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We present the results of the reaction K*p —K*p2n*27™ at 12.7 GeV/c. These results are
compared with the predictions of the model developed by Chan, Koskiewicz, and Allison (the
CLA model) and with a modified form of this model. With the addition of resonance produc-
tion to the model, adequate predictions of the experimental distributions are obtained. The
data were also analyzed in terms of the quark model for hadronic structure which is revealed
through the distributions of longitudinal momentum, transverse-momentum squared, and the

rapidity for the negative pions.

I. INTRODUCTION

The study of many particle processes in high-
energy collisions is in a very early stage of de-
velopment. Owing to their intrinsic complexity,
our understanding of these processes lags far be-
hind that of two-body reactions, which are rela-
tively simple compared to many-body reactions.

In many-body reactions the dimensionality of phase
space increases rapidly so that one needs too many
variables to describe all features of a reaction.

In recent years there has been a growing interest
among both the experimentalists and theoreticians
in the study of many-body reactions. The progress
in understanding high-multiplicity reactions has
mainly been made through a number of theoretical
models, for example (i) the bremsstrahlung mo-
del,’ (ii) the thermodynamic model,? (iii) the quark
model,® and (iv) the multi-Regge model.*®* The
last [(iv)] model, a version of the multiperipheral

model, has been extensively used to interpret the
experimental data. A model of this type, aimed
at describing inelastic reactions quantitatively,
has been proposed by Chan, Y.oskiewicz, and Alli-
son® (known as the CLA model), and has been
shown by various experimental groups’ to repro-
duce the main features of many body reactions.

In experiments in which pions are used as pro-
jectiles, the leading pion can be easily lost among
the other pions produced. However, when the pro-
jectile is a kaon, the leading particle among the
secondaries can be distinguished from the directly-
produced pions on the basis of their mass differ-
ence. From the detailed analysis of multiple me-
son production in high-energy kaon-nucleon colli-
sions in terms of a multi-Regge model, one can
learn a great deal about the range of applicability
and usefulness of the model. Hence, we present
here the results for the reaction K*p—~ K*p27* 27~
at 12.7 GeV/c and compare them with the predic-
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tions of the CLA model and a modified CLA model.
We have also analyzed our data in the quark frame
of reference® and find that some of the predictions
of the quark model, using simple dynamical as-
sumptions about the quark-quark interaction ampli-
tude, appear to be remarkably correct.

II. EXPERIMENTAL PROCEDURE

The data used in this experiment were obtained
from the film exposed at the Brookhaven National
Laboratory. The BNL 80-in. hydrogen bubble
chamber was exposed to a 12.7-GeV/c K* beam
from the AGS and ~150 000 pictures were taken.

A sample of 10980 pictures was scanned twice for
all six-prong events. The over-all scanning ef-
ficiency for observing six-prong events was 98%.
We recorded 1700 six-prong events which are
analyzed here. The geometrical reconstruction
and Kinematic fitting were done using the programs
TVGP and SQUAW, respectively. Kinematic fits
were obtained for the reactions K*p —K*p2n*2n~
and K*p—K*p27r*2n~ + missing mass. In the at-
tempts to fit to a particular reaction, each of the
positively charged tracks was tested with the three
mass hypotheses (pion, kaon, and proton). We also
made use of the ionization of the tracks which

must also be consistent with the calculated ioniza-
tion value determined by the SQUAW f{itting pro-
gram. In Fig. 1 the plot of the square of the miss-
ing mass for events making four-constraint fits
clearly shows a strong peaking near 0.0 GeV. The
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FIG. 1. Distribution of the square of the missing mass
for events making 4-constraint fit for K*p —K*p27nt271~,

events were selected on the basis of the goodness
of the fit (yx2 < 20).

III. THEORETICAL DISCUSSION

A. Multiperipheral Reggeized Model

Previous experiments have shown that for in-
cident momentum greater than ~3 GeV/c, the
multiperipheral Regge model gives a rather good
description of the production phenomena. Here we
use the model of Chan et al.® (CLA) in which the
amplitude is modified to take into account the
resonance production observed in our data. We as-
sume that the reaction can be described by an in-
coherent sum of multiperipheral graphs, two of
which are shown in Fig. 2(a). The others are ob-
tained by the permutations of the outgoing particles
consistent with known exchanges. The total ampli-
tude for the reaction is given by

n=1
A~H Ai ’
i

where A; is the CLA amplitude for the 7th exchange
in the chain, i.e.,
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FIG. 2. Graphs used for CL.A model calculations.
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and
s; =(p, +Pi+1)2 - (m;+ m4+1)2

