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Phenomenological expressions are obtained for the differential single-particle inclusive cross
sections for the production of nucleons and pions in inelastic NN and 7N collisions. These expres-
sions describe the known experimental data in a wide range of the kinematic variables at energies
from 5 to 5% 10° GeV. The Monte Carlo method makes it possible to simulate individual inelastic
collision events and to analyze the properties of the leading particles.

INTRODUCTION

To analyze the mechanisms of interaction of hadrons
with nuclei, design radiation shielding, estimate the intensi-
ty of beams of secondary particles in accelerators, and for
many other theoretical and applied problems it is necessary
to have detailed information about the multiplicity, emission
angles, energies, and other characteristics of the secondary
particles in inelastic NV and 7 collisions. In the literature
there is a large amount of experimental data on these quanti-
ties, but the information is, as a rule, widely dispersed and
refers to individual, frequently widely separated regions of
the kinematic variables; in a number of cases, different nor-
malizations and different variables are used. Interpolation of
the known experimental data to the intermediate regions
and their extrapolation usually involve considerable difficul-
ties, especially since for some problems (for example, the
calculation of intranuclear cascades or the propagation of
particle beams in media) detailed data in a very wide energy
interval are needed, and the storage of such extensive nu-
merical information in a computer presents difficulties. In
all cases, it is important to have a unified and compact ana-
lytic representation of the data.

Many different models of inelastic particle collisions at
high energies have been considered in the literature: the sta-
tistical and hydrodynamic approaches, the diagrammatic
and Regge techniques for the calculation of peripheral inter-
actions, and so forth. These models can be successfully used
to describe individual aspects of the phenomenon. However,
in practice this is frequently insufficient, the models being in
addition very complicated for calculations. Therefore, in
many cases one must have recourse to various phenomenolo-
gical approximations of the experimental data, the theoreti-
cal models being used only to “suggest” a particular choice
of the approximating expressions.

In Refs. 1 and 2, a statistical, Monte Carlo approxima-
tion of multiparticle production in NN and 7V collisions was
developed on the basis of the assumption that the energy
spectra of the secondary particles depend very weakly on
their emission angle. Such an approach, especially if one in-
troduces an additional rejection of simulated events on the
basis of the experimental distribution of the transverse mo-
mentum, makes it possible to achieve agreement with the
experiments in a wide range of energies from a few hundred
mega-electron-volts to 5-10 GeV,"?i.e., at energies at which
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the so-called leading particles are not yet clearly distin-
guished by their energy." It is possible not only to calculate
the mean angular and energy distributions of the secondary
particles but also to recover (simulate) individual events
(“stars”) of an inelastic collision in such a way that in each of
them the characteristics of the produced particles satisfy the
energy—momentum conservation laws. A much more gen-
eral approach to the quantitative analysis of multiparticle
production was made possible after Logunov, Feynman,
Yang, and their collaborators proposed the concept of inclu-
sive reactions, and Mueller introduced for them an optical
theorem (see Refs. 3 and 4, in which a detailed bibliography
can be found). Although this theorem relates the amplitude
of an inclusive reaction only to three-particle elastic scatter-
ing, which cannot be realized in practice, for the theoretical
analysis of this—much simpler—process Regge phenomen-
ology can be used.

Many authors have shown that by an appropriate
choice of the parameters it is indeed possible to achieve a
good description of the experimental data down to individ-
val reaction channels,*” though in each case the analysis is,
asarule, restricted to a narrow region of the kinematic varia-
bles, basicallynearx~ + land T> 10GeV.? However, if the
expressions suggested by Mueller’s theorem are used only as
an analytic “skeleton’” with coefficients chosen by compari-
son with experiment—possibly with some additional pheno-
menological terms needed for smooth “matching” of kine-
matic regions that differ in their physical nature—one can
attemnpt to find an approximation compact in form and valid
for a wide interval of the independent variables s, x, p, . It is
to be borne in mind that since the approximating expressions
have a theoretical basis, they are not merely a phenomenolo-
gical interpolation between experimental points but possess
a certain heuristic value, making it possible to go beyond the
known experimental data.

UIn the calculation of the mean values, the agreement with experiment is
maintained even at energy 10-20 GeV.*

I1n all that follows, we shall consider the center-of-mass system and use
the standard notation: s is the square of the total energy of the colliding
particles, P and p, are the longitudinal and transverse components of
the momentum of a secondary particle in this system,
E=9 +M=(p} +p +M*"? and 7 are the total energy and the
kinetic energy of the considered secondary particle, x = 2p¥s~ "% and T
is the kinetic energy of the incident particle in the laboratory systermn.
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One of the main difficulties that arise in the construc-
tion of approximating expressions is that the currently
known experimental data do not yet permit the determina-
tion of the numerical coeflicients with equal accuracy for all
types of reactions involving different charges of the primary
and secondary particles. For example, the spectra of neu-
trons in pp collisions have as yet been very poorly investigat-
ed; there are very few data for pn interactions, especially for
the secondary neutrons, and there are almost no data on the
production of neutral particles in 7V collisions. In such
cases, it is necessary to modify the expressions obtained for
particles of a different charge, and this can introduce certain
errors in the absolute value of the particle-production cross
sections and can significantly distort the form of the differ-
ential inclusive distributions £d *of(x, p, , s)/dp?, particularly
at large x and p,.

Nevertheless, for the tasks listed above the accuracy of
the phenomenological expressions for Ed *o/dp® is quite ac-
ceptable, since large momenta are important primarily only
for the leading particles, whose distribution can be approxi-
mated fairly accurately; with regard to the remaining parti-
cles, they have large values of x and p, comparatively sel-
dom. If particle collisions are simulated by the Monte Carlo
method, the errors in the absolute value of the cross sections
d’o/dp® are also unimportant, since the multiplicity of the
secondaries, their energies, and emission angles can be deter-
mined by means of the relative—for example, normalized to
unity—differential distributions (see Ref. 2 and Sec. 6 be-
low).

It should be noted that because the experimental cross
sections Ed *a/dp® used in the selection of the coefficients in
the approximating expressions are not sufficiently accurate
it is frequently found that an approximation which gives a
good description of the differential distributions leads to val-
ues of the mean energy (.7} of the produced particles, their
mean transverse momentum { p, }, and other integral char-
acteristics in poor agreement with experiment (differing by
factors up to 1.5-2). At the same time, the accuracy of the
approximating expressions is greatly improved if these ex-
pressions are chosen subject to the condition of good agree-
ment of the calculated integral quantities with the results of
the measurements. The approximations given below were
obtained by taking into account this requirement.

Much of our paper is devoted to the approximation of
the single-particle inclusive cross sections Ed *o/dp® and in-
tegral quantities associated with them (mean multiplicity,
inelasticity coefficients, etc.) and comparison of them with
experiment. After this, we consider how the Monte Carlo
method and the known expressions for Ed *o/dp® can be used
to recover detailed characteristics of individual inelastic NNV
and /¥ collisions. The discussion covers a wide energy inter-
val from T>5 to T=5x10° GeV. At lower energies, the
characteristics of the secondary nucleons can be determined
by using the well-developed Monte Carlo methods and ap-
proximating expressions based on resonance models (see
Ref. 2, in which further bibliography can be found). At ener-
gies above a few thousand giga-electron-volts, where there
are only scattered and inaccurate cosmic-ray experimental
data, our expressions with experimentally determined coef-
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ficients become very approximate. However, because of the
lack of experimental information even such approximate ex-
pressions have here considerable interest.

It is very important to bear in mind that the considered
approximation of the experimental data is valid only suffi-
ciently far from the interaction point, i.e., where all the pro-
duced resonance states have completely decayed into pions
and nucleons.

