tube and quark—gluon string model

The fundamentals of the color-tube fragmentation model
are discussed in Ref. 6 and amount to the following. In the
region where the quark color field exists, gluon field fluctua-
tions are suppressed, but the vacuum energy prevents the
quark color lines of force from penetrating the external me-
dium. This results in a chromodynamic vacuum around the
quarks. A hadron is viewed as a bubble in the gluon vacuum,
which at the same time signals confinement, since all the
lines of force between the quarks are enclosed inside the
bubble.”"**

A collision of two hadron-bubbles a and b accompanied
by valence-quark annihilation is represented as follows in the
color-tube model. In order for two quarks ¢ and g from
different hadrons to annihilate, their relative momenta must
be small. Then at high energies of the colliding hadrons rare
quark—parton configurations, in which the difference of the
quark and antiquark rapidities in the initial hadron (meson) is
large, must occur in them. In terms of rapidities this implies
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FIG. 4. (a) Planar graph for leading-hadron production; (b) its contribution to the inclusive cross section; (c) three-Reggeon graph corresponding to graph (b)

for x—1.

1 i s )
—y-=—In—5,
y q y q 2 mi
where mi =m§+ pz . and Vs is the c.m. energy. The com-
plete rapidity interval occupied by the quarks in the colliding
hadrons is equal to the total kinematically allowed interval

Y max=In(s/m?).

1.3. The quark distribution in the hadron

In the quark—gluon string model the quark distribution is
determined from the correct Regge asymptote of the planar
and cylindrical graphs for x—1 and x—0, where x is ap-
proximately equal to the fraction of the initial hadron mo-
mentum due to the quark longitudinal momentum, i.e., x
~Pgq./Pr, oOr, more precisely, the light-cone variable x
=(E;+pg)/(Ey+py,). The Regge asymptote also deter-
mines the fragmentation functions, but a few more condi-
tions are imposed. We are actually speaking of the quark
distribution at the ends of the ¢g string. Let us first consider
the planar graph of Fig. 2b for the binary multiple production
process ab—hX in the c.m. frame of two colliding hadrons
a and b, when the particle 4 is produced as a fast particle,
i.e., a process with large x. In this case for x—1 a large
rapidity interval Ay arises between the hadron 4 and the
other particles for x—1, as shown in Fig. 4a. The corre-
sponding elastic scattering graph is shown in Fig. 4b, where
the dashed line shows the cut. The three-Reggeon graph in
the ¢ channel corresponding to it is given in Fig. 4c. This
problem is discussed in detail in Refs. 6 and 46, and here we
shall consider only the basic principles of the construction of
the quark distributions in the hadron within the quark—gluon
string model.

The creation of a fast particle 4 in a collision of mesons
a and b, corresponding to the planar graph of Fig. 4a, can be
treated physically as follows. In a collision of these mesons,
which consist of pairs of valence quarks and antiquarks
(qq), the slow antiquark of particle a, denoted by i, under-
goes annihilation with the slow quark of particle 5. The
quark g, interacts with the antiquark g,, after which they
separate. A colorless string is formed between them, since g
and g are a triplet and antitriplet of the color group SU(3).
This string is then broken when its ends are far apart, and,
according to the Schwinger mechanism,?? in the chromo-
static field quark—antiquark pairs are formed which then un-
dergo fragmentation into hadrons. The production of the par-
ticle & can be viewed as the capture of a slow antiquark k
(see Fig. 4a), from the chain of quarks and antiquarks formed
when the string breaks, by the fast quark ¢, . Since the had-
ron A is fast, it has x—1, and the rapidity interval Ay be-
tween it and the other hadrons is fairly large. The construc-
tion of the distribution of the fast quark in the hadron a is
equivalent to finding the probability for the other antiquark i
to be slowed down in this hadron. We can find this probabil-
ity from the correspondence between the s-channel planar
graph and the 7-channel graph with exchange of a Reggeon R
(Ref. 6):

(6)

s\ @r(0)=1
wi~0'fl°,§~lmf§[b(t=0)~(%)

where az(0) is the intercept of the Regge trajectory corre-
sponding in this case to exchange of a quark—antiquark pair
q;q; in the s channel, and so it can be denoted by «,7(0).
Going to the variable x, the fraction of longitudinal momen-
tum of the fast quark g,, and using the fact that 1—x
~1/s, this probability can be written as
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Wi~ (1 —x) "=y~ %0 (7

where x;=1—x is the fraction of longitudinal momentum of
the slow antiquark g; in the hadron a. In a similar manner
we can find the probability for the quark (antiquark) k to be
slowed down in the production of the hadron h, Fig. 4a,
which is equivalent to the probability of finding the fast
quark g, with momentum fraction x at the end of the ¢g
string, because x=1—x,, ie.,

~(1—x)1_akl:(0)=xllc—ak;(0) , (8)

where a,;(0) is the intercept of the Regge trajectory corre-

sponding to exchange of quark k and antiquark k. Passing in
(7) and (8) from x; and x, to the rapidities y;, y;, and y; ;
=1In(2pzx;y/my), wWhere p, is the momentum of the initial
hadron @ and m,, is the transverse mass of the valence con-
stituent quark gq,, for w; and w;, we obtain®

wi(Ay;)=Cexp(—BiAy;); wi(Ayy)=Cexp(— BkAYk)(vg)

where Ay;=y,—yi» Ayi=Ya=Yi> Bi=1—;i(0), and S
=1— a;;(0). Here y, is the rapidity of the hadron a, y; and
y, are the rapidities of the quarks i and k (see Fig. 4a), and
C is a constant. In Egs. (6)—(9) we have neglected the quark
transverse momenta k,. When they are included, these ex-
pressions involve not the mtercepts but the Regge tra]ecto—
ries depending on k, ; ie., ag(—k> ;), which at small k? can
be written as ap(— k2 )=ag(0)— kzaR(O) Taking thlS into
account and changmg over to the space of impact parameters
b in (9), for the Fourier transforms w;(Ay;,b) and
wi(Ay,,b) we obtain

C
wi(Ay;,b)= e o exp(— B;Ay;)
X exp(—b%/4a’ Ay;), (10)
C
wi(Ayg,b)= yy—y exp(— BrAyr)

X exp(—b?*/4a’ Ay,), (11)

where Ay;, Ay,>1, as we are interested in the distribution
of the quark g, at the string end at large x and, accordingly,
small x; and x,, i.e., for x—1 (see Fig. 4a). Therefore, Egs.
(9)-(11) give us the probability of slowing down the valence

quark i (antiquark 7) in the hadron a (see Fig. 4a) and the

probability of creating a slow quark k (antiquark k) after
breaking the string as a function of x (9) or Ay and b. From
this it is easy to determine the asymptote of the quark distri-
butions at the ends of the gg string. However, here it is
necessary to relate the intercept a;;(0) to a;;(0) and

a,;(0), because the latter are known, as will be shown be-
low. The factorization principle in the quark—gluon string
model for the amplitude of the binary process ab—cd,
shown in Fig. 2, was justified in Ref. 6: the probability of
producing various final hadrons ¢, d depends only on the
type of quark k appearing when the string breaks and does
not depend on the type of annihilating quark i. Conse-
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quently, the imaginary part of the amplitude of the binary
process ab—cd in b space turns out to be factorized in the s
channel:®

M f 4 ca( D)~ Wiy (ED)WE(E,D). (12)

Here £=In(s/sy) and w', and w¥, are the same probabilities
as w; and w,, but for the binary process ab—cd. For elastic
scattering ab—ab, using the unitarity condition, we have

wir(ED)wii(€,b)~w(§,b)wi(€,b), (13)

where w;(£,b) is the probability of slowing down both
quarks i and k (see Figs. 4a and 4b) with a given impact
parameter b. Now, substituting (10) and (11) for w; and wy,
and also the analogous expression for w;, into (13), we
obtain the following very important relations for the inter-
cepts of the Regge trajectories and their slopes:

@;7(0) + a,(0) =2 @ (0), (14)

(2,70)) 7"+ (2,(0)) ' =2(er}(0)) 1, (15)

where a;,(0) is the intercept of the Regge trajectory corre-

sponding to the exchange of a quark (i) and antiquark (k)
pair in the s channel (see Fig. 4b). From (14) we have

— a;;(0)=a;7(0) — 2 a4 (0). (16)

Now let us proceed directly to the construction of the asymp-
tote of the quark distributions at the ends of the g string for
x—0 and x— 1. The distribution of the valence quark g(x)
in the hadron a for x—0 can be associated with the prob-
ability of finding a slow quark i in a, given by (7):

1—- a”(O)

x:q(x;)=wi(x;)~x; 17)
From this, for x—0 we obtain
ga(x)~x~ O =x "2, (18)

