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The production of cascade hyperons by IC incident on hydrogen has been studied at beam mornenta of
1.7', 2.1, and 2.4—2.7 GeV/c. A sample of 3028 " and 934 "' was obtained. Cross sections and polarization
for E+ and 0E' production are presented. The data are compatible with dominance by I=0 baryon ex-
change in ™E+ production, but also provide strong evidence for resonance formation in the s channel com-
patible with Yo*(2100).Copious production of "*(1530)and IC*(890) is observed in the three- and four-body
6nal states. A broad ™7i-enhancement is observed in the X+~ and ™0K+m final states at a mass near 1894
MeV/c' and with a width of about 98 MeV/c'. This enhancement is identified with the "*(1930)first ob-
served by Badier et al Lifet. ime measurements give r-. =(1.61+004)X10 I sec and r-.o=(307—o.~a+is)

X10 ' sec. A decay-parameter analysis assuming spin —' yields e=-= —0.391+0.045, 0,„=0=—0.43+0.09,
C-.-—= tan (p/T)„-. -= —(14+11)', and C-.o= (38+19)' if iix=0.647 is used. These results are in agreement
with 2' invariance and the ~AI ~=-', rule. A compilation of LRL results for " and ' yields n-. = —0.380
+0.034 and 4&-. = —(1&7)', implying A=tan '(—p/n)E= (178+16)'. Hence the final-state Air phase
difference S,—8„=—(2+16)' if 2' is strictly conserved in the decay. Two examples of " ~ Ae v were ob-
served. Upper limits =1X10 ' have been set for the branching fractions af other [AS (

= 1 and ~AS
~

=2
leptonic and nonleptonic decays of ™and

I. INTRODUCTION

'PRODUCTION and decay properties of and
hyperons have been studied in an exposure of the

72-in. hydrogen bubble chamber of the Lawrence
Radiation Laboratory to a separated E beam. ' The
data were taken at incident E momentum settings of
1.70, 2.10, 2.47, 2.59, 2.64, and 2.73 GeV/c. Preliminary
results have been reported previously. ' '

Total and diQerential cross sections and " polar-
ization data have been obtained for the E p —+ E
reaction. The data have been qualitatively analyzed in
terms of a baryon-exchange model. Strong evidence
exists for s-channel resonance formation near 2100
MeV, with subsequent decay into ™K.Additional
s-channel structure is also indicated by the data.

An analysis of resonance production in the IC p —+

Err reactions is presented. The familiar *(1530) and
E*(890) dominate the production at our energies.
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Both the ™~~and *' production angular distributions
above 2 GeV/c have backward (baryon-exchange)
peaks with pronounced dips in the extreme backward
direction. A forward peak of comparable size is present
in the ™*. The production and decay distributions are
discussed in terms of baryon exchange and possible
s-channel effects. A 7t- enhancement identi6ed with
Z*(1930) is observed in Ep —+ p E+srs an'd EoE+sr .

The "Ezx reactions have been analyzed and are
also dominated by production of *(1530)and E*(890).
There is some indication of a *(1815)~ -*sr con-
tribution in these data.

The ™lifetime and decay asymmetry parameters
have been determined in several prior experiments' '3

by use of a total of 2600 events. The experiment pre-
sented here, with 2800 ™events, has yielded a lifetime
somewhat smaller than the earlier measurements and
decay parameters in good agreement with previous
results except for those of the UCLA experiment. A
new technique was employed in the decay-parameter
analysis to make use of the smooth variation of "
polarization with production angle.
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Previous results on ™0decays were based on =200
events. Ke have analyzed nearly 1000 ™0events, of
which 340 were used for the lifetime measurement and
739 for the decay-parameter measurement. Results
for and ' are compared as a check of the ~DI~ = —',

rule for weak decays.
A search for unusual decay modes has yielded two

examples of —+he F. Upper limits have been set
for other ~hS~ =1 and 2 leptonic and nonleptonic
decays of ~™ and ~™0.

The organization of the paper is as follows:

