
Abstract. The Reggeon approach to high-energy hadronic inter-
actions is reviewed and the dynamics of Regge poles in QCD is
discussed with emphasis on the Pomeranchuk singularity in the
complex angular momentum plane (pomeron). A possible link
between the pomeron trajectory and the spectrum of glueballs is
considered. High-energy hadronic interactions are described
with the framework based on the Reggeon theory. It is shown
that the concept of a pomeron is important not only for the
theory of hadronic interactions but also for understanding
high-energy heavy ion collisions and the small-x physics of
deep inelastic scattering.

1. Introduction

Investigation of high-energy hadronic interactions is firmly
connected with the name of I Ya Pomeranchuk. He was one
of the founders of many important aspects of the modern
theory of strong interactions at high energies. Among them is
the formulation of the theory of diffraction dissociation of
hadrons, done together with E L Feinberg [1]. At present, this
is a broad field of both theoretical and experimental studies.
The first asymptotic theorem on the equality of total
interaction cross sections for particles and antiparticles was
formulated by Pomeranchuk [2] and is known as the
Pomeranchuk theorem. In the Reggeon theory, which is the
main subject of this review, Pomeranchuk has obtained many
important results [3], and the leading Regge pole, which
determines high-energy behavior of diffractive processes,

has been called [4] the Pomeranchuk pole, or pomeron. This
pole has vacuum quantum numbers and plays a fundamental
role in the theory of high-energy interactions.

With the advent of QCD as the microscopic theory of
strong interactions, investigation of the dynamics of Regge
poles and of the pomeron in particular reached a new level.
The asymptotic freedom of QCD allows applying the
perturbation theory to processes with large momentum
transfer. On the other hand, large-distance phenomena,
where the coupling constant is not small and nonperturba-
tive effects are important, still present a problem for the
theory. It is very important to understand QCD in this large-
distance domain. Processes with small momentum transfer,
which give the dominant contribution to high-energy hadro-
nic interactions and are related to the dynamics of the
pomeron, provide a natural testing ground for theoretical
ideas and QCD-based models of large-distance dynamics. In
Section 2, we discuss both perturbative and nonperturbative
aspects of the pomeron in QCD.

In Section 3, the approach to high-energy hadronic
interactions based on the Reggeon calculus and the
1=N-expansion in QCD [5 ± 8] is presented. Extra dynamical
input is provided by the color-tube, or string models [9 ± 13],
which are closely related to the space-time picture of
interaction in the 1=N-expansion. The existence of string-
like configurations of gluonic fields is confirmed by lattice
calculations in QCD.

The powerful method of the Reggeon theory, based on
analyticity and unitarity, has been developed for describing
soft hadronic interactions at high energies. In this review, we
show how to incorporate the QCD-based models into this
general scheme. As a result, many relations between para-
meters of the Reggeon theory are established. The quark ±
gluon strings model (QGSM) [14, 15] and the dual parton
model [16, 17] based on these ideas are discussed in more
detail and are compared with experimental data on multi-
particle production in hadronic collisions.
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Section 4 is devoted to the modern status of the
Pomeranchuk theorem and the problem of the `odderon'
(singularity with negative C-parity and signature, which can
lead to a difference between scattering of particles and
antiparticles) in QCD.

In Section 5, we apply the formalism to interactions of
virtual photons with nucleons and nuclei. A qualitative
picture of diffractive dissociation of a virtual photon is
described and a model based on this picture and methods of
the Reggeon theory is formulated. This model gives a unified
description of both structure functions of the proton in a
broad range of virtualitiesQ2 and diffractive dissociation of a
virtual photon in this range. The model leads to definite
predictions for shadowing of nuclear structure functions.

The last section is devoted to heavy ion collisions. We
emphasize the importance of shadowing effects in heavy ion
collisions. It is shown how these effects modify predictions
of the Glauber model for inclusive spectra and particle
densities at very high energies. Comparison with RHIC
results is made.

2. Theory of Reggeons

2.1 The Reggeon concept
The complex angular momentum method was first intro-
duced by Regge in nonrelativistic quantummechanics [18]. In
relativistic theory, it connects the high-energy behavior of
scattering amplitudes with the singularities in the complex
angular momentum plane of the partial wave amplitudes in
the crossed channel [19, 20]. The simplest singularities are
poles (Regge poles). A Regge-pole exchange is a natural
generalization of the usual exchange of a particle with spin J
to complex values of J. This method establishes an important
connection between high-energy scattering and the spectrum
of hadrons.

We consider a reaction 1� 2 ! 3 � 4 at high energies
s � �p1 � p2�2 4m2 and fixed momentum transfer
t � �p1 ÿ p3�2 � m2 . An exchange by a particle of spin J in
the t-channel (Fig. 1a) leads to the amplitude

T �s; t� � g1g2

�
s

s0

�J

�M 2
J ÿ t�ÿ1 ; �1�

where s0 � 1 GeV2, gi are the coupling constants, and MJ is
the mass of the exchanged particle.

It follows from Eqn (1) that for particles with spins J5 2,
the amplitude grows faster than s1, thus violating the
Froissart bound [21]. According to the statement of the
Froissart bound, which follows from general properties of
relativistic quantum theory, amplitudes of binary reactions in
the physical region cannot grow faster than s ln2�s� as s!1.
On the other hand, we know from experiment that there are
many hadron resonances with spins J5 2: This problem can
be solved by the introduction of Regge poles. It should be
taken into account that expression (1) for the amplitude is
valid, strictly speaking, only close to the pole position t �M 2

J

and can be strongly modified away from the pole. The Regge
pole model gives an exact form of this modification and takes
account of exchanges by states of different spins (Fig. 1b).
The corresponding amplitude has the form

T�s; t� � f1�t� f2�t�
�

s

s0

�a�t�
Z
ÿ
a�t�� ; �2�

where a�t� is the Regge trajectory, which is equal to spin J of
the corresponding particle at t �M 2

J . The function
Z�a�t�� � ÿ�1� s exp �ÿipa �t�� is a signature factor and
s � �1 is a signature. It appears because in relativistic
theory, the analytic continuation of partial wave amplitudes
to complex values of angular momenta J must be considered
separately for even �s � �1� and odd �s � ÿ1� values of J: It
should be emphasized that a single Regge exchange corre-
sponds to an exchange of particles or resonances that are
`situated' on the trajectory a�t�: For example, if a�t� � J,
where J is an even (odd) integer for s � �1�ÿ1� at t �M 2

J

and M 2
J is less than the threshold for transition to several

hadrons (4m2
p for particles that can decay into two pions),

then the Regge amplitude transforms into particle exchange
amplitude (2) with

g1g2 � f1�M 2
J � f2�M 2

J �2
pa 0�M 2

J �
:

If MJ is larger than the particle creation threshold, then
a�t� is a complex function and can bewritten for t �M 2

J in the
form

a�t� � J� a 0�M 2
J ��tÿM 2

J � � i Im a�M 2
J � : �3�

In this case, for Im a�M 2
J �5 1, Regge pole amplitude (2)

corresponds to an exchange in the t-channel by a resonance
and has the Breit ±Wigner form

T�s; t� � ÿg1g2
�

s

s0

�J

�tÿM 2
J � iMJGJ�ÿ1 �4�

with the width GJ � Im a�M 2
J �=
ÿ
MJ a 0�M 2

J �
�
.

Thus, the reggeization of particle exchanges leads to a
natural resolution of the above problem concerning violation
of the Froissart bound: Regge trajectories that correspond to
higher-spin particles can have a�t�4 1 in the physical region
of high-energy scattering t4 0 and the corresponding
amplitudes grow with s not faster than s1, satisfying the
Froissart bound. We see later in this section that the
experimental information on spectra of hadrons and high-
energy scattering processes nicely confirms this theoretical
expectation. The only exception is the Pomeranchuk pole,
which determines high-energy behavior of diffractive pro-
cesses. We pay special attention to the properties of the
pomeron below.

