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Data ax'e presented for the deeply inelastic high-multiplicity exclusive reaction m +p

~p4m+3m m at 11 GeV/c. It is shown that asymmetry moments of the longitudinal-. momen-
tum distx'ibutions of the final-state particles can be interpreted qualitatively in texms of the
additive quark model, but that some contribution from double scattering or more complex
interactions may be indicated. It is shown also that similar results can be obtained from
models not involvirg quarks. Specific cases of the Zieminski 5'(t) model and the Chan-
+skiewicz-Allison model are discusied.

I. INTRODUCTION

In the study of longitudinal-momentum distribu-
tions of pions resulting from high-energy xeac-
tions, it has been noted' ' that a striking asymme-
try exists in the center-of-mass system in pion-
proton collisions, particularly fox nonbeamlike
pions. It appears that these distributions approach
symmetry in a reference frame in which the ratio

is very nearly 1.5. HereP~ andP„are the momen-
ta of the incident proton and incident pion, respec-
tively, evaluated in the chosen reference fxame.

The effect has been interpreted in the light of
quark-model diagrams' of the form of Fig. 1. In
the reference frame in which 8 = j..5, which shall
be referred ~o as the Q system, all incident pion
and proton quax'ks have equal momenta. It is as-,

sumed that only one quark from each incident par-
ticle participates in the reaction, the remainder
continuing with essentially unchanged momentum
as spectators. It is assumed moreover that the
interacting quarks have zero average momentum
in their respective quark-quark center-of-mass
systems at the time they recombine with the spec-
tator quarks to re-form physical particles. -

Under these circumstances, a "leading pion*'

and a "leading nucleon" would be expected, which
would consist of those particles formed by recom-
bination of interacting quarks with the spectator
quRx'ks. The leRding particles couM eRc11 dlffex' ln
charge from the incident particles by up to + one
unit. The "produced particles, " consisting of
everything else emitted, wouM be expected to ex-
hibit a forward-backward symmetry in the Q sys-
tem, in agxeement with at least some of the da-
ta. ' '

In this communication we report on a similar

analysis applied to R single ultrahigh-multiplicity
reaction, n+P -P8m. Although the actual number
of events used is relatively 8m'. , almost no vrox'k

has been done heretofore on such high-multiplicity
processes with a sample of events even as large
as this one. The relevance of the results to the
quark model will 'be discussed. It will be shown,
fll st thRt Rn anRlysls of tile dRtR in terms of the
simple additive quark models gives qualitative
but not exact agreement. A new measuxe of asym-
metry is introduced. The second discussion con-
cerns our attempt to achieve the same results
using the multipex'ipheral model. Simple versions
of the model are shown to yield agreement at least
as good as that obtained with the additive quark
model. Hence~ lt ls shown that quark-model lntex'-

pretations of this type of result are not unique.
Various other aspects of these data have previ-

ously been repox ted. s' ~

II. EXPERIMENTAL DETAILS

The BNL 80-in. bubble chamber, filled with H2,
was exposed to an l&-GeV/«beam for 25000
exposures. All interaction events with eight visi. -
ble tracks were measured, processed through
YVGP-SQUAW-ARROW-SUNX, as modified at
Florida State, and checked on the scanning table
for ionization consistency. A total of 213 events
were found which fit the reaction

with ionizations which were consistent between the
fit and the scanning table. The kinematic fit to
reaction (2) was required to have a confidence lev-
el of 3% or greater. Proton-s' ambiguities in the
fits to (2) were largely removed by the ionization
consistency requix ement.

The center-of -mass longitudinal-momentum dis-
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PRODUCED
PARTICLES

FIG. 1. Quark-model diagram, showing a model
whereby the interaction between single quarks dissociat-
ed from each incident hadron is responsible for the
production of particles.
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FIG. 2. Center-of-mass longitudinal-momentum dis-
tribution of the proton, showing the CgA P,ef. 8) pre-
diction (solid line), and an extrapolation (dashed) above
300 MeV/c based on data just below that region.

tribution of the final-state proton, P*, (P), is pre-
sented in Fig. 2. In addition to a primary peak
located around -500 MeV/c, there is a secondary
peak located above +300 MeV/c. There is no evi-
dence from the data of other experiments known
to us for such a secondary peak in P, (P). The
protons in this peak have a laboratory momentum
too high to be. distinguished from v' or E' parti-
cles by ionization. In addition, the kinematic
fitting procedures provide poor mass resolution
on such tracks. Such events could belong to a,

final state which was not fitted due either to mea-
surement errors or to the presence of multiple
missing neutrals.

