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Recent experimental data on inclusive particle yields in hadron-hadron interactions are analyzed from the
point of view of their scale-invariant properties. It is shown that the hypothesis of limiting fragmentation
does not hold over the entire range of accelerator energies, although it is consistent with the data at the
highest energies, where it is satisfied to an accuracy of 3-20%. The energy dependence of inclusive
reactions is in agreement with the predictions of Mueller-Regge phenomenology. Factorization of the
leading Regge singularities is confirmed to an accuracy of at least 10% for many reactions. The observed
violation of Feynman's scaling law for the central region of the inclusive spectrum at the highest CERN
ISR energies is consistent with the existence of a constant limit as s—»oo and a certain factorization
property. Models which relate hadron-hadron interactions to deep inelastic scattering processes are
discussed. An important feature of these considerations is that they allow for the contributions from
resonance decays in the stable-particle spectra. The experimental situation regarding the yields of
resonances is analyzed in the light of the quark-parton picture.
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1. INTRODUCTION

The aim of the present review is to provide an expo-
sition of the basic experimental results obtained from
studies of multi-particle processes at high energies.
The global description of multi-particle processes in the
framework of the inclusive approach formulated by
Logunov et al.,clj the first experimental evidence for the
existence of scale invariance inhadronic interactions,C2l3J

and its theoretical reinterpretation in terms of the hy-
potheses of limiting fragmentation1" and scaling[5] have
stimulated a vigorous development of this area of high-
energy physics and have helped to make it possible to
obtain a vast number of experimental and theoretical re -
sults that have significantly deepened our understanding
of the mechanisms of multi-particle production pro-
cesses.

Many important results were presented at the recent
18th International Conference on High Energy Physics at
Tbilisi. For example, a dramatic violation of scaling
in the central region has been reliably established in
experiments over the wide range of energies from sev-
eral GeV to 2000 GeV. It has been convincingly demon-
strated that the production of the observed particles in
multi-particle reactions takes place mainly via the for-
mation and subsequent decay of resonances. Thus it ap-
pears that clustering and short-range correlation effects
can be explained to a great extent by the production of
resonances. Many experimental results suggest that
there exists a deep analogy between processes involving
strong, electromagnetic, and weak interactions at high

energies.

Owing to the abundance of experimental data, it is not
possible to consider all aspects of the physics of multi-
particle processes within the scope of a single review.
We shall therefore concentrate on the most recent re -
sults obtained from studies of multi-particle and inclu-
sive reactions in the light of the reviews presented at the
Tbilisi conference. The inevitable gaps in our exposi-
tion can be filled by a number of detailed reviews. a~n'i

The present survey is based on recent review talks, C12~14J

which in some cases contain more complete experi-
mental data and more detailed bibliographies.

In Sec. 2 we introduce our notation and consider inclu-
sive sum rules and the consequences of the experimen-
tally established growth of the total cross sections with
energy and of the hypothesis of scale invariance. In
Sec. 3 we discuss the experimental data on the total in-
clusive cross sections for pions and neutral strange par-
ticles in hadron-hadron interactions and their energy
dependences. Section 4 is devoted to the regularities in
the approach to scaling in the fragmentation regions of
the incident particles and in the central region, and to
the inclusive single-particle distributions. The energy
dependences of the inclusive cross sections in the vari-
ous kinematic regions are compared with various theo-
retical predictions. We discuss experiments to test
factorization of the leading Regge singularities, trans-
verse scaling, and the relationship between inclusive
reactions and deep inelastic scattering. The inclusive
production of meson and baryon resonances is the sub-
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ject of Sec. 5. The experimental data are compared
with the predictions of quark models, and the charac -
teristic properties of the inclusive distributions of reso-
nances and their production mechanisms are discussed.
A brief summary of the main results is given in the con-
cluding section.

2. NOTATION AND INCLUSIVE SUM RULES

In the past few years, studies of single-particle and
two-particle inclusive reactions

(2.1)

TABLE I.

a + b-*-c + X,

X, (2.2)

in which analyses are made of the distributions of one
or two particles, while an integration is carried out over
all the other particles of the system X, have become one
of the principal methods of investigating multi-particle
processes. These reactions are described by means of
the invariant distribution functions

(2.3)

(2.4)

In addition, two-particle inclusive reactions are charac-
terized by the correlation function

«a ( P i , P 2 . ») " : l>2 ( P i , P o , *) — (> ( P i , «) Ρ ( ρ > , s ) . (2.5)

where p2(pu p2, s)=/2(p!, p2) s)/atot and p(pu s)
=/(p1( s)/atot are the two-dimensional and one-dimen-
sional distribution densities, respectively.1'

Integrating (2.3)-(2. 5) with respect to the appropriate
Lorentz-invariant phase space E~*d*pc or E'i

lElld3pl

xd3/>2, we obtain the relations
. . . . tf% rt\

•C /(Pc S) = - ( " ^ " t f t i Κ.*·**)ί
, ρ2, «H s-M«>"tot,

i-»Ai)-WW-

(2.7)

(2.8)

The integral (2.6) is called the total inclusive cross
section for the particle c in the reaction (2.1); the inte-
gral (2.8) is known as the integrated correlation param-
eter and is equal to (n(n- 1)) -<n)2 when the particles
c t and c2 in the reaction (2.2) are identical. Kinematic
correlations due to the laws of energy and momentum
conservation lead to non-zero values of the integrated
correlation parameter even in the absence of dynamical
correlations between the particles.

In experiments involving unpolarized particles, owing
to the azimuthal symmetry of the interaction with re-
spect to the direction of the incident particles, the dis-
tribution function /(p, s) at fixed total c. m. ^

"instead of normalizing to the total cross section a t o t in (2.5)-
(2.8), it is possible to adopt a normalization to the total in-
elastic cross section σ1ηβ) or to the cross section σ1ηΘι(£:) for
only those events in which particles of type c are produced.
In this case, (nc> is the average multiplicity of particles of
type c for inelastic events or for those events in which only
the particles c are produced.

Variables

/ (P, «»

p. a

Λ' (ί*Π

1>2 tlpdii

2

I'l,- Τ

ft' r/!o

Jt dpqdpi

. , „ ? .

Λ· Λ)

«. , ! • Af2. i

ndtd{M2/s)

depends only on two variables. The most frequently
used sets of variables and the corresponding expressions
for/(p, s) are given in Table I. Here/), pL, pT, and Ω
are respectively the magnitude and the longitudinal and
transverse components of the momentum ρ of the inclu-
sive particle and its solid angle, which, together with the
the rapidity y =^ lri(E + pL)/(E -pL)], can be defined in
the c. m. s., in the laboratory system, or in the rest
system of the incident particle. The transverse mass
mT -Jp\ + w? is often used instead of the variable pT.
The scaling variable x = PL/PmiIT^'lpL/Js is defined in
the c. m. s.; M2 = (pa+Pt-pcf is the square of the miss-
ing mass corresponding to the particle c in the reaction
(2.1), and t = (pa -pcf is the square of the 4-momentum
transferred to this particle.

The distribution function/2(p1( p2, s) and the correla-
tion function Cz(plt pj, s) for the two-particle inclusive
reaction (2. 2) at fixed s depend on five variables. When
experimental data or theoretical predictions are pre-
sented, an integration is usually carried out with re-
spect to most of the variables over their entire range of
variation or over certain intervals. For example, the
inclusive production of resonance states is studied by
analyzing the spectra of effective masses M2

2 = (P1 + Pzf
of two particles. Two-particle correlations are studied
in the space of rapidities yt and yz of the two particles;
correlations in the azimuthal angle <p12=arccos(pnpr2/
PT\PTZ) between the transverse momenta are studied.

Equations (2.6)-(2.8) are the simplest examples of
so-called inclusive sum rules. In addition, there also
exist energy sum rules,C1" which take the following form
for the invariant distribution functions /(p, s) and
/(Pi> Pa» s) * o r t n e reactions (2.1) and (2.2):

(2. 9)

(2.10)

The summations in (2.9) and (2.10) are taken over all
types of particles in the reactions (2.1) and (2.2), and
μ is an index which labels the 4-momentum components
of a particle. We shall consider several important con-
sequences of the inclusive sum rules (2.6)-(2.10), the
growth of the total cross sections, and the hypothesis of
scale invariance.

The law of conservation of energy [/>* =EC in (2.9)]
leads to the following relation, which holds in the
c m . s.:

Σ
Γ „ . , . , /— /ft 1 i \

\ tPpcf (pCI s)=y s<ftot- v^· i*-/

Defining the inelasticity coefficient TJC as the fraction of
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FIG. 1. The energy dependences of the total inelastic cross
section (right-hand scale) and of the contributions to the total
inelastic cross section from σ1η8ΐ(7Γ*), σ1ηβ1(π"), σΐΜΐ(Κ*,Κ~,Κ°,
Κ°) (left-hand scale) (a) and of the total inelastic cross section
(right-hand scale) and the total contribution to CTinel from ir *,
TT", I ° , K\ Κ', K°, K° (left-hand scale) (b).C 2 0 ]

the total energy Vi~ carried away by the particles of type

c, we have

r^ = -y^—^iPpcf(pc,s). (2.12)

In the variables χ and p\, Eq. (2.11) takes the form

-5- 2 \ dxcdp1

Tcf{xc, pic, s) = a t o t . (2.13)

Thus Eq. (2.13) gives a direct relation between the en-

ergy dependence of the total (inelastic) cross sections

and the corresponding behavior of the invariant distribu-

tion functions for the inclusive reactions.

The growth of the total cross sections, which was
first established at Serpukhov and which is known as the
Serpukhov effect, is often associated with an entirely new
class of phenomena which have no analog at low ener-
gies and which are due to the appearance of a new energy
scale resulting from the production of heavy particles
with masses of order 3-5 GeV. t l e ] According to mod-
els'173 in which Froissart's upper bound is saturated,
the total cross section in the FNAL-ISR energy range
grows like

o,o t = σ0 + Oj In2 (•—), (2 .14)

and contains a scale parameter so= 120 GeV2, which
determines the threshold energy for a new mechanism
involving maximum saturation of the partial waves.

One might attempt to attribute this threshold behavior

of the total cross section to the energy dependence of the

invariant inclusive distribution. In this connection, it

is of interest to examine the relation between the ob-

served growth of the total cross sections and the hypoth-

esis of scale invariance,£s: which asserts that there

exists an s -independent asymptotic limit for the distribu -

tion function/(p, s) as s — «:

/ (x, p'T, s) - * Γ (χ, pi). (2.15)

This limit might set in earlier for inclusive reactions
involving light particles and later for reactions involving
heavy particles, thus leading to an effective growth of
σ1ο4 with increasing energy. On the other hand, studies
of the energy dependences of the inclusive distributions
in various kinematic regions may also throw light on the
possible mechanisms for producing a growth of fftot at
the highest accelerator energies. Thus, it was once
popular to attribute the growth of a U e l to the growth of
the inclusive cross sections for protons near the kine-
matic boundary 1 - | χ \ « 1 (the triple-reggeon region).
An integration of the invariant inclusive distributions
over the region | x\ ? 0. 94 actually leads to a growth of
the cross section like In s or In In s, depending on the
behavior of the triple-pomeron vertex near i = 0.C 1 8 :

However, owing to the peak for I x I — 1, this growth is
compensated by the falling-off of the proton spectrum
for small values of χ in the fragmentation region, so
that the total contribution turns out to be practically in-
dependent of energy. α 9 1 In addition, as can be seen from
Fig. 1, the absolute growth of σ ΐ Μ ΐ for pp interactions
over the energy range 24-1500 GeV can be fully ex-
plained by the growth of the total contribution to σ ΐ Μ ΐ

from σ1ηβ1(π) and <rla,i(K), which, as we shall show below,
is due to the growth of the inclusive cross sections for
pions and kaons in the central region.

By applying the scaling hypothesis (2.15) to the inclu-

sive sum rule (2.6), we can predict the asymptotic en-

ergy dependence of the total inclusive cross sections.

In fact,

c= f d3pE-'f(p, i ) - » n [ dxdp\
r (χ, P2

T) (2.16)

Owing to the boundedness of the distribution f°(x, p%)
with respect to the transverse momenta, at sufficiently
high energies (2.16) can be represented in the following
form, which is accurate up to the first term of the ex-
pansion:

(0,

Thus, for a non-zero value of the integral at χ = 0, the
hypothesis of scale invariance leads to a logarithmic
growth of the total inclusive cross sections with energy:

ac = A«, + /?„, In s,

where

(2.17)

-fl | dplf" (0, P'T).

When applied to the inclusive sum rule (2. 7) for the
two-particle inclusive reaction and the analogous sum
rules for the complete set of fc-particle inclusive reac-
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TABLE H. Total inclusive cross sections σ (mb) for ττ*, π"
and π 0 mesons in pp and Kp interactions at high energies.

FIG. 2. Inclusive cross sections for ir", π*, and π" mesons
as a function of the primary momentum. The points show a
compilation1121 of published data; the lines are drawn by eye
through the experimental points.

tions, the hypothesis of scale invariance makes it pos-
sible to obtain a scaling result for the multiplicity dis-
tributions of secondary charged particles1 2 1 1:

(2.18)

where σΠ are the topological cross sections, and
4>{n/(n)) is a certain universal function which describes
the data over a wide range of energies and which has
little dependence on the type of incident particle (for
details, see, e.g., Ref. 10).

Thus scale invariance leads to a number of important
predictions for the energy dependences of the multiplic-
ity distributions, of the total inclusive cross sections,
and of the invariant distribution functions in inclusive
reactions, thereby restricting the class of possible the-
oretical models, while the inclusive sum rules relate
the energy dependences of the cross sections for inclu-
sive processes to the total interaction cross sections for
the particles. The growth of the total cross sections
and the observed violation of scaling within the acces-
sible range of energies make it all the more necessary
to carry out careful experimental investigations of the
energy dependences of inclusive processes in various
kinematic regions.