Representation for the scattering amplitude as a sum of
contributions of singularities in the complex angular momen-
tum plane can be obtained from general properties of the
relativistic S-matrix theory: analyticity, unitarity, and cross-
ing. The two-particle unitarity condition in the t-channel

J

1 3

2 4

a

a�t�

1 3

2 4

b

Figure 1. (a) Diagram for exchange by a particle with spin J in the

t-channel. (b) Diagram for exchange by a Regge pole.
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analytically continued to complex values of angular momen-
tum allows proving that the Regge poles have definite
conserved quantum numbers: signature, parity, baryon
quantum number, isospin, etc.

Information on trajectories of Regge poles can be
obtained for t4 0 from data on two-body reactions at large
s and for t > 0 from our knowledge of the hadronic spectrum.

There can be many trajectories with the same quantum
numbers indicated above, which differ by a quantum number
analogous to the radial quantum number. Such trajectories
are usually called `daughter' trajectories; the masses of the
corresponding resonances (with the same value of J) for them
are higher than those for the leading trajectory.

Trajectories for some well-established bosonic Regge
poles are shown in Fig. 2. Note that all these trajectories
have ai�t�4 0:5 for t4 0. One of the most interesting
properties of these trajectories is their surprising linearity.
This is usually interpreted as a manifestation of strong forces
between quarks at large distances, which lead to color
confinement. The linearity of Regge trajectories indicates a
string picture of the large-distance dynamics between quarks,
and it was a basis of dual and string models of hadronic
interactions.

Other properties of mesonic Regge trajectories, which are
evident from Fig. 2, are the exchange and isospin degen-
eracies: trajectories with different signatures and I � 0 or
I � 1 (but with the same sP) are degenerate with good
accuracy (at least in the region t > 0). This is also in
agreement with dual models or approaches based on the
1=N-expansion in QCD. In dual or string models of hadrons,
the daughter trajectories must be parallel to the leading one
andmust be displaced by integers in the j-plane. Experimental
information on the daughter trajectories is rather limited but
it does not contradict these predictions.

Information on mesonic Regge trajectories in the region
of negative t, obtained from the analysis of binary reactions at
high energies, fits quite well the lines shown in Fig. 2 obtained
from the spectrum of resonances. The most detailed informa-

tion exists for the r- and A2-trajectories, which contribute to
the respective reactions pÿp! p0n and pÿp! Zn.

Experimental data on the spectrum of baryons show that
baryonic trajectories, as well as mesonic ones, are nearly
straight lines in the variable t with the universal slope
a 0 � 1 GeVÿ2: This universality of the slopes is natural in
the string picture of baryons with a quark and a diquark at the
ends.

We now discuss the properties of the pole that has a
special status in the Regge approach to particle physics Ð the
Pomeranchuk pole, or the pomeron. This pole was introduced
into the theory in order to account for the behavior of total
interaction cross sections and elastic scattering at high
energies. In the Regge pole model, the amplitude of high-
energy elastic scattering has the form of Eqn (2) and the total
interaction cross section, which by the optical theorem is
connected to ImT�s; 0� (in our normalization, it has the form
stot�s� � ImT �s; 0�=s for s4m2), can be written as a sum of
the Regge pole contributions,

stot�s� �
X
k

bk�0��s�ak�0�ÿ1 : �5�

The poles shown in Fig. 2 have ak�0� < 1 and therefore
their contributions to s tot�s� decrease as s!1. However,
experimental data show that the total cross sections of
hadronic interactions have a weak energy dependence at
s �100 GeV2 and slowly increase with energy at higher
energies. In the Regge pole model, this can be related to the
pole with the intercept aP�0� � 1. This pole is usually called
the pomeron, or the vacuum pole, because it has the quantum
numbers of the vacuum: positive signature, parity, G (or C)
parity, and isospin I � 0.

It is usually assumed in QCD that this pole is related to
gluonic exchanges in the t-channel. The resonances on its
trajectory in the region of positive t are therefore associated
with glueballs (bound states of gluons). We discuss the
possible relation between QCD and Regge theory in more
detail below.

The value of the intercept of the pomeron plays an
important role in the Regge theory. If aP�0� � 1, as was
assumed initially, all the total interaction cross sections tend
to a constant at very high energies. This theory, however, has
some intrinsic difficulties and must satisfy many constraints
in order to be consistent with unitarity. Besides, experimental
data indicate that s�tot�hN grow with energy. This logarithmic
growth of total cross sections at very high energies is in accord
with the ln2�s=s0� behavior that follows from the Froissart
theorem [21]. Thus, the supercritical pomeron theory with
aP�0� > 1 is widely used at present. In a model with only
Regge poles taken into account, the assumption aP�0� > 1
would lead to a power-like growth of total cross sections, thus
violating the Froissart bound. In this case, however, other
singularities in the j-planeÐmoving branch points [22, 23]Ð
should be taken into account and their contributions allow
one to restore unitarity and to obtain the high-energy
behavior of scattering amplitudes that satisfies the Froissart
bound. Properties of these moving cuts are considered below.

In accordance with the unitarity, imaginary parts of the
Regge pole exchange amplitudes in binary reactions are
related to certain intermediate states in the s-channel. At
high energies, these are many-body states, described by the
multiperipheral model of particle production [24]. In this
model, the number of produced particles increases logarith-

7
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Figure 2. Trajectories of some bosonic Regge-poles.
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mically with energy and the particles produced have limited
transverse momenta and a flat distribution in rapidity. In this
model, it is possible to obtain the leading Regge pole
(pomeron) with an intercept close to unity [25]. The multi-
particle content of the pomeron in the QCD-basedmodels are
discussed below.

2.2 Regge poles in QCD
The remarkable linearity of trajectories for Regge poles
corresponding to the known q�q-states indicates essentially
nonperturbative, string-like dynamics of these objects in
QCD. A nonperturbative method that can be used in QCD
for describing large-distance dynamics is the 1=N-expansion
(or topological expansion) [5 ± 7].

In this approach, the quantities 1=Nc [5] and 1=Nlf [6]
(where Nc is the number of colors and Nlf is the number of
light flavors) are considered small parameters and the
amplitudes and the Green functions are expanded in terms
of these quantities. In QCD, Nc � 3 and Nlf � 3, and the
expansion parameter does not look small enough. But we see
below that in most cases, the expansion parameter is
1=N 2

c � 0:1.
In the formal limitNc !1 (Nlf=Nc ! 0), QCDhasmany

interesting properties and has been intensively studied
theoretically. There is hope to obtain an exact solution of
the theory in this limit (the 2-dimensional QCD has been
solved in the limit Nc !1). However, this approximation is
rather far from reality because resonances are infinitely
narrow (G � 1=Nc) in this limit. The case where the ratio
Nlf=Nc � 1 is fixed and the expansion in 1=Nlf (or 1=Nc) is
carried out [6] seems more realistic.

This approach is sometimes called the topological expan-
sion because a given term of this expansion corresponds to an
infinite set of Feynman diagrams with definite topology.

The first term of the expansion corresponds to planar
diagrams of the type shown in Fig. 3 for the binary reaction.
These diagrams always have the valence quarks of the
colliding hadrons as their border lines. At high energies,
they should correspond to exchanges by secondary Regge
poles aR�r;A2;o; :::� `made of' light quarks. The s-channel
cut of the planar diagram in Fig. 3a is shown in Fig. 3b. Here
and in what follows, we do not show the internal lines of
gluons and quark loops.

We note that the planar diagrams correspond to annihila-
tion of a valence quark and an antiquark belonging to the
colliding hadrons.

The topological classification of diagrams in QCD leads
to many relations between the parameters of the Reggeon

theory, hadronic masses, widths of resonances, and total
cross sections (see [15] for a review). All these relations are
in good agreement with experiment.

The contribution of the planar diagrams to the total cross
section decreases with energy as

1

s �1ÿaR�0��
� 1��

s
p :

This decrease is related to the fact that quarks have spin 1=2
and in the lowest order of perturbation theory, an exchange
by two quarks in the t-channel leads to the behavior s � 1=s,
which corresponds to the intercept aR�0� � 0:The interaction
between quarks should lead to an increase of the intercept to
the observed value aR�0� � 0:5.