1. CHOICE OF APPROXIMATING EXPRESSIONS

Following the results of the Regge-Mueller analysis
(see Fig. 1 and the review of Ref. 4), we shall assume that in
the fragmentation region |x| ~ 1, where elastic three-particle
scattering is determined mainly by three-Reggeon processes,
the cross section of the inclusive reaction a + b—s¢ +. . .
has the form

(£ 5)
ap? frag

- GeBt (1 — |z |)1-¥t |¢|/(ME— 1)2 (1)
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Here, G; exp(R;t) are vertex functions, including signature
factors; @;, B;, 7., ¥ are the parameters of the Regge trajec-
tories a; (¢ ) = a;(0) + a;(0)¢, where the four-dimensional mo-
mentum transfer from the target particle b to the produced
particle ¢ is 1= — (p1/|x|) — (1 — |x|(M2/|x| — M2), in
which M, and M, are the masses of the primary particle and
the secondary particle, and M, is the pion mass; 5, =1
GeV?. The first term in this expression is determined by the
three-Reggeon process with participation of the Pomeron
and “‘effective” Regge trajectories, and the second term is
determined by the exchange process with participation of a
pion Regge trajectory. Such an approximation has been used
by many authors and has proved to be very effective.

In the central region of x values, in which the decisive
contribution to the elastic three-particle scattering is made
by pole diagrams of the type C in Fig. 1, the cross section of
the inclusive reaction has the structure
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FIG. 1. Mueller’s optical theorem for the inclusive process @ + b—c + X.
By means of the unitarity condition, the sum of the amplitudes of the
inclusive reactions with different systems (groups of particles) X is “con-
voluted™ into the amplitude of elastic three-particle scattering, which, in
its turn, can be represented in the form of a sum of the amplitudes 4, B, C
with exchange of Regge trajectories: 4, three-Reggeon exchange in the
fragmentation region; B pion exchange in the fragmentation region; C,
Reggeon exchange in the central region of x values.
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TABLE 1. Values of coefficients for calculating the spectra of conserved and noncon-

served nucleons for |x|<0.7.

2

. a, mb/ £ 4 # u,

" 2 ,

Reaction | Gy2 | b e (Gevse)| © |Gev/emb/Gev?|

pp—=p-r...| 100 [ 9.4 |—0.06] 6,43 | 0,21 1.5 | 1.81 230 —1

z<0 B4 | 3.6 |—0,04 4.9 | 1.0 2.7 1.36 210 | —1
> pt...

x>0 95 | 8.5 |—0,06) 6.43 | 0.45 1.4 1 1.84 210 —1

pp—rnt...| 13 |o035| 047055 | 1,2 |—04| 125 | 20 | 1

where the coefficients 4, B, C, D are functions of the varia-
bles p, and s.

We shall consider separately the properties of the “con-
served” particles ¢, when particle ¢ is identical to one of the
primary particles (i.€., c=a or c=b ) and is emitted into the
same hemisphere as this primary particle, and the properties
of all the remaining “nonconserved” particles. The physical
justification for this distinction is that on the average the
former have a much higher energy than the latter and are
collimated in a region of smaller angles.” The conserved par-
ticles can be produced both in fragmentation and in nonfrag-
mentation (“central”) processes. In the production of the
nonconserved particles the central processes play a much
more important part.

For the conserved particles, the expression (2) can be
conveniently parametrized in the form

&o G027
(B & )

(4 —z]) " Leslsl (p3 4 p2)e,

—-x

) —a(1+b]z|s°
c.c.

(3)
with coefficients that do not depend on s, p, , and x.

For the nonconserved particles, we write the expression
(2) in the form of two terms:

(E2F). .= al—leD?x
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Here, s = /50, p1 =P\ /P10, Wherep,, = 1GeV/c. X

The expressions (1)-(3) can be made the basis of an ap-
proximation of the experimental data. However, calcula-
tions show that for these expressions it is not possible to
choose coefficients valid in a wide range of x, p, , s values.
This is due to the fact that the expressions (1)}+3) relate to
limiting cases and are very inaccurate in the intermediate
region. To describe this region, it is necessary to include an
additional phenomenological term making it possible to
“match” continuously the fragmentation and nonfragmen-
tation processes. We choose this term in the form

(

*'A *‘conserved” particle should not be confused with a “leading” particle,
which carries away a large fraction of the interaction energy. Among the
leading particles, there is a certain fraction of nonconserved particles (see
Sec. 5).

oados
E ¥l

3
g %o

— g gy~
) st (t—z))

(3)
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with constant z and v.
The coefficients in the approximating expressions must
be chosen for each particular reaction.

2. THE REACTIONN + NN+ ..

We write the inclusive cross section (in mb/(GeV?/c?))
for production of conserved particles in the following form,
which is valid in a wide range of values of the kinematic
variables*:

-

In pp and nr collisions, in which the conserved particle is,
respectively, a proton and a neutron, the particle distribu-
tions in the regions of positive and negative x are symmetric
about x = 0. Such symmetry is absent for pn interactions, in
which a proton for x > 0 and a neutron for x < 0 are assumed
to be conserved particles (in an np interaction, the sign of x is
reversed).”’

The expression (6) is also valid for the description of the
spectra of nonconserved nucleons in reactions with charge
exchange of the incident particles: neutrons in pp interac-
tions, protons with x < 0 and neutrons with x > 0 in pn inter-
actions (and the corresponding particles) in the charge-sym-
metric nn and ap collisions). There is a difference from the
case of conserved particles only in the values of the coeffi-
cients.

In Tables I and 11, we give the values of the coefficients
chosen on the basis of the known experimental data at ener-
gies T2 5 GeV.® As mentioned in the Introduction, not only

d'o (z, i, §)
E —p =
(EdPo/dp?) .04 (Edoldp),,,, if 0<|z]<<0.7;

(Ed%6/dp?) g » I 0.7 2] T man (6)

“Instead of the distribution with respect to the variables x and p, , it is
frequently important to know the energy spectrum of the secondary par-
ticles for a given emission angle of the particles: d*¢{7, cos 6, 5)/
d.% d cos 6. This spectrum is obtained by multiplying the expression (6)
by the factor p=477 V37 +2M)"? and substituting the values
x=2ps™ "2 cos and p, = psin 6.

Mt follows from kinematic considerations that in the general case the
cross sections for the production of conserved particles & in the reaction
a+ b—b 4 ... and a in the reaction @ + b—a + ... are described by
the same expression (6). [The emission angles of particles ¢ and b are
related by #, = 7w — 6,. A change in the sign of x does not affect the form
of the expression (6), where | x| is used.] If the masses of particles a and b
are different, the value of M_ must be changed in this expression accord-
ingly.

“The coefficients for the description of the particles in #z and np reactions
are obtained on the basis of charge symmetry.
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TABLE II. Values of coefficients for calculating the spectra of conserved and noncon-

served nueleons for |x|>0.7.

Coefficients that are the
same for all reactions Forpp ~v+... ] For pn~p+ .., Forpp»n+ ...
x << [ x>0
G, mb/GeV? 19 14 23 3.8
R, (GeV/e)™2 4.3 0.04 5.6 0,23
¥, (GeV/e) 2 0.6 1.36 1.2 1,62
% G, R, R

, N# ale P —2| mb/GeV? |(GeV/c) "2 |G, mby| i

L R FE ’VTW (GeV/ej ) e lGeV /e
Ge z <Ule> vz < 0lz> 0
1 0 0 1.5 Fi8 —0,38 | 6.5 | 5.7 3 0.07 — —
21 o [—0.,5 0.8 9 6.5 — |1 — [0 0.007 | 0,45
3 |[—0.5]—0.5] 1.5 87 3.6 — (24 — | 1.4 5. 4.1
41 0 |—1 0.2 0.2 1.5 — (007 — [ 1.3 - =
|

the differential distributions but also the experimental data
for the integral characteristics of the produced particles
were used. Figures 2 and 3 illustrate the accuracy of the
approximation of the experimental data for the conserved
particles; Figs. 4 and 5 give the corresponding data for non-
conserved particles.

