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Strange-Particle Production in
T p Interactions from 1.5 to 4.2 BeV/c.”™

Part 1. Three-and-More-Body Final States

Orin I. Dahl, Lyndon M. Hardy, ¥
Richard I. HessT**, Janos Kirz, and Donald H. Miller

Department of Physics and Lawrence Radiation Laboratory
University of California, Berkeley, California

January 1967
ABSTRACT

We have investigated 7 p interactions from 1.5 to 4.2 BeV/c
in the 72-in. hydrogen bubble chamber. This report describes the
procedures for identifying and analyzing the reactions involving strange-
particle production. .
Experimental results on the invariant mass distributions, cross
sections, and angular correlations are given for three- and four-body
final states, which are shown to be rich in resonances. Production

and decay of these resonant states is discussed. Results on five-body

final states and = production are also presented;
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I. INTRODUCTION

We present here ‘results of an experimental prdgrarﬁ designed
to investigate stfange—part‘icle production in T p interactions between
1.5 and 4.2 BeV/c.

The low-BeV rahge of incident momentum for wmp and Kp
interactions has proven té be so rich in interesting physical phenomena
that it has been possible to conduct bubble -chamber expe'riments with
no specific or detailed objective in rmind. Instead, the data are col-
lected and reduced in a syétematic way. If the experimenters are

fortunate, and in most cases they are, this first step in the analysis

will indicate promising directions that can be pursued in detail fruitfully.

This exploratory approach was the guiding principle for the collection
of data é,nalyzed and presented here. As a result the conclusions that
we reach cover a variety of topics rather than definitive statements

about any particular physical problem. We did not attempt to inde-

‘pendently determine the masses, ‘lifetimes, and branching ratios of the

hyperons and K mesons:. Rather, we used these relatively well-

~determined quantities to study possible biases in the data.

Several .exp'erime.ntal groups have explored T p interactions
leading to three-or-more-body-final:states involving strange parti-
1-142

cles.. The data which form the subject of this report were collected

at the Bevatron, with the 72-in. bubblé chamber.b The analysis is based

- on 890,000 photographs, in which 50,000 events involving strange parti- .

cles were found. The first set of 240,000 pictures was collected in

1961-62. Some results based on fhis exposure have already been pub-

’lishedi?’-zo. We shall refer to this exposure as "w72". The rest of

the film was taken in 1963 -64. Preliminary results from this exposure

(to be referred to as "m63") are also available in the literatureZ1-27,
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The events were scanned and measured independently for the
two éets of pictures. We me_r‘ged the data in most cases, in o_rdér to
gain statistical significance. CrossA sections, however, were deter-
mined independently, and we shall me"rely quéte the valuAesv given by

Schwartz for w72, 28_-29

In this report we discuss first the procedures for analyzing the

‘data, then tui'n to the determination of the cross sections for the vari-
ous reactions. This is followed by the ;'esults on the three- and four-
body final states. We present evidence for the i)resence Qf sev.eral
resonant states, and discuss'vtheir pfoduction and decay. Our results
concerning the = hyperon are given before the closing section, . in
v.vhi.ch we briefly summarize the results. The two-Body final states’
CAK®, Z°K°, and = K", are discussed in a _séparate report. 30
The paper is organized into the following sections; v
| I. Introduction
II. Experimental Procedure
A. Scanning and Measuring
- B. Event Recons:truction and Kinematic Fitting
C. Sepa_ratiqn of Hypotheses |
III. Cross Sec.tions
A, Cross—rSectioﬁ Scan
B. Sc;nning Co.rrection's
C. Measurement Correctio_ns :
D Detection Corrections
E. Results

Iv. Three-—BAody Final States

‘A. Mass. Distributi&ns

P
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~ B. Coordina.t_ev‘_F.ra.‘meIS' a‘_.nd.Conventions

C. 5(1405}—» s |

D. Yé)(1520)-> zm, NK, Arn

E. Y’i“(_1660)—>_ zw, NK

F. Y’i‘(1385)—b AT |

G. Y§(1815)~ NK

H. Search for Other YO Stat;es_

I. K" (890)= K™

J. K"(1440) > Kn

K. (725) =K

L. A, —»R"K‘, K{K{ |

M. A] - KK~

N. B - KK

0. f-KIK], "5 KIK!