3. TOTAL INCLUSIVE CROSS SECTIONS

Recent data on the energy dependences of the total in-
clusive cross sections for ττ+, π", and ττ° mesons,
σ» =(nt)<Jitnu a r e compiled in Fig. 2. The growth in the
cross sections for pions in pp interactions above 50
GeV/c is in agreement with a logarithmic dependence,

Put,·
GeV/c

σ (π*)
σ (π-)
σ (π»)

νρ

6 9 »

78.5+1.3
57.5+0.6
74.0+1.5

1001»

91,8+9.2
66,9+1,3

85+8

2 0 5 " . «»

108+11
86+2

107+7

3031°. Μ

125+13
99.5±3

126.5+9

κ-ν

14·'

25,6+0.8
25,9+1.5
27.2±1.0

3225

33.6+1,3
36.3+1.8
35,3+0.8

which, however, does not fit the energy dependences of
the cross sections over the entire range of accelerator
energies. The contribution to the total inclusive cross
section for pions from the fragmentation .component2' is
still important even at FNAL energies, as can be seen
from the appreciable difference between the cross sec-
tions for producing particles and antiparticles (Table II).
For example, the ratio of cross sections σ(τΓ)/σ(τι*)
varies slowly from 0. 74± 0.02 at 69 GeV/eE 4 ] to
0.80± 0.08 at 303 GeV/c.C1O] since the closeness of the
ratio CTj/ac to unity can be regarded as a measure of the
approach to a regime involving a limiting logarithmic
growth, it follows from the experimental data that the
limiting logarithmic regime (2.17) has not yet become
established at currently accessible energies. However,
the coefficient of the Ins term in (2.17) must evidently
have a value appreciably larger than that obtained from
simple logarithmic fits to the existing data.

The energy dependence of the cross sections for pions
in reactions involving other beam particles is similar to
that observed in pp interactions, but the difference in the
quantum numbers of the initial particles shows up in the
energy dependence of the cross sections for pions, at
least for energies up to 100 GeV, and can be attributed
to the operation of the conservation laws, the effects of
the leading particles, and the contribution from the an-
nihilation channels. Thus, the inclusive cross sections
for π0 mesons in pp interactions up to the Serpukhov
energies fall off markedly with increasing primary mo-
menta as a result of the decreasing contribution from
the annihilation channel. In the interval of primary mo-
menta from 22.4 to 100 GeV/c, the cross sections for
mesons begin to rise with increasing energy at about the
same rate as in pp interactions, since for momenta
above 100 GeV/c the contribution from the annihilation
component is less than 5% of the total cross section for
pp interactions.

Figures 3 and 4 show the behavior of the cross sec-
tions for producingjhe neutral strange particles Kn

x(K°/K°), A, and Λ. The cross sections for neutral
strange kaons in pp interactions rise by an order of
magnitude over the range of primary momenta from
12 GeV/c to the maximum values available at FNAL,
while in the case of ifp interactions the energy depen-
dence of the cross section for producing K" mesons is
consistent with a logarithmic behavior over the entire
range of momenta up to 205 GeV/c.B 7 ] The cross sec-
tions for K" mesons in ~pp interactions are systemati-

2)The term "fragmentation component" henceforth implies that
part of the inclusive cross section corresponding to fixed val-
ues of the variable *( \x I > 0) of the inclusive particle.
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FIG. 3. The Κ", Λ, and Λ inclusive cross sections as a func-
tion of the primary momentum for p*p and ir^p interactions.
The points are from a compilationC121 of published data; the
lines are drawn by eye through the experimental points.

cally higher than in the case of pp interactions, and in
the Serpukhov-FNAL energy range they rise as rapidly
as in the case of pp collisions.

The cross section for producing Λ hyperons in pp
interactions rises within the range of momenta from 5
to 50 GeV/c but varies little at higher energies. Start-
ing with the Serpukhov energies, σ(Λ) is approximately
twice as large in pp as in pp and π*ρ interactions, as is
to be expected if the dominant process for producing Λ
hyperons is proton fragmentation. The dominance of the
fragmentation process over the central production of
ΛΛ pairs also explains the weak dependence of the cross
sections for producing Λ hyperons in the FNAL energy
range. The cross section for Λ production is small, but
it rises strongly with energy for pltb > 69 GeV/c, in
analogy with the behavior of the antiproton yields.

The cross sections for producing neutral strange par-
ticles, measured by the France-USSR and CERN-USSR
Collaboration in Κ*p interactions at 32 GeV/e, are com-
pared with the corresponding data at lower energies in
Fig. 4. In both K*p and K'p collisions, we find an ap-
preciable growth of the cross sections for Κ" mesons,
Δσ= 1. 5 mb, over the range from 16 to 32 GeV/c. This
growth may be at least partially explained by the_large
cross sections for producing KnK" pairs: σ(Κ" Κ")
= 1.1 ±0.1 mb and 1.68 ±0.24 mb in K*pa" and Kmpasl

interactions at 32 GeV/c, respectively. It is interesting
to note that a similar growth of K*K" pair production has
been observed in the exclusive reaction channels in K*p
collisions at 32 GeV/c. D 3 ] An analogous effect has also
been seen in K'p collisions at 32 GeV/c r a 4 ]:

The energy dependence of the Λ and Λ cross sections
in K*p interactions is identical in character to that ob-
served in pp interactions in the same energy region: the
data are in good agreement with a logarithmic depen-
dence."5 1 In the case of K'p interactions, the cross sec-
tions for producing Λ hyperons fall off with energy in the
low-energy region but remain practically constant over
the range from 10 to 32 GeV/c. The fall in the cross
sections at low energies can be explained by the de-
creasing contribution from processes involving the an-
nihilation of strangeness in the virtual K'K* scattering
in the reaction K'p — Λ + pions. With increasing energy,
other mechanisms for producing Λ hyperons, such as
the process K'p ~AKK+pions, begin to make significant
contributions, and this leads to approximately constant
cross sections for Λ hyperons in the interval from 10 to
32 GeV/c. On the basis of the trend shown by the data,
we might expect that the cross sections for producing Λ
hyperons will begin to rise at still higher energies, as
in K'p interactions.

4. REGULARITIES IN THE APPROACH TO SCALING
AND INCLUSIVE DISTRIBUTIONS

Studies of the regularities in the approach to the scal-
ing limit at the phenomenological level are based on the
application of the generalized optical theorem, B e ] which
relates the inclusive cross section/(pe, s) for the reac-
tion ab— cX to the discontinuity of the six-point ampli-
tude for the process abc~ abc in the M^-channel (M%
= {Pa+Pb~Pcf), as illustrated schematically in Fig. 5a.
The additional hypothesis that the six-point amplitude
can be parametrized in a Regge form with the same
leading singularities as those used to describe elastic
scattering leads to the three limiting cases shown by the

e i -

Γρ-κ"Χ

1 —JJr^^*T

1 . ^

κ*ρ—κ"χ

V U K'p —AX

ί

1 < I l l l l 1

—K*p — AX
^-fragmentation

- Δ-jiagmentation - ^
. »-*>— ΛΧ JK

/ ' :

/ :
/ * •

-

-

I l l 1 I l l l l

y '-

1 1 I 1 1 1 1 1

σ (Κ-ρ -> Κ~ρΚ*Κ-2η*2τι-)
σ (Κ-ρ -• Α'-ρ3π+3π-)

- = 0.18 ±0.05,

= 0.55 ±0.21.

0.1

0.2 '

W' P | a b , GeV/c 102

FIG. 4. The K", A, and Λ inclusive cross sections as a func-
tion of the primary momentum for K*p interactions. We also
show here the contributions of the fragmentation cross sections
for Λ and Λ in K*p interactions (see Ref. 26).
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diagrams b-d of Tig. 5:

a) the fragmentation region (Fig. 5b) of the beam or
the target, corresponding to fixed values of Mz/s and t
with s-« and AT*»»;

b) the triple-reggeon region (Fig. 5c), corresponding
to a fixed value of t with s-«, M 2 -» , and s/Mz» 1;

c) the central region (Fig. 5d), corresponding to a
fixed value of y in the c. m. s. with s— <», f— «>, and
Μ-oo (<KSS»4).

In the following subsections, we shall carry out a de-
tailed analysis of the regularities in the approach to
scaling in the fragmentation and central regions. Owing
to the relatively small quantity of new data referring to
the triple-reggeon region, we cannot consider this kine-
matic region, and we limit ourselves to references to
recent reviews. te«S7'3el

a) Approach to the scaling limit in the fragmentation
region

The generalized optical theorem and the hypothesis
that the leading Regge poles factorize for fixed Mz/s and
ί with s—« and M2-°° lead to the following expres-
sions13" for the fragmentation regions of the particles a
and b, respectively:

(4.1)

(4.2)

where ρ =/(ρβ, s)/otot and a,(0) are the intercepts of the
appropriate Regge trajectories. Taking the values
a(0) = l/2 for the p, /, ω, and ^ trajectories and a(0)
= 0 for the/' and φ trajectories, the energy dependence
of the structure functions p{Mz/s, p%, s), or equivalent^
Ρ(ΡΙΛ, P%, s\ s i n c e i i x e d values of M*/s correspond to
fixed values of />llb or y l ib, is determined by the expres-
sion

«
i=t, ρ, ω, Α,

+4 Σ Μ".*).
i-r, Φ

(4.3)
where βρ is independent of the type of beam (target) par-
ticle in the fragmentation region of the target (beam) by
virtue of the factorization properties of the Regge-pole
amplitudes. The inclusive sum rules (2. β) and (4.3)
lead to the following expression for the average multi-

FIG. 6. Approach to scaling in the fragmentation region of the
proton for inclusive production of τ* mesons. The points show
the data from Ref. 42 and certain additional published data.

plicity of particles in the fragmentation region:

FIG. 5.

(4.4)

where the last term is due to exchanges involving the
/ ' or φ trajectory, which are absent in most inclusive
reactions.

The experimental regularities in the approach to scal-
ing in the fragmentation region of the target have been
widely discussed in the past two years. κ·'·«-•" How-
ever, the conclusions are highly contradictory, reflect-
ing the statistical unreliability of the data in this kine-
matic region at the highest energies. In fact, most of
the data on the inclusive production of pions obtained
using the CERN intersecting storage rings (CERN ISR)
correspond to pT>0A GeV/c or ylttt >0, while bubble-
chamber data are usually integrated with respect to the
transverse momenta because of the poor statistics.

The present situation regarding the approach to scal-
ing in the fragmentation of the proton into n* mesons is
illustrated in Fig. 6, in which we present a compilation
of data c e ] obtained from bubble-chamber experiments.
The data at the highest energies indicate that a scaling
limit seems to exist, that this limit is generally ap-
proached from above, and that factorization holds at the
limiting energies. Reactions in which none of the quan-
tum numbers (ab, abc, be, ac) are exotic3' and which do
not involve exchanges of the f ' . - φ trajectory, as, for
example, in the reactions Jf*/> - ifX, K'p - iCX, or
yp~iTX, exhibit a strong energy dependence consistent

3) Exotic states are those having quantum numbers which are
absent in the usual SU(Z) scheme.
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TABLE III. The exotic character of various combinations for
the reactions ab —• cX.

*p-~K"X

Reaction

pp-~ir-X
**p~ir'X
K'p — ir'X

pp-~v*X
Tt-p~ir*X

K*p-~Tt*X
Κ~π~π*Υ

ab

exotic

exotic
exotic

exotic

abc

exotic
exotic
exotic
exotic

exotic

ac

exotic
exotic

exotic

exotic

be

with the prediction (4.3). Similar reactions in which at
least one of the combinations ab, abc, or ac is exotic
(Table ΠΙ) have only a weak energy dependence. From
the point of view of the representation (4.3), this is due
to a total or partial cancellation between the contribu-
tions of the secondary trajectories. Apparently, the
growth of the cross sections from threshold observed in
the reactions pp - v*X and K*p - iCX and possibly in the
reaction K*p - iCX is due to the fact that the state (ab) is
exotic. It would be of interest to study the relationship
between the exotic character of various combinations of
particles and the energy dependence of the inclusive
cross section for the production of π* mesons in the
fragmentation region of the beam; the reactions iCp
- ir*Xand K~p~f*X, in which only the states (ac) are
exotic, would be of special interest.

The data on the fragmentation of the target into heavy
particles at high energies are the most meager. Qual-
itatively, the character of the approach to the scaling
limit in the case of fragmentation of the proton into neu-
tral kaons or Λ hyperons (Fig. 7) is similar to the trend
observed for IT* mesons. In particular, factorization is
found to be valid in a first approximation, and all the
reactions involving the exotic channel (ab) exhibit a
growth of the cross sections from threshold.

