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A dynamical approach in the theory of strong interactions is developed directly on the basis of the
general properties of analyticity and unitarity of the S matrix, which makes it possible to describe
scattering through all angles in a unified manner. The method proposed for calculating the
scattering amplitude uses its analytic properties in the impact-parameter representation. For the
region of fixed 7 # 0 and in the case of asymptotically increasing total cross sections, the scattering
amplitude is expanded with respect to a small parameter 7(y — £ ). In the region of fixed scattering
angles (s— oo, # /s fixed), the cross section decreases in accordance with a power law. This result is
due to the analytic properties of the amplitude in the cosine of the scattering angle. The method
provides a basis for analyzing the behavior of scattering cross sections and spin effects in the
region of large angles, in particular the energy dependence of the spin-correlation parameters.

INTRODUCTION

We consider a dynamical approach in the theory of
strong interactions based on an analysis of the singularities
of the scattering amplitude in the complex plane of the im-
pact parameter in the direct reaction channel. This approach
is based directly on the use of general properties of the S
matrix such as analyticity and unitarity,' and makes it possi-
ble to treat scattering in the complete region of momentum
transfers from a unified point of view. It is well known that
quantum chromodynamics, which possesses a computa-
tional formalism—albeit nonunique—for the region of large
values of the square of the momentum transfer, encounters
serious difficulties in calculations of the amplitudes of soft
processes.

In the present paper, we proceed from a three-dimen-
sional dynamical equation F = F[U] for the scattering am-
plitude,” its kernel, the U matrix, being the relativistic ana-
log of the reaction matrix of quantum mechanics. In this
framework, the interaction dynamics of hadrons is deter-
mined by the equation F = F[U], whosestructure has a man-
ifestly unitary nature, the kernel being chosen with regard to
the consequences of the analytic properties of the amplitude
in cos 6.

In the region of fixed ¢, we shall obtain an expansion of
the scattering amplitude with respect to a parameter
7{y — ¢t ) which decreases with increasing momentum trans-
fer. In the region of scattering through fixed angles, the ana-
lytic properties of the amplitude together with the unitarity
relation lead to a power-law of decrease of the scattering
cross section. Moreover, there is no need to use perturbation
theory; this is very important because of the large value of
the strong-interaction coupling constant.

This large value of the coupling constant means that
one cannot use the standard methods of perturbation theory
to calculate, for example, the cross sections of two-particle
processes. However, it is well known that in the framework
of various dynamical schemes, which we wish to discuss
here, the scattering amplitude can be represented as an ex-
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pansion with respect to some parameter, which depends on
thescattering variables,” and there exists a range of variation
of the variables in which it is small. In contrast to a coupling
constant in Lagrangian field theory, this parameter depends
on the characteristics of the original dynamical quantity.
Thus, if it is a smooth effective interaction quasipotential
V(s,7%) = gls,”*)exp[ — @(s,7*)], the corresponding expansion
parameter can be expressed in terms of the functions g and @
and their derivatives at the point #* = 0. The representation
mentioned above, which is common to different models, has
the form of the following iterative series:

F(s, )= eqlu(e)exp [ 221 ], (1)

n

Essentially, all that is needed to obtain the series (1) is
smoothness of the effective interaction quasipotential (the
Born term). It is readily seen that, irrespective of the con-
crete form of the coefficients ¢, , the amplitude F(s,z) de-
creases exponentially with increasing square of the momen-
tum transfer at small ¢, whereas an estimate of the series (1) in
the region beyond the diffraction peak leads to the depen-
dence F (s,t ) ~exp[ — b (si/ — ¢ ]. Such behavior of the scat-
tering amplitude correctly reflects the experimentally ob-
served dependence of the differential cross sections on the
square of the momentum transfer.* This circumstance justi-
fies the efforts that have been made in seeking quantitative
agreement with the experimental data in models in which
the amplitude is determined by an iterative series of the type
{1).

The parameter 7(s) in Eq. (1) can be expressed in terms of
the quantities that determine the Born term in the chosen
scheme. In the case of an asymptotically constant total inter-
action cross section, the use of the series (1) to calculate the
slope parameter B (s) of the angular distribution at ¢ = 0 and
the total interaction cross section o, (§) makes it possible to
obtain the energy dependence of the expansion parameter:
7(s)~0ot=!/B!=) (s). Thus, in this case the theory in the limit
s— oo contains a small parameter 7(s) ~(In s)~'. This result
justifies representation of the amplitude as an expansion in
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an iterative series with respect to the number of successive
rescatterings. All the experimentally measurable quantities
can then be represented in the form of expansions with re-
spect to the parameter 7(s).

It is well known that allowance for unbounded growth
of the total interaction cross sections required changes in the
values of the parameters that determine the behavior of the
kernel of the dynamical equation (the Born term). As a re-
sult, the energy dependence® of the parameter 7 is such that
T—s o0 a8 5— o, and therefore an expansion of the type (1) for
the amplitude becomes meaningless.

Naturally, in such a situation the question arises of find-
ing an appropriate small parameter and constructing a new
expansion of the scattering amplitude with respect to this
parameter, valid in the case of increasing total interaction
cross sections, Consideration of the singularities of the am-
plitude in the complex plane of the impact parameter makes
it possible to obtain for the region of fixed ¢ in the case of an
increasing o, (s) an expansion of the scattering amplitude
with respect to a parameter that depends on  — . As we
have noted, this parameter decreases with increasing mo-
mentum transfer.

The expressions obtained in the present paper for the
region of large scattering angles using the analytic properties
of the amplitude will be compared with calculations made by
perturbation theory in quantum chromodynamics.

For the scattering amplitude, we use a one-time dyna-
mical equation® that relates it to the generalized reaction
matrix:

F(p, 9)=U(p, @ +-5 (2,0 (b, W) F ik, 9). (2)

The kernel of the equation (the U matrix) is the relativistic
analog of the reaction matrix of quantum mechanics. The
dynamical quantities that occur in Eq. (2) are on the energy
shell, and, thus, do not contain ambiguities associated with
the extrapolation procedure. The solution of Eq. (2) in par-
tial waves has the form

fo(s) = uq (1 —dp (s) uy (s)]- (3)
Thus, Eq. (2) automatically leads to a scattering amplitude
satisfying the unitarity relation Im f;(s)>| f;(s)|?, provided
the anti-Hermitian part of the I/ matrix is non-negative. On
the other hand, the representation (3) has, besides this remar-
kable property, a manifestly resonance nature.®’ By this we
mean the fact that the very representation of the amplitude
in the form (3) generates singularities in the / plane, different
from the singularities of u,(s), whose positions are deter-
mined from the condition

1 —ip(s) u;(s) =0. 4
We shall show that the corresponding poles [/, (s)] are situ-
ated near the values /,(s), and /y(s)/p = R (s), where R (s)is the
range of the interaction. These poles are analogous to the
Regge poles in the direct reaction channel, and they can be
interpreted as the manifestation of s-channel peripheral re-
sonances excited at the boundary of the interaction region.

In the impact-parameter representation as s—oo, the
solution of Eq. (2) can be represented in the form of the ratio

Fs B) = u (s, BYIT —iu (s, B)l, {5)
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where S = b2, which ensures for the analytic continuation of
the scattering amplitude fulfillment of the condition
| f(s.re'?)|<1 when r—co. This consequence of the unitary
nature of the representation of the scattering amplitude
makes it possible to apply the expression (5) effectively for
using the analytic structure of the amplitude in the S plane.
It is natural to expect that the contribution to the amplitude
of the singularities determined by Eq. (4) must decrease ex-
ponentially with increasing momentum transfer, since
R (s)>r,, where r, is the radius of the region of localization of
the hadron constituents. At the same time, the presence of
internal structure must also result in inhomogeneity in the
region of impact parameters near zero. It can be shown that a
consequence of the analytic properties of the amplitude with
respect to the cosine of the scattering angle is a singularity of
the function u(s, 8 ) at the point § = 0, from which there fol-
lows a power-law behavior of the amplitude in the region of
large scattering angles.

In the first part of the paper, we consider the general
properties of the singularities of the partial-wave amplitude
1. (s) (see Sec. 1), formulate a scheme for calculating F (s, ) and
obtain an expansion in a series with respect to the small pa-
rameter (see Sec. 2), obtain a power law of decrease of the
amplitude in the region of fixed angles (see Sec. 3), and pro-
pose a method for taking into account the composite struc-
ture of hadrons (the introduction of a number of valence
constituents) in constructing the kernel of the basic equa-
tion, i.e., the U/ matrix (see Sec. 4).

In the second part of the paper, we discuss the pheno-
menological consequences of the expressions for the ampli-
tude obtained in the first part. We consider the behaviors of
the angular distributions, the polarization parameter (large
angles), and the energy and angular dependence of the spin-
correlation parameters.

1. THE U MATRIX AND GENERAL PROPERTIES OF THE
POLES OF THE PARTIAL-WAVE AMPLITUDE IN THE / PLANE

As we have already noted in the Introduction, the poles
of the partial-wave amplitude in the complex / plane are de-
termined by the roots of Eq. (4), whose solutions depend, of
course, on the particular form of the function #,(s). How-
ever, the general properties of the solutions /, (s) as s— oo can
be obtained from the analytic properties of the function
U (s,t ). In Ref. 8, the analytic properties of the U matrix were
considered, and it was shown that for the components
U= (s,t) even and odd with respect to the cosine of the scat-
tering angle the following spectral representation holds
when s>4m?;

+ _ ¢ ’ Pi (s, 1)
U* (s, z)_Sdtﬁ, (6)
tﬂ
provided an analogous spectral representation holds for the
scattering amplitude. For the function u,(s), omitting for
simplicity the parity symbol, we obtain from this
¢ ' 2 ,
(@)= o, 10 (14 =Z57) ar. 7)
ty
Since the partial waves with large / make the main contribu-
tion to the scattering at high energies, for the functions @, (z)
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we can use the asymptotic expression
2t ~ [ 21 Y12 9 3
O+ =) = () e =VEl. @
Then for u, (s) we can readily obtain the expression
. 2 -
w@ =il Lwese[ —p—=], p=Vi. ()

The function g(s,/,uz) which occurs in the last expression can

be represented in the case of large / /\/s by the asymptotic
expansion

N .
_ P (s, w) 2 \-N-5/2
(P(S’ L p)_EO (2”1/‘;')71+3,/2 +0|:( l/;- ) J’
where p(s,x) = — iyx p{s,x).

