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INCLUSIVE REACTIONS AT CONVENTIONAL
ACCELERATORS

By Y. GoLDSCHMIDT-CLERMONT
CERN, Geneva*

(Presented at the XIII Cracow School of Theoretical Physics, Zakepane, Jure 1-12, 1973)

Some characteristic features of inclusive spectra obtained in experiments at conven-
tional accelerators are reviewed. Discussed are particle multiplicities, longitudinal mementa
in the reactions K*p — K°+ X, K+tp - K*++ X, transverse momenta.

1. Introduction, notations and plan

1.1. Introduction

Most theoretical predictions on inclusive reactions are relative to the asymptotic
region of very high incident momenta: the basic conjectures of scaling, introduced by Feyn-
man {17, and of limiting fragmentation presented by Benecke, Chou, Yang and Yen [2]
should be tested at the highest available energies. Thus the exciting results obtained at
the ISR steal the show. What can be learned with conventional accelerators? This question
is answered, in the present lectures, by some typical examples. There cxist indeed several
topics which may be specifically studied with conventional accelerators, some of them are
as follows:

The dependence on the nature of the incident particle. At present, the ISR allows
only the study of pp collisions. What happens with incident n*, K, p? Some examples of
characteristic differences are shown in Sect. 2 and 4.

The approach to scaling. The theorem of Mueller [3] relating the inclusive cross-
-section to the discontinuity, at zero momentum transfer, of a 3-particle elastic collision,
the description of this amplitude in terms of exchanged trajectories has extended to in-
clusive reactions the main concepts of Regge phenomenology. The Regge and Pomeron
trajectories, factorization, duality, lead to some definite predictions at energies where
scaling is not yet reached. Early scaling (i. e. scaling at low energy) or early limiting frag-
mentation is predicted for some combinations of quantum numbers of the particles
studied [4]. Examples are given in Sect. 3.
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The relations between inclusive and exclusive reactions. A complete knowledge of
one, two, ..., n particle exclusive reactions would give a full information on high energy
collisions, just as well as a full knowledge of all contributing exclusive reactions. Both
complete descriptions are equally unattainable today, but also both approaches are
complementary. Ar interesting review of this complementarity is given by Kittel [5].
Here, only a few topics arc briefly mentioned, in particular that of resonance production
(Sect. 3).

Correlations. At accelerator energies, the correlations studied up to now seem to have
brought but little new information, in addition to what is known from the study of spectra
of single particles and resonances. The experimental results are summarized by Mor-
rison [6], and are not repeated here. Yet, there remain unexplained properties, such as
the GGLP effect [7]. It is to be hoped that this paradoxical situation may be improved by
further, more differential studies, for which the bubble chamber investigations at conven-
tional accelerators are probably best suited.

Some special classes of inclusive reactions, such as antiproton annihilation cr, perhaps
more generally baryon exchange, indicate peculiar properties (Sect. 2 and 4) that need
deepcr investigation.

Inclusive production of resonances, readily detectable with bubble chambers, such as
K*, 47" ete. and observation of their decay, make it possible to determine the spin align-
ment and to cbtain more detailed information on the mechanism of inclusive reactions.
An example is given in Sect. 3.

A vigerous thecretical activity, illustrated by many of the lectures at this School, explore
the properties of numerous models of inclusive reactions and multiple* particle production.
Dependences on incident energy, incident particie efc., obtainable only with conventional
accelerators, may perhaps provide crucial tests. Other tests may arise from the detailed
differential information obtainable, for instance, in bubble chamber experiments. For the
present, there exist many models which have not yet been: fully tested, but also a wealth of
experimental data which have not been used. It i hoped that some of the experimental
regularitics displayed by the data presented here, may stimulate further informative com-
parisons with theory, and further cxperimentation.

i.Z2. Notetions and terminology

An exclusive reaction, produced by an incident projectile ¢ on a target b, and denoted
by a+b — ¢+ X, where X represents any and every possible combination of particles,
is kinematically similar to a two-body reaction. Writing for particle « of mass m, the
four-mementum p¥ == (E,, p,), p, = |p,!, the square of the total energy in the CM is
s = {p,--p,)*. In addition, two variables suffice to describe the final state when unpolar-
ized projectile and target secure azimuthal symmetry. Usual choices of sets are as follows.

In the CM, the two projecticns of the momentum p,, the longitudinal p, along the
initial projectile direction, and the transverse py. (The index ¢ will be written only when
needed to avoid confusion.)

In the target frame of reference (laboratory) the longitudinal momentum p{) and

transverse momentum p of particle ¢ — correspondingly in the projectile frame p{®, pr.
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In the CM, the Feynman variable x = p;/p; ..., also called reduced longitudinal
momentum, and pr. Here, py ... 15 the maximum value of p, allowed by kinematics. The
asymptotic value of ppm., for s — o is ¥ /s, some authors chose x == 2p;/./s even at
finite energies when ppo., # 3 /5.

The mass M of X (missing mass) and 4-momentum transfer ¢ = (p,—p.)* between the
projectile @ and particle ¢. These variables are relativistic invariants.

The rapidity y and transverse momenium py of particle c. In the CM, the rapidity
is definad by y = $log [(E--p Y/(E—p.)] and similarly in other reference frames. The
rapidity has simple additive properties under Lorentz transformations.

The momentum p and emission angle @ of particle ¢ in a specified frame.

he kinematical relations between these different sets of variables are given explicit-

ly in [&]
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The Lorentz invariant differential cross-section, or inclusive structure function
F, = E.d%c/d3p, is given in Table I as expressed with the different sets of variables.
The function F; has the interesting property
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where oy, is the total inelastic cross-section and <7, ) is the average multiplicity for produc-
tion of particle c.

Feynman “scaling” implies that F (X, pr, $)s_e — Fi(x, p), “Limiting fragmenta-
tion” e. g. of the target, that F;(p{, pr» $)s0o = F1(P, py). These predictions are closely
related {9, 10].

