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Inelastic channels in ~ p interactions at 205 GeV/c are studied as a function of
charged-particle multiplicity n,h. Experimental tests are made which are sensitive to the

charge-dependent behavior of the particles, particularly at high and low rapidities. A set

of new variables useful for the study of these processes is introduced. Effects which may

be attributed to leading particles or leading jets are present to some extent for all n,h.

Among the results presented, it is shown that at this energy there is no "central region"

which is completely free of effects which are correlated with the charges of the incident

particles. Qualitative interpretation of the results in terms of cluster-model ideas is

presented; a specific simple model is calculated and compared with the data.

I. INTRODUCTION

We report on an investigation of the inelastic
channels in ~ p interactions at 205 GeV. Many
recent analyses of similar reactions concentrate on
the characteristics of the "central region, " i.e., that
kinematic region containing those particles emitted
with momenta near zero in the center of mass. In
this paper, we present results which are most sensi-

tive to the characteristics of what we shall call the
"extreme" region, roughly complementary to the
central region, consisting of those particles with
relatively large forward or backward center-of-
mass (c.m. ) momenta. These particles predom-
inantly carry the beam or target charge, respective-

ly, as is well known on an inclusive basis' from
Feynman-x and rapidity studies.

We study this from novel points of view, as a
function of charged-particle multiplicity, in both
c.m. and laboratory systems. We include the neu-

tral particles, taken as a system, and uncover some
interesting behavior. For example, on an event-
by-event basis, the neutrals' system is as strongly
forward-backward asymmetric (in the c.m. ) as ei-

ther the negatives' system or positives' system.
However, the sign of the asymmetry for the neu-
trals' system varies, so that if one averages over all
events, the asymmetry approximately vanishes.

We observe what can perhaps be best described
as systems (e.g., jets or clusters) carrying a net
charge. These subsequently decay into several
final-state particles in such a manner that most of
the momentum of the system may, with a certain
probability, be carried away by particles of any
given charge. We present data and analyses which

provide new tests of detailed models of production.
We show a comparison with one such model.

In Sec. II we present a brief review of experi-
mental details. The results are given in Sec. III,
beginning with a discussion in terms of momentum
and energy va6ables. We then analyze in some de-
tail the charge structure of these regions, using the
rapidity variables, measured with respect to the
most extreme (highest or lowest rapidity) charged
particle. In Sec. IV, there is a brief comparison
with a specific cluster model. A summary of the
results is given in Sec. V. An appendix discusses
experimental corrections. A description of the ex-

periment and some of its other results appear else-

where.

II. EXPERIMENTAL DETAILS

General

The data come from a 48000-picture exposure
of the Fermilab hydrogen-filled 30-inch bubble
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chamber to a 205+1 GeV negative beam (Fermilab
experiment number E137). The beam contained
95.8% n, .contaminated with 2.6% p, 1.4%E, and 0.2% p. The results to be presented are
not sensitive to beam contamination.

In order to improve the momentum and angle
measurement precision, the event sample is restrict-
ed to a fiducial volume such that forward-going
tracks have a potential length of at least 30 cm.

The events were measured on film-plane digitiz-
ers with a root-mean-square scatter of measured
points about the reconstruction track (FRMS) of
less than two microns on film. View-by-view track
matching was done by eye. The measuring preci-
sion was sufficiently great that most errors in
matching were detectable by the value of FRMS.
Spatial track reconstruction to find curvature (and
hence, momentum) and angles was done with
TvGp; kinematic fitting, where used (to identify
channels with no missing neutrals), was done with
SQUAw. All tracks were required to satisfy cer-
tain goodness-of-reconstruction criteria in TvGP,
including a sign of curvature in agreement with
that deduced from charge conservation; otherwise
the event was remeasured at least once (some up to
four times).

The elastic-scattering channel, identified on the
basis of kinematic fits, was removed from the
sample. A relative weight is applied to each suc-
cessfully measured event to compensate for
topology-dependent differences in the fraction of

the film measured and in scanning and measuring
efficiences. The number of events and the relative
weight of each topology (normalized to the two-

pronged events) are given in Table I. These
weights are based on the cross sections given in
Ref. 9, and assume that the only biases which oc-
cur in the losses are those which depend on the
topology. The average number of charged secon-
daries is (n,h ) =7.99+0.06, the total elastic cross
section is 3.18 mb, and the total inelastic cross sec-
tion is 21.00 mb.

An estimated 20 misidentified elastic events
contaminate the two-prong sample; an estimated 8
inelastic events are incorrectly identified as elastic
and removed. No corrections are made for these
small effects.

Track identification

All tracks are assumed to be pions unless identi-
fied as protons by the scanners or the reconstruc-
tion (see the Appendix). From the momentum
spectrum of identified protons, we infer that the
fraction of protons within the momentum range
for efficient identification decreases as n, h in-
creases. %'e have therefore computed a weighting
factor as an average correction, as described in the
Appendix, for the underestimation of the laborato-
ry energy of the positive tracks due to misidentifi-
cation of a proton as a pion. This correction, nor-

TABLE I. Raw numbers of events and relative weights.

nch No. events Relative weight'

2
4
6
8

10
12
14
16
18'

Total

202b

381
40S
390
207
129
S3
37
11

181S
(n,h ) =7.99+0.06

1.00
1.11
1.17
1.28
1.94
2.06
2.54
2.01
3.39

'Based on cross sections of Ref. 9; see text for explanation.
Inelastic only.

'There are five events with n, h ~ 20, which are found to have no signifcant effects on the
conclusions of the paper; they have been neglected throughout.
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mally small in comparison with the structure in
the data, has been applied to all data presented.
We find that low-multiplicity events are largely
unaffected; high-multiplicity data require a correc-
tion in some variables. Data for neutral-particle
production, estimated from charged-particle data
using conservation of energy and momentum, have
been likewise corrected. No allowance for possible
systematic errors in the correction is included in
quoted errors. We emphasize that the measured
behavior of negative tracks is unaffected by proton
misidentification, and that laboratory-system m.o-
menta are unaffected for any sign of charge.

It is estimated from visible E decays and y
conversions that 4% of all secondary tracks are
E+ or K, and an additional 1% are e+ or e re-
sulting from Dalitz decays; the rate of p produc-
tion is expected to be even smaller. No correction
has been computed for these small effects.

3C E or A fit. We therefore conclude that there
is no reason to expect that differences between
positive and negative tracks arise from measure-
ment biases.

The final outcome of our procedures was tested
by looking at events identified (by kinematic fits)
as elastic scattering. Here the outgoing m, with
very nearly the full energy of the beam, has the
largest momentum errors likely to be encountered.
We find the mean measured momentum of the
elastically scattered m to be 201.8+4.6 GeV/c,
with the present selections. We believe therefore
that it is unlikely that our procedures have resulted
in any important net bias of the measured momen-
ta.

III. ANALYSIS AND RESULTS

A. Momentum and energy variables

Momentum biases

The bubble-chamber technique yields unbiased
measurements of the curvature k of tracks in the
magnetic field, ' from which the momentum com-
ponent perpendicular to the field may be derived,
given by a/k, a a constant. For a large number of
measurements performed on a given track, k will
be randomly distributed approximately as a Gaus-
sian; hence the distribution of p will be asym-
metric, with a bias such that the mean value (p )
is larger than a/(k ). After detailed analysis, we
have concluded that this bias is reduced to a level
which is unimportant within our statistical errors
if we impose the constraint that no event which
contains a track whose measured momentum
exceeds 400 GeV/c (twice the physical limit) is ac-
cepted into the final sample. As previously dis-
cussed, the cutoff on wrong-sign measured curva-
ture is also imposed. The weights in Table I in-
clude corrections for these cuts.

Other biases can result from imperfect correc-
tion for optical distortions. To check for this type
of effect, the entire event sample has been recon-
structed with each of two independently deter-
mined sets of optical corrections. The only appre-
ciable difference occurs for n, h

——2, of magnitude
about one standard deviation in some variables.

There is no significant evidence of a difference
between momentum "pull" quantities for positive
and negative tracks, either for events which have a
four-constraint (4C) fit, or the V 's which have a

The observation from inclusive studies that par-
ticles of beamlike charge tend to go forward and
particles of targetlike charge tend to go backward
in the c.m. has been attributed frequently in the
literature to the phenomenon of "leading parti-
cles."" A leading "particle" may be thought of as
that particle or collection of particles which may
be identified in some way (perhaps only theoreti-
cally) as fragments of the beam or target. It is fre-
quently supposed that these fragments carry the
quantum numbers (in particular, the charge) of the
fragmenting particle most of the time. ' In QCD
these particles may take the form of jets of frag-
menting quarks. In a four-jet model, the struck
quarks and the spectator quarks each form jets. If
the four-momentum transferred to the struck
quark is somehow damped, then its fragments car-
ry a significantly larger fraction of the beam or
target c.m. momentum than expected from phase
space, hence leading particles are formed. The
products of beam or target diffractive dissociations
form a particularly clear example of this behavior.
We shall show that, for all multiplicities, it is a
poor description of the data to assume that leading
particles are predominantly composed of a single
particle of a particular charge.