The equation determining the positions of the poles
now has the form

2 %
o | — o i0
14, [, wexp [ —p 73 ] ~o. (10)

Its solutions are the functions
L (s) = ‘/s (s, wrinkl, k==+1, £3 ... (1)

In obtammg I, (s), weignore the terms ~ In/ compared with /.
It is also readily seen that R (s) = (1/2u) Ing(s,u) is the effec-
tive interaction range. Thus, the general properties of the
poles of the amplitude in the ! plane that follow from the
manifestly unitary form of the representation (3) and from
the analytic properties of the generalized reaction matrix are

O L) | ~Vs
2) Rely (5) ~ V's8 (s); (12)
3) Im L (5) ~ Vs k.

The first property is a reflection of the quasiclassical nature
of the scattering at large angles, by virtue of which the orbi-
tal angular momentum enters all quantities through the im-
pact parameter. It is therefore convenient to go over from
expansion with respect to the partial waves to the impact-
parameter representation, which makes it possible to obtain
a perspicuous semiclassical picture of the interaction at high
energies.

The functions /, (s) are asymptotic with respect to the
Regge trajectories a, (s). The Regge trajectories relate the
asymptotic behavior to the behavior of the amplitude in the
crossed channel in the region of small values of the square of
the momentum transfer s. As will be shown, the values of
these trajectories also determine the behavior of the scatter-
ing amplitude in the direct reaction channel in the region of
large values of the square of the momentum transfer .

2. SINGULARITIES OF THE AMPLITUDE IN THE IMPACT-
PARAMETER PLANE. EXPANSION OF THE AMPLITUDE IN
THE REGION OF FIXED 70

To study the singularities of the scattering amplitude in
the complex b plane, we use a spectral representation for
U (s,t) and go over to the impact-parameter representation:

[+
2
- s g
v

We introduce the variable § =

u(s, b) V —tdV —tU(s, )J,(/ —tt?). (13)
b?; then, using the integral
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o0

[v=ay =2 =B _g ¢ (14)
0
we obtain for u(s, 5)
us, =" {06, ) K, (V TP)ar. (15)
ty

The representation (15) makes it possible to continue
the function u(s, f) analytically to the complex 2 plane. It
follows from this representation that the function u(s, 8 ) is
analytic in the complete £ plane except for a cut along the
negative real half-axis. Using for K (z) the asymptotic
expression Kz} =+/7/2z ¢ 7, which gives a good approxi-
mation of the function Kz} even at not too large z, we can
obtain for u(s, B ) the approximate expression

w (s, B) = 1g(s)expl—pl/Bl. (16)
The general form of the function u(s, # ) that can be proposed

on the basis of the analytic properties of the amplitude with
respect to the variable ¢ is®

u(s, B) =g (s B) (w*B)In= (u?p) exp [—p)/ B,
0 =<<y=<1,
o >—1), (17)
where g(s, /) is an entire function of the variable 5.
In the impact-parameter representation, the scattering
amplitude, which satisfies the basic equation (2), is deter-
mined by the integral

Fs, )= 5 ap 2 By, (V =) (18)

iu (s
For effective use of the analytic structure of the amplitude in
the complex plane of the impact parameter, we transform
the integral (18) along the positive half-axis Se[0, ) into an
integral around a contour in the S plane (Fig. 1).
For this, we use the following relationship between the
Bessel function Jy(z) and the Macdonald function Kjz):

To(V/ T2l) =~ (Ko (V = T2l +10)— Ko (¥ = [z —10)}.
(19)

Then the expression (18) can be rewritten in the form of the
contour integral

Fis, )= —r jdﬁf{s K, (V). t<0,  (20)

where the contour C, Wh1ch isshown in Fig. 1, surrounds the
positive half-axis in the £ plane.

Since Eq. (2) determines the amplitudef's, 5 )in the form
of a ratio that ensures fulfillment of the condition for analyt-
ic continuation to the 8 plane, |f(s,7e'* )| < 1 as 7—c0, and also

Im 3

c

r—:——
\

L e Rep

FIG. 1. Contour of integration C.
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bearing in mind that K(z) ~exp( — Re z) as |z|— o0, we can
close the contour C at infinity, passing around at the same
time all the singularities of the amplitude f(s, £) in the S8
plane.

Note that to calculate integrals of the function /s, £),
which has a singularity at the point § = 0, it is necessary to
go over to the function f{s, B + f,), displacing, thus, the be-
ginning of the cut to the point f = — f,, and consider inte-
grals of the function f(s, 8 + ), and then go to the limit
B,—0in the resulting expressions. Then the contour C'in (20)
will pass around the cut fe[ — B, — w0}, and the value of the
integral calculated as 5,—0 will converge uniformly to the
expression (18), which determines the amplitude F'(s,z ).

In accordance with what we have said, the scattering
amplitude F(s,t) is determined by the sum of the contribu-
tions from the poles and the cuts in the £ plane:
F(s,t) = F,(s,t) + F.(s,t), where F, and F, are the contribu-
tions to the amplitude from the poles and the cuts, respec-
tively. The pole contribution will be determined by the cor-
responding sum of residues:

Fo(s, )= S P 1)
= — = D Res[F (s, B) Ko (V PB)la=p 0 (21)

where the function £, (s) determines the trajectory of the n-th
pole in the £ plane.

The expression (21) is valid for any form of the function
u(s, B) and, as we shall show, leads to an expansion of the
scattering amplitude in a series with respect to a parameter
that decreases with increasing momentum transfer.

For the function u(s, £), we use the expression (16),
which correctly takes into account the analytic properties in
the plane of the impact parameter. We note immediately that
the use in place of the representation (16) of the more general
representation (17) does not affect the results relating to the
behavior of the pole part F, (s,f ). This is a consequence of the
fact that the poles are generated by the very form of the
representation of the amplitude (s, £ ) and depend weakly on
the actual form of u(s, 5 ).

Thus, the positions of the poles are determined by the
roots of the equation

1+ g(s)exp [—un VBl = 0, (22)

and solving this equation we find
Pn(s)= £ [In g (s) +inn]?,

P

It is readily seen that Im 8, (s) ~ 1, and the real part Re B, (s)
is determined by the interaction range R () = (L/z) In gis).
Calculating the values of the residues at the points
B =,(s), for the pole part of the scattering amplitude we
obtain
2is

Fyp (s, )= —5 DV VBa () Ky (V 2y (5))- (24)

Using for the function K,z) the asymptotic expression, we
arrive at the expansion

Fo(s, t)=s i [exp (ﬁi—n Tt)]m(l),,,(f-?(.s‘), ¥V —u,
" (25)
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where

@, (R(s), V —1)

%( ;% )”2 {exp[(iR(sH—%) Vzi]

R

- on \1/2

—exp[(—iR(s)+~:—) V?t]

e (i + (m—1/2) Hin(s) ) ”2} . (26)

It should be noted that in the case when the function
u(s, ) is not purely imaginary and has a phase a(s) different
from 7/2, i.e., uls, B) = gislexp( — /B + ials)), the expan-
sion (25) will also hold, but the function @,, will then have a
phase dependence of the form
R(s) ) 1/2

O 1 (), (), V —H = =
x{exp [ (1RO + = (00— 5)) V=]
x[—i+piﬁ, (23 +a@n—1)]"
e (im0 3 4 & (w09 5) V=]
x[i4—g (me@+F+aen—1)]"}. @7

As we shall show, the presence of a phase of the function
u(s, B) different from 7/2 leads to important physical conse-
quences.

We now consider the energy dependence of the function
u(s, 7 ), which we determine from the condition of unbound-
ed growth of the total interaction cross sections as s—»oo.

It is easy to show that this condition requires growth of
£(5) as s— o . Indeed, in this case o, (s) = (47/12%)In? g{s) and
the power-law behavior of g{s) ensures Froissart growth of
the cross sections.

Therefore, taking into account as well the polynomial
boundedness of the generalized reaction matrix,
| U (s,0)] < sV, wesetg(s) = gs* . Itis readily seen that the ener-
gy dependence of the functions @, for fixed ¢ and s— oo is
determined by the expression yIn g(s). We shall show that the
contribution from the cut in this kinematic region decreases
as a power with respect to the energy, i.e., for fixed ¢ the pole
contribution is the most important, since

Fpu(s, 1)y = 0(sVIn g (),

and

Fo(s, 1) = O (sg™* (s).

Thus, in the case of increasing total cross sections it is
the pole contribution that is decisive for fixed values of ¢, and
the scattering amplitude can be represented as an expansion
with  respect to  the  parameter 7y —1)

= exp( — (2o/u)y — ¢ ), which decreases with increasing
momentum transfer:

Fis, y2s 2 [v(V =" O (R(s), 2(9), V —1).  (28)

For sufficiently large values of the momentum transfer, it is
sufficient to retain only the first term in the expansion (28).
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The experimental consequences of such a representation of
the amplitude will be discussed in the second part of the
review.

We note that an expansion of the amplitude of the type
(28) will also hold for other forms of the function (s, 5 ).

Thus, in the framework of the approach in the theory of
strong interactions based on a three-dimensional dynamical
equation, and in the case of asymptotically increasing total
cross sections, o, ($)—«, we have obtained for large |7 | a
representation of the scattering amplitude in the form of a
series with respect to the parameter 7{ — /7 ), which de-
creases with increasing momentum transfer.” The expansion
was obtained without recourse to perturbation theory with
respect to the Born term (the kernel of the integral equation)
on the basis of an analysis of the singularities of the partial-
wave amplitude in the impact-parameter plane. This contri-
bution to the amplitudeis determined by poles in the plane of
the impact parameter, generated by the very form of the re-
presentation of the amplitude in terms of the U matrix (the
basic equation). The properties of the poles depend weakly
on the particular form of the function u(s, 8 ).

