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This review is concerned with the experimental data on elastic scattering of mesons and nucleons by

protons. Theoretical ideas about hadronic interactions at high energies are discussed. An exposition is given

of the techniques for measuring differential cross sections in the region of very small momentum transfers.

A summary is given of the information which has been obtained in various experiments on the total cross

sections for π±Ν, K*N, NN, and NN interactions, the real parts of the elastic scattering amplitudes at

r = 0, the slopes of the diffraction peaks, large-angle scattering, and polarization effects in elastic scattering

reactions. It is observed that the entire set of experimental data is consistent with dispersion relations and

asymptotic theorems. The slope of the diffraction peak exhibits a systematic (approximately logarithmic)

growth at high energies. This growth corresponds to a relatively small value for the slope of the

Pomeranchuk trajectory, aP'(0)=;0.3 GeV~2. The experimental data in elastic scattering processes and

charge-exchange reactions are in agreement with the predictions of complex angular momentum theory. A

discussion is given of new phenomena which have been observed using the accelerators at Serpukhov and

Batavia and the CERN intersecting storage rings: a growth of the total cross sections for hadronic

interactions, a change of sign of the real part of the zero-angle elastic scattering amplitude, and other

effects which show up at energies & 100 GeV.
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1. INTRODUCTION

1.1. Subject of the Review

This review is concerned with the experimental data
on elastic scattering of mesons and nucleons by protons.
Investigations which have been carried out in the past
decade, both in the U.S.S.R. and on foreign accelerators,
have led to major modifications in the picture of the in-
teractions of hadrons and their structure which was built
up in the early 1960s: the observation of a significant in-
terference between the Coulomb and nuclear scattering
in experiments on the scattering of protons and pions
showed the limitations of a purely diffractive treatment
of the scattering of hadrons at high energies (Ε ~ 1-10
GeV). It is now clear that, even at energies hundreds of
times higher (Ε ~ 100-1000 GeV), the nature of the in-
teraction is nothing like the asymptotic behavior which
was predicted in the early 1960s: with increasing energy,
the total cross sections have begun to rise, the real part
of the pp scattering amplitude continues to rise instead
of tending rapidly to zero as previously expected, and
there is also a growth in the radius of interaction.

We shall describe here the information which has
been obtained in recent years from experimental studies
of total cross sections, interference between Coulomb
and nuclear scattering, and polarization. A common fea-
ture of all these experiments is that they involve, on the
whole, the study of properties of the amplitude for elas-
tic scattering of the particles. For example, owing to the
unitarity condition, which leads to the optical theorem,
measurements of the total cross sections at make it pos-
sible to calculate the imaginary part of the elastic scat-
tering amplitude in the forward direction. By analyzing
differential cross sections for elastic scattering in the
small-angle region, where the Coulomb interaction is

important, the magnitude of the interference effect can
be used to determine the real part of the nuclear ampli-
tude at scattering angles near zero.

The characteristic features of elastic scattering of
high-energy hadrons can be seen from Fig. 1, in which
we show differential cross sections for the elastic scat-
tering of hadrons by protons at a momentum ρ = 5 GeV/c.
A common feature of all the processes is the presence of
maxima for forward and backward scattering, which are
apparently related to the exchange character of the scat-
tering. The forward peak is due to the t-channel singu-
larities, and the backward peak is due to the u-channel
singularities. The peaks are separated by a large re-
gion in which the cross sections are 5-6 orders of mag-
nitude lower than the "optical points" for the corre-
sponding processes. All reactions except those having
no direct-channel resonances are characterized by the
presence of structures in the differential cross section
da/dt in the range 0 . 5 < - t < 3 (GeV/c)2. This range of
momentum transfers is a region of transition from a
regime of scattering by the nucleon as a whole to one
of scattering with large momentum transfers, which may
be associated with scattering by the substructure of the
nucleon.

As can be seen from Fig. 1, the t-dependence of
dff/dt in this transition region is generally not monotonic
and may be a result of interference effects. The struc-
ture in the t-dependence of da/dt is correlated with the
features of the t-dependence of the polarization. With
the advent of experiments in the region of large scatter-
ing angles, where the energy and angular dependences
of the differential cross sections have a completely dif-
ferent form than in the diffraction cone, it has become
possible to decide whether the nucleon is elementary
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FIG. I. Differential cross sections for the elastic scattering of
hadrons by protons at 5 GeV/c [ 3 8].

and, if not, to study its internal structure. As in Ruther-
ford's time, experiments on elastic scattering continue
to play the leading role in elucidating the nature of the
strong interactions.

1.2. The Scattering Amplitude

The process of elastic scattering of spinless parti-
cles 1 and 2

1 + 2 2' (1.1)

is described by a scattering amplitude T(s,t), which is
a function of the kinematic invariants s, t and u, the lat-
ter being related to the 4-momenta of the particles be-
fore the scattering, pi, and after the scattering, p(, by
the equations

* = ( / > ; - A ) 2 , \ (i.2)

If the particles which participate in a reaction have
spins, the scattering amplitude depends not only on the
kinematic invariants s, t and u, but also on invariants
constructed from the wave functions of the particles,
the number of which is restricted by the condition that
the strong interactions are symmetric with respect to
P, C and Τ transformations. In particular, in the case
of scattering of a pion (spin 0) by a proton (spin 1/2),
the process is described by two independent amplitudes;
for scattering of spin-1/2 particles by spin-1/2 parti-
cles (pp — pp, for example), the amplitude consists of
five terms. In the first case, the nuclear amplitude for
elastic scattering in the small-angle region contains a
total of two real parameters, Τ = Re Τ + i Im T, and
their ratio ρ = Re T/Im Τ can be determined by mea-
suring the interference between the Coulomb and nuclear
scattering. In the case of pp scattering, when both par-
ticles have spin, analyses of experimental data at t ~ 0
are generally carried out under the assumption that the
proton-proton interaction in the high-energy region is
the same in the triplet and singlet states.

The differential cross section is related to the Cou-
lomb amplitude Tc and the nuclear scattering amplitude
by the formula

da
at 64JI/JSS (1.3)

here 77 is the phase shift between the Coulomb and nu-
clear scattering (η ~ 10~2 in the Coulomb-nuclear inter-
ference region). The t-dependence of the nuclear ampli-
tude is usually approximated by an exponential exp (Bt)
and, using the optical theorem,

r,exp(*). (1.4)

Since the Coulomb amplitude Tc is known from theory,
while the imaginary part of the nuclear amplitude Τ for
t ~ 0 is determined by the value of the total cross sec-
tion according to the optical theorem, the results of
measurements can be used to extract the interference
contribution ~2TcRe Τ and hence determine Re T.

To determine the slope parameter B, measurements
are made in a larger interval 10~3 < - t =s 10"1 (GeV/c)2.
In determinations of the parameter ρ and Β by means of
interference experiments, the value of Im Τ (t = 0) is
usually calculated from data on the total cross sections,
which are measured with a high degree of accuracy by
the transmission method. In colliding-beam experi-
ments, where the transmission method is inapplicable,
the total interaction cross section can be determined
from the differential cross sections for elastic scatter-
ing, including the interference region, by applying the
optical theorem

(1.5)

We note that, before the advent of interference exper-
iments, attempts were made to estimate the real part of
the elastic scattering amplitude from the amount by
which the extrapolation of the differential cross section
to zero angle exceeds the "optical" limit ~ |Im T(0)|2.
Apart from the fact that the sign of Re Τ is not deter-
mined by this method, this procedure of extracting in-
formation about Re Τ is itself very unreliable: firstly,
the excess may be due not only to Re T, but also to spin
effects; secondly, this procedure is very sensitive to the
ambiguities in the absolute normalization of the cross
sections and, finally, to the choice of the empirical for-
mula for extrapolating the cross sections to zero angle.
This last circumstance was of particular importance for
the early estimates, since the methods that were then
available for carrying out the measurements did not work
in the region of momentum transfers sufficiently close to
zero.

Thus, in the region t ~ 0, the amplitude for elastic
scattering of pions (and, in a certain approximation,
protons) by protons is completely determined by mea-
surements of the total interaction cross sections of
these particles and the differential cross sections for
elastic scattering in the Coulomb-nuclear interference
region.

The scattering of a spinless particle by a nucleon at
an arbitrary angle is described in the general case by
two complex amplitudes f++ (s, t) and f+.(s, t), where
" + " and " - " are the signs of the helicities of the ini-
tial and final nucleons. At zero scattering angle (t ~ 0),
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only the single amplitude f++ remains, corresponding
to conservation of the helicity of the nucleon. By virtue
of isotopic invariance, the amplitudes for the processes

π±ρ->-π±ρ, (1.6)

n-p^n-n (1.7)

can be expressed in terms of the two independent iso-
topic amplitudes f° and f1:

f (n±p _* n±p) = /· ± Λ

/(π-ρ-*π°η) = Υ If1. (1.8)

The amplitudes f° and t1 correspond to isotopic spin 0
and 1 in the t-channel.

Thus, there are eight real functions which completely
determine the ιτΝ scattering amplitudes. These quanti-
ties can be determined from experimental data on the
differential cross sections, polarizations, and spin ro-
tation parameters R and A, which can be expressed as
follows in terms of the amplitudes f++ and f+_:

it

ρ 2 I m (

(1.9)

(1.10)

P + |/+-|2)--(|/++l2-|/+-l2)coseL-2Re(/ t t./i.)Sin9L, (1.11)

(1.12)

where θ L is the scattering angle of the recoil nucleon
in the laboratory system. It is obvious that measure-
ments of these quantities in the processes (1.6) and (1.7)
are sufficient for the reconstruction of all the amplitudes,
apart from the ambiguity of a common phase.

As we have already mentioned, the common phase of
the amplitudes at t = 0 can be determined from the data
on afN and the Coulomb interference by using the opti-
cal theorem. At non-zero angles, the common phase
cannot be determined directly from the experimental
data on πΝ scattering, but can be found by indirect
methods.

The amplitude analysis of pp scattering is much more
complicated: experiments are required not only with a
polarized target, but also with a polarized beam.

2. GOALS AND METHODS OF STUDYING THE
ELASTIC SCATTERING OF HADRONS

Experimental data on the elastic scattering of had-
rons play a major role in our understanding of the en-
tire picture of strong interactions at high energies: they
provide a means of testing the consequences of the fun-
damental principles of the theory (we have in mind tests
of dispersion relations, sum rules and asymptotic rela-
tions). These same data also constitute a basis for con-
structing particular theoretical models describing the
strong-interaction mechanism: models involving the ex-
change of reggeized particles, optical and quasi-poten-
tial models, the quark model, and many others.

2.1. Theoretical Aspects of the Problem of Hadronic
Scattering at High Energies

Principles such as Lorentz invariance, unitarity,
analyticity and crossing play a fundamental role in the
relativistic quantum theory. By virtue of Lorentz in-
variance, the scattering amplitude f (ab — a'b') for spin-
less particles is a scalar function of the two independent
invariants s and t.