and
i
t:=<PA‘ Z.)lpr>2 ,

where p, is the four-momentum of the incident
particle, the p,’s are the four-momenta of the
final-state particles, the s;’s are the partial en-
ergies for each pair of particles, and the ¢,’s are
the squares of the four-momentum transfers be-
tween particles. «, is the intercept of the ¢th
Regge trajectory; o/ is the slope of the exchanged
trajectory; a is a constant that represents an en-
ergy scale which divides the low and high energy
regions; b; is a constant which describes the ex-
ponential dependence of the Regge couplings on £;
and c is the constant which describes the strength
of the phase-space contribution when s; is small.
We made use of the values®'® given in Table I. As
there are a large number of possible diagrams,
certain simplifying assumptions were made in ap-
plying the model. It was assumed that the experi-
mental distribution could be reproduced if average

trajectories and associated average coupling con-
J

TABLE I, Parameters used in CLA model, 3

a (intercept g (relative

Trajectory of trajectory) coupling const,)
Nucleon -0.35 1.4
Hyperon -0.35 1.4
Kaon 0.30 1.0
Pomeranchukon 1.0 0.7
Meson 0.5 1.0

2 For b; we take the values of 0.5 and 1.0 and 1.2 for
the target proton vertex, incident K* vertex, and inter-
nal vertices, respectively. For a and ¢ we used 1.0 and
1.4, respectively.

stants were used instead of exact values. This
clearly reduced the number of possible diagrams
significantly. Possible exchanges for K*p inter-
actions include nucleon-hyperon, kaon, Pomer-
anchukon, and meson. The various quantum num-
bers, average trajectories, and coupling constants
used are listed in Table I.

Resonance effects have also been included in the
model. Various diagrams are constructed as il-
lustrated in Figs. 2(a), 2(b), 2(c), and 2(d). The
reaction probability may then be expressed as

[AlZ=fy 20 (A?)z +f120 [ATFawR)I?+ £, 20 [A Faw(R)]*+ oo+ fx 23 [AF Fpw(R) Fpy (R)]*+ ¢+, (1)

nonres R Ry

where f,, f,,... are the experimentally deter-
mined fractions for each of the channels above.
The R;’s represent the resonant states present,
and Fgy (R,), the Breit-Wigner form for a given
resonance. The A}’s and A}’s are the nonreso-
nant- and resonant-channel amplitudes, respec-
tively. The model is applied by generating Monte
Carlo events which are weighted according to the
incoherent sum of amplitudes for all possible ex-
change diagrams.

The resonance production has been included only
for the significantly produced resonances
N**(1238) and K *(890). The total number of dia-
grams for different channels (including those with
resonances) is 90.

B. Modified Multiperipheral Model

It is found that the single-particle distributions
are not quantitatively reproduced in every respect
by the CLA model. This may be due to the as-
sumption in the CLA model that the scattering am-
plitude may be parametrized by an exponential-
like function of the four-momentum transfer
squared. For many body final states, the four-
momentum transfer squared (-¢) distributions do

Ry

r

not exhibit exponential dependence.® This is to a
large extent due to the influence of kinematics and
phase-space factors. Exponential dependence is
obtained, however, for ¢’ distributions, where ¢’
=]t = tmml, and fqi, is the threshold value of the
four-momentum transfer required to produce the
given effective mass (M,) for the system of par-
ticles (K*n*z~n*n~). For the case of ¢;, we find

tmin = (Ep - Emin)2 - (P = pmin)zy
where

Doin = L [Eom? + M2 = m,?)/2Ecm.]* = M°}/2,

and E, is the energy of the incident proton in the
c.m. system; m, is the mass of the proton; Ecm.

is the total energy in the c.m. system; Emin for the
proton is given by Emin = (pmin> + m,,z)l/z. We have
plotted the ¢}, distribution and found it to be ex-
ponential as shown in Fig. 3(b), while the ¢ distri-
bution in Fig. 3(a) is clearly not exponential. This
change removes some of the kinematical effects
which cause the four-momenta transfer to have a
nonexponential-like distribution. Thus in the mod-
ified form of the CLA model, we have replaced the
four-momentum transfer squared term ¢ by ¢’.



IV. EXPERIMENTAL RESULTS

A. Single-Particle Distributions

1. Angular Distributions

Peripheralism is strongly indicated by the angu- .

lar distributions of the outgoing proton and kaon.
In Figs. 4(a) and 4(b) are shown the kaon and pro-
ton angular distributions in the ¢.m. system which
show strong peaking in the forward and backward
directions, respectively. For the study of pions
as secondary produced particles from the pion-
nucleon reaction, it is difficult to separate the pro-
jectile from the produced pions. However, in the
reaction studied here the projectile is a kaon, and
the leading particle can be easily separated from
the produced pions on the basis of their mass dif-
ference.