II. Experimental Procedure
A. Selection of Events
B. Scanning Losses and Corrections

III. Total Cross Sections
IV. E Production

A. Presentation of Data
3. Interpretation

V. Multibody Production
A. Em Mass Spectra
3. Reaction E p~Z*(153 )0E
C. Reaction E p —+ E*(890)
D. Em~ Production

VI. ~~A.m Decay
A. ~ Decay Rate
S. Decay Parameters of the and ™0

VII. Unusual Decays
A. " Decays
B. ~'Decays
C. Discussion

II. EXPERIMENTAL PROCEDURE

A. Selection of Events

The events were produced in the reactions

E p~= E+

~ ~~OEO

~ ~~ —E+go

—&
—E'7r+

—+ 'E+~-

-+ =-E+z+vr-

—+ —E'z+z'

~~~ E~+~

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2 6)

(2 7)

(2.8)

Two-thirds of the film was double-scanned for the
relevant topologies; the remaining third was scanned
only once. Scanning efficiencies were 85—97% on each
scan for fitted events within our cutoffs; the loss of
useful events due to incompletion of the second scan
is estimated to be about 2%. The event measurements
were kinematically analyzed by using the LRL PAcKAGE

program. The event selection for the normal decay

sequence is described below; selection criteria for
unusual decay modes are discussed in Sec. VII.

Selection of ™~events was entirely straightforward.
All candidates for were required to have a visible

decay kink and a visible A' decay, except that
events with visible E' only were also accepted for
reaction (2.4). Separate fits with satisfactory X' were
required for the decay sequence

iV-+ per (2.9a)

(2.9b)

as well as a fit to one of the production hypotheses
listed above. The X' cutoffs were chosen to correspond
to a confidence level of approximately 0.5%. Events
with E' decays too short for the gap between the
production and decay vertices to be seen were re-
covered by fitting four-prong events with visible
and A.. Visible E' decay was required for the E'x+z
events.

There is essentially no confusion between ™~re-
actions in our topologies and non- reactions. The
only significant ambiguity among the ™hypotheses
is that between ~ E+z' and ™E x+ when the E' is
unseen. Most of these ambiguities were resolved by
visual inspection of the bubble density of the positive
track. However, the E+ or ~+ momentum was too
large to permit such resolution for 27 events in a total
sample of 1189 events with no observed E'. In these
cases the hypothesis with smaller X' (one constraint)
was chosen; 18 of the 27 events were assigned to

E+vr' and 9 to E'~+. Even assuming that half of
the 27 events were misassigned leads to (2% con-
tamination of the former reaction and (0.5% con-
tamination of the latter. The numbers of ™E'z+
events observed with either E' or A decay visible, or
both visible, are consistent with the experimentally
well-known' decay branching fractions of A. and E'
into p7r and m+~ .

In contrast to the reactions, which provide nearly
all. the events in their topologies, the ™0reactions con-
tribute only a small fraction of the events in their
respective topologies. Consequently, one encounters
substantial difhculties in their separation. Since purity
of the sample is crucial in the ™0lifetime and decay
parameter determinations, we discuss the ' separation
procedure in detail. The direction is not known
(unless the decay ~' decays via e+e y), so reactions
with a missing neutral at production are not over-
constrained. Thus, ™0Ex' and g'E+x x' production
cannot be fitted. Only "'E', ™0E+~,and ™0E'm+m

productions were considered as sources of ™0,and only
when the A from decay and, if appropriate, the E'
were observed to decay in the chamber. The A was

'4 See references in the compilation by A. H. Rosenfeld, N.
Barash-Schmidt, A. Barbaro-Galtieri, L. R. Price, P. Soding,
C. G. Wohl, M. Roos, and W. J. Willis, Rev. Mod. Phys. 40, 77
(i968).
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required to pass a one-constraint (1C) A' decay fit with
unspecified incident A momentum and direction; the
A momentum vector from this fit was used in a 3C,
two-vertex fit to the production reaction followed by
"o~A7ro decay. (The extra constraint is obtained by
requiring the ™0,A, and x' momentum vectors to lie
in a plane. ) This fitting procedure was checked by
putting ™QE+7f; events generated by the Monte Carlo
program zAzz, " through PAc~cz; the zA&z events
were useful in calibrating the separation of 'E+m.

events as well as in the ™0decay analysis. The 3C fit
of the A to the production vertex was also performed;
at our momenta the A from 0 decay frequently (about
25% of the time) acceptably fits to the production
vertex due to a small laboratory-system angle between
the ~' and A directions.

~ XEO~O

~ ZOEo

(2.10a)

(2.10b)

(2.10c)

feed the 0-prong two-V topology and can be kine-
matically ambiguous with E production. Fits to
reaction (2.10a) are 4C at production and were accepted
as unambiguous evidence that the event is pion-
induced. This assignment was confirmed by study of
the X' distributions for the 32 events fitting both
E p~ 'E' (flattish distribution with some peaking
at high x') and m p ~AE (normal 4C x' distribution).
Using measured cross sections" for vr p~ AE' in our
momentum region and the number of our events fitting
AE' at each beam momentum, we have obtained the
path length of vr in the beam. This path length, based
on 81 total s p-+ AE' events, was used to determine
the contamination of 7r in the beam (Table I).

There are 25 events that fit only Z'E' production,
(2.10c). An additional 29 events fit (2.10c) better than

E production. These events were removed from
the ™0sample, together with five other events fitting
AE'7r, (2.10b), better than 'E'. Thus, we have 54

"Gerald R. Lynch, University of California Lawrence Radi-
ation Laboratory Report No. UCRL-10335, 1962 (unpublished).' 0. I. Dahl, L. M. Hardy, R. I. Hess, J. Kirz, D. H. Miller,
and J.A. Schwartz, Phys. Rev. 163, 1430 (1967);163, 1377 (1967).

I. Reactiol E p —+ 'E'

Each of the 1900 observed 0-prong two-V events
was checked on the scanning table and the assignment
of each "V" as A or E was required to be consistent
with the bubble density of the decay tracks as esti-
mated from visual comparison with the minimum-
ionizing beam tracks. Some 204 events had consistent
'E' fits. None of these fitted E p —+A(Z')E'K'.

However, there is substantial pion contamination in
the beam, especially at the upper beam momenta.
Many of the ™QE'candidates fitted hypotheses in-
volving incident z . In particular, the reaction channels

7r p —+ ZOEO events in the final assignment, consistent
with the 56 events expected on the basis of the observed
number of AIC events and the known cross sections. "
We were left with 138 ™0events, of which two, having
a iilissing mass above I4' consistent with ™0IE'z"pro-
duction, were removed. Of the 136 events in the final

sample, five fit A.E'~' or Z'E' production with con-
fidence level )8 of the confidence level for ~™DE'and
are considered ambiguous. We estimate the contami-
nation in the sample as 2 2+' events. Of the events
removed from the original sample fitting "'E', we
estimate that 5~3 really are 'E' events.

Z. Reaction E p ~ 'E+7r

The ™0E+vr events form a tiny fraction of the more
than 120000 two-prong V events in our experiment.
Most of the background was eliminated by the fol-
lowing procedure:

(a) All events fitting E p~Z'E+~, (2.5), were
inspected on the scanning table and the consistency
of the fitted momenta, of each track with bubble density
was checked.

(b) The fit to OE+vr was required to be the best
fit among hypotheses involving an incident E .

(c) Events consistent (on the basis of &' and ion-
izat. ion) with the 4C hypotheses E p —& AE+E, ''—
A7r+vr, E'p7r, and m p —+ AE+~ were rejected.

(d) Events consistent with E p~Az+m. m' were
rejected.

(e) Events consistent with 7r p —+ Z'E+7r were re-
jected if the confidence level for "'E+~ production
was (5%.

After the imposition of criteria (a)—(e), 971 events
remained. zAKz events were generated with a realistic
beam momentum distribution, and A lifetimes
7 o=3.2g 10 " sec and r~= 2.5X 19 " sec, and a con-
stant matrix element for production and decay. Fitting
of these zAKz-generated events showed that about
8% of real 'E+7r events fit E p~h~+m 7r', only
1% fit other E -induced reactions with A in the final
state or vr p —+ AE+~ . Their X' distribution for the fit
to ™0E+x closely approximates that of the 1.7- and
2.1-GeV/c 'E+~ candidates with "vr effective
masses in the (1530) region, which is a highly
purified subsample (see Fig. 6). Thus, only =1% of
the real events are lost through the imposition of (b)
and (c) and =8% through the imposition of (d). Only
36 events were removed by the imposition of (e), so
that =2 ™QE+x events were lost. The sample of 971
events is still contaminated because of unfittable re-
actions such as E p ~ Avr+~ irozo and E p ~ Zoir+vr pro,

as well as reactions such as ~ p~ DE+or ir' at the
upper momenta where the pion contamination in the
beam is large. The further purification of the sample
was carried out as appropriate to the particular mea-
surement to be made.
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TABLE I. Path lengths.

+If
(GeV/'c)

1.70~0.02
2, 10&0.03
2.47&0.03
2.64+0.08

(events/pb)

3.34~0.06
5.86&0.09
1.80&0.05

13.11+0.16

4.6~1.8
3.3&1.2
6.9 3.3+"

16.8~2.4

For the purpose of measuring the ™0lifetime, a
sample is required which is not only pure but also free
from length-dependent biases. Rejection of events
fitting non- hypotheses (events with the A pointing
back to the production vertex) is therefore not suitable,
since this criterion discriminates against events with
short ™0.Study of the FAKE events has shown that
this effect is large and that the ™0lifetime, measured

by using the calculated ™0lengths, is found to increase
in direct proportion to the number of events eliminated.
The ™0length, as calculated by intersecting the fitted
' and A momentum vectors, is a useful quantity in

performing the separation, since contamination events
(i.e., without real "') should yield equal numbers of
positive and negative 0 lengths. (Negative lengths
occur when the calculated A line of flight intersects the
' line of Right before, rather than after, the production

point. ) This follows from the symmetry of the fitted
' and A directions about the beam direction, and has

been checked with a sample of events (mostly Airer n-')

known to be largely free of . It also follows that the
' lifetime calculated from non- ' events is zero. Real
' events may also yield negative calculated ™0lengths

because of angle uncertainties. The SAKE events indi-
cate that negative lengths occur in =4% of real
events. We note that only four of the 136 ™DEevents
have negative lengths; this result is consistent with
zero contamination or with the estimate of 2 ~+' con-
tamination events obtained from consideration of the
fits.

The ™0E+~sample for the ™0lifetime determination
was defined by accepting events only at the 1.7- and
2.1-GeV/c momentum settings and by requiring that
the E+ have laboratory momentum (600 MeV/c
(relative ionization &1.7) or be otherwise identifiable

by virtue of a characteristic decay or interaction.
(Events with higher beam momentum could not be
used due to the pion contamination in the beam. ) This
sample, containing 215 events, should be nearly free
of contamination and bias; the number of events with
negative ™0length is 12, compared with the 8 expected
if the sample were pure. We estimate the contamination
to be 8&8 events. None of the events has a missing
mass above the measured charged tracks consistent
with the ™0E+vrm. hypothesis.

The ™0E+~sample for the decay-parameter analysis
was defined by accepting only events for which the A

did not point back to the production vertex, as deter-
mined by failure to fit the 3C A-decay fit. This definition

causes a slight bias of the decay-parameter analysis,
but the effect is negligible at our level of precision
(see Ref. 42). The saniple contains 603 events; a
significantly larger sample of nearly pure ™0cannot be
defined. Unfortunately, the sample contains (7&2)%
contamination, estimated from the presence of 44
events with negative calculated ' lengths, where 24
such events are expected. By comparison, the complete
971-event sample contains (26&4)% contamination.

We have verified the completeness of the "E+m.
sample in an approximate way by comparing the rates
for E p~ *(1530)E+ with decay into 'ir and

Z ~'. On the basis of the fits to the mass spectra in
Sec. V, and after correction for the different detection
efficiencies of the two topologies, a ratio 'ir / 7r'

=2.3&0.2 was obtained, in comparison with the ratio
of 2 expected from isospin conservation.

3. Reac60e E p —+ 'E—'ir+7r

A total of 34 events is consistent with interpretation
as reaction (2.8), but of these, 9 are also consistent with

hypotheses such as 7r p ~ (A,ZO)E"ir+ir (m').

B. Scanning Losses and Corrections

Events were missed in scanning if a ™,A, or E
track was too short to be distinguished as such or if
the decay occurred outside the chamber. Events were
also lost if the projected laboratory-system angle of
the ~A decay was too small for the decay kink
to be observed. In the calculation of total and differ-

ential cross sections and in the lifetime analysis, mini-

mum acceptance lengths were imposed. These were 0.5
cm for ™—,E', and A from ' decay, and 0.3 cm for A

from ™decay. Decays were accepted only if they took
place within a volume whose boundaries are sufficiently
removed from the chamber walls to ensure measura-

bility of the decay. Probabilities P=,z and PKo for
decay within these cutoffs and inside the decay volume
were calculated; for the ™decay sequence these are
the normalization integrals used in the likelihood
determination of the lifetime (see Sec. VI A). The
losses a6ect the angular distributions through their
dependence on the lab momentum of the missed