The m-th term of the expansion (25) corresponds to a
pole in the plane of the impact parameter with position de-
termined by the function

by (8) = R (s) + iem. 29)

Thus, Reb,,(s) is equal to the interaction range, and
Im b, (s) satisfies the relation Imb,, , , (s) = const. The fact
that Imb,, (s) does not depend on s as s—co leads to an Orear
regime in the behavior of the scattering amplitude for the
corresponding region of momentum transfers.

Note that an expansion analogous to (28) can also be
obtained for the scattering amplitude parametrized in the
eikonal form f(s,6 ) = (1/2){1 — e ~ ¥**!). In this case, assum-
ing that y (5,0)— o as s— o, we must calculate the positions
of the saddle points determined by the equation (d/
db)| — xls.b) + ibg) = 0.

The poles of the scattering amplitude in the plane of the
impact parameter were considered in Ref. 10, and also in
Ref. 11, in which hadron scattering is simulated by the scat-
tering of a plane wave by a spheroidal surface.

3. ANALYTICITY OF THE AMPLITUDE IN cosé AND POWER-
LAW DECREASE OF THE FIXED-ANGLE SCATTERING
AMPLITUDE

In the previous section, we considered the contribution
F,(s,t) of the poles b, (s) to the scattering amplitude. Since
these singularities are situated near values b~ R (s), it is natu-
ral that the corresponding contribution to the amplitude de-
creases exponentially with increasing momentum transfer,
since, of course, R (5] is much greater than the characteristic
dimension of the central region, where one can assume the
hadron constituents to be localized.

We note that the radius 7, of the central region in the
framework of the approach of Ref. 38, in which the hadron is
represented as the result of the interaction of particles bound
strongly (g>1) to a quantized field, is determined by the
expression

ry ~ 1V g
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In scattering with fixed values of the momentum trans-
fer when the ratio t /s is small, one actually considers impact
parameters b>r,, where the effects of the existence of a vir-
tual cloud are manifested and the interacting hadrons are
represented by extended objects. Allowance for their struc-
ture at such distances is equivalent to the introduction of a
certain distribution of the hadronic matter, or to the descrip-
tion of the interaction by a smooth quasipotential. It is there-
fore natural that the contribution of the singularities in the
plane of the impact parameter, whose positions are deter-
mined by Eq. (23), leads to a term F,(s,f) in the scattering
amplitude that decreases exponentially with respect to the
momentum transfer.

It is obvious that the presence of the internal structure
must lead to an uncertainty of the interaction in the region of
small impact parameters b~0. As was shown in Sec. 2, a
consequence of the analyticity of the amplitude in the cosine
of the scattering angle is the presence of a singularity of the
function u(s, B) at the point 8 = 0. We shall in fact see that
the contribution F, (s,? ) to the scattering amplitude of the cut
PE[0, — o) determines the behavior of the cross sections in
the region of fixed scattering angles (s— o0, 7 /s fixed).

After these remarks, we turn to the calculations of the
function F, (s,¢ ), which is determined by the integral

1]

Fels, )= —o | dB disc 7 (s, B) Ko (V TP)- (30)

It is readily seen that in the general case
. N B dise u (s, B)
disc f(s, B =m—mm sronii—me oy - (31)

Using in the general case the representation (15) for the gen-
eralized reaction matrix, we obtain for the discontinuity of
the function u(s, 5 ) the representation

(32)

oe
a-[‘Zi
5

disc u(s, py= —=—\ dzp (s, 2)J, (V = B])-

Using for the function u(s, 5 ) the representation (16), which
has the correct analytic properties in the 8 plane, we obtain
for the discontinuity of the scattering amplitude

ig (s) sin (u V/ [B1)
1-+2g (s)cos (u i/ 1B 4428
Bearing in mind that g{s}—>c as s—0, We represent the
expression for F_(s,t ) in the form

disc [ (s, f)= — (33)

5]

S zsinpzKy(zV -~ t)dz+0 (g (s))}.

(34)
From this we find the asymptotic (with respect to 5) contribu-

tion of the singularity of the partial-wave amplitude f(s, 5 ) at
the point 5 = 0:

Fo(s, . 2is

g (s)

isp 1 (35}

At R ——
Fei(s, 1) = g (5 (0 "

Comparing the expressions (25) and (35), we readily see that
at|t|> |to| = (*/7") In® g(s) the contribution of the function
F.(s,t) to the scattering amplitude becomes the main one.
Retaining in the sum in (25) the term linear in {y — ¢ ), we
obtain for the scattering amplitude the expression
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P(s, t)=sexp -'j—“1/?t) @, (R(s), V —5)

s e -2
g (5) (n t) "

(36)

In the region of fixed angles when s, t— o0, with t /s fixed, the
second term in (36) is decisive. Note that the separation of
the kinematic regions in which the contributions F, (s, ) or
F,(s,t), respectively, are decisive is due to the fact that
8ls)}—>c0 as 5— oo ; in other words, it is due to the asymptotic
growth of the total interaction cross section. Thus, in the
region of scattering through fixed angles we obtain as a con-
sequence of the analytic properties of the scattering ampli-
tude in cos @ the following expression for the differential
cross section’?:
o St 3432

d‘;(i . - 3;;:“ (%)JJr l(i—cos 0)-3.
At the same time, the unitarity relation is saturated and the
total cross section increases by the maximal permissible
amount:

(37)

&) 2
e

The asymptotic growth of the total interaction cross
section and the power-law decrease of the cross section in the
region of scattering through large angles are dynamically
related.

As we have already noted, the power-law decrease of
the fixed-angle scattering cross section is a consequence of
the fact that the function u(s, £ ) has a singularity at the point
B = 0. If u(s, ) is an analytic function in the neighborhood
of the point = 0, then the cross section decreases in the
entire region of momentum transfers exponentially. Note
that to deduce the existence of a singularity of the amplitude
at # = (it is sufficient to use analyticity with respect to the
variable cos 8 in an ellipse' without having recourse to the
Mandelstam analyticity on which the representation (15) is
based. We note that a power-law decrease was obtained for
the first time on the basis of the self-similarity principle and
the quark counting rules.'?

The expression obtained for the cross section is asymp-
totic. We give the expression that is obtained if in the calcula-
tion of the integral F, (s, ) we take into account not only the
leading term in 1/g(s):

In?s.

o 4 .
ot (5) = H_ﬂ Ing(s) =

d 32l 1 y3+2h 2
d_:._ il (_) (1—cos 6)72 [f(s, 0)%,

8
or

= 1hGs, )1

The factor |f(5,0)|* in the expression for the cross section
is determined by the density of the hadronic matter at the
point & = 0 or, in other words, characterizes the probability
of a central collision of hadrons, for which large-angle scat-
tering occurs.

The angular dependence of the cross sections is deter-
mined by the function (1 — cos# ) ~>. This dependence agrees
fairly well with the experimental data on large-angle scatter-
ing.!

In the general case, the function u(s, #) has the more

(38)

ol
5

"Since we here do not take into account the exchange interaction, our
expressions correspond to forward scattering: cosé s 0.
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general form (17), although the absence of information about
the behavior of the spectral density p(s,x) does not permit a
more accurate calculation of the pre-exponential factor in
the expression for u(s, 8 ).

Note that if the function u(s, 8 ) does not contain loga-
rithmic factors In® 3, the cross section satisfies asymptotical-
ly a simple power law: do/dt~s " . But if there are loga-
rithmic factors in u(s, #), the asymptotic expression for the
differential cross section contains a factor of the form
(In|z |)~2*. The most interesting case in our view is when

u(s, B)=ig (s) (u®) ¥ 1n*(uB)exp (—pnV p). (39)

The choice of the phase is here dictated solely by consider-
ations of convenience. For the large-angle scattering cross
section we then have

do 1 ( 2 )2+Ev @ (In=2 ] /u®)

- 2] In2% (| ¢ /p2)

= , e(0)=1. (40
dr e (s) ‘P( ) [ ]

We note first of all that the expression (40) is asymptotic with
respect to 1/s, and that the function that depends on the
logarithms has been taken into account fully. The expression
(40) is derived in the Appendix.

The form of the expression (40) is the same as that of the
expression for the cross section obtained when perturbation
theory in quantum chromodynamics is used.'* The exponent
24 + 2y 4 2 of the decrease of the large-angle scattering
cross section in quantum chromodynamics is determined by
the number of hadron constituents, and the power of the
logarithm is determined, in addition, by the so-called anom-
alous dimensions.

The expression (40) can also be effectively represented
as a power-law function with exponent that depends on the
square of the momentum transfer:

=y () @ (e,

ar g (s)

(41)
i

where
N(@)=21+ v -+ 2clnln (]t [/u®]In=2 (]t |/p?.

The nature of the singularity of the generalized reaction
matrix u(s, ) at the point 8 = 01is a reflection of the internal
structure of the hadrons. We shall consider this question in
more detail in the following section.

In the expressions given above, an important part is
played by the parameter u, which determines the momen-
tum-transfer scale. In contrast to quantum chromodyna-
mics, in which the analogous role is played by the parameter
A, which does not have a clear physical meaning, the param-
eter u can, as will be shown in the following section, be relat-
ed to the masses of the quarks.

4. ALLOWANCE FOR THE COMPOSITE STRUCTURE OF
PARTICLES IN THE CONSTRUCTION OF THE GENERALIZED
REACTION MATRIX

To conclude the first part of the review, we discuss a
way of taking into account the composite structure of inter-
acting hadrons /, and k, in constructing the expression for
the generalized reaction matrix.' We shall obtain the depen-
dence of the characteristic parameters, in particular 7(y — 7 )
and the exponent N of the decrease of the large-angle scatter-
ing cross section on the number of constituent (valence)
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quarks n, and n,. The method of introducing the numbers »,
and n, corresponds to the quark model with the factorizabi-
lity assumption.'®

In this model, it is assumed that when the hadrons A,
and 4, interact the valence quarks are scattered indepen-
dently by some effective potential V4 and the amplitude of
the process ki h,—h h, is represented accordingly in the
form of the product

iy "2

Trng= 11 f.-}_“ {3

i=1 =1

(42)

where f; is the amplitude for scattering of quark 7 by the
effective field.