The CLA model qualitatively reproduces the
angular distributions of the proton and K*, but
predicts the scattering angles to be somewhat
smaller than those observed. This is particularly
apparent for the positive kaon where the disagree-
ment is relatively large. The modified CLA mod-
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FIG. 3. Four-momentum-transfer squared from in-
coming proton to outgoing proton. (a)t,, and (b) ¢;,
=(t —tmip) where ¢ ;, is explained in the text.
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el, on the other hand, gives a more reasonable fit
to the K* distribution. In Fig. 5 are shown the
angular distributions for the n* and 7~ pions ex-
hibiting both forward and backward peaking in the
c.m. system. A major cause for this peaking is the
the abundant resonance production (~50% of the
events). Here the peripherally produced resonant
states decay and the decay products peak strongly
in the forward and the backward directions. Theo-
retical fits with the CLA model as well as with
modified CLA models were found to be excellent.
The analysis of particle angular distributions is
greatly affected by the presence of the common
resonances, i.e., N*"*(1238) and K *°%(890). These
resonances are found in the invariant-mass distri-
butions of the proton and one of the positive pions
for N***(1238), and for positive kaon and one of
the negative pions for K*°(890) in the region

1.20 < M(pr*) <1.30 GeV,
0.84 < M(K*r1~) <0.94 GeV .

@)

When these resonances are removed, the forward
and backward peaks in the pion distribution dis-
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FIG. 4. The c.m. angular distributions of (a) kaons
and (b) protons. The histograms display the experi-
mental data and the smooth curves the theoretical
predictions: (—) CLA and (---) modified CLA.
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TABLE II. Asymmetry parameters [A =(F —B)/(F+B)] forp,K*, t*, and 7~

Events removed with Events removed with
Asymmetry parameter Value 1120=M(p7*) = 1360 MeV 840=M(K*7") =950 MeV
A, (proton) —0.79+0.04 ~0.35+0.08 —0.82+0.06
Ap+ (K*) 0.45+0.06 0.20+0.09 0.34+0.09
A+ (nt) 0.08+0.04 0.46+0.07 0.01+0.06
Ap- (7) 0.,18+0.05 0.21+0.07 -0.05+0,08
appear. This result is in agreement with data (a)
from other high multiplicity reactions.® 25 . CrA
Mod CKA
In Table II is shown the asymmetry ratio A
=(F - B)/(F + B) for the final-state protons, kaons, °
and pions, where F and B are the numbers of for- S
ward and backward events, respectively, in the >
c.m. system. For the proton and pion we observe 5
a strong peripheralism. When we remove the E
resonance events we get a more symmetric sam- w
ple. This is in agreement with data from other g
high multiplicities, where it is observed that reso- z 9[0 _(-15 Olo 015 -
pance cl}annels tend to produce a more peripheral 603(9)*BETWEEN SCATTERED 77,'+ AND 7%
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and the smooth curves the theoretical predictions: positive and negative pions. (—) predictions of the CLA
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TABLE III, Values of the y parameter for different pairs of particles in the reaction K *p
—~K*p2r*21~ in the c.m. system.

Resonance not Resonance N*** Resonance K *0 Resonance N *++

y=N,/Np removed removed removed and K* removed
y(xtat) 1.95+0.42 1.62+0.48 1,72+0.42 1.19+0.41
y(r~nrT) 1.23+0.25 1.02+0.29 1.23+0.,29 1.06+0,36
yLrtn®) 1,54+ 0,23 1,28+0,20 1.45+0.25 1,12+0,27
'y"(‘rr*Tr') 1.22+0,12 1,10+0.16 1.19+0.14 1,00+0,17
Y(K*TT) 1,19+0.14 0.99+0.23 1.09+0.36 1,02+0,22
y(K*rt) 1.47+0.22 1.20+0.28 1,43+0,33 1.60+0,39
y(Prt) 1.17+0.17 3.53+0,99 1,19+0.27 2.09+0.53
Y(Prm™) 1.92+0.29 1.95+0.51 1,51+0.35 2.23+0,57

2. Angular Correlation Belween Pions
[ GGLP (Goldhaber-Goldhaber-Lee-Pais) Effect]

Goldhaber et al.'! observed a significant differ-
ence in the distribution of the ¢.m. system angle
between the pairs of pions of the like and unlike
charges in pp annihilation at 1.05 GeV/c. Since
that time similar differences have been observed
at various momenta of the incoming p and for dif-
ferent pion multiplicities in the final state. Sim-
ilar effects have been observed in 7*p interactions
at 4 GeV/c,2 5 GeV/c,” and 8 GeV/c (see Ref.
14); in 7 "p interactions at 11 GeV/c,'® and 16
GeV/c (see Ref. 16); in pp interactions at 10 GeV/c
(see Ref. 17); and in K*p interactions at 5
GeV/c.'® Goldhaber et al. observed that the average
angle for pairs of unlike pions is greater than that
for pairs of like pions and explained the GGLP ef-
fect as being due to the symmetrization of the pion
wave function required by Bose-Einstein statistics.
They proposed to investigate the energy depen-
dence of the effect, and later it was found' to be
in strong disagreement with the predictions of
Goldhaber et al.!' The observed effect depends
rather strongly on the details of the interaction
mechanism. In the calculation of Goldhaber
et al.," resonance production was not taken into
consideration, and it was observed'® that in low-
multiplicity events the p meson strongly affects
the observed difference of y*~ and y** in pp an-
nihilation, where y is equal to the ratio of the
number of pairs with opening angle greater than
90° to that with opening angle smaller than 90° in
the c.m. system. For pairs of pions with like and
unlike charges we write y**, y~™7, and y*~, re-
spectively. It has been found that (i) y** >y~ ~ for
primary 7*, and (ii) y~~>y*" for primary 7~. The
effect has been attributed possibly to the “leading
pion” which plays an important role when the in-
cident energy increases.