P. KfK1 Threshold Enhancements-
Q. K°K~ Threshold Enhancement '

R. ¢ K K"

s. - KK, 4, - KtK™

Four— and Five-Body Final States
A. Four-Body Final States
(1) m p.— AKTT
(2) m°p — Ean
(3) 7p > NKRm
(a) Tp >nD, Tp =+ nE
(b). :Other Résonéhces

B. Five-body final states.

UCRL-16978
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VI. Production of = Hyperons
A. Experimental Procedure
B. Results and Discussion
VII. Summary ,
VIII. Acknowledgﬁents
IX. - Appendices
A The Density Matrik
B. The Absorption Model
C. Matrix Elements for the Decay of an 1= 0 State into

KK* and K'K

II.  EXPERIMENTAL PROCEDURE

A. Scanning and Measuring

Each set of stereo pictures was examined by trained scanners

for interactions involving strange-particle production, and the indica-

tive data for these events was recorded on a masterlist. The topologies .‘

which were sought are shoWn in Fig. 1. Figure 2 shows the number of
detected events involving strange particles as a function of beam mo-
mentum for the 772 and 763 exposures. Most data are contained in
three broad groupings of beé.fn momentum! -1..6 to 2.4 BeV/c (32.5
events pér H.b‘).’v 2.9 to 3.3 BéV/c (12.8 events per pub), and 3.8 to 4.2
"BeV/c (5.6 events per pub). The _number»of events found as a function
of topology and beam momentum is given in Table I.

Rare interactions of interest such as possible & productions,
. were recorded separatgly and did not proceed through the normal proc-
: eésing described below. Each event was measured on a Franckenstein

or a scanningfandemeasuring projector (SMP). 31
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B. Event Reconstruction and Kinematic Fitting

The data from each measurement were fed into a standard chain
of Alvarez-group computer progra.ms31 which reconstructed the topology
in three dimensions and tried to fit a preselected set of reaction hypoth-

eses to the event. The attempted interactions are given in Table II.

For each hypothesis, a four-vector of the '""missing momentum'" was

v calculated with the formula

= - ‘ \ (1
EMM finc * Eta‘rg Z 121 ’ (1)
: : i
“where P, , P , and the P. are measured (unfitted) values of the

~1lnc’ ~targ’ - . -l :

four-momenta of the incident pion, target proton, and observed final-
state particles (including neutrals with observed decays). The missing
mass is defined by

(mm)® = (B, 05 (2)

C. Separation of Hypotheses

For a given event, each hypothesis with nonzero constraints is
assigned a confidence level that measures the extent to which energy
and momentum are conserved _in the interactions. Presumably, events

that do not proceed via the proposed interactions will have a low con-

fidence level, and therefore can be eliminated from consideration by

imposing a minimum cutoff in this variable. The value chosen must
be low enough to include desired interactions, yet high'.eriough to ex-
clude unwanted events, and in practic:(; it is selected with some degree
of uncertainty. " In this analysis, a hypothesis'with nonzero gbnstraints

was considered acceptable if it had a confidence level greater than

0.005. Events with no acceptable constrained production hypothesis
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but consistent with at least two‘rhiss‘in'g neutrals at the production
interaction were .accepted as missing—ﬁass hypotheses. In Table II
" the twé or more missing neutrals afe designated mm. |
An event for which more than one hypothesis is acceptable was SR
terrﬁed ambiguous. Ambiguous events which in principle could be
resolved by an examiﬁatiéh of the bubble density of one or more tracks
were selected by a computer program and examined on a scanning
table. 'Hypo.theses inconsistent with the ébserved densities were -
eliminated.
The ambiguities remaining after scanning-table exafniné.tion
are conventionally resolved by selecting the hypothesis with the highest
confidence level. For many events we atterﬁpt to choose between ‘
hypotheses of different constraint cia_sses, however, and it is not
clear thata cgnfidence-level criterion is the correct selection to use
here. Instead the problems associated with each conétraint class aré
exa‘m‘inéd in turn.
R-és;dlution of A and K° decays is quite good. For events
with a neutral decay nearly z;,ll ambiguities occur between production
hypotheses involving the same observed neutral. In all cases, there-
fore, we examined only the constraint classes associated with produc-

tion, of which there are four typés: no missing neutrals (four con-

P
L@

straints), Z° production (two constraints), one missing neutral (one
constraint), and/two or more missing neutrals (zero constraints),

1. Four-Constraint Fits

We expect events with an acceptable four-constraint fit to
constitute a pure sample of four-constraint interactions. It is unlikely

that events from other processes can simultaneously 'satisfy energy
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and momenturﬁ conservation to a sufficient degreé to yield an acceptable
confidence level., It is pbs_sible, hoWeVer,‘ that measurement errors
will be large enough that fourv-'constraint evenfs will give a high con-
fidence level to hypotheses with only one or two constraints. Selection :
on the ’t;asis of confidence level will produc? a pure vsample of four-
constraint events but not necessérily a complete one. |