Exclusive reactions where 2 particles are measured in the final state area+b — ¢c+d-- X
and the inclusive structure function of second order is defined by

FZ = EcEdd6G/d3pcd3Pd (1)
and similarly for higher orders. Here

1 1

GinJ E.Eq

F,d*p.d’p; = {n(n~1)> if ¢ =d,
= {n_ngy if ¢ # d,
from which may be defined the integrated correlation parameter f:

1 1

1 3 3 1 1 3 3
fz = G—m EE; de Pcd Pa— 0—12; ‘E: Fl(pc) Ed Fl(Pd)d pcd Py =
= (n(n,~1)>—(n)? if ¢ = d,
= {n gy —<n {ny if ¢ # d. %))

1.3. Plan

Excellent lecture notes [8, 11, 15, 16, 17], review articles {10, 12, 13, 14, 20] and
compilations [18, 19] on inclusive reactions are published. The present lectures have the
more modest aim of illustrating the subject of inclusive reactions at conventional acceler-
ators by some typical examples and a few recent results. In Sect. 2, the average multiplic-
ities and related quantities, directly linked to inclusive cross-sections by relations (1) and
(2), are examined, particularly for positive particles. In Sect. 3, examples of the experi-
mental properties of longitudinal spectra are taken from K*p reactions. Sect. 4 is devoted
to the detailed properties of transverse momenta.
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2. Particle multiplicities

2.1. Topological cross-sections

Data showing the energy dependence of the topological cross-sections for proton
proton collisions were already presented at this school; they are shown here on Fig. 1 for
completeness [207]. Except for the high energy cosmic-ray points, all results are from bubble
chamber experiments. Less extensive data exist for 7~ (Fig. 2) and K~ (Fig. 3) incident
on protons, extended to 50 and 32 GeV incoming momenta, respectively, by the Mirabelle
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Fig. 1. Topological cross-sections for pp interactions [20]

Collaboration [21]. For incident K+, (Fig. 4) data became available recently up to 16 GeV
[22], a recent exposure of the Mirabelle bubble chamber at Serpukhov is expected to
give data at 32 GeV.

A cursory examination shows that the curves are quite similar: for each topology,
the cross-section appears to rise sharply from threshold, to reach a flat maximum and
then to decrease slowly as the incident energy increases. More precisely, this behaviour,
visible for 2, 4, 6 and perhaps 8 prongs for incident protons, can be seen unambiguously
for other incident particles only for the 4-prong cross-section. The position of the maximum
of the 4-prong cross-section is particle-dependent, it occurs in the neighbourhood of
20 GeV for pp, 15 GeV for K-p and 5 GeV for 7p.

The K-p total cross-section is known to decrease with increasing incoming energy.
This decrease is mostly due to the decreasing 2-prong inelastic cross-section. The zero-
prong decreases even more sharply. The decrease of the total cross-section is usually inter-
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Fig. 4. Topological cross-sections for K*p interactions [22]. The point at 12.7 GeV is indicated before
(dotted) [237, and after the correction explaired in the text

preted, in Regge phenomenology, by the decreasing contribution of Regge irajectories
that are lower than that of the dominating Pomeron. Why this decrease is mostly linked to
inelastic two-prong reactions seems to be an interesting problem.

For the 7~ induced reactions, it has been noted already that the 4-prong reaches its
maximum at the relatively low energy of 5 GeV. By contrast, the 6-prong cross-section is
still increasing at 50 GeV, quite unlike the pp case.
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Experimental remarks: the inelastic 2-prong cross-section at 12.7 GeV [23] appears
anomalcusly low and, as will be seen below, the mean multiplicity and dispersion are not
easily compatible with values at neighbouring energies. If the 2-prong cross-section is
arbitrarily increased to lic on the curve, and if the other topological cross-sections at
12.7 Gev are corrected accordingly (keeping the total cross-section constant), a smooth
behaviour is restored for all curves. Similarly, it may be useful to point out that the
topological cross-sections of Smith er «l. [24] for pp, are specified by the authors to be
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Fig. 5. Average multiplicity for pp interactions [25]. Lines are drawn to show a power law at low energy
and a logarithmic dependence at high energy. A logarithmic dependence is also acceptable at low energy
(see Fig. 6) but not throughout the whole range of energy (double logarithmic plot)

without the contribution of strange particle production. Yet, they are often erroneously
quoted as total topological cross-sections: this mistake changes, for instance, the average
multiplicity by 0.12 at 28 GeV.

2.2. Average charge multiplicity

The average number of charged particles observed in the final state, or average charge
multiplicity (s> for pp collisions is shown by Figs 5 and 6, as a function of s, the square
of the total energy in the CM. There is a strong indication of upward curvature on Fig. 6,
showing that a simple log s dependence is not valid over the whole range of observations.
It has been atterpted to fit the lower energy region by a s'/* dependence, and the higher
energy region by logs. These descriptions are inspired by theoretical conjectures of Satz
[26] and Berger & Krzywicki [27]. These authors observe that, in the low energy region,
the longitudinal momentum p; and transverse momentum py are of the same order of
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magnitude, the phase space is thus spherical, leading to an energy dependence in s'/3.
By contrast, in the high energy region, p,; remaining limited, the phase space is cylindrical,
leading to an energy dependence in log s.

However, the experimental evidence is not compelling. Indeed, even in the low
energy region, E. <{ 50 GeV, where data are available for n+p, K*p and pp reactions,
a law of the form a+b log s gives very good fits [22], as shown by Fig. 6 and Table II.
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Fig. 6. Average multiplicity as function of s for n*p, K+p and pp interactions [22]. Lines are fits to
a+blog s, results are given in Table Il (semi logarithmic plot)

The data show clearly that there are systematic differences between the average
multiplicities induced by different incident particles. Indeed, there is a consistent tendency
of the constants a to increase, and b to decrease, with decreasing mass of the incident
particle: this may be expressed more quantitatively by noting that, from Table 3

— b_—b
2k 0504020, 2K = 0.50+0.07
ap—a, =~ Yp
whereas
MxTMe _ 0.443.

my—m,
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TABLE 11
Fits to {n> = a+bln s
Beam Particle 22N b a p (Beam) range
GeV