The theoretical curves reproduce well the main features
of the inclusive cross sections for production of nucleons,
namely, the slow variation of the cross sections in the central
region of x values, their rapid increase at |x|~1 for con-
served particles and decrease in the case of charge-exchange
reactions, and the very rapid decrease in the probability of
production of nucleons with large transverse momenta. In
the case of pp interactions, there is good qualitative agree-
ment with the experiments in the region x > 0.5. At smaller
values of x, where at present there are only a few scattered
experimental data and the coefficients of the expressions (6)
are determined mainly on the basis of the known integral
characteristics, the accuracy of the approximation is some-
what less good. The approximation of the spectra of a non-
conserved neutron in pp collisions does not go outside the
average experimental errors.

L !

1 L |
a2 oF 04 4.5 06«

FIG. 2. Differential distributions of secondary protons in inelastic pp
collisions for the region x<0.6. The dotted curves are the calculation for
T =10 GeV, the broken curves for T= 18 GeV, and the continuous
curves for T'= 10° GeV.”
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The case of the pn reaction is more difficult because of
the sparsity of experimental information. The values of the
coefficients in Tables I and II give the best agreement with
experiment (Fig. 6), but more detailed measurements may
require more accurate determination of these coefficients.

The mean multiplicity of the produced particles c is re-
lated to the inclusive cross section by

{n,) = o 5 d30, = oj S (E ‘f:;f )

3
£ (7)
where o, is the total experimental inelastic interaction cross
section. Use of the inclusive cross section (6) leads to the
conclusion that in the region 72 5 GeV the proton and neu-
tron multiplicities remain practically constant (in pp colli-
sions (n, }=~1.4, (n, )~0.6). This agrees well with experi-
ment (Fig. 7) and indicates a low probability for production

152
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T Il_‘Hu‘
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CTTTTT]

Ed’s/dpT, mb-GeV~2¢
S

1072

FIG. 3. Differential distributions of secondary protons in inelastic pp
collisions for the region x>0.6. The curves are the calculation for 7' = 10°
GeV; the crosses, black triangles, black circles, and open circles are the
experimental points of Refs 8 and 9 for T = 383, 659, 1062, and 1482 GeV,
respectively.
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FIG. 4. Differential distributions of neutrons in pp interactions. The
curves are the calculation for T = 10? GeV; the experimental points are
taken from Ref. 10.

of nucleon-antinucleon pairs ({n, ) ~0.1).

Statistical arguments based on isotopic invariance are
often invoked to assert that if the number of secondaries is
large, then (n, ) ~(n, } irrespective of the charge of the col-
liding nucleons. The given data show that in pp collisions the
mean proton and neutron multiplicities remain different
even at very high energies. Only in the case of pr interactions
can one speak of equality of {(n, ) and (n, ).

Table III gives the mean transverse momenta of the
protons in pp collisions:

po)=o0 [py; sllo [1; sl (8)

where the functional ¢ of the kinematic variable z {in the
given case, z =p, }is given by

. Fomax » max ()
o a1~ 2 | aw |
“* max b
B d*o (x, Py s) z(z, P, s)dp‘i [9)
dp? (a%s/4--p2 - MELLE 2

max = 25™1/2 Eﬁmax_]uc ”27
z sT12( ) } (10)

p:L max (‘T) = Egmax — xzs,’é - ﬂIg

are the maximal values of the variable x and the square of the

e s
L pp—re My pp——1...
51% 065 X307 | YALTCXS 04
b A
TE \i £ %
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0 - aa - :
S aptth A8 | S
gE 2 E k3
e F » F
N & F
w07t x- 500GeV
% F A-1080
o o-1500
70_31|||\\111\|‘|H|\!HI

g 7 2 0 7 -2
P GeV/c

FIG. 5. Distribution of the neutrons in pp interactions with respect to the
magnitude of their transverse momentum. The curves are the calculation
for T = 10 GeV. Next to the curves we have given the ranges of x values
to which the experimental points correspond.'® (The calculation was
made for the corresponding mean values.)
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FIG. 6. Integrated cross section of the reaction p{r*ln—p+... as a
function of the variable M 2 /s for the region |¢| < 1 (GeV/c)® and energy
T = 100 GeV. The experimental points are taken from Ref. 13.

proton transverse momentum p, .
Emax = (S _]" Mc - M?C)lzslﬂ

is the maximal possible energy of a secondary particle, M, is
the mass of the considered secondary particle (M, =M, in
the given case), and M, is the minimal mass of the produced
particles of the system X in the inclusive reaction
a+b-sc+ X5

The calculated {p, } are close to the experimental val-
ues, which are about 0.4 GeV/c in the region T~5-30 GeV
and increase to 0.45 GeV/c at T~10° GeV.

Compared with the protons, the means transverse mo-
menta of the neutrons produced in pp collisions are several
percent greater, although it is difficult to insist on this differ-
ence in view of the errors of the employed approximations.

Table III also gives the mean kinetic energy of a proton
in the center-of-mass system.

(7 p(s)) = o [E; slla [1; s| — M, {11)
and the mean fraction of the energy carried away by it:
(Kp (5)) = s {{T 5 (5)) + My). (12)

At T—~10 GeV, the value of {7 2 ) is close to the experimen-
tal value 0.6 GeV (Refs. 35 and 36) and then increases some-

<n>
0 = PP
=
B ol
wl Lgk> % i ,:‘--_-.-:'/‘")
L - X k= ‘;g’
- ¥ o=
- I W
’)(_—.%:"' /é
2 T ~
L ;._:g-'/:‘_ - -7 <Np>
el o)
e i
P
W
ped
a.5le ! I S 1o Ll |
10 50 1% s-10% 107 5103

7, GeV

FIG. 7. Mean multiplicity of particles in inelastic pp collisions. The con-
tinuous curves are the calculated values of {(n,) and {(n_, ); the chain,
dotted, and broken curves are the calculated values of (n.+), (r.s),
{n, ); the open circles, black circles, black triangles, crosses, and open
triangles are the corresponding experimental data from Refs. 11-34.
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TABLE III. Integral characteristics of secondary protons in inelastic pp
interactions (c.m.s.).

T, GeV o Papde GeVie | (T p) GeV (Ep}
10 0,38 .62 0,34
20 0.39 0,99 .31
10 0.4 3.17 0,3u

54412 (.42 7,02 0.29
18 0.44 9.6 0,29

1,5-109 0,44 11,4 19,29
3-108 .43 21.9 0,29

what more rapidly than s (i.e., is somewhat greater than
%), The values of (K, ) remain practically constant in the
complete range of energies T2 20 GeV. The mean kinetic
energy (.7, ) of a neutron produced in a pp collision is 1.5-2
times less than (7, ). With increasing energy of the primary
particle,the energy (.77, ) increases somewhat more slowly
than (7, ); at T=10 GeV, {7 ,)/{(5,) = 1.4, while at
T = 10” and 10° GeV this ratio is 2 and 2.5, respectively.

If the relative probability of proton and neutron pro-
duction is taken into account, the mean energy carried away
by a proton in an inelastic pp collision event is found to be
approximately four times greater than the value for a neu-
tron. At the same time, the inelasticity coefficient of the pp
interaction, i.e., the fraction of energy carried away by all the
newly produced particles,

(Ky=1—s"Y2{n,) {F s+ Mp}—5-12{n} {F ) +Mp},
(13)

is about 42%;, in good agreement with known experimental
data (see Fig. 8; for pn interactions, a similar value is ob-
tained).”