To the best of our knowledge, the w7 angular
correlation has not been observed with primary

K* mesons in its interaction with protons at ener-
gies greater than 8 GeV/c. We present here evi-
dence for such a correlation in K*p interactions
at 12.7 GeV/c with six prongs, i.e., K*p

+_+

(Jrar) (a)

1.
-1.0 -0.5 0.0 +0.5 +1.0
cos 6%

FIG. 7. Angular distributions in c.m. system between
two pions after the removal of resonances. (a) Two
positive pions; (b) two negative pions; (c) positive and
negative pions.
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~K*p27*27~. In Figs. 6(a), 6(b), and 6(c) are
shown the distributions of the c.m. opening angle
between the momenta of like (r*7*), (7~77), and
unlike (7*7~) pions, respectively, in the reaction
K*p~K*p2n*27~. The theoretical curves are due
to the predictions of the CLA and ‘modified CLA
models. The values of the parameter have been
calculated for the pairs of the pions with like
charges (r*7*, 77717), i.e., ¥ is defined as y~
=NZ%/N% and for pairs of pions with unlike charges
(z*7~), ie., yY=NY/NY, where N, and Ny are the
numbers of pairs with an opening angle 6,, greater
than 90°and less than 90°, respectively. The val-
ues of y are given in Table III. The distribution
for like positive pions (r*7*) tends to be more
peaked in the backward hemisphere. This feature
is different from what has been observed in other
multipion final states in antiproton-proton annihi-
lations and in large-multiplicity pion-nucleon in-
teractions.

In order to investigate the possible source of the
effect, we study the peripheral production which is
strongly indicated by the angular distribution of
the outgoing kaon and proton. Figures 4(a) and
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FIG. 8. The c.m. momentum distributions of (a) K*
and (b) p. The histograms display the experimental data,
and the smooth curves the theoretical predictions of
(—) the CLA model and (---) the modified CKLA model.

TABLE IV. Transverse and longitudinal momentum.

Particle {p,) (GeV/c) (p})(GeV/c) {|p}])(GeV/c)
p 0.46 0,02 -0.86+0.05  1.03+0.05
Kt 0,44+ 0,02 0.38+0.05  0.68+0.05
7t 0.36+0,01 0.04+0.03  0.41+0.03
T 0.35+0,01 0.15+0.03  0.39:0.03

4(b) show that the distributions for kaon and proton
are strongly peaked forward and backward, re-
spectively. Figure 5 shows the angular distribu-
tion for the pions, exhibiting peaking in the c.m.
system. It was pointed out earlier that the major
cause of this peaking is the abundant resonance
production (~50% of the events). In Table III we
show the angular correlation between kaons and
pions, protons and pions, and between pions and
pions with and without the presence of the reso-
nances. When we remove the events with N***
and K*°, we see in Figs. 7(a), 7(b), and 7(c) that
the angular correlation between 7*7*, 777", and
77~ becomes more isotropic. Thus we find that
the resonances have a very dominating effect upon
the angular correlations and after the removal of
these resonances, the values of y £ and yY for
pions are very close to one another within the sta-
tistical uncertainties. It has been mentioned that
the smaller angles between two particles of iden-
tical charges (r*7*, 7°7~) are connected by the
fact that the system is exotic. It has been further
pointed out that a similar effect exists for K
pairs, i.e., the average angle was less for K*7*
(i.e., exotic pairs) than for K*7~ or K °r* (i.e.,
nonexotic pairs). But DeBaere et gl.'® have ob-
served no difference in y for K*7* and K*7~ pairs.
We also disagree with the previous results?® for
correlation in kaon and pion angles.

3. Momentum Distrvibutions

(@) c.m. momentum distvibutions. In order to
see how effective the CLA and the modified CLA
models are in reproducing the data correctly, we
show in Fig. 8 the c.m. momentum distributions of
the leading (K*) and the target (p) particles. The
modified CLA model is found to fit the experi-
mental data better than the CLA model.