In this experi.ment the number of events that have both accept-
able four-constraint and one-constraint hypotheses is small, and a
test bf our expectations is hard to perform because of thé statistical
limitations. There are however, a lafgé number.of events thaf are
ambigﬁous between four and two constraints; as an example we con-
sider two-prong vee events (topology b of Fig. 1) with the hypotheseé
T p ->vAK+1'T'"-*»‘.and T p > Ok 1T with 20~ Ay. Events that proceed
\)ié. the second reactvionv should show an isotropic decay of the Z? in its
rést frame, whereas misidentified events of the first type need not do
s;). ‘Figure 3a shows the d‘ecay distribution for the 'decay gamma ray

relative to the normal of the production plane for events that pass only

=% production. We see the expected isotropic distribution. Events

‘that have a best confidence level as =° production but also an accept-

able fit to A ‘p_roduction are shown in Fig. 3b. Here we see a striking
peaking in the production plane; Figure 3c shows the s"ame plpt for a
sample of évents that have a best fit as A production but also an
acceptable ZO fit. We believe events in the thira bcategory to be true
A events becéuse of the stringent requirements of the four-cons.traint
fit.  The characteristics of the events in the secénd category are very
sirnilar to those of.tléle third,l and we will not have an is.o\tropic =0

decay distribution if many of the events of the second category are
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accepted as Z° productioﬁ. We conclude .that vthe majority of the events
in the second category are from A proauction.

A similar argument shows that events ambiguous between four-
and one-cohstraint hypotheses should also be assigne‘d to the four-
constraint hypothesis. In this experirhent, events that have an acceptable
four-constraint fit were unambigﬁously chosen as sﬁch, regardless of
the confidence levels of other hypotheses. (In the few éases where there
was more than one acceptable four-constraint fit, the event was assigried
to thé hypothesis with tlie higher confidence level.) We believe that
this procedure yields practically pure and complete samples of four-
constraint e.vents. |

2. Two-Constraint Fits

AUpon examining the two-constraint hypdthesis T p- Z°K+Tr—;
=0 - Ay after the removal of ambiguous AK+TT,- events, we find a
significant number of ambiguities only with the final-state AK w0,
Since the =° decays rapidly, the pr'oceés could be viewed as
T p - AK+ﬁ-y. Thé experimental resolution is such that it is hard to

® by examination of the missing mass

distinguish betweena y and a T
at the production vertex. We can use the additional fact, however, that
for true %% -production events, the effective mass squared of the A and
. ' 2 ~ 2 A 2,50
missing mass, M (Amm) = (EA + lzmm)' , should peak at M (Z"),
whereas for AI}'O‘ production events, _this quantity should lie above the

kinematic threshold of 1.56 BeV2

. Figure 4a is a scatter plot of
'Mz(mm) versus MZ_(Amrg) for events that fft only ™ p— Z°K+Trh.
Figure 4b is the same plo>t for events thatvpass only Tf-p -> AK+1T-1T°.
In Figure 4c are 'plottevd"t»:hose:events that hé,ve acceptable fits for bcgth

hypotheses, but for which the Z° hypothesis has a hig.her confidence

@;F
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level. Figure 4d contains am'biguo.u.s events with a higher coqfidence
level for Am® pfoduction‘. In genéral a seiection on the basis of
confider?ce level seems to do well in separating the hypotheses, but the
distribution of points suggest that there is some _misassignment, There -
fore, ambiguous events were assigned, using MZ(Avm;_r_l) as a criterion.
Evénts with MZ(Amm) =1.56 BeV2 were assigned té) the Am°%-production
hypotheses; events with MZ(Amm) < 1.56 BeV‘2 were assigned to the

=% production hypothesis: The cAross contamination of these two channels

is then quite small. The same criterion was applied to the separation

of AK’"® from Z°K° for zero-prong, two-vee events.

" 3. One-Constraint Fits

. After resolution of ambiguity between one-constraint fits and '
hypofheses of a higher constraint /plass, four types of ambiguity re-
fnained: (é} a;mbiguities between /AKO and Z°K?, when only the A or
the K° decay 1s observed; (b) ambiguities between KOt and Ktno,
or K°m" and K™% (c) ambiguities between AKOTT+TT—, ZOKOTT+TT-, and
an:KOTr‘_“ﬂf;'c-)ﬁ::e'vents'.in which onty the K’ decay is observed; (d) am-
biguities among the final states nK K", AK+TT_, 2ok T or pK+K_T|'01T_,

+

. - . - - _ + ,
T s A.K+TT+1T ™ and Z°K+Tr m ™ where one K decay but no

nK+K_TT
neutral decay is observed.