The calculation of Regge trajectories in QCD is a
difficult problem, even for planar diagrams. It was con-
sidered in [26] using the Wilson-loop path integral method
[27]. It was shown that under a reasonable assumption
about large distance dynamics Ð the minimal-area law
hW i � exp�ÿsSmin� for a Wilson loop at large distances Ð
it is possible to calculate the spectrum of q�q-states. The
minimal-area law is equivalent to the quark confinement at
large distances and is confirmed by numerous lattice calcula-
tions. The resulting spectrum for light quarks is described
with good accuracy by a very simple formula

M 2

2ps
� L� 2nr � c1 ; �6�

where L and nr are the orbital and radial quantum numbers.
This spectrum corresponds to an infinite set of linear Regge
trajectories similar to the one of dual and string models.

In Ref. [26], spin effects have not been taken into account.
Realistic calculations of masses of hadrons, which take spin
effects, perturbative interactions at small distances, and
quark loops into account, have recently been carried out
[28]. The resulting Regge trajectories are in good agreement
with the experimental ones shown in Fig. 2.

2.3 Glueballs and the pomeron in QCD
In the 1=N-expansion of QCD, the pomeron corresponds to
the class of cylinder-type diagrams shown in Fig. 4. Such
diagrams for elastic scattering or reactions without a
quantum number exchange in the t-channel are shown in
Fig. 4a, where the valence quarks of colliding hadrons are
conserved in the process of interaction. The s-channel
cuttings of these diagrams correspond to the multiparticle
production configurations shown in Fig. 4b. These config-
urations correspond to production of two chains of particles
and each chain has the same structure as the one shown for
the planar diagram in Fig. 3b. From the t-channel standpoint,a b

Figure 3. (a) Planar diagrams for reaction ab! cd, (b) same for reaction

ab! X. Full lines denote quarks, wavy lines gluons.

q
q
q

q
q
q

a
p

p

q
q

q

b

Figure 4. (a) Cylinder type diagrams and (b) cutting of these diagrams in

the s-channel.
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the cylinder diagrams are due to the exchange by gluons in the
t-channel. From the topological classification standpoint, the
cylinder diagrams correspond to a sphere with two bound-
aries, given by the valence quark lines of colliding hadrons.

It is very important to calculate the pomeron trajectory in
QCD. Perturbative calculations of the pomeron in QCDwere
carried out by L Lipatov and collaborators [29] (BFKL
pomeron) many years ago. The pomeron is related to a sum
of ladder-type diagrams with exchange by reggeized gluons.
Reggeization of gluons (as well as quarks) is an important
property of QCD (at least in perturbation theory). In the
leading approximation of the perturbation theory, the
expression for the intercept of the pomeron is [29]

D � aP�0� ÿ 1 � 4Nc ln 2

p
as : �7�

In this approximation, D � 0:5. Order-as corrections to
expression (7) calculated recently [30] strongly decrease the
value of D. The value of D depends on the choice of the
renormalization scheme and renormalization scale. The
choice of the physical (BLM) scheme leads to stable results
for D D � 0:17, which is independent of the virtuality of the
process [31].

The influence of the effects that are not described by the
QCD perturbation theory on the pomeron trajectory and its
relation to the spectrum of glueballs was considered in [32, 33]
using the Wilson-loop path integral method discussed above
in the case of q�q-Regge poles.

Glueballs are among the most intriguing objects in both
experiment and theory. While the experimental situation is
not yet settled, lattice simulations [34, 35] yield an overall
consistent picture of the lowest (M < 4 GeV) mass spectrum
of glueballs. The mass scale and level ordering of the glueball
spectra differ from those of meson spectra, yielding unique
information about the nonperturbative structure of the
gluonic vacuum.

With the spin effects and quark loops neglected, the
spectrum of two-gluon glueballs is determined by the large-
distance expression for the Wilson loop given above, with the
only difference that the string tension (sfund) for the q�q system
is changed to sadj.

The value of sadj can be found from the string tension sfund
of the q�q system by multiplying it with 9=4, as follows from
the Casimir scaling observed on the lattices. Taking the
experimental Regge slope for mesons a 0 �0.89 GeVÿ2, we
obtain sfund � 0:18 GeV2 and sadj � 0:40 GeV2.

The spin splittings for glueball masses were calculated in
[33], assuming that spin effects can be treated as small
perturbations. The largest correction is obtained for the
lowest state from the spin ± spin interaction. The calculated
spectrum of glueballs [33] is in perfect agreement with the
results of lattice calculations (Table 1).

The leading gluon Regge trajectory calculated within this
approach is close to the q�q Regge trajectories f and f 0 in the
region of small t. In this region, the mixing between gluonic
and q�q Regge trajectories is therefore important. The mixing
effects and accounting of small distances by the QCD
perturbation theory allow one to obtain a phenomenologi-
cally acceptable intercept of the pomeron trajectory and lead
to an interesting pattern of vacuum trajectories in the
positive-t region [33].

It is important to understand which region of transverse
momenta of produced particles makes the dominant con-
tribution at high energies. In the case where large transverse

momenta of the produced gluons are important and small-
distance dynamics is the dominant mechanism, the pomeron
is usually called `hard'. Such a situation occurs for the
leading-order BFKL pomeron. If, on the other hand, small
momentum transfers are dominant, the pomeron is called
`soft'. We emphasize that in the approach discussed above,
the `hard' and `soft' pomerons are mixed. The equation for
the pomeron singularity contains both nonperturbative
effects and perturbative dynamics. Therefore, the resulting
`physical' pole is a state due to both `soft' and `hard'
interactions. Thus, the pomeron in QCD has a very rich and
interesting structure.

Regge poles are not the only singularities in the complex
angular momentum plane. Exchange by several reggeons in
the t-channel leads tomoving branch points (orRegge cuts) in
the j-plane [22, 23]. The contributions of these singularities to
scattering amplitudes Tn�s; 0� � s1�nD are especially impor-
tant at high energies forD > 0. Thewhole series of n-pomeron
exchanges should be summed. An account of these multi-
pomeron exchanges in the t-channel leads to unitarization of
scattering amplitudes. The Gribov Reggeon diagram techni-
que [36] allows one to calculate the contributions of Regge
cuts to scattering amplitudes.

From the standpoint of the 1=N-expansion, n-pomeron
exchange contributions correspond to more complicated
topologies with `handles'. Each topological class of surfaces
is characterized by a given number of boundaries (nb) and
handles (nh). Topological expansion allows one to give a
complete classification of diagrams and to determine their
dependence on the parameter 1=N. The diagrams of a given
topological class have the following dependence on 1=N:

Tnb ; nh �
�

1

N

�nb�2nh
: �8�

Thus, the contribution of planar diagrams (nb � 1,
nh � 0) to the scattering amplitude is � 1=N, the cylinder
diagram (nb � 2, nh � 0) contribution is � �1=N�2, and that
of the diagram of the two-pomeron exchange (nb � 2, nh � 1)
is � �1=N�4. Equation (8) is valid for 4-point functions
(amplitudes). For amplitudes with a larger number of
hadrons, one should take into account that each additional
external hadronic state introduces the factor 1=

����
N
p

due to
normalization of its wave function.

Note that the ratio of the cylinder diagram to the planar
one is� 1=N; however, for amplitudes with vacuum quantum
numbers in the t-channel, the cylinder-type diagrams dom-

Table 1. Comparison of predicted glueball masses with lattice data.

JPC M, GeV
paper
[33]

Lattice data M �G �=M � 0ÿ�� Differ-
ence,
%paper

[34]
paper
[35]

paper
[33]

paper
[34]

0��

0���

2��

2���

0ÿ�

0ÿ��

2ÿ�

2ÿ��

3��

1ÿÿ

2ÿÿ

3ÿÿ

1.58
2.71
2.59
3.73
2.56
3.77
3.03
4.15
3.58
3.49
3.71
4.03

1.73� 0.13
2.67� 0.31
2.40� 0.15
3.29� 0.16
2.59� 0.17
3.64� 0.24
3.1 � 0.18
3.89� 0.23
3.69� 0.22
3.85� 0.24
3.93� 0.23
4.13� 0.29

1.74� 0.05
3.14� 0.10
2.47� 0.08
3.21� 0.35
2.37� 0.27

3.37� 0.31

4.3� 0.34

0.62
1.06
1.01

1.47
1.18
1.62
1.40
1.36
1.45
1.57

0.67 (2)
1.03 (7)
0.92 (1)

1.40 (2)
1.20 (1)
1.50 (2)
1.42 (2)
1.49 (2)
1.52 (2)
1.59 (4)

ÿ7
3
9

5
ÿ1
8
ÿ2
ÿ8
ÿ1
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inate at high energies, because their relative contribution
increases as s aP�0�ÿaR�0� as energy increases. This is one
of the manifestations of the dynamical character of the
1=N-expansion. In many cases, the type of process (and the
number of boundaries) is fixed by the quantum numbers in
the t-channel. In this case, the expansion is in the number of
handles and, according to Eqn (8), the expansion parameter is
�1=N�2, as was mentioned above.