The potential V¢ can be regarded as arising as follows.
When the hadrons #, and A,, each of which consists of va-
lence quarks concentrated in the center and a virtual cloud
of other constituents (g pairs, gluons), scatter off each other,
the virtual clouds interact with one another. This gives rise
to a certain effective field, whose potential V. can in this
case be regarded as universal. The valence quarks are scat-
tered by this potential independently.

We assume that a factorization of the form (42) holds in
the impact-parameter representation. Of course, the func-
tion then obtained can be regarded only as a first approxima-
tion to the scattering amplitude. It is therefore natural to
regard the functionﬁ,l #, as the kernel of our basic equation.
The amplitude then obtained will satisfy the unitarity condi-
tion. Thus, the form we take for the generalized reaction
matrix is

Bhiha (Sa b) = Ei fi (Si! h) jlzjij fj (sj" b)' (43]

For the amplitude of the scattering of quark i by the
potential ¥, we choose the expression

Ji siy b) = g; (s;) e7ne, (44)
We shall assume that the parameter u does not depend on the

quark species. Then the function u(s,b ) can be represented in
the form

uGs, =111 eutsa [l astonlexpi—nm+npol  @s)

For simplicity, we shall assume that the momentum of the
particle is distributed uniformly between the valence con-
stituents and shall use the variable s as the argument of the
quark amplitudes. In accordance with what we said above,
we finally obtain for the generalized reaction matrix

ny+na

w(s, )=il [l g (s)lexp[—p(n, +nyyb).

=4 {46)
Constructing now the scattering amplitude in accordance
with Eq. (2), we describe the interaction picture considered
above in accordance with the unitarity condition. Of course,
the scattering amplitude F(s,#) will then no longer corre-
spond to independent scattering of the constituent quarks by
the potential V_g.

The dependence on the impact parameter contained in
the expression for the quark amplitude (44) is chosen to make
the function u(s, £ ) have the correct analytic propertiesin the
complex /3 plane. We note further that the growth of the total
interaction cross sections necessarily leads to the require-
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ment of growth of the function I17:" " g.(s) with the energy.
Therefore, with allowance for the polynomial boundedness
of U (s,t ), itis natural to choose for the functions g; (s) a depen-
dence of the form g (s) = ¢;5* . The exponent is taken to be
the same for all quark species, while the constant ¢; depends

on the species of quark i, i.e., for u(s,b ) we have

(s, b)=1iChyp,sMm+n2) exp { —p (n; + ny) b].

This expression takes into account in the simplest man-
ner the composite structure of hadrons.

The expression for the total interaction cross section
has the form
23 In Chp’%_! 1 . In2 Chﬂ!z J

hifin . Lﬁ 2. 1
aidt? (s) =4mn [ 2 In?s 4 yrreen el ey

WE (g --ng)*

=A4nlt} 1, (s),

(47)
where the interaction range is related to the numbers #, and
ny by

Rieo(s) :%lns + i

Bt ) (48)
Thus, in the considered approach the doubly logarithmic
growth of the total cross sections has a universal nature,
whereas the terms that increase logarithmically with the en-
ergy or are constant with respect to the energy depend on the
species of the hadrons 4, and 4,. In the asymptotic region,
oute(s)/alil(s)—1 as s—co for any two pairs of hadrons 4,,
h,and ,, h,. We note that in the additive quark model this
ratio depends on the total number of valence quarks in the
systems (k,,h,) and (%,, fzz). The expression for the cross sec-

tion afili(s) of inelastic interactions has the form
16z ln C

In Cﬁlhg.

hyhy . 16mA “hihg
Ginet (5) = P2 (12 g} ! pE (rFng)® ° (49)

In contrast to the total cross sections, the asymptotic term is
here not universal, the coefficient in front of Ilns in the
expression for of:%:(s) depending on the sum (1, 4 n,).
Using the results of Sec. 2, we can readily show that for
scattering with fixed momentum transfer whens— oo and ¢ /
s is small the dependence of the scattering amplitude on the

numbers 7, and n, of valence quarks will be determined by
the expression

ns-+

oo

F“ﬂ's (31 t) =8 E T (Vi_t) (Dm (thz (.\‘), -l/:r—l),

m=

(50)
where
() =ty — exp [—2n V —#/n (ny 4 no)l.

The function @, (R, ;_(s),y —t) is obtained from the
expression (26) by replacing u by u{r, + n,). At sufficiently
large values of the momentum transfer, only one term need
to be retained in the expansion (50). In this case, the scatter-
ing amplitude decreases in accordance with the Orear law,
the slope parameter depending on the total number (1, + 7,)
of valence quarks.

We now consider large-angle scattering (s—co, #/5
fixed). The scattering amplitude in this kinematic region is
determined by the region of small impact parameters & ~0.
As was shown in Sec. 3, the existence of a singularity of the
function u(s, ) at 8 = 0leads to a power-law decrease of the
scattering amplitude.

Naturally, in the region of large angles the scattering
amplitude depends strongly on the number (n, + #,) of va-
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lence quarks.
Using the expressions of Sec. 3, we obtain for the large-
angle scattering amplitude

. is w(ng-+ns)
f'hlhﬂ (S, t) = —T:— I - ( L =

]fnli,QS, 0|2-

(51)
For the differential scattering cross section in the region of
large angles we obtain

hlhﬂs?ul'ufrnz ) RS

LT o 32mp® (ng +na)? ( 1 ):J.fn]+ngn+3
ai Ch e 5
X | fugns (s, O)]% (1 —cos Oy 2, (52)

The phenomenological consequences of the resulting expres-
sions will be discussed in the second part of the review,

In this section, we consider a way of taking into account
the composite structure of the hadrons in the choice of the
kernel of the one-time equation. The interaction dynamics of
the constituent quarks is taken into account by the function
U (s,t). In particular, the composition law (43) for the kernel
of the one-time equation is determined by the interaction at
the quark level in the form of the quasi-independent scatter-
ing of the valence quarks by the field V. s produced by the
virtual clouds. The interaction dynamics of the hadrons %,
and A, is determined by the equation F = F[U ]. As we shall
show, the obtained dependence on the number of valence
constituents has nontrivial and experimentally verifiable
consequences.

The considered way of constructing an expression for
the U matrix can be used for the kernel of any dynamical
equation and, in particular, in the choice of the interaction
quasipotential ¥ (s,f ).

Finally, we note once more that in choosing the quark
scattering amplitude f;(s,b) we assumed that the range of
their interaction with the field V g does not depend on the
quark species. A consequence of this, in particular, was the
universality of the doubly logarithmic term in the expression
for the total cross sections. An alternative is to introduce for
each quark species a corresponding range 1/u; and to identi-
fy the parameters u; with the masses m; of the correspond-
ing quarks. Then in the expressions of Secs. 2 and 3 it is
necessary to make the substitutions p—M and A—AN,
where

MEE ming;; N=n,-n, :;E n;

i i
and #; is the total number of valence quarks of species i in the
hadrons A, and A,.

5. ANALYSIS OF THE BEHAVIOR OF THE CROSS SECTIONS.
EXPERIMENTAL CONSEQUENCES

Smooth behavior of the angular distributions of pp scattering
in the region beyond the second diffraction peak

It is well known that the absence of diffraction dips in
the angular distribution of elastic pp scattering in the region
of squares of the momentum transfer from 2 to 10 (GeV/c)*
was a difficult point for numerous models of high-energy
scattering."’ In the present section, we shall consider this
question from the point of view of the representation of the
amplitude in a series in the parameter 7(y — ¢ ), which is
valid in the region of fixed ¢ (¢ /s small).
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Suppose ¢ is sufficiently large for us to be able to retain
in the expansion (25) only the leading term in 7{+ — ¢ ). Then
in the case of a purely imaginary generalized reaction matrix
we obtain for the differential cross section the expression

do _ 3un?

R (s) e—z—”
at — uf f—

o v cos? (H(s)V—_t—‘ %) , (53)

which has an oscillating nature.

However, if the generalized reaction matrix is not pure-
ly imaginary and has a phase a(s) different from 7/2, then,
using the expression (27), we obtain for do/dt an Orear be-
havior without oscillating factors:

do . 8% Ris) _pa1v =T
W gt s (54)
where
_ 2n o (s) )
bgj=rt [ Lo [BR—1] ], (55)

the plus sign being taken in the case when e(s) < 7/2 and the
minus when ¢(s) > 7/2. The expression (54) leads to a smooth
behavior, without alternation of maxima and minima, of the
angular distributions in the region beyond the second dif-
fraction peak and agrees well with the experimental data
(Fig. 2).>'® The energy dependence of the slope parameter
b (s)is determined by the energy dependence of the phase a(s).
Note that the experimental data indicate that the energy de-
pendence of the parameter b (s) at ISR energies is very weak.

Thus, allowance for the phase of the function U {s,t)
makes it possible to explain in the framework of the consid-
ered approach the absence of a second minimum in the angu-
lar distributions of elastic pp scattering. Of course, there
could be other explanations for the absence of a second mini-
mum at ISR energies associated, for example, with spin de-
grees of freedom."®

Relationship between the exponents of decrease of the
elastic and inclusive cross sections in the region of large-
angle scattering

In this section, we shall use the method presented in the
first part to analyze the behavior of the inclusive spectra.

We note that the quark counting rules'® and calcula-
tions based on the model of hard collisions® for inclusive
processes @ + b—c + ... at large p, lead to the law of de-
crease E (do/dp,) ~p,” * of the cross section. Such behavior is
actually due to allowance for the simplest subprocesses at
the level of the constituent quarks.