particles. The loss at small ™-decay angles is most
serious when the A is emitted in the ™rest frame in a
direction opposite to the momentum (forward m ),
but also occurs when the A is emitted in the direc-

tion, and at all emission angles when the normal to the
decay plane is nearly perpendicular to the camera axes."
The probability I'& for recognition of the decay was
estimated as a function of momentum and decay
angle by a Monte Carlo technique, as described in the
Appendix.

"The loss is somewhat reduced because of the large ionization
differences between decay ~ and slow ™.
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For each event, the reciprocal product'8 of the de-
tection probabilities P-. ,s, Pii, and PKo (if observation
of the Ks was required) was assigned as a weight
W= 1/P". ,s,PnPzo. For Es events Pres=1; the observed
' decay distribution (Fig. 20) shows no loss of small-

angle decays. Average values of P-. ,s were 82%%uo for
events and 90% for ' events. The average Pii and
PKO are also about 90%.

III. TOTAL CROSS SECTIONS

The path length Z~- of the beam was determined
by a count of three-prong E decays. We have used a

TABLE II. Total cross sections.

Reaction

E p-+ E+

E p —+™OE'

E p ~ E+7r0

E-p ~ --E0~+

E;p =oE+—

E; p ~ E+m-+7r

E p —+ ~ E'm+m
E-p =os +—

+K
(GeV/c)

1.70
2.10
2.47
2.64
1.70
2.10
2.47
2.64
1.70
2.10
2.47
2.64
1.70
2.10
2.47
2.64
1.70
2.10
2.47
2.64
2.64
2.64
2.64

Events

329
376

78
388

51
34

7
44
38

120
55

307
119
379

92
612

65~11.
200~19.
56~ 9.

452~42~
79
42

25m 5.

(ub)

175&16
112+10
87&14
58m 6

100&23
25& 7
24&11
15m 4
16m 4
36m 5
58W10
40m 4
54& 7
97& 9
70a11
67m 5
34m 7
60& 9
57&12
65& 9
11~ 2
12& 3
10& 3

a Corrected for contamination and loss due to fitting ambiguities.

We assume the separate detection probabilities to be sta-
tistically independent. Small correlations may exist between I'D
and ™length or position in the chamber. We have not been
able to detect such eQ'ects.

FIG. 1. Total cross section divided by 4+A,' for E p —+ - E+
(solid symbols) and It p ~ OXs (open symbols) as a function
of beam momentum. The data have not been fitted; the curves
are intended only to guide the eye.

branching ratio for all E decays giving a three-prong
configuration, 8=0.059+0.00j.," and p= 0.059.~
&0.0006 g/cm' for the density of liquid hydrogen in
the chamber. " The path length for 7r was obtained
from the number of two-V events fitting ~ p~AE'
as described above. Table I lists Z~- in a restricted
fiducial volume with the pion contamination 2 -/
(& -+Zx-). The beam momentum distributions cen-
tered at 1.70, 2.10, and 2.47 GeV/c are relatively
sharp, and Gaussian with full width at half-maximum
(FWHM) of 40, 60, and 50 MeV/c, respectively. On
the other hand, the 2.64-GeV/c distribution is made
up of three distinct momentum settings, but is roughly
Rat with a width of 160 MeV/c.

Table II contains the numbers of events and cross
sections for each reaction channel. The numbers of
events listed are the total number available for analysis.
Only events produced in a highly restricted fiducial
volume were used for calculation of the total cross
section, and only those in a somewhat less restricted
volume were used for diRerential cross sections. The
cross sections have been corrected for decay losses by
the weighting procedure described above. In addition,
we have corrected for scanning efficiency, measuring
e%ciency, and the decay of A and Eo into neutrals.
The uncertainties are mainly due to the statistical
uncertainty in the number of events, estimated as the
square root of the sum of the squares of the weights t/t/.

A contribution of &3% for reactions and &5%
for s has been added (rather than folded) to the
errors to account for systematic uncertainties. Thus,
our errors are more conservatively estimated than
those quoted in most bubble-chamber experiments.

The variation of total cross section for ™E+and
'E' production is illustrated in Fig. 1 for the beam

momentum interval 1.2—3.0 GeV/c 7s' ' ' The cross
sections have been divided by the factor 4'' to
facilitate a search for resonant enhancements in
distinct partial waves. Both reaction cross sections
peak near 1.7 GeV/c. In particular, the peak in PE'
is consistent in mass and width with the well-estab-
lished F's*(2100) resonance " This I'* has 7~�-', ,

=&�=�21

MeV, and I'= 140 MeV. Although the cross-
section data alone are insufhcient to confirm the
existence of a E decay made for Fs*(2100), we have
drawn a curve for 'E' production with =50%
I's*(2100) and =50% nonresonant background at the

"P. Davis, Alvarez Group Internal Memo No. 656, 1968
(unpublished).

so T. G. Trippe and P. K. Schlein, Phys. Rev. 158, 1334 (1967).
"J.Badier, M. Demoulin, J. Goldberg, B.Gregory, C. Pelletier,

A. Rouge, M. Ville, R. Barloutaud, A. Leveque, C. Louedec, J.
Meyer, P. Schlein, A. Verglas, D. Holthuisen, W. Hoogland, and
A. Tenner, Phys. Letters 16, 171 (1965); see also Saclay Internal
Report No. CEA-N532, 1964 (unpublished).

2'The possibility of Fo*(2100) decay into "E was erst sug-
gested on the basis of the data in Ref. 7 alone by R. Tripp, D.
Leith, A. Minten, R. Armenteros, M. I erro-Luzzi, R. Levi-Setti,
H. Filthuth, V. Hepp, E. Kluge, H. Schneider, R. Barloutaud,
P. Granet, J. Meyer, and J. Porte, Nucl. Phys. 83, 10 (1967}.
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TABLE III. Polarization in E p —& ™E'.The average polar-
ization along the production normal n = (EinXIC0ur)/I &in X&our I

in each bin of momentum and production angle was calculated
as a moment of the distribution function (6.2).

K p
(a) I.7 G eV/c

I 0 I r r I I 1
' r I I

(b)
IO

2. f GeV/c

&z-
(GeV/r;)

E-P ~=-E+
Interval of

A A
+in ' +out Events

1.70

2, 10

2.64

—1.0—0.95—0.8—0.5
0.0
0.5—1.0—1.0—0.95—0.8—0.5
0.0
0.5—1.0—1.0
0.0—1,0—1.0—0.95—0.8—0.5
0.1—1.0

~ —0.95
—+ —0.8~ —0.5

0.0
—+ 05
—+ 10
—+ 10~ —0.95
—+ —0.8
—+ —0.5
—+ 00

0.5
1.0

—+ 10
0.0
1.0

—+ 10
—+ —0.95
—+ —0.8

0.5
—+ 01
—+ 10
—+ 1.0

39
85
81
30
38
39

313
34
89
82
45
40
67

357

36
77
69
88
81
59
66

373

1.70

2.10

—1.0
0.0—1.0—1.0
0.0—1.0—1.0
0.0—1.0

0.0
1.0

—+ 10
—+ 00
—+ 10

1.0
—+ 00

1.0
—+ 10

33
18
51
14
20
34
30
21
51

a Data at 2.47 and 2.64 Gev/c have been combined.

(P-)

0.34+0.39—0.43~0.26—0.24+0.27—0.13+0.45—1.01%0.36—0.51&0.38—0.35+0.14
0.16~0.42—0.22~0.26—0.16+0.27
0.07&0.37—1.18&0.34—0.03%0.30—0.24~0.13—0.83W0.36—1.28+0.35—1.06+0.25—0.01&0.30—0.31&0.26—0.53&0.27—0.44&0.31—0.48&0.30—0.35%0.13

0.50+0.42
0.97&0.53
0.67+0.33
0.56&0.64—1.41&0.45—0.60+0.41—0.39&0.44—0.25&0.54—0.33&0.34

a p
b

-IO

-20-

3Q r r r r r i r
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60
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20—
b 0—I,O 0

(c) 2.4? GeV./c
I 0 I I I I I I I I

Cy
D

Q

-I 0
1'

-20

I.O

p ~-r--—--

-5
-IO - "

I5 r r

50—
40
30

20

0 — '

-l.p
(4)

5

0

-5 -i/.

-IO-

2.64 GeV/c

I.O

-30
40

30

20

lp
b

0
-I .0

I 5 I I I I I I I I I

40

20

IO

0—
I.O -I.O

A A

K ~ K

I.O

Fxo. 2. do/dQ and P do/dn f-o. r E P —r " X+ at 1.7, 2.1, 2.47,
and 2.64 GeVjc. The production plane normal is taken along

E )&E+. The soM curves are calculated from Legendre function
moments of the distributions with /, „=7, 6, 8, and 8 at the
respective momenta. Dashed curves corresponding to l =3
are also plotted. The errors on each point are statistical only.

peak. The curve for E+ assumes =25%%u& I'0*(2100).
These curves are intended to guide the eye; no fitting
has been carried out. We postpone further discussion
of possible I'*—+ ™Eeffects until the differential cross-
section and polarization data have been presented.

Above our range the ™IC+ cross section continues
to fall off rapidly, reaching 0.6 pb by 10 Gev/c. 23

Approximate total production cross sections can
be obtained by adding the entries in Table II. At 1.7
and 2.1 Gev/c no correction is required; at 2.47 and
2.64 GeV/c a correction =5% is adequate to account
for E+s'z'. (A search for examples of K3w pro-
duction yielded only one event of this type. )

do. 0.—=—P —P ~ (cos 0')
dn

(4 1)

d0 0 S~
P-. = g —PP (co—s0)—,

dQ 4w ~=~ Ao
(4 2)

been weighted as described above. Our choice of
production plane normal, f1= (X; XX,~~)/I XnXXo &~,

conforms with convention in analyzing meson-nucleon
scattering; however, it is opposite to that used in
previous work~ by the LRL group. We have expanded
in Legendre functions

IV. gX PRODUCTION

A. Presentation of Data

where

PP(cosO') = sinO (dPE/d cosO),

The differential cross section and polarization data
in K+ and ™QE:production are shown as a function
of scO~o=E;„E, t, in Figs. 2 an'd 3.'The events have

23 Aachen-Berlin-CERN-London (Imperial College) -Vienna col-
laboration, Nucl. Phys. 84, 326 (1968).

Ao ——o/4N)I, , and )i is i'z divided by the initial-state
c.m. momentum. The expansion coei5cients A ~/Ao and
B~/Ao were computed as moments of the distribution
function (6.2). Table III lists (P-.) at each momentum
in representative bins of cosO. Decay parameters
n„== —0.38 and C™=0'were used. Reference 4i de-
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ta) I.7 GeV/c
$ Q & I I I I j I I

p~H K

(b) 2. 1 GeV/c (c) 2.6 Ge V /c
I 0 I I I I I I I 3&0 I & I & ~

b

l5 -~~
r ~ —-g

0

&Z
-l5-
$0
40-

0 '--

j ~ I Q ~ I t I I I

I O.0

7.5 i-

5.0-

l, 5-

0 t....,„'..~~
V-I.5—

I r Q + I I I 1 1 I~ ~ ~

~ Q I I I i I I I I I6.

4.5 (t

3.0—

Fio. 3. d~/dQ and P~do/dQ for
X p —+™0Eat 1.7, 2.1, and 2.6
GeV/c. The production plane nor-

mal is taken along K )&Ep. The
solid curves are calculated from
Legendre function moments of the
distributions with l,„=5; the
dashed curves correspond to
ltmax =3.

0 — '

—t.o

2.5—

0
I.O -I.O 0

K

I.5—

0 —'

I 0 -I.O

+'i
I.p

scribes the method for computation of (P-.) and thea
Bi/2 p. CoefIicients Ai/As are given in Table IV for

E+ and plotted in Fig. 4 along with those for experi-
ments at other momenta. Data were obtained from
the authors of Refs. 7, 9, and 20; the moments were
calculated as for our own data. Coefficients for ™0E'
are given in Table V.

The sohd curves in Figs. 2 and 3 correspond to an
expansion of the maximum required complexity; the
dashed curves show the l(3 fits. (The cutoff in l is the
order at which X' for a fit to the experimental points
shown decreased by less than 2 for each additional
order. } Below 1.7 GeV/c in " E+, 1=3 is adequate, '
corresponding to partial waves up to D3. At 1.7 and
2.1 GeV/c, terms up to third order reproduce the cross
section, including the prominent backward peak, but
qualitatively do not fit the variation of polarization
with cosO~; in particular, the jump in polarization near
cos0~=0.3, which is present at all our momenta, re-
quires l) 3. Inclusion of terms up to l= 7 at 1.'/ GeV/c
and l=6 at 2.1 GeV/c yields adequate fits to I'-.do/dD

At 2.64 GeV/c, partial waves requiring 1=4—8 are
present and inclusion of l=9 improves the fit slightly.
The higher partial waves are required both by the
sharpness of the backward peak and by the presence
of undulations in do./dQ.

The 'E' data differ from the ™E+ data in several
respects. At all rnomenta, the concentration of events
in the backward peak is less pronounced than in E+
production. In addition, a forward peak seems to be
present at all our momenta, The production cross
section varies more rapidly with energy than does that
for ™E+; the changes in 3~, 2 &, and A 4 are particularly
striking. Best fits are obtained with a maximum /=5.
The sign of (P-.o) changes between 1.7 and 2.1 GeV/c.
By contrast, (P-.-) is consistently negative or =0, and
varies slowly with momentum at a given cosO'.

B. Interpretation

The pronounced backward peak in ™Kproduction
may be simply explained as the result of exchange of

TABLE IV. I egendre-polynomial expansion coefficients of X differential cross section. The expansion is of the form do/dD= (o/4x)
p (A)/Ap)E)(cosO), where Ap=o. /47fX', cosO=E E+, and X is A divided by the initial-state c.m. momentum. The A&/Ap are

shape parameters independent of the total cross section.

—(GeV/c)
Ap(y 103)

0
1
2
3

5
6
7
8
9

10
11
12

1.7
20.8~1.9

1—1.22~0.11
1.55~0.14—1.08&0.18
0.37~0.21—0.15~0.24
0.16&0.26—0.38&0.28—0.18~0.30
0.09~0.30
0.05~0.32—0.01~0.34
0.20~0.36

2.1
17.2~1.5
(Ai/Ao)

1—1.05&0.11
1.50&0.13—0.79&0.18
0.24~0.20—0.17~0.22
0.34%0.24
0.08+0.27—0.38~0.29—0.04~0.31—0,09&0.33—0.14&0.34
0,28&0.35

2.47
16.3a2.6

1—1.29&0.19
1.02+0.31—1.25&0.33
0.70&0.36—0.12&0.43—0.50~0.47
0.92+0.52—1.30~0.55
0.78w0. 57—0.02~0,60
0.51~0.63—0.16a0.64

2.64
11.9~1.2

1—1.64~0.09
1.60a0.15—1.82~0.18
1.54~0.22—0.84a0.25
0.84&0.27—1.00+0.30
0.70&0.32—0.27+0.34—0.21~0.36
0.18&0.38—0.09a0.39
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one or more strangeness-carrying baryons in the I
channel. The undulations in do/dQ may be ascribed to
structure in the s channel and possibly also to inter-
ference between s- and u-channel amplitudes. Meson
exchange may be neglected, since there is no known
meson with strangeness 2. The persistently low cross
section near 90' may have a simple interpretation in
terms of a zero in the trajectory function for a Regge-
ized baryon exchange. The presence of significant ™
polarization varying rapidly with cosO~ rules out a
simple model of single-baryon exchange in which the
amplitudes are relatively real. The polarization may
arise from the interference of different u-channel ampli-
tudes, or may be due to s-channel contributions.

The production mechanism for ™0E'is quite different
from that for K+, since exchange of a neutral baryon
is forbidden for ™0E'but allowed for ™E+. The ratio
of total cross sections for the two cases indicates that
I=O exchange is dominant in E+ production. We
obtain o-. ~~~/o. -.- rr+= 0.55+0.13, 0.22+0.06, and
0.24&0.07 at 1.7, 2.1, and 2.64 Gev/c, respectively,
in contrast to the ratio of 4 expected from I=1 ex-
change. A partial-wave analysis of the 2.0-GeV/c data
by Trippe and Schlein" and calculations by Donohue'4