3. High-energy hadronic interactions

The topological, or 1=N-expansion discussed in the previous
section gives a useful classification of all QCD diagrams. It
becomes especially predictive if a definite space-time picture
for these diagrams is given.

The process of hadronic interactions at high energies can
be related to the production of new objects Ð color tubes or
strings [9 ± 13]. The planar diagrams in Fig. 3 can be
interpreted as annihilation of the valence quarks of colliding
hadrons and the formation of color tubes, which later decay
into two (Fig. 3a) or several (Fig. 3b) final hadrons [14, 15]. It
is possible to show that planar diagrams lead naturally to the
Regge asymptotic behavior for binary processes and to derive
the rules for fragmentation functions that describe the
transformation of the color tube to hadrons [14, 15]. In the
same way, one can relate the cylinder-type diagrams to a
process of color octet exchange in the t-channel, which leads
to the formation and subsequent decay of two tubes (strings)
[15, 17]. Fragmentation of each string has the same properties
as in the planar case.

Detailed models of the breaking of strings have been
developed [12] and are now widely used in Monte Carlo
simulations of multiparticle production.

Because there are two strings in the pomeron case, we
conclude that the density of produced hadrons at very high
energy and in the central rapidity region is in this case twice
as large as in the planar case. The same follows from the
comparison of the single-chain diagram in Fig. 3b with the
two-chain diagram in Fig. 4b. The string model thus
provides a simple picture of interaction for diagrams of the
1=N-expansion.

In models based on the Reggeon theory and the space-
time picture of 1=N-expansion in QCD [15, 17], it is usually
assumed that the pomeron corresponding to cylinder-type
diagrams is a simple pole with aP�0� > 1. The value of aP�0� is
determined from the analysis of experimental data.

For such a `supercritical' pomeron, higher terms of the
topological expansion associated with the exchange by
several pomerons in the t-channel are also important. This is
because, although the exchange by n-pomerons is� 1=�N 2�n,
it is enhanced by the factor �s=s0�nD. It is therefore necessary
to sum many terms of the topological expansion at very high
energy. The s-channel discontinuities of these diagrams are
related to processes of production of 2k �k4 n� chains of
particles.

An important ingredient of the Reggeon approach to
high-energy hadronic interactions is the AGK-cutting
rules [38]. These rules define s-channel discontinuities of
the n-pomeron exchange contributions and thus determine
the multiparticle content of arbitrary Reggeon diagrams. In
the method based on the 1=N-expansion, these rules give us
the possibility to determine the cross sections for production
of 2k chains (strings) with any number of uncut pomerons if
the contributions of all n-pomeron exchanges to the forward

elastic scattering amplitude are known. These contributions
can be calculated using the Reggeon diagram technique [36].
In most calculations, diagrams of the eikonal type have been
taken into account [17, 15]. For example, in the `quasieikonal'
approximation (for an account of more complicated dia-
grams with interactions between pomerons, see below) the
cross sections sk of the production of 2k chains have the
form [39]

sk�x� � sP
kz

�
1ÿ exp�ÿz�

Xkÿ1
i�0

zi

i!

�
; k5 1 ; �9�

where

sP � 8pgP exp�Dx� ; z � 2CgP
R2 � a 0Px

exp�Dx� ; x � ln
s

s0
:

The quantity C accounts for the modification of the eikonal
approximation due to intermediate inelastic diffractive states.

The total interaction cross section in this model has the
form

stot �
X1
n�0

sn � sP f
�
z

2

�
; f

�
z

2

�
�
X1
n�1

�ÿz�nÿ1
n � n!

; �10�

where s0�x� � s el � sDD is the cross section of diffractive
processes and is given by the formula

s0�x� � sP

�
f

�
z

2

�
ÿ f �z�

�
: �11�

The simplest parameterization of the pomeron exchange
has been used in Eqns (9) ± (11),

TP�x; t� � gP exp
�
aP�0�x� �R 2 � a 0Px� t

�
: �12�

This model is used below for describing different aspects
of high-energy hadronic interactions. The parameters of the
pomeron exchange, gP;R

2;D, and a 0P, were determined from
the description of experimental data on the total interaction
cross sections and differential cross sections of elastic pp-,
p�p-scattering at high energies [40, 41]. The most important
parameter, D, is D � 0:12ÿ0:14 in the `quasieikonal' approx-
imation.We note that the value ofD becomes larger �D � 0:2�
than in the `quasieikonal' approximation if the interactions
between pomerons are taken into account [42].

For super-high energies, when x4 1, s�tot��x� has a
Froissart-type behavior,

s tot�x� ' 8pa 0PD
C

x2 : �13�
This type of behavior for the total cross section is common for
a broad class of models with aP�0� > 1. The slope of the
diffraction cone also increases asymptotically as x2.

Inclusive cross sections and multiplicity distributions can
be obtained in this approach by summing over hadronic
production for all processes of formation of 2k chains,

dsc
dyc
�
X1
k�0

sk�x� f k
c �x; yc� ; �14�

sN�x� �
X1
k�0

sk�x�Wk
N

ÿ
�Nk�x�

�
; �15�
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where

f k
c �x; yc� �

1

sk

dskc
dyc

andWk
N are the rapidity and multiplicity distributions for the

2k-chain production. The term with k � 0 in Eqns (14) and
(15) corresponds to the contribution of the diffraction
dissociation process sDD.

For arbitrary configurations, when there are both valence
and `sea'-chains, the functions f k

c �x; yc� can be written as
convolutions of distributions of quarks (ends of chains) in
colliding hadrons with fragmentation functions [17, 15]. In
the QGSM, all these functions can be determined theoreti-
cally and are expressed in terms of intercepts of the known
Regge poles [37, 15].

Contrary to other models, where fragmentation functions
are determined from experimental data, in the QGSM
practically all parameters are fixed theoretically. The inclu-
sive spectra in this model automatically have the correct
triple-Regge limit as x! 1 and double-Regge limit as
x! 0, and satisfy all conservation laws.

3.1 Comparison with experiment
Here we compare predictions of the models based on the
Reggeon theory, the 1=N-expansion in QCD, and the space-
time picture of hadronic interactions discussed above with
experimental data. For definiteness, the QGSM is used in
what follows. After all the Pomeranchuk pole parameter are
determined from the fit to experimental data on the total cross
sections of pp-, p�p-interactions and the slope of the diffrac-
tion cone in elastic pp-scattering, the predictions of the
QGSM for different characteristics of multiparticle produc-
tion at high energies contain practically no new free
parameters.

For the n-pomeron exchange diagrams of the eikonal type
(without interaction between pomerons), there is a cancella-
tion of their contributions to the single-particle inclusive
spectra in the central rapidity region for n5 2 [38]. There-
fore, only the pole diagram makes a contribution and
inclusive spectra increase with energy as f ac � �s=s0�D. This
means, in particular, that the study of the energy dependence
of inclusive spectra in the central rapidity region gives more
reliable information on the value of D than the study of s tot;
for which pomeron cuts strongly modify the energy depen-
dence compared to the pole diagram.

Rapidity (and pseudorapidity) distributions of charged
particles in pp-, p�p-interactions at different energies are
shown in Fig. 5. For the `nonenhanced' diagrams considered
in this model, the inclusive cross sections dsc= dy increase
with energy as� �s=s0�D at very high energies and at y � 0. It
follows fromFig. 5 that the valueD � 0:12ÿ0:14, found from
the analysis of s tot�s� [40, 41], is in perfect agreement with the
growth of rapidity distributions with energy. We note that in
the intermediate energy region

��
s
p � 10 GeV, there are

important effect connected with the fluctuations of the ends
of the strings, which leads to an extra increase of the inclusive
spectra in the central rapidity region [14].