A major dynamical principle of the theory is the uni-
tarity condition for the S-matrix,

S+S = 1, (2.1)

which is a consequence of the superposition principle and
the conservation of the normalization of states in quan-
tum mechanics. The unitarity condition leads, in particu-
lar, to the optical theorem

Im/(s, 0) = -^-. (2.2)

If the amplitude for elastic scattering is expanded in par-
tial waves,

(2.3)

the unitarity condition implies a bound on the magnitudes
of the partial-wave amplitudes:

(s) , GO (2.4)

The equality is attained for energies below the threshold
for inelastic processes, when only elastic scattering is
possible. The property (2.4) of the partial-wave ampli-
tudes is used in proving a number of asymptotic theo-
rems.

Analyticity is an important property of scattering
amplitudes. In a number of cases, the analytic proper-
ties of the amplitude can be rigorously proved in the
framework of quantum field theory113 and are in fact a
consequence of the principle of microcausality.

In the relativistic quantum theory, a single analytic
function T(s,t, u) describes each of the processes a+b
— a' +b' (the so-called s-channel of the reaction), a + a '
— b+b ' (the t-channel) and a+b ' — a' +b (the u-channel),
although the ranges of variation of the invariant variables
for these processes are different. This property, which
provides an interrelationship between the amplitudes for
different physical processes, is often called crossing.
If b = 6' (b = a'), the amplitude must be symmetric with
respect to the interchange s ~ u (s s= t) (crossing sym-
metry).

a) Dispersion relations and theoretical asymptotic
predictions. Using the analytic properties of the ampli-
tude T(s,t) and crossing, it is possible to derive the so-
called dispersion relation1'

The symbol $> indicates that the principal value of the
integral is taken, sl and Uj correspond to the squares of
the masses of the stable particles in the s- and u-chan-
nels, and s 2 and u2 correspond to the thresholds for two-
particle production in the corresponding channels. Let
us consider the dispersion relations for ττΝ forward
elastic scattering (t = 0) in greater detail. Taking into
account the crossing symmetry of the scattering ampli-
tudes, it is convenient to consider the particular com-
binations of amplitudes

(2.6)

where T+(E) and T.(E) are the amplitudes for elastic
ir+p and π"ρ scattering, respectively, and Ε = (s - 1 - u)/

'•This relation is valid if T(s, t) ->· 0 as s ->· ">. If this condition is not
satisfied, a subtracted dispersion relation must be written.
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4m is the energy in the laboratory system. Using the
general properties of analyticity and unitarity, we can
write a once-subtracted dispersion relation for the
symmetric amplitude. When comparisons are made
with experimental data, the dispersion relations are
most frequently used in the formC3'41

m|l—(μ/2/η)2) k' (E'- — E2)

* ' ( σ _ — ff+)

(2.7)

(2.8)

2 = 0.80 ±0.03 is the
E2 - μ2 is the mo-

where D^E) = Re T^EJk/ejrpv^ , f
pion-nucleon coupling constant, k =
mentum in the laboratory system, and μ and m are the
masses of the pion and nucleon.2'

The dispersion relation for D"(E) in the form (2.8)
is written without subtractions, with the assumption that
the differenee of cross sections σ. - σ* falls off as Ε
-~ oo in such a way that lim (σ_ — σ+) In Ε — 0. The basis
for this assumption is the Pomeranchuk relation.t51 An
analysis of the integrands in Eqs. (2.7) and (2.8) indi-
cates that the values of D^E) at small Ε depend little
on the asymptotic total cross sections/41

With a measurement of the real part of the elastic
forward scattering amplitude at an energy E,, together
with the results of measurements of the total cross sec-
tions at within a wide interval of E, it is possible to
carry out quantitative tests of the dispersion relations
and hence of the basic principles of local field theory.

The complex picture of the strong interactions must
evidently become simpler at very high energies, when
s — «>, and the scattering amplitudes then satisfy a
number of asymptotic relations. One of the first such
relations, establishing the equality of the total cross
sections for particle and antiparticle interactions as
s — °°, was derived in 1958 by Pomeranchuk/51 whose
proof made use of dispersion relations and the assump-
tion that the effective radius of interaction remains
finite as s — °°. Somewhat later, Pomeranchuk's result
was derived on more general grounds/61 The assump-
tion that the asymptotic radius of interaction is finite
may be replaced by the weaker hypothesis that

Rer(s, 1=0)
U.™ Im T(s, ί = ι>) In (s/t0) '

-0. (2.9)

Pomeranchuk's relation can be generalized to the
differential cross sections for the elastic scattering of
particles and antiparticles/71

1ίηι[^(α + 6-*α + δ)/-^-(ϊ+&-*ϊ+δ)] = 1. (2.10)

Another important constraint on the scattering am-
plitude as s -— «ο was obtained by Froissart.t2] By using
the analytic properties of the elastic scattering ampli-
tude in the variable t, i.e., taking into account the fact
that the nearest singularity in t (at t = 4μ2) lies at a fi-
nite distance from the physical region of the s-channel
(t < 0), it can be shown that the highest partial waves
in (2.3) which can contribute significantly to the scat-
tering amplitude as s — °° are subject to the condition

Ins, (2.11)

where c is some constant, and μ is the mass.

2)Henceforth we employ units such that h = c = 1.

Equation (2.11) and the constraint (2.4) on the partial-
wave amplitudes lead to the Froissart bound"1 on the
rate of growth of the amplitude as s — «;

I T (s, 0) Κ const -s In2 s; at (s) s£ const -In2 s. (2.12)

The inequality (2.11) also leads to an important bound on
the value of the slope of the diffraction peak, B(s)
= d In (da/dt) t = 0 /dt:

Β (s) <; const-In2 s a s (2.13)

The asymptotic inequalities have been widely studied
in recent years; in particular, the constants in the in-
equalities (2.11)-(2.13) have been fixed. Inequalities
which should be satisfied even at non-asymptotic ener-
gies have also been obtained/83 Discussions of the re-
cent results obtained in this area can be found in the
reviews C7'81.

b) Theoretical models. 1) Optical models. At high
energies, the large values I ~ pR, where R is the radius
of interaction, play a major role in the partial-wave ex-
pansion (2.3) of the scattering amplitude. Therefore,
using the fact that P^cos Θ) « J0((l + 1/2) Θ), where Jo

is the Bessel function of order zero, we can write the
small-angle scattering amplitude in the form

Τ (s, t) = 8π Y?tf (s,t) « 16n f /, (s) /„ (ΖΘ) dP
(2.14)

where b = l/p is the impact parameter, and q = ρθ « V—t.
Using the fact that the momentum transfer vector q is
transverse for θ « 1 and introducing a transverse vec-
tor b in impact-parameter space, the relation (2.14) can
also be written in the form

T(s, /(s, (2.15)

The amplitude f (s,b) satisfies the bounds (2.4) and can
be represented in the form

/(*.&) = (2.16)

with Im δ (s, b) a 0 (the equality sign holds when there is
only elastic scattering).

The representation of the amplitude in the form
(2.14)-(2.16) is often used for the construction of optical
or geometric models. Let us consider the simplest ex-
ample. Suppose that, owing to the presence of a large
number of open channels at high energy, the incident
wave experiences strong absorption for impact param-
eters b i R ; then Im δ (s, b) » 1 for b s R, i.e., f (s, b)
= i/2 in this region but is otherwise equal to zero. This
model corresponds completely to diffraction by a black
sphere of radius R.

In this case, it follows from Eq. (2.14) that

Τ (s, t) = isF (<), at = 2ae = 2ΐτΛ2, (2.17)

where
Fit) =

The differential cross section for elastic scattering is
maximal at t = 0 and falls off by a factor e when t varies
by an amount ~1/R2, i.e., the width of the diffraction
peak is inversely proportional to R2 (this is also true
for a more realistic form of the function f (s,b)). As we
have already mentioned, it follows from the general
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principles of S-matrix theory that

' &mar = ~

The foregoing model of scattering by a black sphere with
a sharp edge is highly simplified and provides only a
qualitative picture of the character of elastic scattering
in the small-angle region. Analyses of experimental
data make use of more realistic models/10' which take
into account transparency, the real part of the ampli-
tude, the diffuseness of the edge, etc.

2) The Regge pole model. In the framework of com-
plex angular momentum theory, the scattering amplitude
at high energies is determined by the singularities of
the partial-wave amplitudes in the crossed t-channel,
Ψ 0>t), which are functions of the complex orbital angu-
lar momentum j (t).3) Essential use is made here of the
properties of analyticity and crossing of the scattering
amplitudes. The unitarity condition in the t-channel te
usually used to obtain information about the singularities
of φ (j»t). It follows from the two-particle unitarity con-
dition in the t-channel that, as in the nonrelativistic the-
ory, φ (j,t) has poles at the points j = αϊ (t)—the Regge
poles. The scattering amplitude in the Regge-pole model
has the simple form

where jj(af (t)) = - (1 + σ exp(- iiraj(t))/sin 7raj(t)) is the
signature factor, and σ = ± 1 is the signature; bj (t) is
the residue, which is a real function of t in the s-chan-
nel physical region and which also satisfies the factori-
zation condition b^t) = gbb'(t)gaa'(t), where gaa'(t) is a
vertex depending only on the properties of aa'. The ex-
plicit form of the functions g (t) is not predicted by the
theory. The exchange of a Regge pole can be represented
by the graph shown in Fig. 2.

A Regge pole generalizes the concept of the exchange
of an elementary particle with a definite value of the spin
to the case of arbitrary values lying on a trajectory j (t).
Like an ordinary particle, a Regge pole has definite val-
ues of the conserved quantum numbers, such as parity,
isospin and strangeness. The relation between Regge
poles and resonant states makes it possible to make use
of information on the spectrum of particles and reso-
nances to determine the parameters of the trajectories
and thus to predict the energy dependence of scattering
processes. The main boson Regge poles which exist are
as follows: first of all, there is the Pomeranchuk (or
vacuum) pole Ρ with αρ(0) = 1, which is responsible for
the constancy of the total cross sections at high ener-
gies; this pole has σ = +1 and hence automatically guar-
antees that the Pomeranchuk relation is satisfied; in ad-
dition, there are the secondary poles f, A^ ω and ρ with
ai(O) ~ 0.5, which contain the corresponding .resonances.
It follows from the spectrum of particles and resonances
that all the secondary poles have a[ = (d«/dt)|̂ _Q « 1
GeV2.

If, at very high energies, allowance is made for only
the Regge pole which lies furthest to the right, with the
largest value of a(0), then the differential cross section
has the form

FIG. 2. The graph representing the ex-
change of a Regge pole.

FIG. 3. Graphs corresponding to the exchange of branch points in
the t-channel. The crosses on the lines indicate that the particles are
taken on the mass shell.

CCp : a,, lap ap \ap

3)A detailed exposition of Regge-pole theory and a comparison of its
predictions with experimental data can be found, for example, in the
reviews [ n " 1 3 ] .