An exception is the reaction K*p ~K"X, in which the
cross sections are found to fall off sharply with increas-
ing energy as a result of the large contribution from
processes involving the annihilation of strangeness in the
virtual K*Y** scattering at low energies, where the ex-
change of the f ' - φ trajectory is dominant."3·44-1 Conse-
quently, the energy dependence of this reaction in the
fragmentation region of the proton (Fig. 8a) is deter-
mined by the dominant contribution of the last term in
(4. 3). On the other hand, the cross sections for pro-

α-<*ρ — Χ
c-ff ^K

- ύ\ -
Ι

"χ
"λ
'χ
χ

/

%
Ι ι

0.2

FIG. 8. Energy dependence of the structure functions for the
reaction Κ *ρ—Κ "Χ in the fragmentation region of the proton
(a) (the lines show a "fit" to the data for 8.2-32 GeV/c) and in
the fragmentation region of the primary K* meson (b) (the lines
are drawn by eye through the experimental points) (from
Ref. 32).

ducing K" mesons in this reaction in the fragmentation
region of the beam (Fig. 8b) are determined by the lead-
ing contribution of the p-A2 trajectory (the second term
in (4.3)) and fall off like s"1/8 in the range of primary
momenta from 5 to 16 GeV/c.c 4 4 ] An unexpected energy
dependence of the cross sections in the range from 16
to 32 GeV/c t32] is illustrated in greater detail in Figs.
9 and 10. In the fragmentation region of the proton,
i. e., for small values of p1^" (Fig. 9a), the structure
function decreases systematically with increasing en-
ergy. At the same time, in the fragmentation region of
the beam, i. e., for small values of />£* (where p\* is the
longitudinal momentum of the Κ" meson in the rest sys-
tem of the primary K* meson), the values of the struc-
ture functions remain unchanged for primary momenta
within the range between 16 and 32 GeV/c (see Fig. 9b).
It can be seen from Fig. 10 that within this range of
primary momenta the differential cross sections do/
xd(Mz/s) are identical over practically the entire range
of the variable M*/s, where Mz is the square of the
missing mass.4 > It seems natural to attribute this sur-
prising behavior to an appreciable growth of the cross
sections for pair production of K"K" mesons over the
range of primary momenta from 16 to 32 GeV/c (see
Sec. 3). We shall show later that, at least in the cen-
tral region, the observed precocious scaling in the reac-
tion K*p- K"X in this energy range is probably fortui-

FIG. 7. Approach to scaling in the fragmentation region of the
proton for inclusive production of K" and Λ. The points are
from a compilation"21 of published data.

4)The marked energy dependence of the cross section for frag-
mentation of the proton into K" has little effect on the energy
dependence of the differential cross section da/d[M*/s) be-
cause of the small contribution which the cross section for
this process makes to the total inclusive cross section for the
reaction K*p-~K"X.
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FIG. 9. Invariant distributions for the inclusive reaction
K*p-~K"X as a function of the longitudinal momentum of the
K" meson in the laboratory system (a) and in the rest system
of the primary K* meson (b) (from Ref. 32).

tous and that we should expect an appreciable growth of
the cross sections for K" mesons at still higher ener-
gies.

Further evidence for the existence of an asymptotic
limit (Fig. 11) comes from the results of an experiment
using an electronic detector1·451 to measure the energy
dependences of the yields of n* mesons in p*p, K*p, and
v*p interactions in the fragmentation region of the proton
at pT«0.3 GeV/c and yltb« 0.6 over the range of pri-
mary momenta from 4 to 250 GeV/c. A characteristic
feature of these data is the approach to the scaling limit
from below in the case of the reactions pp~ v*X, in con-
trast with the previously mentioned bubble-chamber data
(see Fig. 6), according to which the cross sections for
these reactions first rise and then fall as the asymptotic
limit is approached. Since the bubble-chamber data
correspond to the region ylrt)<0 and are integrated over
the entire range of transverse momenta, it is difficult
to say at the present time whether the results of these
experiments are mutually inconsistent, particularly be-

• +

1.

• * • Ρ ο Λ

• * ; • ' •

• -J.OGeV/c
0-1.2

0.2 0.1

U'h
u

FIG. 10. Differential cross sections dq/d(M2/s) for the reac-
tion Κ*p-*K"X (from Ref. 32).
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FIG. 11. Energy dependence of the invariant cross sections
(integrated over the kinematic region 0.3</>[Α<0.6 GeV/c
and 60.75°<βίΛ + 3.37/>ϊΛ

<;64.25'>): n" mesons (a) and ir*
mesons (b) iap^, K*p, and τ*ρ interactions. The curves
show fits to the expressions A + s~in or J4 + BS" 1 / 2 + CS" 1 (from
Ref. 46).

cause only two points have been measured at high ener-
gies in the electronic experiment. A good fit to the en-
ergy dependence of the recent data is given by the ex-
pression A + Bs"in + Cs'1. The last term depending on
s"1 is of course not due to the contribution of the f ' - φ
trajectory, as in the case of the reaction K*p~KnX,
but is evidently due to the higher-order neglected terms
in the expansion (4.3). It is clear that much more ac-
curate experimental data in the various regions of phase
space would be required to determine the actual s-de-
pendence of the invariant cross sections in the fragmen-
tation region.

In this connection, it would be of particular interest
to measure the energy dependence of the difference be-
tween the structure functions for the inclusive reactions
A*p - cX and A~p - ex. According to (4.3), for reactions
which do not involve exchange of the/ - φ trajectory,
we have f=f(A'p - cX) -f(A*p -cX) = const s"1'8. The few
data which permit such a comparison (Fig. 12) suggest
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0.01

0.01

W

W

-

• 1 , 1 .

if=f(x*p—χ*}-ί(ττ'ρ~π*1^^ -

^&"^Mbrp-~iC)-t(i?t>—iC) -

FIG. 12. Energy depen-
dence of the difference be-
tween the structure func-
tions.
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TABLE IV. Test of factorization of the Pomeranchuk tra-
jectory.

np~*-c
PP-i-c

Kp-*c
pp — c

t (ap •* c)/f (a'p -. c)/s -. ao

c = jr*

0.63+0.03

0.6O±0.O6

C = J t*

0.62±0.03

0.45+0.04

0.25+0.18

c — p

0.62+0.03

0.61±0.08

Quark
model

0.67

0.67

that this prediction is correct and are consistent with
factorization of the leading trajectories.

A test of factorization of the leading Pomeranchuk
trajectory which has been made by the Pennsylvania
groupH5] shows that the ratios of the inclusive cross sec-
tions for the reactions ap-cX and a'p - cX obtained by
extrapolating the energy dependences A+Bs~1/Z + Cs'1

(for statistically reliable data) and A + Bs'uz (for data
with poor statistics) to s-°° are in reasonable agree-
ment with the ratios of the total cross sections

/ lap — c) _ a t ot (ap)

predicted by the additive quark model (Table IV). A
similar conclusion was obtained by the SLAC group,C4e]

who measured the ratios R of the inclusive cross sec-
tions for particles and antiparticles in the reactions
A*p ~A*X (A = ir, K, p) at 10 and 14 GeV/c for I t \ < 0. 25
(GeV/e)2.

An integration of R over the whole accessible range of
missing masses Μ yields R = 0. 96 ± 0. 04, 0. 90± 0.02,
and 1. 02± 0. 02 for inelastic K*, u*, and p* scattering,
respectively, at 10.4 GeV/c. These values indicate that
the contribution from exchanges with C= - 1 is very
small in these reactions in comparison with elastic scat-
tering, where this contribution is large at the same en-
ergies.

A test of factorization of the leading trajectories in
the diffraction processes pp~pX, pp- (pir*V)X, and
pp- (AK*)X at Ss = 53 GeV using the CERN ISRt47]

showed that this property holds to an accuracy of 5% for
I 11 <0. 5 (GeV/e)2. However, the elastic and inelastic
diffraction cross sections for I 11 > 0. 5 (GeV/cf exhibit
an appreciable deviation from factorization, which is
evidently due to a large contribution from Regge cuts in
this range of t. This is demonstrated in Fig. 13, where
we show the ratios of collinear and non-collinear events
as functions of the momentum transfer t for the three
reactions mentioned above. These ratios are related to
the differential cross sections as follows:

ep(dae,/dt)

'' ε, ((1/2) doso/dl) ilnJlJI —

ερπη ((1/2) dasp

AK((l/2)<fog0/ift))

Factorization requires that e m = ε'Μ, and eAjr = c'AK. All
three parameters R are mutually consistent for | t\ <0. 5
(GeV/c)2, but it is found that the parameter /^de-
creases sharply for | 11 > 0. 5 (GeV/c)2, which indicates
that factorization is violated for elastic scattering.

Further evidence for a violation of factorization in the
framework of the simple Regge pole model was obtained
in Ref. 48, where it was pointed out that the inelastic
diffraction and elastic cross sections have different en-
ergy dependences:

ο (K-p - Κ- (ΜΙ*); Υ~, = 53 GeV)

σ U - p - Κ-ρ; γϊ= 53 GeV)

1/2σ(ρρ—ρ(ηπ+); / J = « 5 GeV)

The same conclusion is obtained by comparing the CERN
ISR data at Ss= 45 GeV with the pp data at lower energies,
where \σ(ηιτ*)άι,= σΛιί(ρτι') =0.60±0.08 mb, while atl{pn)
α σβ1 (/>/>) = 8. 5± 0.3 mb for primary momenta equal to 20
GeV/c (for details, see Ref. 48). These results are in-
consistent with the predictions of the Regge pole model,
according to which the elastic and inelastic diffraction
amplitudes should have the same energy dependence sap.
The deviation of the parameter R for elastic scattering
in the CERN ISR experiment is evidently due to an appre-
ciable difference between the energy behaviors of the
total cross sections.

Thus the energy dependences of the inclusive cross
sections in the fragmentation region are consistent with
the hypothesis of limiting fragmentation. In this case,
the form of the asymptotic spectra in the fragmentation
region should be close to that observed at the maximum
CERN ISR energies (Fig. 14). It is a remarkable fact
that the shape of the rapidity distribution is practically
independent of the type of inclusive particle, as shown
in Fig. 14b, obtained by simply displacing the spectra
of various particles along the rapidity axis and renor-
malizing them appropriately. Factorization of the lead-
ing Regge singularities has been established experimen-
tally for most inclusive reactions with an accuracy of at
least 10% for small momentum transfers. However, it
is found that there is an appreciable violation of factor-
ization in elastic and inelastic diffraction processes for
-1>0. 5 (GeV/cf; this is apparently due to the anom-
alous behavior of elastic scattering.

S U.S 1.0 0 OS

a -t, (GeV/c) 2 b

FIG. 13. The ratios Rp, flirT, and Rj^ of collinear to non-col-
linear events (corrected for the loss of non-collinear events)
for the reactions pp ~pX, ρρ~(ρπ \ IX, and pp — {A°K *)X at
V7 = 53 GeV (a) and R^/RM, (b) as a function of the momentum
transfer i (from Ref. 48).
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FIG. 14. Invariant rapidity distributions in the laboratory
system at/>r=0.4 GeV/c for π 1, /f*, and]> in the range of en-
ergies Ί~ε from 6.8 to 53 GeV (a), and the same distributions
obtained by making a simple displacement in the rapidity and
renormalization of the spectra of the various particles (b)
(from Ref. 49).
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FIG. 15. Energy dependence of the invariant inclusive cross
sections for π*, />*, and K± for e c j n . = 90e and various values of
pT at ISR energies (V7 = 23, 31, 45, and 63 GeV) (the data are
from Refs. 50-52).

FIG. 16. Ratio of the particle to j
antiparticle yields as a function of
pTa.%Js = 23 and 63 GeV (from '
Ref. 51).

pr,Gt\lc

b) Approach to scaling in the central region

Several important experiments that have recently been
carried out using the Serpukhov, FNAL, and CERN ISR
accelerators have greatly clarified the character of the
energy dependence of the inclusive cross sections in the
central region. At the Tbilisi conference, for example,
the British-Scandinavian-MIT Collaboration150·513 re-
ported the results of measurements of the inclusive
yields of ir*t K*, and p* at x=0 in the CERN ISR energy
range 23 « vT« 63 GeV for small values of pT; 0.04 < pT

« 0.4 GeV/c for n*, 0.1« pT « 0.3 GeV/c for K*, and
0.1« pT « 0. 5 GeV/e for p*. A compilation of these data,
together with earlier data at large values of pT,

C523 is
shown in Fig. 15. We see that the scaling limit has not
yet been reached, even at the CERN ISR energies. The
average growths of the differential cross sections over
the ISR energy range from Vs = 23 GeV to Vs =63 GeV in
the kinematic region under consideration are as follows:

36 ± 2% and 41 ± 2% for· n* and a-,

52 ± 8% and 69 ± 8% for K+ and K-,

8 ± 5% and 84 ± 69ό for ρ and p.

The flux of particles at small pT is determined mainly
by the yield of pions, but the proportion of heavier par-
ticles—kaons and nucleons—rises almost linearly with
pT. However, the cross sections for pions rise at the
minimum values of pT. It seems reasonable to attribute
this effect to an enhancement in the cross sections for
producing resonances, which lead to a large number of
pions from the decays of resonances at small values of
pT. The ratio of the particle and antiparticle yields
(Fig. 16) has a strong dependence on pT and s in the case
of protons and antiprotons. At the lowest energies and
small pT an appreciable fraction of the protons at x=0
are actually produced as a result of the fragmentation
of the primary particles, although the ratio of the ρ and
p yields tends to 1 with increasing pT and s, as we
should expect for central collisions.

The inclusive distributions of pions with respect to the
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FIG. 17. Invariant pT distribution of π* mesons in the reac-
tion pp~ir*X at 0c.m. = 90° and fs = 23-63 GeV (from Ref. 50).

transverse momenta at energies in the range Vs = 23-63
Qey[503 (fig. 17) are best described by the parametriza-
tion exp(-BmT) with mT = Sn%+~t%, which also works
well at lower energies. C 5 3 ' 5 4 ] The indices Β for the ex-
ponential slopes of the pion and kaon spectra listed in
Table V for energies in the range Vs = 23-63 GeV have
somewhat higher values for pions than for kaons and are
characterized by a weak growth with energy.

The observed strong violation of (Feynman) scaling at
x = 0 is not surprising and is predicted by many theoreti-
cal models. C55~57] For example, according to the model
of Cheng and Wu, t 5 5 : the cross section at fixed rapidity
in the c. m. s. rises like a power of the energy:

f / (y, pi, s) dp\ ~ ΛΪ=/«+2Ο In s

2c«i+2c>,

where the parameter c = 0.083 is determined by the en-
ergy dependence of the total cross sections,5 ) Logunov
et al.,iS61 predict a power growth of the second moment
in the multiplicity in the same kinematic region. Regge
models157·1 lead to such a growth of the cross sections if
it is assumed that the leading vacuum singularity has an
intercept α(0)>1.