T 8.3/6 1.4741£0.029 —0.81+0.09 6.8—50.0

K- 13.6/2 1.384 +0.064 -0.77+£0.21 10.0—33.8

K+ 8.1/3 1.04 +0.02 0.52+0.06 3—16

i 44.8/4 0.98 +0.02 1.04+0.05 4—-16

p 1.6/7 1.14 +0.02 —0.1240.05 4-284

y 93 + .12 1.01+£0.22

Fits to D = A{n)+B

Beam Particle 23N A B P (Beam) range
k GeV
T 79/6 0.443:+0.013 —0.07+0.05 6.8—50.0
K- 6.3/2 0.454+0.020 ~0.04+0.08 10.0—33.8
K+t 1.9/3 0.534+0.011 0.454 +£0.032 3.0-16.0
i 7.2/4 0.497+0.014 0.405+0.055 4.0-16.0
p 23/12 0.588 £0.007 —0.583 +£0.027 4.0-303.0

Both the initial value a and the slope b are incident-mass dependent. The tendency
appears to continue for even lower masses: the average multiplicity for photons, presented
at this school by P. S6ding, gives the result of the last line of Table II. However, as the
square of the photon mass becomes negative (virtual photons of inelastic electroproduc-
tion) the average multiplicity appears to decrease.

It has been conjectured [29] that the multiplicity distribution, or at least the average
charged multiplicity, may become independent of the incident particle, if plotted as a
function of the kinetic energy Q available in the CM of the collision (total CM energy
minus the masses of the incident particles). Fig. 7, as compiled by the Mirabelle collabora-
tion [21], shows that, if indeed the data seem to follow roughly a single curve, when plotted
against Q, this is only a first rough approximation. A closer examination shows, for
instance, that the points for positive particles are systematically above those for the nega-
tive. Some premature enthusiasm for an ““universal law of average multiplicities” should
therefore be dispelled. Fig. 8 shows the data available for positive particles in more detail,
systematic differences are clearly visible.

The experimental information available on the multiplicity of neutral particle pro-
duction is very limited, and summarized [30] on Fig. 9. The average number of neutral
pions is given as a function of the number of simultaneously produced negative particles.
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It appears that, in the low energy region (19 GeV) the number of n%s is roughly constant
and independent of the number of charged particles. As the energy increases to NAL
values, an approximately linear rise is observed. Several conjectures have been made to
explain this behaviour [31]. These observations underline the interest to measure both
the charge and the neutral multiplicities, thus obtaining the total multiplicity as function
of energy.
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Fig. 7. Average multiplicity <n) as a function of the center of mass available energy Q (curve hand
drawn) [21]

It has been argued [32] that the average multiplicity {#> may not be the most relevant
quantity for comparisons with models of particle production, but that the mode or the
median may provide more sensitive tests. This is illustrated by Fig. 10, and has close
relations with the dispersion and with the shape of the multiplicity distributions, discussed
in the following sections.

2.3. Dispersion

The dispersion of the charge distribution, D = \/ Zn2> —<{n>? is plotted as a function
of the average multiplicity (n) on Fig. 11, as well as the integrated correlation function
Jo = {n(n—1)> — (n)?, for incident positive particles. There are striking similarities be-
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tween mtp, K*p and pp: in each case, D appears to vary linearly with (n), the parametriza-
tion D = a-+b {n) suggested by Wrdblewski [33] fits the data very well, but the coeffi-
cients a and b are incident-particle dependent. Correspondingly, the dependence of f,
on {n) is parabolic. The differences between the different incident particles are even more
striking for f, than for D. Indeed, the differences seem to increase as (#) and the incident
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Fig. 8. Average multiplicity <#)> as a function of the center of mass available energy Q (same as Fig. 9
but on 2n enlarged scale) for positive particles [22]. Systematic differences are seen for different incident
particles

energy is raised, the lines of Fig. 11 diverge, indicating that the correlations may be quite
different for different incident particles.

As the curves of D (and f3) plotted against {n) do not coincide for the different in-
cident particles, it is clear that D (or f,) and {(#) cannot be simultaneously functions of
a single particle independent quantity, such as conjectured for the parameter Q [29, 21].
This result is demonstrated again by Fig. 12, similar to Fig. 10 but displayed on a wider
energy range, where the data for negative particles are also shown. It is seen that f, is
negative at low incident energy — a behaviour usually interpreted as due to the prevalence
of correlations due to the constraints of energy and momentum conservation amongst
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a small number of emitted particles — then passes through zero, around 50 GeV, and
becomes positive.

Experimental remark: The need for a correction of the 12.7 GeV K+tp topological
cross-sections was discussed in Sect. 2.1. On Fig. 11 the effect of the correction is shown,
and restores the smoothness of the curves for D and f, vs {(n).
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Fig. 11. Dispersion D and integrated correlation parameter f, as functions of the average multiplicity
<my [22], for positive particles. The point at 12.7 GeV is shown before (dotted) and after the correction
explained in the text

Although a linear dependence of D on {n)> seems to describe adequately the data,
it is also interesting to examine the ratio D/{n), shown by Fig. 13. For pp collisions, the
semi-inclusive scaling of Koba, Nielsen and Olesen [34] predicts that this ratio should
become asymptotically equal to 2, well compatible with the data. The ratio {n)/D for K-
and n~ shows a somewhat stronger energy dependence and does not seem to have reached
an asymptotic limit at the presently available energies.

Annihilation events [35] show a particularly interesting qualitatively different be-
haviour of f,, shown by Fig. 14. The correlation function seems to be much more negative,
at corresponding multiplicity than for the other reactions.
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Fig. [8. Values of x%N for fits of the distributions of Wang and Czyzewski-Rybicki, for positive particles
at several incident energies [22]

2.4. Shape of the multiplicity distribution

The shape of the multiplicity distribution is well represented by a parametrization due
to Czyzewski and Rybicki [36]. With x = (n — (n))/D and y = Do,joy
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Fig. 19. Value of the parameter dcr of the Czyzewski-Rybicki formula, for positive particles, as function
of the incident momentum [22]. An empirical parametrization is indicated
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Fig. 20. Ratio of the cross-section for X° production to the total inelastic cross-section, for K+p and XK-p,

as function of incident momentum [38]
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The value d = 1.8 was initially found by these authors, using data from n*p and pp
experiments between 4 and 28 GeV. With this value of d, the distribution (3) fits all avail-
able data reasonably well. An example is given by Fig. 15. If, in addition, and as discussed
in the previous section, the ratio (#)/D is constant, then the multiplicity distribution
becomes a function of n/<{n) only, as predicted by Koba, Nielsen and Olesen [34]. By
contrast, the data does not follow a simple Poisson distribution, nor does it agree well
with the two descriptions given by Wang [37]. Examples are given by Figs 16 and 17
which show recent results [21] of the Mirabelle Collaboration.