For eat__ch one-constraint hypothesis that involves production of a
single missing neutral, there exists another reaction with the same ob-
served particlresbbut with two or moré missing neutrals. In general,
the kinema,tic threvshold for the effective mass of two missing neutrals
is sufficiéntly removed from the mass of the single neutrai so‘t'hat

separation can be achieved by an examination of the missing mass at

the production interaction. Contamination of one-constraint events is
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typically . <5%. For one-constraint hypotheses involving observed

A decays, however, we must discriminate between A production
reactions and corresponding'reactions with a Z°% produced instead of

a A. In the formef case the missing-mas-s spectrum will show a peak.
at the mass of the missing neutral with a width characteristic of the
 experimental resolution. In the latter case the missing mass will be

the effective mass of the neutral and the Y ffom =% decay and will
range upward from a threshold near .the mass of the neutral. Hence,
there is no clear-cut separation of the two channels, and we must accept
a contamination in the A final state.

This problem is most severe in the separation of the AK?°

events from the Z°K° events, in which only the A decay is observed.32

Fortunatély we have available practically pure samples of AK® and
29K events in which both the A and K° decays are seen. By sup -~
pressing information about the K° decay and proce‘ssing these two-vee
events through our data—reduction system, we determined the degree of
contamination present in the AK® final state.

We also used this sample of two-vee events with A decay
information neglected to investigate the cross contaminations of AK?
and Z°K? events in which only the K°® decay is observed. Figﬁre 5
is a.vplot of the missirig mass squared for events accepted aé either
AKO; ZOKO, or K°mm. We fo_und that our total sample of events for
the final-state AK® has a contamination of appr;)ximately 6% at all
momenta. The Z°K? final-state contamina.tion ranges from 1% at low
momenta to 8% at high momenta. C'ross—_.séction determinations were

corrected for these cross contaminations.

-
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The hypotheses in category (b)-; AT K'm® and An KOwt,

+

> K 19 and 2 KT, =tr K w0 and strn kont, 2 7" r K 10 and

> nt

T KOnT, or pK'K®nT and pK®K 'm°--are all approximately 25%
ambiguous. A plot of the confidence level of one hyp‘othesi's. versus
the otfxer for events ambiguous bétween Aﬂ.MKJrTTO and AT KOwT is
shown in Fig. 6. There exists no clear-cut-division of the events.
The'pl_of;s for the other ambiguous hypothesis pairs are similar. For
the final state AK°n+n' ‘we can . use the vnurnber of four-constraint
events that have both observed A and K°? decays to ca.lcﬁlate how
rﬁany one—con‘stréint events we should see (all properly weighed as
dis cusséd in Section IH). We find that allocating the ambiguous events
By the usual procedhre of higher confidence level gives a number of
one-constraint ATT_KOTT+ eve.nts consistent with our expectation. This
observation does not test the possibility of cross contamination of
evénts:, ho‘wever.. o

Events of the final states A‘TTNKOTTfand A.TT“EK+‘1T°, Z);K+1r° and
Z_Koﬂju,- .p-KOE{—O-TT_ and pKOleTO were generated using the Monte
Carlo program FAKE 33 and processed through the fitting programs
in the same way as the actual events in the experiment. Assigning
events én the basis of higher confidence level for these samples
resulted Mn a cfoss contamination of approximately 49, ét 2.9 to 3.3
BeV/c and approximately 8% at 3.8 to 4.2 BeV/c. Efféctivewmass .

plots for both unambiguous and ambiguous events for these six final

" states were examined separately, and no statistically significant dif-

ferences were observed.
Rather than discard a quarter of the events for the final states

in category (b), we assigned ambiguous events on the basis of con-

fidence level and acéept,ed the contamination,
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Events in éategory {c) are abduf 40% ambiguous and present an
even more difficult separation problem than those in category {b). |
Since we have available AK’w n7 and ZOK°n m° events in which both
the A and the K° decéys are seeﬁ, we choose not to use the events with
only a K° decay observed for these final states. Events with a nK' Kon”
or 1;1K°K-TT+ fit come only from this catégdry, however. Monte C‘;:lrlo
events were géneréted by'FAKE for these final states, and from these
events we conclude that assignment on the basis of ﬁighest confidence
level c_ontaminé,tes the nKJrI??T— and nK° K.-TT+ final states abou't 13% at
3-BeV/c inc_idént—pion momentum and about 17% at 4 BeV/c. On the
other hana. approximately 15% (31%) of the valid events are misassigned
to other final states at 3 BeV/c (4 BeV/c).

Events‘det‘ected only thréugh the presence of a chafged K decay
are usually ambiéuous. The pK+K-1T_ final states are fittve;i by four |
constraints; so they are an exception. The nK'K~ events are partic-
ularly difficulf to analyze, esII)ecially those Wifh beam momentum above
- 2.3 -’-BeV'/c'.- In order for an event to be tried for such a final state,
one of the two chafged kaons must decay in the c;hamber. Furthermore,
the lengths and curvatures of fhe two kaon tracks must be such that the
momentum of each track can be measufed reasonably acéurétely.
Consequently our sample is biased in favor of events with low K mo-
mentum. Events for which the nK K™ final state was the best fit . o
were examined on the scan table to check for ;:on:sis;cency with that |
hypothésis. At the higher momenta this procedure was less effective
because the bubble densit}ies of tracks were usually close to minimum.