We specialize to a set of variables sensitive to
the distribution of final-state particles in the most
forward and backward kinematic regions in the
c.m. We hope thereby to achieve enhanced sensi-
tivity to the nature of the direct coupling of beam
and target with the exchange mechanism(s) respon-
sible for the reaction. We make no attempt to
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FIG. 1. (a) Average laboratory momentum of vector sum of negative tracks (solid squares) and of positive tracks
(open diamonds). The average missing momentum is also shown {open circles). Dashed open circles show same after
removal of events with no neutrals. The same convention relating type of symbol and particle charge will be main-

tained throughout; (b), (c), and (d) Bar graph and left-hand scale: laboratory momentum distribution for vector sum of
negative, positive, and neutral tracks, respectively. Scale is in mb/20 GeV/c. Charged momenta & 205 and neutral

(missing) momenta &0 GeV/c occur as a result of measurement error. Points (some with errors) and right-hand scale:

average charged-particle multiplicity. Solid curves in Figs. 1(b) and 1(c) are estimated background in region shown due

to mismeasurement of lower momenta {see text).

separate or identify individual leading particles,
e.g., on the basis of large rapidity gaps.

event j, and pI,b is the laboratory-momentum vec-
tor of particle i We find p.i,b by

Laboratory frame

First, we study the laboratory charged-summed
momentum: for events of a given multiplicity
("multiplicity" refers to charged-particle multiplici-

ty n,b throughout) we evaluate the laboratory-
momentum magnitude of the system composed of
all particles of a given charge. Since most neutral
particles are not seen in the bubble chamber, we
evaluate their momenta by subtraction.

Formally,

nc
J

Plab I g Plab I

i=1

where nj' is the number of particles of charge c in

0 beam I ~+
Plab Plab I Plab+ Plab I long ~

which neglects the transverse momentum of the
neutrals, for simplicity. Using this procedure we
can treat neutral particles formally in the same
manner as charged particles. Because they are
evaluated in the laboratory frame these quantities
are virtually independent of track mass assignment.
In what follows, we drop the subscript "lab" for
convenience.

We give the average p' in Fig. 1(a) as a function
of n,h. We observe that the negative tracks carry
significantly greater momentum than either neu-
trals or positives, for all n,b. The negatives and
positives converge rapidly toward each other until

n, h
——10, but these momentum sums are approxi-

mately flat with n,b thereafter.
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FIG. 1. (Continued. )

The neutral particles, which are about equal in
numbers, on the average, with the positives or
negatives over this n, h range, behave as the average
of negatives and positives, sharing roughly —, the
available laboratory momentum independent (ap-
proximately) of n, h up to n, h

-—14. The dip in p»b
at n, h ——4 may be attributed to the existence of
events with no neutral particles (such events for
n, h ——2, i.e., elastic scattering, have already been re-
rnoved; for n, h )6 they comprise a negligible frac-
tion of the channels). We identify these events by
4C fits. When they are removed (dashed points},
the dip disappears.

Momentum distribution in the laboratory

In Figs. 1(b) —1(d) we show the inclusive distri-
bution do/dp' separately for negative, positive,
and neutral charges. We also show (n,h) as a
function of p' (solid points). The distribution of
negative p' shows a peak at about 80 GeV/c with a
long tail extending to high energies, as expected for
negative leading particles. More remarkable is the
distribution of positives, which shows that about
9% of the cross section has positive particles
which sum to momenta & 100 GeV/c, indicating

that more than half of the total momentum was
transferred from the negative beam to positive par-
ticles.

Errors in measurement at these high-Inomenta
contribute to both the p+ and p high-energy
tails. An estimate of the low-momentum contribu-
tion to the p+-& 100 GeV/c region, determined
from Gaussian ideograms in 1/p+-, is shown in the
solid curves in Figs. 1(b) and 1(c). Losses out of
the region 100&p+- & 400 GeV/c approximately
compensate. We find that the total cross section
for p+ g 100 GeV/c is 1.9 mb, or 9% of the total
inelastic cross section. This may be compared with
6.5 mb (31%) for p & 100 GeV/c, corrected in the
same way for measurement error.

We conclude that this is not an artifact of exper-
imental resolution, because the large-p+ events
have indeed very low p: (p+ —p ) for the
p+ & 100 GeV/c sample is 86+5 GeV/c, compared
with —49+2 GeV/c for the full data, and (p )
=57+2 GeV/c compared with 93+2 GeV/c for all
events. Therefore in an appreciable number of
events, the usual leading-particle picture of beam
fragments carrying the same net charge and most
of the momentum of the beam particle is invalid.

One might naively expect that events with large



1186 G. P. YOST et aL 25

p+ would be dominated by high multiplicities, in
which large amounts of the beam energy are ex-
pended in particle creation. This would leave less

energy to distinguish leading particles from other
particles [see e.g., Fig. 1(a)] and hence, perhaps, an
enhanced likelihood that a fluctuation would cause
a number of positive particles together to carry off
a large amount of energy. However, the average

n,h dips sharply for large p+ [Fig. 1(c)], in dis-

agreement with this picture. This latter result can-
not be predicted on the basis of Fig. 1(a) alone,

where there is evidence that the low-multiplicity
events possess particularly large p and small p+.

Figure 1(d) shows the momentum spectrum of
the neutrals, Eq. (2). Since large p comes from
events with simultaneously small p+ and p, it is
a region of high measurement accuracy (as evi-

dence for which, we point out the absence of a tail
of events beyond 205 GeV/c), so we make no
corrections of the type made for p+ and p above.
About 33% of the cross section for p lies above
100 GeV/c, approximately equal to the fraction
with p ~ 100 GeV/c. About 10% lies above 160
GeV/c, which is 80% of the beam momentum.
Clearly, large missing momentum is as important
as large negative momentum in the final states of
these reactions.

As for the positives and negatives, large missing
momenta (high values of p ) are dominated by
events with few charged particles. This suggests
that the dynamical mechanism responsible for pro-
ducing very large p' may be similar for all charges

c, differing only in intenisty. The average multi-

plicity of events containing neutral particles of mo-
menta larger than 100 GeV/c is 4.8, well below the
overall average multiplicity (7.99). However, even

in events with many charged particles, more than
half the available momentum is often found to be
carried by neutral particles: e.g., 20%%uo of the 14-

pronged events and 13% of the 16-pronged events
have p &100 GeV/c.

Finally, comparing the behavior of the average
charged-particle multiplicity as a function of p
p+, and po [solid points, Fig. 1(b) —1(d)], we ob-
serve considerable similarity. This is in contrast
with the behavior of the "inverse" distributions,
which are the average p, p+, and p as a func-
tion of n,h, Fig. 1(a).

We conclude from this discussion that the
transfer of significant amounts of the beam
momentum to particles of charge different from
the beam charge is an important process. We shall
return to this question subsequently. This effect is

most important for low multiplicities. The events
with the largest, and also the smallest, values of p'
are dominated by the low multiplicites; high-
multiplicity events dominate in the region

C
p —3pb am

Momentum distributions in the center of mass

and, second
I

x' I, where x is the Feynman x
(x=p~I /p', „'). The summations run over all

tracks of a given event, as before. In this experi-
ment, p', „' =V s /2, and Ws = 19.65 GeV. We
consider averages over topologies, (x') and

( x'I).
These variables are useful for (among other

things) the following reasons. The sign of x; varies
nc

from track to track, and the sign of g,.',x; varies

from event to event. When averaging x' over a to-

pology to obtain (x'), partial cancellations of both
the track-by-track and event-by-event types are im-

portant. Only the track-by-track cancellations play
a role in (

I

x'
I
). If event-by-event cancellations

are negligible,

(4)

These observations motivate the use of another
variable ri', the fraction of the total energy (=v s)
available in the c.m. which is possessed by the sys-
tem in question':

nc
J

vf=gg; .
i=1

(5)

Energy-momentum conservation requires g (0.5

for any system of mass « v s. The relationship
of ri' to x' and

I

x'
I

is based on the placement of
the absolute-value signs:

nc
J

X lx I
(5')

This equation is exact in the limit of negligible
masses and transverse momenta. Neither event-
by-event nor track-by-track cancellations affect
(ri) (we will henceforth drop the superscript c).