indicate a preference for ~ and —,'+ exchange. Since
there is no known I=O hyperon state with J~= ~3+,

the most likely candidate for the exchanged baryon is
Fo*(1405) with J~=-,' ." Only S„P&, E3) and D3
waves were required by Trippe and Schlein to 6t the
backward peak, although one additional small partial
wave with J~& —,

' seems to be required to fit the full
angular distribution. The forward peak in ™QE pro-
duction might be due to an interference involving
s-channel resonances in one or more partial waves.

The evidence for s-channel resonances decaying to
E may be summarized as follows: (a) the peak in

A o fol both E' and E+ near 1.7 Gev/c (2100-

TABLE V. Legendre-polynomial expansion coeKcients of
'E' differential cross section.

~- I'GeV/c}
Ao(X10')
lg

1.7
11.7&2.7

1—0.86&0.30
0.95~0.41
0.27~0.51
0.63~0.55
1.14+0.58
0.20&0.63
0.98&0.65

2.1
3.8+1.1
(A ~/A 0)

1
0.36m 0.47
2.48+0.46—0.68&0.81
2.26~0.79
0.07%0.96
2.20%0.99—0.09~1.13

2.6.
3.2a0.8

1—0.42~0.35
1.36~0,43—1.45+0.47
1.05+0.56—1.40+0.61—0.42~0.66
0.06&0.67

a Data at 2.47 and 2.64 GeV/c have been combined.

'4 J. T. Donohue, Ph. D. thesis, University of Illinois, 1967
(unpuMished).

» Trippe and Schlein point out that the presence of non-
negligible 5=1 exchange could lead to fortuitous agreement of
their partial-wave amplitudes with the calculations of Donohue,
due to cancellation of I=0 and I= 1 contributions. However,
this could not occur for 'E production.

K p
—+ K

(AII /Ao)
I

(AII /AP, )

I I I I

II, =(0
0 -'—-y---+e"---+-r--p-0--------"-v-- —- 2—

g = 9 — O —--------.$-p----k-f--* I--y-------$---y-------

)
k= 7

o ---- I- )-I- ~- I I-f---J(-k---------------

-I—
I

'
I I

I I I

o ---- I----I-t--i-f-I---I)-r------ i-----------

2
O----&-!-,-.-;.-)-

-2-

I

it=8

k=6

I I

0

I )=2

I 1 1

I.8 2.2 2.6 I.8

Center-of-mass energy (GeV)

2.2 2.6

PIQ. 4. Legendre-polynomial expansion coefFicients of ™E+
differential cross section plotted as a function of total c.m. energy.
All the LRL and UCLA data are included. The zeroth-order term
is plotted in Fig. 1.

MeV total c.m. energy) (see Fig. 1); (b) an increase
in the magnitude of 3 ~ near 2100 MeV, and in 3 ~ near
2150 MeV in . E+ (see Fig. 4); and (c) the large
variation of the A~ and (P-.o) between 1.7 and 2.1
Gev/c in 'E" (see Tables III and V).

If Fo~(2100) were causing all or some of these effects,
we might expect to see some A4 and A6 near 2100
MeV. A decaying J=-,' resonance contributes (neg-
lecting interferences) to Ao, A2, A~, and A6 in the
ratios 1.00:1.14:1.05:0.76. The bump in A 0 for ™E+
(Fig. 1) is about 25% of the peak. If we associate this
bump with a resonance, we have Ao"'/Ao ——0.25. The
bump in A2/Ao (Fig. 4) is roughly 0.4&0.2 in height.
Thus, the observed ratios Ao"'/Ao A2"'/A. D A4/Ao'.
A 6/A o = ( = 1 0+0.3):(1.6& 0.9):(1.48 &0 84): (0.64
&1.04) are compatible with the Fo*(2100) hypothesis.
The small observed A7 at 1.7 Gev/o might be due to
an IiqG7 interference with F~*(2030); this F~* may
also account for the shoulder in Ao for E+ near 1.5
Gev/c. The negative sign of the A7 at 1.7 Gev/c is
consistent with the assignment of F~*(2030) to a de-
cuplet I as a recurrence of F~*(1385)j and Fo*(2100)
to a unitary singlet Las a recurrence of Fo*(1520)j."
The positive A7 in 'E' (Table V) provides further
support for this interpretation. The increase in the
magnitude of 3&, which can come only from an inter-
ference between the G7 and a positive-parity partial
wave having J~&~, is most simply understood by
assuming an I'5G7 interference with F~*(1910).Neither
the FVG7 nor the P5G7 term requires much amplitude
for the interfering resonance, since the relevant partial-
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Fro. 5. Dahtz plots of M'(Its. )
versus M'( ~) for the E7f final
states at 1.7, 2.1, and 2.6 GeV/c.
The 2.6-GeV/c plot includes data
at 2.47 and 2.64&0.08 GeV jc.
Reactions (2.3)—(2.5) have been
combined in making these plots,
which introduces some non- con-
tamination, as explained in the
text.

down the structure in the s channel. If a resonance of
known spin and parity, such as I'o (2100), is largely
responsible for the polarization, the hts may dis-
tinguish between positive and negative EE™parity
and therefore afford a determination of the parity.

V. MULTIBODY PRODUCTION

A. ™X~Mass Spectra

In this section, we present an analysis of the reactions

(2 3)E Pb~ E"or'

(2.4)—I'x+
—+ 'E+x—, (2.5)

with emphasis on production of the well-known
*(1530) and E*(890) resonances. The evidence for

higher-mass * production in these reactions is con-
sidered; substantial production of *(1930)is observed.

*(1705) and "*(1815) are not resolved if they are

l.7 GeV/c 2. l GeV /c 2.6 GeY /c
oo-&a& + o ool-&b&

p Kvr
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L
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80-

40-

2.6 2.6 3.2 3.8
i I & I

3.2 2.0

— 60- (i)
0 K~

60-«) - 6o
H K7r
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i';
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gj/

ertpf~ Mii'lg&'liio;"i. .i',&„i",i', .i ~. giifg/~fr!w!0'~(i .„!'!i&a
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1'K;. 6. ™71--niass-squared projections for each three-body 6nal
state and momentum. The shaded events in plots (g)—(i) are
purified "' for which the decay A does not fit with the production
vertex taken as the origin, as discussed in the text. The curves
were calculated by using ™*(1530)and E*(890) resonance frac-
tions obtained in maximum-likelihood fits. See Table II for
numbers of events and reaction cross sections.

wave expansion coefficients are large. We conclude
that the data near 1.7 GeV/c are qualitatively con-
sistent with (a) E+ production largely from I=O
baryon exchange, and (b) 'E' production primarily
(=50%) from I"o*(2100) formation. The Fo*(2100)
production, which contributes in roughly equal parts
to the ™0E'and E+ amplitudes, contributes about
100-pb total ™Ecross section. Cool et a/. 26 report a
total cross section for Po*(2100) of 10 mb, of which
5 mb is E p. Thus, the branching ratio into ZE is
about (2&1)/ii.

It is noteworthy that recent Saclay data on E p —&

E between 1.2 and 1.8 GeV/c have been interpreted
as suggesting a new I'* near 2070 MeV with little
Fi*(2030) or F'oa(2100).'o The spin of the new reso-
nance wouM be 2 or ~5. Our data are also consistent
with such an interpretation.

The increase in the higher coefficients above 2.1
GeV/c may also have an explanation in terms of s-
channel resonances. At 2.4 GeV/c (2480-MeV c.m.
energy) the highest-order significant coe%cient is if»,
thus, one or more J&~-,' waves are present. The la, rge
negative A7 could not come from a G9H9 interference,
since Ag is small. An Ii7G9 or G~II9 term. would give
ratios for A3. A~'. A7 close to the observed values. The
observed A4 and A6 could arise from a J=—,'. resonance
and its interference with the 5-, I'-, and D-wave "bacl~-
ground" from the barvon exchange. Recent measure-
ments" of E p and E d total cross sections have pro-
vided evidence for I =1 resonances at 2455&10 and
2595+10 MeV with widths = 140 MeV.

Ke are now carrying out a partial-wave analysis of
the E S + "E reaction from thr—eshold to 2.7 GeV/c,
using UCLA and LRL data, including E d +E'(p)—
events at 1.5, 2.1, and 2.6 GeV/c. An attempt will be
made to determine the isotopic-spin composition of
the n-channel exchange amplitudes as well as to tie

-" R. l . Cool, G. Giacomelli, T. I»'. Kycia, B. A.. Leonti~':, K. K.
Li, A. Lundby, and J. Teiger, Phys. Rev. Letters 16, l228 (1966).

"G. Burgun, J. Meyer, E. Pauli, B. Tallini, J. Vrana, A. de
Bellefon, A. Berthon, K. L. Rangan, J. Beany, M. U. Deen,
C. M. Fischer, and ]'. R. Smith, Nucl. Phys. (to be published).

28 R. J. Abrams, R. L. Cool, G. Giacomelli, T. I:.Kycia, B. A,
Leontic, K. K. Li, and D. N. Michael, Phys. Rev. Letters 3.9,
678 (1967).



present at all. There is no evidence for E p-+ F*It
with F*~ZE. We find no evidence for a low-niass
E~ resonance.

Figure 5 contains Dalitz plots of I(/Is(E rr) ve'rsus
Ms("s.) for the combined reactions (2.3)—(2.5) at each
of three incident IC moments: 1.7, 2.1, and 2.6 GeV/c.
All the data above 2.4 GeV/c have been combined in
the 2.6-GeV/c sample. Inspection of the Dalitz plots
and projections (Figs. 5—8) shows enhancements corre-
sponding to *(1530)for each momentum and reaction.
E*(890) is observed at 2.1 and 2.6 GeV/c; threshold
is 1.93 GeV/c.

For the "' events we have plotted the complete data
sample of reaction (2.5), which includes 5, 15, and 32%
non- ' contamination at the 1.7-, 2.1-, and 2.6-GeV/c
momenta, respectively. We have shaded in Figs. 6—8
the purified sample which includes only events with
A which do not fit with the production vertex taken
as the origin. We have checked that the small bias in
the 'momentum spectrum introduced by this selection
does not significantly aGect the mass plots.
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I IG. 8. E7r-mass-squared projections for each three-body final
state and momentum. The shaded events in plots (g)-(i) are
purified ™0for which the decay A does not fit with the production
vertex taken as the origin, as discussed in the text. The curves
were calculated by using "~(1530) and E*(890) resonance frac-
tions obtained in maximum-likelihood fits.

momentum for Z Eos.+ production to =14 MeV/cs for
'E+x' production at the highest beam momentum.

For the Breit-signer width of the "*,we used I'0= 7.3
MeU/c' and M((=1534 MeV/c' for the *, and 1531
Mev/c' for the Za'. For E* we used F((——49 MeU/cs
and Has ——893 MeV/c'. '4 The production fractions of
* and E* and their cross sections are presented in

Table VI. Figure 9 shows the variation of these pro-

1.Fits to the Halite P/ots

Maximum-likelihood fits" to the Dalitz plots have
been performed for each 6nal state and momentum.
The fits assume p-wave Breit-Wigner resonant ampli-
tudes plus a phase-space-like background. Interference
between the amplitudes and angular correlations in
the production and decay of the resonant states were
neglected in constructing the likelihood function. A
Gaussian approximation to the 3f( s.) experimental
resolution function was folded with the ~ Breit-
Wigner line shape. The width (FWHM) of the Gaussian
function varied from =7 Mev/c' at the lowest beam

Thar. z VI. Cross sections for ™*(1530)and E*(890)
prOduCtiOn in IC P ~ jC7r.

E* fraction a.~*a
('Fo) (j b)

Final state * fraction

M E'+ Q

1.7
2.1
2.6

1.7
2.1
2.6

~oE+
1.7
2.1
2.6

l.7 GeV/c 2
30 I 30
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I
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7 +2
4.6~1.0

64&11
20+ 5
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~ ~ ~

8
13 &2

~ ~ ~

23&7
32~4

3.6 4.0 4.4 3.2
I ' I ' I

8-K'~+ (f)

3.6 4.0 4.4 4.8 5.2 5.6 88& 4 47 &6
55~ 5 53 &7
24+ 2 16 ~2

0 ~ ~

18 +4
22.1+2.6

~ ~ ~

10~5
33&3

M

CI(l
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- 60-

40- —40- - 40-
51& 9b
31~ 4b
2~ 2b

18 %5
21 ~4
11.0~2.5

~ ~ ~

16 +4
14 &4

~ ~ ~

23~So
22~60

20- — 20-

I

20-

3.6 4.0 4.4 4.8 5.2 5.6
I

4.4 3.23.2 3.6 4.0 3.2
I

(g) HoK+ — - (h)
40- - 40-

3.6 4.0
I

' I

8 Kw

Reaction
(GeVj~)

E p —+ ™OE*0

Reaction
(GeVyc)

E p —+ ™*0Eo
1.7
2.1
2.6

E' p ~@*E+
1.7
2.1
2.6

(p,b)
— 40

20- - 20

~A// .
3.2 3.6 4.0 3.2

70& 9
80~11
24~ 3

— 20
24 a6
21 ~6

2.1
2.6

E'—p
~—E'Q+3.6 4.0 4.4 3.2 3.6 4.0 4. 4 4.8 5.2 5.6

M~(H K) 28~ 6
28& 4
16~ 3

26 &5
35.5&3.5

2.1
2.6Fro. 7. ™E-mass-squared projections for each three-body final

state and momentum. The shaded events in plots (g)—(i) are
purified ™0for which the decay A does not fit with the production
vertex taken as the origin, as discussed in the text. The curves
were calculated by using ™*(1530)and E*(890) resonance frac-
tions obtained in maximum-likelihood fits.

a Uncorrected for other +, K* decay modes.
b Fractions in the nearly complete but contaminated samples. To correct

for contamination the fractions should be multiplied by 1.05, 1.15, and
1.45 for the respective momenta.' Sample is contaminated but the non-™0events include real X+ pro-
duction. We have doubled the error to account for this effect.

d Final states combined and cross sections corrected for unobserved
decay modes.

'9 J. Friedman, Alvarez Group Programming Note No. P-156,
1966 (unpublished).
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where a ratio of 2 or 1/2 is expected for I= s or s. The
large uncertainty, which is partly due to uncertainties
in the ' purification, prevents a clear-cut rejection of
I= ~. The production favors low momentum transfer
between E and this "*.Evidence for such a * (in
the neutral charge state) was first obtained by Badier
et aL" in the E'7r+ final state at 3.0 GeV/c; the
reported mass was 1933&16 and the width 140&35
MeV/c'. Smith and I.indseys2 presented evidence sup-
porting *(1930) in a preliminary analysis of the data
of this work. It may be possible to explain the lowering
of our peak position with respect to that reported by
Badier et al. as an effect of the more severely limited
phase space for ™*Eproduction at our momentum.

There is no significant evidence for other * reso-
nances in the Km data. A small bump is present at
3P(.n) = (1700 MeV/c')' in " 'E+~' LFig. 10(d)j.

K momentum {6 eV/c)

FIG. 9. Total cross section divided by 47I-X' for (a) E p —& E*
and (b) E p —+ ™~E,as a function of beam momentum. The ™*
production cross sections of Ref. 7 are the mean of the *E'
and * E+ charge states. The curves in (b) are intended solely
to guide the eye.

Kp K~ 2.7 GeV/c
I J

K vr'
150 events 25-.7% ='-(1894)

(b)40- K Yr+

312 events
duction cross sections from threshold to 3 GeV/c. ' """
The * cross sections rise smoothly from threshold,
reach a maximum near 2.1 GeV/c, and then fall off.

Curves calculated from the * and K* production
fractions obtained in the fits are included in Figs. 6—8.
The curves under the peaks indicate the calculated