At the low beam momentum (1.5 to 2.3 BeV/c), 'a_a.bout 50% éf the events

were discafdéd. Usually it could be shown that the track with a momentum
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: : _ . . |
change was made by a Zi decay or by a 7, which scattered on a

proton without the recoil proton being detected. At the higher beam

momenta about 40% of the events were discarded. To try to reduce the

background still farther, we used only the unambiguous events in the
subsequent analysis.” We believe that the contamination in the accepted
nK'K™ events at low momentum is less than 10%; at high momentum it

could be 2s much as 50%.

+ -
ﬂ-x

The AK 77, 2°K'n™, AK v 7™ n", Z°K+Tr+n°n-", nK K
and pK+K_TTOTT_ final states, without a visible A’ decay were so ambiguous
that no further anzglysis was attempted on these events.

1

4. Zero-Constraint Events f

Except for the final states AK’mm and AKOWJFTT_mm, missing-
mass hypotheses for a given topology are ambigucus. An examination
of bubble densities eliminated ambiguity in some instances, but most
zero-constraint events have mofe than one missing-mass interpretation
consistent with &ll of the information at cur diksposa,l. The final-state
AK’mm is dis cuésed in Section IVH. ; other missing-mass hypotheses
were not examined for this report.

5. Primary Data Reduction

Most events found by the scanners 'Were measured and then
processed by the fitting programs. A small percentage were classified
as unmeasurable and, for cross-section calculations, distributed in a
manner proportional to events that were fully processed. Events were
unmeasurable for a variety of reasons. A vertex could have been ob-
scured in one or more views, or a track could have been distorted by
turbulence, fér example. Iﬁto this category alsc went events for ‘which
the measurement was never performed beéa,use of_ bookke_epi_ng over—v'

sights or unavailability of the appropriate film.
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Events that were recorded by mistake (not one of the topologies
in Fig. 1) were placed in a reject category when examined on the meés- ®
uring devicé b.y the mor‘e exb’erien.ced écé.nner_s. - In subsequent states
6f processing, rﬁo'_re intéra,ctions were transferred to this category.

Hypothesis failures--events for which no hypothesis had an
accéptable vfit»—w'ere remeasured, since many of the fa_ilu_res were the
result of operator oversights and poor measuring techniques.. ‘Events
that failed twice were reexamined by specially trained scanners and
physicists to ascertain the cause of failure. Most of‘these_ exa'mined
events were found not to involve"strange—particle productién and Were
rejected, some were good events that had to be remeasured with
-special care, and some were left as unexplained failures.

vTablé III shows the status of the events in the "experiment at
the conclusion of the present ana‘lysis, Aln%ést all events have been
assigned a good interpretation or rejected. The residual of failing
events amounts to only 4% of the total sample. Part of this sample is
desirable events with confidenée 1e§rels below 0.005, and a fnore in-
tensive and sophisticated analysis would probably discover :the reason
for failure of the rest. An effort to clean up this residual would have
negligible effect oﬁ. the results obtained for the copiously produced - 1
finél.statés diséussed in this report.A Cross-section valuesv were cor-
rected for the estimated number of good events with confidence levels

below 0.005.
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III. CROSS SECTIONS

A. Cross-Section Scan'

Cross sections for reactions involving strange particles were
found by using the data from a special cross-section scan performed on
the film and the total T p cross sections from counter experirnents.34’35
We describe here the procedure.used on the second part of the exposure
(m63). The first part was treated in a similar manner.

The film was.divided into a series of intervals over which the
experimental conditions were felatively constant, rolls of film were
selected at random from each interval, and every fifth frame was ex-
amined by scanners. The scanners recorded the total number of ob-
served interactidns of all types as well as the number of incomiﬁg beam
tracks atthe entrance window, and checked to see that their difference

was the number of outgoing tracks at the end of the chamber. This

check insured that no zero-prong interactions were missed. The num-

“ber of interactions involving strange particles, the number of zero

prongs, the number of two prongs, and the number of four- and six-

prong interactions were also recorded. These date from intervals

~with the same incident momentum were then grouped together.