However, it is possible that the growth of the cross
sections in the central region predicted by these models
will be important only at much higher energies and that
the observed effect is due to a simple falling-off of the
contributions from the secondary trajectories in the
ordinary double-reggeon representation159·1:

where a{(0) are the intercepts of the leading trajectories,
t = (Pa -Pcf, and u = (pb -pcf. In the region of small
transverse momenta and fixed rapidities, | 11 » 7s mTe~y

and I u I ~/smTe
:> are relatively small even in the CERN

ISR energy range, so that the contribution from the
secondary pole terms is hardly noticeable at these ener-
gies. A cancellation of the cut contributions in this kine -

5)The energy sum rules (2.9) limit the domain of applicability
of (4.5) to the interval I y I < iln(s/so)(l -Δ), [ 5 8 : where Δ

2c).

matic region, pointed out by Abramovskii, Gribov, and
KancheliC60J for asymptotic energies, provides some
justification for applying (4.6) with no further correction
terms.

Using Eq. (4. 6) and the coupling constants δ*(δ> for the
reggeon R and particle a(b), which are known from the
analysis of the total cross sections, the ratio of the in-
clusive cross section for the reaction a+b — c + Xin the
central region and the total asymptotic cross section
oiot(°°) c a n b e written in the form

= Φ Ρ Ρ (mT) + s-'/' ( 2 (mT) eviz + 2 if- ΦΡ Β (mT) «-»

2 2 •
Β, Β"

here Φι}(τητ) are the double-reggeon vertex functions,
which are independent of the type of primary particles
and depend only on the type of inclusive particle. The
vertex functions Φ(](ηιτ) are real, but their signs are in
general arbitrary.C 5 9 ] General arguments require that
Φρρ(ηιτ) is positive. The vertices Φ1}(ηιτ) with i,j = u>,p
change sign on making the substitution c— ?; terms in
which ρ or ω join a given vertex change sign on making
the substitution α— α (6 — b). However, the absolute
phases of the vertices can be fixed only from experi-
ment, as in the case of two-particle reactions. The
coupling constants 6J,(6) are normalized as follows:

(4. 5) where TR is the signature factor.

Equation (4. 7) leads to the following interesting conse-
quences'5 9 3:

a) there exists an asymptotic plateau in rapidity,
whose height ΦΡΡ(ηιτ) is independent of the type of col-
liding particles and is the same for a particle c and its
antiparticle c-t

b) the energy dependence of the inclusive cross sec-
tion at fixed mT and y is determined by the expression

ρ (y, mT, s) = ΦΡΡ (mT) + α (y, mT) β (y, mT) s'1", (4. 8)

and the dependence of the inclusive cross section on s
and y is correlated, in accordance with (4. 7);

c) in the energy dependence of the average multiplicity
of particles of type c in the central region,

(«cWral c In (4.9)

the value of the coefficient of Ins is determined by the
asymptotic limit for the function p:

TABLE V.

Particle

B, GeV"1

n* π- jft κ-

ΤΛ 7.2 6.6 7.09
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of the Invariant inclusive
cross sections for π 1 mesons
in the central region. The
points are from a compilation
of published data c i 2 ]; the
curves show the result of a
double-reggeon f i t " " in the
space of the variables (s, mT,
y) to the data on the reactions
pp~ ir*X at 12 and 24 GeV/
„ C53]

B
c = π f

o.« o.s os ΐβ

( m T ) . (4.10)

It was shown in Refs. 54 and 61-63 that this approach
actually describes the energy dependences of the inclu-
sive cross sections and the shapes of the rapidity dis-
tributions in the central region for many inclusive reac-
tions. An important result is that the vertex functions
ΦΛΚ, Φκ ρ, and ΦΡΡ have values of the same order of
magnitude. In using data at low energies to describe the
energy dependence of inclusive cross sections in the
central region, we can therefore not neglect the last
term in (4.7). The dependences of the vertex functions
on mT obtained in Ref. 61 from an analysis of the reac-
tions pp- ir*ATat 12 and 24 GeV/c are close to an expo-
nential behavior. The slope parameters bfJ in the para-
metrization Φ4ί = Aljexp(—bljmT) are found to be practi-
cally identical in the reactions pp — nX, τιρ~ iiX, and
Kp-~ itX. reu Moreover, by comparing the slope param-
eters in these reactions and in the reaction K*p—K°X,
it was foundtS4:i that they are also independent of the type
of inclusive particle, i. e., they are the same for pions
and kaons. This universality in the dependence of the
vertex functions on mT) which was also pointed out in
Ref. 64, is of great interest and will be analyzed in fur-
ther detail in Sec. 4c.

Let us now consider the regularities in the energy de-
pendences of the invariant inclusive cross sections from
the point of view of the representation (4. 7). In Figs.
18 and 19 we show a compilation1123 of data on the inclu-
sive yields of n* and K°, mesons at high energies (inte-
grated with respect to p%) at x = 0. The present situation
differs markedly from what was expected several years
agoB e l (the dashed curves in Figs. 18 and 19 with Bt

= 0. 78 and ΒΓ= 0. IB, =0.078). The scaling limit has ob-
viously not been reached, even at the highest attainable
energies, although the data are consistent with the exis-
tence of such a limit which is independent of the type of
colliding particles.

The double-reggeon formalism reproduces the trend

of the data up to the maximum energies. The curves 1
and 2 in Fig. 18 show the result of a fit™13 of Eq. (4. 7)
to the data on the reaction ρρ~τι*Χ at 12 and 24 GeV/c
in the space of the variables (s, tnT, y). The curves 4
and 5 for the reactions t*p~ ifXand K*p~ ifXare ob-
tained using the same fit to the data on the reactions
pp-~ κ*Χ and the known coupling constants 5J* and 6f*,
taken from the analysis of the total cross sections. It
is important to note that the double-reggeon analysis at
these relatively low energies generally ensures a fit to
the data over a wide range of energies.

In the reaction τΓρ — κ'Χ, in which there is a strong
effect due to the leading particle, the energy dependence
of the cross section at low energies is initially notice-
ably different from that of the other reactions. With
increasing energy, however, the same trend is observed.
Moreover, a good fit to the energy dependence of the
cross section for this reaction is obtained from Eq. (4.7)
when the value of Bc is fixed at the value of Be for the
reactions pp~v*X (the curve 3 in Fig. 18).

The energy dependence of the cross section for the
reaction pp-~KJxis again in agreement with the double-
reggeon representation (Fig. 19). The double-reggeon
parametrization also provides a good fit to the spectra
of K\ mesons with respect to the rapidities in the c. m. s.
With certain reservations, we can say the same thing
about the reaction K*p~K\X (Fig. 19), where the RR
term in Eq. (4. 7) is responsible for the falling-off of the
cross section over the range of primary momenta from
5 to 16 GeV/c.t54] The cross sections develop a plateau
in the interval from 16 to 32 GeV/e, and a double-reg-
geon fit to the data between 5 and 32 GeV/c made by the
France-USSR and CERN-USSR Collaborations[32] indi-
cates that the cross sections should begin to rise at high
energies. The value BK = 0.152± 0.030 obtained for this
reaction from the fit to the data between 5 and 32 GeV/c
in the space of the variables (s, mT, y)ail is completely
consistent with the asymptotic value for the reaction
pp- K\X (see Fig. 19). Therefore K\ production in the
central region is also consistent with factorization.

Thus a growth of the cross sections in the central re-
gion at high energies is predicted even for reactions

p l a b , GeV/c

10*10* W250 20 w' S

FIG. 19. Energy dependence
of the invariant inclusive
cross sections for Κ s mesons
in pp and Κ *p interactions in
the central region. The points
are from a compilation of
published data . t l 2 :
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FIG. 20. Energy dependence of the invariant cross sections
for the reactions pp — π *X at χ = 0 and pT = 0.2 GeV/c (from
Ref. 50).

with a strong leading-particle effect, as can be seen
from the double-reggeon analysis of the reaction K*p
- Κ°Χ, for which the cross section is still decreasing
as a function of s in the accessible energy range, and
the reaction iTp— n'X, for which this growth has been
confirmed experimentally, thus refuting the myth of
"precocious" scaling in this reaction.

We see that the asymptotic value of the function ρ de-
termines the value (4.10) of the coefficient Bc in the en-
ergy dependence (4.9) of the average multiplicity of par-
ticles of type c in the central region, and allowance for
the contribution to {%) from the fragmentation compo-
nent (4.4) cannot change the value of Bc. Therefore the
double-reggeon representation predicts that the value of
the coefficient Bcb of In s in the energy dependence of the
average multiplicity of charged particles

Bo In ι + ψ=- (4.11)

is determined by the sum of the coefficients Bc for all
charged particles. Neglecting the contributions from
particles heavier than kaons and using the values Bt.
=£,. = 1.05 and BK+=BK-~0.\2 (see Figs. 18 and 19),
we have

Bch « 25.·, + 2BK 2.34. (4.12)

In this connection, it is of interest to note that fits to the
experimental s-dependences of (wch) for pp, tip, and Kp
interactions using Eq. (4.11) and assuming that ΒΛ

should have the same value for different types of inter-
actions lead to the value Bch = 2.35± 0.18, K 7 ] in good
agreement with (4.12) and appreciably larger than the
result obtained from the usual "logarithmic" fits using
only the first two terms in (4.11). It is therefore nec-
essary to exercise care in comparing the multiplicities
of secondary particles in cosmic rays at energies
1012-10 le eV with extrapolations of data at accelerator
energies.

However, an analysis of data obtained from extensive
atmospheric showers also suggests an even greater in-
crease in the multiplicities of secondary particles at
cosmic-ray energies. W 8 ] Other cosmic-ray datac e 9~n ]

presented at the Tbilisi conference also indicate a devia-
tion from scaling (for details, see Ref. 72). Of course,
this evidence is not surprising, since a strong violation
of scaling already occurs at accelerator energies. What
is important is a degree of violation of scaling that may
be consistent with either asymptotically energy-inde-
pendent cross sections or cross sections which rise in-
definitely.

We might conclude from the foregoing discussion that
the data are compatible with the existence of the asymp-
totic limit predicted by the double-reggeon approach.
However, this conclusion would probably be premature.
The compilation of data given by the British-Scandina-
vian-MIT Collaboration1503 serves as a warning against
a possible bias. The invariant cross sections for the
reactions pp" ιτ*ΑΓ at χ = 0 and />r = 0.2 GeV/c, shown in
Fig. 20 as a function of In s, are indeed in agreement
with the predictions of the double-reggeon formalism,
but are also compatible with a logarithmic or even a
power growth of the cross sections (A+Bsa with a>0),
i. e., with the absence of a scaling limit.

In this connection, it is of some interest to ask what
to do about the predictions of an asymptotic unlimited
growth of the cross sections in the central region, which
we mentioned at the beginning of this subsection. We
are concerned here with possible mechanisms which lead
to the maximal growth of the cross sections in models
with s-channel unitarization,£55] which predict a power
growth of the cross sections of the type (4. 5) at fixed
rapidities in the c. m. s., or with theoretical ideas1583

according to which the energy growth of the second mo-
ment in the multiplicity (wc»%) in the pionization region
of the inclusive reaction ab -crfATcan be very large,
S> s/lnas (a>0), under certain conditions on the choice
of phase space. Studies of the associated multiplicities
( n(Mz

x)) for a number of inclusive reactions ab ~cxu

have shown, for example, that they are characterized by
different dependences on Mz

x in the fragmentation and
central regions, the growth with M% being more rapid
in the central region. ™-75:ι it seems to us that this
situation is very reminiscent of the status of the energy
dependence of the total cross sections prior to the dis-
covery of the Serpukhov effect. We recall that the Regge
pole model predicted that the cross section should tend
to a constant according to the law a+ b/Js, The devia-
tion from this simple dependence observed in experi-
ments using the Serpukhov accelerator led to important
changes in our ideas about the nature of particle inter-
actions at high energies. It is therefore tempting to
analyze the energy dependences of the experimental
cross sections for inclusive processes in the central re-
gion to ascertain whether they deviate appreciably from
the predictions of the double-reggeon formalism. In
view of the constant improvement in the accuracy of the
experimental data, there is every reason to expect that
such an analysis might become possible in the near fu-
ture.
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At what energies should we expect appreciable devia-
tions from the predictions of the double-reggeon approx-
imation? We recall (see Sec. 2) that the scaling param-
eter which determines the threshold energy for the new
mechanism leading to a growth of the total cross sec-
tions with maximum saturation of the partial waves in
(2.14) is so« 120 GeV8. The cross section for an inclu-
sive process in the central region is related to the dis-
continuity of the six-point amplitude in the M^-channel
(see the graphs a and d in Fig. 5), and the square of the
total energy in the channel ac or be is Vs(mT), i.e.,
« 60 GeV2 even at the highest CERNISR energies. It is
therefore possible that new effects analogous to the
growth of the total cross sections will appear only at
energies much higher than those which are accessible
using existing accelerators. An analysis of the passage
of secondary particles from cosmic rays through the
atmosphere suggests that this may happen at energies
of 1014-10le eV. However, we note that these considera-
tions involve the implicit assumption that there is a
universal scale for s of the order of 1 GeV. But there
are good reasons to suppose (see the preceding sec-
tions) that the energy scale in the inclusive spectra of
particles is given by the average value {mT) of the
transverse mass. In this case, deviations from the
Regge pole approximation may appear at lower energies.
Clearly, a quantitative analysis of these interesting phe-
nomena will have to await a new generation of accelera-
tors with intersecting rings and energies ~ 2 TeV.