() Transverse momentum distributions. From
the cosmic-ray data we have learned the presence
of the leading particle, the small inelasticity of
the collision and the smallness of p, for many
multiparticle production processes. The average
p; of the proton, kaon, and pions are shown in
Table IV. The (p,) increases slightly with the in-
crease of mass of the particle. The transverse
momentum distributions of K*, p, 7=, 7+ are
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display the experimental data and the smooth curves the
theoretical predictions of (—) the CLA model and (---)

the modified CLA model.
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shown in Figs. 9(a), 9(b), 9(c), and 9(d), respec-
tively. The distributions of the pions are found to
be very similar, while the proton and the kaon
distributions exhibit a slightly broader structure.
The theoretical curves due to the CLA and the
modified CLA models reproduce the data fairly
well.

(c) c.m. longitudinal momentum distvibutions.
One of the most sensitive variables to the reaction
mechanism is the ¢.m. longitudinal momentum p¥.
Longitudinal momenta are largely dependent on en-
ergy, multiplicity, and on the nature of the par-
ticle.

The c.m. longitudinal momentum distributions
of 77, m*, K*, and p are shown in Figs. 10(a),
10(b), 10(c), and 10(d), respectively. These dis-
tributions are compared with the predictions of
the CLA model (solid line) as well as with the
modified CLA model (dashed line). We see that
the modified CLA model represents a better fit to
the data for K*, p, and 7%, whereas the CLA mod-
el is better for the 7~. The average c.m. longitu-
dinal momentum of the 7~ is found to be consid-
erably greater than zero, as shown in Table IV.
The absolute values of the longitudinal momenta
of all the particles are also given in the same
table. There is an interesting correlation between
the momenta of the particles and the resonance
production. The effect of N***(1238) removal on
the longitudinal momentum distribution of the posi-
tive pions is to remove pions from the backward
hemisphere. This, of course, is expected, since
we observe a similar effect in the angular distri-
bution of the 7* in the ¢.m. system. Similar re-
sults are obtained for the removal of K*°(890)
events fromthe pf plot of the negative pions, where
we observe the reduction in the number of scat-
tered pions of negative charges in the forward
hemisphere. The predictions of the CLA and the
modified CLA models are in agreement with the
experimental data. One also finds a correlation
between the longitudinal momentum of the proton
and the leading kaon. In general, one can see that
a large negative value of x (where x=p}/p,n.,) for
the protons corresponds to a small positive value
of x for the K*, and that a large positive value of
x for the K* corresponds to a small negative value
of x for the proton.

4. Invariant-Mass Distributions

The only resonances which appear to occur in a
measurable amount are the baryon resonance
N***(1238) and the strange mesonic resonance
K*°(890). The partial cross sections are given in
Table V. The other resonant states such as
@*(1300), N*°(1238), and p°('765) are observed,

TABLE V., Cross sections,

Cross section

Reaction (mb)
K*p— 6 charged prongs +neutrals 2.260+0.054
K*p—K*nr*r-r*1"p (final state) 0.251+0,018
K*p—K*0(890) m*n~m* p 0.043+0,007
K*p—K*r ntn-N***(1238) 0,040+ 0,009
K*p —K *0(890) r*n~N ***(1238) 0,041+0.011

but only in small percentages. Figure 11 shows
the invariant-mass distributions for different pos-
sible particle combinations. They show a signifi-
cant deviation from the predictions of a pure
Lorentz-invariant phase space. Apart from the
expected deviations due to resonance productions
of the N***(7%p)(1238), and N*°(p7~)(1238), the
mass distribution for three or more particles also
shows deviations at both the low and high effective
mass regions. In contrast, the kaon-pion(s) dis-
tribution(s) exhibit enhancement only in the low-
effective—mass regions. The pion-pion(s) invari-
ant-mass distribution(s) exhibit behavior similar
to the kaon-pion(s) by deviating from the phase
space only at low effective masses. The pK* and
pK* + pion plots exhibit deviations at high effective
mass. It is obvious from these distributions that
the pions do not receive a major portion of the en-
ergy (pionization), while the proton in particular
does retain a large fraction. The pions appear to
scatter along the direction of the “leading” par-
ticles resulting in a high- or low-effective-mass
enhancement. The CLA and the modified CLA
models have been used to estimate the background
in the various distributions. Using the background
of the models is considered to be an improvement
over phase space. Both the models however re-
produce the general features of the data, i.e., the
regions where deviations from phase space occur
are predicted by both models. The modified CLA
model, on the average, predicts distributions
which have smaller deviations from phase space
than the CLA model. The data also indicate this
characteristic.

The deviations from Lorentz-invariant phase
space appear to be adequately reproduced by the
models for most cases, indicating that the dynam-
ics of Reggeon exchange and the kinematics as-
sociated with the postulated low-invariant-mass
clusters provide a reasonable and useful descrip-
tion for multiparticle production reactions.