These comments are presented quantitatively by Fig. 18, which shows the y%/N ratio
as a function of incident momentum, for fits of the positive particle data to the distribu-
tions of Wang and Czyzewski-Rybicki, for which the fitted value of the parameter 4 is
given by Fig. 19. It is clear that the /N values are always too high for Wang II, they may
become acceptable for Wang around 50 GeV/c (where f, ~ 0) as mentioned already.
The Czyzewski-Rybicki distribution always gives good fits, with an interesting tendency
of d to be relatively high (4 or more) at low beam momentum, and to go down asympto-
tically to the value d = 1.26 as the energy increases.

3. Longitudinal momenta in the reactions Ktp — K°+ X, Ktp - K**+ X, K'p —» nt+ X
3.1. The reaction K+p - K°+ X [38]
The charge exchange inclusive reaction!
Ktp - K°+X 4)

represents a relatively large fraction of the total inelastic K*p cross-section, as shown by
Fig. 20 (a point relative to the reaction Kp — K°- X is also shown, with similar behaviour).
This fraction appears to vary but little for incident momentum.

The structure function F integrated over all py, is shown by Fig. 21 as a function of
X = pr/PL max» fOr several incident momenta. The behaviour, quite typical of reactions
in this energy region, shows several interesting features. There is a forward-backward
asymmetry, with a higher forward cross-section, sometimes called leading particle effect?,
noticed whenever the observed particle has quantum numbers equal, or closely related,
to those of the incident particle. For x ~ 1, a peak appears at low incident momentum,
which is related to resonance production, mostly to the exclusive cross-section K+p — K°A++
(1236), known to have a relatively high cross-section [39]. In the region roughly defined
by 0.2 < x < 0.7, a definite energy dependence is seen, its interpretation is mentioned in
Sect. 3.2. For x < 0.2, in the central and backward regions, there is a strong indication
that scaling (independence of incident energy) may be reached; the curves for 8, 12.7 and
16 GeV are quite close to each other, the last two practically coincide. Indeed, the scaling

1 Jt can be shown, by an estimation of the KK production cross-section, that the data contain <5%
of K°.

2 1t has been suggested [51] to use the term “favoured particle effect” instead of “leading particle
eflect”. The new term seems indeed more appropriate, in particular when the quantum numbers are not
equal.



825

in the central region may even be valid separately for different values of »n in each of the
reactions K*p — K%+ngp,req1-X i. €. the semi-inclusive scaling of Koba et al. [34]. The
data are shown by Fig. 22.

The behaviour of F, in the region x < 0, which corresponds to target fragmentation,
is presented as a function of laboratory longitudinal momentum p{” in Fig. 23. The
“early” scaling is seen again. In the framework of the Mueller-Regge analysis, and of the

K'p —» K°X
Ea
£
NQ!: 63‘)636,‘ “l
~— l. 'Y OO [o]
o ° 0e°
—_ x® )
NQ’.- I+ x$ ¢¢+-
-~ o
a x® i
© [+]
o x
© x¢.
> +
b
© $ X
w  Olr
- ¢i
x 5 GeV/c
© 8 GeV/ic
® |16 GeV/c
0.0ILx« |
°
-10 0] 1.0
X = pL /meot
E do

Fig. 21. Invariant cross—sectionJ‘ dpt as function of x for K*p reactions at several

PL max dP?[‘dx
incident energies [22]

resulting criteria of Chan et al. [4] for early limiting fragmentation one may note at first
sight that the incident Mueller channel abc, (Fig. 24a), with a = K*, b =p, ¢ = K is
non-exotic, as well as the target system b¢. Thus no early scaling is expected. However,
as remarked by Miettinen [40] the hypothesis of factorization, or an examination of the
quark diagram of Fig. 24b show that the only Regge trajectory which may be exchanged
between the K+ and the (pK°) system, besides the Pomeron, in the trajectory of the &,
which has a low intercept «(0) on the Chew-Frautschi plot. The scaling may thus be ap-
proached rapidly by a law of the form 4--Bs~!, as opposed to the more usual and slower
A+Bs™*3,

3 The author is grateful to H. Miettinen, for calling his attention to this point at the School.
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It is interesting to note that the spectrum of the mass M of the system X recoiling
against the K° has an exponential behaviour, as illustrated by Fig. 25. This observation
leads to the Triple-Regge analysis discussed in the next Section.

T T T T
104} K'p— K% X* AT 5 GeVc
103k - o _+e __[
Kp—KeX 3
AT 8.2 GeVic
102} -
) Kp—R%X® 3
3 1 AT 104 GeV/c ]
L
r-) 102 - 3
.
z  w? .
A 3
Iy ] — PHASE SPACE
-
104} e
103 = 3
4 ]
02 e  ElfekM
!
10! \ ‘ 1 1 1 )
1 2 3 i 5

M EFFECTIVE MASS OF X , GeV

Fig. 25. Missing mass spectra for the reaction K*p —» K°X [38] and X—p — K°X. The “phase space” curves
are computed by evaluating separately the contributions of each of the observed multiplicities