However, decrease of the cross sections in accordance
with the law p;~ *is in disagreement with the existing data.?!
In a number of papers,*” this disagreement was attributed to
screening of the behavior p~* in the pre-asymptotic region
by various particle production mechanisms. Logarithmic
corrections were also caleulated in the framework of QCD.?3

We shall obtain a simple relation between the exponent
of decrease N, of the inclusive cross section and the expo-
nent of decrease N,, of the elastic cross section. It follows
from the obtained relation, which is in agreement with the
experimental data, that N, , is appreciably larger than the
value predicted by the behavior p;”*,
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FIG. 2. Differential cross section for elastic pp scattering. The experimental points correspond to p = 400 GeV/c (FNAL)and Js= 52.8 GeV, 5= 62
GeV (ISR).

For the inclusive cross section, we shall use a simple
relation connecting it to the contribution of the inelastic
channels to the unitary relation for the functions 7(s,b ):

[ jVaeBLeYPea], e=—t (56

[}

dOine]
dg*

Equation (56) was obtained in Ref. 24, which considered the
relations between the characteristics of elastic scattering and
the single-particle inclusive spectrum. The relation (56)
makes it possible to calculate the inclusive cross section if the
elastic scattering amplitude is known. We shall use it to ob-
tain the cross section do,,; /dg” at large momentum trans-
fers (p, , g~+/s). Note that the exponents of the decrease of
the cross section E (do/dp, ) with respect to the variable s (or
p,) and of an integrated inclusive cross section, such as
do,,q/dq*, are equal in this kinematic region.

To calculate the integral (56), we use the method devel-
oped in Secs. 2 and 3. The contribution of the inelastic chan-
nels to the unitarity relation can be expressed in terms of the
function u(s, ) as follows:

Tmu (s,

06, B =T (57)
For simplicity, we shall assume that the generalized reaction
matrix is purely imaginary. Allowance for the phaseis unim-
portant in the case. Going over to a contour integral, we
obtain for do,,,., /dg*

/7 doyyel = i S

ul/? (s, P)
V dg* T Tow
C

mffoﬂ/*ﬁfﬂ dp.  (58)

Using for the function u(s, ) a general expression of the form
(17), which takes into account correctly the analytic proper-
ties of the scattering amplitude, and making calculations like
those in Sec. 3, we obtain for the cross section da,,,, /dg*

dGine)
dq?®
ain? ﬂl‘.‘ i 5 “: Dby 1 z = qz
g (s) ( 1+7/2 ) (’E_’—) I P ¢= (h’l —..) 2
9 (0) =1, (59)

The approximate expression can be represented in the form

dojper _ 1 (ﬁf_) Nia®) ¢ [m—i (.i) J ,
dg® g (s) \g? Wi

where

33 Sov. J. Part. Nucl. 15 (1), Jan—~Feb. 1984

—f, GeV?

InIn (g2/p2)

@R (e0)
Thus, with allowance for the power-law growth of the func-
tion g(s) = gs* we obtain for the inclusive cross section for
production of particles with large transverse momenta
{~+/s) a power-law decrease of the form (1/s)* * ¥4 Com-
paring this with the behavior do,, /dg* ~(1/s)** —2+ 2N &) of
the elastic scattering cross section (see Sec. 3), we obtain the
desired relation between the exponents:

1
‘Vincl:?NGI+ 1. (oL}

It follows from (60) and (61) that 2 < N, <N

Allowance for the composite structure of hadrons in the
construction of the generalized reaction matrix makes it pos-
sible to relate N, to the number of valence quarks of the
colliding hadrons (see Sec. 4). Using values for NV, that agree
with the experimental data, we arrive at values for ¥V, that
also agree with the corresponding experimental values ob-

tained by analyzing the inclusive cross sections, which even
425

N(@=21rvra

in the asymptotic region must decrease faster than p|

6. ALLOWANCE FOR THE EXCHANGE INTERACTION AND
DESCRIPTION OF THE ANGULAR DEPENDENCE IN THE
REGION OF LARGE-ANGLE SCATTERING

To describe the angular dependence of the large-angle
scattering cross section in the region of angles near 90° and
backward scattering, it is necessary to take into account the
effects of the exchange interaction.

For this, we represent the kernel of the integral equa-
tion—the U matrix—in the form of the sum

Us, 8y = U, (s, t) + Uy (s, u). (62)
We represent the scattering amplitude determined by
Eq. (2) in the form?

Fis, 1) =Fy(s, 1) & F, (s, u), (63)

where the functions F(s,# ) and F,(s,u) are determined by the
integral equations

Fi(p, )=U;(p, @)
+ig e | a0, K F (k@) +Us(p, K F (K, )]
Fy(p, @) =U,(p, q) (64)
+ig00) | a1, (b, K Falk, @+ T (p, k) Fy (k, Q1.

*The functions F 5, (s,# () are analytic in the topological product of the s
and ¢ (u) planes with corresponding cuts.
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The representation of the kernel of the dynamical equa-
tion as a sum corresponds to the assumption that there is a
dynamical distinction between the processes of forward and
backward scattering.

In partial waves, Egs. (64) reduce to algebraic equations
and can be solved. Going over to the impact-parameter re-
presentation, we finally obtain

Fy(s. 1)
k. uy (s, b) [1—iuy (s, b)]4iud (s, b) T
T 5}””’ T—iu; G, BIP—u (s, ) Jo bV —1),
0
\ ‘_S_m uy (s, b) —
Fyls, u) = jbdb e BT Je OV 0.
0 (65)

Our assumption concerning the analytic properties of F (s, )
and F,(s,u) with respect to the momentum transfer enables us
to write down for these functions dispersion relations with
respect to the variables # and u, respectively, which together
with Egs. (64) enable us to obtain for the functions U, (s, ) and
U,(s,u) the spectral representations [s3(m, + m,)*]

=)

Uyay (s, t(w) = 5

toluy)

P1ca) (5, 7)
xr— 1t (u) éx

from which we obtain

o

o (5, B) = | puar (s, ) Ko (V) dr.

1)

(66)

The representation (66) enables us to obtain for the functions
1y (5, B } the expressions

Uya (5, B) = £ya (s, B) exp (—py(y 1/»&,

where 1, = VJilt,).

The parameters g, and u, are related to the masses of
the intermediate states in the ¢ and u channels. For 7V scat-
tering, the smallest masses of the intermediate states are,
respectively, 2m_. and m_ + m,,, and we shall therefore as-
sume that g, <, and consider in what follows nonidentical
particles. For identical particles, allowance for the exchange
interaction reduces to symmetrization of the amplitude with
respect to the variables  and ». The actual form of the depen-
dence of g(s, 8) on § at 8~0 is determined by the form of the
spectral functions p, 3 (s,x). We shall discuss various possibi-
lities.

First, we consider the simplest case, when

5, B) = igys (8) exp (—uyn V).

As we have already noted, growth of the total cross
section requires growth of the function g,(s) as s—oo:
g,(s)~s". For g,(s), we assume the same form of the energy
dependence: g,(s)~s*. Experimental data on backward
scattering indicate that do/du|, _, decreases with increas-
ing energy in a power-law fashion.?® It is easy to show that
for this fulfillment of the inequality A, < A, is required.

Therefore, bearing in mind the smallness of the ex-
change interaction, for the functions F,(s,t) and F,(s,u) we
can write

(67)

(68)

Uyeay
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Uy (S! b) P
s —r w5 LoV =9
ty (s, b)
|1-1u {s, B|*

Iy bV —u).  (69)

Theintegralsin (69) can be calculated in accordance with the
scheme set forth in Secs. 2 and 3. As a result, for the contri-
butions of the poles in the plane of the impact parameter to
the scattering amplitude we have, respectively,

L

Fryto =s 3} [esp( 22y =) ["anp(

m=1
sz (s, t) =sexp[—p, [H, (5)

4 E [exp(_i

m=1

(Ry (s), V—1);

- R, (9]
-——u) J D2 (R, (s), V —1):

O Ry e), V=D = [ o]
x{[ —i+m—12) IRIUJ““exp (iR )+ =)V =]
[1 + (m—1,2) Zir(s) Ju"exp[( ——iHl(s)»{—fl—)V::]};
O (Ry (), V —u)= n; [ 2R, (s)nv’—_u ]u:

x {exp [in g B — 04V = (s 1)
—1 /2y 2%

"e“"[_*”%‘zm—”ﬂf—_‘b (—iRJ o)+ ]

% }, i+ (m—1/2) —Ml = } (70)

Thus, the pole part of the scattering amplitude can be repre-
sented as a sum of two series in the parameters 7(y — ¢ ) and
7[V — u), respectively, which decrease exponentially with in-
creasing+ — ¢ and+ — u. The contribution of the exchange
interaction decreases with the energy in accordance with a
power law.

1t follows from the representation (66) that the ampli-
tudes {5 (s, £ } have in the B plane a cut Se[0, — o), its con-
tribution to the large-angle scattering amplitude F 5, (s, ) be-
ing decisive. The corresponding integrals have the form

Fiels, )=—5 | dBK, (VIB) disc 1, (s, B;

;T’ (71)

Fo(s, u) = 5 dpK, (V up) dise f, (s, B).

Calculating the discontinuities of the amplitudes £, (s, 5 )
and f,(s, B ) across the cut, we have

= —isi 7—'} —I
disafy (s, p) = —— L Bl 40 (o) s
ig, (v) sin (2w —pa) V' 1BI Za (8) (72)
disc fy (s, Py = 7 () +O(£1())'

For the contribution of the cut S€[0, — « ) to the ampli-

tude we find
o —isuy 1 1 i
FIC(S! t)—' n2gy (s)  [L)5E +0 (m) ’
i sz (s) (W —2u) 1 2y (3)
Fae s, 1) s e 0 (B45). (73)

S. M. Troshin and N. E. Tyurin 34



Comparing the expressions F, (s,u) and F, (s,u), we see that
when we consider scattering into the backward hemisphere
(fixed ) it is necessary to take into account the contribution
from not only the poles but also the cuts. The pole contribu-
tion need not be dominant if the ratio u,/u, is sufficiently
large: u./p, > 2. We note that for #N scattering precisely
this case is realized.