As mentioned above, a;;(0)= az(0) is the intercept of the
secondary Reggeon trajectory. The asymptote g(x) for x
—1 is determined by the probability of creating a slow quark
k (antiquark k) after breaking the ¢ string (see Fig. 4b), i.e.,
according to (8) for x—1 we have

wi(xy)
Xk

g () =qi(1—x)= ~(1—x)~ %O, (19)

Or, using (16), Eq. (19) can also be written as
ga(x) =~ (1—x) RO 720, (20)

Therefore, the asymptote of the valence-quark distribution in
the hadron a, or, more precisely, at the ends of the quark—
antiquark string for x—0 and x—1, is given by (18) and
(19). If the hadron a is taken to be, for example, the =
meson, then a;, will correspond to the Reggeon trajectory,
i.e., @;;(0)=ag(0). Then the asymptote of the quark distri-
bution in the 7 meson for x—0 and x— 1 will be determined
by the following expressions:

For x—0,
gn(x)~x" RO =x712 1)

and for x—1,
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ga(x)~(1—x) "2 O=(1-x)" 2. (22)

The asymptote of the quark distribution in the nucleon
for x—1 is determined by the probability of slowing down
the diquark ggq in the nucleon (see Fig. 4a), i.e., according to

™,
wqq(xqq)"’xl a(‘lq)(qq)(o) -

where x,,=1—x is the diquark momentum fraction in the
nucleon, and @ (44,3 (0) 1s the intercept of the Regge tra-
jectory contalmng the diquark and antiquark, which satisfies
Eq. (14), ie.,

(450 0) + ari(0) = 2a3,(0). 24)

Then, using (23), for x—1 we have

Waq(Xgq)

_ - 79)(0
gn(x)= = Clxqqa(qq)(qq)( )

q9
= (1 —x) k(0 ~2a34(0) (25)

In this case a;z(0) = ag(0), and a3q— a(0) is the averaged
intercept of the baryon trajectory. % The behavior of gy(x) for
x—0 is also determined by (21), as for the 7 meson.

We again note that here we are presenting only the prin-
ciples of obtaining the Regge asymptote of the quark distri-
butions in the hadron, in particular, in the 7 meson and the
nucleon for x—0 and x—1. A detailed discussion of this
problem can be found in Ref. 6. If we substitute into (25) the
values of the intercepts az(0)=3 and &z(0)=—0.5 follow-
ing from the experimental data, as shown in Ref. 6, then for
x—1 we have

gu(x)~(1=x)*2. (26)

The asymptote of the valence-quark distribution in the
nucleon for x— 0, in principle, coincides with the analogous
distribution observed in deep-inelastic lepton—nucleon scat-
tering. According to (26), for x—1 it differs fundamentally
from the corresponding behavior observed in deep-inelastic
scattering.’ This may be related to the fact that in the
quark—gluon string model the quarks are constituent quarks,
while in deep-inelastic scattering they are point or current
quarks, as in QCD.

1.4. Quark and diquark fragmentation into hadrons

The asymptote of the functions describing quark frag-
mentation into hadrons for x—1 is also determined by the
three-Reggeon graph in the ¢ channel (Fig. 4c) or its
s-channel analog (Fig. 4b). The details of the derivation of
this asymptote are given in Ref. 6; here we only briefly ex-
plain the principles of how it was obtained.

Let us assume that the leading hadron c, i.e., with mo-
mentum fraction z=p,./p,—1, is formed in the process a
+b—c+X. Then the inclusive relativistically invariant
spectrum of this hadron chECdO'/d3p at this z is deter-
mined by the three-Reggeon graph in the ¢ channel shown in
Fig. 4c. As is well known,® this z behavior for z—1 is writ-
ten as

i 2
Fe(z:p) ~g(pH) (1 —z) i 0~ 2upy), @7
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FIG. 5. Planar graphs for baryon production in the quark—gluon string
model in the limit x—1.

where g(p,) is some function depending on the squared
transverse momentum of the produced hadron p, . On the
other hand, the spectrum (27) can be written as

flz.p)=D5 (z.p})z, (28)

where Dfl (z, p,z) is the function describing the fragmentation
of the quark g, into the hadron c. In the limit z—0 (y,

—y.>1) the function fc(z,pf) does not depend on z, i.e.,
for z—0

(Z’ t)~&pt')_ (29)

Comparing (27)—(29), we have

(p)
D5 (2pD)= o (1 -

)a,-,*(O)—2a',-k(p,2)' (30)
Equation (30) is the general form of the function describing
the fragmentation of the quark g, into the hadron c¢. For
simplicity, let us consider the fragmentation functions inte-
grated over p, . The behavior of DC (z) for z—1 can be
obtained from (30) by expandmg ;7 in a series in p?, re-
placing p; by its average value p? and using (14):

D; (z,p7)~(1—2) " “O*, 31)

where )\=2ailzp,2. Equation (31) is the asymptote of the
fragmentation function for z—1 for the allowed fragmenta-
tion, i.e., for the case where the quark g or diquark (gq)
forms a part of the hadron c.

Let us consider several examples for z—1 (Ref. 46):

DT (2)=DF (2)~(1—z)%@*, (32)
DX (2)=DF (2)~(1—2) O, (33)
DP (2)=D"(2)~(1—z)” *O**, (34)

In the case of the production of baryons by a quark or me-
sons by a diquark (see the graphs in Fig. 5), the diquark
plays the role of the state k, i.e. two quarks and the color
node, shown by the dashed line in Fig. 5, introduced in Ref.
48 in describing baryons in QCD. The trajectories a,,zq)
containing a diquark and an antidiquark satisfy (24).
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In particular, the intercept of the trajectory a,,,(0) for
light (u,d) quarks can be written as
@,472(0) =2 an(0) — a,(0). (35)

Using (24), (31), and (35), we can obtain the functions de-
scribing the fragmentation of quarks into baryons and di-
quarks into mesons for z—1. For example,46

DP(z)=D"(z)~(1—z)%(O2en(0)+X (36)
DX} (2)~ DK, (2)~ (1~ 2) %@~ 2an0) ¥\, (37)

These fragmentation functions, and also their asymptote for
z—1 for cases where the hadron ¢ does not contain an initial
quark or diquark (‘‘forbidden’’ fragmentation), are discussed
in detail in Ref. 46. The construction of the asymptote of the
fragmentation function for forbidden fragmentation amounts
to the following. In such cases the hadron ¢ is created not
directly in the first ¢g chain, but in subsequent chains in the
production of slow gg pairs, and so the asymptote of the
fragmentation function for z—1 acquires, as shown in Ref.
46, an additional factor (1 —z)'~%a® associated with the
slowing of each quark. For example,

D:7(2)~(1_Z)—ap(0)+2(l—ap(0))+)\’ (38)

Df*(z)"’(l _Z)—ap(0)+(l—ap(O))+(l—a¢(0))+)\. (39)

Therefore, the asymptote of the fragmentation function
for z—1 is determined by the intercepts of the secondary
Regge trajectories and their derivatives for p?=0, the values
of which can be taken from the experimental data. We note
that this asymptote of the fragmentation function also differs
fundamentally from the analogous behavior of the fragmen-
tation function obtained in deep-inelastic scattering or hard
hadronic processes, like the quark distributions in the
hadron.*’

2. RESONANCE PRODUCTION IN THE
QUARK-GLUON STRING MODEL

A large amount of data has recently appeared on the
inclusive hadroproduction of resonances with various quan-
tum numbers. In particular, there are relatively accurate data
on the x and p, spectra of secondary mesons, and also some
characteristics of the production of resonances with high (J
=2) spin have been measured. The correct description of
these data requires more detailed development of the existing
soft interaction schemes. One of the most important prob-
lems in this area is the inclusion of the spin variables in the
quark—parton models used to describe multiple production
processes. ' 4749

Let us consider the generalization of the quark—gluon
string model to the case of the production of boson
resonances > lying on the leading trajectory of the vector—
tensor (V—T) group (p,a,.f,K*,...). This approach is
based on the Reggeon—photon analogy, which allows the
spin J of observed resonances to be taken into account. For
this it is necessary to consider the functions G;(qq)(z) de-
scribing the fragmentation of quarks and diquarks into boson
resonances with arbitrary spin J. The functions G;( qq)(2) for
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z—1 are expressed in terms of the residues of the secondary
Regge trajectories corresponding to the contribution of pla-
nar graphs in dual topological unitarization. Using the pre-
dictions of the quark—gluon string model for the spin struc-
ture of the planar graphs,™ relations between the residues of
the leading trajectories of the V—T group were obtained.
According to these predictions, the interaction of Reggeons
of the V—T group with hadrons has a universal form, analo-
gous to the case of the electromagnetic interaction. The hy-
pothesis that electromagnetic interactions dominate in the
planar part of the hadron amplitudes (or the Reggeon—
photon analogy), together with the predictions of the Ven-
eziano dual model®' for the Reggeon—particle vertices, al-
lows the values of Gé( 4q)(2) to be fixed for z— 1. As aresult,
we obtain a simple expression determining the dependence
of the resonance production cross section on the resonance
spin J.