FIG. 4. Graphs corresponding to elastic rescattering by the Ρ Regge
pole.

By expanding a(t) in a series in t, we find that at small t

(2.20)

At very high energies, when 2a' In (s/s0) » 1/m2, it fol-
lows from Eq. (2.20) that the slope of the diffraction
peak rises like ~ln (s/s0) (the width of the peak accord-
ingly shrinks like ~ 1/ln (s/s0)). This means that the ef-
fective radius of interaction grows like ~ Vln (s/s0) in
the Regge-pole model. The constancy of the total inter-
action cross section (for ap(0) = 1) is a result of the
fact that the partial-wave amplitudes f (s,b) fall off log-
arithmically as s -> ». This means that, in addition to
the growth of the effective radius of interaction, a hadron
becomes more and more transparent with increasing en-
ergy.

Unfortunately, Regge poles are not the only singulari-
ties in the j-plane. In a relativistic theory, there are
also multi-particle terms in the t-channel unitarity con-
dition, and a theoretical analysisC14] shows that they lead
to the appearance of new singularities—moving branch
points—in the j-plane. These branch points correspond
to the exchange of several Regge poles in the t-channel.
The asymptotic picture of scattering becomes more
complicated when allowance is made for the branch
points, although many predictions of the Regge-pole
model remain valid (see, e.g., the lecture1151). The
branch points may be regarded as representing the suc-
cessive rescatterings corresponding to the graphs shown
in Fig. 3 (as an example, we show a two-reggeon branch
point).

If a summation is made of all the vacuum branch
points which correspond to purely elastic rescatterings,
i.e., the graphs of Fig. 4, then the scattering amplitude
can be writtent4] in a compact form corresponding to the
eikonal representation (2.15) and (2.16), where

6(s, &) = 6p(s,f>) = JL jr p ( s, t)e-iqb^l. (2.21)

Here Tp(s,t) is the amplitude (2.18) corresponding to
exchange of the Ρ Regge pole.

The most complete quantitative description of exper-
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imental data on elastic scattering and charge-exchange
processes within the framework of the Regge-pole model
with allowance for branch points has been given in r i 7 ] .
Moving branch points due to successive rescatterings by
the constituent particles of a hadron lead to the ap-
pearance of characteristic minima in the differential
cross sections for elastic scattering and charge-ex-
change processes, these being analogous to effects which
occur in describing the scattering of particles by nuclei
by means of the Glauber approach.C18] The analogy with
scattering by nuclei also makes it possible to understand
a number of other qualitative effects due to branch points.
Branch points in the amplitude for elastic scattering cor-
respond to screening and have a sign opposite to that of a
Regge-pole contribution. With increasing energy, a had-
ron becomes "more and more" transparent, and the
screening decreases. This leads to a pre-asymptotic
growth of the total cross sections."9 1 The ratio
Re T(s, 0)/ImT(s, 0) must become positive at very high
energies and must fall off like ~ 1/ln2 s as s — <».

3) The quasi-potential. As we have pointed out, the
amplitude at high energies and small scattering angles
can be represented in the eikonal form (2.14)-(2.16). In
nonrelativistic quantum mechanics, the phase 5(s,b) can
be expressed in terms of the potential V as follows:

(2.22)

where ζ is the coordinate in the direction of motion of
the particle.

In a relativistic quantum theory, we can introduce a
quantity V(s,r)—the quasi-potential,[201 which is a gen-
eralization of the ordinary potential. In the quasi-poten-
tial method/2 1 '2 2 3 the amplitude for elastic scattering at
high energy has the form (2.15) and (2.16), and the eiko-
nal phase can be expressed in terms of the quasi-poten-
tial in the form

β(ί,δ)-7 J V(*-Vb*+z>)dz. (2.23)

This representation of the amplitude is asymptotically
exact. However, to draw any conclusions about the scat-
tering amplitude, we must know the energy-dependent
quasi-potential. In describing elastic scattering at high
energies, it is usual to use a purely imaginary quasi-
potential of Gaussian type/ 2 1 ' 2 2 3 V(s,t) = isg exp At,
where λ = c1 + c 2 In s. With this choice of the quasi-
potential, the scattering amplitude is described by Eqs.
(2.15), (2.16) and (2.21) and corresponds exactly to the
sum of the graphs of Fig. 4, associated with elastic re-
scatterings by the Pomeranchuk pole. Smooth quasi-
potentials, like rescatterings in the framework of com-
plex angular momentum theory, lead [ 2 2 ] to an amplitude
in the region of large | t | which has the form T(s,t)
~ exp (- Va't In s ), with additional oscillations/2 3 3 It
is significant that the behavior of the amplitude in the
region of small 111 determines its properties in a large
region of momentum transfers.

4) The quark model. The interactions of hadrons at
high energy are also described by models in which a
hadron is regarded as a composite particle. The most
popular such model is the quark model. In this model,
the proton consists of three quarks, bosons consist of
a quark and an antiquark, and the amplitude for the
scattering of hadrons is expressed in terms of the am-
plitudes for the scattering of quarks, which makes it

possible to interrelate the amplitudes for various pro-
cesses/ 2 4 3 Adopting the hypothesis that the quark in-
teractions are additive, we can, for example, obtain re-
lations of the following type:

1 - of) - (σΡ - σ?" of,

2 K

(2.24)

The quark model has recently been used not only to es-
tablish relations of the type (2.24), but also to determine
the dependences of the amplitudes on s and t.

It is natural to expect that the internal structure of
hadrons may show up in studying scattering at large
momentum transfers | t | ~ s » m2, since, by virtue of
the uncertainty relation Δρ · Δχ ~ 1, such processes
correspond to an interaction at very small distances
χ ~ |t |~ 1 / 2. A simple dimensional analysis of the ampli-
tudes in the framework of the quark model t 2 s 3 leads to
the following expression for the differential cross sec-
tions for two-particle processes involving the scatter-
ing of high-energy particles at a fixed angle Θ:

(2.25)

(2.26)JBI-2,

where nj is the number of elementary constituents
(quarks or antiquarks) in particle i. According to (2.26),
we have m = 10 for elastic pp scattering, and m = 8 for
elastic irN and KN scattering.

The power-law fall-off (2.25) of the cross sections
for two-particle processes with increasing energy is
characteristic of most models in which the scattering
of hadrons with large momentum transfers is due to the
interaction or exchange of elementary constituents
(partons or quarks), although the value of m is strongly
dependent on the form of the model which is adopted.

2.2. Experimental Methods of Studying
Elastic Scattering

Owing to the large drop in the cross sections when
measurements are made in a large range of t and the
diversity of requirements on the apparatus determined
by the physical problem, contemporary experiments on
elastic scattering can be divided into several types: in-
terference measurements for 10"4 < — t < 10~2 (GeV/c)2,
measurements within the diffraction peak (—t < 0.5
(GeV/c)2), measurements in the region of large momen-
tum transfers (—t ~ u ~ s, θ ~ 90°), and the study of back-
ward scattering.

a) Measurements of differential cross sections in the
Coulomb-nuclear interference region. Interference mea-
surements are characterized by exceptionally high de-
mands on the angular resolution of the apparatus. It be-
came possible to determine the phase of the elastic for-
ward scattering amplitude at high energies only after the
development of new measuring techniques which make it
possible to detect scattering down to very low momentum
transfers - t ~ 10"3 (GeV/c)2, where the cross section is
no longer determined only by the nuclear interaction, but
depends also on Coulomb scattering and the effect of its
interference with the nuclear scattering.

It is possible to study the elastic scattering of parti-
cles by detecting either the fast scattered particle or the
recoil particle. In the first case (if only the fast scat-
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tered particle is detected), technical difficulties occur
in the high-energy region, owing to the decrease in the
average scattering angle of the particles with increasing
energy. It is well known that the average momentum
transfer pt in the elastic scattering of particles changes
little with increasing energy, so that the average scat-
tering angle ψ ~ pt /p decreases in proportion to the
momentum of the scattering particles p. Accordingly,
the requirements on the angular (and energy) resolution
of the experimental apparatus grow in proportion to the
momentum.

Such difficulties do not occur if elastic scattering is
studied by means of the recoil particle. However, the
recoil particle has a low energy in small-angle scatter-
ing, so that its initial velocity and direction are modi-
fied by the interaction with the matter of the target, thus
hindering the separation of elastic events according to
the angle-momentum relation. This limitation is not a
fundamental one, and methods have been found of putting
such an experimental scheme into practice. In the early
1960s, methods of studying the interference region by
means of the recoil particle were developed in Dubna
and applied in experiments on pp and πρ scattering ; t 2 e l

these methods made use of targets of very low density
and also guaranteed a high rate of collecting statistics
and a high resolution in the momentum transfer.

The interference experiments on pp scattering ex-
ploited the ability of cyclic accelerators to maintain in
orbit protons which have passed through a target, pro-
vided that the loss of energy in the target does not ex-
ceed the value allowed by the phase stability condition.
With the realization of the regime of multiple passages
of the beam through the target, it is possible to substan-
tially reduce its dimensions. As a result, the conditions
of the experiment are improved: the Coulomb scattering
of the protons in the target leads to a minimum (which
makes it possible to study the region of small momen-
tum transfers); the ionization losses of energy by the
recoil protons and the probability of their interaction
in the target become negligibly small; in addition to the
gain in resolution and intensity, there is a significant
improvement in the ratio of the effect to the background
from the accelerator.

The first experiments"7 1 were performed on the JINR
synchrophasotron, which is an accelerator with weak fo-
cusing. A significant development of this technique was
made in experiments carried out on the accelerators at
Serpukhov"8'293 and Batavia (U.S.A.)."0 '3" The recoil
protons were detected by a multi-channel spectrometer
with semiconductor detectors in on-line operation with
a computer. The basic scheme of the experimental ar-
rangement is shown in Fig. 5.

The smaller dimensions of the beam in comparison
with the weak-focusing accelerator made it possible to
use as the target a gaseous hydrogen jet with a density
~101 7 protons per cm2, thereby eliminating almost com-
pletely the rescattering of the recoil proton by the mat-
ter of the target. In spite of this small quantity of mat-
ter in the target, the principle of multiple passage of the
proton beam through the target guarantees that the sta-
tistics of elastic events are collected at a high rate
(~ 106 events per hour), which is at the present time a
record level in experiments on elastic scattering. It can
be seen from the example of these experiments that the
development of electronics and the application of com-
puters have altered the traditional situation in high-

Accelerator
vacuum chamber

Display

Proton beam

Accelerator
control
console

Cryogenic pump Liquid He

FIG. 5. Scheme of the spectrometer with semiconductor detectors
for the study of elastic pp scattering at small angles, used in the experi-
ments at the Serpukhov ["] and Batavia [30] accelerators. The spec-
trometer contains 12 spectrometric channels, each of which consists of
a semiconductor detector, a pre-amplifier (PA), a spectrometric am-
plifier (A) and an analog-digital converter (ADC). The target is a super-
sonic hydrogen jet which intersects the internal beam of the accelerator.

energy physics in which the number of detected events
had a decisive effect on the size of the errors in the
measurements. In experiments with such high statisti-
cal accuracy, it becomes more important to consider
methodological errors in the measurements (the stabil-
ity of the detecting devices, the correctness of the al-
lowance for corrections due to the geometry of the ex-
periment, the resolution, counting losses, etc.) and
theoretical ambiguities in the procedure of analyzing
the experimental data (such as those due to poor ac-
curacy of calculations of the electromagnetic correc-
tions to the elastic scattering amplitude).