c) Transverse scaling

In discussing the double-reggeon representation, we
have already pointed out that the vertex functions
<bij(mT) depend exponentially on the transverse mass
mT and that the parameters of the exponential slopes are
universal, i. e., they are independent of both the type of
colliding particles and the type of inclusive particle.
This interesting circumstance can be explained in a nat-
ural wayB5] in the framework of the multiperipheral
model, in which the appropriate vertices Φ{{(ηιτ) origi-
nate from a summation of ladder diagrams. Adopting
the usual exponential cut-off {eb>i) in each rung of the
multiperipheral diagram, the vertex functions can be
represented in the form

01J(m3.) = conSt.g
ta>(0)-°'t»)l/ViV(otJ(0) + l, aj(O)-a,{Q) + Ug),

(4.13)

where g = 6wf, and Φ is the hypergeometric function.
The only free parameter (apart from the overall normal-
ization of each of the vertex functions Φ,,) is then the
coefficient b, which determines the universal dependence
of Φα on nuj.. It is found16" that for 6 = 2.05 the expres-
sion (4.13) accurately reproduces the vertex functions
determined from fits of (4.7) to the experimental data.
The multiperipheral model also accurately reproduces
the small difference between the parameters of the ex-
ponential slopes for ΦΡΡ, ΦΡΒ, and ΦΛΛ, which, in the
double-reggeon representation, leads to an average
transverse momentum (pT) of the inclusive particle that
depends on s and on the rapidity y: (pT) falls off with
increasing y and rises with increasing s, reaching a
maximum value determined by the value of i

If mT & 0.4 GeV, the vertex functions (4.13) are not
very different from the asymptotic expression (for large
mT)

©ij(mT) «const-e ™TmT

and the inclusive cross section can be written in the
form

-bm}

(4.14)

where z = mT/Js. Thus, if m r *0 .4 GeV, the energy-
dependent part of the inclusive cross section can be rep-
resented in the scaling form (4.14) with respect to the
transverse mass mT, and the scaling law of the type
$(pT)F{pT/Js) which is observed for y = 0 and pT > 2
GeV/c (so-called transverse scaling) is valid down to
small values of pT and s, but with the change of variable
pT/Js~- ntp/Zs. It follows from (4.14) that for y* 0 the
inclusive cross section can be written in the factorized
form

where

(4.15)

(4.16)

are the light-cone variables. We see that the inclusive
cross section in the central region (like the cross sec-
tion in the fragmentation region; see Sec. 4d) can be
represented in a factorized from in the variables mT,
xu and %.

The universality of the inclusive distributions in mT

can be used to estimate the yields of heavy particles
from the known cross sections for producing light par-
ticles with large pT. At y = 0, the spectra of pions with
large pT are well approximated by the expression178·1

/(y = 0, p'T, S) S» AmiNe-B»<TlV7

with N" 8 and £« 26. Assuming that only the overall
normalization changes in the case of heavier particles,
reasonable estimates are obtainedC773 for the cross sec-
tions for producing ρ, ω, φ, and J mesons, in agree-
ment with experiment, and for the yields of charmed
particles.

d) Relation to deep inelastic scattering

An interesting approach to the behavior of the inclu-
sive cross sections in the fragmentation region was pro-
posed by Logunov et αΖ.πβ1 Using the Jost-Lehmann-
Dyson representation for the spectral functions, they
showed that the inclusive cross section in the region of
large values of the variable r = 2pb(pa+pe)/2pp(pa -pc) can
be written in the form

(4.17)

where
5 s = (P. - Pc)\ V = 2pb (pa — pc).
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FIG. 21. Inclusive cross sections for the reaction/)/» — π 'X
as a function of the variable γ (the straight lines are drawn by
eye (from Ref. 79)).

If the spectral function has no singularities, then
a(qz

t v)<0; otherwise, we have a(qz

t v)>0. it can be
seen from Fig. 21 t T O ] that the representation (4,17) fits
the data with a weak dependence of a(qz, v) and F(qz, v)
on v. It is found that a(qz

t v) <0 for the reactions
ρρ~τ?Χ, while a(q*, v)>0 for the reactions pp -pX1™
and K*p-KriXliOi with strong leading-particle effects.
Thus it seems possible to associate leading-particle ef-
fects with singularities in the Jost-Lehmann-Dyson spec-
tral function.

At pT = 0.4 GeV/<?, i. e., at a transverse momentum
near the average transverse momentum of the pions in
/>/> collisions, we have a(?2, v)~3. Since γ~ (1 + x)/
(1 - x) for large γ, this behavior corresponds to an in-
clusive cross section which falls off as # - 1 according
to the law /~ (1 - xf. As pointed out in Ref. 81, such a
behavior of the pion spectrum in pp interactions is to
some extent in conflict with the triple-reggeon approxi-
mation, but it is in agreement with the simple quark-
parton picture of the interaction if it is assumed that the
pion spectrum in the region of large χ reproduces the
behavior vWz(x)~ (1 -xf of the proton structure function.
Moreover, it is found1793 that the invariant cross section
factorizes in the variables ye and yh referring to the
fragmentation of the beam and target, respectively, and
has the form

f χ Φ (m r) Ψα (ν0, mT) Ψ 6 (ft, mT). (4.18)

The functions *(y, Wj,) behave like ya(mr> for large y.
Rewriting Eq. (4.18) in terms of the variables mT, y,
and s, we obtain

/»«P(m,.)T.( " ^ )Υ»(-Β£ϋ-) (4.19)

in analogy with Eq. (4.15) for the central region, which
follows from the double-reggeon representation of the
multiperipheral modelC8ZI and certain heuristic argu-
ments put forward by Kinoshita.t83:i

Equations of the type (4.18) and (4.19), which reflect
our ideas about factorization of the forward and back-
ward cones in the inclusive spectra, are also remark-
able in that they satisfy "transverse" scaling. These
expressions depend on the variables nij. and Js through
the variable mT/Js. This means that the scale of ener-
gies is given by the transverse mass and accounts for the
slower approach to the asymptotic regime for heavy par-
ticles. Finally, as we have already pointed out, the be-
havior of the functions Φ(ζ) reproduces the behavior of
the proton structure function (for large values of y, we
have ζ = Wj.eV^s- x).

In Ref. 84 an attempt was made to establish a direct
relation between the structure function for the deep in-
elastic scattering process ep—eX&a& the inclusive
cross section for the reaction K*p-»K°X, which is dom-
inated by exchange of the ρ trajectory. In Fig. 22 we
compare the structure function for the reaction e/>- eX
with the structure function Fz(x) for the reaction K*p
- K°X, calculated under the assumption of a dominant
contribution from p-meson exchange according to the
equation
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FIG. 22. The structure function F2 as a function of the vari-
ables χ and ω = ΐ/χ for all events (a, c), and after separating
the resonance region (b, d). The points show the data for the
reaction K*p~ Κ "Χ at 5, 8.2, and 16 GeV/c; the solid curves
show the SLAC data for the reaction ep-~eX (from Ref. 84).
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FIG. 23. The average multiplicity of secondary charged
hadrons as a function of №2. The points show a compilation
of data.""

(4.20)

where * = 1/ω = - qz/lmtv, y - v/E0, and ν = Ε - Eo is (he
energy loss. It can be seen from Fig. 22 that there is
actually relatively good agreement between the struc-
ture functions for these two reactions in the region
x-1.

A comparison of the average multiplicities of hadrons
produced in lepton-hadron, electromagnetic, and had-
ron-hadron interactions at identical values of the total
energy W available for hadron production (Fig. 23) also
suggests the existence of a deep analogy between these
interactions.

Such a relation to deep inelastic scattering arises in
a natural way in models in which particle production
occurs through the fusion of quarks from different had-
rons, in analogy with the well-known Drell-Yan mech-
anism of lepton pair production in hadron-hadron inter-
actions'853 (Fig. 24). According to these quark fusion
models, the inclusive cross section for the production
of a meson of mass me has the formcee3

(4.21)

where /J{|} is the distribution function for quarks (anti-
quarks) in the hadron a(b), and

¥=«=*·) < 4 · 2 2 )

or xut = ntc^'/'is.

In the fragmentation region of the hadron a, we have
xc~\, Χχ~xe, and Xg~ηζ/sx. Therefore

(4.23)

Owing to the fact that a hadron contains a "sea" of quark-
antiquark pairs (/4(0)* 0), this gives"173

/--^/^^(l-*)», (4.24)

where η = 3 for the proton.

In this model, the inclusive cross section is given by

a sum of factorized terms of the type (4.21). This
means that it would also be of interest to take into ac-
count higher-order terms in the expansion in powers of
γ in the representation (4.17) proposed by Logunov et al.
In this sense, Eq. (4.17) can evidently be regarded as
a first approximation, which is dominant in the region
of large y.

The "fusion" mechanism predicts different rates of
approach to the scaling limit in the fragmentation and
central regions. In fact, according to (4.23) for the
fragmentation region, the term which violates the scal-
ing limit depends on m\/sx, whereas in the central re-
gion we have

(4.25)

and an energy dependence appears only through the vari-
able mJJs. It is important to note that in both cases
the scale of energies is given by the mass mc of the pro-
duced particle (or by the transverse mass (mT e) if al-
lowance is made for the transverse motion of the par-
tons) and the inclusive cross section has a certain uni-
versal dependence1883 on the variable me/Js:

, . . As,/' nte \ IM l ) 0 \

J(pc, s)fs—-fG[—^=-, xt. [i. ώθ)

For light particles, large numbers of which are pro-
duced as a result of the decays of various resonances,
this scaling law may be violated because of the existence
of several scales of mass. Nevertheless, as we can see
from Fig. 25, the average multiplicities of different
types of particles produced in pp collisions yield a single
curve starting at the Serpukhov energies, after intro-
ducing a simple redefinition of the scale of energies and
a change in the overall normalization"93; this may indi-
cate the existence of a single effective mechanism that
dominates at high energies. The cross sections for the
production of resonant states (ρ, φ, ψ) in pp interactions
also exhibit a universal dependence on the variable rr%/s
which is close to that obtained from the Drell-Yan mech-
anism (Fig. 26).

The fact that the scale of energies in the inclusive dis-
tributions is given by the average transverse mass may
lead (as pointed out at the end of Sec. 4b) to an earlier
deviation of the inclusive cross sections for light par-
ticles in the central region from the predictions of the
Regge pole model, owing to the same mechanism that is
responsible for the growth of the total cross sections.

5. INCLUSIVE RESONANCE PRODUCTION

The preceding sections were concerned mainly with
the description of the stable-particle spectra and had
little to say about the production of resonant states.

FIG. 24. Mechanism of particle produc-
tion by the fusion of quarks from the in-
teracting hadrons.
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FIG. 25. The average multiplicities of ir*, K*, and£ as a
function of s (b), and the same data as in (b) but displaced to
the average multiplicity of if* mesons (a). The displacements
along the (n)-axis are proportional to the ratios of the corre-
sponding masses squared (from Ref. 89).

However, we note that it is necessary to consider the
latter in order to be able to understand the degree of
violation of S£/(3) or SU(6) symmetry in multi-particle
production processes. In fact, as we showed in the pre-
ceding sections, the cross section for kaon production
in the studied range of energies is an order of magnitude
smaller than the cross section for pion production, and
there is no evidence that these cross sections become
equal asymptotically. On the contrary, many approxi-
mations show that this relationship is preserved at
higher energies. Thus it might be said that there is a
strong violation of SU[3) symmetry in multi-particle
production processes.

However, as shown by Anisovich and ShekhtertMJ and
subsequently by Bjorken and Farrar, c w l such a strong
symmetry breaking is only apparent and is due to the
fact that experiments are performed to detect only
stable particles, some of which are actually produced
as a result of the decays of resonant states. Allowance
for the decays of resonances restores the symmetry.
For example, by allowing for the contributions from the
lowest SUi,6) multiplets (the 36-piet of mesons and the
56-piet of baryons), it is possible to give a qualitative
explanation of the existing relations between the yields
of stable particles at finite energies, even though these
predictions are asymptotic and do not take into account
the suppression in the production of heavy particles.
Such a suppression should be expected from simple
multiperipheral kinematics, according to which the
cross sections for particle production depend on the
transverse masses of the particles. As we showed in
the preceding section, the cross sections for producing
heavy particles according to the quark fusion mechanism

are also suppressed like l/ηή. (see Eq. (4.26)). The
same suppression factor appears in the parton model as
a result of the short range of the quarks in rapidity
space.C87] In fact, the probability of finding a qq pair
with a (quark-antiquark) rapidity difference &y
«Ιη(ηξ/η%) is proportional to e'"**, which leads to a
suppression factor l/ηζ" in the cross section for the
production of a particle of mass mc.

We point out another circumstance which is not taken
into account in the asymptotic quark model. According
to the fusion mechanism, the probability of producing a
meson is proportional to the probability of finding a
quark in one hadron and an antiquark in the other. Ex-
periments on deep inelastic scattering indicate that
there are few antiquarks in the nucleon. There is no
such suppression in a meson, which already contains a
valence antiquark. This fact explains the abundance of
mesons in up collisions in comparison with the number
of mesons in pp collisions at moderate energies. This
additional contribution in the fusion model falls off like
mJ-Ts with increasing energy, and the cross sections
for meson production in trp and pp collisions should be-
come similar at asymptotic energies. In this connec-
tion, great care must be taken in comparing the quark
model"11 with experiment at moderate energies.

Thus studies of the inclusive production of resonances
(which, being, as it were, the parent particles, more
accurately reflect the characteristic primary features
of the interaction than the daughter particles into which
they decay) are of great importance as tests of the var-
ious models describing the symmetry of quark models.
Analyses of the spin density matrices characterizing the
decays of resonances offer unique prospects of studying
the dynamics of particle production processes. The
copious production of resonances, whose decay products
account for an appreciable fraction of the particles ob-
served in the final state, seems to be intimately related
to the correlation effects observed in multi-particle
production processes, which suggest that many pions
originate from the decay of clusters with large mass.
It is becoming more and more obvious that the observed
short-range correlations may actually be due to reso-
nance production. Finally, the surprisingly large yield
of direct leptons in hadron-hadron interactions has also
stimulated interest in studies of meson resonances,
which may be at least partially responsible for the ob-
served effect.