The integral over the rapidity distribution of the particle
number density,

dnc
dy
� 1

sin
dsc
dy

;

is given by the average multiplicity of charged hadrons hNchi.
The model reproduces both rapidity distributions and hNchi
at accessible energies quite well [14]. hNchi increases with
energy faster than ln�s=s0� and reaches values of about
70 charged particles in the LHC energy range.

1

s
dsch
dZ

1

sin
ds�p� � pÿ�

dy

3

2

1

1 2 3 4 5 y�jZj�

UA5
UA1 �ppì

��
s
p � 540GeV

�ppì
��
s
p � 53GeV

ppì pL � 205GeV/c

UA4

Figure 5. Rapidity distributions of charged particles in pp-, p�p-interactions at various energies.
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The multiplicity distributions in the model are given
according to Eqn (15) by a sum of contributions connected
to different numbers of cut pomerons (2k chains). Each of
these contributions has a Poisson-like form (only short-range
correlations inside chains), but their sum has a very peculiar
dependence on energy. At energies

��
s
p

4 102 GeV, different
contributions overlap strongly. This leads to an approximate
KNO scaling (the dependence on onlyNch=hNchi). The model
reproduces multiplicity distributions at these energies [14]
quite well. The mean number of chains increases with energy
[as �s=s0�D] and the model predicts [14] a certain violation of
the KNO scaling. This prediction was confirmed by the
experimental data at the Sp�pS-collider (Fig. 6). In this
figure, the multiplicity distribution at energy

��
s
p � 105 GeV

is also shown. As energy increases, the maximum of the
distribution in the variable z � Nch=hNchi moves to the left
and the distribution increases in the region of large z. It is
interesting to note that at super-high energies

��
s
p � 105 GeV,

different terms in the sum in Eqn (15) start to separate and the
distribution has the corresponding maxima and minima. At
the accessible energies

��
s
p

4 103 GeV, only the firstmaximum
and a `shoulder' start to appear. This prediction of a structure
in multiplicity distributions at very high energies is consistent
with experimental observations at existing colliders.

The model also reproduces the semi-inclusive rapidity
distributions and dependence of multiplicity distributions on
rapidity [14] quite well. Thus, the study of multiplicity
distributions not only confirms the multi-component struc-
ture of the model, but also shows that the weights of different
components (sk=s in) are close to the predictions of the quasi-
eikonal approximation.

Another consequence of themulti-pomeron contributions
is the existence of the long-range rapidity correlations. This
leads, in particular, to a large long-range part of the
correlation function C�y; 0�, which rapidly increases with
energy [as s=s0�2D], and to strong forward ± backward correla-
tions. For a single pomeron contribution, the correlations are
of a short-range order in rapidity, but due to the presence of
several components with different densities of produced
particles, the long-range correlations become important. In
the case of forward ± backward correlations, for example, by
increasing the number of particles in the forward hemisphere,
we automatically increase the number of produced chains and
thus increase the mean multiplicity of hadrons in the back-
ward hemisphere. The dependence of the meanmultiplicity of
charged hadrons produced in the backward hemisphere
(rapidity region from ÿ4 to ÿ1) on the number of charged
particles in the forward rapidity interval (1 to 4) is shown in
Fig. 7. The model reproduces the nearly linear dependence of
the experimental data.

We now consider inclusive spectra of different hadrons at
high energies. The QGSM gives us the possibility to calculate
spectra for all values of the variable x [14]. As an example, the
spectra of p�-mesons in pp-interactions are shown in Fig. 8.
Note that the Feynman scaling is strongly violated in the
region of small x. On the other hand, in the fragmentation
region for x5 0:1, the scaling violation is rather weak. This
has important implications for cosmic ray experiments.

The model predictions for inclusive cross sections and
mean multiplicities ofK�-,K 0-, and �K0-mesons are presented
in Ref. [43] and are in good agreement with experimental
data. In the QGSM, the strange quark suppression factor is
predicted theoretically [37] and is confirmed by experimental
data. The ratio of the mean multiplicities of kaons and pions
increases with energy. This increase in themodel ismainly due
to the mass difference of kaons and pions and the ratio tends
to a constant value � 0.12 asymptotically.

The spectra of the `leading' particles like protons and
neutrons are well described in the QGSM [43]. The spectra of
the protons have a clear `leading' behavior (distributed in the
region x � 1) due to the fragmentation of diquarks, which
have a distribution concentrated at xqq close to 1. The

100

10ÿ1

c�z�

1 2 3
z � Nch=hNchi

Figure 6.KNO distributions in pp-, p�p-interactions. The solid curve is for��
s
p � 540 GeV, the dotted curve is for

��
s
p � 105 GeV, and the dashed

curve represents the data for
��
s
p � 10 GeV. The data at

��
s
p � 540 GeV are

from the UA5 group.

32
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24

16

8

0
8 16 24 32 NF

Figure 7. Forward ± backward correlations at
��
s
p � 540 GeV.
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antiprotons, on the contrary, are determined mainly by the
`central' production in the valence chains and also arise from
sea chains. Asymptotically, in the central region (x � 0), the
spectra of protons and antiprotons should be equal (the same
is true for all particles and antiparticles).

Another example of the `leading' behavior is the spectrum
of L-hyperons, shown in Fig. 9. The strange-quark suppres-
sion in the fragmentation function of the model is a function

of z and is proportional to

�1ÿ z�ar�0�ÿaj�0�

as z! 1. This leads to a shift of themaximumof the spectrum
for L to smaller values of x than for nonstrange baryons (like
n or D-isobar), in good agreement with experimental data.

The model was extended to the processes of charmed
particle production in Ref. [44]. The main problem is
here a poor knowledge of the c�c-trajectory. The form of
the x-behavior and absolute normalization depend strongly
on the intercept of the c�c-trajectory. In Ref. [44], two values
of ac�c�0� have been used: ac�c � ÿ2, which follows from the
mass spectrum under the assumption of linear trajectories,
and ac�c � 0, from perturbative calculations. The nonpertur-
bative value is preferable from the analysis of recent data on
Lc-production. The model predictions for the energy
behavior and the form of inclusive spectra of various
charmed particles are in reasonable agreement with experi-
ment [45, 46].

The QGSM thus gives a completely adequate description
of themain features of multiparticle production of hadrons at
high energies. Monte Carlo realizations of the model also
exist [47]. A similar quality of description of the data is
achieved in the DPM [17].

At the end of this section, we give a short summary of the
model predictions for the LHC energy

��
s
p � 14 TeV. The

total pp-interaction cross section is predicted to be equal to
103 ± 106 mb, while the total elastic cross section should be
close to 26 ± 28 mb. The diffraction cone slope is predicted to
be B � 21:5 GeVÿ2. The total inelastic diffractive cross
section is close to 25 mb. Thus, the total cross section of all
diffractive channels is close to half the total interaction cross
section. In the QGSM, the density of charged hadrons in the
central rapidity region dnch= dy � 5:5 and the total multi-
plicity of charged hadrons is equal to 70 at LHC .

3.2 Diffractive production processes and interactions
between pomerons
In Gribov's Reggeon theory, contributions of rescatterings
(multi-pomeron cuts) are closely connected to cross sections
of diffractive processes. In the eikonal approximation, only
elastic rescatterings are taken into account. In general,
inelastic diffractive processes should also be taken into
account. In the `quasieikonal' approximation considered
above, diffractive dissociation of colliding hadrons is also
taken into account under some simplifying assumptions. We
now consider diffractive production of particles at high
energies in more detail.

In the Regge pole model, these processes are described
by the diagrams with a pomeron exchange in the t-channel.
It is possible to have excitation of one of the colliding
hadrons (single diffraction dissociation, Fig. 10a) or excita-
tion of both initial particles (double diffraction dissociation,
Fig. 10b).