3.2. Triple Regge analysis

As shown by Chliapnikov et al. [41], the behaviour of the reaction may be understood
in part by the triple Regge diagram of Fig. 24c expected to be valid for both s/M? and M
large. These requirements are hardly obeyed by the available data, nevertheless the analysis
is applied to the region 2 < s/M? < 5,1 GeV < M < 2.2 GeV, and small |¢|, thus |x| > O.
The invariant cross-section may be written as

d*c =l do 20
E— = — ~ B(t) (%) _ MZ’(O),
M s

a? M2\~
P did <~—)
S
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Fig. 26. Missing mass spectra for the reactions K+p - K°X, in several intervals of ¢, for small |¢|. The
lines are those of the Triple-Regge model discussed in the text and illustrated by Fig. 24
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Fig. 27.a) Effective Regge trajectory a(f) obtained by the triple-Regge analysis [41] of the reaction K*p
K°X, illustrated by Fig. 24 and 26, for two regions of M(X). b) Intercept a(0) of the effective trajectory
of the Pomeron from the same analysis
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where B(t) contains the ¢ dependence of the Regge residues, a(?) is the trajectory of the
effective Regge trajectory linked to the K+K° vertex (o, A, etc.), and &0) is the intercept
of the effective Pomeron trajectory coupled to the pp vertex (Fig. 24c). Remembering
that s/M? = 1 — x|, it is seen that the factor (s/M?)**® obeys scaling, whereas departures
from scaling occur if «(0) # 1. The exponential behaviour of the M spectrum is shown
again by Fig. 26, in several regions of ¢, and for 2 values of the incident momentum. The
resulting effective Regge trajectory a(?) is given by Fig. 27a for two regions of M, and the
Pomeron intercept &(0) is displayed on Fig. 27b for several regions of ¢. It is seen that
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Fig. 28. Effective mass spectra [42] of the reaction K*p — K% +X, showing for different regions of #’ =
= |t — Iminl, the production of K* (892). The K* are selected for further analysis of the reaction K*p — K*X,

by a cut 0.85 < X* < 0.93 GeV

Fig. 29. Transverse momentum squared distributions [42] of the inclusive reacticns K*p — K°X and

Kp - K*X
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a(t) follows roughly the expected g trajectory although the experimental values tend to
be too high for 1. < M < 1.7 GeV and much too low for 1.7 < M < 2.2 GeV. The values
of & tend to depart from 1 for ¢ # 0, as expected since the data, when integrated over all
t (or all py) does not scale for |x| > O (Sect. 3.1).

One may conclude that the triple Regge formula gives a good qualitative description
of several important properties of the reaction. Data of more statistical accuracy and

IOa: T T T 3
: 09%0 *;
o°° °o °"
F °°°°t + 4
° ¢+
. ' ‘¢0N *’** 3¢
10°- g ¢ _
Q 2 RARTY ]
3 C LY i
¢ 4
- - Xk
0." r ++ k.
he) - ¢ i
~N L .
b 4— o K*p = K890y x*
© 2 K*p -» K° ++
3 10 o K'p X

1 llljll

-1 -0.5 0 05 i

X = pL/ pLMAX

Fig. 30. Inclusive cross-section for the reactions X*p — K% and Ktp — K*p as function of x = prmax

extending over a wider energy range as well as detailed comparisons with other reactions
are clearly needed to establish the limits of validity of the analysis.

3.3. The reaction Ktp —» K*+X [42]
The production of K*(892) in the reaction
K+p - K*X )

is detected by the decay mode K* — K°xt, thus part of the K%’s studied in 3.1-3.2 arise
from K* decay. Some limited aspects of the contribution that the K°, arising from K*
decay, may make to the total K° distribution, are examined in Sect. 3.5. Here, the K*
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signal is shown by Fig. 28, showing, for [tx. kol < 1 GeV?, the (K°S*) mass spectrum
for several regions of M,. As the K* is a relatively narrow resonance, a selection of K*
events by a mass cut 0.85 < K* (892) < 0.93 GeV is adequate and no background sub-
traction is attempted.

The distributions of transverse momenta of the K° in reaction (4) and of the K* in
reaction (5), are shown on Fig. 29. The two distributions are very similar, showing that

%L KpmKX" L K poeKiy XK ok X
‘ «M’t"“‘.‘ + '

\ o

103 | ++1 - ++ ++§+J.’++ 4 I+ -

Lo mﬁﬂﬁ”ﬂ
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:L # )i (X L 4
MU |
*ﬁ***h ﬂ
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A\
X

07 -

Missing Mass M of X ,GeV

Fig. 31. d2a/dr’dM distributions for the inclusive reactions K+p — K°X, K*p — K*X as function of the
missing mass M for several ¢’ intervals

inclusive resonance production has features quite similar to those of particle production.
This general comment is also valid for Fig. 30 which compares the x-distributions and
for the exponential character of the M, spectra, Fig. 31. Again, the x = 1 region shows
the influence of some important exclusive reactions, including double resonance produc-
tion (K*p - K*p, K°p — K*4+%). The x spectrum is flatter in the forward region (x > 0),
thus some leading particle effect remains even for the K* production.
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However, the K* has spin 1, its alignment may be detected by the angular distribution
of decay. What can be learned about spin effects in an inclusive reaction? Fig. 32 shows
the behaviour of the decay angular distribution in the K* Jackson frame, for successive
regions of M. Drastic changes occur as M increases, they are also apparent on Fig. 33
which gives the spin space matrix elements of the K* decay.
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Fig. 32. Angular distribution (Jackson angles & and @) for the K* decay in the inclusive reaction K+tp — K*p,
for several regions of M

For M < 1 GeV, the polar angle distribution in sin> @ and the strong azimuthal
anisotropy (goo =~ 0, o, large) are characteristic of vector exchange, well known to domi-
nate the prevalent K*p — K*p reaction [43]. For 1.0 < M < 1.5 GeV, the distribution be-
comes ~ cos?@ with almost isotropic azimuthal angle {04, large, g;; =~ 0) again well
known properties of unnatural parity exchange in the important exclusive reaction
K*p — K*4*+ occurring in this region [44]. For higher values of M, both angular distri-
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butions tend to become isotropic, showing that both exchanges with natural and unnatural
parities contribute to the inclusive reaction.