FIG. 26. Dependence of Λί2Βσ
on s/M1 (where Μ is the mass
of the resonance and Β is a
normalization coefficient) for
ρ, φ , and φ production in pp
interactions. The dotted curve
is the prediction of a m o d e l w

of the Drell-Yan type.
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FIG. 27. Energy dependences of the inclusive cross sections
for p° and/mesons, a) The p° and/ inclusive cross sections
as a function of ^>lai); b) the average p° multiplicity as a function
of platf c) the ratio <n(p°)>/(n(irp> as a function of/>1Λ; the
curves are drawn through the experimental points (from a com-
pilation"21 of published data).

a) Inclusive production of meson resonances

The energy dependences of the inclusive cross sec-
tions for p° and / production in hadron-hadron interac-
tions are illustrated in Fig. 27. This figure also shows
the average p° multiplicity in an inelastic collision and
the ratio R = {n{p°))/{niXc)). As in Ref. 93, we have de-
fined (»0£)> as the average multiplicity of produced
pions, in order to allow for the strong leading-particle
effect and the effects of the conservation of charge:
<«(7Q> = (n(TT"))-l for ti'p interactions and (n(i£)>
= <n(O) for all other interactions. The data indicate
an obvious growth of σ(ρ°), σ(/), and <n(p°)> with in-
creasing energy, in agreement with a logarithmic de-
pendence. The lines in the graphs a and b of Fig. 27,
drawn by eye through the experimental points, corre-
spond to

σ ( P V ~ 2.4 In s, <n (p°) ) p p ~ 0.08 In s,

ο (ρ°)πΡ ~ 1.1 In s, {η (ρ°) >πρ ~ 0.04 In s.

(5.1)
(5.2)

Thus there is good evidence that the energy depen-
dence of the cross section for p°-meson production is
about twice as strong in pp as in Tip interactions in the
studied energy range. The ratio R = (n{po))/(n(vm

e))
rises slowly with increasing energy for pp interactions,
but falls off for up interactions: R,p« 2RpP at the mini-
mum energies and R,p« R*p at the maximum energies
(Fig. 27c). However, it follows from our previous dis-
cussion (see Sec. 4b) that in the asymptotic region the
coefficients of Ins in (5.1) should be independent of the

type of colliding particles and that Rtp = Rpp. The ob-
served behavior must be attributed to a strong leading-
particle effect in the reactions vkp~p°X (Fig. 28). In
view of the empirical fact that the ^-distributions for the
reactions O-P°Xand K'p~K*0(S90)Xa.t 16 GeV/c are
practically identical in the region *>0.4, t M ] it is rea-
sonable to assume that the fragmentation component of
the p°-meson cross section is equal to the total cross
section for the production of the Κ*°(890) meson, since
the latter is almost entirely due to the fragmentation
process. Thus the cross section for central production
of the p° meson can be estimated by subtracting the
cross section for Κ *°(890) production from the total in-
clusive cross section for the p° meson. In fact, the re-
sulting distribution (see Fig. 28) has all the features that
might be expected from the central component. Thus,
using this procedure, we can infer that the fragmenta-
tion production of the p° meson is dominant in it'p inter-
actions at 16 GeV/c:

(p°) = 3 . Γ ± 0.3 mb, acmtrai (p°) = 1.6 ± 0.5 mb.

We have seen earlier that in the case of the reactions
fp - n~X and K*p -K"X, in which the fragmentation pro-
cesses are dominant, the energy dependences of the
cross sections in the central region are at first very
different from those of other reactions (see Figs. 18 and
19) but become universal at higher energies. There is
every reason to suppose that the same mechanism is
responsible for the energy dependence of the cross sec-
tions for p° production in ιτ*£ interactions. We can
therefore assume that asymptotically, when ac w t r -(p°)
>σ,ΡΜιη(ρο), the energy dependences of σ(ρ°) and <«(p°)>
will be the same in n*p interactions as in pp interactions-
In the language of the quark fusion model, the relation
Rtp > R» at low energies is a consequence of the large
contribution from the valence antiquark in the pion,
which falls off with increasing energy. If we assume
that the value of the ratio R =0.12 at the highest ener-
gies is close to its asymptotic limit, as indicated by the
approximate equality R,p* RpP, the result is inconsistent
with the predictions of the quark model, w l ] according to
which R = 0.18. By introducing a suppression factor

-0.001
-1.0 -0.S

FIG» 28. Invariant «-distributions of p° mesons in τ "ρ inter-
actions and Κ *° (890) mesons in Κ 'ρ interactions at 16 GeV/c
and their difference (from Ref. 93).
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FIG. 29. Energy dependences of the cross sections for the
K* (890) resonance, a) Inclusive K* (890) cross section as a
function of plit; b) <r(ff *~(890)) in .Κ"/" interactions as a function
of Pirn f°r various multiplicities"51; c) the fraction of K"
mesons (/f'+JT0) from the decays of if** (890) or K*~ (890) in
K*p interactions as a function of ρϊύ> (from a compilation112' of
published data).

ή. for the production of a particle of mass mc, one
findsM43 the ratio fisO. 07, while allowance for the trans-
verse motion leads to the bounds

0.07 < Η < 0,18.

Figure 29 shows the data on the energy dependence of
the cross sections for the ϋΓ**(890) resonance. In tip
and pp interactions, the cross sections for K* (890)
production are appreciably smaller than the p°-meson
cross sections, but are rising rapidly with increasing
energy. In Κ*/> interactions, we find copious produc-
tion of the AT*(890) resonance, which is characterized by
a weaker energy dependence than in pp interactions.
The cross section for K* (1420) production is small and
is estimated to be at most 10% of the uf*(890) cross sec-
tion. Most of the /f*(890) mesons in K*p interactions
are produced in events with small multiplicity (Fig. 29b),
but the contribution from large topologies rises with in-
creasing energy. Figure 29c shows the energy depen-
dence of the ratios of the yields of neutral kaons produced
as decay products of /T**(890) resonances to the total
yield of neutral kaons. At Serpukhov energies, appre-
ciable numbers of kaons are produced in iCp and pp in-
teractions as decay products of the if*(890), and the pro-
portion of such kaons rises with increasing energy. In
K*p interactions, approximately 50% of all the neutral
kaons are decay products of the if* (890) (if allowance is
made for the cross section for the production process
/f*°(890) -K°ir°; it can be seen from Fig. 29a that
σ(^*"(890))« σ(^*°(890)) for K'p interactions). Within

the rather large experimental errors, the ratio σ(Κ*
χ (890)- Κ"ν)/σ{Κ") in K*p interactions is independent of
energy. It would be of definite interest to measure this
dependence more accurately over the range of energies
from 10 to 100 GeV, in view of the strong growth of the
cross sections for uf-meson production at Serpukhov
energies (see Sec. 3) and the marked growth of the
if* (890) cross sections. In particular, in the case of
pair production of strange particles, one of them (or
both, at higher energies) may be decay products of a
heavier resonance. Such an effect is already observed
at relatively low energies. For example, the Scandi-
navian Collaborationwe] found appreciable production of
the Σ*(1385) and K**(B9Q) resonancesjn a study of the
reactions pp - (AK°,) + X and />/>- (K°,K°) + X at 19 GeV/c.
It is possible^that the strong growth of the cross sec-
tions for KnK" pair production in K*p interactions over
the range from 16 to 32 GeV/c can be attributed, at
least in part, to the onset of pair production of if * (890)
resonances, although this effect still seems to be small
at Serpukhov energies. The energy dependences of the
average multiplicities of K" and if*(890) mesons in K*p
interactions are shown in Fig. 30. The K" and K*(890)
cross sections are larger in K'p than in K*p interac-
tions, but the average numbers of both K" and K*(89Q)
mesons produced in a single inelastic K*p or K'p inter-
action are approximately the same.

The energy dependences of the production cross sec-
tions and of the average multiplicities of if* (890) mesons
in K*p interactions (Figs. 29 and 30) are similar in
character to those observed for p° mesons in κ*ρ inter-
actions. This can be explained by the fact that the
if*(890) and p° mesons have similar masses, and large
numbers of these mesons are produced in fragmentation
processes. In fact, most of the K*(890) mesons are
produced in the forward hemisphere (Fig. 31). There
is no evidence for appreciable ϋΓ*(890) production by
fragmentation of the proton, and it appears that only
small numbers of K*(890) mesons are produced in cen-
tral collisions. However, on the basis of data obtained
by the France-USSR and CERN-USSR Collaborations at
32 GeV/c, we can assume that the central production of

-</r"> in K'p

-<κ·> in K'p

-<**",««?>> in K'p

0.1 -

0.2

«-<*•**(№»« λ*ρ

T+

t»

\* rf

2 m'
p l l b > GeV/c

FIG. 30. Average K" and K* (890) multiplicities in inelastic
K*p and K'p interactions. The points are from a compila-
tion"2 ] of published data.
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FIG. 31. Invariant «-distributions of if* (890) resonances
produced in Κ "ρ and Κ *ρ interactions in the reaction K'p
•~K*- (890)X at 10, 16, a n and 32 GeV/cC9sl (a) and in the re-
actions K*p-*K** (890)X andif>— K*' (890)Jt at 32 GeV/c
(b).°5·9 8 1

if *(890) mesons has begun to rise and will be appre-
ciably stronger at the energies of future experiments
using the BEBC chamber. In the fragmentation region
of the kaon, the reactions K*p-K**№0)Xwod K'p
- K*'(890)X can take place via the exchanges u-B,
p-A2, and ω-/with isospin /=0 and /= 1 and opposite
parities.

The elements of the spin density matrix (Table VI)
suggest that these reactions have an appreciable con-
tribution from pion exchange, which, as is well known,
is dominant in these reactions at lower energies. Ββ·10°ϊ
The ratios of the unnatural-parity exchanges or"=poo+pu

-Ρι.ι to the natural-parity exchanges c*=Pn + P1.l for
both values of the helicity of the K* meson (λ = 0 and
λ = 1) suggest a large contribution from unnatural-parity
exchanges for I tKK* | <1 (GeV/cf and (M2/s)<0. 5, al-
though appreciable numbers of K* mesons in both reac-
tions come from natural-parity exchanges. Within the
accuracy of the experimental data, the inclusive x-dis-
tributions of K* mesons in if* interactions have approxi-
mately the same shape (see Fig. 31b) and, crudely
speaking, are in the same ratio as the total inelastic
cross sections for K*p and K'p interactions.

In Fig. 32 we compare the distributions of neutral
kaons with respect to p\ in the reaction K~p-K*XsA
three energies with the corresponding J?*"(890) distribu-
tions in the reaction K'p-K*'{&Q0)X. The distributions
in p\ for both K" and if* "(890) mesons have little energy
dependence in the interval from 10 to 32 GeV/c. They

TABLE VI. Elements of the spin density matrix of the K**
(890) resonance in Kkp reactions at 32 GeV/c for I tKK * I
< 1 (GeV/c)2 aad M\/s < 0.5. t 9 5 · 8 8 1

Reaction

A'tp-Kj+,Χ

A'-,;— X*-(890)X

Poo

0.45+0.08

0.42±0.10

Pl-I

—0.02+0.08

0.07+0.08

Repio

—0.03+0.07

—0.07+0.06

'Poo+Pli—Pi-i
PI1+P1-1 j

2.9±1.1

1.8+0.β

are not exponential, and the change in their slopes in the
region p% a 0.4 (GeV/c)8 is particularly noticeable for
if" mesons. A characteristic feature of these spectra
is that the ratio K*/K" is close to unity for p% £1
(GeV/cJ8, while this ratio is only about 0.2 at the mini-
mum values of p\. The slope of the p\ spectrum is ap-
preciably higher for K" mesons from Κ*"(890) decay
than for all K" mesons.B7] This indicates that mainly
"direct" K" mesons not associated with the production of
K* resonances are produced at large p%, while "indi-
rect" K" mesons contribute mainly at small p%, leading
to large slopes of the p\ spectra at small p%.

The regularities in the spectra of K" and K*(890)
mesons in Kkp interactions that were rated above show
up even more distinctly in a comparative analysis of the
spectra of π and p° mesons in up collisions, for which
the accessible range of energies is much higher. The
distributions in p% for ir", p°, and / mesons in ir*/> inter-
actions at 16 GeV/c and for u* and p° mesons in iTp in-
teractions at 200 GeV/c are shown in Fig. 33. The peak
at small p\ in the distributions for the p° meson in
rpm,mi a n d ,ĵ ao3] interactions at 16 GeV/c is due to
an appreciable contribution from quasi-two-body reac-
tions (it is not observed for p° mesons in the central re-
gion (Fig. 33a), and it dies away rapidly with increasing
energy (Fig. 33b)). The ratios p°/n and if*(890)/iif" are
small in the region of low p\, but rise to * 1 with in-
creasing p%. This trend is very clearly pronounced in
the data at 200 GeV/e, where the ratio p°/V has a value
» 0.02 at the lowest values of p\.

Since an appreciable fraction of pions is produced
from the decay of resonances, this difference between
the transverse momentum spectra of meson resonances
and pions can be regarded as a consequence of the kine-
matics of resonance decays. This has been beautifully
demonstrated by the ABBCCH Collaboration.tl04] The
daughter pions from the decays of the ω and η reso-

%

=£=
±K-

-10,16 Oe\lc(*BCLV Mid.)