All the diffractive processes are characterized by a large
rapidity gap between groups of produced particles. For
example, for single diffraction dissociation, there is a gap
between the particle 1 0 and the rest of the system of hadrons.
This rapidity gapDy � ln�1=�1ÿ x��, where x is the Feynman
x for hadron 1 0. The mass of a diffractively excited state at a
high energy s can be large. The only condition for diffraction
dissociation is si 5 s. For large masses of the excited states,
s2 � �1ÿ x�s and Dy � x 0 � ln�s=s2�.
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10ÿ2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 x

p� ��
s
p � 20 GeV��
s
p � 540GeV��
s
p � 106 GeV
pL � 100GeV/c
pL � 175GeV/c
pL � 205GeV/c

Figure 8. Inclusive cross sections for p� in pp-collisions at various energies.
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Figure 9. Spectra of L-hyperons.
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The cross section for inclusive single diffraction dissocia-
tion in the Regge pole model can be written as

d2s
dx2 dt

� �g11�t��
2

16p

��GP�x 0; t�
��2stotP2 �x2; t� ; �16�

where x2 � ln�s2=s0� and GP � Z�aP�t�� exp��aP�t� ÿ 1�x 0 � is
the pomeron Green function. The quantity stotP2 �x2; t� can be
considered as the pomeron ± particle total interaction cross
section [48]. Note that this quantity is not directly observable
and is defined by relation (16). This definition is useful,
however, because at large s2, s tot

P2 has the same Regge
behavior as the usual cross sections,

s tot
P2 �s2; t� �

X
k

gk22�0� r akPP�t�
�
s2
s0

�ak�0�ÿ1
; �17�

where the r akPP�t� is the triple-Reggeon vertex, which describes
the coupling of two pomerons to the Reggeon ak.

In this kinematical region s4 s2 4m2, the inclusive
diffractive cross section is described by the triple-Regge
diagrams (Fig. 11) and has the form

f �
X
k

Gk�t��1ÿ x�ak�0�ÿ2aP�t�
�

s

s0

�ak�0�ÿ1
: �18�

The Pomeron ± proton total cross section and triple-
Regge vertices rPPP, r f

PP have been determined from the
analysis of experimental data on diffractive production of
particles in hadronic collisions (see [49]).

In the eikonal-type models (e.g., `quasieikonal') discussed
above, the diffraction dissociation to states with not too large
masses has been taken into account. Diffractive production of
states with largemasses is related to diagramswith interaction
between pomerons. In the first approximation, disregarding
these interactions is justified by the smallness of triple-
pomeron and 4-pomeron interaction vertices, found from
the analysis of diffractive processes [49]. But at very high
energies, it is necessary to include all these diagrams in order
to have a self-consistent description of high-energy hadronic
interactions, including large-mass diffractive production of
particles. It was demonstrated in [42] that inclusion of these
diagrams leads inmany cases to predictions that are very close
to the results of eikonal-type models; however, the value of
the `bare' pomeron intercept increases up to aP�0� � 1:2. We
demonstrate below that an account of interactions between
pomerons is important for heavy ion collisions at high
energies and these effects are seen experimentally at RHIC.

4. Pomeranchuk theorem and `odderon'

Crossing and analyticity of scattering amplitudes also lead to
interesting relations between the asymptotic behavior of
scattering amplitudes for particles and antiparticles. Pomer-
anchuk [2] has shown that dispersion relations for the forward
scattering amplitudes with the natural extra assumptions:

(a) amplitudes do not oscillate as s!1;

�b� jReT�s; 0�j
ImT�s; 0�

1

ln s
! 0 for s!1 ;

lead to an important asymptotic relation between the total
interaction cross sections for particles and antiparticles,

stotab � stot�ab ; s!1 : �19�
Note that assumption (b) cannot be proved from general

properties of analyticity and unitarity. In the case where total
cross sections increase with energy, it is possible to prove the
following extension of the Pomeranchuk theorem:

sab ÿ s�ab

sab � s�ab
! 0 ; s!1 : �20�

In the Reggeon theory, the Pomeranchuk theorem is
automatically satisfied if the leading Regge singularity
(pomeron) has vacuum quantum numbers. In this case,
differences of cross sections for particles and antiparticles
decrease as powers of s for s!1,

Ds�s� � sab�s� ÿ s�ab�s� �
X
i

gi�0�
�
s0
s

��1ÿai�0��
; �21�

where the sum is over poles with negative signature and
C-parity (o; r).

The existing data on Ds�s� are in perfect agreement with
the prediction of the Reggeon approach and do not indicate
any violation of the Pomeranchuk theorem (Fig. 12).

A singularity in the j-plane with negative signature and
C-parity and an intercept close to unity (`odderon') [50],
which could lead to a violation of the Pomeranchuk
theorem, appears in the QCD perturbation theory [51]. It is
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Figure 10. Diagrams for diffractive production of hadrons in the Regge

pole model.
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Figure 11. Triple-Regge diagram.
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a bound state of three reggeized gluons. In the approach
described above, which takes nonperturbative effects into
account [33], the lowest state made of three gluons connected
by strings with quantum numbers 3ÿÿ has a rather large mass
(M � 4 GeV) and the leading Regge trajectory with negative
signature and C-parity has a very low intercept a3g�0� < ÿ1.
Contrary to the pomeron case, its mixing with q�q trajectories
(o;j) is weak in the small-t region, and there is no `odderon'
in this approach. Thus, the experimental search for the
`odderon' in the small-t region is very important for under-
standing the dynamics of j-plane singularities in QCD.

5. Pomeron and small-x physics

5.1 Diffraction processes in deep inelastic scattering
In this section, we show that the methods developed for the
analysis of high-energy hadronic interactions described above
can be applied to the physics of small Bjorken x studied in
deep inelastic scattering.

Experiments at HERA have found two extremely impor-
tant properties of small-x physics: a fast increase of parton
densities as x decreases [53, 54] and the existence of
substantial diffractive production in deep inelastic scattering
(DIS) [55, 56].

In DIS, it is possible to study different asymptotic limits.
In the region

Q2 !1 and x � Q2

W 2 �Q2
� 1

ÿ
W 2 � �pg� � pp�2

�
;

the usual QCD evolution equations of parton distributions
can be applied and the structure functions can be predicted if

the initial conditions for structure functions at Q2 � Q2
0 are

formulated. On the other hand, if Q2 is fixed and x! 0 (or
ln�1=x� ! 1), the asymptotic Regge limit is relevant. The
most interesting question is: what is the behavior ofDIS in the
region where both ln�1=x� and ln�Q2� are large? This is a
transition region between perturbative and nonperturbative
dynamics in QCD and its study can give important informa-
tion on the properties of confinement and its relation to the
QCD perturbation theory. The asymptotic Regge behavior in
the Regge region of DIS is usually described in terms of the
Pomeranchuk singularity and is therefore related to the
behavior of hadronic interactions at high energies.

A fast increase of stotg�p as W 2 � s increases at large Q2

observed experimentally [53, 54] raises the question whether
there are two different pomerons Ð `soft' and `hard'.
Investigation of the dynamical origin of the pomeron in
QCD described above [33] shows that there are no theoretical
reasons for such a situation, and the rightmost pole in the
j-plane is most probably generated by both `soft' and `hard'
dynamics. It is assumed in what follows that there is one
(`physical') pomeron pole with the same aP�0� in all processes;
that is, the P-pole in DIS is the same as in hadronic processes.
On the other hand, the effective intercept, which depends on
the relative contribution of multi-pomeron diagrams, can be
different in different processes.

There are good reasons to believe that the fast increase of
the Reggeon stotg�p with energy in the HERA energy range will
change to a slower increase at much higher energies. In the
Reggeon theory, this is related to multi-pomeron branching.
In the parton picture, these effects can be described as
shadowing in highly dense systems of partons, with the
eventual `saturation' of densities occurring in the limit as
x! 0. This problem has a long history (see [57] for reviews)
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o �0� � 0.43�0.02

aKNo �0� � 0.46�0.03
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Figure 12.Differences in the total cross sections Dsi and their description in the Regge pole model.
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and has been extensively discussed recently [58]. It is closely
related to the problem of the dynamics of high-energy heavy
ion collisions [59] (see below).