One may conclude that a simple exchange model cannot be expected to describe the
data. Recent investigations of two-body reactions have shown [45] that each of the Reg-
geized amplitudes contributing to the reactions seem to have specific #-behaviour, different
from the others in important details. Similarly refined analysis of inclusive reactions will
have to wait for data of much higher statistical accuracy.
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Fig. 33. Spin space density matrix elements corresponding to Fig. 32

3.4. Quark model for the reaction K*p - K°+nrt+X

Several recent studies [46] have shown that the longitudinal spectra of inclusive
reactions with incident pions or kaons become forward-backward symmetric, if trans-

meson

proton

Fig. 34. Quark lines for inclusive production, assuming a single quark-quark interaction with three
spectator quarks

formed to a reference system in which the ratio R of the target momentum to the incident
momentum is about equal to 3/2. This ratio is, of course, the ratio of the number of quarks
in the target and projectile, it suggests a mechanism with one quark out of each cluster
responsible for the collision process, the others remaining passive spectators [47], Fig. 34.
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However, serious objections to this simple picture exist. For instance, the ratio R
appears to be multiplicity dependent [48], it also depends to some extent on the nature
and momentum of the incident particle, (see Fig. 35). Several hypotheses have been proposed
to explain the departures from R = 3/2: differences between the incoming masses or between
the quark masses, quark-quark interactions. The observation of strong K* production
in the reaction studied here gives an opportunity to study if, instead, the difference may be
due to resonance production. Indeed, only the pions emitted in the central blob of Fig. 34
may be expected to exhibit the symmetry, not those arising from the decay of a K* emitted,
perhaps, in the same blob.

¢
2.0
" t ]
*»
¢ +
1.5F * *+ 7
X
1.0
e T p interactions
» K p - -
0.5+ pr PR -1
—pp ==
o NI | 1 | 1 ) P S U S
5 10 20 50 100

LABORATORY MOMENTUM , GeV/c
Fig. 35. The ratio R defining the quark-quark collision frame Q, for several incident particles [46]

To separate the contribution of the n* arising from K* decay, a separation was made
by fitting the data of Fig. 36 by a K* signal, represented by a Breit-Wigner, from the
background represented by a polynomial, or by an approximate phase-space calculation
where adequate. The results are shown by Fig. 37, which shows a) the inclusive 7+ spectra
for all 7+, ¢) for =+ arising from K* decay and, by difference, b) for n+ “directly” produced,
as functions of x in the CM system. It is seen that the n* spectra, with a maximum in the
region x = 0, can be well represented both in the forward and backward regions, by
exponentials exp (—4_ |x|) for —0.8 < x < 0.8. The slopes, however, are quite different:
for sample b) of “pure” n+, A% = 5.12 £0.10 (forward) and A° = 6.82+0.08. Although
much weaker than for the X° (Sect. 3.1), some favoured particle effect is present for the n*.
The transformation to the system with R = 3/2 changes the slopes as follows: sample a,
A% =5.57+0.08, 4* =5.92+0.06, sample b, Ai =5.77+0.10, A® =5.76+0.06. Sample
b, with the effect of the dominant resonance subtracted, indeed displays a better symmetry,
Fig. 38.



836

These results should also be corrected for the influences of the other resonances
abundantly produced: the Q(1320), the K*(1420), the 4++(1236). As the Q decay predom-
inantly via K*(892), most of its effect is already taken into account. The K*(1420)
and A+ can be shown to give rise to n*’s with very flat x-spectra, peaking slightly forward
and backward respectively, with almost compensating effects.
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Fig. 36. Effective mass spectra for the reaction K+p — K°v*X (similar to Fig. 28) showing the results of
Breit-Wigner + background fits, for several regions of the x variable of the (K%t*), K°and 7+ respectively [49]

Thus one may conclude that, at least in the reaction studied here, a satisfactory sym-
metry of the directly emitted positive pions is found in the frame of reference of the quark-
-quark collision.

Recently, Anisovich and Shekhter [50] have attempted, more ambitiously, to use
the quark model to predict the relative probabilities of production of different particles
at asymptotic energies. They assume that, in the central blob of Fig. 34, quarks are produced
which recombined in the SU6 multiplets 36 (mesons) and 56 (baryons), with relative weights
given by the corresponding Clebsch-Gordan coefficients, and a unique structure function.
The structure function is represented empiricaily by a function of x and ¢, with two arbitrary
parameters adjusted to the experimental data from n*p and K*p collisions for incident
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momenta ranging from 8 to 25 GeV/c. A reasonable agreement is found in the region
x = 0.5 corresponding to the fragmentation of the projectile. In their comparison between
model and data, these authors have to assume an isotropic decay of the resonances. With
the data presented here, it is possible to make the more detailed comparison of Fig. 39 where
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Fig. 39. Predictions of the quark model of Anisovitch and Shekhter [S0], compared to the data for the
reactions K*p - K°2+*X and K*p - K*ntX, K* - K%+t

the cross-sections for the K°, K* and K° arising from K* decay are shown as functions
of x. It is seen that, at least in the forward direction, the K° inclusive spectrum shows
some agreement with the model. The model predicts a K* production which is of correct
shape, in particular with the forward peak due, as mentioned in Sect. 3.3, to well known
exclusive reactions. However, as often the case in quark models, resonance production (K*)
is predicted too high*.

4 The author is grateful to K. Zalewski for this remark made at the School.



4.1. A review

4. Transverse momenta
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Several prominent properties of the transverse momentum distributions are well
known, they may be briefly reviewed and illustrated as follows.
A typical transverse momentum distribution do/dpr vs pp is shown by Fig. 40,
starting at zero and rising rapidly to a maximum, then decreasing exponentially as py

do/dp, . ub/(Gevrc)

8.2 GeV/c

08 12 0 04
P, . Gev/e

Fig. 40. Transverse momentum pr distribution for the reaction X*p — K°X at 5 and 8.2 GeV. The lines
are results of fits to the Milecin-Rosental formula [60] (full line) and to the Hagedorn [61] formula (dotted

line)

increases. The behaviour at small pp is a phase space effect. Indeed, the plots of the
invariant cross-section Edo/dps (sometimes called the ‘“‘weighted” cross-section, vs pi
show an almost exponential shape (examples, Fig. 40, 41) but with a definite curvature.
In addition, there is a frequent peak for the small values of p? which has been interpreted
as an effect of resonance production [52]. The same quantity Edo/dp plotted against
pr (Fig. 42) shows again an almost exponential shape, but now there is a flattening
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TRANSVERSE  SPECTRA

en® p—=1C * X ot 16 GeVic [y*] <O
oK p ——Rigpe* X ot 10 Gevic || <01

aK p—=Nep * X O 10 GeVic jy*]<0.2

(al

A\

mb {Gevie)™?

dy*

dls
P.

a5

3
€ [« - A |
-d’p 2np,

1 2 1 I 2 s A 2

02 04 06 08 10 12 & 16

P‘ {GeVic)
Fig. 42. Invariant cross-section as function of the transverse momentum pr, for the #tp — 7~ X at 16 GeV,
and Kp = K°X, Kp = A°X at 10 GeV

of the distribution for small p;. A better representation of the distribution is discus-
sed in Sect. 4.4.