In contrast, for forward scattering in the region of fixed
¢ the pole contribution is dominant, while the cut contribu-
tion F,(s,t) is suppressed with respect to the energy as a
power.

For scattering in the region of large angles, the differen-
tial cross section has the form

g oy (L)MH{H——GOSB)_WZ
dt — g? 5

-+ [%(Mz" 2u) + 0O ( ;; é:; )] (1 4 cos 9)_3"2} .
(74)

The expression (74) makes it possible to describe the
angular distribution of the large-angle scattering cross sec-
tions. Figures 3 and 4 show the results of such description for
the case of 7+ p scattering. The overall normalization and
the coeflicient in the square brackets were assumed to be free
parameters. The agreement obtained with the experimental
data is fairly good.

Consideration of more general expressions for u, (s, £)
does not change the main results. In the general case,

e (5, B) = ik (9) ()"

% In"19) (150, 8) exp (— e V). (75)
Then the differential cross section in the region of large
angles has the form

do 1 1 1 (}1.3 )Hﬂ‘; 1 ‘ (11’!_1 1] )
T g ) [(1-'r~;1)'-’ [t] L f1 i
[
L Ayer-oe E2 (s) Liz 2y +1 i pE A Zvi-vad!
r(—1) g1 (s) ( 15 ) (I 2v1—7,)* ( lul )
1 _y el 2
X e (2 )] + P10 (0) -1,
1113“1’72*””?' -
Ha
(76)

T
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FIG. 3. Angular dependence of elastic 7" p scattering,
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FIG. 4. Angular dependence of elastic 7~ p scattering.

and has the same form as the expression for the cross section
obtained in QCD.'*

To conclude this section, we note that the function
F,, (s,u), which determines the behavior of the scattering am-
plitude in the region of angles near 180°, contains, compared
with the function F, pl5¢), an additional small factor
exp{ — u,[R,(s) — R,(s)]}, which has a clear geometrical
meaning, namely, the poles in the plane of the impact param-
eter are situated near values b ~ R (s), whereas the region of
impact parameters associated with backward scattering has
dimensions b % R,(s). The ranges of the direct and exchange
interactions control the scattering in the region of small ¢
and u, respectively.?® In contrast, in the region of fixed scat-
tering angles, in which the region of impact parameters b ~0
is important, the relative contribution of the direct and ex-
change interactions is determined, not by the ranges R, (s),
but by the ratio of the intensities of these interactions®’:

825)/g1(s)-
7. SPIN EFFECTS IN ELASTIC SCATTERING

Polarization effects in elastic scattering

In this section, we shall consider the application of the
method to the analysis of spin effects in elastic scattering.

Data on measurement of the spin-correlation param-
eter 4,,, in elastic pp scattering, and also a number of other
experiments, lead to the conclusion that it is important to
take into account the spin in a study of hadron processes in
the region of large momentum transfers and large scattering
angles.

We consider first the behavior of the polarization pa-
rameter in large-angle elastic scattering. Calculations made
in the framework of QCD and based on perturbation theory
with respect to the coupling constant a, (Q?) predict a polar-
ization parameter in large-angle scattering processes equal
to zero, as a consequence of conservation of the s-channel
helicity in a gauge theory with vector gluons.?® The polariza-
tion parameter is also predicted to be zero in the quasipoten-
tial approach when the requirement of ¥, invariance is im-
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posed.?®

Bearing in mind the ambiguity of the conclusions that
can be drawn from the analysis of experimental data, there is
undoubted interest in approaches that predict a nonzero val-
ue of the polarization in the region of large scattering an-
gles.>®

To analyze the behavior of the polarization parameter,
we use the method developed in the first part of the review.
For simplicity, we shall consider the scattering of a spinless
particle by a spin-1 particle, and we shall ignore the exchange
interaction. Allowance for it and consideration of the scat-
tering of two spinor particles do not influence the results of
the present section.

In the considered case, there are two independent am-
plitudes—the amplitude F (s, ) without change in the heli-
city and the amp]itude F_(s,t) with one:

S apt (s, B) Ty (V' =Pi), p=t%,
0

these being related to the generalized matrix by the rela-
tions*®

Fu(s, t)= (77)

uy (s, B) [1—du, (s, PV —1 [u_ (s, P)®

(s, B)= [1—iu, (s, B)*—[u_ (s, B)I® ’ (78)
u_(s, B)
-G B = (—iuy (5o P)PP—Tu_(s, B)]*°
where

s (s, ﬁ>f-_jV—th—-zU¢<s 0Ty (V =P).

From the representatlon (78), we obtain the following
equation for finding the poles in the complex /3 plane:

M —iuy (s, )1 — lu (s, I = 0.
For the funetions u . (s, #), we shall use the expression

us (s, B) = ige (5, p) eV, (80)
which correctly takes into account the analytic properties of
the scattering amplitude. Here, g (s, 8] are certain func-
tions of B that vary slowly compared with the exponential
function. The parameter g is taken to be the same for the

functions u , {s, ), and the factor i is separated for conve-
nience. Using the relations

Ty (8) =5 1o (8) + I3 (3)];
o (VTaD) == 1K, (V = T2] +10)— Ko (V. =Tzl —10)1;
TV e = — K ( = 12 110) — K, (V — [z —10)],

(79)

(81)
we obtain for the amplitudes F _ (s,f)
Fi(s, )= —r j Bt (s, B) K, (V). t<<0
F_(s, )= — ‘”jn:’ {{aBVBre.p
c
X (Ko (V ) — K. (ViP)1} . (82)

The contour of integration C is shown in Fig. 1. The
method of calculating the integrals in (82) is similar to that
already described in Secs. 2 and 3. As a result, for the pole
contribution to the amplitude we obtain the expansions
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Fy (8, 8)=$ n;; 1[-c{V O™ (G (5), V —1)

+Dn (6. (s), V —1)},

where G, (s)=(1/p)In[g  {s) £ig (=R, (s) + il (s)
and the functions @, (G, (s), \f — t ) have the form

m(Gi (s), V_t)" 2mp [nﬂ]{/ii—sl _-.IU2
<AL =i+ 25 R () (s} (7 t(SH--H.._“(z”;—“)]”z
xoxp [ (iR () =1 (9 +2) V]

_[i+_ﬂi(s)"(_‘ri(§) + %‘“Q)]Uz

xexp[ (—iRe@+T@+2) V=2]}. (83

For fixed values of the momentum transfer, the contribution
F, ,lst)is dominant.

Aswe have already noted, the function u(s, 8 ) has in the
B plane the cut Be[0, — oo ). The presence of the singularity at
the point # = 0 agrees with the idea that the internal struc-
ture of the particles must be manifested in the interaction at
short distances.

The cut contribution to the amplitude is determined by
the integrals

0
| dapdiscti(s, B) KoV TB);
(84)

[ dp disc(y/Br_s, [j))—ﬁ—“’.

—x

s
F_'_‘C(s1 t) =—5

— 1
F—,c(sa t)_‘ — S]_n:!

Making the calculations, we obtain for the amplitude of
scattering through fixed angles

isw 2y (s) i
Fols, )= —55 €% (5) 2 () (BE—0prE ¢

. , = 85
F_(.&‘, I)'—-— is a_(s) lf—t ( )

mE i) gis) (WE—p)hE
For simplicity, we have here assumed that the functions
g . (5, 8) do not depend on .

For the cross section of scattering through large angles
we have

do 4ot ‘ {Pﬁmgs)lﬂ 4 e }

di le (5422 ()] [¢]® [e]®
It follows from the expression (86) that scattering in which
the helicity changes makes an important contribution to the
large-angle differential scattering cross section and leads toa
weaker angular dependence than scattering without change
in the helicity.

In the more general case when
8. (5.8)=g, (5)’B)” "=In"*(u’B), we obtain for the cut
contributions

(86)

- s (—1)™ a2, () 1
Frols B)= a3 gl (s) g2 (s) (147v.)°
p,z 1474 1 ~1 |t
< Il ) (m H] = (”(]n uE )
W (87)

Z_(3)

F (S t)— is(—1)%-

o @) v
) 2 Fi_+-1/2 —-
e e ),
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where @, (0) = 1.

At the same time, it follows from (87) that the asympto-
tic form of the angular dependence is (1 —cos @) * "%,
6>0.

Aswenoted, the functions g , (s) must increase as pow-
ers as S—oo. We assume that g (s)= (C+/\/§)s’1 *
g_(s)=C_e " | Here, the function @(s) is the relative
phase, which can be related to the behavior of the polariza-
tion parameter at small values of the momentum transfer.
Taking into account the power-law behavior of the functions
g . (s), we obtain for the polarization parameter the expres-
sion

P (s, 25, 1o

t/s—fixed

A_—Rat ]—‘

: C_
= —2sing (S)I_ T {1 —ugyiie

(88)
1
*I*”CLS}'* ko T(l—g)" e I--i ,

z=cosf.
It follows from the expression (88) that the polarization pa-
rameter P(s,z) decreases at fixed z as a power, provided
A, #A_ + 1. The case when A, =A_ + } has the greatest
interest, since the polarization in the region of large-angle
scattering does not vanish as s— cc . Then between the inten-
sities g, (s) and g _(s) the relation g_{s)~(1/ Js) g + (s) holds.
Tt also follows from (88) that the dependence of the polariza-
tion on the scattering angle is weak. The use of the more
general expressions (87) leads to the following expression for
the polarization parameter:
Im g* (s 1#] gt (BTN

Ps, == E 0 [y (L) () ]

244 (8) ut

| g (s) |*

g5 (s)

where
jial
X e 5
e A ( ul )Av 1 p, (In-1 ] ¢ mu!)]
204 AT [ 1t ‘Am G- (lomt [ 8 | /p®)
\]HT

’
andA, =y, —y_ +1/2,4,=a, —a _. Itis natural that
the introduction of the additional singularity in the func-
tions g (s, B ) and g_{s, B ) changes the power of decrease of
the large-angle scattering cross section and leads to the ap-
pearance of additional logarithmic factors in the expressions
for the cross section and the polarization parameter.