The fraction of energy carried away by a nucleon,
WKy, s}, can be obtained by simple transformation:
rdfon (K, p),5)

dz dp? = j — L' 7 R v dp

2 d% (z, P, 9)
) K dp,

drdpy
= SW (K, 5) dK 5.

The inelasticity coefficient of the NN interaction depends on
the energies of the two nucleons at once [see Eq. (13)]. The
distribution of this quantity, and also the distributions of
Ky, and Ky, in the laboratory system, can be calculated by

<K .} ]
2af Bkt
%l FT 4
-/*i |
2.2 L1 [ TR
‘& 50 1w¢ 5wtn? T,GeV

FIG. 8. Dependence of the inelasticity coefficient (X } in pN collisions on
the energy of the primary proton. The broken curve is the calculation, and
the experimental points are taken from Refs. 37—40.

"In accordance with what is usually done in experiments, all secondary
particles except for two nucleons are regarded as new. If a neutron is
included among the new particles, then the corresponding inelasticity
coefficient is (K') =1— (n,}{K,) =0.55 at T= 10 GeV and 0.6 at
Tz 500 GeV.
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w =
6,20
0,15
a0
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1 1 I L |
2 2 0% 06 0.8 K

FIG. 9. Distribution of the inelasticity coefficient in pp collisions. The
histogram represents the calculation for 7= 10%-10* GeV; the points are
the experimental data*'™ for p¥ collisions obtained in the interval
T=20-5x10* GeV.

the Monte Carlo method (by the method of statistical rejec-
tion; see Sec. 6) by specifying the values of the variables x and
P, in accordance with (6) and calculating the corresponding
nucleon energies 7y, = (sx[/4 +pl + ML)V? — My,
i=1, 2, in the laboratory of center-of-mass systems. This
method of calculation is very effective.

In Fig. 9 we compare the distribution obtained in this
manner with the experimental distribution for the range of
energies 7'~ 10%-10% Gev. It can be seen that the distribu-
tions are quite similar. However, the experimental points
were obtained at different energies 7 and contain large er-
rors, and the theoretical distribution W (K ) could therefore
be preferable.

It should also be noted that although the mean value
(K ) depends weakly on the energy of the primary particles,
the distributions W (K ) become broader with increasing T
(Fig. 10).

By virtue of the symmetry of the NN system, the distri-
bution W (K ) and the mean inelasticity coefficient {X ) donot
depend on whether they are considered in the center-of-mass
or laboratory systems; at the same time, the nucleon coeffi-
cients (K, ) and (K, ), which are equal in the center-of-

0,10

0,05

ar 43 0,5 67 K

FIG. 10. Encrgy dependence of the inelasticity coefficient of pp interac-
tions. The continuous, broken, and dotted curves are the results of calcu-
lation for T = 10, 10, and 10° GeV, respectively.
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TABLE IV. Fraction of energy carried
away by the leading proton and recoil
proton in the pp interaction in the labora-
tory system.

T, GeV (Kieaa ) (Koo
10 0.33 0.131
102 .55 0,019
13 .56 0.0035

mass system, differ appreciably in the laboratory system (Ta-
ble IV). The fraction of energy carried away by a leading
nucleon remains practically constant for all T2 5 GeV.

3. THE REACTION N + N—7 + ...

The inclusive cross section Ed *ofx, p, , 5)/dp® [in mb/
GeV?/c )] is in this case described by the expression (4).
The values of the coefficients with which this expression
gives the best description of the experimental data for pp and
pninteractions at T'% 5 GeV are given in Table V. The corre-
sponding values for nn collisions can be obtained by using
charge-symmetry arguments (in Table V, it is necessary to
interchange the positions of the 7= and #— mesons). The
coefficients describing pion production are practically inde-
pendent of the signs of the charge of the colliding nucleons to
within the errors of the known experimental data.

It can be seen from Figs. 11-13 that the accuracy of the
approximation is fairly good. Qualitatively, the dependence
of the pion-production cross sections on x and p, is the same
as for nonconserved nucleons, though the decrease in the
pion cross sections at |x| ~ 1 takes place much more rapidly.

In Fig. 7, the mean multiplicities of the produced pions
calculated by means of the expression (4) are compared with
the experimental results. The calculated and experimental
values agree well. In accordance with the experiments, the
mean 7+ and 7° multiplicities hardly differ, but significantly
more 7 are produced. The difference (n,_ ) — (n,- ) re-

mains practically constant (of order 0.5) in a wide range of
energies from TZ 10 GeV to T~ 10* GeV. The number of
produced 7° is 50-609% of the number of charged pions (Ta-
ble VI). This agrees with the averaged experimental data of
Refs. 22 and 29 but is somewhat higher than the values ob-
tained in earlier measurements*®*’ (the difference is less
than 20%). The relatively large #° fraction can be explained
by the appreciable contribution of decaying resonance
states.

To within the error of the approximation (4), the mean
transverse momenta of the pions do not depend on the sign of
the charge. Their magnitude is approximately a third
smaller than the proton transverse momenta { p,,) and in-
creases very slowly with increasing primary energy 7" (Table
VII). the approximating expressions reproduce well the
p, — x correlation—the so-called sea-gull effect (Fig. 14):

Pri max (x} P‘_‘!l max (%)

@y@ye= | pELTan J

d*c
. EL9 qp3.
i

dp?®

Figure 15 shows the calculated and the few currently
known experimental values of the mean kinetic energy of the
pions. Compared with the mean energy of the secondary
protons, (%, ) depends much more weakly on the energy of
the primary particle—as 7, where @~0.3. This conclu-
sion does not contradict the results of direct measurements
of (.77, }, though the experimental information is as yet very
sparse. In the complete region 525 GeV,
(7 .. )>{7._). The energy of the #° satisfies
(T o ye={T ).

With regard to the fraction of energy carried away by
the pions

(14)
where (7, ) is determined by the relation (11) with M, re-
placed by M, its value is about the same for 7+ and # .
This agrees with the known experimental data (Table VIII).

The energies expended on the production of the neutral and
charged pions differ by a factor of about 2.

TABLE V. Values of the coefficients for approximating the inclusive cross sections of

pions in NN collisions.

Coefficient | zp —m* ... pp -~ ;... NN -+ qh .., PR - TOF b1} e el
a, mb/GeV? 23 8 38 23 8
b 3 4 4 3(6) * 6.5 (6) *
c 0.04 0.15 0 0,04 0.15
d 2 3.5 0.9 3 10
i 0,06 0,12 0.09 0,02 0
g 1.6 1,3 0.2 007 —2.4
h 11 1 11 11 1

*For the region x <0.
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FIG. 11. Differential distributions of charged pions in pp collisions. The
dotted and broken curves are the calculations for 7= 10 and 10° GeV,
respectively. The experimental data are taken from Ref. 7.

4. THE REACTIONS 7 + N—7 + ... AND r 4+ N—N+ ...

A feature of these reactions is that here there is not the
pronounced difference between the properties of the con-
served and nonconserved particles observed in the case of
NN interactions. This is due to the fact that pions are pro-
duced in both central and fragmentation processes.