32 GeVlc(fran;e -USSH, ceM-llSS» MlabJ

Fr, (GeV/c)2

FIG. 32. The p\ distributions of neutral kaons in the reaction
K~p~K"X and of Κ*" (890) mesons in the reaction K'p
-~K*' (890)X (the data are from Refs. 95 and 97).
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FIG. 33. The p\ distributions for π ", ρ", and/ mesons in τ*ρ
interactions at 16 GeV/c[ loi : l (a) and for π* and p° mesons in
π~ρ interactions at 200 GeV/c (b) . t l 0 2 ]

nances produced in the quasi-inclusive reactions

n+p-*• ω +charged particles, (5 . 3)

x*P -*• 1 + charged particles, (5. 4)

have much steeper p% -distributions than the ω and η
resonances, whereas the p% distribution of if mesons
from the decay of the / resonance is very similar to the
corresponding /^-distribution of / mesons (Fig. 34).
The values of the exponential channels for the />f.-dis-
tributions of ω, η, and p° mesons in the quasi-inclusive
reactions are approximately the same, and the #-dis-
tributions of ω and η resonances in the reactions (5. 3)
and (5.4) are similar to the ^-distribution of the inclu-
sive p° meson (Fig. 34e).

In Fig. 35 the distributions with respect to the rapidi-
ties in the c. m. s. and the p\-distributions of daughter
pions from the decays of η, ω, ρ, and / resonances are
compared with one another and with the spectra of inclu-
sive IT" mesons. The rapidity distributions show clearly

io° r a ψ b
>>>—1+ch. particle! 0^jr>—u+ch.^particles

%. JZ Ά X tffa " n

t-Xu

it

; t
, ι

lil

c-f t

t • t
t t

I» ·-1
e- 6J

it +p — r[ + ch. particles

— ω+ch. particles

FIG. 34. The p\ distributions for resonances and pions from
the decays of these resonances in the quasi-inclusive reactions
(5.3) and (5.4) and in the inclusive reactions π*ρ-*ρ<>Χ and τ*ρ
—•flC (a-d), and (e) the invariant «-distributions of η and ω
mesons in the reactions (5.3) and (5.4) and of p° mesons in the
reaction ir*p — P°X (from Refs. 104 and 105).

+ .1 τ

t I"·
t** •

(AUCCHW Mob.)

x*p,WGeV/c

-all IT-

-!TJ

\

ι \ ^

a

Iff '.5"

pf,(GeV/cf
b

iff

FIG. 35. Comparison of (a) the rapidity distributions of jr"
mesons from TJ, ω, ρ°, and/decays and (b) the p\ distributions
of π" mesons from η, ω, ρ* + ρ~, and/ decays with the corre-
sponding inclusive distributions of π" mesons in it*p interac-
tions at 16 GeV/c. The data are normalized to the cross sec-
tions σ(η) = 1. 5 mb, σ(ω) = 4.0 mb, σ(ρ°) = 4. 8 mb, σ(ρ~) = 1.6
mb, and <r(/) = 0.63 mb (from Ref. 104).

that the indirect pions give a large relative contribution
in the fragmentation region of the beam. The contribu-
tion from ω decay is dominant at the lowest values of
j?T, whereas at high i?T the largest contribution to the in-
direct pions comes from ρ and/mesons.

On the basis of these experimental observations and an
analysis of the exclusive channels of η, ω, and p° pro-
duction, it has been estimated11053 that the inclusive
yields of t), ω, and p° mesons in π*/> interactions at 16
GeV/c are given by

η:ω:ρ° = 0.34:0.9:1

with σ(ρ°) = 4.8±0.4 mb, σ(ω) = 0.4±0.6 mb, and σ(η)
= 1. 5± 0.3 mb. These estimates are in reasonable
agreement with the ratios ω/ρ° = 1.0± 0.2 and 1.1 ± 0.2
obtained in pp interactions at 12 and 24 GeV/cc l 0 e l and
with new results from the CERN ISR U 0 " for the reac-
tion pp-'ppX (X=p°, ω, f, A^) over a limited range of
momentum transfers tppl and t m and of the rapidity of
the central cluster (;y<0.8) (see, e.g., Ref. 13). In the
case of Tip interactions at 16 GeV/c, the pions from the
decays of only the four resonances ρ, α>, η, and/ac-
count for 46% of the total pion yield, but since the ratio
Λ = <η(ρ°))/(η(π)> is decreasing with increasing energy,
we might expect that this number will change at higher
energies.

The production of V' and φ mesons is suppressed, at
least at relatively low energies. In π*/> collisions at
16 GeV/e, we have σ(<ρ)/σ(ρ°)« 0.025 and σ(η ')/σ(η)
« 0.05-0.10.C 1 O 5 ] In pp collisions at 24 GeV/e, a o " the
inclusive cross section for the φ meson has the value
σ((?) = 0.15±0.035 mb, with a ratio σ(φ)/σ{ρ°)= 0.045
± 0.012. However, this ratio is nearly an order of mag-
nitude greater than the value of the ratio σ(φ)/σ(ρ°)
which is known from the data on exclusive reactions. α ο β ]

The large cross section for φ production in the reaction
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FIG. 36. Distribution with respect to the square of
effective mass in the pp experiment at 24 GeV/ctl081(a) (the
K* meson is identified by its decay mode, and ft* is any other
unidentified hadron, which is assigned the mass of the kaon),
and the average multiplicity of strange particles in an inelastic
interaction with a KV pair as a function of U\t = M2(K V ) (b).

ΡΡ~φ + Χat 24 GeV/c might be due to a large contribu-
tion from processes of the type ρρ-φ + ΚΚ+Χ, which
are allowed by Zweig's rule.8' Production of the φ me-
son is clearly seen in this last experiment in the K'h*
effective-mass spectrum (Fig. 36a). According to
Zweig's rule, we should expect φ production to be ac-
companied by an additional pair of strange particles;
direct φ production, which is forbidden by Zweig's rule,
should account for only 1% of the p° cross section. How-
ever, the corresponding distribution of associated multi-
plicities of strange particles (with a K*h* pair) does not
exhibit the appropriate peak in the region of the φ -me-
son mass (Fig. 36b), so that we are forced to conclude
that Zweig's rule is violated in inclusive reactions.

The applicability of Zweig's rule in exclusive reac-
tions has been established in studies of ψ production in
the reactions pp -K*K'K*K~ and pp~ K*K~ir*iT at 3.6
GeV/c. m o : The absence of events with small p<p
masses in the reaction K'p-Κ'φρ, in contrast with the
conspicuous peak at small pw masses in the reaction
Κ'ρ-Ή'ωρ, as seen in a K'p experiment at 14.3
GeV/c c m l and beautifully illustrated by the Dalitz plots
(Fig. 37), is also a direct consequence of Zweig's rule.
In fact, while Zweig's rule allows the two diagrams
shown in Fig. 38a, which are responsible for the pro-
duction of ρω systems with small masses in the reac-
tion K"p~K"(j}p, the corresponding diagrams involving
φ production in the reaction K'p-Κ'φρ are forbidden
by this rule, according to which the ρρφ vertex cannot
occur. However, the production of Κ'φ systems with
small masses is allowed by the two lowest-order dia-
grams shown in Fig. 38b, and these systems are actu-

6)Zweig's rule forbids processes in which quarks of one type
annihilate into quarks of another type (si—uS., dd; cc — ύΰ,
dd, ss) and accounts for the small widths of the decays of ψ
and ψ mesons into ordinary hadrons. In the case of pro-
cesses involving ψ production, this rule allows transitions in
which the φ meson is accompanied by strange particles.

' ΐΓρ—Καρ

s

Λ Γι ι ι ι Ι Μ ι ι t ι ι . ι I ;• ι ι 1 η ι I I

10 20

ιΓρ—K'tp
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a b
FIG. 37. Dalitz plots for the reactions K~p—K~u>p (a) and
Κ'ρ—Κ'φρ (b) at 14.3 GeV/c. t l l l :

ally observed experimentally. Studies of φ and ω pro-
duction in the exclusive channels in itp, Kp, and pp inter-
actions at 10 GeV/ecl l2] also indicate the validity of
Zweig's rule.

Thus φ mesons are produced in pp interactions at 24
GeV/c mainly through processes that violate Zweig's
rule, but for some unknown reason this violation is
stronger in inclusive reactions than in exclusive reac-
tions. The problem is aggravated by the fact that the
ratio σ(<ρ)/σ(ρ°+ω), measured in a v'p experiment at
43 GeV/c at Serpukhov,cu" has the value (4.8± 2.7)
χ 10"3 for x>0.4, i. e., it is in better agreement with the
exclusive data than the result of the pp experiment at
24 GeV/c. This problem obviously requires a more
thorough experimental investigation.

As we should expect from naive quark arguments, the
cross section for ιρ-meson production in K'p interac-
tions measured at Serpukhov at 43 GeV/cu l s l by analyz-
ing the spectrum of μ*μ" pairs (Fig. 39c) was found to
be much larger than in pp and tip interactions and has
the value 0.43 ± 0.11 mb for χ >0.4. It can be seen from
Fig. 39a that the ^-distribution in the reaction K'p-φΧ
is well described by the dependence 1 - x, which follows
from the quark fusion mechanism discussed above and
the quark counting rules. l l l i i Analogous dependences
(1 - xf for the spectra of p°, ω, and J mesons have been
observed in irFe and pFe interactions at 200 and 240
GeV/e,C1151 with n = 3 and n = l for pFe and flFe interac-
tions, respectively.

The suppression of φ and η' production represents
another serious problem for simple quark models,"1·921

as can easily be seen by comparing the model predic-
tions with the results of the τι*ρ experiment at 16
GeV/ctl01J (Table VII). If we introduce a suppression co-
efficient ~ (M2)"1 for a meson of mass M, as discussed
earlier in connection with the quark fusion mechanism,
the situation is improved somewhat, but only slightly.

Since the observed pions are frequently decay prod-
ucts of resonances, we must distinguish the pions
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FIG. 38. Double-reggeon diagrams corresponding to the near-
threshold peaks in the ρω (a) and Κ'φ (b) effective-mass spec-
tra in the reactions Κ'ρ—Κ'ωρ and Κ'ρ—Κ'φρ, respectively.
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FIG. 39. The β4μ~ effective-mass spectrum in the reaction
Κ' + Ββ — φ(μ*μ-)+Χ at 43 GeV/c t l l 3 ] (c) and the distributions
of φ mesons with respect to χ and p \ , a) The dependence 1
—x; b) the dependence exp(—3. 1/>J·).

which are produced directly from those which originate
from the decays of other particles. The estimate of the
proportion of direct pions, τ^Αβη, obtained from the
up experiment1101 ] by simply summing the contributions
of all the known resonances to the total inclusive cross
section for pions in the reaction it*p — if + X is also in-
consistent with the predictions of the quark model (see
Table VH), provided that the production of baryon res-
onances is not responsible for a larger fraction of in-
direct pions than that to which we are accustomed.

b) Inclusive production of baryon resonances

Most of the available information on the inclusive
cross sections for baryon resonances comes from
studies of the production of the Δ"(1236) and Δ0 isobars
in bubble-chamber experiments. Therefore the data are
confined mainly to the fragmentation region of the proton,
where the slow protons from the decay of the isobar can
be identified by their ionization. To some extent, the
determination of the cross section for the Δ**(1236) iso-
bar is arbitrary, since the Δ** is a broad resonance and
various methods are in common use in estimating the

TABLE VII. Ratios of the cross sections for producing non-
strange mesons in ττ*ρ interactions at 16 GeV/e f l 0 1 ] and the
predictions of the simple quark model.C91]

Ratio

ω/ρ»
η/ω

φ/ρ»

Experiment

=sl
0.39+0.03

< 0 . 0 2 5

Prediction

1
11/81

1/9

Ratio

η'/η
1dlr/-ta!l

Experiment

0.05—0.010
0.15—0.5

Prediction

19/11

0.07

background. Nevertheless, the characteristic features
of the energy dependence of the Δ**(1236) cross section
can be clearly seen in Fig. 40. For the non-exotic re-
actions (in the sense of the channel ab<f) in pp, τι+ρ, and
K*p interactions, the cross sections fall off at about the
same rate in the low-energy region. The ratios of the
cross sections for these reactions in this region at fixed
s are consistent with the ratios of the total inelastic pp,
T!*p, and K*p cross sections and are therefore consistent
with factorization.

The Δ**(1236) cross sections in pp interactions above
100 GeV/c are practically independent of energy and
equal to about 1. 5 mb. A study of Δ** production at
CERNISR energies has showncile: that the Δ** cross sec-
tion in the region 0<pT <0. 7 GeV/e and x>0.6 is prac-
tically the same at the energies 7s = 23 GeV and Vs = 35
GeV:

σ(/Γ=23 GeV) 1.03 ±0.03.

Within a limited range of the variables (1.16<Λί(/>ιτ*)
<1.32GeV, 0.86<ΛΓ<0.92, and 0. K - f < 0 . 5 GeV2) at
/s = 30.4 GeV, Δ*+ production in the same experiment is
in agreement with a dominant contribution from single-
pion exchange and, in particular, with the Chew-Low
model modified by the introduction of a Durr-Pilkuhn
form factor. Integration over the entire range of the
variables gave a cross section independent of s and hav-
ing the value σ(Δ**) =4. 5 mb in both hemispheres. This
result is consistent with bubble-chamber data at ener-
gies above 100 GeV, where the use of a cut-off in t sig-
nificantly reduces the actual cross section for the Δ**
isobar.