The expression for the invariant inclusive hadron spec-
trum is written in the following form in the quark—gluon
string model (see, for example, Refs. 25 and 28):

ddo" do" do
WEXRW = J E dTﬁdsz: > a.(s)@"(s5,x),
(40)

where y is the rapidity, x=2p,/ Js is the Feynman variable,
p, is the longitudinal momentum of the created hadron, Vs is
the total energy of the two colliding hadrons in the c.m.
frame, o, is the cross section for producing an n-Pomeron
shower (or 2n quark—gluon strings decaying into
hadrons),**" ¢'(s,y) is the hadron distribution in the
n-Pomeron shower, xz=(x>+x%)"2, x> =4((p*)+m})ls,
and m,, and (p ) are the secondary-hadron mass and average
transverse momentum. The cross sections o, for the emis-
sion of n Pomeron showers are calculated from the expres-
sions (the quasieikonal model; Ref. 52)

®  k
—2 — p 2 Z_ =
on—nz(l e kgo k!), n=1, (41)
2C s\A
Rp+ apln(s/sgy) \ so
s A
(Tp:87T'yP —_ 5 (43)
So

where o p is the Pomeron contribution to the total cross sec-
tion, A=ap(0)—1 is the excess of the Pomeron intercept
above 1 (the supercritical Pomeron), the parameters vy, and
R%, determine the strength of the Pomeron—hadron coupling,
and the parameter C, takes into account the deviation from
the eikonal approximation. The values of the remaining pa-
rameters will be given below in the calculation of the cross
sections for specific reactions. The total hadron interaction
cross section in the quark—gluon string model is the sum of
the cross sections o ,(s) for creating any number of Pomeron
showers:

am<s>=nzo 0u(5), (44)
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O'ODD=(1 —Uc)ay(s),
(45)

is the cross section for diffraction dissociation,

DD
Oin(s) =05 +El Ta(s),

where (TOD b

PP h(xp) = fa(x . ) fi(x_ n)
+fa(xs ) fh(x_ n)
+2(n—1)ftea(X4 ) flee(x_n), (46)
QP (xp) = Fag(x 4 ) fa(x_n) + fa(xs n)fh (x_ ,n)
2(n—1)fpea(x+ M) feei(x_n),  (47)

172
2 Lk XF) . (48)

The functions qu(x+ R fh(x+ NR fJ'(x+ ,n), and
]‘%(Jc+ ,n) appearing in (46) and (47) determme the
secondary-particle inclusive spectra and are expressed in
terms of convolutions of the momentum distributions u(x) of
diquarks and valence and sea quarks (antiquarks) in the col-
liding hadrons and the functions G"(z) describing diquark
and quark fragmentation into the created hadrons. The con-
tributions from the initial particle and the target proton re-
spectively depend on the variables x, and x_ . For the case
of pp collisions these convolutions have the form?

2 (1
qu(xt»”)zgf uud(xl’n)GZd(xt/xl)dxl

1 (1
+§f uuu(xl,n)Gsu(xi/xl)dxl, (49)

h 2 ! h
Fitrem=3 | uate w6l iy,

1 1
+§ j ud(xl,n)GZ(xi/xl)dxl, (50)

! Gy(xs 1x))+Gllxs Ixy)
uz(x,,n) > dx,
X+

1 Gy(xs Ix))+Ghlxs Ixy)
+f uz(x;,n) 2 dx,

fha(xe )=

2+6

1 Gy(xs /x))+ Gh(xa Ixy)
uz(x,,n) X |-

2

61

The parameter 6~0.2-0.3 determines strange-quark sup-
pression in the sea.
Similarly, for 7~ p collisions

1
fa(x..n)= f uy(x1,n)Gh(x Ix)dx,,
X+

filxs.m)= f gt m)GAe L)), (52)
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The expressions for the Kp interaction have the same struc-
ture as (52).

The properties of the fragmentation functions within the
quark—gluon string model were discussed in Sec. 1 above.®*
The behavior of the fragmentation functions GZ( qq)(2) in the
two asymptotic limits z—0 and z—1 can be determined by
their Regge asymptotes:

Gl (0)=0", (53

Gq(qq)(z_’l)~(1_z)7' (54)

Here vy is determined by the intercepts of the correspond-
ing Regge trajectories. For our purposes it is most important
to study the constant b”, which is the value of the function
GZ( q¢)(2) for z—0 and does not depend on the type of initial
quark g (diquark gq). The constant b” is determined by the
string fragmentation dynamics, when a qg pair is created
from the vacuum in the central region of the spectrum For
example it follows from SU(3) symmetry that bP =pP”

=p?’ =bPf, b“=b",... . These constants cannot be calcu-
lated directly in the quark—gluon string model. Below, we
shall give estimates for the ratio of these constants obtained
using the Reggeon—photon analogy.

The main assumption that we make is that the shape of
the x spectra of resonances created when the quark—gluon
string breaks is independent of the spin J of the observed
resonance, ie., all states lying on the Regge trajectory

a (M ,) have the same type of x dependence for identical
initial conditions. With this approximation the functions de-
scribing quark (diquark) fragmentation into various reso-
nances of the p and K* families can be expressed in terms of
the function for fragmentation into p or K* mesons:

*
Gitan(®)=R,Ghit (%), (55)

where R; is independent of the variable x.

The full list of functions describing fragmentation into
vector mesons is given in Appendix A. In the parametriza-
tion (55) the quantities R; are expressed in terms of the
constants b’: R;=(b’/b")?. Analysis of the data on p-meson
production in 7N collisions in the quark—gluon siring
model®® gives

bP~027, bK*~0.15. (56)

Let us now return to the fragmentation functions for
high-spin states. The ratios R; are derived in detail by using
the Reggeon—photon analogy in Ref. 32. Here we shall only
briefly discuss the main results, for example, for the reaction
wN—JX. In the three-Reggeon limit we have

do’ daV
E(X—'U/%(x—»l)=R,=(b’/bV)2

= Z lga v (0)|2 / Z lga " (0)2, (57)

where g v/ are the s-channel helicity residues of the Regge

trajectories ay of the V—T group. Use of the Reggeon—
photon analogy allows us to calculate the relations between

the residues ggf ¥ Let us discuss this analogy in more de-
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tail. The p-meson—photon analogy was first proposed by
Stodolsky and Sakurai''® for describing the characteristics of
A-isobar production in the reactions wp— A and Kp
— KA. It was assumed that the spin structure of these pro-
cesses has an electromagnetic form. Some results supporting
this hypothesis were obtained in Refs. 50 and 119. Analysis
of the contribution of planar graphs to the total hadron—
hadron interaction cross sections showed that the residues of
the leading Regge trajectories satisfy relations typical of vec-
tor currents.!'® In particular, the interaction of 7 and K me-
sons and nucleons with the p trajectory is analogous to the
isovector component of the electromagnetic current. Simi-
larly, the interactions with the @ and ¢ trajectories are simi-
lar to the nonstrange and strange components of the isovector
current, respectively.

The amplitude of the quark—quark interaction was stud-
ied by using the multiperipheral mechanism in Ref. 50. This
mechanism allows understanding of the location in the j
plane of secondary Regge trajectories with various quantum
numbers, and also predicts the spin structure of the interac-
tion of these trajectories with quarks. The spin structure de-
scribing the interaction of quarks with trajectories of the V
— T group has an electromagnetic form:

V-T _ - -
Mg, ~g3v"q.1347.9>2- (58)
It seems natural to generalize the Reggeon—photon anal-
ogy to the case of arbitrary spin. We assume that the inter-

actions of Reggeons of the V—T group with arbitrary had-

rons are determined by the conserved vector current. In the
ay
case of the transition m—J, this current has the form

.]’u()\) = iFJSaBWL‘PaVl A..vjfl(k’)\)P,Bkyqvl'-'qyjfls
(59)

where p and k are the 4-momenta of the initial pion and the
final resonance, respectively. In (59) g=k—p and
®av, ...v, ,(k,\) is the wave function of the resonance with
spin J and helicity A. In the infinite-momentum frame p°?
—, and the helicity residue gg," /(q) is related to the cur-
rent (59) as

gon" (@)e =" N)12p™ (60)
Using (59) and (60), we find
7

2: lgas’(q)]?