) We shall describe the distributions of the conserved
particles (pion with x > 0 and a nucleon emitted in the oppo-

1077

a

FIG. 12. Differential distribution of #° mesons in pp collisions. The curves
represent the calculations; the points are from the experiment of Ref. 44.
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site hemisphere with x < 0} by means of an expression that
apart. from the numerical values of the coefficients is the

p+n
8l
5_
F)
E -
>
R
N
84T
e
N|R
g
,&é \
el N N | Ll |M

| i
0% 0,2 0 @2 04 X -4 =2 0 2 4y
FIG. 13. Integrated cross sections (2E /my/s)(do/dx) and (do/dy), of the
reaction p+n—r*  ...; y=051In[(E+p,)/(E— py)]. The pri-
mary energy is T = 194 GeV. The points are the experimental data from
Ref. 45; the continuous and broken curves are the calculations for 7— and
7+, respectively.
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TABLE VI. Ratio of the mean multiplic-
ities of neutral and charged pions in elas-
tic pp interactions.

tna®y/ina

T, GeV
Theory | Experiment®
10 0,58 0,57+0.04
20 0.57 0,59+0.04
100 0,55 0.58-0.04
500 0,53 0,5740,05
108 0,52 0.56==0U,08
1.5-108 0.51 0,550.08

*The experimental values are taken from

the curves (n(T'}) that approximate the

results of the measurements in Refs. 22

and 29.

same as the corresponding expression (6) for NN collisions.
The values of the coefficients are given in Tables IX and X.

In 7N collisions, the nonconserved particles include not
only particles having a charge different from the charges of
the colliding particles but also a nucleon or meson that keep
the same charge but are emitted in the hemispheres opposite
to the directions of motion of the corresponding primary
particles (for example, in the case of the # p interaction
such is a proton with x >0 and a 7~ meson withx <0). Asin
the case of NN interaction, we again choose the inclusive
spectrum of the nonconserved particles, mesons and nu-
cleons, in the form (4) with coeflicients from Table XI. These
coefficients apply both for x >0 and for x <0. The only ex-
ception is the coefficient b, whose values for x < 0 are givenin
brackets.

The examples given in Figs. 16-19 indicate the quality
of the expressions (4) and (6) as approximations of the experi-
mental data on 7V interactions.

In Fig. 20 and Table XII we give data on the mean
multiplicities {n_) of the secondary particles; the integra-
tion of the spectra of the conserved and nonconserved parti-
cles is over the corresponding values of x (forward and back-
ward hemispheres of particle emission). The calculated
curves are close to the experimental points, though for
TZ 100 GeV the experimental values of {r, } lie systemati-
cally somewhat above the calculated curve. Thisis due to the
fact that the experimentally measured total multiplicity of
all the charged particles exceeds the calculated values of

TABLE VII. Values of {p,,, } in pp colli-
sions.

(P ), MeV/c
T, GeV
Theory | Experiment*
10 306 3076
20 M7 3104
102 323 3401210
108 332 340230
4,1-10° 340 270-30

*See Refs. 39, 40, and 49.
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FIG. 14. Mean transverse momentum of the 7" and #~ mesons in the
inclusive pp reaction at energy T = 68 GeV. The curves are the result of
calculation; the points correspond to the experiment of Ref. 51.

(n%)=1{(n,) + (n,. ) by the multiplicity (n,;) of the
strange particles and antiprotons. The difference
(Men ) exp — (Men ) agrees with the experimental multiplic-
ity <ns,ﬁ ¥

Asin pp interactions (see Sec. 3), the largest multiplicity
is that of the particles that do not change the sign of the
charge. The pion multiplicity becomes independent of the
charge only at very high energies T2 10° GeV. At the same
time, the fraction of produced #° in the complete range of
energies T>1 GeV remains almost constant: {n_o)/{(n., )
~40-50%.

The mean transverse momenta of the conserved parti-
cles, nucleons and pions, are appreciably greater than the
practically equal transverse momenta of the remaining par-
ticles (see Table XIII, in which the 7~ p interaction is consid-
ered as an example). The energy dependence of { p, ) is very
weak.

As in the case of NV interactions considered above, the
approximating expression reproduces well the p, . correla-
tions (Fig. 21).

The distinguished nature of the conserved particles is
also manifested in their energy, which, especially for a nu-
cleon, appreciably exceeds the energy of the remaining parti-
cles. For example, in the case of 7 p collisions the mean
proton energy in the center-of-mass system satisfies
(7,) 2 72, asin pp collisions. At the same time, the pion
energy is ~5 %, where a = 0.3; further, (7 _, )=~(7 ),

of ]
B 75k
S
~ 7L
WL
v
0,5 &
oLl a1 lunl P 1rliinl Lortlian
0 50 102 s 107 507wt
7, GeV

FIG. 15. Mean kinetic energy of the mesons in pp collisions (¢.m.s.}. The
continuous curve is the calculation for 7+ mesons; the upper and lower
broken curves are for 7+ and 77—, respectively. The black triangles are the
experimental data for pp interactions; the black circles are the experimen-
tal data for the interaction of protons with light nuclei.?®*?
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TABLE VIIL Fraction of energy (K, ) carried away by 7~ and 7° mesons in pp collisions

(c.m.s.).
(Ko=) (K07

T, GeV } Theory 'Experiment* T, GeV J Theory I Experiment*
9 0.07 0.1324-0.03 9 012 0.45-40,02 *=*
18 0,08 0,114:0.06 20 0.43 0.,1640,02 **
68 0.09 — 68 0.14 0,1240,01

205 0.10 — 205 0.15 0,14-4-0,02

251) 0,11 0.,124-0.04 300 0,16 0,4740.03
{8 4,13 6. 1140.08 163 0.17 0.47=0.01

*See the compilations of Refs. 39 and 50.
**For p + "*C interactions.

TABLE IX. Values of the coefficients for calculation of the spectra of conserved pions and
nucleons in the region |x| <0.7.

. > -
. a, mb/ b s A .
Reaction GeV? b < d [GEV/C)_2 g I:GEV/CF g:g{z ¢
A > Tleon | 103 | 27 |—0.4(6.3 026 [—3.1| 1.27 | 0.05| 0.7
o,
|
“latp—p.. | 24 |—0.4|0.0406,20 04 |55] 10 | 2.4 |-
TS 80 | 45 |—0.6(6.4 0.3 |24 126 | 5 0.04
!
fdn—p.o.. | 24 |06 0.04 |6.2) 0.1 |47 1.9 | 1.3 |—0.95

TABLE X. Values of the coefficients for calculation of the spectra of conserved pions and
nucleons in the region |x|>0.7.

Coefficients that are the — P Rt Fi
same for all reactions : ) " eon T con
G, mb/GeV? 15 20) — —
R, (GeV/c)™? 0.02 0.01 = e
T, (GeV/e)™? 0.8 0.9 — —
S B Y B T R Y -
@ o Y S 4] o
. I IS I T I I~
- | $ 1< | 7ol SE|F0| §FE| F0| FE| <G | €E| =0
1 {0 (1 1.5 3z 1.1 4.1 3.0 |1 3.5 2.8 5.5 1.7
2 —0.5| —0.5| 1.5 36 5.3 — — 132 19 6.5 4.6
3 0 1 —1,0f 0.2 — — — — |37 2.4 [0ws] 1.2
4 ( —.5 ] 0.85 ot —_ — — 0,05 [ 0,18 = —

TABLE XI. Values of the coefficients for the spectrum of nonconserved particles.

Coefficient

5 +| F
a0 p = ;... al

=
N M| TN = ml,_|7ip =0 N

on

= o
SEm T LF AN - N R

a, mb/GeV?
b
€
d
7

4
)

20
2(2.1)%
0.02
9
0.01
0.6
11

*For the region x <0.
**For}he region x> 0.

20 22 29 20 2

2 (4)* 1.7 (2)* 2,6 5 3
0.02 0,01 0.02 0.02 —0.01
1.8 1.4 0.93 1.3 1.0
0.01 0.04 0.01 0.01 —0.1
0.7 1,55 1.8 1.1 —2.05
11 11 6 6 3
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FIG. 16. Differential distributions of charged particles in inelastic mp
collisions. The points are calculated for T'= 16 GeV; the experimental
curves are taken from Refs. 52 and 53. The corresponding values of p, , in
GeV/c¢, are given next to the curves.

and the energy of the 7~ mesons, among which there are fast
leading particles besides the conserved particles, is approxi-
mately 1.5 times greater (Fig. 22).