To study momentum distributions in the c.m. we

introduce charge-summed quantities analogous to
those we just used. First, we calculate

nc
Jx'= gx;,
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FIG. 2. (a) Average value of x(=pll™/p',„) as a function of n, t, for the sum of all negative tracks (solid squares)
and of all positive tracks (open diamonds). Results with diffraction dissociation candidate events (defined in Ref. 14)
removed are given by same symbols, circled. Also shown: the same sums but with the highest-(laboratory) momentum
negative or the lowest-momentum positive removed (negatives, solid erect triangles; positives, open inverted triangles).
Solid curves on this and subsequent figures are model calculation for comparison with full data, to be discussed in Sec.
IV. (b) Average absolute value of x for same charge-summed quantities as in part (a). (c) The energy fraction
g(=E, /&s), averaged over all events of a given topology, for the same charge-summed quantities as in part (a).
Also shown: the single highest-rapidity negative (open triangles), and the single lowest-rapidity positive (+ symbols).
For comparison, the single-particle average g is shown by the solid line ("equipartition"), assuming equal number of po-
sitive, negative, and neutral particles.
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Hence, if track-by-track cancellations do not occur,
then (il ) = —,(

~

x
~

). Equation {5') is experimen-

tally accurate to about 5 —10% for low n,h, and
20—30% at high n,h, based on charged particles.
We use il rather than the right-hand side of {5') be-

cause the latter cannot be evaluated for neutrals.
Quantities for neutral particles are obtained by

subtraction, as before.
The results appear in Fig. 2. The solid curves

on this and many subsequent figures represent the
results of a model calculation, which will be dis-
cussed in Sec. IV.

In Fig. 2{a) we observe that the relative behavior
of (x+-) shows the same general structure observed
in Fig. 1, namely, rapid approach of (x+) and

(x ) toward each other for low n,h, nearly flat
behavior for high n,h. Because of the similarity to
the results of Fig. 1, we conclude that the qualita-
tive behavior of (x+) and (x ) cannot be a re-

sult of errors in track mass identification {such er-

rors have negligible effects on Fig. I).
In order to avoid confusion, the neutrals have

not been included on this figure. We compute that
(x ) = —{(x+)+(x )) is roughly independent
of n, h and lies in the region —0.05 to —0.10. A
possible explanation for the neutrals moving back-
ward in the c.m. , on the average, is the effects of
production of neutrons or other neutral baryons as-
sociated with target fragmentation. Because of
their relatively large mass, such particles could
more than compensate for forward-going neutral
mesons.

The data of Fig. 2{a) suggest the leading-particle
behavior described earlier. Interpreted this way,
evidence for leading-particle behavior is present {a)
equally at beam and target vertices, {b) in all multi-

plicities, and {c)beyond n, h
——10 shows no signs of

decreasing to zero as n, h increases.
We also show on Fig. 2{a) the result obtained for

(x+-) when the highest-x negative or lowest-x
positive particle is excluded from the sum. The
simplifying assumption is sometimes made that
these single particle may be identified as the lead-

ing particles. 'We find that (xz+ ) {where R
means "residual" ) actually exceeds (xi' ) by a
small amount, but both are consistent with n,h-

independence and near zero, as would be expected
if the leading particles had been removed. Hence
we conclude that, in this limited way, the idea of a
single-particle leading "particle" has some experi-
mental validity for all topologies. However, evi-
dence given earlier, and to be given below, is not
consistent with this definition of a leading particle.

When events identified as proceeding via diffrac-
tion dissociation {DD)' are removed [encircled
points, Fig. 2{a); less than 1% of the events of
n, h ) 10 are removed], we observe that the data
show significantly less n, h dependence. '

In Fig. 2{b) we show (
~

x'
~

) for the full data
where the averaging is, as before, done separately
for each n, i, . For the neutral particles, (

~

x
~

) is
about as large as (

~

x +-~ ) and as strongly depen-
dent on n,h, in striking contrast with (x ), which
is small {—0.05 to —0. 10) and independent of n, h

It follows, in view of the definitions of (x ) and

(
~

x
~
), that the event-by-event cancellations in

ix; play an important role for the neutral par-
ticles. Thus, on any given event {including the
highest multiplicities), the neutral particles are pro-
duced with about the same degree of asymmetry
{in the c.m. ) as the charged particles, but the sign
of the asymmetry varies from one event to another,
leaving the average of x over all events small, but
the average of

~

x
~

large.
Both (

~

x+
~

) and (
~

x
~

) lie close to their
lower limits

~

(x —)
~

indicating that there is little
or no event-by-event cancellation affecting (x —+).
That is, for most events gx; is positive {beam

direction) and gx;+ is negative {target direction).
The behavior of (il ) is shown in Fig. 2{c).

Perhaps the most striking difference between the
behavior of (il ) and those variables shown previ-
ously is that the topology dependences of (iso),
(il+), and (n ) are comparatively weak and
qualitatively similar to each other. Almost absent
here is the rapid variation at low n, h seen for (x )
and (

~

x
~

). In detail, (il+) is nearly constant {or
shows at most a gradual rise). (n ) shows a
weak n, h dependence, with a change in slope at
n, h

——10, the approximate location of the onset of
the changes in behavior seen in previous figures.

The neutrals have a larger fraction of the c.m.
energy than either the positives or the negatives, at
least up to n, h ——10, beyond which point (il ) ap-
pears to be falling. Since the average number of
neutral particles per event is about equal to the
number of negative or positive particles, for most
n,h, these large neutral c.m. energies are not simply
due to the presence of large numbers of neutral
particles. This large share of the energy suggests
that neutral particles are important participants in
any leading-particle formation that occurs at either
beam or targe vertex. The large c.m. asymmetries
noted earlier suggest that the excess of (il ) over
(n +—) is not, however, due to neutral particles car-
rying large energies at both beam and target ver-
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tices on the same events. As in Fig. 1, a dip at
n, h ——4 may be attributed to the presence of events
with no neutral particles, as demonstrated by the
dashed points, where such events have been re-
rnoved.

Comparing Figs. 2(b) and 2(c), we observe that
the difference between (ri) and —, (

~

x
~
), arising

from the track-by-track cancellations, is quite large
at high n,h. Further, even in the two-pronged
events, with few neutral particles, there are impor-
tant cancellations among the neutral particles. The
argument here is simple and illustrates these ideas.
Thus,

satisfying Eq. (5'), but

and

(g )2p, ——0.39+0.02

(
I

xo
I )zp„——0.29+0.01,

a clear disagreement. This disagreement is not due
to the high-energy approximation used in Eq. (5'),
because (

~

x
~
) is large; it must be due to cancel-

lations among neutral particles of varying x on in-

dividual events. Hence, without having actually
measured any of the neutral particles, we may con-
clude that emission of more than one neutral parti-
cle, into opposite c.m. hemispheres, is an important
process in the two-pronged events.

In spite of the apparent simplicity of these quan-
tities, the requirements of simultaneously account-
ing for Figs. 2(a) —2(c) forces strong quantitative
constraints on relations among individual particle
four-momenta which must be reproduced by seri-
ous models for high-energy processes.

In Fig. 2(c) we select the highest-rapidity nega-
tive and lowest-rapidity positive particles (note that
because of the charge selections, these are not
necessarily the highest- and lowest-rapidity parti-
cles) and plot their energy fractions separately. Al-
though important in the c.m. momentum balance,
these tracks do not play as substantial a role in the

energy of the final state as might be supposed, as
may be seen by comparing the data with the aver-

age energy per particle (curve labeled "equiparti-
tion, " obtained assuming equal numbers of posi-
tive, negative, and neutral particles ). Only a few
percent (less than 10% everywhere) of the total en-

ergy separates the average energies of these ener-

getic tracks from those of the average tracks. We
conclude that this provides little support for the
designation of these particles as leading.

The incisive average values of g are listed in
Table II. We observe, as expected from Fig. 2(c),
that the inclusive (ri ) lies above (g+), which in
turn lies above (g ). We have not identified any
experimental errors or effects that could explain
these differences. In particular, the mass of the
proton is not responsible for the (r)+ ) —(g )
difference, since it has not produced a comparable
difference between the g of the lowest-rapidity
positive particles (expected to include most pro-
tons) and the highest-rapidity neagtive particles
[Fig. 2(c)]. (If we use the lowest-p!, b positive track
in place of the lowest-rapidity positive track, to
test the effects of the mass dependence of rapidity,
we arrive at the same conclusion. )

Finally, we note from Figs. 2(a) —2(c) that the
behavior of the positive and negative systems is
similar. The neutral particles show little or no
overall preference (other than the slight negative
value of (x )) to be produced more often in asso-
ciation with either the beam or the target. There-
fore, the fact that beam and target contain dif-
ferent numbers and kinds of quarks has little effect
on these variables. This is in spite of the fact that
these variables are predominantly determined by
the energy and momentum structure of the extreme
regions, where one would expect to find fragments
of the incident particles.