A calculation based on the Cf,A (Chan-goskie-
wicz-Allison)' model, which has enjoyed success
in fitting many multibody reactions, was compared
with the experimental distributions. The parame-
ters used in this calculation are the same as orig-
inally used by Chan et al. ' Only diagrams. involv-
ing nonexotic meson exchange were included. It

was found that if baryon-exchange diagrams were
included, the calculation actually gave poorer fits
to most experimental distributions than if they
were excluded. The requirement of nonexotic ex-
change introduces differences between pion charge
states, since, for exa,mple, no m can be emitted
at the top vertex.

The Cf,A prediction, normalized to all 213
events, is sketched on Fig. 2 (solid curve). This
calculation predicts almost no events above 300
MeV/c. While inclusion of baryon-exchange dia-
grams does predict events with P,*(P) above 300
MeV/c, no combination of such diagrams was
found which was able to reproduce the dip near
250 MeV/c.

Fina, lly, at least 25% of the events with protons
in the region P, (P) &300 MeV/c have a v' with a
lab momentum below 250 MeV/c. In the center-
of-mass angular distribution of the n" s, these
events show up as an anomalous peak in the most
backward bins (i.e., antiparallel to the incident
n'). Such slow w" s are easily ".manufactured" by
the fitting program from measurement uncertain-
ties, which can be considerable at this energy.

As a result of these considerations, it was de-.
cided to remove all events with P, Q) & 300 MeV/c
from the sample, on the grounds that they are most
likely spurious fits. Under the assumption that the
remaining 171 events are genuine reaction (2)
events, a smooth extrapolation was made into the
region above 300 MeV/c based on the data between
0 and 300 MeV/c and it is shown in Fig. 2 (dashed
line). It predicts that 2-3% of the genuine events
were lost by the p,*(p) cutoff. Inasmuch as some
of the events on which this extrapolation is based
may also be contaminated, we feel this represents
an estimate of remaining contamination. When
renormalized to the remaining 171 events, the
Cf A estimate is that there are approximately 6%
misidentified events lying in the region between
zero and 300 MeV/c. It is our conclusion that
uncertainties of this magnitude can cause no bias
significantly affecting the results of this paper.

A number of tests for other experimental biases
in the data were made. For example, the distri-
butions of so-called "stretch" or "pull" quantities
(which relate measured and fitted values) for the
parameters in the fits to the events, usually an
indicator of measurement or fitting bias, show no
significant deviation from the normally expected
behavior. The same observations were made for
a (smaller) sample of events of the more highly
constrained reaction w+P -P4n'3m . In addition,
studies of lower-multiplicity events of various
types (with much higher statistics) in the same
film indicate that the experimental parameters
are well understood. We have therefore reached
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the conclusion that there exists no experimental
bias of sufficient magnitude to affect the results
presented here.

Many previous studies ' in this fieM have made
use of "inclusive"" experiments, in which one
studies reactions of the form

tribution, P&, of these pions is displayed in Fig. 3.
The best fit (in the least-squares sense" }to the
symmetric function

d „=Aexp(-BIP*, I),
dN

~l

III. EXPERIMENTAL ASYMMETRY PROPERTIES

OF THE LONGITUDINAL-MOMENTUM

DISTRIBUTIONS

Only the w particles from reaction (2) can be
unambiguously identified as "produced" particles.
The center-of-mass longitudinal-momentum dis-

5I3 COMBINATIONS

50-
Asap (-sip+I )

~o 40-

C9
LAo
o 30-
CO

UJ
& Zo-
LLJ

IO

—.8 -.4 0 .4 .8
p+ (m ) (GeV/c)

g

FIG. 3. Center-of-mass longitudinal-momentum dis-
tribution of the x, showing the best fit to the function

exp( —B)p f'( ) to illustrate the asymmetry.