background levels. The curves are generally adequate
representations of the data, but some discrepancies are
discussed below.

Z. * Other than *(f530)

There is an excess of high-mass events in Figs. 6(c),
6(f), and 6(i). In order to examine this effect we have
plotted M'( n.) for the highest-energy events sepa-
rately in Fig. 10. (Only purified "s events have been
used. ) The effect is greatest for ( 7r), as shown in
Fig. 10(d); here the curve based only on the *(1530)
and K~ resonances is too low by =3.5 standard devi-
ations for 3.35&31s( rr)(3.75 (GeV/c')' This excess
is most easily interpreted as a single broad ™mresonance
in the region of 1900 MeV/c'. Assuming a single reso-
11ancey we obtain a good fit to the combined ™10E+z

data with a ™*mass of 1894&18, a width of 98~23
MeV/c', and a production cross section of 24&7 pb,
when a simple Breit-signer distribution is assumed.
Using the same mass and width, we obtain a cross
section of 4~4 pb for ™*0.Separate fits to the ~' and
P'w events yield a branching ratio 'ir /™m'= 1.4&0.7

' P. E. Schlein, in Lectures in Theoretical Physics, 1965 (Uni-
versity of Colorado Press, Boulder, Colo. , 1966), Vol. VIII B,
p. 111.The data are those of Ref. 9.

3~ T. Trippe, Ph. D. thesis, University of California at Los
Angeles, 1968 (unpublished' ).

30-
C3

20-
4+4'. = (18@4)

10-
C)

CO

10-
CO

LLI

I

180 events
16+6' = {1894)

lL

I I I

{d) K 72 + H K 7r--

330 events

20- (1894)

10-

0
2.0 2.5 4.0

"G. A. Smith and J. S. Lindsey, in Proceedings of the Second
Topical Conference on Resonant Particles, Athens, Ohio, 1965,
edited by B. A. Munir (Ohio University, Athens, Ohio, 1965),
p. 251.

FIG. 10. ™7i-mass squared for the highest-momentum events,
Pic-)2.63 GeV/c. (a)—(c) show the events of reactions (2.3)—(2.5)
purified. (d) contains the events of plots (a) and (c). The cross-
hatched region contains only events outside the E* band,
860&31(Ew) &930 MeV/c'. The solid curves show the result of
fits to the Dalitz plots for these events, including ™*(1530),
E*(890),and ™*(1930).The dashed curve in (d) results from the
exclusion of *(1930)from the fit.
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Smith and Lindsey" combined the bump in these data
with a similar enhancement observed in the AK
spectrum to suggest a *(1705). Similarly, our data
provide no support for a rr decay mode of "*(1815),
which is believed'4 to have I'&30 MeV/c'. Our data
provide upper limits of =10 pb for production of
other than *(1530) and *(1930)with decay into s..

3. Search for I'*—+ E Enhancements

I I

(a)

80-
/'

CU0 40-
C9

K p~HK7r
I I I

Inside

iH band

We have attempted to examine possible resonant
sects in the E distributions by combining reactions
and removing events in the *(1530) and E*(890)
bands (Fig. 11).At 2.1 GeV/c there are no significant
discrepancies from the fit. At 2.6 GeV/c, the fit in-

cluding *(1930) (using our values for the mass and
width and shown dashed) is adequate. Thus, we have
no evidence for E p —+ I"*s with I'* decay into E.

O
O

V)

CD

LLI

240-

I 60-

80-

I I

Outside

Q'*bond

4. Low-3I uss Em. Enhancement

Previous experiments have produced evidence for a
narrow, low-mass, Ex enhancement in the Em system.
The peak is centered at 730 MeV/c' at 2.24 GeV/c"
and at 710 MeV/cs in work by Trippe at 2.0 GeV/c. "
The widths are consistent with the now-discredited"

30
(

20-
os

I 0

(b)

p~ ~ KTf
I I

GeV/c

2.6 GeV/c

s
(D

40-

30-
LLI

20-

IO—

5.2 4.0 4.8
M ( K)

5.6

"See the discussion of the Ic: by A. H. Rosenfeld, A. Barbaro-
Galtieri, W. J. Podolsky, L. R. Price, P. Soding, C. G. Wohl,
M. Roos, and W. J. Willis, Rev. Mod. Phys. 39, 1 (1967). Ex-
planations of I~ in terms of singularities in triangle diagrams have
been overed previously Le.g. , M. Month, Phys. Rev. 139, 81093
(1965)g. Such an explanation is not appropriate for E p ~ E~
in the 2-GeV/c E momentum region because the final-state
kaon is too energetic in the c.m. frame for the pion from ™*decay
to be able to catch and rescatter 08 it. S. Coleman and R. E.
Norton LNuovo Cimento 38, 438 (1965)j have shown that the
triangle singularity occurs for physical Jjt/1(ICx) only if this classical
space time interpretation is possible

FIG. 11. E-mass-squared spectra at 2.1 and 2.6 GeV/c. Events
in the E band, 0.86&&(Ex)&0.93 GeV/c', and in the ™*band,
1.51&35("s)&1.57 GeV/c', have been removed. The curves were
calculated from the fits assuming ™*(1530),X*, ™*(1930),and
phase space.

Z,r//N&
0.4 0.6 0.8 I.O 1.2 l.4

M' ( K~)
FIG. 12. E'7I-mass-squared spectra for the 2.1- and 2,6-GeV/c

data combined and 2.1-GeV/c data separately (cross-hatched).
Plot (a) contains only events inside the ™*band, 1.51&&( 7I-)

&1.57 GeV/c'; plot (b) contains only events outside this band.
The curves were calculated from the its assuming only *(1530),
X*, and unmodified phase space.

x meson. In the experiment at 2.24 GeV/c the Err peak
is seen both inside and outside the * band on the
Dalitz plot, while at 2.0 GeV/c it is present only outside
the ™*band. Indications of similar enhancements are
also seen in experiments at 1.8—1.95' and at 4.25
GeV/c. '4

Figure 8 shows the Ex mass spectra for our experi-
ment with 6tted curves based on Z*(1530) and E*(890)
production. Figures 12(a) and 12(b) present Err mass
distributions for events inside and outside the band,
for all charge states combined and for incident mo-
menta 2.1 GeV/c and above. Events at 2.1 GeV/c are
cross-hatched.

Inside the * band, at 2.1 GeV/c, there is a 3-
standard-deviation departure from the fitted curves
near 3E(Err)=710 MeU/c' (M'=0 5 (GeV/c')'$ with
width =50 MeV/c'. However, effects inside the
band could result from interference between the

*(1530)amplitude and other amplitudes. Interference
was ignored in the fits, which also assume isotropy for
the ™*decay.

We see no Err enhancement near 710 MeV/cs for the
events outside the * band. Thus, we have no evidence
for a sc-like effect in this experiment.

3 G. Wolsky, Ph. D. thesis, University of Maryland, 1967
(unpublished).
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(b) The features mentioned in (a) contrast with
those of ™Eproduction, which exhibits double peaking
in the 'E.' case and for which the backward peak
shows no sign of a dip in any case.

(c) The decay data, indicate preference for nr=+ss
alignment in the ™*'case and preference for m=& —,

'
in the ™*case. This effect was previously, noted by
Schlein" in the 1.8- and 1.95-GeV/c UCLA data.
Schlein also pointed out that the m=&~~ alignment
of the ™*0rules out production via simple J= ~~ baryon
exchange, whereas the m=&-2 preference of the ™*»
is consistent with such a mechanism. However, the
m= ~~ alignment of * is not particularly associated
with events in the backward (baryon-exchange) peak. ,
as shown by the shaded histograms in Figs. 14(d)—14(f).
A single-baryon-exchange model would also be difficult
to reconcile with the dip in the extreme backward
direction.

A model involving exchange of several baryons with
different spin and isospin could presumably be con-
structed to explain most of the features of the ™*data,
including the ratio of total cross sections, the dip in
the backward peak, and the mixture of spin substates. "
Such a model would also have to account for the large
forward peak in ™*production. In the absence of a
meson with strangeness 2, the forward peak might be
explained by interference among s-channel resonance
amplitudes and possibly the baryon exchange ampli-
tudes as well. A purely s-channel explanation requires
at least two resonances with different isospin to account
for the absence of a peak in ™~0production. An ex-

planation involving baryon exchange alone would

require a very large change in the relative phase of the
several exchange amplitudes between small and large
N. In Regge-model terms this means radically different

g l,6-

78 K 7rvr
2 g K 7I+7r
4 8 K 7r+7r

COm binO t IO

- l.7

- I.6

I I I

O.7 O.e 0.9 2 l.a
M (K~) GeV/c

l.6 l.7 I.8 l.9 2.0 2M(8~~) GeV/c

Fro. 16. Scatter diagrams of M( s) versus (a) M(Es) and
(b) 3I("7') for E p -+ Ess. events with beam momenta 2.4—2.7
GeV/c. The three Ess charg'e states have been combined, but
only x and E7I- charge combinations with I,=~-', have been
plotted.

trajectories for the exchanged Regge poles in the u
channel. The forward peak may also be interpreted in
terms of two-meson-exchange.

Further work on *production is under way and will
be reported separately.

C. Reaction X P ~ E~(890)

Production of E is observed via the reactions

E—
p ~ ~~OEas

—+. E~+.
(5.3)

(5 4)

Figure 9(a) shows the variation of o/4n. X' from threshold
to 2.6 GeV/c for these reactions. Production angular
distributions are shown in Fig. 15. A E* mass cut,
0.86&M(En.)&0.93 GeV/c', was used to select events;
the resulting samples contain roughly 50%%u~ background
events. The ™E+x' and ™E'm+ events were com-
bined in making the E~+ plots. Only purified 'E+w
events were used in the E*' plots.

The production plots show backward peaking, par-
ticularly at 2.6 GeV/c in E*+ LFig. 15(d)). There
is no evidence for any forward peaking comparable to
that seen in ™*E+ production.

D. K~~ Production

We observe the following four-body 6nal states at
an average beam momentum of 2.6 GeV/c:

20-

I 0-

—I.o
'I I

0.0
$ O

K ~ K

40-

2P—

I.O ' - I.O
I I

0.0
K '.K

I.O

E p ~ E+m+s. , 87 events

~ ~™&'~+~', 42 events

—+ 'E'x+x, 24 events.

(2.6)

(2.7)

(2.8)

FIG. 15. E* production angular distributions. Only purified ™0
events are included in plots (a} and (b). Plots (c) and (d) contain
events of both reactions (2.3}and (2.4).

3'Models involving exchange of several baryons have been
constructed by M. E. Ebel and P. B.James [Phys. Rev. 158, 1694
(1967)g to explain the previously available E p —+ " E+ data.
The authors concluded that their formulation was not an adequate
representation of baryon exchange.

Events were accepted only if the A decay and the E'
decay (when appropriate) were observed. Scatter plots
of M( s.) versus M(Err) and M("mrs. ) are shown in
Figs. 16(a) and 16(b) for the combined reactions.
Only the ™xand Em charge combinations with I,= ~-,'
have been plotted. Thus, E'm+x' events are plotted
twice.
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The production is dominated by *(1530).Roughly
80%%uz of the events have a 2r combination in the 1530
region. There is also some E*(890). Maximum-likeli-
hood fits have been performed assuming incoherent
resonance production L *(1530), E*(890), and simul-
taneous "*E*production). Cross sections based on
these fits are given in Table VII. The mass projections
and fitted curves are shown in Fig. 17. The darkened
events in 17(c) are those inside the * band, 1500
&3f( lr) &1560 Mev/c', and outside the E* band,
840&M(E2r)+ a& 940 Mev/c2; the cross-hatched events
are those inside both bands. The dotted (dashed)
curve represents the original fit with the same cuts
applied as in the darkened (cross-hatched) histograms.

The small bump in the uncut data near 1815 Mev/c2
contains 9~5 events above the solid htted curve. The
number of darkened events above the dotted curve is
8&4. Statistically our bump is not convincing. The
evidence presented previously' ""for *(1815) comes
mostly from the AK channel. As pointed out in earlier
publications, ''2 these data provide only very weak
evidence for a possible m-x decay mode of the claimed
resonance. The position and width of the bump in
Fig. 17(c) are consistent with the values from the AK
observations. " We estimate the upper limit for the
branching fractions of *(1815)~ *(1530)lr to be
about 25%.

VI. —+ A.~ DECAY

A. Decay Rate

Lifetime
Nl

1.7 1.8 1.9
M ( 7r7r ) GeV/c*

TABLE VII. Cross sections for .*(1530) and E"(890)
prOduCtiOn in E p ~ ™E7r7r.

Reaction (&b)

E'—p ~ MlicpEgpo

Eg+0
MQQE'+

MQQE'0 P

MQ EP +
E*pz+
Eg+ P

~ =QE*+~-

3&2
12~4
9&2
3&3
6&3
1&1
1&2
2&2

a Momentum range covered is 2,4—2.7 Gev/c.
b Fully corrected for unseen decay modes.

*K+ events are not included in the -*K~ and ™K*m.cross sections.

FIG. 17. ™m-,Ez-, and ™~m.-mass projections for E p —+ E7I-m. .
The three Em.7r charge states have been combined, but only 7r

and E7f. charge combinations with I,=+-,' have been plotted.
The solid curves were calculated from the fits allowing ™*(1530),
E*(890), and phase space. The darkened events in (c) are those
inside the ™*band, 1500&%( 7I.)o(1560 MeV/c', and outside
the E* band, 840&35(E7t-)+0(940 MeV/c'; the cross-hatched
events are those inside both bands. The dotted (dashed) curve
represents the original 6t with the same cuts applied as in the
darkened (cross-hatched) histogralns.

For the determination of the ™lifetime, the 2823
events with a visible A decay were considered. We

imposed minimum-length cuto6s of 0.5 cm for the
and 0.3 cm for the A, and a more restricted fiducial
volume. These criteria reduced the sample to 2610
events.

Proper times tl (/M/Pc)-. and $2=——(tM/Pc)A were
calculated for the and A in each event from the
measured hyperon fhght paths i and fitted momenta p.
The lengths and the momenta are typically determined
to 1'Po or better. Masses of 1321.0 and 1115.6 Mev/c2
were used for ™and A, respectively. Figure 18 shows
the distribution of ™proper time of Right, excluding

produced less than 80 cm from the end wall of the
chamber to reduce the effect of escape losses.

The lifetime ~-.— was obtained by maximizing the
logarithm of the likelihood function

ll ()11 )i2) in@p 1,4) = Q lnPk(ilk fsk,' Xl X2),

where the probability I'I, for observing the kth event
with proper times t» and t» if the decay rates are
Xi= 7' and X2= 7 ftk is

+k(~1k ~2k )li )l2) fk(~1 )l2))ii~2 exp( ~ltlk ~2t2k)
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The function fk(X1,X2), which is the inverse of the
detection probability P-. , + referred to in Sec. II, nor-
malizes I'I, to unity. It is given by

10
10sec-

fk (~ly~2)