Laboratory energy fractions

The inclusive laboratory-frame energy fractions
are also listed in Table II. These measurements are
insensitive to the track mass, and therefore (ri!,b)
is very similar to (p ) [F!g. 1(a)]. The changes in

TABLE II. Energy fractions.

c.m. (qj Laboratory

Sum of neutrals
Sum of positives
Sum of negatives

0.374+0.006
0.335+0.005
0.291+0.004

0.34+0.01
0.22+0.01
0.45+0.01
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going from c.m. to laboratory are a reflection of
the net motion of the particles in the c.m. [Fig.
2(a)]. We compare the results for the neutrals with
a cosmic-ray experiment.

For this comparison we remove from (rli', b) the
estimated contribution of neutrons and neutral
strange particles, totaling 5 —10%, and obtain
0.31+0.03 for the laboratory energy fraction for ~
production. This we can compare with Azimov et
al. ' for the pionic component of the cosmic rays
at 400 GeV average incident energy, whose results
may extrapolated to proton targets to yield approx-
imately 0.32—0.33, in good agreement.

Inelasticity

Inelasticity is a variable closely related to the en-

ergy fraction. It is the energy fraction of the non-
leading particles. It is a familiar quantity in
cosmic-ray data, ' ' but very few results have been
published from accelerator experiments, particular-
ly at high energies. Inelasticity is an important
variable in calculations describing the propagation
of hadronic showers through the atmosphere' or
other materials. Inelasticities much smaller than
unity are usually taken as an indication that the in-
teraction has a peripheral character.

Inelasticity may be measured for the event
overall (K), at the target (ET), or at the beam (Elt).
In each case, we define KJ as the c.m. ratio of the
appropriate incident energy (overall, at the target,
or at the beam) minus the appropriate outgoing
leading-particle energy, to the same incident energy
minus the appropriate incident masses. For exam-
ple,

KT l target leading ont) ~i+target ™targetl

To calculate E~„d;„g,„„weuse the single extreme
(in rapidity) charged particle in the appropriate
direction. This single-leading-particle approxima-
tion to the leading particle causes EJ. to be underes-
timated if the "true" leading particle has actually
fragmented into more than one particle. However,
it is a workable operational definition, and enables
comparison with other results. To improve
matters somewhat, we discard those events (with a
compensating reweighting of the others) on which
that chosen particle has the "wrong" charge. The
"right" charge is negative if in the forward direc-
tion, positive if in the backward direction. If there
is an identified proton on the event, it is used in
calculating E~, d'

g 0 t for E and ET, even in cases

where it does not have lowest rapidity.
The results are shown in Fig. 3 as a function of

n, h Note that (E), which falls between (K~)
and (KT), has been omitted from this figure for
clarity.

We observe that (K~ ) lies slightly below (ET )
in general, but that they agree almost everywhere
within about 10%%uo. As was the case earlier, the
behavior of the beam vertex is similar to the target
vertex over a wide range of inelasticity. Both
(Es) and (ET) show behavior analogous to that
seen for (x ) [Fig. 2(a)], i.e., a rapid variation for
low n,h, with a leveling off for n,h & 10 or 12.

When the data for ET are restricted to those
events with protons (corrected for those misidenti-
fied) the points labeled KT are obtained. We ob-
serve that, while (KT) falls above (EIt), (ET)
lies considerably below (Ez ). Therefore protons
are more energetic in the c.m. on the average than
the lowest rapidity (i.e., the most energetic in the
backward direction) m+ on events with no proton.
This is consistent with a model with a composite
leading particle, in which a neutral baryon from its
breakup receives more of its energy than any single
meson, perhaps due just to mass effects.

I I I I I I I I I I

0.8—

O

tf)
D
4)

KT

0.4—

0.2—

I I I I I I I I I I

2 6 l 0 l4 I8
"ch

FIG. 3. Coefficient of inelasticity K (defined in text).
At the target vertex (KT); at the beam vertex (K~); at the
target vertex for events with protons (after correction
for misidentified protons) (K~). Curves as in Fig. 2.
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Behavior of the inclusive distributions

The inclusive Ez distribution is shown in Fig. 4;
inclusive mean values of E, Eq, and Kq, and the
corresponding primed quantities (events with pro-
tons only, corrected for those misidentified) appear
in Table III. Shaded in Fig. 4 is Kz, which
comprises 50%%uo of the total area, by construction,
due to the correction for misidentified protons (see
the Appendix).

The contribution of events with scanner-
identified protons is indicated by the dashed histo-
gram. Note that such events are confined to small

Kz, as expected (since identified protons have large

E, ), and that the correction provides a reason-
able extrapolation from small to large Eq.

A strong peak is visible for E~-=O, correspond-
ing to beam diffraction dissociation. The compar-
able structure expected for target dissociation at
Kz ——0 (not shown) is not seen due to experimental
resolution, a strong function of inelasticity, which
at that point is +0.36 (based on elastic events).
The data (and the misidentified proton correction)
are uncertain near Kr 1, and we——can therefore
draw no conclusions about this region.

Comparison with other experiments

I-
bw
0 D

4000—

3000—

2000—

I 000—

- I.O 0.0
Kg

(.0

TABLE III. Inclusive inelasticity.

Quantity Inclusive average

E
Eg
Ez.
E'
Eg
Ep

0.64+0.01
0.61+0.01
0.65+0.01
0.55+0.01'
0.62+0.01
0.46+0.01'

'Statistical errors only.

An accelerator experiment measuring inelastici-
ty in pp collisions at 19 GeV/c, reports an average
inelasticity of 0.54 (no error quoted). This result
used identified final-state nucleons for the determi-
nation of Ez, hence, we compare with our primed
quantities (Table III). For pp collsions,
(K') =(Kz) =(Ez); hence we should compare
perhaps with our Kz (Table III). We observe poor
agreement. However, both experiments are subject
to (different) systematic errors in proton identifica-
tion. We observe good agreement with E'.

Cosmic-ray measurements of E', using primarily
nucleon-nucleon collisions, find' average values

FIG. 4. Spectrum of target inelasticity E&. Full his-
togram shows complete data; shaded are events with
protons (after correction); dashed histogram: events
with scanner-identified protons. Corrected proton
events form a smooth continuation of identified proton
events. The resolution, a strong function of inelasticity,
is best near Eq ——0.

near 0.5, with a spread in values of about +0.15,
nearly independent of energy from 25 to 3000
GeV. This is measured in the laboratory frame,
with the leading particles identified as the fastest
and slowest nucleons. Because the systematic er-
rors, particularly in the identification of the lead-

ing particle and in the cosmic-ray primary energy
determination, are large, we ignore the small
correction required by the transformation from
c.m. to laboratory frame. ' ' ' The current results
(K') =0.55+0.01, (Kr ) =0.46+0.01 (Table III)
are in the middle of the range of cosmic-ray data.
Near our energy, a particular cosmic-ray experi-
ment, which directly observed only the nonleading
particles, reports (K') =0.37+0.02, near the low
range of cosmic-ray results. However, the quoted
error includes no estimate of systematic errors.

We conclude that pion-proton and nucleon-
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nucleon collisions show similar behavior in inelasti-
city over a wide range in energy, within the spread
in experimental results.

Summary of Sec. IIIA

We have considered the behavior of a number of
energy-momentum variables which are simple in
conception, but which are of considerable value in

analyzing the structure of the inelastic final states.
In the laboratory frame, p+-' were shown, where
the neutral particles are treated formally the same
as the charged particles. We found that the nega-
tives carry more momentum than the positives, on
the average but that on -9%%uo of the events the po-
sitives, and on ——, of the events the neutrals, car-

ry more than half the beam momentum. The ex-
treme high and low values of p+-' are all dominat-
ed by low-multiplicity events. The high-
multiplicity events have p+-' clustered around
—,pb„(although (p ) & (p+) for all topologies),
with a relatively small fraction at very high or very
low values.

We compared (x ), (
~

x
~
), and (q) for all

multiplicities. Some radical differences are seen,
giving insight into the effects of both track-by-
track cancellations in the sign of x; and event-by-
event cancellations in the sign of gx;. A striking

observation is that the resultant momentum of the
sum of all neutral particles is approximately as
large in absolute value as that of the positives or
negatives, which are known to have large asym-
metries arising from leading-particle effects. How-

ever, the small value of that resultant on the aver-

age over all events indicates that its sign must flip
from event to event.

Inelasticity is widely used in cosmic-ray data
analyses and in studies of the propagation of ha-
dronic showers through matter. Our values agree
with the main body of cosmic-ray data, showing
inelasticity of both pion-nucleon and nucleon-
nucleon collisions to be about one-half.