=|F 2+ 1)1(I—1)1273p2 = Dg2 2. (61)

Let us discuss the dependence of F; on the spin J. For
this we consider the decay of a resonance with spin J into a
pseudoscalar and a vector, i.e., the on-shell vertex function
J—wV. Using (59), it is easy to obtain the following expres-
sion for the width I';_, ., of the decay J— 7V

P

1—1.l—>'n'V 8 MJ (21+1) z |.] (k )\)fu(q A )l2

_2’(J+1)!(J—1)!
T 8m(2J+1)!

|F|%p " (62)
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Comparing (62) with the predictions of the resonance-decay

model,120 we find the expression
J-1
F|?=—|F |2, (63)
l Jl (J_l)!sé_ll Vi

where so=(ay) '

We note that a similar J dependence of F; follows from
the analytic dependence of the Veneziano dual amplitude.’!
Finally, assuming that the ratio |F ;|%/|Fy|? is independent of
the off-shell corrections, it is easy to obtain the expression
for the ratio R,(¢) in (57):

.]
"avj(q)lz/ 2 lgasv (q)|?

RJ(’)—

B (J+1)!

2!
Equations (57) and (64) can be used to express the b’
determining the probability of forming resonances with spin

J in terms of the intercept a(0) of the trajectory to which
the resonance J belongs:

R,=R,(0)= (b’/b")2= o’loV

+1)!
(2J)'

2\ J—-1
?) . (64)

—= (= ay(0))’ 7, (65)

where we have used the fact that J =aV(0)+a{,M3 and
ui<M 3
It follows from (65) that

(b72)2=(b"2)?~0.38(b")?,
(b“3)2=(b"3)%2~0.21(b")?,
(b/4)2=0.13(b")>. (66)

Similarly, for resonances of the K*—
have

K** family we

(bXT)2~0.44(bK*)2,
(b%3)2=~0.25(bK™)2,

(bK¥)2~0.16(b%*)2. (67)

Furthermore, using the model predictions for resonance
decay,!'®12% we obtain relations between the probabilities for
producing pseudoscalar and vector mesons:

(bPIb™)?=(k2) 4m2,

(bK*165)2 = (2 ) ct4m?, . (68)
where m,=0.415+£0.015GeV is the transverse mass of a
constltuent quark.'® Using (k?),~0.12GeV? and (k*)g

~0.21 GeV2, and also the values of b” and bX* given in (56)
(Ref. 53), we find

b™=~0.65, bX~0.27. (69)

These values are in good agreement with those obtained in
Refs. 27 and 29 from analysis of the data on pseudoscalar-
meson production.
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FIG. 6. Inclusive spectra of the p0 meson in pp collisions at p; =147 GeV/c (Ref. 55) and 405 GeV/c (Ref. 56); f(x)= (2/o;, \/;) fE(dzo/dxdsz_) dsz_ .

The experimental data on vector-meson production in
mp and pp collisions’*~53 are compared with our predictions
in Figs. 6 and 7. We see that the quark—gluon string model
gives a good reproduction of the x spectra of vector mesons
in a wide range of x at high energies (p;=100GeV/c).

The experimental situation regarding the spectra of high-
spin states is not as good. In Fig. 8 we compare our calcula-
tions with the data on the production of resonances with spin
J=2 (Refs. 56 and 60). We see that this approach leads to a
good description of the x distributions of the f,(1270) me-
son in Kp and pp collisions, although the accuracy of the
existing data do not allow some theoretical details to be
clarified.

Data on the integrated cross sections for p°(770)-,
f2(1270)-, pg( 1690)-, and f,(2050)-meson production in pp
interactions at 405 GeV are given in Ref. 64. In Table I we
give the theoretical and experimental cross-section ratios
o”/o®. Our predictions agree well with the data up to spin
J=4.

3. HADRONIZATION OF PARTICLES WITH OPEN
CHARM IN THE QUARK-GLUON STRING MODEL

3.1. Creation of particles with open charm taking into
account the contributions from decays of
resonance states

In this section we shall discuss a modification of the
quark—gluon string model for calculating charmed-particle

spectra including decays of S-wave resonances such as 1~
mesons (D* and D¥) and 5% (3. and E.) and 3* (3, E*,
and Q) hyperons.*>*® The model parameters were deter-
mined from comparison with the experimental data. The con-
tributions to the spectra of stable particles from resonance
decays were taken into account according to their partial
widths.”

In this section we shall consider only the spectra inte-
grated over the transverse momentum p, of the created par-
ticle. We shall include the decay of S-wave charmed reso-
nances into stable charmed particles with the emission also
of 7 mesons or y quanta.”’ The kinematics of these decays
are described as in Ref. 71. With our assumptions, the invari-
ant cross section for producing the hadron % has the form

do" da"‘“'+ ij dUR(D 4 o0
x = ika (xg)dxg. (70)

X

Here xdo"%"/dx is the cross section for direct production of
the hadron k, and xzdo®/dxy is the cross section for pro-
ducing the resonance R. The function ®(xz) describes the
two-particle decay of the resonance R into the hadron h.
After integrating over the transverse momentum of both the
hadron % and the resonance R, the function ®(xg) has the
form
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FIG. 7. Predictions of the quark—gluon string model and data®’ on the production of charged K** mesons in 7*p and pp collisions.
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In (70) and (71), x is the Feynman variable of the resonance

(72)

m is the mass of the created hadron /, M is the resonance
mass, E* and p* are the energy and 3-momentum of the
hadron A in the resonance rest frame, and (p? ) is the average
transverse momentum of the hadron . The expressions for
the invariant cross section for producing the hadron h are
given in Sec. 2 above. Here we shall give only the expres-
sions for the functions fz(x,n) for a 2,~ beam, expressed in
terms of the corresponding functions of the s- and d quarks,

f;’(x,n) and f’;(x,n);

_ 1 - 2
fZ(E )(x,n):gff«'(z )(x,n)+ gfg(z Y(x,n),

fh(~ )(x, n)—% h(E™ (x, n)+; h(E™ )(x,n). (73)

9 3

In the additive quark model, a diquark in an S-wave
baryon can have spin (isospin) O and 1. Therefore, the di-

quark function fZ 4(x) can be expressed in terms of the scalar
(0) and vector (1) diquark functions with weights determined
by the SU(6)-symmetric functions:”

1
h(p) _ h h
fo=3 Fuxm)y+ 5 f’ziz) (x,n)+ = f(ézi,(x,n),

fh(z_)=l_

- 1 -
103 h(Z 3
qq 3 dfl )(x’n)+ Ef(zgs)o)(x’n)—’_ f(zgx) )(x’n)’

o 1
fof 1= 3 FE D (xm)+ 5 ﬁds)>(x )+ = f(;;)]>(x,n).
(74)

We shall assume that the distribution functions of scalar
and vector diquarks u,,(x,n) entering into the quark func-
tions f (x,n) are identical. However, different diquarks frag-
ment into baryons in different ways. For example, direct A
production in pp collisions is determined by the scalar (and
isoscalar) diquark function ftuay,» and direct production of
the 3,. and 3 * hyperons is determined by the vector diquark
function f(ud)l.

We shall also assume that the diquark spin does not af-
fect diquark breakup. In the case of diquark fragmentation
into mesons, this assumption leads to the equation
fgq)o(x,n)=f?;q)l(x,n), and Eq. (74) reduces to

AP (x,n)= ; M@ (x,n)+ = fM(P)(x’n),
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FIG. 8. Comparison of our predictions with the data on f,(1270)-meson production in the processes K*p— f,X (Ref. 60) and pp— f,X (Ref. 56).

- 1 = 2 =
fyq(z Mo, my= 5fgwd(z )(x,n)+ §fﬁds(2 )(x,n),

o 1 = 2 -
FE )= PHE D (m)+ 5 AE ), (79)

which coincides with the results of Ref. 73 for diquarks in
the proton and the 3~ hyperon.

A complete list of the quark and diquark distribution
functions in 7r mesons, p, and the 3.~ and =~ hyperons used
in the present analysis is given in Appendix B. Henceforth,
we shall assume that the quark and diquark fragmentation
functions are independent of the spin of the captured quark
(or diquark). This assumption leads to equality of the func-
tions describing the fragmentation of the corresponding
quark or diquark into the 3., 3%, B, and E¥* baryons and
the D and D* mesons. The method of parametrizing the
fragmentation functions used in this section differs slightly
from that used earlier (see Refs. 25, 26, 29, and 33). We shall
represent the fragmentation function as the sum of two

TABLE 1. Ratios of the cross sections for processes pp—JX.

olo® Theory Experiment
f210° 0.38 0.38+0.19
py/p° 0.21 0.19%0.12
falp® 0.13 0.17+0.12

terms. The first is the product of two polynomials, each cor-
responding to the sum of all possible asymptotic and preas-
ymptotic terms in the fragmentation [x— 1, expansion in
powers of (1 —x)] and central (x—0, expansion in powers of
x) regions. The second represents the case where neither the
fragmenting object nor any of its constituents enters into the
created baryon. In the case of nonleading fragmentation, the
corresponding functions contain only the second term. A
complete list of functions describing quark and diquark frag-
mentation into A, 3., 3., E., E., E¥, Q., and QF
baryons and D, D*, D, and D;" mesons is given in Ref. 35.