The thin-target technique is not effective in extracted
beams of particles when it is not possible to ensure the
condition of multiple passage of the particles through
the target. To measure the cross section for the scat-
tering of pions with small momentum transfers (30
MeV/c < pt < 100 MeV/c), another method was devel-
oped, t 3 2 ] in which the functions of the gaseous hydrogen
target and the detector of the slow recoil particles were
performed by one and the same device. To distinguish
the elastic events according to their kinematics, mea-
surements were made of the proton momentum and its
angle with respect to the direction of the meson beam
at the point of interaction. By measuring the path length
of the recoil proton, a resolution in t better than 10~3

(GeV/c)2 was achieved.

Elastic scattering has been studied in a number of
experiments by the technique of spectrometry of the
angles and momenta of the scattered pions by means of
magnetic spectrometers. Experiments at Brookhaven"31

and at Serpukhov"4l made use of hodoscope systems as
coordinate detectors, which were used to measure the
scattering angles and the angles of deflection of the
particles by an analyzing magnet. Experiments on pro-
ton-proton scattering carried out at CERN and at the
Rutherford Laboratory (England)/351 as well as experi-
ments on πρ scattering at Dubna,1361 used spark cham-
bers instead of scintillation hodoscopes. Because of the
large dead time of spark chambers, it is necessary to
use fast (nanosecond) logical systems for the prelimi-
nary selection of scattering events."8 1

b) The procedure of determining the polarization pa-
rameters. The polarization parameters (1.10)-(1.12)
are determined in experiments involving the scattering
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of particles by polarized targets. The targets which
are usually employed are organic compounds contain-
ing a large quantity of hydrogen (such as butanol, C4H10O,
or ethylene glycol, C2HgO2), cooled to a temperature
~0.3 °K. At such low temperatures the polarization of
the hydrogen nuclei in the target can attain values 70-

[37]

The polarization Ρ in elastic scattering is determined
by measuring the left-right asymmetry of the scattering
in the plane perpendicular to the direction of the polari-
zation of the target. To determine the spin rotation pa-
rameters R and A, it is necessary to analyze the polari-
zation Pf of the recoil proton after the scattering under
conditions in which the polarization Pj of the target lies
in the scattering plane (Fig. 6). The relations between
the components of the initial polarization Pj and the final
polarization Pf for up scattering can be written in the
form

u - P, [kixnj = {RPt |k,
ν - Pfkp ={«P,k, +
w =• (P + P;n) (1 + /

x,,j _ APfri) (1 +
APi [k,xn]} (1 +
P) 1

(2.27)

here η = (ki xkf)/|ki xkf |, and ki, kf and kp are unit vec-
tors in the laboratory coordinate system directed along
the momenta of the incident pion, the scattered pion and
the recoil proton, respectively. The differential cross
section and the polarization parameters are in turn re-
lated to the scattering amplitudes by Eqs. (1.9)—(1.12).
It can be seen from Fig. 6 and Eqs. (2.27) that a deter-
mination of the parameter A(R) requires an analysis of
the component of the polarization of the recoil proton u
under conditions in which the target is polarized in the
direction of kj (perpendicular to kj). This component of
polarization is determined by measuring the azimuthal
distribution of recoil protons scattered by the target-
analyzer (carbon). In addition to the detection of the re-
coil proton, it is also necessary to detect the scattered
pion in order to separate the events on hydrogen from
the background of reactions on the nuclei of the target.
For methodological reasons, the range of momentum
transfers which is studied is bounded below by — t < 0.2
(GeV/c)2.

c) The study of elastic scattering in a wide range of
momentum transfers. In going from the interference
region to the region of large momentum transfers, there
is a rapid growth in the path length of the recoil parti-
cles (and the cross sections fall off almost exponentially),
and it becomes possible (and, owing to the reduction in
the cross section, even necessary) to make use of two
spectrometers for the simultaneous detection of both
particles.

An example of an experimental arrangement for the
study of scattering in a wide range of values of t is the
CERN magnetic spectrometer,"8 3 which has been used
to study the elastic scattering of pions, kaons, protons
and antiprotons by protons at 5 GeV/c. The spectrom-

Beam

e-A\9i\

FIG. 6. Definition of the parameters P, R and A in experiments
using a polarized target.

FIG. 7. Scheme of the magnetic spectrometer for studying the
elastic scattering of hadrons in a wide range of momentum transfers
[38]

eter (Fig. 7) incorporates the following elements: scin-
tillation hodoscopes (Hi), which determine the direction
of the incoming particles with an accuracy ± 0.8 mrad;
threshold Cerenkov counters (Ci), which distinguish
pions, kaons and nucleons from the incident beam of
particles; scintillation counters (Si) and veto counters
(Vj), which eliminate the halo of the beam and the par-
ticles which have passed through the target without in-
teracting; and two arms of a spectrometer consisting
of a set of counters that determine the operative aper-
ture of each arm, an analyzing magnet and telescopes
of spark chambers (Wj). This system detects particles
scattered within the range of laboratory angles from 4
to ~180° (98% of the available interval in t is covered
in the case of Kp scattering). With an intensity of the
incident beam equal to ~ 5 χ 105 particles per cycle of
acceleration, the apparatus detected ~ 10 events per
cycle which satisfied the trigger criteria. The informa-
tion from all the counters and chambers was fed into a
computer for subsequent analysis. The total number of
useful events for each of the studied reactions was 104-
105, and the measured differential cross sections varied
in the range from 10 to 10"5 mb/(GeV/c)2.

This arrangement is typical for high-energy physics.
Wide-aperture high-speed detectors of charged parti-
cles with a spatial resolution of the order of a fraction
of a millimeter operate on-line with a computer, provid-
ing a high rate of collection and analysis of experimen-
tal information.

3. EXPERIMENTAL RESULTS

3.1. The Amplitudes for Forward Elastic Scattering
of Hadrons

a) The imaginary part of the amplitude. By virtue of
the optical theorem (2.2), the total cross sections deter-
mine the imaginary part of the elastic scattering ampli-
tude for t = 0. In the case of NN scattering, the expres-
sion (2.2) applies to the spin-averaged interaction. In
Fig. 8 we show the data on the total cross sections in
the region of high energies Ε > 5 GeV, where structure
in the dependence of at(E) due to s-channel resonances
is no longer seen. It has been established from measure-
ments of the total cross sections for ir^p, K*p, pp and pp
interactions up to 30 GeV that these cross sections de-
pend on a power of the energy:

* - « . + •£•• (3.1)

An important result of the high-precision experiments
performed at Serpukhov i3n was the observation that the
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extrapolation of such a dependence to higher energies
is unsound. It was found that the total cross sections
for pp, 7r*p and K"p interactions remain practically con-
stant in the energy region 30-50 GeV (for example, for
π~ρ and K~p interactions, the total cross sections can be
approximated by straight lines whose slopes have the
values - 0.004 ± 0.004 mb/(GeV/c) and - 0.007 ± 0.004
mb/(GeV/c), respectively).

An even more significant result of the Serpukhov ex-
periments is the observation of a growth in the total
cross section for the K+p system. Measurements of the
total cross sections using the colliding beams at CERN
(ISR) t40>41] up to s = 2800 GeV2 (equivalent to a momen-
tum ρ = 1500 GeV/c in the laboratory coordinate system)
have demonstrated that the total cross section also rises
in the case of the pp system. Qualitatively, such a be-
havior of the total cross sections had been predicted by
complex angular momentum theory with allowance for
cuts." 9 1 However, it is significant that the effect of the
growth of the total cross sections was found to be un-
expectedly large (of order 10% when -is increases from
23 to 53 GeV) and showed up at energies much lower
than expected (see Fig. 8). Experiments with cosmic

rays have also indicated that nucleon-nucleus cross
sections rise with energy."2 1 It should be noted, how-
ever, that the results of C42] have evoked lively discus-
sion.

Recent measurements of the total cross sections for
π*, K* and ρ interactions with hydrogen and deuterium
at BataviaC43] confirm that the phenomena of rising cross
sections is universal. A growth has not yet been estab-
lished for the pp interaction, but the trend in the behav-
ior of σΡΡ(Ε) corresponds to the universal picture (the
rate of fall-off of at(pp) is slowing down).

The growth of the total pp cross section in the ISR
energy region is described by the dependence"03

ο + α, (in-^-) (3.2)

where ν = 1.8 ± 0.4 (such an energy dependence of the
imaginary part of the scattering amplitude with ν < 2
is consistent with the Froissart bound (2.12)).

The differences between the total interaction cross
sections for particles and antiparticles decrease with
energy according to the power law

p"
(3.3)

which has been established within the large energy range
6 « Ε « 200 GeV. The values of η at the energies of
Serpukhov[44] and BataviaC431 are in mutual agreement
and vary for different reactions from ~0.4 to ~0.6. For
the Kp system, the law of decrease of the difference of
cross sections has been established both in measure-
ments of the total cross sections for charged kaons and
in experiments to measure the regeneration amplitude
of neutral kaons in hydrogen, which is proportional to
the difference of cross sections:1 4 5 1

•.at(K0p)-ol(K0p)=Aol. (3.4)

The foregoing information about the energy depen-
dence of the difference of total cross sections indicates
that the Pomeranchuk theorem concerning the asymptotic
equality of the total cross sections for particles and
antiparticles is consistent with the experimental data.
The parametrization (3.3) can be explained in a natural
way within the framework of complex angular momen-
tum theory: all differences of total cross sections must
decrease asymptotically according to a power law, since
they are determined by the contributions of the secon-
dary Regge trajectories ρ, ω and A2. This is true (with
an accuracy up to logarithmic terms) even if allowance
is made for branch points:4'

Δ ο = Σ ( ν ) ' " ν ο ) / ( 1 η ν ) · <3·5>
b) Real part of the amplitude. We shall give here ex-

perimental data on the real parts of the amplitudes for
elastic scattering of mesons and protons by protons.
These data are obtained by analyzing differential cross
sections in the Coulomb interference region. To deter-
mine the real part of the forward elastic scattering am-
plitude, the differential cross sections measured up to
| t | « 4 χ 10"4 (GeV/c)2 were approximated by the formula

4)At the available energies, it proves to be quite important to allow for
the logarithmic dependence on s due to the moving branch points.
Consequently, the values of η which are found from experiment
should be somewhat different from the actual values of 1 - ai(0) de-
termined, for example, from the spectrum of resonances.
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da
~~dT (3.6)

in which Τ = (p + i) ImT is the hadronic scattering am-
plitude (in the spinless approximation), TQ = Ιδτφ/ίΓε2

χ F (t)/tv is the Coulomb scattering amplitude, e and ν
are the charge and velocity of the particles, F(t) is the
electromagnetic form factor of the proton, and η
= - (e2/v) In (b'V 11| ) is the shift in phase of the nuclear
and Coulomb amplitudes, which has been calculated in
[ 4 β 1 (the value of b' is determined by the slope param-
eter Β of the diffraction peak and the electromagnetic
radii of the scattering particles). The representation
of ImT(t) in the form of an exponential, Eq. (1.4), is
valid for small momentum transfers 111.