B. Quark System

Recently, a Wisconsin group?! has found that the
produced pions in 25-GeV/c 77p inclusive reac-
tions show a forward-backward asymmetry in the
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FIG. 12. Multipion production in quark-quark collis-
ions for K*p interaction.

center-of-mass longitudinal-momentum distribu-
tion. In order to distinguish the produced particles
from the leading pions, the authors plotted for-
ward emitted n* and backward emitted 7~ mesons.
They found asymmetry in the longitudinal-momen-
tum distribution of the pions in the ¢.m. system.
Defining the new coordinate system in terms of
R=p, /P, the ratio of incident proton to incident
pion momenta (R=1 for c.m. system and R=0 in
the laboratory frame), the symmetry can be ob-
tained inthe so-called @ (quark) system for which
R equals 1.5. The authors point out that the ratio
3:2 is highly suggestive because of its implica-
tions for hadronic structure as postulated by the
triplet quark model, and this was previously sug-
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do /dp,
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FIG. 13. x?vs R for 7~ particles produced in K *p
interactions.

gested by Satz® in a somewhat similar context.
This is shown in Fig. 12. We adopted the same
procedure as followed by Elbert et al.*! in finding

H OO OO
T

0,360 029 0;=344%0.6

do/dp; [mbAGev/c)

0.2}

o.l L L L 1

05 00 05
p, (GeV/c) (QUARK SYSTEM)

FIG. 14. Longitudinal momentum distributions of 7~ mesons in K*p interactions (a) in the c.m. system (R =1) and

(b) in the quark frame (R=1.5).
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(p,) for negative produced pions as a function of longitu-
dinal momentum p;. (a) in the c.m. system (R=1.0) and
(b) in the quark frame (R=1.5).

Lorentz frames in which the longitudinal momen-
tum (p,) distribution is centered about zero and
is symmetric. For K*p reactions, the negative
pion can be easily identified without constraining
it to either the forward or backward hemisphere.
Using the nearly 3500 negative pions produced in
the 6-prong K*p reaction at 12.7 GeV/c, we have
attempted to symmetrize the longitudinal momen-

o op
© 05 en'p > 4. .
or " p — at/rT o (a)

oLt v 11 1 I T T R |

5 10 20 50 100
PION LAB. MOMENTUM (GeV/c)

tum p,. Figure 13 shows the x?® for various ratios
of proton to K¥ momenta used in the Lorentz trans-
formation. The x? was defined by

2§ (0 —0h)

2T - ot @
where o (0£)is the cross section for the ith bin
in the forward (backward) p, distribution, and
(67); is the associated error. The minimum for
the x % was found to occur for R=1.5. For this
value of the ratio the greatest symmetry occurs.
For 6-prong events in 7*p interactions at 7 GeV/c,
Stone et al.?? also found that R ~1.5 produced the
best symmetry for the longitudinal momentum dis-
tribution. It appears that for quite different beam
particles and energies and for the same multiplici-
ty, the value R=1.5 is obtained. The symmetry in
the longitudinal momentum distribution is further
compared by the slopes obtained for exponential
fits to the backward and forward hemisphere of the
longitudinal momentum distribution in the c¢.m.
system (R =1.0) and in the “quark” frame (R=1.5).
The results were fitted with an exponential func-
tion, i.e., Ae %1 where q;=ay (forward), ag
(backward). For c.m. system (R=1.0) and for
quark frames (R =1.5) the results are shown in
Figs. 14(a) and 14(b), respectively. The results
are summarized in Table I.

Since the distribution of transverse momenta for
secondary particles (p,) is independent of their
longitudinal momenta (p,), the primary energy of
the particle, and the kind of primary hadron, it is
worth mentioning that there is some indication of
a quark system in the behavior of p,. The effect
is not as pronounced as the one exhibited by p,
alone, but it is nevertheless significant. This is
illustrated in Fig. 15, where the (p,) is plotted as
a function of the longitudinal momentum p, for the

T LA A | T T T T T T 1 T
. K*p - T s
20k oKp—=>7/m T+ ]
’ x K"p - Koo T 4
ﬁ akp— K+ 77 e
- % % -
&
~. |LOf b
a
a
U
@ | 4
(b)
O R S | 1 1 1 1 I S N I |
5 10 20 50 100

KAON LAB. MOMENTUM (GeV/c)

FIG. 16. R values found as a function of laboratory momentum in (a) 7*p interaction, (b) K*p interactions. The non-
overlapping errors of some experiments at nearby incident momenta are probably due to different ranges of p, used in
fitting exponentials to the p, distributions. Part (a) also has points for the yp interaction.



750 P. L. JAIN, W. M. LABUDA,

entire sample of negative pions. A tendency is
indicated toward greater forward-backward sym-
metry as R varies from 1.0 to 1.5. The distribu-
tions exhibit the characteristic dip at p, =0 and
show some indication of a quark system behavior
in (p,) also.