The quark—gluon string model with the proposed modi-
fication has been used to describe a large amount of experi-
mental data on the inclusive spectra of the hadroproduction
of charmed mesons and baryons.”~°

The spectra of A, baryons in 7 p collisions at
230GeV/c (Ref. 74) and pp collisions at Vs=63GeV/c
(Refs. 75 and 76) are given in Figs. 9a and 9b, respectively.
The dotted line in Fig. 9b shows the contribution of direct A .
production. We see that the agreement with the data on 7~ p
scattering is better. Regarding the data™’® on pp collisions,
we see a significant difference between those of the two
groups.”>’® This makes it impossible to uniquely fix the
model parameters. In Figs. 10a—10d the experimental data
on the x; dependence of leading (D~ and D) and nonlead-

ing (D" and D°) charmed mesons in 7 p interactions at
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FIG. 9. Comparison of the calculations using the quark—gluon string model with the experimental data on the A, spectra in (a) 7 p—AX at p;

=230 GeV/c (Ref. 87) and (b) pp—A X at Js=63 GeV/c (Refs. 74 and 75).

200 GeV/c (Ref. 77) and 360 GeV/c (Ref. 78) are compared
with the theoretical results.

In Table II we present the data on the total cross sections
for production of the A: baryon in pp and 7rp collisions and
also the model calculations, in Table III we present the cross
sections for D mesons, and in Table IV we give those for D*
mesons.

The predictions for the inclusive spectra of A, 2,
Y, and D*'~ in 37 p collisions are compared with the
preliminary WA89 data®® at 330GeV/c in Figs. 11a-11d.
The experimental data on A} and 3 (Figs. 11a and 11b)
were normalized by using the data on the total cross sections
given in Ref. 86. The D*'~ data (Fig. 11d) were normalized
by using the differential distributions®” and the data on the
total D~ cross section and the cross-section ratio D*/D~
(Ref. 86). Since the total cross sections are not available, for

the E: spectra (Fig. 11c) the experimental data® were nor- -

malized to the theoretical curve. The data on the total cross
sections and the cross-section ratios for a hyperon beam are
compared in Tables V and VI. In Table V we also give the
predictions for the total cross sections for E_ and £° pro-
duction.

3.2. The problem of internal charm in the quai'k—gluon
string model

The results presented in the preceding section were cal-
culated neglecting the contribution of internal charm in the 7
meson or proton. Calculations of the spectra and the total
cross sections in the quark—gluon string model (see, for ex-
ample, the literature cited in Ref. 25) show that the present

accuracy of the experimental data on the production of had-
rons with hidden charm does not require the use of this hy-
pothesis. The internal-charm hypothesis was proposed by
Brodsky®! to describe the spectra in heavy-hadron produc-
tion at large x— 1. In the quark—gluon string model, ¢ quarks
can be included only as sea quarks. This was first done in
Ref. 26 in describing the spectra of D mesons and A bary-
ons. However, the recent data on the asymmetry of the pro-
duction of leading and nonleading hadrons in 7 p
collisions, -

da® ldx—doP" 1dx

A(x)= — 5
(x) do? 1dx+da® 1dx

(76)

became more critical for determining the quantitative contri-
bution of internal charm in the quark—gluon string model. It
has been shown®? that analysis of the asymmetry data re-
quires changing the parameter values obtained earlier from
comparison with only the data on the cross sections,*>** and
it was concluded that the contribution of the c-quark sea is
small in the quark—gluon string model. In Ref. 93 the behav-
ior of the asymmetry A(x) was described by the modification
of the quark—gluon string model studied in the present sec-
tion with the fragmentation functions given in Appendix C.
The results of the calculations are compared with the
WAS82,58 E769,%° and E791 data® in Fig. 12. The solid line
in that figure shows the result of the calculation without the
contribution of the charmed sea, and the dashed line shows
the contribution with the c-quark sea. The charmed sea was
included like the contribution of the strange sea in (51) of
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FIG. 10. Comparison of the model calculations and the experimental data on the production of leading (D ~/D°) and nonleading (D*/D°) charmed mesons
in 7 p interactions: (a) leading, 200 GeV/c (Ref. 82); (b) nonleading, 200 GeV/c (Ref. 82); (c) leading, 360 GeV/c (Ref. 77); (d) nonleading, 360 GeV/c

(Ref. 77).

Sec. 2, with the parameter values a”=0.0072, a;=2, and
6.=0.005. We also studied the possibility of a different pa-

rametrization of the function G2 :

GL (z)=(1—2z)@0*2(q +aPz%).

an

TABLE II. Comparison of the experimental cross sections on A, production

in pp and 7p interactions with the results of our calculations.

P, (GeV/c)
or

Reaction Reference Vs (GeV) O exp(b) T iheor(tb)
pp—AX 40+18

all x 5 63 GeV 204*11 660

2046836

pp—AcX 76 63 GeV 101+18*26 84
|x|>0.5
T N—>AX 74 230GeV/c 49+1.4+0.7 6.8
x>0

TABLE III. Comparison of the experimental cross sections on D-meson
production in pp and mp interactions with the results of our calculations.

PL Uexp Ttheor
Reaction Reference  (GeV/c) (ub) (ub)
pp—D*X 82 400 57+15 4.16
pp—D~X 82 400 6.2+1.1 5.54
pp—D°X 82 400 10.5+1.9 7
pp—DX 82 400 79+15 123
pp—DTID™X 83 800 337 222
pp—D% DX 83 800 2612 454
pp—D*ID"X 84 800 26+ 14 222
pp—DIDX 84 800 2214 454
pN—DIDX 77 200 1.5+0.7%0.1 5.6
x>0
7 N—D*/D"X 77 200 L7934+ 0.1 35
7~ N—D%D%X 77 200 33103+03 5.3
7 N—D~/D°X 77 200 23704401 4.7
7 N—D*/D%% 77 200 32%03+0.2 42
m p—D*ID"X 79, 78 360 57+15 7.76
7~ p—D%D°X 79, 78 360 10.1+2.2 110
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TABLE 1V. Experimental data and model calculations for D* and D, pro-
duction in 7p and pp collisions.
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TABLE V. Experimental data®®7 on the total cross sections in 3 p colli-
sions and the results of our calculations.

PL Uexp T theor
Reaction Reference  (GeV/c) (ub) (ub)
pp—»D**/D*_X 82 400 92+24 7.14
pp—D*YD*OX 82 400 5.8+2.7 8.8
7 p—D**ID*" X 80 360 50%%3 5.0
m p—D**ID*°X 80 360 7329 45
7 N-oD**/D*™X 77 200 24+04+0.2 2.6
pp—D/ID;X 82 400 <25 2.8
xg>0

The result of calculating the behavior of the asymmetry
using the function (77) is shown by the dot-dash line in Fig.
12. We see that finding the contribution of the charmed sea is
strongly related to the parametrization of the fragmentation
function, and it cannot be uniquely determined from the ex-
isting data on D-meson production.

4. SEMIHARD HADRONIC PROCESSES AND THE
QUARK-GLUON STRING MODEL

4.1. The basic formalism

As shown, in particular, above, soft hadronic processes
can be described very well by the Regge model combined
with QCD ideas.

100

-t
o

do/dx, mb

e
-
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0.1F

0.01¢

1.000E-03

b

1. A N N R R
OOOEMO 0.2 04 06 08 1

x

1.000E-03 |

Particle Region of xp O exp(1b) O theor D)
D~ >0.1 29+0.8+0.6 2.18
A} >0.2 9.3+43*25 10.0
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B? >0.2 6.0
=N >0.2 09

In recent years a great deal of work has been done to
attempt to broaden the region where this nonperturbative ap-
proach is applicable for describing semihard and hard had-
ronic processes. One example is the two-component dual to-
pological unitarization model.'®>~1% The two components
are the soft one, based on the theory of the supercritical
Pomeron (the soft Pomeron), and the hard one described by
perturbative QCD (the hard Pomeron); the model also in-
cludes diffraction processes. In this model (as in the quark—
gluon string model) the cut Pomeron is represented as two
quark—gluon chains (or strings) connecting the hadron con-
stituents. In a first approximation the proton consists of a
single valence quark and a single valence diquark, and the
interaction between the hadrons leads to the existence of two
strings connecting these constituents. The secondary-particle
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FIG. 11. Comparison of the model calculations with the preliminary experimental data® on the inclusive spectra of (a) A, (heavy line—all A, thin
line—direct A, , dashed line—A, from =2 decay; (b) 2 ; (c) E7 (heavy line—all, thin line—from E*%); (d) D*+D™ in % p collisions at 330 GeV/c.
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TABLE VI. Comparison of the experimental data® on the cross-section
ratios in X " p collisions with the results of our calculations.