It was suggested in [60] that the increase of the effective
intercept of the pomeron, aeff � 1� Deff, asQ

2 increases from
zero to several GeV2 is mostly due to a decrease of shadowing
effects with increasing Q2. A good description of all existing
data on the g�p total cross sections in the region
Q2 4 5ÿ10 GeV2 was obtained in [60, 61] using the para-
meterization of Deff�Q2� given by

Deff �Q2� � D0

�
1� 2Q2

d�Q2

�
;

where d is the parameter that determines the values of Q2

interpolatingDeff � D0 � 0:1 atQ2 � 0 andDeff � 0:2 at large
for Q2. The latter value is close to D determined from the
analysis of hadron interactions at high energies. QCD
evolution effects must be taken into account for
Q2 > 5ÿ10 GeV2. Using the above parameterization as the
initial condition in the QCD evolution equation, it is possible
to describe the data in the whole region of Q2 studied at
HERA [60, 62].

As emphasized above, the value of Deff should depend not
only on Q2 but also on x and should decrease as x! 0. It is
important to build an explicit model based on the Reggeon
theory where all these effects are incorporated.

This problem was investigated in [63], where the Reggeon
approach was applied to the processes of diffractive g�p
interaction. It was emphasized in the previous section that in
the Reggeon calculus, the amount of rescatterings (or multi-
pomeron exchanges) is closely related to diffractive produc-
tion. AGK-cutting rules [38] allow us to calculate the cross-
section of inelastic diffraction if the contributions of multi-
pomeron exchanges to the elastic scattering amplitude are
known. It is therefore very important for the self-consistency
of theoretical models to describe not only the total cross
sections, but also the inelastic diffraction. In [63], an explicit
model for the contribution of rescatterings was constructed
that leads to the pattern of energy behavior of stotg�p�W 2;Q2�
for the various Q2 as described above. Moreover, it allows us
to simultaneously describe diffraction production by real and
virtual photons. In this model, it is possible to study the
regime of `saturation' of parton densities quantitatively.

We now briefly discuss the qualitative picture of diffrac-
tive dissociation of a highly virtual photon at high energies. It
is convenient to discuss this process in the laboratory system,
where the quark ± gluon fluctuations of a photon live a long
time,� 1=x [64]. A virtual photon fluctuates first to a q�q pair.
There are two different types of configurations of such pairs,
depending on the transverse distance between quarks (or k?�:

(a) Small-size configurations with k2? � Q2. These small
dipoles (r � 1=k? � 1=Q) have a small (� r 2) total interac-
tion cross section with the proton.

(b) Large-size configurations with r � 1=LQCD and
k? � LQCD 5Q. They have a large total interaction cross
section, but their phase space is small at large Q2, because
these configurations are kinematically possible only if the
fraction of the longitudinal momentum carried by one of the
quarks is very small, x1 � k2?=Q

2 5 1. This configuration
corresponds to the `aligned jet', introduced by Bjorken and
Kogut [65].

Both configurations lead to the same behavior of
stotg�p � 1=Q2, but they behave differently in the process of

the diffraction dissociation of a virtual photon [66, 67]. The
cross section of such a process is proportional to the square of
themodulus of the corresponding diffractive amplitude and is
small for a small-size configuration (� 1=Q4). For large-size
configurations, the smallness is due only to the phase space,
and the inclusive cross section for diffractive dissociation of a
virtual photon decreases as 1=Q2, i.e., in the same way as the
total cross section. This is true only for the total inclusive
diffractive cross section, where characteristic masses of the
produced states are M2 � Q2. For exclusive channels with
fixed mass (for example, production of vector mesons) or for
the longitudinal part of diffractive production, the situation is
different and these cross sections decrease faster than 1=Q2 at
large Q2.

Inclusive diffractive production of very large masses
(M2 4Q2) can be described in the first approximation by
triple-Regge diagrams [68]. From the standpoint of the
quark ± gluon fluctuation of the fast photon, triple-pomeron
contribution corresponds to diffractive scattering of a very
slow (presumably, gluonic) parton with a small virtuality.

Model [63] uses the picture of diffraction dissociation of
a virtual photon described above and is a natural general-
ization of models used for the description of high-energy
hadronic interactions. The interaction of the small-size
component in the wave function of a virtual photon is
calculated using the QCD perturbation theory [67]. The
main parameter of the model Ð the intercept of the
pomeron Ð was fixed from a phenomenological study of
hadronic interactions discussed above (DP � 0:2) and was
found to give a good description of g�p-interactions in a
broad range of Q2 (04Q2 < 10 GeV2). Another important
parameter of the theory, the triple-pomeron vertex, obtained
from a fit to the data (rPPP=g

P
pp�0� � 0:1), is also in reasonable

agreement with the analysis of soft hadronic interactions [42,
68]. The description of the structure function F2 as a function
of x for different values of Q2 is shown in Fig. 13
(experimental data are from H1 [53], ZEUS [54]). Diffraction
dissociation of a virtual photon is usually represented as a
function of Q2, M2 (or b � Q2=�M2 �Q2�), and
xP�x=b � �M2 �Q2�=�W2 �Q2�. Description of HERA
data on diffractive dissociation [56] in the model is shown in
Figs 14 and 15. The model can be used to predict structure
functions and partonic distributions at higher energies or
smaller x, which will be accessible for experiments at LHC.

5.2 Shadowing effects for nuclear structure functions
The study of the shadowing effects for structure functions of
nuclei in the small-x region provides a stringent test of the
Reggeon approach to the small-x problem. The shadowing
effects are enhanced for nuclei (� A1=3) and lead to deviations
from the A1 behavior for structure functions of nuclei. The
Glauber ± Gribov [69, 70] approach to interactions of
particles with nuclei allows us to calculate rescattering
corrections for interaction of a virtual photon with a nucleus
in terms of diffractive interaction of a photon with a nucleon,
which was considered above.

The contribution of the double rescattering term to sg�A
is directly expressed in terms of the differential cross
section for the diffraction dissociation of a virtual photon
in g�N-interactions,

s�2� � ÿ4p
�
d2bT 2

A�b�
�
dM 2

d3sDD
g�N�t � 0�
dM 2 dt

FA�tmin�; �22�
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where FA�tmin� � exp�R2
Atmin=3�, tmin � ÿm2

Nx
2
P, andTA�b� is

the nuclear profile function (
�
TA�b� d2b � A).

Higher-order rescatterings are model-dependent; in the
generalized Schwimmer model [71], the ratio of the nucleus
structure function to the nucleon structure function is

expressed as

F2A

F2N
�
�

TA�b�
1� F�x;Q2�TA�b� d

2b ; �23�

F�x;Q2� � 4p
�
d3sDD

g�N�t � 0�
dM 2 dt

FA�tmin�
sg�N�x;Q2� dM

2

in the region of small x.
Theoretical predictions [72] based on Eqn (23) and the

model for diffraction dissociation in Ref. [68] are in very good
agreement with NMC group data on nuclear structure
functions at very small x [73]. We believe that this approach
gives reliable predictions for nuclear shadowing effects in the
region of small x not yet studied experimentally. This region
will play an important role in the dynamics of heavy ion
collisions at super-high (LHC) energies.

6. Heavy-ion collisions at high energies

6.1 High-energy interactions of hadrons with nuclei
We first consider high-energy hadron ± nucleus interactions.
In the Glauber ± Sitenko (GS) [69] model, the elastic scatter-
ing amplitude corresponds to successive rescatterings of the
initial hadron on nucleons of the nucleus.

But as was emphasized by Gribov [70], the space-time
picture of the interaction at high energy E > mh�mRA� (m is a
characteristic hadronic scale � 1 GeV andRA is the radius of
the nucleus) is completely different from the picture of
successive rescatterings. It corresponds to coherent interac-
tions of a fluctuation of the initial hadron, which is `prepared'
long before its interaction with the nucleus. Nevertheless, the
elastic hA-amplitude can be written as a sum of the diagrams
with elastic rescatterings, which give the same result as the GS
model, plus all possible diffractive excitations of the initial
hadron. At not too high energies, EL � 102 GeV, these
inelastic contributions lead to corrections to the GS approx-
imation of 10 ± 20% for the total hA cross section. But at very
high energies and for inclusive cross sections, this modifica-
tion of the GS approximation is very important. The
difference between the GS model and Gribov's theory is
essential for understanding shadowing corrections for
structure functions of nuclei, as was shown in the previous
section, and for many aspects of multiparticle production
on nuclei [74].