This result was interpreted as evidence in favor
of the quark model. Similar asymmetry was ob-
served by Ko and Lander®® at 12 GeV/c in K*p—~ 17~
+anything. Figures 16(a) and 16(b) give®* all the R
values which were required to produce symmetry
in the p, distributions of 7*p and K *p interactions,
respectively. It appears that there is no tendency
for R to become smaller or larger with increasing
energy. The scaling prediction® that R should be
approximately energy-independent is certainly not
strongly violated. One may notice, however, a
slight defference in the value of R for experiments
with incoming kaons and pions, indicating perhaps
a dependence of the parameter R on the mass of
incoming particle. The value of R, equal to 1.0
for pp collisions, increases with the decreasing
mass of the projectile and is approximately 1.5 for
K™p, 1.75 for mp, and 2.0 or larger for yp colli-
sions.?®

Apart from the p, and p, distributions, we also
looked at the angular distribution between the
scattered 7~ and incident K* which is plotted in
Fig. 17. The histograms in solid and in dashed
lines indicate the angular distributions in the c.m.
(R=1.0) and the quark (R=1.5) systems, respec-
tively. For the quark frame, the distribution is
fairly symmetric about 6=7/2.

A serious objection to the attractive idea of
multiparticle production by quark-quark collision

60

45
©
o
230
wn
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P
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-0 06 -0z 0 oz 06 10
cos B¢ty

FIG. 17. Angular distributions for all 7~ produced in
the c.m. system (R =1.0) and in the quark frame (R=1.5)
for K*p interaction.
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comes from a fact already noticed by the Wisconsin
group.?! R strongly depends on the number of par-
ticles produced in the interaction. The values of
the parameter R decrease strongly with increasing
multiplicity. This dependence is well established®®
and can be explained on the basis of double-quark
scattering for high multiplicities. We may, how-
ever, mention that Caneschi®*” and Friedman and
Risk?®® have shown that the dependence of R on the
multiplicity can be explained by multiperipheral
models.

C. Rapidity Distribution
Another possible way of finding asymmetry in
meson-proton interactions is to look at rapidity
distributions of the produced pions. Rapidity Y is
defined as

Y=3In[(E+p,)/(E=p,)]
=sinh™[p,/(m*+p,*)'/?]
=cosh™[E/m*+p,?)] . (4)

The shape and magnitude of rapidity distributions
are invariant with respect to Lorentz transforma-
tions along the incoming particle direction, i.e.,

Yy =¥ +3In[(1+8)/(1-8)] , (5)

where B is the velocity of system (1) with respect
to system (2). We may also point out that if there
is a symmetry system which is moving along the
incident particle direction, the longitudinal rapidity
distribution should be symmetric with respect to
given Y, the rapidity of the symmetry system.
The displacement of the central value of Y, from

Y =0 is directly related to the parameter R, by Y,

™
o
T

N0.70.30
q
S

/ AN,
20 [ = 3

L T S WO S Y =

5 To7 Cor 05 17 23
Y

-25 719

FIG. 18. Rapidity distribution for =~ meson in (a) the
c.m. system R =1 and (b) the quark system R =1.5. The
histograms display the experimental data, and the smooth
curves are the Gaussian curves fitting the data.
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to log;tand;).

=§1nRs. If the symmetry system exists, R, should
be identical to R, where R =Pjr¢/pirc=1.5. In Fig.
18 we show the rapidity distribution for 7~ in the
c.m. system (R=1) and the quark system (R =1.5).
The Y distribution is approximately Gaussian and
symmetric in both cases with center of symmetry
at ¥2m =0.17 and ¥, =-0.10. The slope in either
case is about 1.1+0.15.

D. Two-Fireball Model

In order to see if there is any partial evidence
for the two-fireball model, we have plotted in Fig.
19 the forward/backward fraction F/(1 - F), which
is simply [y/(Y - )], against y /Y, where Yis the
maximum value of rapidity?! and y is linearly re-
lated to log,, tand, . The resulting Duller and
Walker plot®® is shown in Fig. 19. We see no in-
dication of the two fireballs at this energy.

E. Transverse Momentum Distributions

It has been a common practice to fit the p, distri-
butions with theoretical curves. In Fig. 20 we
show two distributions, i.e. (i) the Hagedorn dis-
tribution [ N~H, p,%/%exp(-p,/H,)], and (ii) the
Boltzmann distribution [ N~ B, p, exp(-p,2/B,)],
where H,=0.12+0.002 and B,=0.09+0.004. One
can see that the Hagedorn distribution gives the
best fit to the data, giving the most probable value
of the transverse momentum to be 200 MeV/c.

Our results are compared with other data® in Ta-

1

0.2 0.4

06 0.8 1.0
P, (GeV/c)

FIG. 20. p, distribution for negative pions. The histo-
gram displays the experimental data, and the smooth
curves the theoretical predictions due to (—) the Boltz-
mann distribution (N ~B,p,e™® #*/B2) and (---) the Hagedorn
distribution (N ~ H,p,%%e Pt/H2),

ble VI. The average value of the transverse mo-
mentum of the 7~ was found to be 350 MeV/c, in
agreement with other observations made from
bubble-chamber data in which the projectiles were
different.