Ratio Region of x Exp. value Model pred.
A /D™ >0.2 11.34+7.1 125

DIRRT) % >0.2 <0.52 0.001
SYA, >0.2 0.45+0.31 0.52
D*ID™ >0.1 0.47+0.14 0.55

multiplicities are calculated in the unitarization scheme using
the Abramovskii—Gribov—Kancheli sum rules.'® Regarding
the hard Pomeron, in this model it is represented by two
perturbative gluons in hard quark scattering 2—2. The hard
scattering mechanism is included when the gluon transverse
momenta are greater than 2 or 3 GeV/c; then these gluons

Lykasov et al.

break up into ¢g pairs. The partons at the ends of the hard or
semihard chain have the transverse momenta predicted by
perturbative QCD.

Particle multiple production is nonperturbative in nature
and, unfortunately, at present cannot be studied by using
perturbative QCD. High-energy hadron—hadron interactions
are dominated by Pomeron exchange, and the concept of
Pomeron exchange is used in Regge models of multiple pro-
duction. It is expected that these models can be explained by
perturbative QCD. Several attempts are being made at
present to derive the Pomeron by using perturbative
QCD.'%-1% Here the main problem is not so much the value
of the coupling constant as the infrared singularities which
arise in the quark and gluon propagators.

The exchange of a phenomenological Pomeron can be

) 1

ES ™ p, 340 GeV/c
- @ WA82 250 GeV/c |
- % E769 340 GeV/c

08 - @ E791 500 GeV/c 1
I s
I 2
1 1 1 1 I 1 1 11 I 1 1 1 1 | 1 1 1 l 1 1 1 | I 1 1 1 1 I 11 | 1 ] 1 11 1 | 1 |
o) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Xg

FIG. 12. Comparison of the theoretical calculations with the experimental data®#? on the dependence of the asymmetry of producing leading (D~) and

nonleading (D) mesons on x; in 7 p interactions.
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understood as the exchange of two gluons.!%'%® However,
calculations of the amplitude of quark elastic scattering using
perturbative QCD lead to a singularity at zero 4-momentum
transfer +=0. This singularity originates in the pole of the
gluon propagator at g>=0, and so it is clear that the behavior
of the cross section at small ¢ cannot be explained within
perturbative QCD. However, the singularity in two-gluon
calculations of hadron—hadron scattering is eliminated if the
gluon propagator is bounded at g?=0 (Ref. 107).

Behavior of the gluon propagator at small g less singu-
lar than a pole occurs when studying QCD vacuum effects
leading to confinement.!”” For example, in the Landshoff—
Nachtmann model,'%” the Pomeron is constructed as the ex-
change of two nonperturbative gluons, where a nonperturba-
tive gluon is one whose propagator does not have a pole at
¢*>=0. In a different study,'” an approximate solution of the
Schwinger—Dyson equation in the axial gauge was obtained
for the gluon propagator. The behavior of this solution at
g*=0 turned out to be less singular than a pole at this point.
The use of this propagator'® in the Landshoff-Nachtmann
model leads, as shown in Ref. 107, to good agreement be-
tween the calculations and the data.

Another approximate solution of the Schwinger—Dyson
equation was obtained in Ref. 110. In this solution the gluon
propagator is regularized by a dynamically generated gluon
mass. In contrast to the solution of the Schwinger—Dyson
equation obtained earlier,'® the propagator with dynamical
gluon mass asymptotically satisfies the renormalization-
group equation and is actually bounded for g>=0 (owing to
the presence of an effective gluon mass). The use of this
propagator in the Landshoff—Nachtmann model shows that
the Pomeron effectively behaves like photon exchange, with
the coupling constant determined by the gluon mass. This
approach allowed the total and elastic differential cross sec-
tions (da/dt) for pp scattering to be calculated, and good
agreement was obtained between the calculations and the
data for gluon mass m,=370MeV and Aqgcp=300MeV
(Ref. 111).

In this section we shall study the possibility of modify-
ing the quark—gluon string model so as to describe semihard
hadronic processes.***> For this the Pomeron is represented
as the exchange of two gluons with dynamically generated
mass.'%’ The propagator of the corresponding nonperturba-
tive gluon is iteratively used in n-Pomeron chains to calcu-
late the transverse-momentum distribution of the quarks at
the ends of quark—gluon strings. This process of successively
including more and more Pomeron exchanges leads to an
increase of the resulting transverse momentum of the sec-

~ondary hadron. The dependence on the particle transverse
momenta introduced in this manner does not change the stan-
dard quark—gluon string model describing the particle
longitudinal-momentum distribution, while it extends the re-
gion of applicability of the model to transverse momenta of
4-5 GeV/c. The modified quark—gluon string model is used
to describe the invariant cross sections and transverse-
momentum distributions of secondary mesons at various ini-
tial energies.
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4.2. The Pomeron as two-gluon exchange and the
quark transverse momenta

In the Landshoff-Nachtmann model,'”” Pomeron ex-
change between two quarks behaves like a graph with single-
photon exchange. The Pomeron—quark coupling constant is
given by

1
Bo=3g2 f d*q[8°D(¢")]’, (78)

where D(g?) is the gluon propagator. The advantage of us-
ing a propagator bounded at g>=0 is that the integral (78)
converges. This does not occur for most of the solutions of
the Schwinger-Dyson equation obtained by other
authors.!®112 The phenomenological value By=2 GeV ! is
determined from the total cross section and corresponds to
the gluon mass m,=1.2A ocp, Agep=300MeV (Ref. 111).
It proved possible to describe the experimental data on for-
ward proton—proton scattering for these parameter values.!'!!

A gluon with bare mass leads to violation of unitarity
and gauge invariance. This problem can be avoided in the
case of a dynamically generated gluon mass.'!! The fact that
the gluon behaves as a massive particle is also indicated by
lattice calculations.'"® The approximate solution of the
Schwinger—Dyson equation in a partial gauge does not lead
to generation of a dynamical gluon mass.'®!'2 Meanwhile, a
gauge-invariant set of graphs for the Schwinger—Dyson
equation has been found!!? which gives an expression for the
gluon propagator which is bounded for g>=0. This solution
has the correct asymptotic behavior of the propagator at large
q* and satisfies the renormalization-group equation.

In the Feynman gauge the gluon propagator with dy-
namical mass is given by D,,=—ig,,D(¢*) (Ref. 110),
where

D™ '(g*)=bog*[q*+m*(q*)]In(S?/A?),
S2=g%+4am*(g?),

L[ In((g2+4m2)/A%)] =M
8 In(4m3/A?)

m*(g*)=m (79)
Here m A is the gluon mass, by=(33—2n f)/4871'2 is the lead-
ing coefficient of the B function in the renormalization-group
equation, and the coupling constant g is fixed. The solution
(79) is real when m,>A/2.

We shall represent secondary-hadron production as fol-
lows. The incident proton and target nucleon break up into a
quark and diquark with oppositely directed transverse mo-
menta. At the instant of the color interaction between the
quark of the incident proton and the diquark of the target
nucleon, exchange of a soft massive gluon occurs. The
analogous exchange of a second massive gluon occurs inde-
pendently of this in the second chain. Then, after this gluon
exchange the two strings formed decay into secondary had-
rons. This process is repeated n times in the production of n
Pomeron showers (or 2n quark—antiquark chains). As a re-
sult, the quark (diquark) at the ends of each string acquires
nonzero transverse momentum, which is larger, the more
gluon exchanges there are. The procedure for calculating the
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quark (diquark) distribution after the first two-gluon ex-
change can be represented mathematically as follows.

We write the quark (diquark) distribution in the initial
protons in factorized form:

Frx, k) =fAx)go(ky), (80)

where the quark transverse-momentum distribution is chosen
to be a Gaussian normalized to unity,

go(,) =~ exp(—7#2). (81)

After the exchange of a gluon with dynamical mass, the
quark distribution in the first chain will have the form

gi(k;)= f go(k )D[ (ki —k,)*]d%, . (82)

The quark distribution in the second chain will have a similar
form.
After the exchange of the second gluon, the quark dis-

tribution will be expressed in terms of the function g ( k 11):

gz(lgu):f gl(Eu)Dz[(Eu_Eu)z]dzku‘ (83)

Repeating this iteration procedure, we obtain the quark dis-
tribution function in the nth chain, expressed in terms of the
function g,,,l(lz,,, 1) and, in the end, in terms of the func-
tion gO(lg 1)

gn(kn )= f 81 (K1 VD (Kpy — Ky —1,)*1d%k 11
zf dzkn*IJ.Dz[(En_L_ign—l_L)z]
Xfdzkn—ZJ.Dz[(En—li—Ign~2_l_)2]-~'

S [ (R A PR A%

Obviously, in an n-Pomeron chain the quark functions
will also be factorized:

Tt k)= £ (x,) 8 4 (K1), (85)

Let us now turn to the construction of the invariant in-
clusive spectrum of the created hadrons, taking into account
its dependence both on x and on the transverse momentum
p;- The expression for the hadron invariant inclusive spec-
trum can be written as>®~*!

ee]

do
E—==2 0,(s)¢a(x.p.), (86)
d P n=0

where ¢, (x,p, ) is the distribution in the Feynman variable x
and the transverse momentum p, of hadrons produced in the
decay of an n-Pomeron chain.