Of course, the interactions observed by the scanners are sub-
ject to the usual scanning biases associated with a bubble-='chamber'
experiment. By far the greateét number of missed events came from
very-small-angle elastic scatters that were recorded as noninteracting
beam tracks. An analysis of elastic-scatter events from this exposure
by Jacob536 indicates a correcfion 0f 1.10£.02 to the number of ob-
served two prongs at all momenta. From the total cross section, taken

from counter experiments, the total path length, and the number of
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strong interactions that we observe, we determine our p contamina- -
tion to be approximately 5% at all momenta. 37 Cross sections of

interest in a given momentumn interval were determined using the for-

mula
' ’Ns Ni
g.=0 —_— = aN.. (3)
i tot Ntot Nmf i A
Here T ot is the total Tr—p' ‘cross section, NS the number of strange-

particle interactions found in the cross-section scan, Ni,¢ the total
number of interactions corrected for missed-elastic scatters in the
cross—sectidn scan, Nmﬁ the number of strange-particle events re-
corded in the general scan, Ni the ngrhber of events o‘f interest, and
a the path length in units of pb/event. With this method the large |
biéses aséocjated with Nmﬂ and NS cancel each other, and we are
left onl;lr with the problem of determining the corrections to ‘ghe ob-
served number of good events in the desired channels. Valu\es for

a as a function of incident momentum are shown in Table IV.

B. Scanning Corrections

The scanning corrections considered here are of th_ree types--
topolvogical, fiducial, and accidental. Tépological'bia:ses oc.cur because
scanners have a greater difficulty in finding events of certain configura-
tions than they do others. Charged or neutral particles that décay very
near the production vertex are more readily missed than those which
decay some distance away. Plots of the numb.er of events versus the
proper time of decay show the proper exponential behavior beyond a
minimum value.- In the:ar}alysis, therefore, only events with decays

beyond a length of 0.5 cm were used.
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Decaying =7 and T~ for which the direction of the charged
seconda.ry makes a s’rn_a,ll. angle with the directien cf the primary itself
are also preferentizally miss:e‘d. " Cross=-section biasés from this effect
were easily corrected by examining the decay distribution in the Z rest
frame, which shoulci be isotrop"ic, but in fact has a depletion of events
for the charged secondary deCajing along the direction of the Z. For
the Z+, de.caying via pTTO, a signifi'cant\ nurﬁber of events at a.ll decay

angles were not recorded by scanners because they looked very much

+

~ like p-p scatters with invisible recoils. The decaymode nm - was

not biased in this way, since the ionization density of the outgéing
7t was in general less than that of the =7 We determined the cross
sections for final states containing a Z+, therefore, using only the
nnt decay mode and multiplying the number of events by two.

When the scanning instruétions were written, only general loose
criteria were provided fof elimination of zero-opening-angle vees that
were electron pairs. A later‘analy'sis- of thé_ex;pected distribution of

opening”a'.rivgles revealed that a negligible percentage of all K° and

A decays should have a zero opening angle in the laboratory. Events

with acceptable fits and vees with zero opening angles were most likely
to be electron pairs with poor momentum determinations.. To eliminate
all bias from this source, events with vees were accepted only if the
opening angle in the laboratory was greater than 1.5 deg.

The three. cameras w}ﬁch view the bubble chamber look down
with a line of sight roughly.in the z. (vertical) direction in the labora-
tory. Decays for which the nor;na.l to the decay plane is perpendicular
to this directibn might ‘rhore readily be missed than those with a nor-

mal parallel to this direction. The "perpendicular' vees would appear



18- ‘ UCRL-16978

to have a small opening angle and might be discarded as electron pairs
by the scanners, whereas the ''parallel' vees are in a optimum orienta-
tion for -viewing. In order to investigate the possibility of a bias from
this éffect, the quantity cos™1 {l(NXB,)- (P, XP,)1/( |§x§1 | |£>1><£>2 D}
was plotted for all K° and A dec’ays, where 51 is the laboratory
‘momentum of the nep.tral, P, is the laboratory momentum of a chargea
.' secondary, and N is a unit vector along the z (\}ertical) axig. This
quantity, which measures the isotropy of the decay normal 2bout the
neutral direction, would not be flatl if a bias existed for detecting vee
decays of certain orientations. In this experiment the distribution was
co.nsistent with isétropy, and no corrections were necessary.

The probability of finding evgnts' is lower hear the boundaries
of the chamber than. in. the center. Interactions near the far end of
the ché.mber aré likely to produce tracks that are relatively short, the

measurement errors will be greater for these events, and the possibility

of misidentification is enhanced. Turbulence is greater near the chamber

boundaries and measured values of momenta may be poor in these
regions. For these reasons, only events in a restricted fiducial volume
were accepted for analysis. These events were properly weighted for
cross-section determinations to take into accoﬁnt the different volumes
used in the cross-section scan and the analysis that follows. This
criterion reduces the.numb'er of usable events by about 15%. We have
also removed another 1% of the events by demanding that the beam track
dip less than 2% away fr_om the horizontal plane. This procedure is

necessary to ensure a monochromatic beam."