d/2 X1X2 exP ( Xl/lk X2$2k) :lo

where a~~ and a2~ are the proper times corresponding
to the lower-length cutoffs on and A, b~q is the
proper time corresponding to the maximum possible
length for the, and b2k(tl) corresponds to the maxi-
mum possible length for a 4 emitted after a proper
Aight time t~. The maximum lengths are determined
either by a sixnple cutoff or by the intersection of the
hyperon Aight paths with a wall of the restrictive
fiducial volume.

With no maximum-length cutoffs imposed and with
7.q= 2.52)(10 " sec," we obtain a maximum for
W(X1,X2), which is parabolic near its maximum, at
T = (1.600&0.033)X 10 ' sec. The stated error refers
to the shift in lifetime necessary to decrease Wp 1,X2)

by 0.5. The value of 7„=- is dependent on 7& only
through the finite size of the chamber; a shift in ~q

by 0.1)&10 " sec produces a change in ~„-.— of only
0.002X10 '0 sec. Maximizing W( 1,X2) also as a func-
tion of X2 yields rk= (2.61&0.06)X10 " sec, in com-
parison with the world average of (2.52&0.03)X10 "
sec. Variation of the length cutoffs and the acceptance
volume leads to small shifts in v-. —, less than &0.02
&10 ' sec for reasonable cutoffs, within statistical
expectations. There is no significant dependence of
~=- on beam momentum, ™momentum, or the pro-
jected angle of the ™decay in the laboratory system.
VVe have calculated the two-scan efficiency for de-
tecting ™~and find no significant correlation with
length. Correction for energy loss and interactions of

in the chamber (assuming an average 0.-.„=20 mb)'2
increases 7=- to 1.61&10 " sec. Including systematic
uncertainties, we obtain as our result

r-. =(1.61&0.0-4) X 10 "sec.

Z. "' Lifetime

For the determination of the ™0mean lifetime we
used the ™DE'events and 215 'E+m events in the
highly purified and bias-free sample described in Sec.
II A 2. In four additional events the x' from the ™0
decays into p plus a Dalitz e+ pair, identifying the
event as an unambiguous ™0."After the imposition of

"This value, taken from Ref. 14, was obtained from experi-
ments that are in rather poor agreement.

3' Based on measurements of cd„by Margaret Alston, Lawrence
Radiation Laboratory (private communication), and by D.
Bassano, C. Y. Chang, M. Goldberg, T. Kikuchi, and J. Leitner,
Phys. Rev. 160, 1239 (1967).

"A total of 9 ™0decays in our sample of 934 identified ™0events
made Dalitz pairs. This number implies a branching fraction of
w0 into the e+e y mode of 0.010~0.003, in agreement with the
accepted value of 0.0117 (Ref. 14).

Ns-
'I0 2

JL Ngo

lO

I 1 f f t f-2 0 2 4 6 8 lO l2
t (10 sec)

fiducial volume criteria and the requirement that the
A decay farther than 0.5 cm from the production vertex,
340 events remained in the sample.

The ' and A momenta obtained in the kinematic
fits have uncertainties of the order of 2%%u~. The
Right distances were calculated from the fitted ' and
A directions and the measured length /3 of the join
between the ™0-production and A-decay vertices.
Figure 18 shows the distribution of ™0proper time of
flight calculated by using a ' mass of 1315 MeVjc2,
again including only events with ™0produced at least
80 cm from the end wall of the chamber. As noted in
Sec. II A 2, 16 events have negative calculated Right
times. Uncertainties of 5—10% are typical for the
length, but events in which the ™0and A. are nearly
collinear can yield much larger uncertainties. For the
events with Dalitz e+ pairs, we used the accurately
measured ' lengths, which are in agreement with the
calculated lengths.

The uncertainty in the "' length was taken into
account by folding a Gaussian error function Q into
the probability function for each event,

+k (ilk)4k j ~1)~2) d2: Q(2:,ilk)Pk(tl(X), t2(X); Xl,F12),

Fxa. 18. Differential lifetime distributions of and . The
upper points represent the ™0data with the scale on the right;
the proper times of the beyond the 0.5-crn minimum-length
cutoff are represented by the lower points, with the scale on the
left. Only events with produced 80 cm or more from the down-
stream end wall of the chamber are included; average ™lengths
are =6 cm, average ' lengths =9 cm. Since escape losses from
the side, top, and bottom walls are small, the decay curves fit
the uncorrected data well. The slopes of the lines plotted corre-
spond to the best-fit values for ™and ™0from likelihood functions
xitholt correction for interactions, energy loss, or kinematic fitting
biases. These uncorrected values are 1.60 and 2.97&(10 "sec for

and 0, respectively. The lines have been normalized to the
t = 1.5&(10 "-sec points.



DAUBER, BERGE, HUBBARD, MERRILL, AND MULLER 179

TABLE VIII. Comparison of - lifetime determinations.

Experiment

8NL-SYR
Ep-CERN
UCLA
Schneider
LRL'64
This experiment

Ref. N~- (10 "sec) ivso (10 I sec)

10 311
11 273 24 3.8 p. 7+'0
9 246 80 3.0~0.5

13 62
6 794 101 2.5 p. 3+'4

2610 3.07—o.20~'22

1.80&0.16
1.86 0.14~'15
1.70~0.12
1.55+0,31
1.69+0.07
1.61&0.04

where

Q(*,l) = D/(2~)'"os3 expL —(*—l)'/2~"3

W(4, &,) = P 1nPp'(lip, lp/c )I.i ~s)

was found to be nearly parabolic in A.&=r=o ' about a
maximum at

0= (2.969 p. ii'p+' "')X 10 "sec.

The value rq ——2.52&10 ' sec was used; variation of
rz by 0.1&(10 " sec produces shifts in r=o of only
0.002)(10 "sec. The solution is stable and insensitive
with respect to variation of the cutoffs and the length
uncertainties. Signihcant dependence of the two-scan
eS.ciency on length was not observed.

It is necessary to correct r=o for two small systematic
effects. The fitting program requires the decay tracks
from the A to be long enough for accurate measurement,
dp/p(25%; this discriminates against long lp. A study
of FAKE events indicates that an increase in the mea-
sured lifetime of 2% compensates for this effect.
Correction for interactions of ™0or A before they
decay is also necessary. After increasing r„=p by an
additional 1% (assuming an average o„-.o„=os~=20
mb), s" we obtain our final result,

T = (3.07 p. so+ ' )X10 "sec.
p The likelihood method for determination of the ™0lifetime

is described in Ref. 6, and in somewhat more detail by J. R.
Hubbard, University of California Lawrence Radiation Labo-
ratory Report No. UCRL-11510, 1966 (unpublished). We have
also calculated the ™0mean life from the join length and hyperon
momenta alone, assuming the decays to be collinear, which is a
good approximation at our momenta. The likelihood function in
that case has a maximum at 7=&= (2.86 0.22~ "))&10 ' sec, using
Tg =2.52)& 10 " sec. The difference in the relative errors for the
two methods, which is roughly a factor of V2, demonstrates the
importance of using the calculated ' length.

p„(],(g),],(g); p, ,)„)= fi(),i,) s) expL —) iti(x) —Xsts(x)7.

Here ti(x) and ts(x) are the proper times for ' and &
with the join length 1» held constant and the true
"-decay point at a distance x from the production
vertex; l~l, and 0.~ are the calculated ' length and its
uncertainty. "The normalization integral Pf&() i,X&)] '
was performed with minimum and maximum lengths
of the join /3 as limits. With 0.5 cm as the lower limit
and no upper length cutoB imposed,

The errors have been increased by 1% of the mean life
to account for possible systematic effects due to con-
tamination and to 6tting ambiguities.

B. Decay Parameters of the and

In the following analysis we assume the ™spin to be
—,'. These ~™ data combined with the data of Serge
et al. ~ yield a 2.5-standard-deviation preference forJ=—,

' over J=~.' Analysis of 185 ™events by the
UCI.A group yields 3.1-standard-deviation discrimi-
nation against J= 2.' There has as yet been no direct
determination of the ' spin. Our 'E' data are con-
sistent with J-.o=-,' (Sec. VI I3 4).

l. Theory

The decay of a spin-2 into A and vr may be de-
scribed by two complex amplitudes Ao and A&, corre-
sponding to s and p waves. With proper normalization
the decay rate )i-. = 1/7-. is given by X-. =

f
A p[ + f

A if .
Since the over-all phase is unmeasurable, only two
other independent real parameters are necessary to
characterize the decay. It is convenient to dehne decay
parameters n-. , P=, and y-. (where n='+P-. '+y-'= 1) in
terms of Ao and A~.

n-. = 2r-. Re(A o*A i),
P-. = 2r~ Im(A, *A,),

(6.1a)

(6.1b)

(6.1c)

3. Discussioe of Lifetime Results

Our determinations are compared with those of
previous experiments in Table VIII. Only measure-
ments of r=- based on 50 events or more are included.
With the exception of the EP-CERN (heavy-liquid
bubble-chamber) experiment, "our value for 7- ag. r—ees
with the other measurements within a standard devi-
ation or so. However, the previous determinations are
systematically higher than the present one; their
weighted average is (1.730&0.054) X 10 "sec. We have
no reason to suspect any systematic errors in our
determination of the order of 0.1&(10 ' sec, which
would be necessary to remove the apparent discrepancy.
Therefore, we assume the discrepancy to be statistical
in origin. The weighted average of all the lifetimes
in the table yields r-. =(1.651&-0.032)X10 " sec. In
the case of the ' there is reasonable agreement of our
lifetime determination with previous results. A study
of the diferent methods used in previous determinations
of rgo indicates that an average of the values in the
table may not be significant.

The decay rates corresponding to our lifetime deter-
minations are X-.-= (0.621&0.015)X10" sec ' and
X-.o= (0.326+0.022) X10' sec ' The ratio )i„-.o/)~-. —

=0.525+0.038 is within 1 standard deviation of the
~DI~ =-,'-rule prediction of 0.5 (the expected value is
0.485 if phase space is taken into account).
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Expression of (o/, P,y)~ in terms of the spherical co-
ordinates a-. and C-. =tan '(8/y)z yields parameters
that are nearly uncorrelated (see Table IX). However,
use of (n,P,y)= facilitates comparison with predictions
from invariance of the weak interactions under the
transformations C, P, and T.

Existence of nonzero /2-. or P-. implies parity non-
conservation in the decay. The phase difference
A=tan '(—P/n)„-. between the two observed decay
amplitudes A 0 and A ~ includes a contribution from the
decay and a contribution 8,—8„ from the Anal-state
interaction in the Ax system at the ™invariant mass.
(8, and 8~ are the s-wave and p-wave A7r phase shifts. )
Time-reversal invariance of the decay would require
the decay amplitudes to be relatively real, giving a
contribution of zero or m to A. The measured d, would
then be 8,—8„or 2r+(8,—8„). Charge-conjugation in-
variance would require the decay amplitudes to be
relatively imaginary, giving a contribution of &~z to
A. There have been no relevant experiments on Avr

scattering, but SUS considerations require the Am. phase
shifts to be of the same order as the low-energy nucleon-
s phase shifts, which are close to zero."If the Avr phase
shifts are small, T invariance requires P-. =O and

~ (1 ~~2) 1/2

The ~AI~ =-', rule requires A( )=V2A( ') for the
full decay amplitudes, so the ™-and ™0decay param-
eters are equal. Since h.m scattering takes place in a
pure isospin state, the Ax and Ax phase shifts must be
equal.

Z. 3IIethod aed Eesllts

The decay parameters are determined experimentally
from the angular distributions of the -+Ax and
subsequent h. ~ p2r decays. The distribution function
describing this decay sequence is

do
6'= —[(1+u~P-. L) (1+42xPa p) j.

Sxo dQ

We express the h. polarization P/t in terms of the "
polarization and decay parameters,

P,= (1+a-.P-. L)-r[(~-.+ P-. L)iqP-. (P-.Xi)
—y-. &X (&XP„=)j.

Here the production and polarization distributions
are functions of production variables. We take, for all
production modes, only the component of the polar-
ization Pg along the production normal f1= ("XX )/

XX ~. This convention agrees with that used in
the two-body production analysis. Combining the above

40 For example, measurements of the I=1 vr-p phase shifts at
37 MeV (equivalent to the h. mass} has yielded
= (6.5&1.5)'. See S. W. Barnes, H. Winick, K. Miyake, and
K. Kinsey, Phys. Rev. 117, 238 (1960); O. E. Overseth and R. F.
Roth, Phys. Rev. Letters 19, 591 (1967).

TABLE IX. Summary of maximum-likelihood fits
for ™decay parameters.

Quantity

events' events
ning- fitted separately
nzn-0 fitted separately
5'=In/; ™~,™0independent
ng obtained with constraint; see text
ng
Cs- (deg)
n~o

C„o (deg)
H/'=ln;, ™0parameters equal
ng
Cz (deg)
C(ning)
C(nyet) '
C(/res) ~

nz determined independently

Value

2781
739—0.267~0.032—0.235&0.063

88.6, 25.5
0.650&0.019—0.391&0.041—14~8—0.410&0.083

38~14
113.5—0.398~0.036—5&7

0.125
0.016—0.001

0.669&0.054

a Correlation coefficients which are the oK-diagonal elements of the
normalized error matrix.

two expressions, we write

lo
&(c,nA; ~~,~=-,C'=-) =——

8m-o- dQ

X((1+c/to/-. /t P)+Pg[o/-. /t fi+o/x/t P3, f1

+&2 sin8 (P-. g' P—y,-g P)]) . (6.2)

(6.3a)

(6.3b)

(6.3c)

(A. 41)=-2'/r-. (p-.),
(Q p) g. n))=-;~,(p.),
((I'.P) sin8)= (2/9)422/8-. (P-.)

= (2/9)na(1 —n~')"' sinC = (P~), (6.3d)
—((g P) cos8)= (2/9)rr y. (p, )

= (2/9)/rg(1 —42-. ')'" cosC-. (P=). (6.3e)

Values of the decay parameters could be obtained from
a least-squares Gt to (6.3), but the variation of (P-.)
and the error correlations are dificult to treat properly.
Maximum likelihood is a more convenient Gtting

4'The coefBcient of the polarization in Eq. (6.2) reduces to
C(M) —2& k+///xb/ /2+(1 /ra2)1/2(1 g2}1/2(] 2/2)1/2 cos(4/ +22)gThis term is an odd function of the corifiguration variables g, y,and p in the sense that J'C(@42)dQ=0. This enables ns to esti-
mate (P-.) and the expansion coeScients 8/ of (4.2) from (P~)= (1/D)(C(p//p)); 84=$21+1/l(l+1) j(1/D)(C(@2/)P/'(cosO)),
where D =J"C'dO.

The " decay is characterized by the cosine of the angle
(P= cos8=A. f1) between 41 and the A. direction in the
rest frame. The A. decay is characterized by the quanti-
ties ri and p, giving the projections of p, the proton direc-