An important consequence of the space-time structure of
high-energy interactions of hadrons with nuclei is the AGK
result [38] that for inclusive cross sections, all rescatterings
cancel and these cross sections are determined by diagrams of
the impulse approximation. We note that this result is only
valid asymptotically in the central rapidity region forGS-type
diagrams, i.e., in the case where masses of the intermediate
states in rescattering diagrams are limited and do not increase
with energy. The inclusive cross section for the production of
a hadron a is then expressed, for a given impact parameter b,
in terms of the inclusive cross section for hN interactions,

E
d3sahA�b�

d3p
� TA�b�E d3sahN

d3p
: �24�

After integration over b, we obtain

E
d3sahA
d3p

� AE
d3sahN
d3p

: �25�

F2
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Figure 13. The structure function of a proton F2 as a function of x for

different values of Q2 compared with experimental data. Dashed lines

denote small-distance contributions and dotted lines large distance ones.
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6.2 Particle densities in heavy-ion collisions at super-high
energies
Reviews of applications of the Glauber ±Gribov approach,
1=N-expansion in QCD, and the string model to processes
of nucleus ± nucleus interactions can be found in Refs [17,
75].

We now consider particle densities in heavy-ion collisions
in more detail.

For nucleus ± nucleus collisions in the GS approximation,
the AGK cancellation theorem is valid. In this case, the
inclusive cross sections can be written as

E
d3saAB�b�

d3p
� TAB�b�E d3saNN

d3p
; �26�

where TAB�b� �
�
TA�s�TB�bÿ s� d3s . After integration over

b, Eqn (26) gives

E
d3saAB
d3p

� ABE
d3saNN

d3p
: �27�

The densities of charged particles can be obtained from
Eqns (26) and (27) by dividing them by the total inelastic
cross section of the nucleus ± nucleus interaction. For

example,

dn ch
AB�b�
dy

� TAB�b�
s in
AB

ds ch
NN

dy
; �28�

dnchAB
dy
� AB

s in
AB

ds ch
NN

dy
: �29�

Equation (29) for particle densities integrated over the impact
parameter (minimum bias events) can be rewritten as

dn ch
AB

dy
� nAB

dn ch
NN

dy
; �30�

where nAB � ABs in
NN=s

in
AB. This corresponds to the average

number of collisions in the GS model. For A � B4 1, nAB
behaves as CA4=3 with C � s in

NN=�4pR2
0� �RA � R0A

1=3�.
Equations (26) and (27) are usually applied to hard pro-
cesses, but in the GS approximation they are valid for soft
processes as well. We see below that for both soft and hard
processes, these equations have to be modified.

Using Eqns (29) and (30), we obtain for PbÿPb collisions
at LHC at y � 0 that dn ch=dy � 2100 for minimum bias
events and dn ch=dy � 8500 for central (b < 3 F) collisions.
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Figure 15. The diffractive structure function F
D�3�
2 as a function of xP for fixed values of Q2 and b � Q2=�Q2 �M2�.
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Thus, the GS approximation predicts very large densities
of charged hadrons in central heavy-ion collisions at LHC.
But are these predictions realistic? To answer this question,
we consider possible limitations of theGS approximation and
also the corrections to the AGK cancellation theorem that are
important at high energies.

There are two types of corrections to Eqns (24) and (26).
(a) The effects due to energy-momentum conservation:

the energy of the initial hadron is shared by `constituents' and
each subcollision occurs at a smaller energy. These effects are
very important in the fragmentation regions of colliding
hadrons (or nuclei) and reduce particle densities. For y � 0,
this reduction decreases as �1=s�1=4. It is very important at
SPS energies and has some effect at RHIC, but is unessential
at LHC energies.

(b) Another dynamical effect is important at very high
energies when diffractive production of very heavy hadronic
states (M2 4m2

N) becomes possible. It is related to the triple-
pomeron interaction discussed above and corresponds to the
interaction between pomerons (strings in the string models of
particle production). Because the total and inelastic cross
sections of the hA- and AB-interactions at high energies are
close to a black disc limit due to eikonal-type diagrams, these
extra interactions have small effect on the total cross sections.
But they are very important for inclusive spectra in the central
rapidity region [74], where contributions of GS rescatterings
cancel due to AGK rules.

Extra shadowing effects related to these interactions
modify the A-dependence of the GS approximation for
inclusive spectra [Eqns (24), (26)] such that the behavior
dsAB= dy � AB of the GS approximation changes to
dsAB= dy � AaBa, where a < 1. For very strong interaction
between pomerons, a! 2=3 . This limit leads to universal
particle densities in the pp-, pA-, and AB-collisions. Due to a
rather weak interaction between pomerons, even at LHC
energies, the value of a is close to 0.9.

The problem of shadowing for inclusive spectra is not
especially related to soft processes. The same interactions are
also relevant for hard processes (production of jets or
particles with large pT, heavy quarks, large-mass lepton
pairs, etc.). For hard processes, due to the QCD factoriza-
tion theorem, inclusive spectra in nucleus ± nucleus collisions
are given by products of parton cross sections with
distributions of partons in the nuclei. In these cases,
interactions between pomerons describe shadowing effects
for parton distributions in nuclei (or the nuclear structure
functions described above). Due to the coherence condition,
these effects are important only in the region of very small xi
of partons (xi 5 1=�RAmN�). Therefore, these effects are
important only at very high energies, when xi �MT=

��
s
p

satisfies this condition. The condition in terms of the xi of
partons coincides with the condition on diffractive produc-
tion of large-mass states discussed above.

The effects of shadowing for soft partons were calculated
in Ref. [76] in the same model that was used above for the
description of shadowing effects for nuclear structure func-
tions. It was predicted that extra shadowing due to interac-
tions between pomerons leads to a decrease in particle
densities compared to the GS model predictions by a factor
� 4 at LHC and by a factor � 2 at RHIC energies.
Comparison of the theoretic results with the first results
from RHIC [77] is given in Table 2. The experiment clearly
shows a large deviation from the prediction of the GS
approximation and demonstrates the importance of the

shadowing effects for inclusive spectra of hadrons. This
approach also reproduces the dependence of particle densi-
ties at RHIC on the number of participating nucleons [78].

These results show that already starting from the RHIC
energies, interactions between pomerons (or strings) play an
important role in the dynamics of heavy-ion collisions. On the
other hand, characteristic partonic values xi � 10ÿ2 at these
energies and both experimental data on shadowing for
nuclear structure functions [73] and their theoretical inter-
pretation [72] show that the situation is very far from
`saturation' in this region.

7. Conclusion

The results presented in this review demonstrate that the
Reggeon theory is a useful and universal approach for
investigation of interactions of hadrons and nuclei at high
energies. The pomeron is the main object in this approach.

The challenging problem for high-energy hadronic phy-
sics is to establish the dynamical nature of the pomeron. The
analysis of this problem in QCD with inclusion of both
nonperturbative and perturbative effects shows that the
pomeron has a very rich dynamical structure.

The connection between the Reggeon theory, 1=N-expan-
sion in QCD, and string model leads to many relations
between parameters of this theory and allows understanding
many characteristic features of strong interactions. The
quark ± gluon strings and DPM models developed in the
framework of this approach give a good description of many
characteristics of high-energy hadronic interactions and give
predictions for energies of future accelerators.

Multipomeron exchanges are very important at high
energies. With the account of the unitarization effects for
the amplitudes related to such exchanges, it is possible to
understand and quantitatively describe small-x deep inelastic
scattering. Interactions between pomerons are essential in
hadron ± nucleus and especially in nucleus ± nucleus colli-
sions, where the approach to thermalization and conditions
for the quark ± gluon plasma formation depend on the
strength of interactions between strings. A reduction of the
density of created hadrons due to these interactions compared
to predictions of the GS model is confirmed by the RHIC
data.
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