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The reaction K +p K +p+x +w near 5.0 BeV/c has been examined. In events of
the type E +p %*0(890)+p+ & one-pion exchange appears to explain the interaction.
Analysis of the scattering angular distribution at the 7t P vertex indicates that the p and

are produced as if scattering of the virtual exchanged pion is real. Similar analysis
of events of the type K +P N*++(1236)+K +r, with the assumption of real scatter-
ing between the K and &, yields information on the elastic differential, total elastic,
and total cross sections of K & scattering.

K +P -K*'(890)+ ~ +0,
K +P -K + m +N*++(1236).

(1)

(2)

Modification of the one-pion-exchange (OPE)
model to include the effects of scattering of
the virtual pion on the nucleon have been con-
sidered most recently by Deck' and by Maor
and O'Halloran. ' These authors have shown
that such considerations, for example, lead to
kinematic enhancements at the low-mass end
of three-body mass spectra derived from four-
body final states. Their calculations have led
to good agreement with specnic experimental-
ly observed distributions. '~' Many experiments
have noted angular distributions at the nucle-
on vertex consistent with real elastic meson-
nucleon scattering. ~~4 Hence there is evidence
for the hypothesis that in peripheral high-en-
ergy interactions the virtual exchanged pion
scatters from the nucleon as if it were real.
This report extends these ideas to the K
vertex in the reaction K +P -N*++(1236)+K
+ p in order to obtain information about the
K m scattering cross section.

From 60000 pictures taken with the Brook-
haven 80-inch hydrogen bubble chamber with
K mesons incident at 4.6 and 5.0 BeV/c we
have identified 1624 events of type K +P -K
+p+w++w . The experimental details were
described previously. '

The interaction is dominated by the interme-
diate channels

6'(K . (K s ) ) &0.5 (BeV/c)';
in out

for diagram 2(a), 1150 &M(m+p) & 1300 MeV,

~'(P. (vr P) ) &0.5 (BeV/c)'.
in out (4)

These criteria minimize the nonresonant back-
ground so that (i) the Trieman-Yang azimuth-
al angular dependence at the corresponding
pion-nucleon vertex is consistent with isotro-
py and (ii) the angular distribution of the decay
of the resonance is consistent with cos'0 depen-
dence. For b, '&0.5 (BeV/c)' these features
are less evident, indicating that OPE is not
dominant. '

These selection criteria, (3) and (4), large-
ly remove events produced via other mecha-
nisms, in particular those displaying K7tm and

Both K*o and N*++ are produced mainly in pe-
ripheral (low four-momentum transfer) inter-
actions. About 20%%uo of events forming K*& showed
a. quasi —two-body character, K +p -K*o+N*o.
In contrast there is no evidence for quasi-two-
body formation in channel (2).

Peripheral production of K*o in channel (1)
and N*++ in channel (2) suggest that OPE is
dominant, the K*o being produced via the dia-
gram of Fig. 1(a) and the N*++ by that of Fig.
2(a).' To select events proceeding via these
diagrams we adopt the following criteria: for
diagrams 1(a), 860 &M(K w ) &920 MeV,



VOLUME 18, NUMBER 25 PHYSICAL REVIEW LETTERS 19JUNE 1967

K

(b)16-
I2 1.077&M(II P) —I.175

(c)

1.175&M(II P) ~ 1.300

4-~

IO 0 -I.O I.O 0 -1.0

~ Se-I-

IU 28 - 1.500&M(II P) & 1.500

(e)

1.500&M(II P)& l.625

T'
I

I

I 1.625&M(II P)&1.825

O
20—

IU

I 1
IO 0 —10 1.0

1

n
0 —I.O I.O 0 -1.0

COS (PIN POUT)

EE mass enhancements. (We find no evidence
for F* production. ) These will be reviewed
extensively in another report.