A+ B-C+ anything,

thereby summing over all final states in which C
is produced. This approach is of great value in
comparison with certain model calculations.

The study of "exclusive" reactions, i.e., those
with specific final states, has value in that all
tracks are identified, so that there is, for exam-
ple, little or no proton-r+ ambiguity problem.
Moreover, the actual distribution of all protons
and neutral particles is known, and can be included
in the analysis. The choice of the specific reaction
(2) enables investigation of the extreme "deeply
inelastic" region, which might be expected to
exhibit different production characteristics than
less inelastic cases. As a specific example, most
of the clear-cut resonant behavior observed in
reactions of lower multiplicity is not observed in
these data.

where A is a normalization and B is an adjustable
parameter, is indicated on the figure. The lack
of symmetry in the data is clearly visible. The
)(' probability of this fit is 0.0016, with R= (4.1
+ 0.2) x10-'(Me& jc)-'.

As a measure of asymmetry, the first, third,
and fifth moments about P &

= 0 are calculated for
a number of different Lorentz frames, each frame
corresponding to a particular value of R [defined
in Eq. (1)]. The first moment is the mean of the
distribution; the third moment is the mean of P&',.
and the fifth moment is the mean of P& '. Use of
these odd moments should reveal structural fea-
tures which might remain hidden if the first mo-
ment only were used. As a test for asymmetry,
a moments calculation has several attractive fea-
tures not always present in other tests: (a) Each
moment is a monotonic function of A, making possi-
ble an unambiguous study of symmetry. A point
of maximum symmetry for the data may be de-
fined, being in principle that value of R at which
all three moments are zero, if such a point ex-
ists. (b) The values of the moments are very weak
functions of the number of data points, so quanti-
tative comparisons between, for example, w+ (four
per event) and w' (one per event) at a given value
of R are possible. (c) The moments are direct
physical observables, hence deductions based on
them do not depend upon particular models or
parametrizations of the data for their validity. In
addition, direct model calculations can sometimes
be made (often for at least the first moment) with-
out the necessity of calculating the exact distribu-
tion. (d} Errors in the moments can be calculated
conveniently by the propagation of errors tech-
nique. " Hence statistical uncertainties in the
location of the point of maximum symmetry are
easily obtainable, as will be demonstrated below.

Figures 4(a)-4(c) demonstrate the behavior of
each moment as a function of R for the m". The
shaded region indicates + one standard deviation
(statistical uncertainty only). These limits do not
represent the scatter of the individual data points,
since all points are evaluated using the same
events. Rather, this is an estimate of the fluc-
tuations to be expected from one independent ex-
periment to the next.

The solid curve for each moment represents a
second-degree polynomial fit which was used to
interpolate to zero." Table I lists, with errors,
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TABLE I. Data. Zero crossing point.

Particle Moment 1 Moment 3 Moment 5 Best estimate'

Proton 0.37 + 0.02

1.36+ 0.07

1.34 + 0.08

1.73 + 0.20

1.43 + 0.08

1.39+0.05

0.38+0.02

1.49+ 0.10

1.30 + 0.11

1.69 + 0.24

1.44+ 0.10

1.46 + 0.07

0.39+0.03

1.60 + 0.16

1.27 + 0.19

1.62 + 0.36

1.43 + 0.17

1.50 + 0.12

0.38 +0.01

1.43+ 0.06

1.32 + 0.06

1.70 + 0.14

1.43+ 0.06

1.42+ 0.04

From Eq. 5. See discussion in the text.

the value of 8 at which each moment passes
through zero for all particles from reaction (2).
A "point of maximum symmetry" can be defined
for each particle as a weighted average of the
symmetry points of each moment:

of a "point of maximum symmetry" has physical
va, lidity. It follows also that Eqs. (5) and (6) pro-
vide a useful approximation to more exact expres-
sions which would not neglect correlations be-
tween the moments.