Most quantities we have shown display a strong
n,b dependence for n,~ (10, and little dependence
for n,b & 10. A simple exchange model for the n,z
dependence we observe might require just two
mechanisms, one of which (e.g., Pomeron ex-
change) is present only for low n,q, with the pro-
portion of events thus produced decreasing rapidly
with rising n,b, and completely gone by n, z -10.
The signs we have seen for a flat n,q dependence
for n,& & 10 would be readily accounted for in a

model in which the dominant production mechan-
ism is the same for the entire high-multiplicity re-

gion. ' These points will be returned to in later
discussion.

In general we may conclude that the quantities
we have shown, which are sensitive to the extreme
forward and backward kinematic regions, show no
clear-cut dependence on the type of incident parti-
cle, i.e., in the backward hemisphere these variables
are distributed in a way almost mirror symmetric
to the forward hemisphere.

In the next section we examine the charge struc-
ture of the extreme forward and backward-regions
in more detail.

8. Charge structure

In the preceding section, we studied the produc-
tion characteristics of particles of different charge.
In some cases the observed effects could be attri-
buted to leading-particle production, since usually
a net negative charge is associated with forward-
going particles, and a net positive charge is associ-
atmi with those going backward (in the c.m. ).

In this section we study this question in more
detail. The charge emission in the final state will
be measured as a function of rapidity y. Other ex-
amples of studies of charge structure, of relevance
to the present analysis, may be found in Ref. 11.

Rapidity ordered charge-d preferences

We begin by listing the outgoing charged parti-
cles in an event in order of increasing rapidity.
We then calculate the frequency f, averaged over
all events, that the particle appearing at any partic-
ular location in the list is negative. The average
charge (q) =1 2f. f will sometime—s be given a
superscript (1,. . ., n, q) and subscript (t or b) indi-
cating the location relative either to the lower end
of the list (near the target rapidity) or the upper
end of the list (near the beam rapidity). For exam-
ple, f, corresponds to the outgoing charged parti-
cle with the second lowest rapidity, and fb is the
frequency with which the highest-rapidity charged
particle is negative.

Purely random (e.g., thermodynamic) particle
emission would predict fb f,'=0.5. In the si——mple
picture in which the highest-(or lowest) rapidity
particle is a leading particie produced by neutral
exchange (e.g., Pomeron), one expects fb 1.0, ——
f,'=0.0, and all the others to average 0.5. We will
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FIG. 5. n,h dependence of average negative charge

per event for specified particles ordered by rapidity.

fP:nth out—going particle in order from beam (highest-

rapidity) vertex; f,":same in orde—r froin target
(lowest-rapidity) vertex. (a) n =1 ("extreme" particles)

(b) n =2; (c) n =3; (d) n =4. For orientation, lines of
no charge preference (f=0.5) are shown.

ried by neutral particles. We conclude that in the
forward direction, any leading-particle production
which occurs is a complex process involving parti-
cles of all signs of charge, any one of which can
under some circumstances carry a dominant frac-
tion of the momentum of the leading particle. The
same arguments may be applied also to the back-
ward direction, because of the symmetry we have
demonstrated.

In Figs. 5(b) —5(d) we observe that on average
some "memory" of the incident charge is retained

by outgoing particles at least up, to the fourth re-
moved from the extreme, i.e., there is a net charge
preference. There is no apparent diminution in the
size of the effect after the first. This means that
incident-charge-related effects extend well away
from the extreme outgoing particles.

Inclusive values of f/, , are given in Table IV.
From Table IV, it may be seen that fb -=1 f,', —
within a few percent, inclusively. From Fig. 5, the
same results may be observed for each n,h, within
errors. Hence, we conclude there is a symmetry
between processes at beam and target vertices in re-
gard to average charge structure.

henceforth use the terminology "extreme particles"
to denote these highest- and lowest-rapidity parti-
cles.

The data are shown in Figs. 5(a) —5(d), for
1 & n & 4, as a function of n,h. Redundant data
points are eliminated; for example, for n, h ——4,
f, =fb, and fq =f, , and are therefore deleted. For
fb and f,' we observe a rapid n, h dependence at
low n,h, with approximate n, h independence for
n,h & 10. In that respect, this is similar to the
behavior of (p~,b), (x), and (

~

x
~
) seen previ-

ously.
We further observe fb &f,' for all n, h This su. p-

ports the concept of leading particles, but since

fb+1.0 and f,'+0.0, the highest- (or lowest) rapi
dity charged particle actually has a charge opposite
that of the beam (or target) a fraction of the time
which is, for n,„&10, & —,. For example, for
n, h

——12, fb ——0.62+0.03, indicating that although
62% of the extreme forward charged particles in

this topology are negative, 38% of them are posi-
tive. Even for low multiplicities, e.g., n, h ——4, 21%%uo

are positive. We noted earlier the correlated result
that in 9% of all events more than half the avail-
able momentum in the laboratory frame is carried
by positive particles, and also that on 33% of the
events at least half of the total momentum is car-

Rapidity size of charge prefere-nce regions

We see from the above that the incident charge
is reemitted over a range in rapidity, not concen-
trated in a single particle or at a single rapidity.
With this in mind, we proceed to measure the
average size of this range, in rapidity units.

We plot the rapidity y; of particle i relative to
the rapidity of the extreme particles. Define y~ as
the highest charged rapidity actually observed on a
given event, yI as the lowest. Then we use the
(non-negative) quantities yH; ——yH —y; and

yL;
——y; —yL. One of the extreme particles there-

fore always lies at the origin; the abcissa measures
rapidity distance from that point. In this experi-
menty~; andyL, ; are &8 units. yH, yl. , and

yH —
yL, vary with the event.

In terms of these quantities we can study pro-
cesses dependent upon rapidity distance from the
extreme particles, rather than upon the absolute
laboratory rapidity. If leading clusters, resonances,
or fragmenting quarks are emitted, the charged
particles from their decay will populate a certain
range of rapidity. We should be able to measure
the extent of this range in a manner insensitive to
the actual rapidity at which the cluster or reso-
nance is emitted if we look at f as a function of
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FIG. 6. Average negative charge per event as a function of rapidity relative to that of highest-y particle

(ya; =yh;sh~t —y~«,a„) or lowest-y particle (yL;=y„„,—y;). (a) As a function of yH;, (b) as a function of yL, (c) same as

(a), requiring that particle H be negative; (d) same as (b), requiring particle L be positive; (e) complement to (c), i.e., re-

quiring particle H be positive; (f) complement to (d), i.e., particle L is negative. The particles at i =H or i =L are
shown dashed on parts (a) and (b) at 0.0; omitted otherwise. The maximum value of yH; or yL; in this experiment is
about 8 units.
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y» or yL;. We shall see that we measure a larger
size, or rapidity extent of the charge preference re-

gion, than other techniques have given for single
cluster sizes, a fact which will be further discussed
in Sec. IV.

We give f as a function of y» in Fig. 6(a), and f
as a function of yL; in Fig. 6(b). The particles
i =H and i =I-, appearing at y» ——0 and yL; ——0,
respectively, are not included with the rest of the
data, but appear as dashed points. Note that these
points give the inclusive fb and f,', respectively,
also listed in Table IV. The lines of no charge
preference, f=0.5, are shown on the figures, for
reference.

On both Figs. 6(a) and 6(b), a clear structure

may be seen. For low y» (yL;) the dominant

charge is that of the beam (target). This domi-

nance extends for a distance of about 2 units of ra-

pidity in each case, followed by dominance of the
opposite charge with little or no flat transition re-

gion in between. Each topology separately (not
shown) shows similar structure. Hence, the in-

cident charge prefers to be emitted locally, in rapi-

dity, over a range of about 2 units at our energy.
We will see below that this range does not contain
a full unit of electric charge.

We can further investigate the question of
charge structure by dividing the events into four
categories; those that have a negative particle at

y» ——0 and those that have a positive particle there
and similarly at yL,;.

