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Characteristics of the high-energy component of particles produced in inelastic hadion
-hadron collisions at energies of 5-5x 102 GeV are analysed on the basis of the phenomeno-
logical approximation of known experimental data and Monte-Carlo modelling of individual
acts of collision. Qualitative distinctions from the average characteristics of the particles
produced become apparent at kinetic energies T > 0.2 Tpmax, where Tmax = \/E/Z—M is
the highest possible energy of these particles. A number of methods for separating the “lead-
ing” particles are considered. Most of these particles are nucleons, even in the case of
7-N collisions. The “leading” particles are produced mainly at the periphery of the inter-
action region. At t > 0.5 tmax the “leading” particle is the fastest one in every act of
interaction.

PACS numbers: 13.85.-t, 13.85.Hd

As is generally known, in the inelastic interactions of high energy hadrons most of
the colliding particles energy is usually carried off by several (one in the laboratory system)
“leading” particles with sharply pcakcd energy. A great number of papers (sce, e.g., Refs
[1-6] for a further bibliography) has been devoted to the investigation of the properties
of these particles and the conditions under which they can be formed. Unfortunately,
the known experimental data are rather incomplete and sparse and much of them are
obtained by analysis of hadron-nuclcus collisions with a very rough consideration of in-
tranuclear interactions. In addition, various authors use diffcrent criteria in defining the
“leading™ particle. As a result, one can presently have a rather approximate notion of
the properties and the peculiarities of the high energy component of the secondary par-
ticles. However, the information already available points to the specitic mechanism of
this component production. An investigation of this mechanism cculd prompt the ways
to construct a thcory for hadron interactions at high and super high energies.

In our paper [7} the phcnomenological approximation for inclusive spectra of sec-
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ondary particles Ed®c/d®p has been obtained which describes well the experimental energy
and angular distributions of the particles produced, and the observed multiplicity of
these particles in the wide range of energies from 5 GeV to several thousands of GeV.
This approximation accumulates a great body of experimental data concerning particle
spectra at both low and high kinetic energies 71, and can be used for a systematic study of
the properties of the high energy component of different types of secondaries and for
the comparison of different ways of the quantitative description of the “leading’-particle
effect. Consideration of these issues is the aim of the present paper.

TABLE I

The average number of high-energy particles {n) = <{nN§)>+ {nyy in p~p and ©~-p interactions at energy T

TiT]
T GeV fmax 0.2 0.4 0.7
10 1.7 1.0 0.48
p-p 102 1.9 1.0 0.48
10 1.9 1.0 0.48
10 2.0 1.1 0.47
p 102 2.3 1.1 0.51
10 2.6 1.2 0.51

Table 1 and Figs. 1, 2 show how many particles with kinetic energy higher than <
are produced ia inclastic p—p and n—-p collisions:

{n(t, 8)) = {o.[1,1,s1+0_[1, 7, 5]}/0in 1)
where the functionals
_ xemax) )
6+{z,1,5] = 7:_;/_3 ’ o, [z x,5]dx, 0 [z,0,5] = ﬂ;/s -z x, s]dx
() = X(tmax)

PL %,7)

i ] £ d*a(x, p2,5)\  z(xix|, p}, s)dp}

z, X, 8] = »
P &p s (X%s/4+pi+ M2
4]

p=~i@+2M), x(1) =2p//5,  pix,7) = PP —x’s/4,

! Below we always use the centre-of-mass system and the follcwing notation: 4/s is the total energy
of the colliding particles, E = T+ M and 7 are respectively the total and kinetic energies of the secondary
paticle considered, p)) and p, are the longitudinal and transversal momenia of this pariicle, x == 2p) lr" 2,
T is the kinetic energy of the projectile in the laboratory sysiem. In the case of n-N interactions the region
of x > 0 (where the particle emission angles 8 < 77/2) corresponds to the direction of the primary meson
motion.



91

Fig. 1. The average number of secondary particles, <{n>, with kinetic energies higher than =, and <0),

and the average emission angle of these particle in the inelastic p—p interaction at T = 100 GeV. The dashed

curves represent the corresponding distributions for the fastest secondary particle, calculated by the Monte-
Carlo method. The statistical errors are shown
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Fig. 2. Same as in Fig. 1, for the inelastic =—-p interaction at T = 100 GeV. The values of <8.> and <8_)>

are plotted by solid and dashed curves, respectively, the dotied curves represent the average multiplicity

and average emission angle <8,>.= <{0_) of the fasiest secondary particle, calculaied by the Monie-Carlo
method. The statistical errors are given for these curves

Tvax = (5+M?—M2)/(2\/s)~ M, M, is the minimum mass of the nascent particles after
deducting the mass of the particle considzred?, o,, is the experimental total inelastic inter-
action cross-section. The indices “ 4" and “~"* correspond to fore- and back hemispheres
with respect to the direccion of the projcctile motion. 1t should be noted that the specira
Ed3g[d®p for x > 0 and x < 0 are described by different formulae [7]. In Figs. 1,2 the

2 In reactions a+b —»c+X, if (a=¢c,b=c¢),(a #c¢),(a = N, ¢ = n), mass M, is equal, respec-
tively, to My, MN+ My, 2My, where My is the nucleon mass and M, is the pion mass.
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primary energy T = 100 GeV is considered as an example, the picture beiag similar at
other energies.

