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Leading-particle spectrum and impact-parameter distributions at very high energies
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W'th the assumption that the available energy for particle production in very-high-energy col-
lisions is related to the impact-parameter inelastic overlap function it is shown that the shape in x of
the leading-proton spectrum is strongly correlated with the shape in b of the overlap function.
Changes with energy in the ratio o.,l„„,/o. „tal will be reflected in changes in the leading-particle spec-
trum.

For the impact-parameter description of high-energy
scattering it has always been difficult to include longitudi-
nal distributions. However, recently, Chou, Yang, and
Yen made the observation that the pseudorapidity distri-
bution at the CERN SPS pp coHider can be related to the
collision impact parameter. From their calculation and
fit to the data it turns out that the available energy Ez for
particle production in the central region is a monotonic
decreasing function of the impact parameter b.

This result is very suggestive. If the overlap between
the incoming Lorentz-contracted extended hadrons is
large, b=0, the available energy for particle production is
large. On the contrary, if a collision is peripheral the had-
rons go easily through each other and not much energy is
left for particle production.

Here, following .this intuitive picture, I propose a sim-

ple ansatz for the relation between the impact parameter b
and the available energy fraction hz, namely,

hg ——G(b,s),
where hz =2E&/Vs is the available energy fraction for
particle production in one hemisphere, G(b, s) is the in-

elastic overlap function, b =b /o is the scaled impact-
parameter variable, and cr is the inelastic cross section.
One should notice that as b ~0, 6=1 and hz -1, and as
b~oc, G~O and h&~0, as required in the impact-
parameter picture. One should further remark that with
(1) the positivity and unitarity constraints on the overlap
function, 0&6 (1, are translated into the bounds im-
posed on the available energy fractions, 1)hz & 0.

The available energy fraction hz is, by energy conserva-
tion, related to the energy fraction xL retained by the jet
of leading particles:

d lnG/db (lnG)'
(4)

For the variation of the leading spectrum with xt one ob-
tains

d 1 dcr m (lnG)"
dxc, cr dxL G' (inG)'z

TABLE I. Examples of overlap functions and leading-
particle distributions related by (5). The normalizations for the
overlap functions and leading spectra are (m/o) 6 db =1 and

(1/o) f (der/dxc)dxc ——1, respectively. In case (h) the positive

constants A and C are related: A =m(1+C) In(1+1/C). In
the limit C~ ao case (b) becomes case (a}.

From (4) the positivity of dcrldxL is guaranteed by the
decrease of G with b (experimentally observed and ex-
pected in impact-parameter models). From (5) one sees
that the xL dependence of do/dxt. is critically deter-
mined by the second logarithmic derivative of G. In
Table I are listed some typical impact-parameter leading-
particle distribution transforms.

The overlap functions in Table I are qualitatively not
very different from each other, with all having (lnG)' &0
as observed in all elastic-scattering high-energy processes.
However, because of the value of (lnG)", =0 in case (a),
~0 in case (b), and ~0 in case (c), they correspond to
very different leading-particle spectra: constant dcr/dxL
for the Gaussian overlap function, case (a), a decreasing
leading-particle distribution for case (b), and a distribution
increasing with xL for case (c).

Ag +xL —1 ~ (2) Overlap function Leading spectrum

Making use of (1) and (2) we can relate the inelastic over
lap function to the leading-particle spectrum.

From (1) and (2) we have
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The question one may now ask is what constraints com-
ing from the impact parameter should be imposed on the
leading-particle spectrum. In first. approximation the
Gaussian overlap function is acceptable and the corre-
sponding flat leading-particle spectrum gives also a fairly
good description of the leading-proton-spectrum data. A
more detailed impact-parameter analysis at CERN ISR
energies reveals two important deviations from the Gauss-
ian overlap function. At small b there is a well-known
flattening of the distribution. At 'large b the behavior is
of the type exp( —A,b) instead of exp( —A,b ) (Ref. 3). The
exp( —A.b) behavior at large b is in fact expected to occur
on rigorous grounds. The consequences of these observa-
tions are, from cases (b) and (c) in Table I, quite obvious:
relative to the flat distribution the leading spectrum will
decrease with x at xL-0 and will increase strongly at
xL-1. And this is precisely what is observed in the
leading-proton spectrum (see Fig. 1).