1) pp scattering. Elastic proton-proton scattering
has aroused particular interest in recent years, since
the process of pp scattering has been studied at the
highest available accelerator energies (s ~ 3000 GeV2)
and therefore provides the most interesting information
about the asymptotic behavior of the scattering ampli-
tude.

The first measurements of the ratio of the real to
imaginary part of the amplitude by means of the inter-
ference method were made in Dubna in 1963.[271 This
experiment showed that, for pp scattering in the energy
range 1-10 GeV, the real part of the amplitude is com-
parable with the imaginary part and is negative
(p = Re T/ImT R? — 0.3). These experiments were fol-
lowed by similar measurements in other laboratories
and dispersion-relation calculations of the real part of
the amplitude for the high-energy region which had be-
come experimentally accessible. C 4 7 ' 4 8 ] This initiated the
realization of the program of testing the basic princi-
ples of the theory by using dispersion relations to com-
pare the experimental data on total cross sections with
the results of measurements of the real part of the am-
plitude.

In Fig. 9 we show how the measured values of ρ (pp)
compare with calculations based on dispersion rela-
tions. In the energy range 1-500 GeV, the experimental
values of ρ in pp scattering obtained using the acceler-
ators at Dubna, C 5 1 ' 5 2 ] Serpukhov/291 CERN,C35'533 Brook-
haven [ 3 3 ] and Batavia t31] are in qualitative agreement
with the dispersion calculations. A quantitative com-
parison in the case of the pp interaction is complicated
by two ambiguities, whose effect, however, becomes
smaller with increasing energy. Calculations of the real

parts of the pp amplitude at low energies are affected to
a great extent by the unphysical region, while analyses
of interference data require allowance for the spin-spin
interaction. The contribution of the unphysical region
to the dispersion integral is determined by comparing
the dispersion calculations with the results of phase-
shift analyses of pp scattering at low energies; the mag-
nitude of this contribution falls off with energy"7 1 like
~ E"1 and is no more than 10% at Ε « 10 GeV. Studies
of the interactions of protons in pure spin states t 5 4 ] and
estimates of spin effects in interference experimentst52>

5 5 1 show that these effects also have a small influence
on the results of analyses of cross sections in the Cou-
lomb-nuclear interference region at high energies.

The theory imposes a number of restrictions on the
behavior of the elastic scattering amplitude. In particu-
lar, it has been established^6"581 that the sign of the real
part of the amplitude at high energies is directly related
to the asymptotic form of the total cross sections:

lim ρ ~ - (3.7)

. GeV

FIG. 9. p(0) = Re T(0)/Im T(0), the ratio of the real to imaginary
part of the amplitude in elastic pp forward scatter [2».3i.33,3s,4»,si,53]_

Consequently, after the appearance of the first indica-
tions of a growth in the total cross section for the pp in-
teraction at high energies, there arose the problem of
studying the predicted change in the energy dependence
p(s). Recent data obtained using the colliding beams at
CERN [531and in the Soviet-American experiment at the
Fermilab accelerator1·311 have shown that the real part
of the amplitude changes sign (becomes positive) at Ε
~ 280 GeV. The change in sign of the real part of the
amplitude and the growth of the total cross section for
pp scattering are mutually consistent effects.

An important feature of the dispersion relations for
forward scattering is the sensitivity of the calculated
values of the real part of the amplitude to the asymptotic
behavior of the total cross sections. Because of this,
measurements of the real parts of the amplitudes near
the upper limit of the accessible energy range may pro-
vide a good test of the behavior of the total cross sec-
tions beyond this limit.C591 However, it is obvious that
the further we want to see beyond the available energy
range, the higher the accuracy with which the real part
of the amplitude must be measured. The results of [ 3 1 1,
in which measurements were made with an accuracy Δρ
= 0.01-0.015, are clearly incompatible with the hypothe-
sis that the total cross sections fall off monotonically
towards a constant value: in this case, the real part of
the amplitude would have to remain negative at all en-
ergies (curve 3 in Fig. 9). The assumption that the total
cross section rises like ~ In2 s and then tends to a con-
stant at Ε ~ 2000 GeV is not well borne out (curve 2 in
Fig. 9). The agreement with a parametrization of the
total cross section in the form at = a 0 + a j ln (s/so)]_
is more satisfactory (curve 1 in Fig. 9; the values of
the constants a 0 , a x, s 0 and ν are given in C 8 0 ] ) . However,
the extent to which the energy dependence of p(pp) is in
agreement with the dispersion predictions is improved
by assuming a more rapid law of growth of the total
cross section than that which is proposed in C601 and
which is usually quoted (to bring the theoretical and
experimental results into agreement, the authors of c 8 1 ]

use aL = 0.77 instead of ax = 0.49 C 6 0 1).

2) K ^ scattering. No accurate interference measure-
ments of K+p scattering have been made by the electronic
technique in the range of energies above 3 GeV. The data

721 Sov. Phys.-Usp., Vol. 18. No. 9 L. S. Zolin et al. 721



FIG. 10. p(0) in elastic K^p
scattering [62~M]. We show only
the results of interference
measurements. The dispersion
curves are calculated under the
assumption that the Κ*ρ total
cross sections have the asymp-
totic value σ+(<*>) = 19.2 mb

n.
20

Plab, GeV/c

on K*p and K~p scattering shown in Fig. 10 were obtained
by using a liquid hydrogen chamber exposed to the sepa-
rated beams at CERN c e 2 > 6 3 ] and do not include the angu-
lar region in which the interference effect is appreciable.
For this reason, these results have a lower accuracy
than in the case of pp or πρ scattering.

The first direct measurement of K±p forward scat-
tering which included the interference region for values
0.008 s | t | < 0.1 (GeV/c)2 was made at CERN at mo-
menta between 0.9 and 2.6 GeV/c, using a non-magnetic
spectrometer with proportional chambers/ 6 4 1 The au-
thors of this experimental paper made use of the avail-
able data on phase-shift analyses of Kp scattering to es-
timate the magnitude of the spin-flip term 5 ' in the scat-
tering amplitude and found that this term is less than
0.2%. The results of this experiment were used to im-
prove the accuracy of the values of the ΛΚΝ and ΣΚΝ
coupling constants, a knowledge of which is needed to
calculate the real parts of the Κ±ρ forward scattering
amplitudes on the basis of dispersion theory. The dis-
persion curves obtained in t e 4 1 provide a satisfactory
description of the experimental data for ρ < 3 GeV/c,
but it is not possible to obtain a consistent simultaneous
description of the existing data on K~p and K+p scatter-
ing in the region of higher energies (see Fig. 10).

In the case of kaon-proton scattering, information on
the real parts of the K±N amplitudes can be obtained not
only by direct measurements of the Coulomb interfer-
ence, but also by measuring the K L — Kg regeneration.
Regeneration experiments involve measurements of the
crossing-odd amplitudes

(3.8)
= - 2 / (K°Lp-

Experimental data on the modulus and phase of the re-
generation amplitude in hydrogen : 4 5 'β 5 'β 6 ] and deuter-
ium [ β 7 ' 6 8 ] can be used to obtain the real part of the re-
generation amplitude for the neutron, Re (K^n — Ksn),
and to compare it with the difference between the real
parts of the Κ±ρ amplitudes.C6e] Such a comparison re-
veals a significant discrepancy between the results.
Thus, we require a further refinement in the experimen-
tal status of kaon-proton scattering in the range of high
energies which is currently accessible to accelerators.
The present status of the test of dispersion relations is
clearly unsatisfactory in this case.

3) 7T±p scattering. A year ago, the only interference
measurements in τη? scattering were the data of two ex-
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FIG. 11. p(0) in elastic π+ρ scattering [ 3 3 > 6 4]. The dispersion curve
[ so] takes into account the latest data on the rising total cross sections
for the t ^ p interaction [ 4 3 ].

5)The contribution of the process involving a reversal of the spin.
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FIG. 12. p(0) in elastic π"ρ scattering [32,33,M,69-7IJ J ^ dispersion
curves are calculated under two different assumptions about the be-
havior of the total cross sections for the fl^p interaction [4' s0] for
ρ > 60 GeV/c. (The dotted curve takes into account the growth of the
total cross sections [43].)

perimental groups at Brookhaven1331 (U.S.A.) and at
Dubna.c32'691 These results have now been supplemented
by data obtained at energies above 30 GeV/c at Serpu-
khov"0 '7 1 1 and results at CERN for Ε s 2 BeV/c.C721

Figures 11 and 12 show a compilation of experimental
data on ττ±ρ scattering in the momentum range from 1
to 60 GeV/c.

The most direct test of the basic principles of local
field theory can be made by comparing the data on pion-
nucleon forward scattering with the predictions of dis-
persion calculations. In fact, in contrast with the case
of pp or Kp scattering, the dispersion relations for πρ
scattering at zero angle contain no unobservable quanti-
ties and express the real part of the elastic forward
scattering amplitude in terms of data on the total τ^ρ
cross sections and constants which can be determined
from experiments on low-energy scattering. A com-
parison of the measured values of p(E) with those cal-
culated from dispersion relations reveals that the re-
sults are in good agreement with the calculations in the
range of energies below 8 GeV/c. The absence of dis-
crepancies in the region in which resonance contribu-
tions have a strong effect on the behavior of the total
cross sections for π*ρ scattering (ρ < 2.5 GeV/c) and
in which the value of p(E) is varying rapidly indicates
that there is good general self-consistency of the data
on the pion-nucleon interaction in the region of low and
intermediate energies.

At high energies, when the experimental data are
compared with dispersion calculations (the dotted curve
in Fig. 12) which take into account the experimentally
established growth of the total τι^ρ cross sections above
100 GeV,C5o: it is found that the data of the Brookhaven
group1331 on 7r"p scattering (Fig. 12) deviate more and
more from the calculated dependence p(E) with increas-
ing energy. A discrepancy between the measured and
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calculated values of ρ in this energy region has also
been found in [ 7 0 ' 7 1 ] . At the same time, the data on π* ρ
scattering (Fig. 11) are in satisfactory agreement with
the dispersion calculations. To understand this contra-
dictory situation, we require further precision measure-
ments of p(E), particularly in the range 10 s Ε « 60 GeV,
where the theoretical predictions of p(E) are quite reli-
able because good measurements of the total cross sec-
tions have been made up to 200 GeV.