tion in the A rest frame, on the coordinate triad:
X'= A.X Q Xfi)/sin8, Y= (41XL)/sin8, and 2=L

[2)=X p and it =tan —'(I' p/2 p)j.4'

The distribution function (6.2) yields five moments:

(~ p)=s«~=
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TABLE X. Comparison of determinations of decay parameters.

Experiment

KP-CERN
UCLA
BNL-SYR
LRL'66
LRL'68
LRL'66+'68

Ref.

11
8

10
7

517
356
364

1004
2781
3785

—0.44 ~0.11~—0.62 ~0.12.—0.47 +0.12'—0.365~0.068b—0.391&0.045b—0.383&0.038b

4„=- (deg)

—16+37
54~25
0+17
Oa12—14~11—8&8

g-„0

201
739
940

—0.13+0.17—0.43&0.09—0.36~0.08

c„-.o (deg)

—8&30
38&19
25~16

a Assumed value of ag =0.62 +0.07.
b Assumed value of ug =0.647&0.020.

Inethod. The fit consists of maximizing the logarithm of
the likelihood

ll'= Q»(pk(&orleans; trarr=-C'=-)

as a function of the parameters np, n-. , and @-..
If the variation of the ™polarization as a function

of total energy and production angle is unknown, one
may maximize W also as a function of parameters
(P-.), the polarization averages in each bin of pro-
duction angle and energy. At low momentum, p«1.6
Gev/c, the variation of polarization with production
angle in E p —+ E+ is slow enough to justify this
bin method. 7 At our momenta, many partial waves
are present; the bin method is inadequate for some
reactions because of the resulting rapid variation of
the polarization. Consequently, we have assumed that
the polarization varies smoothly with production angle
in order to get maximum information on its variation.

The experimental variation of polarization was
obtained by expanding the distributions P=do/dQ and
do/dQ in Legendre functions and evaluating the
quotient at the production angle of each event. The
expansion coefficients were estimated as moments" and
the expansion was cut oG when additional terms no
longer yielded significant improvement of the fit to
the data, as described in Sec. IV. The product
was used as the expansion variable regardless of the .

number of final-state particles. Trial values n-. = —0.40,
n+=0.647, and 4==6 were used initially in expanding
P=do/dQ, and the polarizations resulting from the
expansion were scaled by a common factor which was
a free parameter in the likelihood fit. For very large
numbers of events the free parameter multiplying the
polarizations would adjust itself to compensate for the
arbitrariness of the trial values. This is a consequence
of the independence of production and decay; the
relative size of the 8~'s does not depend on ng and C„-.

in the limit of large numbers. However, for our numbers
of events it was necessary to iterate the procedure until
the input and output n-. and C-. were equal. Con-
vergence was attained in a few iterations. Roughly 7/~
of the events yielded ~P-. ~)1 due to statistical fluc-
tuations of the expansion coeKcients. For such events,
P-. was set equal to —1 or +1.The method outlined
here is essentially equivalent to a simultaneous Qt to

the decay distribution of the and the variation of
polarization in the production. However, the method
avoids the difhculties that would arise from the very
large number of free parameters required to do a
simultaneous fit for several reactions at a number of
energies.

The likelihood function was constructed by using
the complete sample of ™events with visible A decays,
all the ™QEoevents, and those ~™QE+~ events for which
A decay did not fit with the production vertex as the
origin. 4' Table IX summarizes the likelihood fits. Fits
using the two-body final states alone were also carried
out; the two-body and multibody events give con-
sistent results. Fits have been performed with the ™
and ™0parameters independently varied as well as
with n-. -= n„=o and 4-.-=4-.o, as predicted by the

~
&I~ = s rule. For the most part, we have constrained

nz to be close to the accepted" value by including a
term

—K (a&—0.647)/0. 020$'

in the logarithm of the likelihood function. However,
ng was left free in some of the fits for the purpose of
determining nz independently.

The polarization-independent term 1+nqn„-.k.P has
also been fitted separately and best values of nzn=
tabulated. The additional precision in determining ng
obtained from the polarization-dependent terms of the
distribution function reduces the uncertainty by 20%%uq,

4' The restriction of the ™0E+7r sample to events in which the
A does not point back to the production vertex leads to a bias of
the A n distribution. Events with small ~A. .n~ are lost prefer-
entially because of the discrimination against events having
~h( rest frame). " (lab)

~

=1. This e&ect is unmeasurably small
for the experimental h. .n distribution; study of Monte-Carlo-
generated events indicates that it should lead to an increase of

A A
(4 n) of less than 5%. The bias against ~A "

~

= 1 does not aGect
the distributions of A-p and p. Since the statistical relative un-
certainty in n-. from the ™QE+m events alone is only 25%, and
most of this precision arises from the h. -p distribution, we are
justified in ignoring the bias. The above reasoning also guarantees

A A
that the loss of events having A ™(lab)= —1, which arises
because of the difhculty in detecting forward pions from decay
(see Sec. II 8), does not significantly acct the polarization

A A
or 0.-. — determinations. The latter loss in A amounts to

A A
of that in A ™0due to ™0purification, so that the effect on (A n)
is only a few percent. Ke have checked this argument be calcu-
lating values of (A-n), using the weights discussed in Sec. II 8,
and have found no significant departures from the unweighted
results.
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under the assumption n~= 0.647&0.020. Distributions
of A p are plotted in Fig. 19 for all and ' (shaded),
along with the results of the fit to h. P alone.

Our results are, after corrections described below,

n=-= —0.391+0.045,

C-.-= —(14a11)',
n=o = —0.43&0.09,

C -. ~= (38&19)',

(6.4a)

(6.4b)

(6.5a)

(6.5b)

with ns ——0.650&0.019. With the
I
t1I

I
=-,' assumption,

we obtain

n-. = —0.400&0.040,

C~g = —(5&10)'.
(6.6a)

(6.6b)

Our best independent value for tran I
determined in a

fit to the ™and "' events with the resulting
rr-. = —0.393&0.042, C~E= —(5&10)'$ is

ng =0.67%0.06. (6.7)

In an earlier ™-decay-parameter analysis, ~ solutions
with y-. (0 (C„-.=s) were found to exist, although the
likelihood in the case was much smaller than that
for y„-.-&0. For the ™0,we have found 15&'lnZ(19 in
the region 4-.0=x, compared with in/=25. 5 for the
y-. 0& 0 solution. The iteration procedure described
above did not converge for these fits. Thus, y„-.0~0
appears highly unlikely.

The ™0sample is slightly biased by the presence of
contamination by non- ' events (see Sec. II A) and

by the loss of 'E+vr events when the A. points to the
primary vertex. 4' We have corrected rr-. o by 5% to
account for the contamination; 4=o does not require
correction. The effects of scanning, measurement, and
fitting losses as well as the effect of precession of "
and A polarization in the magnetic field of the bubble
chamber are negligible at our level of statistical pre-
cision. We have increased the errors in (6.4)—(6.7) by
1.1 for nz, z and by V2 for 4= to account for uncer-
tainties in the fitting procedure which cannot be
directly estimated from the likelihood function. 4'

43 Sources of error considered were (a) uncertainty in the
maximum order of expansion coefficients to use (variations
typically change n-. by &0.01. and 4= by (3') and (b) uncertainty
in the coefficients themselves (uncertainty in C-.0 of about 5'—10'
is indicated by manipulation of the A& and 81).

44 A reanalysis of the data of Ref. 8 has yielded the same result
as reported by the UCLA group: Cg=1 rad.

3. Comparison of Experimental Determinations
of" Decay Parameters

Table X contains the results of previous measure-
ments of decay parameters. Only experiments with
100 or more events are included. 44 The line labeled
LRL'66 presents the results of a fit to the earlier LRL
data using the binning method of Serge et al. and a
value of ng= 0.647&0.020. The errors have been

TABLE XI.™spin determination.

Sample

Standard-deviation
discrimination
against J=-,'

1.7-GeV/c ™QEo
g2. 1-GeV/c oIP
Combined ™OEo

M g+

4.7 &4.5
1.61&1.09
2.34~1.25
2.23&1.08

~ ~ ~

2.2
1.3
1.6

multiplied by 1.1 and 1.2 for n-. and 4-. , respectively.
In the last line we have averaged the LRL'68 results
with those of LRL'66. Assuming equality of the ™
and ' parameters, we obtain

n-. = —0.380&0.034,

C„-=—(1~7)'.
(6.8a)

(6.8b)

4. Spin of the

The formalism developed by Syers and Fenster47
leads to the expression

((I' p sint))'+(X p sin())')'I'
27+1=

(1--=-')"'I((A P)(A +)) I

(6 9)

45 C. H. Albright LPhys. Rev. Letters 21, 1216 (1968)g has
recently calculated the eGect of CP nonconservation in non-
leptonic hyperon decay according to the theory of R. J. Oakes
)ibid 20, 1539 (196.8)g. His results, obtained by using p-wave
amplitudes that do not obey the ~nI

~

=—, rule, are (p/n)a
= —0.00003 and (P/cx) -. o =0.00014."O. E. Overseth and S. Pakvasa (unpublished report).

4' N. Byers and S. I"enster, Phys. Rev. Letters ll, 52 (1963).

Values n-. = —0.38 and 4 -. =0 were used in Sec. IV for
the production analysis.

The experimental results on ™decay parameters to
date may be summarized as follows. The parameters
n-. and 4-. for and ' are consistent with equality,
in agreement with the predictions of the

I
ZII =-'; rule.

The phase angle 4 = is consistent with zero; thus there
is no evidence for violation of time-reversal invariance
in " decay. Since 4-. is inconsistent with &90, C in-
variance in decay is ruled out unless the Ax phase
shifts are anomalously large. The decay parameter p=
is nearly +1; thus, the decay is predominantly s-wave.
If we assume on the basis of the =10 ' branching ratio
of EJ„'—& 2m- that T violation in nonleptonic hyperon
decay is a small eRect, (0.01 in P,4' then at the
mass the A7t- scattering phase shif t 5,—5„=6—m.

= tan '(—p/n)-. —s. Experimentally from (6.8),
t), = (178+16)', so that b,—8~= —(2&16)'.

Alternatively, we note" that if (p/rr)-. 08(p/n)=-,
both time reversal and the DI=-,' rule are violated,
independently of the Ax scattering phase shifts. Such
a situation might be expected if CI' violation occurred
in ~I~&—„' transitions only. Our results are consistent for
' and (last line of Table X); thus we have no evi-

dence for such CI' violation.
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1+Othn=A P.
The corresponding values of
the slope are e'en-. -= —0.267
~0.032 and &~-. o = —0.235
~0.063.

Table XI shows the results of evaluating (6.9) for
several E samples. The value nE= —0.38 was used
and n was rotated by 180' about the beam direction
for the 1.7-GeV/c "'E' and for the two positive-
polarization bins of E+. In all cases the results are
consistent with 7=—,'.

Previous work~ has indicated that our determination
of n-. , C -. (defined in terins of p- and (t-wave amplitudes)
would yield nearly identical results in the unlikely case
that J-.=-,'.

VEL UNUSUAL ~ DECAYS

A. ~ Decays

Ke have searched for —decay modes other than
the usual ™——+A.m mode. The following modes were
considered:

(a)
(b)
(c)
(d)
(e)

=---+her-y

~Ap P

—+Z'e F Z'~Ay

I. Modes with ~hS) =1
Candidate events for modes (a)—(d), topologically

identical to normal ~ decays, fitted A decay with the
A originating at the decay point but failed to fit

—+A~ decay. These candidates were fitted to each
production hypothesis followed by the decays (a)—(c).
Mode (d) is underconstrained and cannot be fitted.
Eight candidates fit ~Ae F; three of these also fit

—+Ap, s and two of these three fit ™—+Am=y as
well. Two of the eight have clearly identifiable electrons
and are unambiguous examples of P decay. These
two events have been reported previously" and are
not discussed further here. The negative decay tracks
of the three events fitting the muonic decay mode (c)
have ionization consistent with either x or p,. in one
event this track may also be an electron. The other
tracks in each event are consistent in their bubble
density with ™production. The upper limit for the
branching fraction of " into p is based on these three
events, and the limit for the radiative mode (a) on the
two events that fit —+Ax y.

8 J. R. Hubbard, J. P. Berge, and P. M. Dauber, Phys. Rev.
Letters 20& 465 (1968l.

For the electronic decay modes (b) and (d) we have
restricted the sample to events with measured negative
decay track momentum less than 200 MeV/c —the
maximum momentum at which we can distinguish
electrons and pions unambiguously by their ionization.
The two examples of —+Ae s are the only events
in the sample with identified electrons; there are no
serious candidates for ™—+ Z'e s.

The branching fractions for the unusual ™decay
modes are based on the restricted sample of 2610
events with visible A decay used for the lifetime deter-
mination (see Sec. VI A). We have measured our
detection efficiency for each mode by Monte-Carlo-
generating a sample of each decay, using a realistic

momentum distribution and phase space for the
momentum distribution of the decay products in the

rest frame. For the pionic mode (a) and the muonic
mode (c) the eKciencies are 95 and 90%, respectively;
events are lost only if they fit the normal decay mode.
For the electronic modes (b) and (d), events are also
missed if the electron momentum is greater than 200
MeV/o; the efficiencies are 70 and 85%. We obtain
the following branching fractions for the ~DS~ =1
modes:

&(a)( ~ h~ y) &&2/(0. 95X2610)=0.8X10 ',
B(b)( ~he )') =(1.0 o.ss+ ')X10
&(.)( ~hp )) ~&3/(0.90X2610)=1.3X10
~(d) ( ~&'e r) & 1/(0.85 X2610)=5 X10~.

&. Mode with ~DS~ =Z

No decay with a strangeness change of 2 has ever
been observed. %e have searched for examples of~ nsLmod. e (e)7 only among the two-body pro-
duction events, E P —+ E+, without a visible h.
decay.

Candidates for mode (e) were required to satisfy the
