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do not include our systematic error of 15 percent or
any estimate of the error caused by any expected par-
tial incorrectness of our assumptions.

This equation has been changed by a factor of 4, by
which it was incorrect in the original.
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The purpose of this note is to report the ex-
istence of marked departures from phase space
in the effective-mass distributions for the =~
and KK states. We present evidence that, in
about 257& of the events observed, the =m state
results from the decay of a resonant state (:" )
with a mass of 1535 MeV and a full width of &35
MeV. The observed anomaly in the KK effective-
mass distribution is possibly open to different
interpretations. If we assume it to be due to the
decay of a resonant state K, we find that MK*
= 1020 MeV, and that it has a full width of 20 MeV.
However, it may also be possible to explain the
effect as due to S-wave KK scattering. These
results, as well as preliminary evidence con-
cerning the properties of the " and K, are
discussed below.

The data for this experiment were obtained in
an exposure of the BNL 20-in. hydrogen bubble
chamber at the Brookhaven AGS. Details of the
exposure and beam have been previously dis-
cussed. ' Data were obtained both at 2.24 and
2. 5 BeV/c. The sample reported on here con-
sists of 79:"~ and 37 KK combinations from the
following production modes:

For each of the above reaction types, the distri-
butions of the square of the effective mass, de-
fined by

were obtained. The results are shown in Figs.
1 and 2 in the form of Dalitz plots with. Uef f'
distributions projected onto the appropriate axes.
The departures from the phase-space predictions
are 3 standard deviations for the =m and 2.5
standard deviations for the KK effective-mass-
squared distribution. This estimate of error is
based on the square root of the total number of
events in the bins containing the peaks in the =&I

and the KR Dalitz plots (see Figs. 1 and 2). Note
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All events were measured and analyzed using the
BNL TRED-KICK system. Except for Reaction
(ld), 'we believe the contamination from other
topologically similar event types to be negligible.

FIG. 1. The Dalitz plot for the channel "&R pro-
jected on the M (K-) and the M ("z) axes. The solid
curves on the projections are the invariant phase-
space curves normalized to the total number of events.
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FIG. 3. The {effective mass)~ distribution for "
from the channels " 7i K and " 7l K for those events
above phase space.
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FIG. 2. The Dalitz plot for the channel ARE pro-
jected on the M~{KK) and M~{AK) axes. The solid
curves on the projections are the invariant phase-space
curves normalized to the total number of events.

that the phase-space plots are normalized to the
total number of events in the Dalitz plots. ~ %'e

discuss these results for the =m and KR systems
separately.

In Fig. 1, two clusters of events are clearly vis-
ible. The first at Meff (:-m) = 2.35 BeV' corres-
ponds to the proposed:-, and the second at
Meff (Krr) = 0.75 BeV' corresponds to the K .
From the orientation of the Dalitz plot, it is clear
that whereas the K resonance cannot produce a
peak in the ifeff (:-m) distribution, the " strongly
influences the Meff (Kw) distribution as is evi-
denced by its asymmetry. A detailed study of in-
terference effects is precluded by the relatively
smal. l number of events. In order to best obtain
the mass and width of the = peak, we have plotted
in Fig. 3 the Meff (:-w) distribution after subtract-
the phase-space contribution. From this distribu-
tion we obtain M-„*=1535 MeV and E' ~ 35 MeV.~

Some information concerning the isotopic spin of
the = can be obtained by examining the decay

laeet 0 0
Rq — ~ w ~ m.

Taking only those events which lie in the = peak,
and requiring for R, that the associated K, is ob-
served, and for R, that the A from " & decay is
observed, we find R, = 5/0; R, =3/2. These values
should be compared with the expected R, =R~=2
for I=+ = 1/2 and R, = R~ = 1/2 for I-*= 3/2, favor-
ing a " isotopic spin of 1/2. A similar indica-
tion is obtained from the observed production
ratio, R„ofReactions (la) and (lb). ff the =
had I= 3/2, the above reactions could proceed
only via the I= 1 channel and the expected value
of Rs would be 1/2. The observed ratio based on
the subsample of events in which the A from =
was observed in R, =10/2. '

Information on the spin, 4-„+, is obtained from
a study of the (folded) up-down = decay distribu-
tions, i.e. , the distribution of the " decay pion,
q~, in the = center-of-mass frame, with respect
to the normal, n, to the = production plane. If
the = spin were &1/2 and the = were polarized
in production, the distribution would be aniso-
tropic. The observed distribution for the events
in the peak give

( l n ql & 0.5)/. ( I n tI ! .C . .) = 1 5/5.
7T 1T
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FIG. 5. The (effective mass)2 distribution for h:h
from the channel AKI7. The solid curves show the
distributions expected from the effective range ap-
proximation for a = 1, ro = 6, and a = 4, r p

= 1.
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FIG. 4. The (effective mass)2 distribution for KK
from the channel AEF7 for those events above phase
space.

where k'= —,'Meff'-M~'. A comparison of the ob-
served data with the distribution of Me ff (KK) for
two values of the scattering length, a, and effec-
tive range, x„ is shown in Fig. 5. 6'e find that
a good fit can be obtained only for positive scat-

This result is two standard deviations away from
isotropy suggesting 4=*&1j2.