Valuable informationabout inclusive reactions can
alsobe obtained from the study of transverse momen-
tum distributions. InFig. 21 are shownthe p,? distri-
butions of 7~ from 6-prong K*p interactions at
12.7 GeV/c. Assuming do/dp,®=a exp(-bp,?), the
value of the slope () is found to be 11.8 + 0.06
(GeV/c)™. The slope for pions produced in pp in-

TABLE VI, Comparison of Boltzmann (N ~pte"t2/32)
and Hagedorn (N ~p,%2e~Pt/2) constants (B,, H,) for
pions in different reactions.

Boltzmann constant Hagedorn constant
(By) (Hy)

Interaction T Ll o Ll

K*p 12,7 GeV/c 0.09+0.004 0.12 +0.002
TP 25 GeV/c 0.149 0.131+0.036
bpb 28.5 GeV/c 0.129 0.127+0.036
pp 13 GeV/c 0.126 0.126+ 0,039
bpb 2.32 GeV/c 0.132 0.129+0.011
pb 5.7 GeV/c 0.149 0.149  0.137+0.022 0,137+ 0.022
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FIG. 21. p? distribution for 7~ mesons in K *p inter-
actions. (i) All events, (ii) events with invariant-mass
M(K*717) <940 MeV; (iii) invariant-mass M(K*7")
> 940 MeV.

teractions at 6 GeV/c (Ref. 31) was found to be 8.78
+0.51 [for p,2<0.2 (GeV/c)?]. InFig.21is alsoshown
the distribution of p,? for 7~ meson when events
having an invariant-mass M(K*7~) are either se-
lected or excluded. The steep maximum at small
p.2 is clearly related to low M (K*7~) events. The
slope values for events with M(K*7~) <940 MeV
and >940 MeV are 17.03+0.10 and 5.51+0.46, re-
spectively. Similarly for 77p interaction at 16
GeV/c, it was found® that the slopes of p,? distri-
butions for events having invariant-mass M(prn*)
<1.36 GeV and >1.36 GeV are 5=20.7 and 7.67,

respectively. The presence of resonances do
affect the slope of the p,? distributions.

V. CONCLUSION

We have analyzed events of the type K*'p —~
~K*p27*21~ interactions at 12.7 GeV/c which are
highly peripheral with significant resonance pro-
duction. The CLA model, in which the multipe-
ripheral mechanism with exchange of Regge tra-
jectories is assumed, gave a good description of
the data. An improvement of the CLA model was
achieved by replacing ¢ by ¢— {mix in the calcula-
tion of the amplitudes for the multiperipheral dia-
grams.

The GGLP effect, observed in the opening angle
of the distributions of pairs of pions, is seen but
disappears after the removal of resonances.

The search for a frame of reference suggested
by the quark model resulted in a symmetric longi-
tudinal momentum distribution for the negative
pions in this reaction when the ratio of the momen-
ta of the proton and K* was approximately 3.
Quark-system behavior was noted for the angular
distributions and the average transverse momen-
tum as a function of longitudinal momentum. Sin-
gle-particle inclusive distributions have been pre-
sented for comparison with other experiments.
We find a correlation between low values of p, and
p, which may be partially due to peripheral reso-
nance production in these data. The rapidity dis-
tributions for 7~ meson in the c.m. system (Ycm.)
and in quark system (Y ) are presented. The p,
momentum distribution for negative pions is best
fitted by Hagedorn’s distribution. The slope for
the p,? distribution for negative pions is com-
parable with other data, and we do not see any in-
dication of two fireballs in K*p interaction at 12.7
GeV/e.
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Measurements of differential cross sections for quasielastic electron-deuteron scattering

e +d —e + p + n have been made in which recoil protons were detected in coincidence with the
scattered electrons. The ratios of the elastic electron-neutron to the electron-proton scattering cross
sections are derived from the proton coincidence data. For comparison, these ratios are also determined
from the scattered-electron momentum spectra using the peak and area methods. The theory developed
by Renard, Tran Thanh Van, and LeBellac, which includes corrections for the final-state interactions, is
found to explain the proton coincidence results. The present measurements, made at an electron
scattering angle of 90° for four-momentum transfers of g2 = 7, 10, 15, and 29 F~2, and at 80° for

g? =45 F~2, are combined with previous results to obtain the electromagnetic form factors of the

neutron.

I. INTRODUCTION

The quasielastic electron-deuteron process e+d
- e+n+p has been investigated. The aim of the
measurements presented here is to provide infor-
mation about the electric and magnetic form fac-
tors of the neutron, G, and G,,. The present
experiment extends the proton coincidence method

used by Budnitz ef al.! to large electron-scatter-
ing angles.

In the proton coincidence method, protons which
recoil in the direction of momentum transfer are
detected in coincidence with scattered electrons.
Quasielastically scattered electrons which possess
protons in coincidence, “ep events,” arise mainly
from the interaction of the electron with the proton