Figure 6(c) shows the resultant f as a function
of y» for events which have a negative particle at

y» ——0 (the fixed-charge particle at i =H is itself
excluded from the figure). We observe a flat re-

gion extending about 3 units of rapidity from

y» ——0, showing a slight preference for the charge
opposite to that of the beam particle. Hence, in

the region closely associated with the beam [which
we shall define on the basis of Fig. 6(a) as y» & 2]
we observe a form of charge compensation: the
charges emitted at these nearby rapidities partially
cancel the beamlike charge of the extreme particle.
Quantitatively, the average total charge emitted in

y» &2 is ( —0.87+0.03)e for these selected events;
for the full data the result is ( —0.73+0.02)e. A
similar (mirror image) effect is seen if Fig. 6(d),
which shows f as a function of yL; for events with
the particle i =L positive (that particle is again ex-
cluded from the figure). The average total charge
in yL; & is (+ 0.87+0.03)e for these events; the full

data gives (+ 0.71+0.02)e. As a function of mul-

tiplicity (not shown) the average total charge emit-

ed for y» &2 (yL; &2) is almost constant, becoming
slightly more negative (positive) for n, h

——2 and 4.
Corroborative results are seen in the behavior of

the ordered charge frequencies ft", and f," given in-

clusively in Table IV. Thus, if the highest-rapidity
particle is negative (denoted by ft,

' =1.0), the parti-
cle next to it favors positive charge somewhat

(fb=0 43+.0 02) . At . the other extreme, we see a
similar reversal of roles: given f,' =0.0, we find

f, =0.55+0.02.
In Fig. 6(e), we now require the charge at i =H

be positive (that particle is excluded from the fig-
ure, as before). We observe a striking negative ex-

cess at low y»; Fig. 6(f), where the charge at i =L
(excluded from the figure) is negative, shows a
similar positive excess at low yl;. This is a dif-
ferent manifestation of charge compensation, in
which the compensation effect has more than can-
celed the charge of the extreme particle, but not
enough so that a full unit of beamlike or targetlike
charge is emitted in the beam-associated or target-
associated regions. That is, the net charge for
y» & 2, including the positive particle at i =H, is

( —0.40+0.05)e, and for yL; &2, including the nega-
tive particle at i =L, is (+0.23+0.05)e.

We conclude that there is a charge compensation
effect in the extreme regions. Similar results are
observed in e+e collisions, and other reac-
tions. ' ' We conclude further that less than
one full unit of charge is emitted in any small rapi-
dity interval including either extreme particle. In a
multiperipheral-type model, this may be accom-
plished by "migration" of the incident charges to-
ward each other in rapidity, leading to depletion of
the net charge in the extreme region, or cancella-
tion due to the presence of the opposite charge. In
either case, with the opposite incident particles
having opposite charge, neutral-leading systems
may be produced.

We also observe "wrongly" charged leading sys-
tems: we find that for 10%%uo of the cross section
the net charge in y» & 2 is positive, and symmetri-
cally for yL; & 2. It would be of interest to com-
pare with m. +p reactions, for which migration of
the incident charge away from the extreme region
does not produce the same effect as migration of
the opposite incident charge into the region.

In a simple quark model, if a clear leading jet is
formed, it might have an average charge equal to
that of the quark around which it formed:

1

(q )s ————,e, (q ),= —,e, the average beam and tar-

get valence quark charges. However, the data
show e&

~
(q)

~
& —,e in eithery» &2 oryL; &2,
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TABLE IV. Inclusive charge probabilities.

Specification' Requirement Probability of negative charge

fb
2

fb
2

f2

f2

f2

2

f,' =0.0'

fb = 1.0d

fb =0 0'.
fI, = 1.0~

f, =0.0'

ft ——1.0

fg =1.0"

fb =0.0'

f,' =0.0'
fI=1 0

fb =1.0
fb =o.o'
f,' =0.0'
f~'=1 o'

0.70+0.01
0.71+0.01
0.55+0.02
0.87+0.01
0.24+0.01
0.23+0.01
0.40+0.02
0.09+0.01
0.55+0.01
0.43+0.02
0.79+0.02
0.58+0.02
0.47+0.03
0.45+0.01
0.41+0.02
0.55+0.02
0.55+0.02
0.19+0.02
0.55+0.01
0.47+0.01
0.55+0.02
0.49+0.02

'For f', exclude n, h =2; for f ', exclude n,h=2, 4; for f, exclude n,h=2, 4, 6.
Blank indicates no requirement imposed.

'Specified particle is positive.
Specified particle is negative.

and in all smaller regions including the extreme
particles. We find this to be only weakly depen-
dent upon yH or yL (actually showing a slight in-

crease as the rapidity separation y~ —yl of the ex-
treme particles, which might be a measure of the
"clearness" of the leading jet, increases). Thus we
have no evidence for clear leading single-quark jets.

Finally, careful comparison of Figs. 6(c) and

6(e), which display disjoint samples of events, indi-

cates that they are nevertheless in close agreement
with each other in the high-yH; region (greater
than about 2 or 3 units). A similar comparison of
the data of Figs. 6(d) and 6(f) leads to the same
conclusion, for yL;, although in this case close
agreement is seen only for yl; & 4 or 5 units. We
conclude that the average charge structure at suffi-
ciently great rapidity distances from a given ex-
treme particle is completely independent of the
charge on that particle.

The idea that the behavior of the target vertex is
independent, up to kinematic factors, of the
behavior of the beam vertex is known as factoriza-
tion. By a study of the charge structure as in Fig.

6 we are able to test this idea in a single sample of
events, rather than, for example, by comparing tar-
get dissociation for different beam particles. We
find consistency, for rapidity regions sufficiently
far separated.

The inclusive rapidity-ordered frequencies f»
and f, support this finding (Table IV). That is, fb
is unchanged, within errors, by the requirement

f, =0.0, and f, is likewise independent of fb
However, the nearest-neighbor (second-highest and
lowest-rapidity) particles do not share this proper-
ty: fb is correlated with f, , and f, is correlated
with fl,

'

Total rapidity span

In Fig. 7 we display the mean total rapidity span
of the charged secondaries, Ay«, ——yH —

yL, . This
falls in the rather narrow range of about 4—5 un-

its, decreasing only slowly with n,h. The charged
particles become increasingly densely populated in
rapidity as n,h increases. The inclusive average is
4.79+0.03 units. Therefore, the size of one of the
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Average rapidity spanned
by outgoing charged particles

rapidities (near the beain or target). A slight aver-

age charge preference is suggested even for parti-
cles with very small c.m. longitudinal momenta.

Effect of 6++ production

4O

Cl

I

2 6 IO I4 I8
"ch

FIG. 7. The average total range of rapidity, 4y«&

spanned by all charged particles, as a function of n,h.

regions of charge dominance established above,
2 —3 units, covers just about half of the average to-
tal rapidity range populated by the charged secon-

daries.

Hence, on the average event the two opposite ra-
pidity regions dominated by the charges of the in-

cident particles must meet. This suggests that the
lack of a central region of no charge preference ar-
ises because these regions terminate only by en-

countering the region of opposite sign. The results
of an experiment with a neutral target, Klad-
nitskaya et al.," support arguments that the re-

gions throughout which the charges of the incident
particles are reemitted are even larger than the
2 —3 units of rapidity inferred from Figs. 6(a) and
6(b). We have similarly discussed evidence [e.g. ,
Figs. 6(c) and 6(d)] that the rapidity region popu-
lated by the particles that are carrying off the net
target charge actually overlaps with that of the
beam charge, and vice versa. Since the extreme
particles are independent of each other, we can set
an upper limit to the size of these regions as less
than (by«, ). Experiments at very great energy
are necessary to see if these regions separate and
leave a true central region in between.

Finally, we find (not shown) that the region of
charge preference is not confined to large absolute

Strong 5++ production, visible at least up to
n, h ——10, is an obvious mechanism for generating
charge structure differences between beam and tar-

get fragmentation regions. The absence of a
known m m. resonance precludes an analogous ef-
fect at the beam vertex, and non-doubly-charged
resonances occur at both beam and target vertices,
where they may be expected to have similar effects.
However, comparison of Figs. 6(c) and 6(d) shows
no significantly greater tendency for positives at
low yL; to lie close together than for negatives at
low yH;. Further, f, [Fig. 5(b)] shows no dip at
low n,h, where 6++ production has the largest
fraction of the topological cross section. There is a
suggestion of a dip for n,h

——10, which might be
attributed to nondiffractive 5++ production.
However, for the same n,h, we find f, =0.61+0.04
(i.e., to favor negative charges) when it is required
that the lowest-rapidity particle be positive

(f, =0.0), approximately mirror symmetric with
the result at the beam vertex: fb =0.45+0.05 when

fb 1.0, contrar——y to expectations for any strong
6++ influence.

We conclude that no clear charge-correlation ef-
fects due to 6++ production are visible in these
distributions.

Summary of Sec. III 8

We have studied the charge structure of the em-

itted particles in order to clarify the role of the
charge incident at each vertex. We find that the
extreme particles carry that charge off more than

3
of the time overal l, but that this fraction varies

from about 95% for the two-pronged events down
to 50 or 60%%uo for the highest multiplicities studied.

The second-, third-, and fourth-highest- (and

lowest-) rapidity charged particles show a definite

net preference for the charge of the incident beam

(target) particles also, a preference which is ap-
proximately independent of charged multiplicity.
These particles are far more likely to carry this
charge when the extreme particle itself has the op-
posite charge.