At a given primary energy 7, the kinetic energy of the
secondary pions in 7N collisions is on the average 10-20%
greater than in the case of NV interactions (in the center-of-
mass system).

The inelasticity coefficient (K ), which characterizes
the expenditure of energy on the production of new particles,
is determined much less definitely in the case of 7NV colli-
sions than for NN collisions. In accordance with its physical

FIG. 17. Differential distributions of #” mesons produced in w~p colli-
sions at energy T. The curves represent the calculations, and the experi-
mental points are taken from Ref. 44. The values of p,, in GeV/c, are
given next to the curves.
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FIG. 18. Distributions of 7£ mesons produced in 7 p collisions at
T'= 40 GeV with respect to the variable x and the rapidity y (cf. Fig. 13).
The continuous curves are the calculated 7~ distributions; the broken
curves are the calculation for 7 ; the points are from the experiment of
Ref. 54.

meaning,the coefficient (K ) should be defined as
(K):1_“-5‘*”2{(LafN)-P'(elrnlcad)-}-MN-Ja—fVIn}, (15)
where (7 ) and (7, )} are the mean kinetic energies of

thesecondary nucleon and the leading pion, and M, and M_
are their masses. However, at the present time there are no
generally accepted criteria for distinguishing the leading

N
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FIG. 19. Integrated cross sections of 7= production in 7 p collisions at
T = 40 GeV. The continuous and broken curves are for #— and 7™, re-
spectively; the points are taken from the experiment of Ref. 54.
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FIG. 20. Mean multiplicity of particles produced in inelastic 7~ p interac-
tions. The continuous curves are the calculated values of (n, ) and {n% ;
the chain, dotted, and broken curves are the calculated values of {n, },
(n,»), and (n,. }; the open circles, black circles, open triangles, black
triangles, and crosses are the experimental multiplicities {n,), {(n%},
(n, ), {n. ), and {n_.) (Refs. 22, 33, and 55-69).

particle among the other conserved particles, and the rela-
tion (15) is often replaced by

(K) = {(AE,} s71/2, (16)

where AE_ is the total energy of all the secondary pions in
the center-of-mass system after subtraction of the mean en-
ergy (E_.)=1(7 _. )+ M_. of one secondary pion. The
values of (K ) calculated in this manner for the case of 7 p
collisions are given together with the known experimental
data in Table XIV.

The value of (K ) determined in accordance with (15) is
almost twice the inelasticity coefficient of NN interactions
{cf. Fig. 8) and increases with increasing energy T of the
primary particle. This is due to the large contribution of the
leading pion.

The situation is simpler with regard to the partial in-
elasticity coefficients {K_.) for a secondary nucleon and
pions with charge different from that of the primary pion [cf.
Eq. (14)]. The uncertainty in these coefficients is due solely to
the choice of the coordinate system. As in the case of NN
interactions, the proton inelasticity coefficient (K, ) hardly
depends on the energy 7, while the pion inelasticity coeffi-
cientsincrease very slowly with increasing T (see Tables XIV
and XV). At all energies 7' 10 GeV, the ratio of the inelas-
ticity coeflicients of the nonconserved pions of different
signs of the charge (for example, (K, )/{K,+ ) in the case

TABLE XII. Relative multiplicity of neutral and
charged pions in inelastic 7 p interactions (the re-
ferences are given in square brackets).

(mgo 2K LR
T, GeV
Theory Experiment
T 0,41 0.40-0,12 [44. 35, 56]

10 0.44 —

25 0,46 0.47+0,05 [58]

40 0.46 0,454-0.01 [59]

100 0,47 0.4640.06 [33] *

205 0.48 0.56+0.09 [67] *

108 0,49 —

*Using the value (n_, ) = {fio D exp — (17, ) -

of 7~ p collisions) is equal to unity with an error of a few
percent.

5. PROPERTIES OF THE LEADING PARTICLES

In inelastic interactions of high-energy hadrons, the
main fraction of the energy of the colliding particles is, as a
rule, carried away by just a few {in the laboratory system,
usually one) particles having energies that are sharply distin-
guished; these are the so-called leading particles. Numerous
studies have been made of the properties and conditions of
production of these particles (see, for example, Refs. 81-86,
in which the corresponding bibliography can be found). Un-
fortunately, the experimental data are to a considerable de-
gree scattered and patchy; many were obtained by analyzing
hadron—nucleus interactions with very crude allowance for
intranuclear interactions. In addition, different authors use
different definitions of a leading particle. However, what is
known already indicates a specific mechanism of production
of this component.

The approximations of the inclusive cross sections con-
sidered above represent a large body of the experimental in-
formation on the particle spectra at both low and very high
energies .7 , and they can be used for systematic study of the
properties of the high-energy component of the secondary

TABLE XIII. Mean transverse momentum of secondary particles in inelastic 7p interac-

tions (the references are given in square brackets).

T, GeV (p)p)s GeV/e (p) g-), GeV/c (p) s %, GeV/e
10 0.42 0.36 0,30
(0,424G.03) *[70, 71] — (0,3040,02) [70, 71]
20 0.43 0,37 0,32
(0,42--0.04) [22] (0.374:0.01) [54. 73] L
40 0.43 (.38 0,33
- (0.356:0.004) [54] | (0.36820.004) [54]
102 0.44 0.39 0.34
108 0,45 0.40 0.35
5108 0.46 0.42 0,36

*The experimental data are given in brackets.
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FIG. 21. Correlations of the values of {p?(x))  and x for 7+ mesons in the
inclusive 7~ p reaction at 7= 15 GeV. The curve represents the calcula-
tion; the points are from the experiment of Ref. 80.

particles of different species, including comparison of differ-
ent ways of characterizing quantitatively the leading-parti-
cle effect.

In Table XVI and in Figs. 23 and 24 we show how many
particles in inelastic pp and 7 p collisions are produced with
kinetic energy greater than .7~
F, 8101, (17)

(T, ) =1{ox[1, T, s] +o_1,

which contains the functionals

x(f max)
o[z, 7, 8] = 94 [2, z, 5] dz, o_[z, T, 5]
x(7)
==(7)
= 5 o_lz, x, sldx. 9. [z, 2, 5] =
=T max)
L bk g o pe)y 2lElzl P o) dpy
TR 05 ( apr ) + (&[4t pf H MY
o(T)=2VT (T +2M.)/s, (18)

T e = (54 ME— MZ)/(25172) — M,

The indices + and — indicate that the choice of the

16
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FIG. 22. Mean kinetic energy of the secondary particles in inelastic 7~ p
interactions (c.m.s.). The continuous curve gives the energy of the protons;
the upper and lower broken curves give (7 .- ) and (.5 ,.. ), respectively;
the dotted curve gives the mean energy of the charged pions; the black
triangles are the averaged experimental data for the charged pions, and
the open circles are the experimental data for the protons (Refs. 39, 72,
and 74-76).
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TABLE XIV. Inelasticity coefficients of
7 — p interactions in the center-of-mass

system.
{K)
r.GeV | The- | Experiment | <%p
Sy | (Ref.39)

7 0.47 | 0.494-0,08 0.30
10 0,48 | 0,5740,05 0.30
16 0,51 | 0.56+0.06 0.30
102 0.59 — 0.29
108 | 0.67 — 0.26

expressions for the inclusive cross sections must correspond
to the forward (x > 0) and backward (x < 0) hemispheres rela-
tive to the direction of motion of the incident particle. In the
figures, the initial energy 7' = 100 GeV is considered as an
example.