As to the possible violation of the dispersion relations
and an estimate of the dimensions l0 of a hypothetical re-
gion of acausality/7 3 '7 4 1 it should be noted that there is a
need for not only reliable data on the modulus and phase
of the forward πΝ scattering amplitude, but also a suffi-
ciently consistent technique by which a fundamental
length l0 is introduced in the theory and the effects as-
sociated with it are estimated. The current experimental
data on πρ and pp scattering do not provide any indica-
tions for the existence of an acausal region comparable
with the range of the strong interactions.

A number of experiments have revealed a discrepancy
between the values of (dff/dt)t=o obtained by extrapolating
the data to t = 0 and the "optical point," and this has ini-
tiated a discussion concerning the possibility of a viola-
tion of the optical theorem in hadronic interactions. [ 7 5 ' 7 β Ι

This discrepancy may be attributed to an inaccuracy of
an extrapolation from the range of values | t | > 0.1
(GeV/c)2 which is based on the assumption that the peak
has an exponential form. In this sense, tests of the opti-
cal theorem (unitarity) are related to the problem (con-
sidered below) of the form of the diffraction peak for 11|
< 0.1 (GeV/c)2 and require very accurate measurements
of the differential cross sections in this region of mo-
mentum transfers. An analysis of the entire set of ex-
perimental data referring to this problem indicates that
there are no serious signs of a breakdown of the optical
theorem, since the existing discrepancies are always of
the order of the systematic errors and the ambiguities
in the extrapolation.C76]

3.2. Slopes of the Diffraction Peaks

In the region of small momentum transfers | t | < 0,1
(GeV/c)2, the differential cross sections for elastic pro-
cesses can be approximated by an exponential form
exp (Bt). The slope parameter B(s,t), along with the
total cross section and the phase of the scattering am-
plitude, is a primary characteristic of a process, since
it plays a major role in the theory of hadronic interac-
tions. We recall, for example, that the experimental data
on the energy dependence of the parameter B(s) was the
first touchstone for testing the Regge-pole model.

At high energies, the value of Β lies in the range 8-12
(GeV/c)"2 for all measured processes of elastic scatter-
ing of hadrons.

In general, the value of Β depends on the nature of the
scattering particles, their energy and the interval of t
in which the measurements are made. For all reactions
which have been studied, the slope increases as the mag-
nitude of the momentum transfer becomes smaller. Mea-
surements of B(s,t) at small | t | are of theoretical inter-
est in most cases. We shall therefore generally confine
our discussion to the region of small momentum trans-
fers, | t | <0.1 (GeV/c)2.

a) Shrinkage of the peaks. The experimental informa-
tion about the slope parameter in the region of small
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FIG. 13. The slope parameter Β for the diffraction peak in elastic
pp scattering for - t <0 .1 (GeV/c) 2 ! 2 8 - 3 0 · 3 3 ' 3 5 ' 5 1 ' 7 7 ' 7 8 ].

momentum transfers is rather poor: it has generally
been obtained using the same experimental arrange-
ments that were used to carry out interference measure-
ments of the phase of the forward scattering amplitude.
The most information has been obtained in the case of
proton-proton scattering, where the effect of the growth
in the slope parameter with increasing energy—the
shrinkage of the diffraction peak—was first observed.

Figure 13 shows the existing experimental data on
the slope of the peak in pp scatteringC 2 8 ' 3 0 'M > 5 1 ' 7 7 ' 7 8 ] in
the energy range 4.5 < s < 3600 GeV2. The experiment
of the Dubna-Serpukhov groupc 2 8 ] involved a measure-
ment of the dependence of the slope parameter for pp
scattering in the momentum range 10-70 GeV/c. The
energy dependence of the slope parameter for pp scat-
tering in the range - t i 0.1 (GeV/c)2 is described by
the logarithmic behavior

Β (s) = Bo + 2a' I n - . (3.9)

The shrinkage of the peak is characterized by the pa-
rameter a', whose value for this energy range is a'
= 0.41 ± 0.06 (GeV/c)"2. Similar measurements per-
formed by the Soviet-American group at Batavia"0 1

showed that the peak in elastic pp scattering continues
to shrink as the energy of the scattering protons in-
creases, although possibly more slowly. In the energy
range 50-400 GeV, a' = (0.278 ± 0.024) (GeV/c)"2. The
conclusion that the rate of shrinkage is slowing down
with increasing s is strengthened if one takes into ac-
count the data within the entire energy range starting
with s = 4.5 GeV2.

The information on the slope parameter for jr±p scat-
tering is shown in Fig. 14. It has been noted"9 1 that, if
only small momentum transfers are considered (these
are the data that were used in Fig. 14), then the slope
of the peak is also found to grow with energy in the case
of 7T±p scattering at energies above 3 GeV (the param-
eter Β does not behave monotonically as a function of
energy in the range Ε < 3 GeV, which is characterized
by the presence of resonances in the irp system).

The preliminary results of experiments on ΐΓ*ρ, Κ*ρ,
pp and pp scattering performed in the neighboring inter-
val 0.07 < - t ^ 0.3 (GeV/c)2 at Batavia/803 as well as
measurements made at Serpukhov/81 m also indicate
that the parameter B(s,t) is increasing with s (Fig. 15).
(The case of pp scattering, where the peak is expanding
with s, is an exception. However, there is still hope that
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FIG. 15. The parameter B in ττ~ρ, K~p, pp and pp scattering [80]
for the interval 0.1 < - t < 0.3 (GeV/c)2.

But what is the asymptotic dependence of B(s)? From
the experimental standpoint, this question has now been
studied most thoroughly in the case of proton-proton
scattering: high-precision experiments in the range of
energies up to s ~ 750 GeV2 using internal accelerator
targets,

[28-30]
as well as data obtained using the collid-

FIG. 14. The slope parameter Β for jr 1? scattering. The values of Β
for ρ > 5 GeV/c are determined for the interval - t < 0.04 (GeV/c)2 [7 9].

this distinction will disappear at high energies, once the
pp total cross section stops decreasing.)

We recall that it was assumed in the 1960s that there
is no shrinkage of the peak for the πρ system, whereas
a very strong shrinkage was seen for energies 3 < Ε
< 20 GeV in the case of pp scattering. Now that a larger
range of energies has been studied, the experimental
picture is approaching a universal one. Our point of
view has changed for two reasons: first, it has been
found that the slope parameter depends on the value of
t at which it is measured (see Sec. 3.2b), and it has be-
come obvious that comparisons must be made within one
and the same interval of t near t = 0; second, it was found
that the rate of shrinkage of the proton peak has become
much slower in going from the energies 3-30 GeV to the
range 10-70 GeV (see Fig. 13).

It follows from the experiments performed in the en-
ergy range Ε ~ 10-100 GeV that the slopes of the dif-
fraction peaks for the elastic scattering of protons,
pions and kaons by protons increase not faster than
In s. There are no indications here of a possible viola-
tion of the asymptotic bound (2.13), namely B(s) < const
-In2 s, which the axiomatic theory imposes on the energy
dependence of the slope parameter.

ing beams at CERN,C77'781 have made it possible to ex-
tend the range of the investigations up to energies cor-
responding to a momentum 1500 GeV/c in the laboratory
coordinate system. Unfortunately, even in this case, we
cannot distinguish between two possibilities: either the
slope parameter continues to rise logarithmically as s
— °o in accordance with Eq. (3.9), or the growth of B(s)
stops (a'-0)ass-«.

b) The slope of the peak as a function of the momen-
tum transfer. In our discussion of the energy depen-
dence of the parameter B(s) in the preceding subsection,
the range of momentum transfers was limited to the
small interval 0.01 < - t « 0.1 (GeV/c)2, in which the
slope does not vary with t within the experimental ac-
curacy. (It is only the absence of good experimental
data near t ~ 0 for the processes of elastic scattering
of pions, kaons and antiprotons which forced us to make
use of information from a larger interval of t.) In this
subsection we discuss the slope of the peak as a func-
tion of the momentum transfer; in other words, we con-
sider the form of the differential cross sections within
the diffraction peak. We extend the range of momentum
transfers. We choose the upper limit - t < 0.4 (GeV/c)2,
so as to exclude the region of momentum transfers in
which the curve for da(t)/dt begins to exhibit structure,
possibly associated with interference phenomena (see
Fig. 16 and Sec. 3.4).

Until recently, an exponential with a linear t-depen-
dence was used to parametrize the cross sections for
elastic processes in this region of small momentum
transfers. The motive for this choice was the optical
model, in terms of which the angular dependence of the
elastic scattering amplitudes is described by a formula
of the type (2.17), which in the case of small momentum
transfers corresponds to an exponential with a linear t-
dependence, da/dt ~ exp (R*t/4).

With the appearance of sufficiently accurate experi-
mental data on the scattering of protons, it has become
clear that an exponential with a linear t-dependence is
not in agreement with experiment, even in this narrow
interval At near t = 0. First of all, it was shown"3 '5 1 '8 8 1

that the slopes of the peaks measured in the range - 1
< 0.1 (GeV/c)2 are larger than those in the range 0.1
< - t < 0.3 (GeV/c)2. Subsequently, a single experi-
ment1 7 8 1 using the colliding beams at CERN showed di-
rectly that the slope changes near - t « 0.1 (GeV/c)2

(Fig. 17). Recently, direct experimental evidence has
been obtained that the slope also changes in ιτ"ρ scat-
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FIG. 17. Measurement of the slope of the diffraction peak [78] in
the region - t «0.12 (GeV/c)2.

tering (the experimentsC87] were performed at 8 GeV)
from B = 8.19 ±0.19 (GeV/c)'2 for 0.02 < - t < 0.10
(GeV/c)2 to Β = 7.23 ± 0.05 (GeV/c)"2 for 0.15 < - 1
< 0.5 (GeV/c)2. The effect of the change in slope is less
pronounced for scattering of negatively charged kaons; t 8 7 J

it is not observed in the case of antiproton scattering
(the scattering of positively charged particles was not
studied in this work). There is as yet no generally ac-
cepted explanation of this effect. By using the analytic
properties of the scattering amplitudes, : m it can be re-
lated to the effect of the structure of the nearby cuts on
the scattering amplitude in the neighboring physical re-
gion, and this leads to a continuous growth of the slope
of the peak as t — 0. A parametrization of the differen-
tial cross sections which allows for the change of slope
has been proposed in C89]

c) Comparison of da/dt for particles and antipartides.
As in the case of the total cross sections, the differential
cross sections for elastic scattering of antiparticles
(da~/dt) and their logarithmic derivatives (B~) at t = 0
exceed the analogous quantities (da+/dt and B+) for the
corresponding particles; but since Β" > Β*, the cross
sections become equal at some t = t c (see Fig. 16; the
curves for άσ'/dt and da+/dt cross—this is the so-called
"cross-over phenomenon").