%e now discuss the KK system. Figure 2 clear-
ly shows a grouping in the region Meff'(KK) = 1.05
BeV' and no significant departure from phase
space in the Meff (AK) distribution. Assuming
that this peak is not due to a. statistical fluctua-
tion, ' there exist the possibilities that it is a KK
resonance or an S-wave final-state KA' intera. ction.
To study the KK peak more carefully we have re-
plotted the Meff distribution after subtracting the
phase-space contribution (see Fig. 4). From this
plot we find M~*= 1020 MeV and I"g*= 20 MeV.
Because the departure from phase space occurs
so close to the threshold, there exists the pos-
sibility that it is due to S-wave final-state inter-
action between the K and K. Using the simplest
form of effective range formalism to describe the
K-R scattering, the appropriate distribution of
KK effective masses becomes

f (M ) = phase space/[k'+ (-a '+ —,'r0k')'],

tering lengths, corresponding to bound KR states,
and for large values of xo. Statistics are too poor,
however, to draw any conclusion other than that
the peak is consistent with both a KE resonance
and a S-wave interaction.
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2Such events are detectable if they appear as double
V productions in which (a) the A does not fit to the
primary vertex, (b) the K fits the primary vertex,
and (c) no fit to the two-body kinematics is observed.
Five such events were found.

3An analysis has been made of the effective-mass-



VOLUME 9, NUMBER 4 PHYSICAL REVIEW LETTERS AmUsT 15, 1962

squared distributions of the "& and KE systems by
means of the X test. The probabilities that the ob-
served distributions originate from their correspond-
ing phase-space distributions are &0. 0001 for the =~
system and &0. 01 for the KR system. The large X2

values arise mainly from the single peaks appearing
in each curve.

4For both the "7I and AK systems the mass resolu-
tion is about +3 MeV. This resolution has been esti-
mated from the distribution of A masses found when
the pion and proton from the A decay have been fitted
to the production vertex.

~No subtraction of background has been made in the
derivation of these ratios.
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The p-p data from 3 to 30 GeV/c seem to fit
the assumption of a single vacuum Regge pole
trajectory' (which we label P) and have been anal-
yzed in these terms. ' ' However, two more tra-
jectories must in fact be important in this region:
the w trajectory to give the big difference be-
tween P-P and P-jt) scattering, and a second vac-
uum trajectory (lablled P'} to keep the P-P total
cross section roughly constant. ' (Igi' has already
established the presence of P'from m-N disper-
sion relations. ) Other known trajectories seem
less important; the p trajectory gives differences
between P-P and n-P scattering, but these are
small. '

It is important to know if these extra poles
spoil the one-pole analysis. We present here a
realistic model of P-P and P-P scattering, using
the P, P', and a trajectories, which fits many
aspects of the data. This model suggests that
one-pole analyses need certain corrections but
remain qualitatively valid.

We first assume the scattering is dominated
by the spin-averaged amplitude; this is reason-
able, at least in the diffraction peak, and leaves
a scalar problem. (A complete spinor treatment~|
introduces some modifications to be discussed
later. } The amplitude contains terms of the
usual form

T = P(t)P (cosB )[I a exp(-iso. )]/sinvo. ,

where o.(t) is the corresponding trajectory, t is
the invariant momentum transfer squared, P~
is the Legendre function, 6t is the scattering
angle in the crossed channel, and P(t) is the resi
due function. The signature ~ is + for P and P',
and - for g. The P-p andP-P amplitudes have
the forms

(2)

illips, and W. Rarita, j
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in an obvious notation.
From P(t) we factor out the statistical weight

(2n+1), a factor a to remove' "ghost" singulari-
ties at @=0 for P and P', and the threshold de-
pendence'~" (t 4m') -/(4m')~ where m is the
nucleon mass; any remaining t dependence is
ignored. The choice of units to make the thresh-
old term dimensionless is not trivial, for it af-
fects the t dependence. We note that the factor
(2++ 1) also serves to remove a singularity in
P at n= =,'. The cu term has no ghost at +=0,
but we keep the factor n for symmetry; it also
helps to fit the data, as explained later.

We now use the asymptotic form of P, write
cosBt= (2s-4m'+ t)/(t-4m ) where s is the in-
variant energy squared, and neglect t compared
to s. Each pole term becomes

(2 1 2o. I'( o'+) 1~ exp(-iva), ts-2m'
T 82 +-12

where B is a constant and I is the gamma func-
tion. Note that (s-2mm)/2m =El, the total proton
laboratory energy.

We assume the P trajectory is a straight line
between aP=1 at t=0 and o.P=O at t=-1 (GeV/c)',
as suggested by the one-pole analysis; we re-
strict ourselves to this range of t. Since the P'
and ~ contributions to the P-P total cross section
are to cancel, their trajectories and residues
are equal at t= 0; we continue this symmetry for
t (0 by choosing these trajectories to coincide
on a straight line parallel to the P trajectory.
The intercept at t= 0 is taken to be 0.5 from Igi's
work'; this value also seems consistent with the
variations of total cross sections in the N-N,
N-N, ~-N, K-N, and K-N systems. The nu-
merical coefficients are chosen in the ratio
B~..B~, B = 0.45:1:1for an approximate fit to
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