W
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By restricting ourselves to the subsample defined by the criteria
above, we have arrived at a collection of events for which the scanning
efficiency is constant, but not necessarily equal to unity. Sca,nperé
miss a surprisingly large fractién of events that are in plain sight in
£he center of the chamber and have go‘od topological features. These
”a.ccidental”boversig.hts are presumably'.caused by monotony, cva'reless—
ness, or fatigue and are not expected to bias the data in any significant
way except to cause cross-section estimates to be systematically low.

To find the magnitude of this effect we scanned the entire exposure of

film a second time and prepared a second-scan master list in the same

mannevr as the first-scan master list. The two master lists weré
compared, and a conflict list was compiled of all events which were
found on (a) scan 1 but no scan 2, (b) scan 2 but not scan 1, and

(c}) both scans but assigned to differe_ant topologies. One is tempted to
take the number of.events in categories a and b, and the nlimber_of
events on the masterlists that agree, vvand from these compute the
scanning-éfficiency for each topology. In a complicated scan such as
this one, however, such a technique ‘Would be in error. Both scans énd

hence the data from the '

'conflict'" analysis contain nonvalid events. In
fact, such events preferentially appear on one scan and not the other
because of the varying abilifcieé of the scanners to distinguish between
electrbn pairs and vees, charged decays and scatters, etc. Also, only
part of an eveﬁt might. be missed--one of twb vees in a zero-prong,
two—vee.event, for example. The following procedure Iwas adopted,

therefore, to take into account the complications present for this ex-

periment.
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A scannef lbok.ed at the evé’nts_ on the conflict list a third time,
decided Between different f_opology assignments, and rejected obviéus '
nonstrange partiéle events found on the second scan but not on the first,
All nonrejected second-scan evén_ts that were not .o‘n thé fiI:St master
- list wefe then proceése‘d through the primary data-analysis éyétem

used for the first scaﬁ. A safnple of 5000 conflict events were then
‘ sel_écted, and the events of this 'sampie for eaéh topology were divided
into eight classes:

1. bGood event found by scan 1 but not by scan 2,.

2. Good event found by scan 2 but not by Sc.an 1.

3.. Good event found and wrong topolbgy assigned by scan 1;

n.otl found by scan 2.

4. Good events found and wrong topology assigned by scan 2;

not found by scan 1. |

- 5. Gdéd event found by both scan 1 and scan 2, wrong topology

assigned by scan 2.

6.. uGood event found by both scan 1 and scan 2, wrong topology

assigned by scan 1. |

7. Reject event found by scan 1 but not by scan 2.

8. Reject e.vent'found byiv scan 2 but not by scan 1.

These eight clases arve reiéted as shéwn'in Table V. |

We assume that the topblogi‘cal and fiducial errors already dis-
cussed are strongly correlated between the two scans, but thé,t the
accidental errors are entirely uncorrelated and can 'be characterized
by independeht probabilities for éach scan:

P i = probability of finding é.nd c>orre'ct1y assigning an event

C

on scan i
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P . probability of finding but incorrectly assigning an event
m N

on scan i

Py probability of finding a nonvalid event on scan i.

We also define:

total number q;f good events in the film

-
H

total number of nonvalid events in the film.

The guantities Pb'i’ 'sz, and Tb are not of interest, but serve as
Lagrangian multipliers in the problem. With these definitions we can
then write expressions for the number of events observed in each of

our eight categories and on the masterlists:

Ni - PC1(1 _ PC'Z....- sz) Tg

Np=P{t-P =P )Ty

N3 - Pm1(1'— Poa- PmZX;,;.Tg

N4 - P'm‘?.(1 B Pci - Pmi) Tg

Ny =P 1 PmaTyg

N6 - PCZPm1Tg _

Ny = Ppy(1 - Po) Ty

Ng = Ppall - Ppy) Ty,

Nig1 = (Pog ¥ Pryg) To+ Py Ty
Nyp = (Pt Poo) T+ PyTy, - (4)

where N is the number of events recorded on masterlist i. For

mfi

" each topology we now have ten observed quantities with eight unknown

parameters to fit. them. ‘ A XZ was formed for these quantities and
minimized. The results are shown in Table VI. As we expected, v‘ee—.
four-prong events have the best chahce of being found and two-prong
positive decays'the least. The percentage of misidentified events in
some categories is ‘nonnegligible. These efficiencies were taken into

account in cross-section computations.
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C. Measurement Corrections

Unmeasured and unmeas.urable events were allocated in a manner
proportional to the évents thafi did broceed through _thje primaxjy data-
reduction system. An average weight was assigned tiq each event placed
in the passing category. |
_Th\e‘_numbe'i" of events in specific channéls \'vere”correctéd for -
the cross-contaminations with other reactions vin accordance with the

conclusions obtained from the hypothesis separation analysis described

in Section II.