Bm~ = x] 0'g 1 0'] (5)
2.0-

where x,. is the value of R at which the ith odd
moment passes through zero, and 0,' is the vari-
ance in this estimate. The error in A can be
estimated from

-20—
-40-

(6)

Equation (5) describes a maximum likelihood
estimator of the mean of three independent Gaus-
sian distributions with the same mean but different
(known) variances, from which it is hypothesized
that the x,. are sampled. Equation (6) is the prop-
agation of errors variance of R under the same
assumption.

Since each data point, on Fig. 4, for example,
involves exactly the same set of events as every
other data point, the errors in these points are
highly correlated. The values of the errors listed
in Table I and subsequent tables are estimated
under the assumption that these correlations are
all equal to one. Hence, if one data point for a
given moment is off by one standard deviation,
then they all are. An estimator for the variance
of x, is therefore given by

dA
g, '= d

x Var(y; )j„
i @=0
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where dR/dy, is obtained from the polynomial fit,
and y, is the ith moment.

An important feature of the results of Table I is
that the moments for a given type of particle all
pass through zero at very nearly the same value
of R. The consequence of this is that no signifi-
cant asymmetry remains at the point of maximum
symmetry defined by Eq. (5). Clearly, the concept

FIG. 4. (a) First, (b) third, and (c) fifth moment as
a function of R for the x in the vicinity of the region in
which these moments become zero. The data points are
indicated by crosses, with the + one standard deviation
region shown shaded. The "best" second-degree poly-
nomial fit to the data points is indicated as a solid line.
Note that the data points are correlated; hence the width
of the shaded area does not represent the scatter of
individual data points.
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The maximum error introduced by neglect of
such correlations can be deduced by inspection of
the tables, since a better estimator cannot be
larger than the largest x, or smaller than the
smallest x; for a given type of particle. Typically,
this maximum error is less than 10% of R ~. It
is reasonable to assume, since all pions have
similar distributions, that such correlations affect
each type of pion in the same way. Hence, com-
parisons between pion moments are still assumed
to be valid, even in the presence of strong corre-
lations. Some caution should be exercised, how-
ever, because the errors in the "best estimate"
might be slightly larger than those given on the
table.

IV. ADDITIVE QUARK MODEL INTERPRETATION

The data appear to indicate that the produced
pions are most nearly symmetric for a value of
R somewhat less than 1.5. This is consistent with
other data, ' ' for which it appears that the R of
maximum symmetry decreases as the number of
produced particles increases, for fixed beam
energy.

In the framework of the quark model, this can be
understood in terms of the inelasticity of the reac-
tion. So much energy is expended in particle crea-
tion that it is reasonable to assume that double
quark scattering er more complicated interactions
account for a significant portion of the amplitude,
either directly or through interference with the
single scattering terms. Franco" has considered
this problem for w'P scattering at 12 GeV/c inci-
dent pion momentum. The result of his calculation
is that double-scattering terms account for almost

3 of the total cross section. Hence a sizable
contribution from double scattering in the partic-
ular reaction (2) is a reasonable expectation.

As further experimental evidence for this, it
can be pointed out that if single scattering alone
dominates and if the spectator quark from the
pion recombines with a quark which is on the aver-
age at rest in any reference frame with R&0,
there will be a leading pion of average momentum
greater than ~ of the incident pion momentum in
the lab (note that R= 0 corresponds to the lab
reference frame). In this reaction, this implies
the existence of pions with longitudinal momentum
of at least 5.5 GeV/c in the lab. The maximum
value which occurs experimentally is about 3.5
GeV/c.

The same analysis applies at the proton vertex.
In the simplest picture, two proton quarks remain
at rest in the lab, one in the quark center-of-mass
system (Q system). Therefore in the Q system,
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FIG. 5. Center-of-mass longitudinal-momentum dis-
tribution of the x+ compared with that of the x and m

summed.

the final proton will have longitudinal momentum
equal to approximately —,'its initial value of
-2.728 GeV/c. The experimental value for
(po(prot)) is -0.790+ 0.030 GeV/c, or less than
the momentum which even even one of its constit-
uent quarks had before the collision. "

Further (but related) evidence for processes
other than single scattering is provided by the data
of Table I. In the absence of such effects, it is
relatively straightforward to calculate" that R
for the proton should have a value of 0.2 several
standard deviations less than the experimental
result.