The functions ¢,(x,p,) are represented as>>*!

1 1
(pn(x’pl)z f dxl f dx2\I’n('x’PL X1 ,X2), (87)
Xy x_ .
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where
W, (X, 5y 5x1,%,)
=Fy (e BLx)FP (B Lsxa)IFS(0.5,)
+HF ey By sx )P (e L ixa)[FU(0,5,)
+2n=DF (x4 pux) P (2o 51 m)!
FP(05,); (88)

x; and x, are the quark (diquark) coordinates in the
colliding hadrons, xi.=xi(n)=0.5[\/(x,,2+xl2)ixn], X,

=2\/(th+ p lz )/s; my, is the mass of the secondary hadron,
Vs is the total energy of the colliding hadrons in the c.m.

frame,

F(r")(x: S ;x1‘2)=f dzkif(-rn)(xl,Z’EJ.)

(89)

1 .
Fg_”)((),ﬁL)zf dxf dzkif(rn)(x’ki)Gr—»h(o’ﬁ_L)
0

ZGT—M(OJ;_L)- (90)

The distribution <pﬁ(s, y) depends on how the initial en-
ergy is divided among the n Pomeron showers. Let us con-
sider two simple ways of doing this. In the first, the energy is
divided equally and the role of the Feynman variable in the
n-Pomeron chain is played by the quantity x,=nx. The dis-
tribution <p:(s,y) in this case is%’

Pr(s,y)=net(£, %),
£,=¢(—2In(n), §&=In(s/sg), so=1 GeV. (91)

The second version is based on successive shower emission
by the leading hadron state. The function (pﬁ(g,y) then has
the form

¢:<s,y)=k; DU, xp),

1 X
§k=§—2(k—l)ln 1_ % Xk (92)

X0 _(l_xo)k_l’

where x, is the energy-loss parameter; at SPS energies x,
=(.15.

In a similar manner, the transverse momentum of the
final hadron p, can also be divided among n quark—gluon
chains in different ways. One way was suggested in Ref. 94.
There p, is divided equally among these chains, as is x. In a
second way proposed in Refs. 38 and 39, the hadron trans-
verse momentum p; can successively increase in going from
one chain to the next. This method of dividing §, among
quark—gluon strings becomes especially clear in the ap-
proach considered here, where the quark and diquark or
quark and antiquark interact with each other before the
quark—gluon string is formed. Actually, the iteration proce-
dure of calculating the quark (diquark) distribution g ,(k,,, )
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FIG. 13. Correlation of the average transverse momentum (p,) and charged-
hadron multiplicity N. The experimental data are taken from Ref. 95 at
\/E =63 GeV/c. The theoretical curve was calculated in the modified quark—
gluon string model presented in Sec. 5.

in the transverse momentum k,, after n gluon exchanges is a
reflection of the successive splitting of the transverse mo-
mentum among quark—gluon chains.

In what follows we shall mostly use this method of suc-
cessively dividing x and p, among Pomeron showers.

The fragmentation functions are written as>>4

Gr—bh(zn JZn,L ;ﬁl)zGr—rh(zn vﬁl)g’;——-ph(EnL); (93)
= Vn
g (Ko )= exp(— vuky, ), (94)

= . x+(n)

kn_L':p

(95)

—z2.k., -
17 ZnknL Zn X12
Now substituting (84)—(95) into (89) and (90) and inte-
grating over d’k, , for F (T") we obtain the following simple
expression:

3 x+(n) o
F&")(xi("),l’l ;xl,2):f(q-n)(xl,2)Gr—>h(ﬁ7pl)

XTn(Zn ’ﬁl)’ (96)

in which the function I,(z,,p,) contains the transverse-
momentum dependence:

Tin)(2n ,ﬁi)zJ- d*k, l_[l gi1(kio1y)
i

> . Y
XD (ki —Gi—1,)*1d*qin ?n

X expl— V(P 1 — 2ukni )] 97)

4.3. Analysis of the results and comparison with the
data

In Fig. 13 we show the dependence {p, )(N) analyzed in
the quark—gluon string model along with the introduced de-
pendence of the quark distributions and fragmentation func-
tions on the quark transverse momenta k, . The details of the
calculations of this observable are given in Ref. 45. The two-
gluon exchange mechanism used in our model leads to a
growing dependence (p, )(N). However, the complete de-
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FIG. 14. Invariant inclusive spectrum of 7~ mesons in pp collisions at
J5=19.5GeV/c (Ref. 114). The distributions in the transverse momentum
p, for x=0, 0.3, and 0.6 are given. The curve was calculated using the
modified quark—gluon string model.

scription of this characteristic requires extension of the range
of applicability of the model to transverse momenta greater
than 4—5 GeV/c, where the contribution of semihard effects
becomes more and more important. Moreover, the expres-
sions for the cross sections o, were obtained by including
only the unenhanced graphs of the Reggeon theory.52 The
inclusion of enhanced graphs leads to the appearance of 1/x
terms in the sea-quark distributions, the contribution of
which is especially large for x=0, where the largest number
of hadrons is produced. In addition, at large p, the contribu-
tion of new mechanisms such as hard parton scattering, not
included in the present model, grows.

Let us now consider the distributions of 7 mesons with
large p, produced in high-energy pp collisions. The calcu-
lated invariant spectra F(x,p,) and the corresponding ex-
perimental data''"»!!5 are shown in Figs. 14 and 15. We see
from these figures that the version of the quark—gluon string
model considered in this section gives a good description of
the data for p, <4.0 GeV/c. The spectra become flatter for
p=1GeV/c, which is characteristic of semihard processes.
The rise of the cross sections at p, =3 GeV/c is perhaps
related to the fact that in the model we use the values of the
Regge trajectories and their derivatives at =0, whereas in
going to large p, it is necessary to include the dependence of
the trajectories on the invariant variable ¢, a(t), because ¢
=t(py . XF)-

The calculated dependences of the inclusive spectra of D
mesons on x and pi are shown in Figs. 16 and 17 together
with the experimental data.®’ The data on the p? dependence
of the asymmetry of producing leading (D ™) and nonleading
(D*) mesons in wp collisions®*° are compared with the
model predictions in Fig. 18. In Ref. 39 we studied the de-
pendence of the D-meson production cross sections on the
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FIG. 15. Invariant inclusive spectrum of 7° mesons in pp collisions at
\/; =62.4GeV/c (Ref. 115). The curve was calculated using the modified
quark—gluon string model.

intercept of the Regge trajectory of charmonium ay(0). In
the present calculations we used the intercept a(0)=0 (Ref.
116), which implies nonlinearity of the Regge trajectories
a(t) at t<0 (Ref. 117). In the calculations of the present
section, we took the parameters a, and a, entering into the
c-quark fragmentation functions to be aq=10"* and a,=5
(Ref. 34).

CONCLUSION

We have studied a modification of the quark—gluon
string model which includes the quark transverse motion in

[ E(dold’p)d,, b
3

02 04 x 02 04

FIG. 16. x dependence of the invariant inclusive cross section for the reac-

tion pp—DX at s=27.4GeV/c: (a) D*; (b) D% (c) D™; (d) D° (Ref.
85).
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FIG. 17. p% dependence of the differential cross sections for the production
of various D mesons in pp collisions.®> The notation is the same as in
Fig. 16.

the colliding hadrons, and also the dependence of the frag-
mentation functions on the transverse momenta of the quarks
and secondary hadrons. We have proposed a method of in-
troducing the transverse-momentum dependence based on
representation of the Pomeron as the exchange of two gluons
with dynamically generated gluon mass. This has allowed us
to determine the quark transverse-momentum distributions in
quark—gluon chains and to extend the range of applicability
of the quark—gluon string model to secondary-hadron trans-
verse momenta p, =4 GeV/c.
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FIG. 18. Comparison of the theoretical calculations with the experimental
data®®® on the pi dependence of the asymmetry of producing leading (D ™)
and nonleading (D*) mesons in 7~ p interactions.
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We have used the model to calculate the correlations
(p . )(N) and the hadron invariant inclusive spectra F(x, PL)
for various initial energies. As we showed earlier,’* these
characteristics of hadronic processes are sensitive to how the
energy and transverse momentum are divided among quark—
gluon chains. The proposed method of introducing p, depen-
dence into the quark—gluon string model is analogous to suc-
cessive division of the energy, which appears to correspond
closely to the physics of the process. Calculation of the cor-
relation between the average hadron transverse momentum
(p.) and the hadron multiplicity N shows that this method of
introducing the p, dependence effectively leads to the inclu-
sion of semihard effects, as indicated by the growth of
(p.)(N) as a function of N. The manifestation of this effect
in the quark—gluon string model has allowed the proposed
version of the quark—gluon string model to be used to de-
scribe the D-meson distributions not only in the Feynman
variable x, but also in the transverse momentum p, . Com-
parison of the calculations using this version of the quark—
gluon string model with the data on the D-meson yields in
pp interactions provides evidence in favor of the peripheral
mechanism, which is confirmed by the good agreement be-
tween the calculations and the data.