For the exotic iTp and K'p reactions we should ex-
pect no energy dependence even at low energies. With-
in the limited statistics, the data are consistent with this
assumption. This trend is clearly seen over a wide
range of energies in the case of ifp collisions, where
all the experimental data have been obtained in a similar
manner. A very crude comparison of the trend of the
data for the non-exotic K*p and i*p reactions with the

-cp,\t\<l (GeV/c) '
-i>,lil<0.6(GeV/c)"

fp,
+

FIG. 40. The inclusive Δ^ς cross section as a function of the
primary momentum; Δ** is defined in the mass band 1.12
<M(pr*)< 1.32 GeV/c2 (with small differences in certain ex-
periments) with the indicated cuts in t. However, the back-
grounds in different experiments were estimated by different
methods. Certain experiments used the Breit-Wigner pro-
cedure to obtain the Δ** cross section (the points are from a
compilation"2] of published data).
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FIG. 41. Total cross sections for the Κ*τ~, Κ~π~, and τ\~
interactions obtained from analyses of the reactions Kip
— Δ**2Γ, n~p-»nX, and π*η -*pX as a function of the mass of the
system X (i. e., the energy of the Jfir or νπ system in its rest
frame) (the data are from Refs. 117-121).

corresponding constant cross sections for the K'p and
tCp reactions shows that the energy dependence of the
cross sections for Δ** production in K*p and n*/> inter-
actions should develop a plateau at energies above 100
GeV, as observed in pp collisions. Of course, the ac-
tual energy dependences of the Δ** cross sections for
reactions initiated by various primary particles may be
somewhat different from what is expected on the basis
of a simple extrapolation of the data at low energies.
This energy dependence is determined by the leading
exchange mechanisms.

Analyses of the angular distributions and the elements
of the Δ**(1236) spin density matrix in a number of ex-
periments have made it possible to establish that single-
pion exchange plays a dominant role for small I f I, even
at the CERNISR energies. For example, an extrapola-
tion to the pion pole by means of the Chew-Low equation
in the reaction pp- Δ"(1236)Χ at 7s = 30.4 GeV a i "
yielded values of a t 0 t (O) in the range from 21.1 ± 0. 5
mb to 21.1 ± 1.3 mb (using different extrapolation pro-
cedures), in good agreement with the actual value
a t 0 t (O) = 24.3 mb. Using either a Chew-Low extrapola-
tion to the pion pole or a reggeized single-pion model
for the reactions K*p -Δ«Χ, "»-»»] τΓρ- nX, u 2 0 ] and
ir*n-pX,U21] it has been possible to measure the total
cross sections for Κ*ν and Ϊ*ΙΓ scattering (Fig. 41).

The total cross sections for n*iT scattering fall off
rapidly from the resonance region to an asymptotic
cross section at the level of 14̂ -16 mb, in accordance
with predictions based on factorization: σ^τι*if)
= atot(ifp)aut(Trp)/atoi(pp). The Κ*τΤ cross sections,
measured at energies up to 3. 5 GeV in the c. m. s.,
follow the same trend, but within the accessible range
of energies they are still higher than the corresponding
predictions which follow from factorization. We can
assume that this is due to the existence of many reso-
nant states in the non-exotic Κ*τΓ channel. The total
cross sections for K'tT scattering in the exotic K'TC
channel are appreciably smaller than the cross sections

for Κ*ιΓ scattering and approach their asymptotic limit
from below. If the trend of the data indicated in Fig. 41
continues at high energies, we might expect the cross
sections for Δ** production in the fragmentation region
of the proton to become equal in K*p interactions and in
it*p and ifp interactions, with

σΔ++ (pp) : σΔ++ (πρ) : σ 4 + + (Kp) = σιοι (πρ) (ππ)

However, the contributions from other exchanges with
isospin 1, such as the ρ and A^, which can contribute to
these reactions, as well as the interference between the
various exchanges, may lead to appreciably different
results over the entire range of momentum transfers.
Moreover, a large part of the cross section for Δ**
production is due to processes involving the formation
and subsequent decay of the diffraction system pt*irt in
which the triple-reggeon parametrization and factoriza-
tion of the Pomeranchuk pole may lead to very different
predictions.

There is very little experimental information about
the inclusive production of the Δ°(1236) isobar. We know
that production of the systems pit* and pit" with small
masses is strongly correlated because of the diffraction
production of the pii*it~ system. Since the diffraction
system pifiT has isospin 1/2, the cross section for the
process Δ** — pn* is nine times as large as the cross sec-
tion for the process Δ°-/>ιΓ. This accounts for the
existence of the large background under the Δ0 peak and
makes it difficult to separate the Δ0 resonance. How-
ever, to counterbalance certain conclusions, we would
like to stress that the cross section for Δ0 production
may be much larger than 1/9 of the Δ** cross section,
since diffraction production of the system ρν*τΓ with
/=l/2 is by no means the only mechanism of Δ0 produc-
tion, at any rate in the studied energy range. Thus, in
the region of small t, where single-pion exchange domi-
nates, we have the following relations:

(5.6)

(5 7)

σ(ρρ—Α°Χ)
σ(ρρ-»Δ+*Χ) 3o t o t (n-p) '

σ^ρ-^Ζ "tot (η*»*)

-Δ»Χ)

For example, an experiment at 14.3 GeV/c11281 gave
the results σ(Δ**) = 700 ± 100 μΧ) for the reaction K'p
- Δ**Χ, in contrast with σ(Δ°) = 985± 180 μb for the reac-
tion K'p-» Δ°Χ. It was shown in this same experiment
that the ratio (5.7) for the K'p reactions and the ratio
σ(Κ*ρ- &**Χ)/σ(Κ'Ρ -Δ°Χ), which should be equal to 3
in the case of any exchange with isotopic spin 7=1, ac-
tually have the expected values for both the κ~ραίΊ'ιΐΖ*
and Κ•/>"1»·12" data. Thus the production and decay of
the isobars Δ" and Δ0 are responsible for an appreciable
fraction of the indirect pions produced in hadron-hadron
interactions.

An interesting attempt to separate the Δ** production
over the entire kinematic region was made.by the
ABBCCHLVW Collaboration in ττ*/> and K'p experiments
at 16 GeV/e.cia4] Table VIII shows that the Δ~(1236) in-
clusive cross sections are almost twice as large as
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TABLE Vin. The cross section for Δ " production and the
relative contributions of the Δ** cross sections to the total in-
elastic cross section for various topologies in π*ρ and Κ 'ρ ex-
periments at 16 GeV/c. t I 2 4 ]

o.s -

Reaction

π+ρ
π-ρ
Κ-ρ

"inel· m b

3.39

1.41

1.20

Fraction, %

inclusive

17.2

6.6

4.4

2-prong

6,1

4-prong

19.6

7.5

7.7

6-prong

21.9

10.5

12.0

8-prong

23.4
18.0
13.3

those obtained by applying the cuts 1. !2<M(pii*)<l. 34
GeV and I 11 <0.6 (GeV/cf (shown in Fig. 40). It is
interesting to note that the relative contribution of the
Δ** production cross section to the total inelastic cross
section grows with increasing multiplicity of the second-
ary particles, and from 45 to 49% of all the Δ** reso-
nances are produced in events with η >4. It can be seen
from Fig. 42 that most of the Δ**(1236) isobars are pro-
duced in the backward hemisphere, i. e., they are pro-
duced from the fragmentation of protons. However, a
small part of the cross section is due to Δ** production
in the forward hemisphere. This last process is char-
acterized by the presence of a break in the correspond-
ing distribution άσ/dt at I 11 » $(GeV/cf and appears to
be due to other mechanisms of Δ**(1236) production,
such as the exchange of baryon quantum numbers.

Owing to practical difficulties, there is only very
meager information about the inclusive production of the
heavier N* isobars, which decay mainly into three-par-
ticle channels or via a cascade process. New data have
been obtained on the production of the strange baryon
resonance Σ*(1385) in K'p interactions (Fig. 43). The
falling-off of the cross section for Σ*(1385) production
with increasing energy is very reminiscent of the energy
dependence of the cross section for the reaction K'p
— AX (see Fig. 4). The cross sections decrease over
the interval from 4. 2 to 10 GeV/c but have little varia-
tion within the range from 10 to 32 GeV/e, where the
Σ*(1385) cross section is very close to the Σ"(1385)
cross section; the latter varies little with increasing
energy. It can be seen from the invariant distributions
with respect to χ (Fig. 44) that the Σ"(1385) resonance
is produced symmetrically about x = 0, i .e . , mainly in
collisions of the central type. At fixed energy, the x-
distributions for the Σ*(1385) and Σ*(1385) resonances

w'
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\

ι
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> ^

I \
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/ "°"™^

o- 2-prong

χ-4ί

I | 1
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\ FIG. 43. Inclusive S* (1385)
cross sections in K'p interac-
tions as a function of the pri-
mary momentum. The data
are from Refs. 95 and 125-
127; the curves are drawn by
eye.
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Plat,·

are practically identical in the forward hemisphere,
whereas it is found that there are significantly more
Σ*(1385) resonances for x<0; this may be attributed to
quasi-two-body processes involving the exchange of
hypercharge, which, as is well known, are charac-
terized by a strong energy dependence. In fact, a triple-
reggeon analysis of Σ*(1385) production at 4.2 GeV/c in
the fragmentation region of the proton (and hence with
annihilation of strangeness at the K" vertex) has
shown"253 that the Regge trajectory responsible for the
process of strangeness annihilation in the reaction
KK- pions is consistent with the f'-ψ trajectory.

Information about the weak decay of the Λ hyperon in
the two-step process Σ*(1385)- τ* (Λ-/>Ο was used by
the Amsterdam-CERN-Nijmegen-Oxford Collabora-
tionc l25: i to reconstruct the complete spin density matrix
of the Σ*(1385) resonance in the reaction K'p- Σ*(1385)ΑΓ
at 4.2 GeV/e. Although the errors in the polarization
are large as a result of uncertainties due to the large
background, it can be deduced from the results of this
experiment that the Σ*(1385) polarization in the region
I tPi E . | < 0. 5 (GeV/cf is small and is consistent with
zero, in agreement with the predictionsC128] of the addi-
tive quark model. These results are very different from
those referring to the polarization of the Λ hyperons in
the reactions K'p- AX, for which it is established that
the Λ hyperons have an appreciable polarization (see
Ref. 129, where references to earlier papers can be
found).

Figure 45a shows that the Λ hyperons for x<0. 5 have
significantly different polarizations in the reactions

K-p -*• A + pions, (5.8)

FIG. 42. Differential cross sections da/dx of the reaction
ir ~p-~A**X at 16 GeV/c for all events (histogram) and for vari-
ous topologies (from Ref. 121).

FIG. 44. Invariant χ -dis-
tributions for the reactions
Κ 'ρ — Σ* (1385)Χ (the data
are from Refs. 125-127).
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FIG. 45. The polarization of the Λ hyperons, Ρ
'n{ (in the usual notation), as a function of the variable χ in the
reactions Κ'ρ-Ά + piona andK"/» —Λ+KK+pions at 4.2 GeV/c
and the reaction K'p^A+X at 14.3 GeV/c [ l 2 8 ] (a), and the po-
larization of the Λ hyperons with - K i < - 0 . 2 as a function of
pT in the reactions Κ 'ρ— Λ + pions and K'p-* Λ.+ΚΚ+pions at
4.2 GeV/c (b) andpp-~ A+X at 5.7 GeV/ct1291 (c).

K'p -+• AKK + pions. (5.9)

This polarization is positive for the reaction (5.8), but
is slightly negative for the reaction (5.9). For events
in the fragmentation region of the proton (-1 <x< - 0.2),
the dependence of the polarization Ρ on pT (Fig. 45b) is
found to be rather different for these two reactions.
However, the polarization Ρ in the reaction (5.9), which
is not due to a process of strangeness annihilation, is
very similar in its behavior to Ρ in the reaction pp — AX
(Fig. 45c). The small value of the Λ polarization in the
fragmentation region of the proton for pp interactions
and iorji'p interactions involving the virtual process
KK-*KK+ pions may indicate that both these processes
are dominated by the exchange of the Pomeranchuk pole.

6. CONCLUSIONS

The principal results obtained from studies of inclu-
sive and multi-particle reactions in the field of research
considered in the present review can be summarized as
follows.

a) The hypothesis of limiting fragmentation (due to
Yang et dl.) is not satisfied over the entire range of ac-
cessible energies, but it is consistent with the existing
data at the highest energies, where it holds in various
experiments with an accuracy in the range between 3%
and 20%.

b) There is still no complete understanding of the pre-
cise character of the energy dependence of the inclusive
cross sections for reactions with exotic quantum num-
bers in the fragmentation region or of its relation to the
exotic character of the combinations ab, abc, and ac,

particularly at the highest energies, and these problems
require further experimental investigations with good
statistics. The energy dependence of inclusive reactions
with non-exotic quantum numbers is in agreement with
the predictions of Mueller-Regge phenomenology.

c) Factorization of the leading Regge singularities has
been confirmed with an accuracy of at least 10% for a
number of reactions, and at small momentum transfers
it holds with even better accuracy (« 5%) up to the CERN
ISR energies. However, elastic and inelastic diffraction
processes exhibit an appreciable violation of factoriza-
tion, which shows up clearly for | -11 > 0. 5 (GeV/c)2

and seems to be associated with the anomalous behavior
of elastic scattering.

d) It is firmly established that there is a dramatic
violation of Feynman scaling in the central region even
at the highest CERN ISR energies, which is, however,
consistent with the existence of an asymptotic limit as
s— <o. It seems to us that the current status of the en-
ergy dependence in the central region is similar to the
situation which existed in the case of the total cross sec-
tions prior to the discovery of the Serpukhov effect. To
detect the very probable deviations from the Regge re-
gime in the central region, it will be necessary to
markedly improve the accuracy of the experimental data
and to progress to higher energies.

e) Definite progress has been made in establishing a
relation between deep inelastic interactions and hadron-
hadron interactions in the region of small transverse
momenta.

f) It has been demonstrated experimentally that sig-
nificant numbers of the observed stable particles are
produced as a result of resonance decays. The qualita-
tive picture of hadron-hadron interactions is in agree-
ment with the predictions of the naive quark-parton
models. To gain a deeper understanding of particle pro-
duction processes in hadronic interactions, it will be
necessary to obtain more complete data on the cross
sections for producing various particles, particularly
resonances, over the entire range of accessible energies.
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