From Table I it follows that the number of high energy particles does not -depend
on the projectile energy 7 and varies rather slowly from one reaction to another. Figs. 1
and 2 demonstrate that the particles distinguished in energy are mostly those which have
the same electric charge and baryon number as the colliding particles have. The production
of high energy particles with charge signs differing from that of the primary one is less
probable. In the case of N-N collisions the probability of the “leadir g”’-meson emission
is very small. In n-N collisions where the primary meson and nucleon are in similar kine-
maltic conditions, the nucleon, however, turns out to be distinguished by its energy at
T > 0.3 Tyu4x more often than the meson (see Table II). Figs. 1,2 and Table III, IV re-
present the average values of the angle of particle emission into the fore- and back- hemi-
spheres

<0i(‘t’ S)> =0z I:arc tg <&> » Ty S]/G’i[l, T, S]' (3)
Py
TABLE II
The ratio of the average numbers of high-energy nucleons and mesons <nn>/<r,> in p-p and =—-p collisions
at energy T
T, GeV T/tmax > 0.2 T/tmax > 0.4 Tftmax > 0.7
10 2.3 8 ~100
P-p 102 1.6 8 ~100
103 1.5 8 ~100
10 0.61 1.6 4.2
T—p 10? 0.52 1.5 4.2
103 0.43 1.4 4.2
TABLE 111

The average emission angle (in degrees) for high-energy protons <6,> in p—p and ©—-p collisions at energy T

T, GeV T/tMax > 0.2 T/tmax > 0.4 T/tmax > 0.7
10 15 11 10
p-p 10? 5.1 4.0 3.2
103 2.0 1.5 11
10 16 14 11
TP 102 7 5.2 3.8
103 4 1.7 1.3
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TABLE IV

The ratio of the multiplicities of the high-energy mesons emitted into the fore- and backward hemispheres
in ©-p interactions, 0.1, 7, sl/6_[1, 7, s]

T, GeV T/tmax > 0.2 T/tmax > 0.4 T/tmax > 0.7
10 1.6 2.2 5.8
10? 1.6 2.1 6.8
103 1.6 2.1 9.3

In p—p collisions the angle <6:> = <0->; in n~-p collisions the nucleons are practically
absent in the foreward hemisphere, that is why the nucieon angle {0.) is not indicated.

The high energy nucleons are produced mainly in a narrow space angle around the
primary proton velocity vector. Mesons with high kinetic energy are also emitted into
a narrow angle around the direction of the primary particle motion. In the z—-p reaction
such mesons are produced, as a rule, in the hemisphere corresponding to the direction
of the projcctile pion velocity and only few particles fly out into the opposite hemisphere
(see Table IV)3. Figs. 1 and 2 show that usually the mesons fly out into a wider angle
than the nucleons. The emission angles of the high encrgy particles {8 depend weakly
on the type of reaction and decrease with increasing primary energy 7.

In Fig. 3, the distributions of the radius of the space recgion connected with the
production of high encrgy particles are exemplified for p—p and n-—p collisions atl
T = 100 GeV.

o(t, 8)> = h/<p_l.(r’ 5y = hain<n(T, 5)>/{6+[pJ.’ T, 5] +6—[pla Ty 5]} 4

The particle emission occurs mainly in the region of ¢ ~ (0.4—0.7) x 10~'3 cm. In this
case nucleons are produccd at greater, on the average, valucs of g. The mean {g) is
slightly sensitive to the encrgy T of the primary particle (sce Table V).

The characteristic features of the “leading” cffcct can be understood by assuming
that the high energy nucleons are generated mainly in grazirg peripheral collisions in
which only a small part of the total encrgy /s turns into the meson component, this
part decreasing as the interaction becomes more peripheral. It is essential that the mechan-
ism of the grazing ccllisions remains prcdominant in a wide range of energies up to
T ~ 10® GeV at which spectrum measurcments for the produced particles are still acces-
sible. This conclusion is confirmed by the whole totality of the presently available experi-
mental data.