As a function of rapidity distance from the ex-
treme particles, we observe a preference for the in-
cident charge which decreases smoothly until, after
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about 2 or 3 units, the preference changes sign,
with no appreciable transition region. We define
this distance to be the size of the region closely as-
sociated with the incident particle. When events
are selected with the extreme particle having a
given charge, the nearby particles exhibit a com-
pensation effect. This has the result that the net
charge emitted in the region closely associated with
a given incident particle is less than a full unit of
charge, but greater nevertheless than the average
charge of the quarks in the incident hadrons.

The charge structures in rapidity regions
separated by a sufficiently large interval (at least
-4 units) are independent of each other, consistent
with factorization. In particular, the average
charges of the opposing extreme particles are in-

dependent of each other.
We have further shown that the average "span"

of the events is just about double the span of either
of the charge-preference regions. Hence, we infer
that the two opposite-charge-preference regions are
juxtaposed. In fact, they might have extended for
more than 2 or 3 units of rapidity in the absence
of the cancellation from the opposing charge from
the other extreme.

We find that these results are not sensitive to the
actual c.m. rapidity at which the extreme particles
are emitted. Finally, we observe no noticable inAu-

ence of the doubly charged 5++ resonance on this
charge structure.

IV. COMPARISON WITH A SIMPLE
CLUSTER MODEL

These data provide a basis for testing models of
inelastic hadronic reactions. Models which
describe the process in terms of the emission of a
limited number of groups of particles, clusters, or
jets, have received a great deal of attention. Clus-
ters which may be thought of as generalized reso-
nances, provide a framework for the description of
such effects as short-range order. If produced by a
multiperipheral type of mechanism, clusters exhibit
strong momentum-transfer, and, hence, transverse-
momentum damping, and are emitted at irregular
intervals of rapidity as illustrated in Fig. 8. Lead-
ing clusters are shown with solid lines; an example
of overlap of two clusters is explicitly shown.

We performed a calculation of a specific model
to simulate the present experiment, based on an ex-
tension of a suggestion of Chan et al. ' Briefly,
we have considered production of two or more
clusters with mass spectrum given by the model.
Cluster decay multiplicities and particle charge as-

signments are chosen by us as a function of cluster
mass to resemble real resonances. Charge 0, +1
exchange is allowed; a second version of the model,
allowing only zero charge exchange, was also com-
puted and will be occasionally referred to for com-
parison. Baryon exchange is neglected. We have
adjusted no parameters to fit the data. The mean
total number of particles turns out to be (n„, )
=11.7 with an rms width of 4.6 and (n,h) =8.0
with an rms width of 3.1, compared with the actu-
al data, which have (n,h ) = 7.99 +0.06 with an
rms width of 3.87 for the inelastic channels. The
model incorporates a single trajectory for all ex-

change links. Hence, we expect variables depen-
dent upon momentum-transfers to agree with the
data only on the average over all exchanges (in-

cluding Pomeron). The number of gr 's per event is
roughly equal to n,h/2 as in the real data, al-

though it is somewhat higher at low n,h.
The results may be seen as hand-smoothed

curves in Figs. 2, 3, 5, and 6.
Nonzero (x+—) [Fig. 2(a)] comes from forward-

backward c.m. asymmetries occurring in charged
particle production. In cluster models, such asym-
metries can arise as a consequence of "limited lead-
ing charge flow. " That is, the average charge of
the clusters produced nearest the beam in rapidity
is expected to be negative, and those nearest the
target positive (we neglect double charge-exchange
throughout). This occurs because the charge which
is incident at opposite ends of the rapidity axis
(Fig. 8) must be either exchanged or emitted at
each successive cluster emission point. Therefore,
even if one adopts a model in which charge ex-
change is somewhat favored over neutral exchange,

Leading cluster~

r

Rapidity y

8 units

FIG. 8. Rapidity-axis diagram illustrating emission
of clusters.
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the "flow" of incident charges toward each other
down the rapidity axis will be interrupted by emis-
sion at some point, or by mutual annihilation.
Clearly, any cluster emitted at higher y than the
negative cluster of largest y must have net charge
zero, and similarly at the other extreme.

We can understand qualitatively some features
of the behavior of (x +-) [Fig. 2(a)] if we make the
simplifying assumption of no charge flow. That is,
the highest-y cluster is negative, the lowest-y one is
positive, and all others are neutral. Then, assum-

ing forward-backward symmetry in the production
of all clusters other than the leading ones, (x+-) is
determined by the leading clusters, being a func-
tion of their average momentum transfer and mass.
For fixed mass, increasing momentum transfer
reduces the longitudinal momentum of leading
clusters and hence brings (x +—) closer to zero. If
the average mass of the leading cluster is at most a
weak function of n,~, then the argument may be
reversed to show that (x+-) provides a measure of
this average momentum transfer, which is a func-
tion of the exchange mechanism. In most models,
only a finite set of such mechanisms is expected to
contribute significantly. Therefore there should ex-
ist a maximum value to the average momentum
transfer we expect to observe. We call this effect
"limiting peripherality, " since a maximum to the
average momentum transfer implies a certain lower
limit to the character of the interactions known as
"peripherality. "

Experimentally, we have noted a tendency for
(x +—) to flatten out at small magnitudes at high

n, q [Fig. 2(a)]. Similar tendencies appear also in

(p +—) [Fig. 1(a)], (
~

x +—
~
) [Fig. 2(b)], and possibly

also (Er) and (Es) (Fig. 3). This behavior is
consistent with limiting peripherality, because a
plausible interpretation of the leveling off is that it
is a result of saturation of the momentum transfer
to the leading clusters. That is, at high multiplici-
ties the (allowed) exchange which produces the
maximum average momentum transfer is dom-
inant.

In the model calculation, we find (x+-) roughly
constant [Fig. 2(a)], which is to be expected by this
reasoning, because only a single type of exchange is
used for all n, I,. We find also, by comparison with
the calculation with no charge exchange, that
(x +—) is not sensitive to the amount of charge ex-
change called for in the model. Hence, the as-
sumption of zero charge exchange made previously
may be relaxed.

We have found, by varying the proportion of

m 's in the model, that (g ) is sensitive to the pro-
portion of neutral pions per event. Thus, the rise
in (r) ) seen at low n,s for the model reflects the
predicted increase in the proportion of m 's to
charged particles at low n,q.

In Figs. 6(a) and 6(b) the charge-exchange model
(shown) is in good agreement with data. The
model without charge exchange (not shown) is in
reasonable (but not quite as good) agreement; the
contribution of charge exchange to the observed
size of the regions of charge dominance (-2 units)
is not clearly established by these calculations. In
both versions of the model, the rapidity region po-
pulated by the charged decay products of a single
cluster is only about 0.5 to 0.6 units wide on the
average (dominated by single-charged-particle clus-
ters of zero width), in reasonable agreement with
the estimate from correlation studies, -0.7 units, "
but the distribution of these cluster widths extends
beyond 2 units. In the absence of charge exchange,
the presence of regions of charge dominance ex-
tending beyond -0.6 units can be explained as be-

ing due to unusually broad leading clusters carry-
ing the charge of the beam or target.

In conclusion, we have calculated a cluster
model for comparison with the data. Serious
discrepancies are observed with the distributions of
energy and momentum variables, although averages
over all n,~ are in fair agreement. It is likely that
there would be better agreement between model
and data if a more complete set of exchange
mechanisms were incorporated.

V. SUMMARY

We have shown distributions of novel variables
which are simple conceptually, and easy to calu-
clate, and which provide new insight into 205
GeV/c n. p interactions. The results provide con-
straints on models for multiparticle production.
Our results are most sensitive to processes occur-
ring at the opposing extreme regions of the rapidi-

ty spectrum.
The charged-summed variables p', x', and g' al-

low us to treat all charges c =+, —,0 on an ap-
proximately equal footing. Taking averages over
numerous events reduces the effect of random ex-
perimental errors. The results show clear asym-
metries for all topologies. In the c.m. the nega-
tives have net momentum forward, the positives
backward. The neutrals turn out to be as asym-
metric as the charged particles, but the sign of the
asymmetry varies from event-to-event, leaving only
slight net backward motion on the average over all
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events. The negative-positive asymmetry decreases
with n, h until approximately n,h ——10, beyond
which a saturation effect appears to be present.
This saturation effect, which we call "limiting
peripherality, " could be attributable to the domi-
nance at high n,h of a single exchange mechanism.
Indeed, a model calculation incorporating a single
exchange mechanism for all topologies shows a
nearly flat n,h dependence.