Thus, the helicity-changing interaction makes an im-
portant contribution to the large-angle scattering cross sec-
tion. The polarization parameter in this kinematic region is
nonzero and does not decrease as s— oo if g_(s)~s ™" 2 g +18).
The polarization parameter has a weak angular dependerice.
Note that allowance for the exchange interaction does not
affect these conclusions about the behavior of the polariza-
tion parameter. We have considered the scattered of parti-
cles with spins 0 and 1. For the case of the scattering of two
spin-} particles, all the main results obtained in the present
section remain unchanged.

Energy dependence of the spin-correlation parameters in
large-angle pp scattering

Study of large-angle scattering processes is important
from the point of view of manifestation of the interaction
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dynamics of the hadron constituents. The spin properties of
the hadron-hadron scattering amplitude are sensitive to this
dynamics. For example, variants of quark and QCD models
using perturbation theory agree with the main results on the
elastic and inclusive distributions at large angles but encoun-
ter difficulties in attempting to reconcile the polarization
experiments in this region,*? which, thus, reveal details of
the quark models that appear to be unimportant from the
point of view of describing the angular distributions.

In the present section, we consider the application of
the method we have developed for calculating the ampli-
tudes to the analysis of the behavior of the spin-correlation
parameters in elastic pp scattering. The interest in this prob-
lem is due to the experimental discovery of a large value of
the parameter 4,,, for 90° scattering. It has been found®' that
in the interval of energies from 6 to 12 GeV the parameter
A,, increases its value reaching 0.59 4 0.09. The spin-corre-
lation parameter 4, is directly related to the ratio of the
scattering cross sections with parallel, o,, and antiparallel,
o, , spins:

_ A4dnn
1—Apn *

op . Ottty
Ga Oy Oy

It follows from the value given above for the parameter
A, (m/2) that the cross section for scattering with parallel
spins exceeds the antiparallel cross section by four times.
The large value of this ratio and its rapid growth with the
energy on the transition from 8 GeV to 12 GeV do not agree
with the predictions of the majority of models of large-angle
scattering.>>*

Thus, a simple model taking into account quark ex-
change®? leads to a constant value of this ratio equal to 2, so
that to obtain the value 4 one must invoke further arguments
that go beyond the scope of perturbation theory in QCD and
are based, for example, on allowance for instanton effects or
quark-confinement effects.** Despite the introduction of ad-
ditional assumptions, these models do not explain the
growth of the ratio o, /o, with the energy, though they do
make it possible to obtain a value of o, /o, in the interval
from 3 to 4. In the quark—parton model,* the ratio is pre-
dicted to be 1.25. The studies of Refs. 32 and 33 are devoted
to explanation of the angular dependence of the parameter
A,, (0) on the transition to the value § = 90° and for a fixed
value of the energy equal to 11.75 GeV. The given depen-
dence is the result of comparison with the data of a function
that depends only on cos 6.

In the present section, we discuss the energy depen-
dence of the parameter 4, (s, cos @ ) found in the region of
ZGS energies. Expressions are obtained from which there
follows the possibility of an oscillating (with respect to s)
behavior of the spin-correlation parameters 4,,(90°) and
A, (90°). This makes it possible to explain the growth of the
parameter 4, in the region of energies and to reconcile the
existing data. Asymptotically, o,/0, =2, i.e., the value is
predicted to be the same as in the quark model. The angular
dependence of the spin-correlation parameters for fixed s
also agrees well with the data.

The process of elastic nucleon—nucleon scattering can
be described by means of five independent helicity ampli-
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tudes F;(s,t) (i = 1,...,5): two amplitudes F ;(s,#) without
change in helicity, one amplitude Fy(s,t) with one change,
and two amplitudes F, ,(s,t) with a double change. For
F,(s,t), we use a one-time dynamical equation relating the
amplitude to the I/ matrix; in the case of the scattering of two
spin-} particles, this equation has the following form in the
helicity basis and the center-of-mass system:

it Py @ =Unpan, (P, @)
+i§p(8) ¥ j 4 Unpviv, (P, k) Fuguan, (k,q), (89)

ViV,
where

Fy=Fipysiaye; Fa=F_y5 1911

Fa=Fys_1pys -1 Fy =Fypp 12 —1p21)2:
FSEFuz 172142 —1/2-

In constructing the expression for the generalized reac-
tion matrix, we use the quark model with the factorizability
assumption (see Sec. 4). For generalization to the case of the
scattering of particles with spin, we use the fact that the
hadron helicity 4, is equal to the sum of the helicities of the
valence constituents: A, = =7 |s,.

We do not assume conservation of the quark helicities
in an interaction and, thus, we introduce two amplitudes /.
andf_. For the quark scattering amplitudes with a change in
the helicity, f_(s,b ), and without, £, (5,0 ), we use the expres-
sions

fe (s, B) = g (s) exp [—pb + igy ()] (90)

The amplitudes f, are the amplitudes for scattering of
a valence quark by some field V. Although we do not need
to know the concrete form of the potential ¥V, it is interest-
ing to use an analogy with electron scattering in a central
nuclear field, when the optical potential is chosen in the
form**

Voltld——p—lal], {91)

The al]owance for relativistic effects is expressed, above
all, in the energy dependence of the potential. In addition, a
potential with different interaction ranges is more realistic,
namely, with spin-dependent and spin-independent parts.
Of course, this potential must have an imaginary part that
increases with the energy. Therefore, the expression given
above must be at least generalized to the form

Vo= l’a{.s' e R A
+[ve

It is obvious that such a potential must lead to an energy
dependence of the phases of the quark amplitudes and to a
difference between them: ¢_ (s)5%@_(s). We also make the
usual assumption that g_ (s)/g , (s)—0 as s— o0 . We shall use
the relation

g () = 1_ g+(s), (93)

1 dV (r)
¥

(?I ()‘Hro

i (s) | (oL). (92)

where the parameter m has the dimensions of mass. This
relation is approximate in nature. For example, it can be
assumed that, in contrast to the valence-quark interaction
leading to spin flip, the scattering without change in helicity
has a shadow nature, a contribution to it being made by ev-
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ery possible intermediate state, and in this case we can.esti-
mate the ratio g_ (s)/g _(s) by the number of such states. The
relation (93) is not necessary for the conclusions of the pres-
ent section, but it is important from the point of view of the
analysis of the behavior of the polarization parameter in the
region of large scattering angles. As before, we choose the
energy dependence in the form g, (s) = g, s*.

Thus, we arrive at the following expressions for the
functions u; (s,b ):

uy 3(s, b) =g (sjexp [ — pyh -+ iy (8)1;

us (s, b) =g (s)exp [ p b+ ig, (s)]; (94)
Us 4 (5, B) =g, (s)exp] — Meh i, (s)],
where
g (8) =g+ ()™ ™" [ ()]
Mo = (g1 — k) py + hpe; {95)

O () =(ny + my—R) @y (8) + g (8), k=0, 1, 2.

Using the method developed in the first part of the re-
view and taking into account the identity of the particles and
the expressions (94) and (95), we obtain the following expres-
sions for the five helicity amplitudes®”:

Frls, 1) =(ng+ny) psw(s) (1 ]7Y2 4+ |u| 7%

Fy(s, t)y=[(ny+ ny) pe 2 (H+_ Pﬂ )N o(s)

() e 1

84 (8)
_ (P +1a) Ly Z-(s)\2
Fi(s, t)fm(s)( 1|”3,'2 '“( v (s})
- 3 [(rg +n) pre =2 (p —p)] eum(‘)] (96)
EARE
o (s 3 [(ny+no) pe 42 (e —p)]
th(s )w(lJ 8)[(&_()) It];;/z
A R Wy ]
X e~ il I ] ;
g (s) e -1 -1
Fyst) =0 () 2=Ee™ (12— u ),
where
. se—Hnitrghpa(s) { A B
OB = s TAD= e o)

Knowing the expressions for the amplitudes F, s,z ), we
can readily obtain expressions for the spin-correlation pa-
rameters. For 90° scattering, the quantities in which we are
interested are determined by the amplitude combinations

04,,=Re[F Fi+ | Fy|%;

1
Oy =~ — TV F P | g [P
0Ags—=Re[F F;— [ Fy|?],

where o = (1/2)[|F,|> + |F,|* + 2|F;|*] and, as is readily
seen,
App — Ay — A= 1.

2| Fy |3); (97)

Using the expressions (96) and the relation (93), we ob-
tain the following expansions for the spin-correlation pa-
rameters:

By sl [1ga—cosA(s) ;ﬁo )J

A= — ; [1 - ﬁcosA 8)4-0 (—t—)_l, (98)
A= —5+0 (&),

32
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where

2 (fe—p)
—8m? -
x=8m [1 4 i J
The expressions (98) determine the energy dependence
of the spin-correlation parameters at 8 = 90°. It follows from
them, in particular, that there can be oscillations of the pa-
rameters A, (m/2) and 4, (7/2) as s varies.

The nature of the oscillations is determined by the behavior
of the phase difference ¢ _ (s) — @_(s) and of the valence-
quark scattering amplitudes without and with spin flip, re-
spectively. Therefore, the possible oscillating behavior of the
spin-correlation parameters in the pre-asymptotic region
has a dynamical origin, in contrast to the variations of the
parameter 4, for 0—/2 and a fixed value of s.

The presence in the pre-asymptotic term of the factor
cos A (s) makes it possible to describe the growth of the pa-
rameter A, (7/2) in the region of energies from 8 to 12 GeV
if it is assumed that in this interval the phase difference
@, (s) — @ _(s) has an increment of 7/2. Figure 5 shows the
results of the reconciliation of the expression (98) with the
experimental data in this case.

The possibility of subsequent oscillations in the behav-
ior of the spin-correlation parameters at p; > 12 GeV/c de-
pends on the behavior of the function 4 (s). We note that the
asymptotic region commences at an energy of ~ 1000 GeV.