The shape of the transverse momentum distribution depends on p;. If fitted with
an exponential Edo/dp3 = A exp (—bp?) over a small region (0 < pr < 0.2 (GeV/c)?)
the slope b, while remaining in the neighbourhood of 6 (GeV/c)?2, shows typical variations
shown on Fig. 43 for the reactions n*p — n-+anything at 16 GeV/c [51]. As shown by the
authors of this experiment, most of these variations may be interpreted as arising from
known phenomenon, i.e. resonance production and cylindrical phase space.
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The average transverse momentum
d*e i
Pr dx dp% Py

j d*c I
dxdp? Pr
is well known to be, in first approximation, an almost universal constant {(p) = 350 MeV..
However, it increases slowly with incident momentum [53] and with the mass of the particle
[54]. As a function x or py, it shows a characteristic “Polish seagull” [55] shape, Fig. 44.
Part of the seagull behaviour is known to originate from the effects of phase space. In
particular, if the average is taken instead, with the invariant cross-section (“‘weighted”).
J Ed*c
Pr 3
dxdpz
Yy = 55— 7
d°c
dxdpy

most, but not all of the seagull effect disappears (Fig. 44).

i p—17 + anything.

{pr(x)> = (6)

x 16 GeV/c
0.6 * 8GeVic 05
<p.|.>E ] . | .
04 Pl 1 Lm0 o
[GeVic] . "‘.‘;in: e
"o
0.2} l { lo2
|
L
¥ 5 A
X
<p(16)
N i
P(8) | { 1, | 1
11 { § o
H,p H
oL l__i_*_jf_iﬁ_}___}_{___
PR

Fig. 45. Average transverse momentum, weighted, for the reaction nw*p — 7 p at 8 and 16 GeV. The
lower part of the figure shows the ratio of the transverse momenta at 8 and 16 GeV
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AVERAGE TRANSVERSE MOMENTUM  GeV/c

Fig. 46. Average

7t p —em+ anything at 16 GeV/c
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RAPIDITY

transverse momentum vs rapidity for the reactions s*p — z*X at 16 GeV

It is interesting to note that the increase of {py» with increasing energy is mostly due
to the regions of large | py |; in the words of Deutschmann et al. [56] “the seagull distri-
bution raises its wings with increasing beam momentum™ (Fig. 45). '

4.2. {pry and rapidity
The ABBCCHW collaboration has shown recently {51] that, plotted against rapidity y
instead of p;, the average transverse momentum {py » has almost a plateau in a relatively
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wide central region around y = 0, Fig. 46. The existence of a plateau implies that the
structure function would then factorize, f1(, pr) = f1(») - fi(py). Such factorization is
the object of several theoretical spcculations [57]. The relation between the rapidity y
plot of Fig. 46 and the reduced longitudinal momentum x plot of Fig. 45 may be understood
with the help of Fig. 47, which illustrates the kinematical relation between x, pr and y:

LINES OF EQUAL RAPIDITY FOR PIONS IN 7p INTERACTIONS

AT 16 GeV/c
3)
~
2 -0.2 0 0.2
o 2.7 .

-0.86 0.6

=
a 20
z -1 |
w
= L
% .14 1.4
s 1.0t
[0 -2 2
w
>
wn
5 -3 3
o 0 PR S R ¥ [ 11 111
- -1 o) .l

*, %
X=p / Prnax

Fig. 47. Kinematic relations between py, pr and y for the reaction np — 7X at 16 GeV

one may see how the averaging in y takes place over almost radial regions of the Peyrou

plot x, pr. It is clear also that, for large values of y (|y| > 1.4 in this example) the averaging
takes place only in regions of small py.

4.3. Bose-Einstein parametrization

In a study of K*p interactions at 11.8 GeV, Erwin et al. [58] observe that, the emitted
n—, K° and 7+ have an almost isotropic angular distribution for small value of their energy E.

The invariant cross-section Ed>a/d?p, when plotted against E, is found to follow a law
of the Bose-Einstein (BE) form

d’c A
E - e BT 1

with T = 142 MeV. The departure of the BE shape from an exponential is particularly
visible, for small values of E, for the pions. For particles of higher mass, the threshold
in E is larger and the distribution becomes practically exponential. Similar results [59]
were found at 5 and 8 GeV, also for incident K+. The angular distributions are shown
by Fig. 48, and the corresponding spectrum by Fig. 49.
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How are these results related to the transverse momentum distribution? If, indeed,
the energy spectrum follows the BE distribution, then Milecin and Rosental [60] have
shown by integration over the whole range of p,, that the transverse momentum spectrum
is given by (for exp (E../T) > 1):

fe o
do(pr) - ———
2 2 2 2
4 ~ PT\/PT+m K,(n \/PT“*'m [T),
Pr
n=1
489 . 678
+* + 4
K'p —K%ex™ [ K'p —K°+ X [
300 5.0 GeV/c 300 |- 8.2 GeV/c 300
200 4200
5 100
~ 1.0 <E (K®) <1.25Gev [
2
s i L __""00
H 0.9<E(K*<LO B
.-0 i 1 i Ji00
s 0.8 <E(K* <0.9 ]
€
3 o . L 100
1 0.7<E(K)<0.8 T
50 -
0 . L 4100
1 0.6 <E(K*)<07 F
50 J
[¢] '] i 1 _"l o 1 L R
£3 O5<E(K"<0.6 00 L O5<EIK)<0.8 ico
sot- 4 s0 J
[} 1 1 L O I 1 i
-0 -05 0 0.5 10 - .05 o 05 1O
Cos 8 of K° Cos 6 of K°