It can be seen from the table that the number of high-
energy particles is almost independent of the primary energy
T and changes little on the transition from one reaction to
another. At the same time, as can be seen from the figures,
the particles clearly distinguished by their energy are in the
majority of cases those that preserve the electric charge and
baryon number of the primary particles; the production of
high-energy particles differing in the sign of the charge from
the primary particles is less probable. In the case of NN colli-
sions, the probability of production of a leading meson is
very small. In 7N collisions, in which the primary mesons
and nucleons are on an equal footing as regards the kinemat-
ic conditions, a nucleon is nevertheless more often distin-
guished in energy than a pion when .7~ > 0.35.% .. (Table
XVII).

InFigs. 23 and 24 and in Tables XVIII and XIX we give
the values of the mean angle of emission of particles in the
forward and backward hemispheres:

Ou (7, ) =0s[tan=1 (=), Ty s]fonlt, 7,81 (19)

Pll
In the case of pp collisions, (6, ) = (@_); in 7 p collisions
there are virtually no nucleons in the forward hemisphere,

TABLE XV. Relative fraction of energy
expended in 7~ p interactions on 7° pro-
duction in the laboratory system (the re-
ferences are given in square brackets).

GI;:’V Theory Experiment
10,5 | 0.19 | 0,22220.01 [77]
18.5 | 0,20 [ 0,212-0,01 [78, 79]
4() 0.23 0.250,01 [79]
102 | 0.24 —
102 | 0,26 —
5.10% | 0.27 —
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TABLE XVI Mean number
{n) = {ny) + (n,) of highenergy parti-
cles in pp and 7~ p collisions at energy T.

T
Inter- T,
action [GeV |~ 09|04 |>0.7
10 1.7 1.0 | 0,48
p—p 102 1.9 | 1.0 | 0.48
108 | 1,9 | 1.0 | 0.48
10 2.0 1.1 | 0,47
a~—p 102 2:3 1,1 [ 0,51
1012 2.6 1.2 | 0.51

and therefore the angle (6 ) for nucleons is not given.
High-energy nucleons are produced predominantly in a
narrow solid angle around the velocity vector of the primary
proton. High-energy pions are also emitted in a narrow angle
around the direction of motion of the primary particle. In
the 7~ p reaction, such pions are emitted mainly in the direc-
tion of motion of the primary pion; only a small number of
particles are emitted in the opposite direction (see Table
XIX).® It can be seen from Figs. 23 and 24 that, as arule, the
mesons are emitted in an appreciably wider angle than the
nucleons. The angles (&) of the high-energy particles de-

po—=1... oy
-2

g >

2.6
0.4

o2

F/-/Sy_- max

FIG. 23. Mean number of secondary particles (n) with energy greater
than .7 and the mean emission angle {8 ) of these particles (in degrees).
Inelastic pp interaction at 7= 100 GeV. The broken curves are the corre-
sponding distributions for the “fastest secondary particle” calculated by
the Monte Carlo method. The statistical errors of the calculation are indi-
cated.

®A small number of pions in the neighborhood of 8~ significantly in-
creases the mean emission angle (6)={(8, ), +{0_)o_|/
o, 4+ o_} of the pions. For example, at 7= 100 GeV the angle (8_)
for leading pions with energies 7 > 0.7.7 .., exceeds the angle {8, ) by
almost an order of magnitude. Therefore, it 1s clearer to consider {4 )
and {f_) separately.
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g/ -

FIG. 24. The same as in Fig. 23. Inelastic 7~ p interaction at T'= 100
GeV. The continuous curves represent (@ ), the broken curves {8_); the
dotted curves are the mean multiplicity and the mean emission angle
(8. ) = (6_) of the “fastest secondary particle” calculated by the Monte
Carlo method. The statistical errors of the calculations for these curves
are indicated.

pend weakly on the type of reaction and decrease with in-
creasing primary energy. The radius of the spatial region
with which the process of production of high-energy parti-
cles is associated is

(0 (T, N=hi{p (T, 8))=
=hoin(n(J, §) > H{os[pL, 7. sl40_[p,, T, sl}-

(20)

The production of particles occurs mainly in a region with

p=~{0.4-0.7) X 10~ '3 cm; the nucleons are produced, on the

average, at larger radii than the pions. The values of { p) are

weakly sensitive to the energy T of the primary particles

(Table XX).

The characteristic features of the “leading-particle ef-
fect” indicate that in a wide range of energies, up to the
maximal 7'~ 10* GeV at which there are still measurements
of the energies of the produced particles, the high-energy
nucleons are produced mainly in “glancing™ peripheral
collisions, while a comparatively small fraction of the total

TABLE XVII. Ratio of the mean
numbers of high-energy nucleons and
pions {#y}/{n,), in pp and 7w p colli-
sions at energy 7.

TN
Inter- T,
action | GeV |mo2[=04]>0.7
10 2.3 8 ~ 100
p—0r 102 | 1.6 8 | ~100
0% | 1.5 8 ~ 100
10 1 0.61 | 1.6 | 4.2
n—p 10? | 0.52 | 1,5 4,2
108 | 0.43 | 1.4 | 4.2
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TABLE XVIII. Mean emission angle
(8, ) of high-energy protons in pp and
7~ pcollisions at energy T (in degrees),

TIT max
Inter- T
action GeV|soz|so0u|>07
10 15 19 10
p—r 102 5,1 4.0 3.2
1028 2.0 ;O 1,1
10 16 14 11
nm—p 102 7 5.2 | 3.8
108 4 1.7 | 1.3

energy s'/2 goes over into the pion component, this fraction
being smaller, the more peripheral is the collision. This is
confirmed by all the currently available experimental data.

It can be clearly seen from the tables and figures that it
is not possible to make a sharp distinction between the lead-
ing and remaining secondary particles. The limiting condi-
tion 7' > 0.7T frequently used in experimental studies, i.e.,
7 >1(0.6-0.8).7 .., is very arbitrary. Although the leading-
particle effect becomes more pronounced on the transition to
larger values of .7 /.7 .x, at T = 100 GeV particles with
T >02 T pax and at T=10* GeV particles with
T >0.1.7 . can already be regarded as leading particles.
For the overwhelming majority of such particles, the condi-
tion & ~0 or & ~ 7, which is used by some authors as an addi-
tional criterion for distinguishing leading particles, is satis-
fied.

It was suggested in Ref. 84 that the particle with the
greatest kinetic energy in a given inelastic interaction should
be chosen as the leading secondary particle. Theoretically,
such a choice of the leading particle can be simulated by
using the Monte Carlo method, which makes it possible to
find the characteristics of all secondary particles for each
individual interaction event.

We now consider the results relating to the fastest sec-
ondary particle.

TABLE XIX. Ratio o, [1, &, sl/o_[1,
&, 5] of the number of high-energy pions
in 77~ p interactions emitted in the for-
ward and backward hemispheres.

T )T max
T,
GeV | Loz | >o4 > 0.7
10 1.6 2.2 5.8
102 1.6 2.1 6.8
102 1.6 2.1 9.8
460 Sov. J. Part. Nucl. 15 (5), Sept.—Oct. 1984

TABLE XX. Mean radius { p} of the spa-
tial region associated with production of

nucleons and pions at  energy
T 507 T nax-
Inter- 1, (o) o)
action GeV 10~ 13 om 10— 13 cm
10 0.65 0.51
p—p | 102 | 0.38 0.43
10? 0.35 0.41
10 0,52 0.53
n~—p | 102 0.49 0.47
103 0.48 0,44

We note first that in the center-of-mass system, in
which the production of a particle with high energy 7 and
small emission angle @~0 is usually accompanied by the
production of a compensating very fast particle in the region
8 ~ 1 by virtue of the momentum conservation law, the iden-
tification of the leading particle as the most energetic (fas-
test) one distinguishes only some of the high-energy parti-
cles: A (T )=n.(T) — n; (T nax)20 (i = p, n, 7). The total
difference of the multiplicities

ﬁrmax
[ 10,0+ 009 + A2 (7)) 4T =(m)—1

]

may be very appreciable. However, for .7 > 0.5 &, the
difference is small and is entirely determined by the contri-
bution of the pions; for the nucleons, n(7 )~n{Y ...) (see
Figs. 23 and 24 and Table XXI).