following criteria:

(i) The production vertex had to lie in a restricted
fiducial volume, to ensure measurability.

(ii) The track length t of the decaying particle had
to satisfy 0.5&i&25.0 cm. Rejection of events with
unusually long decaying tracks greatly reduces back-
ground due to Epscattering wi'th subsequent E
decay in the chamber.

(iii) The component of momentum of the decay
track transverse to the direction had to be greater
than 200 MeV/c. This restriction removes only 25%
of the real ~nz decays, for which the decay
momentum q is 303 MeV/o, while excluding all the
normal ~he decays (q=139 MeV/c) and nearly
all the Z —& err background (q= 193 MeV/c).

(iv) The event must not have fitted elastic scattering
or Z production and decay.

(v) Finally, the event had to give a satisfactory fit,
consistent with the observed ionization, to ™E+ pro-
duction followed by ™—+ ex decay.
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Of the more than 33 000 topological candidates
there is no event that satisfies all criteria. There are
866 ™E+ events with visible cV in the sample that
satisfy (i) and (ii). Criterion (iii) would reinove 25%
of the ft15~ =2 decays. Criterion (iv) would remove
roughly 12/o, however, most of these would. have been
recovered by inspection of the bubble density of the
tracks. Our efficiency for detecting ™~.ex events
that satisfy (i) and (ii) is about 70%. Correcting for
invisible A decays, we 6nd the upper limit for

~
65j =2

nonleptonic ™decay to be
8&.) (" —& rtm ) (1/(0.7X1.53X866)=1.1X10 '.

(f)

(g)
(h)
(i)

(j)
(k)
(1)

' —+2+e r

—+Z p+p

~pe v

p)i p

B. 0 DeeeyS

%e have also searched for the following ™0decay
1Tlodes:

Tsar,z XII. Unusual decay modes.

Mode 10 Bexyt
Theoretical

10'B~h„, reference

65=0 leptonic
gr

~cafe

V

AS=2 Q leptonic
g ~he v

—+Ay V

~Z'e v
—+Z0p, v

0 —+Z+e v
~Z+p V

AS = —AQ leptonic' —+Z e+v
~Z p+v

AS=2 leptonic~ se
0~Pe v

~pp v
AS= 2 nonleptonic~ S7l"~ P7l
Radiative three-body

—+Am y
0 —+ A.m0y

&0.5

1.0-0.65+ '

~& 1.3
&0.5

0 ~ ~

&1.5
&1.5

&1.5
&1.5

&0.9

3X10 7

0.56
0.16
0.07~

8X10- ~

0.28
0.002b

10 '
10 '

&0.1
&0.1
&0.1

&0.1
&0.1

51
51
51
51
51
51

52
52

52
52
52

56
56

a Carlson (Ref. 51) used an incorrect form, —2~QF sin8, for the axial-
vector coupling in the reaction ~ZolT. The entry here corresponds to
the correct form, —,'~g(D+Ii) sin0.

b Branching ratios for the muonic decays were obtained from those of
the corresponding electronic decays, reduced by the phase-space dependence
on the lepton mass. [See M. Deutsch and O. Kofoed-Hansen, in Experi-
mental Nuclear Physics, edited by E. Segre (John Wiley 8z sons, Inc. , New
York, i959), Vol. III, Part XI.j

The search was limited to two-V events with visible
E' decay and to V'E+m events. This sample includes
890&50 normal ' events with a visible A. decay (cor-
rection for unseen A decays yields 1360~75 events in
the effective denominator).

ization of all tracks had to be consistent with the
hypothesis.

(iv) The event had to have measured ' length
greater than 0.5 cm and satisfy the fiducial volume
1 equirements applied in the lifetime analysis.

1. Modes with (65~ =1
For modes (j) and (k) we imposed the additional

requirement that the E+ in the one-V events be un-
ambiguously identified by its ionization or decay ln
the chamber. Such identification is possible in about
50% of the 'E+s events.

After imposition of the above criteria, we were left
with only one candidate for E p —+ -'E' followed by' ~ p)i, )) (k). The negative decay track in this event
cannot be unambiguously identified as a muon; we
regard the event as being ambiguous with pionic decay.

The probability that a real exalnple of one of the
~
65( =2 decay modes would. fail to satisfy the criteria

was estimated from Monte-Carlo-generated events.
The eKciency of the missing-mass selection (i) is 99%
for g'E' events and 93% for Z'E+x. events. The net
detection efficiency is 55% for the leptonic modes and
85% for the nonleptonic mode. Our upper limits are

We attempted to find both the 65=AQ decay modes

(f) and (g) and the 65= —AQ modes (h) and (i). No
serious candidates were discovered. However, scanners
might have missed such events through misidentifi-
cation of the hyperon decay sequence as x —+ p, —+ e.
We estimate the scanning efficiency to be 50% and
obtain upper limits for the branching ratios.'

B(i)—i;)(P'~ &+l+&)(1/(05X1360)=15X10 3.

Z. Modes with ~35~ =Z

The
(
65

(
=2 modes (j)—(l) are topologically identical

to the normal sequence,

'-+ Ax', A. -+ pir—.

Candidates were required to satisfy the following
criteria:

8&;)( '~ Pe )) (1/(0.55X1360)=1.3X10—3,

8&i)( 0~ Pti v) & 1/(0.55X1360)=1.3X10 3,

&i))("'~P~ ) (1/(0.85X1360)=0.9XIP—3.

(i) The missing mass for the had to be within 80
Mev/c' of the ' mass.

(ii) The V which is a candidate for ' decay must
not have fitted either E' or A decay, with or without a
speci6ed origin.

(iii) The event has to fit production followed by The only unusual " decay mode observed unam-
one of decay modes (j), (k), or (1). The observed ion- biguously to date is ~he v. In addition to our two
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events, "one certa, in event has been found at UCLA, 4'

and one unambiguous plus one ambiguous event have
been found at Bl.ookhaven. " Our branching ratio is
8= —+Ae f/ —+Az- =(1.0 p ss+")&&10 '. This
result is consistent with the Cabibbo theory of leptonic
decays, " in which the weak hadronic currents trans-
form as members of an SU3 octet. Recent fits to this
theory predict 8=0.6)(10 '."

The AS=0 leptonic decay, —+ 'e v, and the other
65 =AQ = 1 leptonic deca, ys, —+ Ap v and —+ Zl v,

are also described by the Cabibbo theory. The upper
limits for these modes are consistent with the pre-
dictions, as shown in Table XII.

Hadronic currents with AS= —AQ cannot be mem-
bers of an 5U~ octet. If these currents are placed in a
single 10, 10, or 27 representation of SUs, the rates
for ™0—+2 l+v are related to those for 2+ —+ el+v."
Three possible 2+ —+ el+v events have been reported. "
The theoretical estimates in Table XII for ™0—& Z 1+v

are based on these three events. "
The 65=2 leptonic decays, ™—+El v, could be

related to the 65= —AQ leptonic decays if the two
currents belong to the same 5U~ representation. ""
The theoretical upper limits in Table XII assume such
currents coupled with equal weight to the current of
leptons.

Glashow has shown that nonleptonic AS=2 decays,"~Ãx, might arise even in the absence of 6rst-order
contributions to the E~'-E2' mass diff erence. " A
branching ratio of = 10 '—10 ' could then be expected. "

The three-body radiative decay rates ™~ Amp have
been calculated from inner brehmsstrahlung"; the

—+ex p results'8 are consistent with these calcu-
lations. The current-algebra calculations of Gupta
et a/. " yield a large branching ratio for ™0~Am'y;

4' D. D. Carmony and G. M. Pjerrou, Phys. Rev. Letters 10,
381 (1963).

"N. Cabibbo, Phys Rev. Lette.rs 10, 531 (1963)."C. Carlson, Phys. Rev. 152, 1433 (1966); L. K. Gershwin,
M. Alston-Garnjost, R. O. Bangerter, A. Barbaro-Galtieri, F. T.
Solrnitz, and R. D. Tripp, Phys. Rev. Letters 20, 1270 (1968)."E.de Rafael and M. Goldhaber, Phys. Rev. Letters 20, 522
(1968).

'3 A. Barbaro-Galtieri, W. Barkas, H. Heckman, J.Patrick, and
F. Smith, Phys. Rev. Letters 9, 26 (1962); U. Nauenberg, P.
Schmidt, J. Steinberger, S. Marateck, R. Piano, H. Blumenfeld,
and L. Seidlitz, ibid. 12, 679 (1964); F. Eisele, R. Engelmann,
H. Filthuth, W. Fohlisch, V. Hepp, E. Kluge, E. Leitner, P.
Lexa, P. Mokry, W. Presser, H. Schneider, M. Stevenson, and
G. Zech, Z. Physik 205, 409 (1967); see also N. Baggett, T. Day,
R. Glasser, B. Kehoe, R. Knop, B. Sechi-Zorn, and G. A. Snow,
Phys. Rev. Letters 19, 1458 (1967).

'4B. d'Espagnat and M. K. Gaillard, Nuovo Cimento 42A,
1035 (1966)."S. L. Glashow, Phys. Rev. Letters 6, 196 (1961); R. E.
Behrends and A. Sirlin, ibid. 8, 221 (1962)."L. B. Okun, Yadern. Fiz. 1, 1132 (1965) [English transl. :
Soviet J. Nucl. Phys. 1, 806 (1965)g."K. Tanaka, Phys. Rev. 153, 1519 (1967); S. Barshay, U.
Nauenberg, and J. Schultz, Phys. Rev. Letters 12, 76 (1964);
12, 156 (1964).

'8 M. Bazin, H. Blumenfeld, U. Nauenberg, L. Seidlitz, R. J.
Piano, S. Marateck, and P. Schmidt, Phys. Rev. 140, B1358
{1965).

K. C. Gupta, Rabi Majumdar, and K. C. Tripathy, Phys.
Rev. 157, 1306 {1967).

however, the rate predicted for Z —+ ex y is 100 times
the experimental value. " The branching ratio for—~ A7t' p with 71 ITlornentum ln the ™rest fl"aBl.e
smaller than 125 MeV/c would be =10 ' from inner
brehmsstrahlung.

All these predictions are compared with the experi-
mental results for deca, ys in Table XII.

Note added irt, proof. The change in sign of the mean
' polarization in K p~ 'K' between 1.7 and 2.1

GeV/c was predicted by P. B. James LPhys. Rev. 158,
1617 (1967)j on the basis of an interference model in-
volving A,Z, I',*(1385)and I's*(1405) exchange. Direct-
channel resonances were not put into the model; our
data (and those of Ref. 27) show that such resonance
formation is significant in K p —+ K.

In view of recent theoretical work supporting the
duality of the direct (s) and crossed (here I) channel
descriptions of strong-in teraction scattering amplitudes

I
R. Dolen, D. Horn, and C. Schmid, Phys. Rev. 166,

1768 (1968); G. Veneziano, Nuovo Cimento 57A, 190
(1968)],we may ask whether the s-channel resonances
are not already contained in the baryon-exchange
a,mplitudes. The answer would seem to be no, because
baryon exchange is associated mainly with the lower

( ps, d )spartial waves ss'4 and all the known I'* resp-
nances above ™&threshold are in the d5 waves or above,
A duality-consistent I-channel model of the E re-
action must somehow explain the resonancelike be-
havior of the higher partial waves.
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APPENDIX: CORRECTION FOR LOSS OF
SMALL-ANGLE ~™ DECAYS

The loss of small-angle ™decays was estimated by
using a Monte Carlo technique to correct the A( rest
frame) (lab) distribution to isotropy. (Isotropy of
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this distribution is a consequence of the absence of
longitudinal ™polarization in the two-body events and
the fact that we average over all other angular vari-
ables in the multibody events. ) A large number of

decays were generated in the rest frame and
I.orentz-transformed into the laboratory frame by
using the observed ™momentum spectrum. Various
models of the loss at small projected angles were con-
structed, and the eBect of each on the A- distribution
of the Monte Carlo events was checked against the

distribution of the real events (Fig. 20). It was
found that a sharp cutoff of the projected angle at 3'
gives an acceptable fit to the data as shown by the
curve in Fig. 20(a). This assumed 3' cutoff was used
to obtain detection probabilities I'~ for 20 bins of
h. ™and 11 bins of the ™momentum, which ranges
from 0.5 to 2.9 GeV/c. These probabilities are inde-

pendent of the sharp-cutoff model; very similar results
were obtained by using a smooth fallo6 of detection
probability with projected angle. The model is also
approximate in the sense that it fails to account properly
for the fact that the scanner sees the event projected

160—

FIG. 20. Distribution of
A= "l,b for (a) ™and (b) ™0.
The A direction is evaluated in
the ™rest frame and the ™di-
rection is that in the laboratory
frame. The sample includes
all 6tted ™events. The
sample contains all ™DE'events
and those 'IC+m events for
which the decay A does not fit
with the production vertex as
the origin.

tsar

80

120;

80

40—

0—l.o

756 8
I I

0.0
A A

AN
~ 8„

I.O

in three different planes. It was found that the de-
tection probability for a ™decay due to the small-

angle effect is (90&3)% averaged over A and over
momentum, with a variation of from 95 to 84%

with increasing momentum. I'~ varies from a maximum
of 98 to as little as 31% for fast with A. . ~ (—0.9.
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Improved Upper Limit to the Electric Dipole Moment of the Neutron*
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A neutron-beam magnetic-resonance experiment has been used to measure the electric dipole Inoment

p, of the neutron. Although the results for p, differ from zero by 1.4 times the statistical error, the measure-
ment is best interpreted as setting an upper limit on p. of ~p,/e) (5&&10 2' cm, where e is the charge on

the proton.

I. INTRODUCTION

' "N two previous reports' ' we have described the tech-
' - nique and results of a neutron-beam magnetic-
resonance experiment designed to detect a neutron
electric dipole moment (EDM). Subsequent to those

*Research sponsored by the U. S. Atomic Energy Commission
under contract with Union Carbide Corporation.

$ Oak Ridge Graduate Fellow from Harvard University under
appointment from Oak Ridge Associated Universities. Present
address: U. S. Army Element, Headquarters, Field Command
(Test Activity), Defense Atomic Support Agency, Sandia
Base, N. M.

'P. D. Miller, W. B. Dress, J. K. Baird, and Norman F.
Ramsey, Phys. Rev. Letters 19, 381 (1967).

2%. B. Dress, J. K. Baird, P. D. Miller, and Norman F.
Ramsey, Phys. Rev. 170, 1200 (1968).

reports, we have constructed and used a more elaborate
magnetic-resonance spectrometer incorporating a longer
electric-field region and a more homogeneous and stable
magnetic field. This has allowed us to achieve a tenfold
increase in sensitivity to a neutron EDM. In Sec. II of
this paper, we describe the design of the experiment.
In Sec. III we give the method of data analysis and

interpret the result.
In previous publications the application of the mag-

netic resonance technique to the measurement of a

J. K. Baird, thesis, Harvard University, 1968 (unpublished).
Thesis issued as Oak Ridge National Laboratory Report No.
ORNL-TM-2308 (unpublished).