It is of interest to consider the energy dependence of
the cross-over point, since this provides a sensitive test
of a number of theoretical models. The difference be-
tween the differential cross sections is approximately
proportional to Im νΔχ=ο> the imaginary part of the
helicity-conserving amplitude corresponding to t-chan-
nel exchanges with the quantum numbers of the vector
mesons:

da da- da*

In the geometric model,CB0] this amplitude is proportional
to the Bessel function of order zero:

Im /„ (Λ/Zij,

so that t c moves towards smaller 111 if the radius grows
with increasing s. In the single-pole Regge model, the
cross-over point is independent of the energy.

a i* i

0.1-

10° 10'
ι ~ *•«* •* • * • - n • • * • 1 • • •

ίο2 ίο" iof mz

pUb,GeV/c Pub.GeV/c
FIG. 18. Energy dependence of the position of the cross-over point

[*°J. The points for ρ < 10 GeV/c are the results of direct measurements.
Above 10 GeV/c we show the values of t c calculated from data on the
total cross sections and the slope parameters for particles and antipar-
ticles.

The experimental information on the energy depen-
dence of the cross-over point t c for kaon-proton and
proton-proton scattering is shown in Fig. 18. t 9 0 1 Unfor-
tunately, owing to the small number of experiments and
their poor accuracy, we cannot draw any definite conclu-
sions at the present time.

3.3. Behavior of the Cross Sections in the Region
0.5 < - t < 3 (GeV/c)2

In Fig. 1 we showed the differential cross sections
for the elastic scattering of hadrons by protons at 5
GeV/c, measured by means of a double-arm spectrom-
eter" 8 3 within the wide range of momentum transfers
0.2 < - t s 8 (GeV/c)2. All the reactions except K+p
and pp scattering are characterized by the presence of
structures in da/dt in the region of momentum trans-
fers 0 . 5 « - t i 3 GeV2. This region is a transition re-
gion from the regime of scattering with small momen-
tum transfers, which is described by Eqs. (2.17) and
(2.19), to the regime of scattering with large momen-
tum transfers, which may be related to the interaction
of hypothetical particles that make up the structure of
the nucleon. As can be seen drom Fig. 1, the t-depen-
dence of da/dt in this transition region is not monotonic.

The fact that structures in da/dt occur for elastic pp,
K"p and )7±p scattering but not in K+p or pp scattering
can be understood in the framework of dual models. In
these models, the contributions of the secondary Regge
poles (ω, Ρ', ρ, Α2) to the elastic K+p and pp scattering
amplitudes are real, since there are no known reso-
nances in the "exotic" channels, namely K+p and pp
scattering. For energies < 5 GeV, these real contribu-
tions completely fill in the minima of da/dt, correspond-
ing to the predominantly imaginary contribution of the
vacuum singularity. At the same time, the contributions
of the secondary poles to the pp and K~p elastic scatter-
ing amplitudes are purely imaginary and lead to struc-
ture in the differential cross sections in addition to the
main structure due to pomeron exchange. In other words,
the structure of the amplitudes in dual models is largely
due to the direct-channel resonances which are absent in
K+p and pp scattering but which are important in pp, K~p
and s^p scattering.

"Hie cross sections in the interval of momentum
transfers 0.03 < - t < 0.8 (GeV/c)2 are frequently pa-
rametrized by an exponential with a quadratic t-depen-
dence:

-£~exp(Z?t + rt*). (3.10)

The parameter c which is artificially introduced in this
formula takes into account the effects associated with
the above-mentioned structure of the differential cross
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FIG. 19. Differential cross sections for elastic pp scattering at ISR
energies [ 7 8 ]. The curves show the description of the differential cross
sections in the model of geometric scaling [" ].

sections, which can be described more naturally by a
formula of the interference type:

do

For energies 25-40 GeV, the adjustable coefficient c is
found to have practically the same value for all parti-
cles/ 8 2 ' 8 1 3 namely c κ 2.5 GeV"4. The formula (3.10) is
unsuitable at lower energies, where the structure in
da/dt is even more pronounced in this region of momen-
tum transfers for π ± ρ, ICp and pp scattering (see Fig.
16).

The role of the secondary singularities becomes less
important as the energy increases, and at energies
~1000 GeV the character of the scattering begins to re-
semble a diffraction picture. In Fig. 19 we show the dif-
ferential cross sections for elastic pp scattering at ISR
energies."8 3 A minimum in da/dt at | t | ~ 1.3 GeV2, as
well as a second maximum at | t | ~ 2 GeV2, are clearly
seen. The measurementsC 9 2 ] show that the position of
the minimum moves into the region of smaller | t | as
the energy increases, while the value of da/dt at the
second maximum rises. The total pp interaction cross
section and the total cross section for elastic scattering
rise in the same manner (by 10% in the energy range
400 < s < 3000 GeV2). This behavior is in accordance
with the predictions of the model of "geometric seal-

h e p
" : 1 9 0 ' 9 "ing

σ, ~ R' (3.12)

σοι ~ R\ (3.13)

da/dt ~ o't (s) Ρ (R*t) . ( 3 # 1 4 )

= σ?(ϊ)ί·(σ,ί).

According to (3.14), the position of the minimum in
da/dt falls off with energy like - t m i n ~ a t (s)~\ while
the value of da/dt at the second maximum rises with
energy like ~at(s) 2 .

It is assumed in the model of geometric scaling that
the degree of "grayness" of a hadron is independent of
the energy and that only the effective radius of interac-
tion R(s) rises with increasing energy. (The partial-
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FIG. 20. The polarization in π~ρ scattering [ 9 4 > ' s ].

wave amplitude f (s,b), which is a function of both the
impact parameter b and the energy s in the general
case, depends only on the ratio b/R(s) in this model.)
The condition

which is implied by this assumption is poorly borne out
by experiment: the slope of the peak rises more slowly
than at and aey.

3.4. Polarization Measurements and the
Reconstruction of the πΝ Scattering Amplitudes

There is now a significant accumulation of experi-
mental information about the polarization in elastic
scattering processes, although a set of data which is
adequate for an amplitude analysis exists only for πρ
scattering at relatively low energies. The polarization
data for τ^ρ scattering are shown in Fig. 20. The char-
acteristic dependence with a maximum in P_ (t) at — t
« 0.6 GeV2 (where P.(t) = 0) which is observed at ener-
gies ~ 10 GeVtS4] is still present at ρ = 40 GeV/c (ac-
cording to the results of a joint Soviet-French experi-
ment using the IHEP accelerator),c 9 5 ] although the ab-
solute value of the polarization at ρ = 40 GeV/c has be-
come smaller than the data at ρ = 14 GeV/c by almost a
factor of two. It is of interest to observe that the polar-
ization in the scattering of positively charged pions
throughout the studied energy range is equal in magni-
tude but opposite in sign to the polarization in the re-
action n'p — π~ρ. The energy dependence of the polari-
zation in TT+P scattering is shown in Fig. 21. Such a de-
pendence of the polarization on a power of s is in agree-
ment with the predictions of the Regge-pole model, in
which the polarization is a result of the interference be-
tween the Ρ pole and the secondary poles and should fall

off like aapM-°&).

At the energy 6 GeV, there exists experimental infor-
mation1-971 on the seven quantities da+/dt, da./dt, dao/dt,
P*. P-, Po a n d R -> 6 1 where +, - and 0 refer to the pro-

6)The experimental status of the measurements of P o at energies 5-6
GeV remains somewhat unclear at the present time. The CERN-Saclay-
DESY data ["] at 6 GeV indicate the existence of an appreciable
polarization (Po ~ 0.6) in the process π"ρ -+ π°η at - t = -0.5 GeV2.
At the same time, according to the ANL data [ 10°], the polarization in
this region is no greater than 0.2 at 5 GeV. However, the results of
the amplitude analysis quoted below are insensitive to the value of Po-
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FIG. 21. The energy de-
pendence of the polarization in
π+ρ scattering (0.1 < - t < 0.3
(GeV/c)2) [9 7].

cesses of π*ρ and κ ρ elastic scattering and the reaction
7Γ~ρ — 7τ°η, respectively; as a result, it has been possible
to carry out a model-independent amplitude analysis of
πΝ scattering"81 (i.e., to determine the phases and mod-
uli of all the irN scattering amplitudes at various values
of t). Since the overall phase of the amplitudes is not
determined, all the results (Fig. 22) are given in rela-
tion to the amplitude f° + , whose phase is evidently close
to π/2.

The amplitude analysis of πΝ scattering enables us to
draw the following conclusions about the nature of the
π Ν interaction:

a) The amplitude f°+ gives the largest contribution
to the differential cross sections.

b) The helicity-changing amplitude with isospin 0 in
the t-channel, f°_, is much smaller than f° + and has a
phase close to ir relative to f° + throughout the studied
range of t. In this connection, the quantity P+ + P_ is
very small. However, the fact that f°_ Φ 0 indicates that
the t-channel helicity is not conserved (at any rate, at
energies ~ 6 GeV).

c) The differential cross section for charge exchange
is determined mainly by the helicity-changing amplitude
f*_, which has a zero in its real and imaginary parts at
— t = 0.7 GeV2, in accordance with the Regge-pole model,
in which f+. ~ ctp(t).

d) The imaginary part of fi + passes through zero in
the region of t which exhibits the cross-over phenome-
non of the differential cross sections for π*ρ scattering.
The real part of fI + vanishes at much larger values of
111. The fact that the polarization parameters Ρ (t) and
R(t) for the processes of π Ν scattering do not change in
form but merely fall off as a power of the energy offers
hope that the main results of the amplitude analysis of
irN scattering at 6 GeV will remain valid at higher en-
ergies. However, only complete information about the
polarization parameters at high energies can provide a
definitive answer to this question.

Figure 23 shows new data on the polarization in the
processes of elastic K~p, pp and pp scattering.C1O1] We
note that the polarization in K p̂ and pp scattering is
close to zero in the region of small momentum trans-
fers | t | ^ 0.3 GeV2, in accordance with the predictions
of dual models and exchange degeneracy. The energy
dependence of the polarization in these processes is
shown in Fig. 24.

3.5. Large-angle Scattering

a) Scattering near θ = 90° and the problem of the
structure of the nucleon. The experimental data show
that the differential cross sections for elastic scatter-
ing in the region of large scattering angles and large
momentum transfers (-t « u « s) have a strong energy
dependence (Fig. 25). The data at large s for fixed scat-
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FIG. 22. The results of the amplitude analysis of ττΝ scattering at
6GeV/c[ 9 8 ].
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FIG. 23. Data on the polarization in pp, pp and K"p scattering ob-
tained by the Soviet-French group at Serpukhov [""].

FIG. 24. Energy dependence of the polarization in K~p, pp and pp
scattering [M] (0.1 < - t < 0.3 (GeV/c)2).

tering angles are described by the power-law dependence
da/dt ~ s " m which was obtained in [ 1 0 2 ] in the framework
of the quark model. A test of this rule is demonstrated
in Figs. 25c and 25d, from which it can be seen that the
experimental values of the exponents are close to the
expected values: m = 10 for pp scattering, and m = 8
for ir'p scattering.