The proposed version of the quark—gluon string model
gives a good description of the data at p, <4.0GeV/c. The
spectra are flattened for p, =1 GeV/c, which is characteris-
tic of semihard processes. However, the model overestimates
the differential cross sections ds/dpi at p, =3 GeV/c. To
improve the description of the p, distributions in this region
it is apparently necessary to use not the values of the Regge
trajectories at zero, i.e., the parameters «(0) and a’(0), in
the quark functions and fragmentation functions, but the
Regge trajectories a(t) themselves and their derivatives
a'(1), i.e., to include the dependence of the trajectories on
the invariant variable . Moreover, it is necessary to refine
the quark (antiquark, diquark) transverse-momentum distri-
butions in the colliding hadrons, since our proposed version
of the quark—gluon string model uses a Gaussian distribu-
tion, which, of course, is valid only for small p, .

We have also considered a modification of the quark—
gluon string model describing the production of boson reso-
nances. We have shown that a combination of the quark—
gluon string model and the Reggeon—photon analogy can be
used to obtain relations among the spectra for the production
of resonances with higher spins. The proposed model gives a
good description of the experimental data.

To describe the charmed-particle hadroproduction spec-
tra, we have proposed a modification of the quark—gluon
string model which also includes the contribution to the pro-
duction of ground states (D mesons, A, E,, and ), bary-
ons) from decays of the corresponding S-wave resonances
such as 1~ mesons (D*) and 3* (2. and E!) and 3% F,
E*, and QF) hyperons.
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APPENDIX A

Let us give a complete list of the quark and diquark
fragmentation functions used to describe the inclusive spec-
tra of vector mesons. For p™-meson production we have*

Gﬁ+(Z)=G§—(Z):bP(1__Z)—aR(O)_H\’
G£7(2)=G§+(z)=bﬂ(1_Z)—aR(0)+)\+2(1—aR(0))’
* - +
G! (=Gt (=G5 (2)
ZG? (Z):bp(l—z)_“R(O)‘H\H’
Gp+(Z)=bp(l—z)"‘R(O)—ZaN(O)H\’

N - 0)—2apn(0)+N+1
Gl (2)=bP(1—2) O 2an@ TR,

G141 (2)= Gy (2)=bP(1 —2) O 72OV

X[1+(1—2)112, (A1)

where A=0.5, agx(0)=~0.5, ap(0)~—05, and b"~0.27
(Ref. 35).

The functions describing the fragmentation of quarks
and diquarks into the p® meson have the form

0 1 + -
G1'(2)=GY ()= 5[GE ()+Gl (2)].

G (2)=G% (2)=G""(2),
G'o(2) =G, (2),

G'o(2) = Ghylz) =bP(1—7) RO ~2anO 4N (] —g/2).
(A2)
For production of the »(783) meson, in this approach

0
G:(qq)(z):'GZ(qq)(Z)'
According to the results of Ref. 46, the functions
Gf*(z) are written as

GK* () =G5 (2)=bK* (1 —2) %@ 1+bK7),
GK* ()=68"(2)=G65"" (2)=65""(21)=GX"(2)
=G§*‘(Z)=bK*(l_Z)_aw(0)+)\+l,

K*~ *+ K*t *—
G (=G6¥"(2), G (=G (2),

K*~ S K*t =
¥ (2=65"(2), G; ()=G§ (2),

0 *+ %0
X (2)=65" (2)=G*"(2)
=GK*(2)=bz' " @O(1 —z) @R A4 pK*
X(l—z)_aR(0)+)‘+2(l'aw(0)),
- Z%0
X (=65 (2)=65" ()= G () = b*"

X(]_Z)—aR(0)+)\+2(1*a‘p(O)). (A3)
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TABLE VII.
n " p 3 =
i a B a B a B a B
0 0 0 0 0 0 ] 0 0
u —a, a,—2ay —a, ap—02a,¥) —a, ap—02aN0
ta,—a +2(ap—a¢)
_ 0 _ 0 (] 0_~n 0 _ 0 045 0 _ 0 0_"5 0
d a, @, arpo a,~2ay a, ap02a,¥) a, a, OZaNO
*as +1 +ap7a‘p +2(ap—a )
= _ 0 _ 0 _ 0_~n 0 _ .0 05 0 _0 0_"5 0
i a, a, a, a,~2ay a, a, 2(1,},) a, a, 02aN
ta,—a, +2(a,~a,)
d —ozg —ag —ag ag—ZaoN *ag ag—Za?\, —ag ag—Zag,
+1 +ay—al +2(al—al)
_ 0 _ 0 _ 0_940 _ .0 0940 _ 0_»n 0”
s a, a a, apo a,},) a, a,—2ay @, a’]o a,%
ta,—a, ta,—a,
s —al —a? —a a®—2a9 -a® a’—2a9 -a® a®—2a
¢ ¢ ¢ °y I\é ¢ r o No P P o N
ta,—a, +2(ap—al) +3(ad—a?)
uu ag—Zag,
0 0 0 0
dd +1 —ag a,~2ay —a,
ud ag—Za(,Z, —a,
us a2—2a2, —ozg ag~2a0N —ag
ds +ag—az +a2-—a2,
0_ 0 _ 0
) a,~2ay a,

For the diquark fragmentation functions we have

R (2)=bK* (1~ 2)20(0)~a0)2an(O) ¥\ (1 4 pEo),
Gf;+(2) = pK* (1 — )29k (0) = @y (0)=2ap(0) +X
X[1+b5z+(1—-2)%]12,
GE (0)=6K"()=GE"(2)
=pK* (1 —7) (0~ 2ay(0)+r+2
GK (2)=GX) () = bK* (1 — 7) = @60 ~2ap(0) +r+2
X (1-2z/2),

GMK:O(Z)ZbK*(I _Z)~a‘p(0)72aN(O)+)\+2(1 +b§2/2),
(A4)

where @,(0)~0, bX"~0.15, bX~2, bX~5, and b~0.4.

APPENDIX B. THE QUARK AND DIQUARK
DISTRIBUTION FUNCTIONS IN THE HADRONS OF
THE INITIAL BEAM AND THE TARGET

The quark (diquark) distributions in the hadron 4 are
parametrized as

fie,n)=Cx(1-x)Pi, (B1)
where B/ = B;+2(n—1)(1—aj). The coefficient C; in (B1)

is determined from the normalization condition
f(lﬁc,'-'(x,n)dx= 1 and is
rl+a)l'(1+p'
I '(1+p") (59}

T TQ2+a+p)

Here I'(@) is the gamma function.

The quantities & and B are expressed in terms of the
intercepts of the Regge trajectories and are given in Table
VII. We use the values ag=0.5, a3,=0, and a?,= —0.5.

The distribution of c-quark pairs in the 7 meson was
parametrized as

(n) _ ~(n) —ay(0)
fC(E)_CCZeaSC(E)xI v

X(l _xl)aR(O)—ZaN(O)+(aR(O)7a,!,(O))Jrnfl, (B3)

where x, is the momentum fraction of ¢(Z) quarks and Sc)
is the weight of charmed pairs in the quark sea.

APPENDIX C. FUNCTIONS DESCRIBING THE
FRAGMENTATION OF QUARKS AND DIQUARKS INTO
D MESONS

The functions describing quark and diquark fragmenta-
tion into charmed mesons have the form

0 -
G, =G3 =ay(1-2)* (1 +a,z?),

p~_~p*_ ~DY_ Dt _ .p°_ D0
Gu —'Gu _Gu _Gd _Gd _Gd

=ay(1—z)N @0 +2(1.—ag(0), ©n
D+_ D™ _ DO_ D+_ Do
Guu _Guu _Guu_Gud _Gud
=ag(1 —z)* " 2y(0)+2(ag(0)~ay(0)+1
0
GP '=ay(1— 7))~ 20 +2(ag(0)~ay(0)
Ry
I1+a, 24 (1-2) )
2 2 »
ngao(l —Z))\a,l,(())JrZ.(aR(O)aN(()))(;__‘_ l-i;al zz)
(C2)
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The parameter values are given in the corresponding sec-
tions. The function describing c-quark fragmentation into D
mesons was chosen as

D

a
D f —a
Ge(2)= g5 2°(1=2) 7=, (C3)

where a}) is of order 1.
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