It was shown by Elbert et al. ' that in n P at
25 GeV/c there is evidence that the role of the
leading pion is shared approximately equally be-
tween a z and a m', averaged over all final states
except elastic scattering. If a similar effect ob-
tains in reaction (2), the leading pion should be a
m' or m' with approximately equal probability.
Then the 4x' distribution should behave approxi-
mately the same as the summed 3n' plus n dis-
tribution, since each of these groups would con-
tain a single leading pion about one-half of the
time. Table I indicates good agreement with this
hypothesis. It is useful to compare also the actual
distribution of these two samples, shown in Fig. 5
in the center-of-mass reference frame. No sys-
tematic differences can be observed. Pearson' s
g' for the hypothesis that the two distributions are
sampled from the same probability density function
is 2I.8 for 26 degrees of freedom, "which indi-
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cates good agreement.
In the language of Fig. 1, this suggests that the

replacement of an X (6') quark in the n' by a 6' (X)
quark occurs with the same probability as replace-
ment of a given quark by an identical one. This
picture assumes that higher-order terms do not
cause the replacement of more than one pion quark.

It is easy to propose additional experimental
checks on this idea, to see whether it applies to
all types of quarks:

(i) Heactions involving strange particles. This
could involve reactions with strange beams and
also associated production reactions. If strange
quarks are involved anywhere in the reaction, one
of these could perhaps substitute for a quark in
the incident particle. In the same way, experi-
ments with strange beams could look for non-
strange leading particles.

(ii) Reactions involving neutrons can be utilized
to test the application of this principle to baryons.
Here again, a complete discussion would involve
reactions with neutron targets and also reactions
with proton targets involving charge exchange at
the baryon vertex.

(iii) To complete the list, the behavior of strange
quarks in baryons could be studied. This would
presumably involve production of A and Z hyper-
ons, in the simplest form.
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V. PERIPHERAL MODEL ANALYSIS

A simple form of peripheral model known as the
E(t) model has been introduced by Zieminski. "
This assumes the major features of the data of
high-multiplicity reactions can be described by a
matrix element which has as its only variable the
momentum-transfer dependence of the proton. If
the square of this matrix element is represented
by E(t), where f is the four-momentum transfer
to the proton, then the distribution of a given quan-
tity is given by E(t) xa phase-space factor, inte-
grated over all remaining variables. This model
is assumed to be most useful in eases in which
many particles are produced.

No specific features to describe the production
of pions are included, except insofar as this pro-
duction is affected by E(t) and kinematics. A one-

FIG. 6. (a) First, (b) third, and (c) fifth moment as
a function of R for all pions summed. CQA model (Ref.
8) and E(t) model (Ref. 12) predictions are shown.

parameter fit to the experimental t distribution of
the form

E(t) ~ exp(At ), (8)

with A= 1.24(GeV/c) ', was adequate for this data.
The E(t) prediction for the data can be evaluated
with the aid of Fig. 6. The solid curve shown
there represents a hand-smoothed approximation
to a Monte Carlo distribution with an order of mag-
nitude more "events" than the actual data. Inas-
much as the E(t) model makes no effort to distin-
guish among pions, the prediction is compared with
the data only for an average over all charge states.
The quantitative agreement with the data is reason-
able for the first moment, but poor for the higher

TABLE II. I {t) model. Zero crossing point.

Particleb Moment 1 Moment 3 Moment 5 Best estimate'

Proton
A11 ~'s

0.39+ 0.005
1.34 + 0.01

0.406 + 0.007
1.32+ 0.02

0.414+0.010
1.31+0.03

0.398+ 0.004
1.33+0.01

'Based on a Monte Car1o study with over 1700 "events. " Estimated statistical errors on
this sample are included for completeness.