A parametrization of the inelastic overlap function con-
taining the required features just mentioned, but not pre-
tending to be fully realistic, is the following:

Q.Q 2

Ov

0.2 Q.h Q.8

b)

G(b )=(1—d), +deCe'b'+ ~

(6)

with 0&d (1. For the leading-particle spectrum one ob-
tains

C+1—do. /dxL, ——(1—d)— —d ln(1 —xL, ) .
0 3 C+xg

(7)

~ith C = 1 ( Q =4.36) and d =0.2, for ISR energies, Eq.
(6) gives o,~/o „,=D. 17 (experiment: 0. 17—0.18)
from Eq. (7) the curve shown in Fig. 1 is obtained, corre-
sponding to (xL, )=0.50 (experiment: =0.5). The cross
section associated to the xL ~1 diffractive peak is
hard

——d X o =7 mb (experiment: 7—8 mb).
To the extent that geometrical scaling in the impact pa-

rameter variable b /o is satisfied the leading-particle
spectrum should remain the same independent of energy.
However, at the SPS pP collider, vs =540 GeV, the UA4
collaboration found a 20%%uo increase in the o,~/o„, ratio
which corresponds to an appreciable blackening of the
impact-parameter distribution. The blackening of the
overlap function is, on the other hand, predicted in vari-
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FI&. 2. Predicted correlations between (a) the overlap-
function changes and (b) changes in the leading-proton spec-
trum, Eqs. (6) and (7). The values of 0,~/o, , are 0.17 (ISR),
dashed curve; 0.21 (collider, ~s =540 GeV)", solid curve; 0.28,
dashed-dotted curve. The values of (xl. ) are 0.5, 0.4, and 0.22,
respectively.

ous models of high-energy scattering. Such an effect in
the present framework is achieved by decreasing C in Eq.
(6) (a change in d is not effective and was not experimen-
tally observed) and naturally it amounts to modifying the
leading-particle spectrum. In Fig. 2 I present curves for
the overlap function and the leading-particle spectrum for
different values of the ~o/o«, ratio. These predicted
overlap-function leading-particle-spectrum correlations
may be tested in future higher-energy experiments.
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FIG. 1. Comparison of the curve (7) with ISR data (Ref. 5)
on the leading-proton spectrum. The parameters were adjusted
in order to obtain o.,l/o, ,=0.17, as experimentally observed at
ISR.

(i) The leading particle and the leading proton spectr-a.
The leading proton (or neutron) is not the only leading
particle present. The fast hadron jet outside the overlap
region produces the proton and also decays in other parti-
cles. As the proton is the heaviest stable particle the
leading-proton spectrum is the most appropriate to simu-
late the jet of the leading-particles spectrum. At large xL
the proton spectrum presumably reproduces weB the
leading-particle spectrum. In the intermediate xL region,
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0.9 &xL &0.3, there are protons which come from x'& xL
jets, but there are jets with xL ~x" which produced pro-
tons at lower x". These effects compensate each other
and again the proton spectrum is reasonable. The small
xL region seems the more problematic one: the leading-
proton spectrum tends to overestimate the leading-particle
spectrum as many of the slow protons come from higher-
x leading jets. In conclusion, down to xL -0.2 the
leading-proton spectrum is a reasonable approximation of
the leading-particle spectrum.

(ii) Forward backw-ard correlations. The presence of
strong, positive, increasing with energy, forward-
backward correlations is one of the most clear predictions
of impact-parameter models. 9 The collider data already
confirmed such increase, seen also at lower energies, of
forward-backward correlations. ' Finite energy fluctua-
tions in multiplicity and available energy make the simple
connections b /o~nl&n & and b /o~xl only true in an
average sense. It is then more appropriate, in order to
study particle or available energy distributions, to look
only at one hemisphere, avoiding the smearing of the fluc-
tuations. At infinite energy there is, of course, no differ-
ence as, for the Koba-Nielsen-Olesen distribution func-
tions,

y(ntt/&ntt&)=1((nF/&nF &)=q(n/&n &),

and for the available energy fraction distributions
P(h~) =P(hei) =P(h). Concerning the leading-proton
forward-backward correlation, in addition to the finite en-

ergy fluctuations, the presence of various leading particles
and decaying processes washes away the effect in the in-
termediate xL, region. "

(iii) Determination of available energy. Attempts to es-
timate directly from SPS pp collider data the available en-

ergy or inelasticity" give smaller va/ues than expected
from naive application of (1), with &h~ &=0.3 (not =0.5).
This may indicate that relation (1) is too simple and that
some improvement is required. For instance, if one writes
instead of (1), h~ ——aG with a=0.6, all the arguments
presented here remain valid, and the h~(b) distribution
agrees with (1). However, direct determination of hz may
be affected by the presence of neutral particles (either as
produced particles or as leading particles) which are not
detected. This is particularly true if production of
charged particles and production of neutral particles are
uncorrelated. On the other hand, the determination of h~
at the SPS pj collider may be influenced by the cut in
pseudorapidity,

~ g ~
& 5, and the not quite so reasonable

approximations, made in calculations, of n independent
I'T distributions and production exclusively of pions.

CONCLUSION

Simple geometrical arguments, Eq. (1), lead to the ex-
pectation of strong correlations between the shape of the
overlap function (and the value of the o,i/o«, ratio) and
the shape of the leading-particle spectrum (Fig. 2). If
such correlations turn out not to be experimentally veri-
fied, some deeper dynamical argument, as the weakening
with energy of the strength of the parton interactions, has
to be invoked to explain data (see, for instance, Ref. 13).
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