Of 1624 events in the K pm+71 final state,
217 are selected by condition (3) and 250 by
condition (4). Both criteria are satisfied simul-
taneously by 29 events.
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FIG. 2. (a) Diagram for OPE production of N*++.
(b)-(d) Distributions in the cosine of the scattering an-
gle of the K in the K 7I. barycentric system at the
upper vertex of the diagram in (a) for events satisfy-
ing condition (4).

FIG. l. (a) Diagram for OPE production of K*0. (b)-
(f) Distributions in the cosine of the scattering angle
of the proton in the m

—
P barycentric system at the low-

er vertex of the diagram in (a) for events satisfying
condition (3). The histograms represent our data and
the dashed curves are a normalized average of the
real 71 p elastic scattering over the energy regions in-
dicated.

For events selected by (3), we now examine
the behavior of the m p vertex of diagram 1(a).
The distribution in the cosine of the angle be-
tween incoming and outgoing proton in the m p
barycentric system is shown in Figs. 1(b)-1(f)
for five intervals of the invariant v p mass.
The dashed curves show the real m P elastic-
scattering angular distributions averaged over
each energy interval and normalized to the
data. The similarity between the real and the
derived distributions shows that the scatter-
ing at the nucleon vertex in the diagram of Fig.
1(a) is consistent with real w P ela.stic scat-
tering.

If the exchanged meson exhibits real elastic
scattering at the nucleon vertex in Fig. 1(a)
then it is reasonable to assume that the exchanged
meson exhibits real elastic scattering at the
K -meson vertex in Fig. 2(a). This hypothe-
sis is supported by the result of Ref. 4 where
a four-particle production is shown to be con-
sistent with the assumption that the exchanged
pion scatters elastically at both nucleon ver-
tices of the OPE diagram for pp collisions;
in fact the distribution in mass of n+p and of
m p resembles dramatically the energy depen-
dence of the equivalent real v+p and vr p total
elastic-scattering cross sections. '

In accordance with this hypothesis, the events
satisfying (4) have been divided into three in-
tervals of K ~ mass. For these intervals
the distribution of events in cosine of the K m

scattering angle in the K m barycentric sys-
tem is plotted in Figs. 2(b)-2(d). We assume
that these distributions represent the relative
K m differential elastic scattering for the
corresponding center -of -mass energies. 9

To estimate approximate quantitative values
for the K v differential and total elastic-scat-
tering cross sections we have made modified
OPE calculations for diagram 2(a) to predict
the rate of Reaction (2) as a function of the OPE
propagator and the real on-the-mass-shell scat-
tering of the exchanged pion at both vertices.
We use the relation"

K n
' E P' K w

' 'E' P'

G(E,M, M + ) dv (daK m
'

w p el
&

el
(n'+ m')' dQ — —( dQK nr'p

fn each K m mass interval (dv/dQ)E+p is com-
puted using values of (do/dQ)el from appropri-
ate real E+p elastic-scattering measurements.
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FIG. 3. (a) Cross sections for the K 7I interaction
as a funct, ion of the total energy in the K 71 barycen-
tric system. The total cross section is obtained from
the optical theorem as explained in the text. Errors
are obtained both from statistical uncertainty and from
uncertainties determined by measuring the sensitivity
of the cross section to cuts in the kinematical quanti-
ties. (b) Distribution inM(K R ) which demonstrates
qualitative dependence of ael(K 71 ) as discussed in
Ref. 9.

Thus, a second scale is drawn in Figs. 2(b)-
2(d) on the right side of each graph giving the
calculated cross section in mb/sr. These dis-
tributions seem to indicate a predominance
of S-wave scattering at low energy with a trend
toward more peripheral scattering at higher
energy.

Fitting the higher energy data in Fig. 2 to
an exponential dependence on the square of the
four momentum transfer for the K w elastic
scattering in the region cos(K, K) ) 0.6 and cal-
culating" an average impact parameter R = (fI')"'
for the K m interaction we find R = 0.7 + 0.2 F.