Fig. 48. Angular distribution of the K° at 5 and 8.2 GeV, for the reaction X*p — K°X, for several intervals
of the K° energy E [59]

where K, is the modified Bessel function of second kind and order 1. The asymptotic
form of the first term, for (v, pi+m?|T) > 1, gives the often-used Hagedorn formula [61]

da(pr) -

pi'* exp (— pifT).
dpr
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These formulae are compared to the experimental results on Fig. 40. It is remarked
that, although the BE description may be expected to be valid only in the region of isotropy,
for E < 1 GeV, the coriesponding description of the transverse momentum distribution
appears to remain approximately valid for the complete spectrum, regardless of the value
of E. A more differential comparison is made in Fig. 50 for different regions of x. The
curves are obtained by integration of the BE spectrum in the corresponding region of x.

BOSE - EINSTEIN PREDICTION

K+p-»K°+X*+ /, T= {40
4
'I
'l
— 5.0 GeV/c ,o' T
8.2 Gevie Sy TI40
s TeiI0
600} / -//, .
7 Ui

500

<p,> MeV/c

300
s

200 | 1 1 ' 1 3

Fig. 51. Average transverse momentum as computed from the BE distribution for the reaction K+p — K°X,
at 5 GeV, and for qifferent values of T

A more quantitative comparison may be made by examining average values of trans-
verse momenta. The prediction obtained by integrating the BE formula over the available
phase space is shown on Fig. 51: a strong seagull effect is predicted, which is not completely
followed by the data (Fig. 52). Indeed, if in the backward direction, the BE prediction
is good, with T= 120 MeV, in the forward direction the value of T decreases (Fig. 53).
Similar results are found by the ABBCCHLVW collaboration [56]: the value of T, computed
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500
o + ++ h
? K p—» K X
4501~ ; .
: :
4201 i : ' : ]
. ! o) .
.~ L o $ ]
o i \ | t
v 380l + o ! .
3490} + f) 8
® 8.2 Gev/e
O 5.0 Gevse
— T =110 MeV
BOSE- EINSTEIN, 5 GeV
300 | i 1 1 | 1 1 1 1
-1.0 (o] 1.0

X

Fig. 52. Observed average transverse momentum, compared to the prediction of Fig. 52. The temperature
parameter T of the BE formula is not constant for all values of x (see Fig. 54)

130 e
v
f ——
3 Nofr ¢ 1
@
= é
90 .
Qo
5 + o ++
5 K'p—K+X
>
a
g 70 7
[ e 5.0 GeV/c
o 8.2 GeV/c ’:
501 1
1 1 1
-1.0 -0.5 0 0.5 1.0
X

Fig. 53. Observed effective temperature 7"as function of the production angle &, for the reaction K+p — K°X
at 5 GeV and 8 GeV
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for the almost isotropic part of the angular distribution, E < 0.32 GeV, seems to be almost
constant in the backward region, but strong changes are observed in the forward hemi-
sphere. Indeed, in this case, the temperature appears to rise there (Fig. 54).

44. Average transverse energy vs rapidity

If, as shown in the previous Section, the behaviour of the p; distribution follows
the predictions derived from the BE distribution, even outside the region of angular
isotropy, then the distribution in £ should follow closely an exponential (except perhaps

T p—1+X at 16 GeVic

ECMS <.32 GeV

> L
[¢}]
= 2001 -
< :
l—
(a8
w 4 |
'__
w i
%
o '}50_'_*_# __________ B
<C §
o
¢ Hh |
o
o i
|
U) N -
100- s
180° o 0°

angle 8

Fig. 54. Observed effective temperature 7, as function of the production angle O, for the reaction wp — 7X
at 16 GeV [56]

for small values of E) at least for the region near x = 0 in the CM, where E = N p%
This behaviour is indeed well obeyed by the data, as shown by Fig. 55. It is reported [56]
that the fit is better with the non-invariant cross-section d3¢/d3p than with the invariant
cross-section Ed3a/d>p.

The same behaviour is obtained [56] when the distribution is observed in successive
regions of the rapidity y. Indeed, the values of T found in this way, when plotted against y,
show an interesting approximate central plateau, Fig. 56. This plateau is directly related
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TRANSVERSE  SPECTRA

e’ p—1C * X at 16 GeVic |y*] <01

oK™p =Ry * X 0t 10 GeVie [y*] <01

2K p—=Nge\ * X 0t 10 GeVic |y*]<02 .

b} A

? -
d 6_ mb (Gev) ™’
2nE,E dE,dy

1

=

d’s
d’p

i A

07 0L 05 08 10 12 1L 16
E,~ m (Gev)

Fig. 55. Distribution of E, in the region near x = 0, for the reactions of Fig. 42. Thelines represent simple
exponentials

to the similar observation for the average transverse momentum <py) vsy presented
in Sect. 4.2 and Fig. 46. It should be remembered that each slice in y defines a reference

frame in which, again, E = v/mz --p2. In this sense, and with the approximate factorization
implied by the presence of plateau-like region in y, one may think in terms of a transverse
motion almost independent of the longitudinal motion, occurring near y == 0 in successive
frames of references moving with different longitudinal velocities.
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Detailed comparisons with the predictions of thermodynamical models would be very
interesting, but have not yet been reported. Meanwhile, it may be recommended to display
the experimental results on transverse distributions as function of E, in successive regions.
of y.

4,5. Annihilations

The pions emitted by the annihilation of antiprotons show an exceptional behaviour
of transverse momentum: the average value is larger than in other high energy collisions
and the p, dependence is different. Gregory et al. [62] have shown, see Fig. 57, that the
average {pry plotted against {p >, for different final state multiplicities, is significantly
larger than in non-annihilation processes. This behaviour may extend to other baryon
exchange processes, as shown by Fry et al. [63].

For the second time in these lectures, high energy annihilations show interesting
surprises (see Sect. 2.3) underlining the interest of further experiments at higher incident
energy.
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