These asymmetries find a natural explanantion
in terms of leading-particle production with limit-
ed leading charge flow. That is, the leading parti-
cles (which may also be clusters, resonances, or
jets, and which can be defined in a multiperipheral
picture as those particles emitted at one of the ex-
treme vertices of the multiperipheral diagram) may
either carry the charge incident at the vertex or be
neutral, so that the average is not neutral. This
behavior has been shown not to be confined to dif-
fractive processes, as defined herein.

The beam and target vertices show similar
behavior in all variables studied. No statistically
significant effects traceable to 6++ (1238) or other
resonance production have affected this similarity.
The independence of the two vertices (or their
"factorizability") has been tested with respect to
the charge structure of the opposite extreme re-

gions and found to hold for events with sufficient-

ly great rapidity span.
The c.m. energies are partitioned nearly equally

among the charges, with the positives receiving
1

about —, of the energy, the neutrals somewhat

more, the negatives somewhat less. These fractions
are roughly topology-independent. In the laborato-

1

ry, the negatives get nearly —, the energy, the neu-

trals —,, the positives the remainder, on the average

over all events. As a function of topology, both
negatives and positives show a strong variation in
il&+—,b [which is approximately proportional to p+-,

Fig. 1(a)], in contrast with the c.m. case.
The single highest- or lowest-rapidity charged

particles cannot be uniquely identified as the lead-

ing particles. For example, in -30%%uo of the cases,
they have a charge opposite to that of the incident
particle. In cluster models, this is at least partly a
consequence of overlap of the decay products of
nearby clusters, as illustrated in Fig. 8. However,
we have also seen that in many events most of the
laboratory energy is possessed by neutral or posi-
tive particles. Thus beam-associated leading parti-
cles have a significant probability of transferring
most of their energy to particles of nonbeamlike
charge. These phenomena find a natural explana-

tion if leading clusters decay into several particles,
some of which are neutral or positive. Then there
must be a substantial probability that most of the
laboratory energy of the cluster appears on a single
particle, which may be any one of the decay pro-
ducts. The large number of events with high-

energy neutral particles suggests that the number
of neutral decay products of forward leading clus-
ters may be comparable to the number of negative
decay products, on the average.

The insight we gain into leading-particle
behavior with the use of the above variables does
not depend on requiring any particular rapidity

gap between particles, such as is often needed when
an attempt is made to separate and identify leading
particles. Indeed, we have shown that the regions
of charge preference are contiguous in rapidity
with no evidence for a featureless central region,
making such a separation at best an ambiguous
process.

We have measured inelasticity for events in
which the incident charge is carried by the highest-
or lowest-rapidity charged particle or by a proton,
in the hope of thereby determining a significant
fraction of the energy of the leading particle. This
provides a useful comparison with cosmic-ray re-
sults available over an enormous energy range,
from which we deduce that the extreme regions are
similar in mp and pp collisions from 25 to 3000
GeV, consistent with limiting fragmentation. The
target inelasticity computed from the outgoing nu-

cleon appears considerably different from the beam
inelasticity computed from an outgoing ~, but
this may be a consequence of neglect of other par-
ticles produced in beam and target fragmentation
rather than a real difference between the vertices.
The n, h behavior of the inelasticity suggests again
that a change in the dominant production mechan-
ism occurs around n, h ——10, with little or no n, h

dependence thereafter.
The distribution of leading charge has been stud-

ied by looking at charge imbalances as a function
of rapidity distance from the leading (outgoing)
edge of the event, in two ways. First, we looked at
the first, second, etc., particles in order of rapidity
from the leading edge, otherwise ignoring the rapi-
dity at which they were emitted. We find that the
first particle has a strong charge bias which
depends on multiplicity. Also, the second and sub-

sequent particles retain some memory of the
charge of the corresponding incident particle.

Second, we studied the size of the rapidity re-

gion over which charge dominance was observed,
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measured with respect to the extreme particles.
This size, about 2 units, is about half the average
total rapidity spread populated by the charged
secondaries, and is not very sensitive to the actual
rapidity at which the particles are emitted. This
size is larger than the average rapidity spread of
charged particles from clusters, estimated from
correlation studies to be -0.7 units. " From our
calculations, which predict the average rapidity
spread of clusters to be 0.5 —0.6, in reasonable
agreement with that number, it appears that the 2-
unit size we observe can be explained as a conse-
quence of leading clusters with greater th@n aver-

age rapidity spread, possibly accompanied by lead-

ing charge flow. There is evidence to suggest
further that the characteristic y range populated by
particles which carry off the beam or target charge
might be larger than 2 units. That is, in some
events the leading charge in the first 2 units of ra-
pidity may be partly or wholly canceled by "flow"
of the leading charge out of the region or of the
opposite leading charge into the same region. For
example, the net charge excess in the 2 units of ra-
pidity over which dominance is observed is less
than one full unit of charge (in absolute value). As
an extreme case, on about 10% of the events a net
charge opposite to that of the nearby incident par-
ticle is emitted in the first 2 units of rapidity.

If leading charge flow occurs, then neutral lead-

ing clusters are produced. Some evidence for this
comes from the existence of events with large
missing momentum in the laboratory; neutral lead-

ing clusters decaying entirely into neutrals (e.g. ,
nm ) would produce such events.

The cluster-model calculation we have presented
represents a worthwhile first step in understanding
these events, but cannot be taken too seriously in
view of its disagreement with aspects of the data.
The logical next step would appear to be to incor-
porate a realistic set of exchange mechanisms to
replace the single effective trajectory we have used.
Reproducing the distributions we have presented
provides, we believe, an effective yet simple test of
the ability of any model to describe high-energy
m p interactions.
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APPENDIX: TRACK
MISIDENTIFICATION

All tracks other than identified protons are tak-
en to be pions. This identification was subjected to
verification at the analysis stage, based on a com-
parison between the reconstructed m.+ and proton
interpretations of the track, using (i) the calculated
projected ionization and (ii) the value of the mass-
dependent rms deviations on film of the measured
points from the fitted curve (FRMS). With the use
of these criteria, the identification of a track was
changed from proton to m+ or vice versa on about
5% of the events. From study of events having
four-constraint (4C) fits, where the protons are
identified kinematically, the efficiency of the
final-proton identification was found to be nearly
100% for proton momenta below 400 MeV/c, de-

creasing to about 70% at 1.1 GeV/c, and falling
rapidly for higher momenta. The average for all
4C inelastic fits (predominantly four- and six-
pronged events) is 88%%uo.

Misidentification of a track does not significant-
ly affect its laboratory momentum determination.
However, the track mass assignments may have
important effects in the transformation to the c.m.
system. Because most variables used in this
analysis involve groups of particles rather than sin-

gle tracks, the effects of mass misidentification of
a single track are diluted. The most important ef-
fects are due to misidentified protons. E-+and e+-

tracks occur less often than protons and do not
differ in mass from the pion as much as protons,
hence their effects are estimated to be smaller.
Further, they should affect positives and negatives
approximately equally, and therefore are not likely
to seriously affect comparisons between positives
and negatives.

On the basis of charge independence one might
expect the baryon to emerge as a neutron on
roughly —, the events. ' The observed fraction of
the events with an identified proton is a smoothly
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decreasing function of n,h, from -50% for n, h ——2
(inelastic) to about 10—20% for n,» 10, a fact
we attribute to misidentification of protons.
Corrections for this effect were estimated on the
basis of a subsample of the events on which tracks
duplicating the probable characteristics of misiden-
tified protons were found. These tracks, at most
one per event, were assigned a proton mass, and
events thus doctored were included with an ap-
propriate weight (described below) in the "identi-
fied proton" sample.

The proton-simulating tracks were selected from
events with no identified proton. The positive
track with the largest production angle on a ran-
dom side of the event with respect to the beam, as
viewed in projection, was chosen. Events in which
the selected track had momentum less than 1.0
GeV/c were then discarded, since we believe that
g 70% of such real protons have been identified,
and these tracks do not therefore reflect the true
characteristics of misidentified protons.

By selecting on the basis of production angle
rather than momentum we have some protection

against underestimation of high-momentum pro-
tons. That is, we do not always select the slowest
track on the event. On the other hand, on the
high-multiplicity events, for which the greatest
correction is made, the sheer number of positive
tracks provides protection against overestimation
of the number of fast protons.

%e chose weighting factors for these simulated-
proton events such that the total of events with
identified plus simulated protons represented 50%
of each topological cross section, separately. '

Events without identified protons are correspond-
ingly weighted to represent the remaining 50%.
Note that some events are included in both sam-
ples.

The final correction is negligible in most distri-
butions for low n,h, becoming comparable to one
standard deviation only for n, h

——14 and higher, in
most cases. The inelasticity (and, hence, c.m. ener-

gy) of simulated protons forms a smooth con'inua-
tion of the distribution obtained with identified
protons (Fig. 4), indicating that the correction is
reasonable.
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