"No distinction is made between pion charge states.
~From Eq. (5). See discussion in the text.
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TABLE IQ. CIA model. ~ Zero crossing point.

Particle Moment 1 Moment 3 Moment 5 Best estimateb

Proton

X,7r'

All 7r's

0.336+0.004

1.68 +0.03

l.g2 +0.02

1.17+0.04

1.21+0.02

1.42+ 0.02

0.360+ 0.006

1.53 +0.03

1.24+ 0.03

X.22+ 0.05

1.23+0.03

1.38+0.02

0.382+ 0.011

1.42 + 0.05

1.22+ 0.04

1.20+ 0.07

1.21+0.04

1.31+0.03

0.347 + 0.003

1.58 +0.02

1.23 +0.92

1.19+ 0.03

1.22 +0.02

1.38 +0.01

'Based on a Monte Carlo study with over 1700 "events. " Estimated statistical errors on
this sample are included for completeness.

"From Eq. (5). See discussion in the text.

moments at low R. From Table II, it is clear
that the model shows qualitative agreement for the
point of manimum symmetry. Clearly, individual
pion charge states exhibit sizable discrepancies,
but the E(t) model approximately reproduces the
features found in the data with respect to a refer-
ence frame of maximum symmetry. In particular,
excellent agreement is observed for the produced
(i.e., negative) pions.

This would suggest a hypothesis that models
which describe the behavior of the proton, with
pion dynamics included only in an average sense
or not at all, will simulate the R behavior of
"produced" pions in the quark model. In the pres-
ent.case, any agreement between the E(t) model
and the nonPxoduced n' and n distributions is
related to the absence of a clear-cut "leading
pion. "

We have tested this hypothesis with the Cf,A
model. As discussed previously, this model cor-
rectly reproduces many of the features of proton
production in this reaction.

The Cf,A prediction for all pions, summed, is
indicated in Fig. 6. This too was obtained using
the Monte Carlo technique with an order of mag-
nitude more "events" than in the data. The agree-
ment with the data is somewhat better than for the
F(t) model. Differences between pion charge
states are, however, again not well reproduced.
The values of R,„for the CgA model are listed
in Table III. As in the case of the F(t) model,
agreement with the data is qualitatively good,
though detailed correspondence is lacking.

A recent study by Caneschi" of the inclusive
data of Elbert et a/. ' is in agreement with this
peripheral-model analysis. Agreement with the
quark model, which is achieved with a different
multiperipheral model than used here, is therein
interpreted as being a consequence of the expec-

tation that few particles are emitted backward in
the rest frame of either initial particle.

VI. CONCLUSIONS

It has been shown that high-multiplicity exclu-
sive reactions can be used to study effects often
studied in inclusive reactions. Longitudinal-mo-
mentum techniques were applied to the reaction
m+P -P (8n')" to draw conclusions relevant to the
quark model. The results indicate that the sim-
plest form of this model is not adequate to explain
the data quantitatively. Significant amounts of
double scattering or more complex interactions
appear to be required. " A further result is that
the duties of the "leading pion" are apparently
shared approximately equally between m' and m

in this reaction. This is consistent with the r'e-
sults of Elbert, Erwin, and Walker' in m P inclu-
sive reactions at 25 GeV/c.

It was shown further that, whereas a quark-
model interpretation may have certain attractive
features, the same results can be obtained from
models not involving quarks. The particularly
simple case of the Zieminski F(t) model" was
shown to be in qualitative agreement with the data.
This would appear to suggest that the most criti-
cal feature of data in the deeply inelastic limit for
a model which desired to predict the reference
frame of maximum symmetry for produced parti-
cles is the proton-t distribution. In other words,
most models which successfully reproduce this
distribution may be in qualitative agreement with
the quark-model predictions for produced pions.
This hypothesis was successfully tested with the
Cg,A model, ' which was also shown to be in good
agreement with the data.

The quark and multiperipheral pictures may be
compatible ways of viewing the same phenomena.
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Until detailed formalisms with universal appeal
have been created for each type of model, it may
not be possible to make a distinction.
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