The average elastic-scattering cross section
oel(K TI ) for each energy range is obtained
by summing over each of the distributions in
Fig. 2 and is plotted in Fig. 3. Assuming the
forward elastic-scattering amplitude to be pure-
ly imaginary we have estimated an upper lim-
it for the total K z cross section from the

optical theorem

o = (47T/k) [(do/d Q) P".
tot, opt 0 deg, el

These values also are plotted in Fig. 3. Any
real part of the forward scattering amplitude
would decrease this estimat for at t prop
tio nally.

Finally we have compared our values for
otot(K w ) with the asymptotic (infinite-ener-
gy) value predicted by factorization of Regge-
pole residues, "

&(K T) )t t=ot t(K p)ot t(TI p)/ot t(pp).

Using the asymptotic values otot(K p) = 22 mb,

o'tot(TI p) =25 mb, and otot(pp) =37 mb, this
relation gives otot(K m ) = 15 mb, shown as
the asymptote in Fig. 3.
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tribution of the data at the hypothetical K*-p vertex
fits the shape predicted for this angle assuming in-
stead that we are observing OPE as in Fig. 1(a). The
fit gives X2=14 for 10 degrees of freedom. There is
then no evidence for any mechanism other than OPE
for events in this sample.
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Discovered Resonant Particles, Ohio University, Ath-
ens Ohio, 1963, edited by B. A. Munir and L. J. Galla-
han (Ohio University Physics Department, Miami,
Ohio, 1963) p. 86, and Ref. 3, in IC P interactions at
1.96 and 4.6 BeV/c to produce Z*+N*
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Our K n mass distribution is shown in Fig. 3(b).
According to our hypothesis this represents a rough
indication of the energy dependence of the Z 7t elas-
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corrected for phase space, according to the model
discussed in the text, is illustrated in I'ig. 3(a).
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The possible nonadditive character of quark amplitudes and the resulting additional con-
tributions to total cross sections are investigated. A sum rule is derived and it is sug-
gested that the nonadditive contributions to some cross sections may be dominant.

High-energy hadron-nucleus cross sections
exhibit the effects of multiple scattering to vary-
ing degrees, depending in part upon the reac-
tions measured and the momentum transfers
involved. For example, proton-deuteron elas-
tic-scattering angular distributions exhibit a,

secondary maximum or shoulder and a backward
peak which appear to be attributable to double
scattering. ' ' Proton-He' elastic scattering
exhibits secondary and tertiary maxima which
may be attributable to double and triple scat-
tering, respectively. ~ Double-scattering effects
in high-energy hadron-deuteron total cross
sections are not quite so dramatic, but gener-
ally do amount to 5-20% of the corresponding
hadron-nucleon cross sections. ' ' The analy-
ses of multiple scattering at high energies are
usually made by means of the Glauber approx-
imation. In quark models, where hadrons may
be thought of as bound states of three quarks
(or antiquarks), or of aquark and an antiquark,
one might expect multiple-scattering correc-
tions to hadron-hadron total cross sections to

be significant. We investigate the possible ef-
fects of "multiple scattering, " i.e., nonadditiv-
ity of quark amplitudes, by applying the Glau-
ber approximation to the quark model.

Most of the total cross-section relations ob-
tained from the quark model with the assump-
tion of additivity of the quark-quark and quark-
antiquark amplitudes " appear to be in rath-
er good or very good agreement with the mea-
surements. This agreement need not, however,
imply that the quark amplitudes are additive.
The treatment of nonadditivity corrections in
the quark model may be illustrated for m+m+

collisions for which the Glauber approximation
leads naturally to a consideration of single,
double, triple, and quadruple scattering. We
use the notation +&X for the three quarks and
we consider the m+ meson to be a bound state
of the antiquark-quark pair X6'. We assume
that the internal velocities of the quarks may
be neglected in comparison to the velocity of
the incident m+ meson. We also assume that
the m+ meson has an internal wave function and