3 The emission of few mesons leads to a significant increase in the average meson emission angle
near 0 ~ &

B> = {0, >0+ <B_>0_}/{o4+0}.
For example, at T = 100 GeV the angle <08_) exceeds <f.) by almost one order of magnitude for the

“leading” mesons with energies T > 0.7 Tmax. Therefore a separaie consideration of the angles <8,) and
<0_> is more illustrative.
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Fig. 3. The distribution of the average distances at which the particles with kinetic energies higher than t
are produced. The solid and dashed curves correspond to the inelastic p-p and =~-p interactions, respec-
tively. The initial energy is T = 100 GeV

From the data given above it is seen that there is no strict distinction between the
“leading” particles and other secondaries. The frequently used separation criterion T,p,
> 077, ie. 7> (0.3-0.4) /5~ (0.6—0.8)1\ax is rather conventional. Alihough the
“leading” particle effect becomes more pronounced as the ratio 7/tysx increases, one can
consider as leading particles those with © > 0.27yax at T = 100 GeV and with 7 > 0.17yax

TABLE V

The average radius of the space region, <¢> 10~*2 cm, where the production of nucleons and pions with
energies T > 0.7 Tmax OCCUIS

T, GeV <on> o>
10 0.65 0.51

p-p 102 0.58 0.43

10° 0.55 0.41

10 0.52 0.53

7-p 10? 0.49 0.47

10% 0.48 0.44

at T = 10® GeV. For the overwhelming majority of these particles the condition 8 ~ 0
or 8 ~ &, used by some authors as an additional criterion for sclection of leading particles,
is satisfied.

The authors of paper [4] suggest to regard as a “leading” particle that secondary
particle which has the highest kinetic energy in the given act of inelastic interaction, irre-
spective of whether or not this energy satisfies the criterion t > aryax with some fixed
coefficient a. (At high energies such a particle s, at the same time, the fastest one although
the velocities of most of the secondaries are close to light velocity and it is rather difficult
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to discriminate between them). In theory one can simulate the proposed separation of
the “leading’ particle by the Monte-Carlo method, which allows one to calculate the mul-
tiplicity, emission angles and energies for all the secondaries for each inelastic interaction
with the help of then known cross-section Ed3c/d3p and the energy-momentum conserva-
tion law*.

In the centre-of-mass system where, according to the momentum conservation law,
the production of the particle with high energy and small emission angle 6 ~ 0 is usually
accompanied by the formation of the compensating very fast particle in the region of
0 ~ m, the identification of the leading particle as the most energetic (fastest) one selects
only a part of all high energy particles: 4(t) = n(t)—n{(ymax. ¢ = P, n, ©). The sum
of the multiplicity differences

TMAX

| {40+ 4,(x)+4,(x)}dr = (n)—1

0

can be rather significant. However, at 7 > 0.5ty,x the difference is small and entirely

determined by the contribution of m-mesons; for nucleons n(z) & n(t)uax. (see Figs 1, 2
and Table VI).

TABLE VI

The probabilities (% %) for the proton, neutron or pion to be the fastest secondary particle. The initial
energy T = 100 GeV

Collision
e - -
p 75+2.5 39+1.5
n 1+1 34+1.5
i 3+0.5 11+0.5
all = 14+1 27+1
(r+n)= 6.1+0.6 2.7+40.1

As a rule (even in the case of n—N collisions) it is a nucleon that appears to be the
most energetic particle. The probability of the meson to be distinguished by its energy
is considerably smaller, being negligibly small in the region of 7 > 0.57yx.

4 Some approach to the Monte-Carlo simulation of inelastic collisions is described in papers [8] and,
in more detail, in the monograph [9]. A similar method is used in the present case. An essential distinction
lies in the replacement of a polynomial approximation of cross-sections by a more complicated one based
on the phenomenological expressions from [7] and in the application of majorizing expressions to speed
up the tossing of the x and p, values. For each particle “c” produced, the sampling of these quantities
was preceded by the electric charge sign sampling on the basis of the relative probabilities

o(s,at+h —c+..)> 0(s,a+b = cp+...) = (S {ne, ().
k k

The total multiplicity of the particles produced was fixed by the law of energy and momentum conservation,
as in Refs. [8, 9].
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As the average multiplicity, the angular distributions of all high-energy nucleons
with 7 > 0.5 tysx and the “fastest” ones practically coincide. These distributions are
similar for the mesons as well. At the same time, in the N—N collision where the multi-
plicity of the “fastest” mesons is somewhat smaller than the total multiplicity of all high-
-energy mesons even at high 7 (Fig. 2), the emission angles of the latter are wider. This
is explained by the contribution of the reaction channels involving the production of
several high-energy particles at once.

As it can easily be seen, the selection of the “leading” particles in the absolute and
relative values of 7 leads to the same result at high energies. The comparison of the two
methods of selection at lower energies allows one to obtain an interesting additional in-
formation. Nevertheless, an experimental study of this problem requires a large amount
of the events observed.

It should be emphasized that all the conclusions made above are not theoretical
results, but the results of the phenomenological analysis of experimental data. Although
the initial information is rather sparse (especially at high energies), the unification of the
available data by means of a common approximation allows one to obtain the sufficiently
complete picture of the inelastic collision of two hadrons.

A more precise description of the inelastic collision is associated with taking into
account the resonance channels. As is well known, a considerable part of secondary par-
ticles is produced as a result of the decays of the resonances w, ¢ etc., while the above
used expressions Ed3s/d?p correspond to the final (at time ¢ = o0) cross sections. The
calculation of the decays can be performed very accurately and therefore the explicit
separation of the resonance channel cross sections d?gggs/d3p enables one to improve
the approximation of the cross-sections d3g/d3p observed.
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