These experiments, like the results of experiments
on deep inelastic interactions of leptons, indicate the
possible existence of an internal structure of nucleons.
The realization that large-angle scattering may be as-
sociated with the interaction of point-like particles which
make up the structure of hadrons opens new prospects
for elementary particle physics.

b) Backward scattering. The experimental situation
for j^p — ρπ* backward scattering is shown in Fig. 26.
The differential cross sections for elastic scattering
processes are characterized by the presence of a maxi-
mum for backward scattering, where the value of u

2

= (p a — — s — t is small. The value of the
cross section at the maximum falls off rapidly with en-
ergy. In contrast with the maximum for forward scat-
tering (where the variable — t is small and the reaction
amplitude is determined by the t-channel singularities,
i.e., by the intermediate states in the reaction a+ a'
— 6 + b', which have boson quantum numbers), backward
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[104,109]

scattering at small | u| ~ m2 is determined by the u-
channel singularities, i.e., by the reaction a + b' — a' + b.
In the processes of elastic u^p and K+p scattering, the
quantum numbers of the u-channel singularities corre-
spond to known particles and resonances (such as Ν and
Δ in TTN scattering, and Λ, Σ and Y* in K+p scattering).
At the same time, the u-channels for the Κ ρ and pp re-
actions correspond to "exotic" quantum numbers; the
charge of the system must be equal to - 2 in both cases
and, in addition, the hypercharge is Υ = - 2 for the KTp
system, while the baryon number is | B| = 2 for the pp
system. The experimental data (Fig. 27) show"8 ' 1 0 3 ' 1 0 4 1

that there is a significant difference between the values
of (da/dt)u_o for the π*ρ and K+p processes and the
"exotic" channels of the backward K"p and pp reactions,
even at relatively low energies (~5 GeV). Moreover,

«*3

s
FIG. 27. Energy dependence of

K*p scattering at u « 0 [ 3 8 ].

«?"
t5 2.0 3.0 iff 5.0 SO 20

(da/du)u=o for K"p and pp scattering falls off with en-
ergy much faster (~ 1/s10) than for K+p or πΝ scatter-
ing. (The data on K ± p scattering at u = 0 shown in Fig.
27 are taken from [ 3 e .)

Let us consider backward scattering in the frame-
work of the Regge-pole model. As in the case of for-
ward scattering, the differential cross section for a
backward scattering process is described by the contri-
bution of the Regge pole which lies furthest to the right
in the j-plane (Eq. (2.19) with the substitution t — u). A
specific feature of πΝ and KN backward scattering is that
the trajectories have fermion quantum numbers (these
trajectories contain particles and resonances with half-
integral spins). In this connection, the contribution to the
scattering amplitude in the physical region comes from
a pair of Regge poles with opposite parity, which are re-
lated by the equation"061

a-(-Vu). (3.16)

Unlike boson Regge poles, fermion poles depend in gen-
eral not on the variable u, but ο η Λ " . By virtue of Eq.
(3.16), a+ and a . are complex conjugates of one another
in the physical scattering region, where u < 0: a+iv^)

By analyzing the energy dependence of the differential
cross sections for backward scattering, it is possible to
determine the trajectories of the Regge poles which give
the main contribution to these processes. It is usually
assumed that the largest contribution to πΝ backward
scattering processes comes from the Ν and Δ trajecto-
ries. The Ν trajectory has isospin 1=1/2 and contains
the nucleon, i.e., a N ( m ^ ) = 1/2; the Δ trajectory has I
= 3/2 and passes through the Δ1 2 3 6 isobar. A knowledge
of au(0) is very important for deciding whether the vir-
tual nucleon is "elementary." If the virtual nucleon
which is exchanged in backward scattering is not regge-
ized and, as an elementary particle, has spin J = 1/2,
then, according to Eq. (2.19) with a N s 1/2, the differ-
ential cross section must fall off like ~l/s for all val-
ues of u. A faster decrease of the cross section with
energy and a shrinkage of the peak in the angular dis-
tribution would indicate that the nucleon, like other par-
ticles and resonances, lies on a Regge trajectory. The
currently available experimental data on πΝ backward
scattering indicate that the nucleon is reggeized, al-
though this problem must still be regarded as open. An
analysis of data t l 0 e ] on π~ρ backward scattering in the
range 5-18 GeV implies aeff (0) = -0.38 (corresponding
to a linear extrapolation of the nucleon trajectory <*N(U)

^N11 w i t h a s l o P e Ο ' Ν ( ° ) ^ ! GeV"2 determined
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from the analysis of the spectrum of particles and reso-
nances). However, according to data obtained at Serpu-
khov/1071 the rate of all-off of da/du with energy is
slower in the region of higher energies, and aeff(0)
« 0. Further studies of backward scattering and back-
ward τΓρ charge exchange will make it possible to de-
termine «eff (0) more accurately and to obtain additional
important information about the properties of baryon ex-
changes .

Reactions such as K"p or pp backward scattering,
which have exotic u-channel quantum numbers, cannot
be governed by the exchange of any known Regge poles
and are usually described in the framework of complex
angular momentum theory by the contributions of moving
branch points, i.e., exchanges of several Regge poles in
the u-channel. For example, backward K"p scattering
may be determined by the contribution of the K*N branch
point, and pp scattering by the NN and ΔΝ exchanges.
Since the position of the appropriate branch point is al2

= Oj + a2 - 1, we have O K * N ( 0 ) « orĵ * (0) + ffjg(O) - 1
ss - 1 for K"p scattering, and O N N ( 0 ) = 2«N (0) ~~ 1
ss - 1.7 for pp scattering, i.e., the cross sections for
these processes must fall off very rapidly with energy.
The simplest estimates based on the graphs of Fig. 4
give very small values for the cross sections of these
processes, even at energies ~5 GeV. At energies up to
SB 5 GeV, the cross sections for K"p and pp backward
scattering fall off like ~s~10. Complex angular momen-
tum theory predicts that the rate of fall-off of these
cross sections with energy is reduced at higher ener-
gies to s~4 for K"p scattering and s"5'4 for pp scattering.
It would be of great interest to test this prediction of the
theory.

4. CONCLUSIONS

The systematic investigation of elastic scattering
processes involving hadrons began 10 years ago, with
the development of experimental methods using large
accelerators. The results of these investigations, which
we have described in the present review, are briefly as
follows. Instead of the purely diffractive picture of scat-
tering at high energies (E > 1 GeV) which was expected
in the 1960s, with a fixed radius of interaction, an imag-
inary forward scattering amplitude and constant total
cross sections, it has been found that there is an appre-
ciable contribution from the real part of the amplitude,
which amounts to tens of percent of the imaginary part
at 10 GeV. Experiments on pp scattering at Serpukhov
and Batavia and colliding-beam experiments at CERN
have shown that the ratio of the real part of the ampli-
tude to its imaginary part is negative in absolute value
and has a minimum at Ε ~ 5 GeV; it begins to rise as
the energy increases, changing sign at Ε » 280 GeV.

The total cross sections (and accordingly the imagi-
nary parts of the elastic forward scattering amplitudes)
have not reached their constant asymptotic limits; more-
over, as was first shown for the Kp interaction at Ser-
pukhov and later in experiments using the CERN storage
rings and the extracted beams of the Batavia accelera-
tor, their energy dependence has become qualitatively
different: the regime in which the cross sections de-
crease like a t(s) = σΜ + (a/pm) at energies « 30 GeV has
been replaced by a regime of logarithmic growth at en-
ergies above 100 GeV.

The slope of the diffraction peak for all elastic scat-
tering processes (except NN) rises systematically (ap-

proximately logarithmically) up to energies ~103 GeV.
The rate at which the slope of the peak is rising in pp
scattering at energies above 100 GeV is much less than
what is observed at energies ~ 10 GeV and corresponds
to a relatively small effective value of the slope of the
trajectory of the Pomeranchuk pole, ap(0) « 0.3 GeV"2.
The experimental data on other elastic processes are
consistent with this value of op(0). The non-zero value
of a'-p implies that the radius of interaction is increas-
ing with energy.

Measurements within the wide range of energies 3
< Ε < 200 GeV have shown that the differences between
the total cross sections for the interaction of particles
and antiparticles with nucleons are decreasing accord-
ing to a power law in the studied energy range, in agree-
ment with the Pomeranchuk theorem. The cross sections
for charge-^exchange reactions such as ir"p — π°η, Κ~ρ
•— K°n and Kjj? — Kgp are also decreasing according to
a power law. These data and the results of measure-
ments of polarization effects are in agreement with the
predictions of a theory involving the exchange of regge-
ized particles: processes governed by exchanges of non-
vacuum quantum numbers die out with increasing energy
in accordance with the characteristic power law (2.20).

The results of studies of hadronic scattering in the
region of large angles and large transverse momenta
Pj^, where the contributions due to the t- and u-channel
singularities are suppressed, indicate that the scatter-
ing in this region is determined by a different mecha-
nism, whose essential feature is the interaction of point-
like particles (quarks or partons) which make up the
structure of the nucleon. It appears that this mechanism
also shows up in processes involving the production of
particles with large transverse momenta. [ 1 0 9 ] The cross
section for the inclusive production of particles with
large ρ χ rises rapidly with increasing energy. It would
be interesting to determine how this effect influences the
behavior of the total cross sections for hadronic inter-
actions/1 1 0 1 The growth of at might have a threshold
character. In this case, the region of energies s ~ 102

GeV2 would be not the beginning of the asymptotic re-
gion, but a threshold at which new physical phenomena
begin.

We note that the trends which are observed in the
existing experimental data indicate that the region of
energies s ~ 103 GeV2 is not yet the asymptotic region.
In fact, if the total cross section fft(s) and the slope of
the peak B(s) continued to have dependences of the form
(3.2) and (3.9) as s — °°, there would be a violation of
the unitarity condition, according to whichC l l l ] B(s)
a at/187r; i.e., the slope cannot grow asymptotically
more slowly than the total cross section, as is implied
by the empirical dependences (3.2) and (3.9).

Thus, the study of elastic scattering processes at high
energies has significantly extended and deepened our
conceptions of the characteristic properties of the strong
interactions. It has led to the emergence of a number of
new interesting ideas and approaches to the problem of
hadronic interactions at high energies. However, in spite
of the significant extension of the range of studied ener-
gies, we are still not able to provide definitive answers
to some important questions: Does the total cross sec-
tion tend to a constant limit, or does it continue to grow
indefinitely as s — °° ? If the growth continues, what law
does it follow ? Does the logarithmic shrinkage of the
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peak continue at higher energies ? Does the real part of
the amplitude tend to zero as s — «> ?

A solution of these problems calls for new high-pre-
cision experiments at existing energies and the study of
scattering processes at higher energies.
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