As arule (even in the case of 7V collisions), a nucleon is
the most energetic secondary particle. The probability that a
pion has the distinguished energy is much less; in the region
T 2057 ., it 1s very small.

Like the mean multiplicity, the angular distributions of
the fastest and of all the high-energy nucleons are practically
identical for 7 »0.55 .. These distributions are also
nearly the same for the pions. At the same time, in NN colli-
sions, for which the multiplicity of the fastest pions is some-
what less than the total multiplicity of the high-energy pions
even at large .7 (Fig. 24), the emission angles of the high-

TABLE XXI. Probability that the fastest
secondary particle is a proton, neutron, or
pion {%). The primary energy is T = 100

GeV,
Interaction
Particle

p-p n-p
P 75:42,5 | 3941,5
n 111 34+1,5
- 3+0.5 | 11+0,5

All 7 1441 2741
(p+n)in 6.120.6 | 2.720,1
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energy pions have a wider range. This is due to the contribu-
tion of channels with the production of several high-energy
particles at once.

Thus, at high energies the identification of leading par-
ticles on the basis of the absolute and relative values of .5~
leads to the same result. At lower energies, comparison of
the two methods of selection gives interesting additional in-
formation, though it is true that the experimental investiga-
tion of this question requires higher statistics of the detected
events.

6. SIMULATION OF INDIVIDUAL INELASTIC INTERACTION
EVENTS

The method proposed in Refs. 1 and 2 for calculating
the characteristics of the particles produced in inelastic 7N
or NN collisions is based on Monte Carlo determination of
the angles and energies of these particles from the factorized
inclusivedistributiond *v(6, .7, 5)/dp® = f(cos8,s)*p (7, 5).

A similar method can also be used for the two-dimen-
sional inclusive distributions Ed *c(x, p, , 5)/dp>. However,
in this case the correlations between x, p, , and the electric
charge O must be taken into account for each individual
secondary particle.

Figures 25 and 26 illustrate one of the possible ways of
determining the particle characteristics. The calculation be-
gins with the statistical sampling of the sign of the electric
charge of the particle, Then from the equation

x*

[ Wi 0,5)de=8, 21)
g r:mx
where
¥ max
d:!c (I, D !S) d*c ("E7 p 15)
W(:C, Pl,3)=ETsL/ 5 E‘—-—d:p—d—L—-—d:):,

max

and &, is a random number distributed uniformly in the in-
terval [0, 1], the value of the variable x is found.” The next
step is to choose two random numbers &, and £, uniformly
distributed in the intervals 0<&,<p} . and 0<E,< W (x, 0, 5)
and to use the Neumann rejection method to determine p,
from the distribution ¥ (x, p, , 5). Additional correlations are

Wix, py,s)

g
i

FIG. 25. The function W x, p, , s) for a given value of 5

“Tf a large number of events are simulated, to accelerate the calculation it
is convenient to compile in advance a table of the values of the left-hand
sides of Eq. (21) for given values of x and to use it later for the inverse (by
interpolation) determination of x from given £,. The algorithm for simu-
lating an inelastic hadron-hadron interaction event in FORTRAN is
given in its entirety in Ref. 87.
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Sample
=0, 1 for nucleon

(€]
@ =0, + 1 for pion

Choose £,
Determination of

x = x{§,) from Eq. (21)

Yes Choose &,
O | E2pin)?

t No

Yes Choose &,
2 W(Kx, E2,5)7

¥ No

i pi=k, |

FIG. 26. Algorithm for sampling of x and p, values.

imposed on the characteristics of the two last particles with
allowance for the energy—-momentum and electric-charge
conservation laws (Refs. 1 and 2).'"

A shortcoming of the method is the frequent rejection
of sampled events in the region of large p, due to the very
rapid (power-law or exponential) decrease of the distribu-
tions W (x, p, , 5) with increasing p?.

The calculation can be done more economically by us-
ing the weight functions

},L(.I, pivs)
(2 22d) | d—1al)?ipr®, 1210,
- #0 (2, 0, 5) g
(B 5) . exp[RpL/Iel), 12107,

(22)

where R = R, and R = R, for the conserved and noncon-
served fragmentation particles, respectively, and

w(z, pu, 3)= (Ed_a%)_)crnc‘e— 1-3pip13 (23)

for the remaining nonconserved particles. The values of the
constants R, f, and d are given in Tables II and XI. The
change that must then be introduced into the algorithm (see
Fig. 26) is the sampling of the random number £, in accor-
dance with the distribution w(x, p,, s) and application of
Neumann’s method to the function W (x, p, , s)/u(x, p., s).
Since the function y is simpler than the function W (in the
choice of the numbers £, and £,, the variable x remains
fixed), the rejection process is significantly accelerated.

The method described here is very helpful for simulat-
ing inelastic “‘stars” observed in chambers and photographic
emulsion and in connection with the analysis of different
methodological questions (criteria for selecting definite
types of events, efficiency of scanning, debugging of pro-
grams for analyzing the results of measurements, etc.). The
same methods of analysis as for experimental data can be
directly applied to generated “‘stars’ recorded on an appro-
priate carrier.

'OTf the sampled characteristics are not changed, then on the average, fora
large number of interactions, the conservation law is satisfied fairly well,
but in individual collisions the deviations are very large.
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CONCLUSIONS

It must be stressed that all the quantitative and qualita-
tive conclusions about the properties of high-energy 7N and
NN interactions are not the result of theory but are deduced
from phenomenological analysis of the experimental data.
Although the original data are very varied, their unification
by means of a single approximation makes it possible to ob-
tain a fairly complete picture of the inelastic collision of two
hadrons. In particular, the approximations given above con-
tain all the information on the multiplicity and the angular,
energy, and momentum distributions collected together in
Refs. 39, 48, 80, 85, and 88.

Qur calculations have shown that in the regions in
which detailed experimental data are currently available the
expressions (1)—(6) describe the results of the measurements
to within limits close to the averaged experimental errors.
The agreement is much less good where there are only scat-
tered and patchy measurements. Finally, in the regions in
which no experiments have yet been made at all (for exam-
ple, at very large s) only a description in order of magnitude
can be expected.

Further refinement in the description of the inelastic
event requires the resonance channels to be taken into ac-

count.* Tt is well known that an appreciable fraction of the
secondary particles is produced by the decay of the reson-
ances g, w, etc., which can be calculated very accurately, so
that explicit separation of the cross sections d *o..,/dp® of
the resonance channels will make it possible to improve the
approximation of the observed cross sections d *o/dp’.

The approximating expressions that we have used are
based on general properties of the amplitudes of strong inter-
actions and therefore apply to all types of inelastic hadron-
hadron interactions, in particular, to collisions of strange
particles and antinocleons with nucleons. This last case is
currently of particular interest, since the recently commis-
sioned collider at CERN makes it possible to investigate pp
collisions at the record accelerator energy To~-2.5 2/
M=~150TeV (5 =270 GeV is the kinetic energy of the col-
liding particles, and M is their mass).
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reading the draft and making many helpful comments, and
to N. V. Mokhov and I. L. Azhgirei for collaboration.
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