Thus, if we adopt the explanation of the observed
growth of the parameter 4, (7/2) as due to growth of the
phase difference A (s), then we must evidently conclude that
resonance effects are present in the scattering of the valence
quarks. Such effects are determined by the structure of the
hadrons and their constituents, and in the framework of the
present model they must be taken into account by the form of
the potential V. Continuing the analogy with nucleon—-nu-
cleus scattering, we conclude that the picture of valence-
quark scattering and the presence of resonance effects are
analogous to the formation of a compound nucleus.” The
possibility of formation of a compound nucleus is taken into
account in nuclear physics by adding a negative imaginary
part to a real potential. We note that oscillations of the pa-
rameters A, (7/2) and 4 (7/2) must lead to the appearance
of structure in the pp scattering cross section at 90° in the pre-
asymptotic region. The existence of such structure in the
experimental data was pointed out in Ref. 36.

An alternative to an oscillating behavior of the spin-
correlation parameters is possible if it is assumed that the
phase difference 4 (s) is close to some constant value. In this
case, we can reconcile the existing experimental data at the

A (90°)
a6

0.4}

0.2+

20 F,GeV/c

FIG. 5. Spin-correlation parameter 4, (90°) in elastic pp scattering.
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maximal energies attainable in the ZGS region, and the pa-
rameters 4,, and 4, tend to their asymptotic values fairly
rapidly. In both cases, the angular dependence of the param-
eter 4, in the region of angles near 90° agrees well with the
experimental data. The expression for the parameter 4
valid also when 6 #90°, has the form®”

nn?

A (s, c0sl)= (1 l‘—; |3’f2 +|%

3.’2)—1

< {1+ 662 () cos Afs) [ 14 kel ]
b A [ (1 i l—f

(2] 4]
20}

+ )t pg

are 3/2 ) -1 32

u
t

+2 Iil_lmlli«l__hj

3/:}}5

where G (s)=g _(s)/g..(s). In the limit s— 0, assuming that
G (s)—0, we obtain the following behavior of the parameter
A %

2
572

7 (99)

\/\(Itl‘lu“z[iiL; —_

w

173

t

nn "

A (eosO) = 1+ (o) + () |
(100)

which clearly reveals the kinematic nature of the growth of
A, (cos 8) as 0—90°.

The asymptotic values obtained for the spin-correlation
parameters agree with the result of models in which hadron—
hadron scattering is associated with exchange of valence
quarks. We note that in models like the constituent-inter-
change model it follows from the condition of conservation
of the quark helicities in the interaction that
Fy(s,0)=F4(s,t }=0. To reconcile these models with the ex-
perimental data on the dependence of the parameter 4,,, on
the scattering angle, more complicated contributions are
now being taken into account; in particular, arguments are
now used that go beyond the framework of perturbation the-
ory in QCD, this leading to transition to a situation in which
F,(s,t )7 0. However, as before, Fis,t ) = Oand, therefore, the
polarization parameter vanishes in the region of large scat-
tering angles.

Allowance for the contributions that have order Q (m?/
s5) relative to the amplitude F(s,7 ) without spin flip makes it
possible to describe the energy dependence of the spin-corre-
lation parameters. The assumption (93} to the effect that
g — ()= (m/ys) g .(s) leads to the following relationship
between the amplitudes (it is valid both for hadron scattering
and the gq scattering amplitudes):

Fo(s, i~s)~%F1(s, L~ 5).

Transition to the limit s— oo corresponds to the transi-
tion to the case when F(s,t ~5)/F (s, ~5) = 0 and, therefore,
values of the parameters 4, and 4, asymptotic with respect
tos. At the same time, however, the polarization P (s,f ~s) is
nonzero (6 #90°).

It should be noted that the relation (93) is not necessary
for conclusions about an oscillating behavior of the spin-
correlation parameters and their asymptotic values. It is suf-
ficient to assume that the ratio G (s} decreases as s—co. The
expressions for the spin-correlation parameters have in this

S. M. Troshin and N. E. Tyurin 39



case the form

1 & =
A}in:i7[1+ (101)

where the upper sign refers to 4,,,, and the lower to 4,,.

The curve in the figure corresponds to the value o,/
o, = 3.4 of the ratio of the cross sections with parallel and
antiparallel spins. It should be noted that if at the maximal
ZGSenergies o, /o, >4, which does not contradict the data,
then to reconcile the corresponding values of the parameter
A, in the complete range p; = 6-12 GeV/c it is necessary
to introduce a weaker suppression of the quark scattering
amplitude with spin flip than is given by the relation (93), or
to assume that the expressions obtained for the spin-correla-
tion parameters correspond to higher energies.

Note that in the framework of the considered model the
value of the polarization parameter need not decrease at high
energies in the region of fixed angles only if the condition (93)
is satisfied. If it is not, the polarization parameter decreases
in the region of fixed-angle scattering as a power with respect
tos.

Study of the spin-correlation parameters at energies
100-1000 GeV is exceptionally important for investigating
the mechanism of hadron interaction at the level of their
constituents, since the parameters A,,, and 4, carry nontri-
vial information about the quark-spin dynamics in hadron—
hadron scattering. As in the diffraction region, study of the
spin characteristics makes it possible to differentiate
between different approaches from the point of view of the
construction of the hadron-hadron scattering amplitude
and the interaction mechanisms of the hadronic constitu-
ents.

%(1‘2 (s) cos A (s) - O (G4 (s)) } .‘

I. CONCLUSIONS

In the present paper, we have considered a method for
calculating the scattering amplitude, based on analysis of the
singularities in the complex plane of the impact parameter.
This method uses general properties of the S matrix such as
analyticity and unitarity. For the scattering amplitude, we
have used the three-dimensional dynamical equation
F = F[U]ofquantumfield theory,> whose solution automat-
ically satisfies unitarity. In constructing the kernel of the
equation—the generalized reaction matrix—we have made
essential use of the analytic properties in the cosine of the
scattering angle. We have shown that in the framework of
the considered method the main features observed in hadron
scattering can be reproduced qualitatively. In the region of
fixed values of the momentum transfer (when 7 /s is small) we
have obtained a representation of the scattering amplitude in
the case of asymptotically increasing total cross sections in
the form of a series with respect to a parameter 7{/ — 7 ) that
decreases with increasing momentum transfer. This expan-
sionis obtained without the use of perturbation theory and is
essentially a consequence of the manifestly unitary nature of
the representation of the scattering amplitude in terms of the
generalized reaction matrix. This part of the amplitude is
determined by the contribution of the poles {4, (s)] in the
plane of the impact parameter &, these poles being generated
by the very form of the representation of the amplitude in
terms of the U matrix, The properties of the poles depend
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weakly on the form of the generalized reaction matrix. In the
region of large-angle scattering (when the ratio z /sis fixed), a
power-law decrease of the cross sections in a consequence of
the analytic properties of the amplitude in the cosine of the
scattering angle. The corresponding part of the amplitude is
determined by the contribution of the singularity at the point
b? =0 and is dominant in the region of fixed scattering an-
gles. We have also considered the simplest way of taking into
account the composite structure of hadrons in constructing
the kernel of the equation.

We have used the method to analyze spin effects in elas-
tic scattering and to establish a connection between the ex-
ponents of decrease of the elastic and the inclusive cross sec-
tions. We have also described the angular dependence of the
large-angle scattering cross section, and we have proposed
an explanation for the absence of a second dip in the angular
distributions of pp elastic scattering, for which there is Orear
behavior.

APPENDIX

We here calculate the contribution of the cut
Bel0, — o) to the scattering amplitude F, (s, ) in the general
case when the function u(s, B) is represented by the expres-
sion (39).

Calculating the discontinuity of the function u(s, 8)
across the cut f€[0, — o), for the corresponding contribu-
tion to F(s,¢) we find

Fo(s, =

ww [ (Vo) Tea A

where for |7/In x| < 1

fs, o) =g (s) 2~ {[—In% 2+ O (In%~2 2)] sin ( V z ay)

o In* = 2+ 0 (In?~3 2)] cos (V z4-ay)}

X+ g% (s) [In® 2 {-m%] =3V +-2¢g () w7V [In*2 L0 (In%~2 )]
X o5 (V E+uy)+2¢ () 27 [oemIn®—1 4

+0 (05 2)] sin (1/ T4-ny)}L.

If & is an integer, then the expressions in the square brackets
are transformed into finite sums. As x—0, we obtain for
Sls,x)
~ 1
Ho D) ==

As |t |— oo, the main contribution to the integral (A.1) is
given by the region of small values of x, since

j‘od.d\'u (]/ L4 )f(S 2) ~ exp (_l/j!f_l)

[}

¥ (Inx)~%,

(A.2)

Therefore, taking into account the expression (A.2), we
obtain

wy i
Fe(s, 1)~ T ) S dx In ( ) ¥ In=%x, {A3)
0
where we have used Eq. (A.2) and the representation
Ky(z)~ — In z as z—0. Making now the change of variables
X = exp( — y) and introducing the incomplete I function

ca

T'(E, 2)= 5 ezt -1gg

X
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we find

is (—fyl-a

~ge e (e () )
—1In (L;Z_)if‘vr (T—Gt. In ( Juta )i-i—\«)}.

: (A4)
Using the following asymptotic representation at large

Fpis, 1) =

[x[,
[ S (=0T (—Etm)
I u=-r;“n‘-‘[ by T +0(|rr”)J-
m—0
B2 § oes (A.5)
we obtain
Fe(s, 1)
_ is (—1)* 1 u? i+y 1 1t
B G T (T ) 1o L v ().
“2

(A.6)

An expansion of the function ¢(In~" |# | /£%) in powers of the
logarithm can be readily obtained by using the expressions
(A.4) and (A.5), the relation @(0)= 1 holding. The last
expression is valid for ¢ #1; if &« = 1, we have

7, (s, 1)
- is 1 proyty 1 1 ]
C 2ndulg (s) (1-y)? ( [£] ) 1] . (ln e ) ?

1n2 —
1Y

(A7)

where ¢,(0) = 1. The expression for @,(z) can be obtained
using (A.5),
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