D. ‘De tection Corrections

To correct for the loss; of events due to (a) imposing the rriir;i—
'rnum—length cutoff on decaying particles, and (b) their escape frorﬁ the
finite fiducial volume, we usgd the following procedure. For each
observed decaying pa.rti.cle an event was weighted by a factor

W, = [exp(-L/ncr) - exp(-4/er)] L. (5)

For eachunseen neutral an event was weighted by

W, = {t+[b,/(1-b))] exp(-£/ncT)} (6)
where £ is the distance from the production vertex to the edge of the
decay fiduciai volume, L is the minimum.length cutoff (0;5.cm), mn is
the ratio of the momentum of the particl¢ to the mass of the particle, .
c is the velocity of light, 7 is the liefetime, and b1'is the branching |
fraction into charged decay products (Tf+‘lT~ for KO, pTrnv for ' A). The
values of W1 and W2 are normally close to 1.0, ' Typical values are
1.10 for W1 and 0.99 for W2 Only extremely rarely does 'W1 exceed

1.5. For cross section calculations the numbers of weighted events

must still be scaled by the branching fractions.

o

o«
4
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We have @étermined the li_fetimes for ZT

X

from our data, and find these values to be consistent with world averages.

, =7, A%, and K°

E. Results
In Table VII are tabulated the total cross sections and errors

for the final states studied here, Figures 7 thrbugh 10 illustrate the

. variation of cross section with momentum. We believe that the sys-

tematic errors are most likely less than 5%. Cross sections from
m72 determined by Schwartz and from other experiments are also shown
in Figs. 7 through 10. and Table VII. In the following sections data from

the two parts of the exposure T72 and T63 are combined.

IV. THREE-BODY FINAL STATES

A, Mass Distributions

Threé—body final states are dominated by resonance production
in the momentum range covered by this experime.nt. Any search of the

effective mass distributions for the existence of new states is compli-

cated by.t_hé presence of well-established resonances which distort the

pr.edictions' of unmodified phase space. ‘To facilitate analysis of the
data, we examined to what extent a simple phenomenological description
of well-known resonance states could pi'ovide a satisfactory explanation
for the distributions we observe."

We assumed th;at resonant processes can be represénted by
simple Breit-Wignef matrix elements with constant widths, that all
processes add incoherently, and all decays are isotropic in their re-

spective centers of mass. Three ranges of incident pion momentum

" were sele_ctéd for the analysis -- 1.8 to 2.2, 2.9 to 3.3, and 3.8 to 4.2

BeV/c -- and the relative strength of each process was assumed con-

stant over each of these intervals. 38 v
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The values for the mass, width, and relative amount of each

39

resona_ncé we.re- fit by a méximum—likelihoéd proﬂgram_, SUPERFIT.;
" The variation in cenicer-of-mé.és energy ovex; each interval was taken
into account by the program. The values for the mass and width of each
resonance obtained.'from different states and at different momenta were
consistent with one another.  These values were averaged and the
program run again with only the relative amounts of processes allqwed
to vary.

With t‘h.e' relative amounts of each process determined from the
- fit, the effective mass distributions expected from thése effects were

calculated. The vafiation in incideflt momentum was taken into :a.c—

count by dividing each interval into eight subintervals,"'computing the

distributibﬁs for each subintefval, and summing these distributions

properly Weighted accérding to the numbersf of events in the subintervals.
Table VIII gives the number of events for each ﬁnal state. 40 _

T_}le_ Dalitz plots and masés projections are presented in Fig. 11
through 19. The left, middle, and right columns contain aata, from the
low, rhiddl‘e, and high momentum inter.\_/als respectively. The_cqr'ves.
o_n.the h‘istograms cofrespoﬁd to the masses, widths, amounts, and corre-
sponding cross:sections of resonances given in'Tables IX and .X. "Nummbers
without errors have been fixed in the fit. In Fig. 18 the an effective
mass distributions contain two points per event. The fits are quite
good, and the data are vwell explained by the resonant_states expected
to be present. The resolutions in the mass histograms are everywhere
less vthavn 15 MeFV, ér_ld in the lower mass Ijegion's they aré typically

5to 10 MeV.

. AT

o
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The experimental width of the K™t as shown in Table IX is
wider than that of the K*° because of the poorer resolution in the
+
)

= (KT final states. The difference in mass between charge states of

the Y:f(1385) and the K*(890) in the table are not to be interpreted as
the result oféﬂs/;rious attempt to measure these quantities. No effort
has been made to carefully investigate systematic differences between
the various channels produqing these states. Such investigations are
more fruitfully carried out in final states from other reactions. The

results should be viewed as empirical values that best describe the

presence of resonant processes in our data.

B. Coordinate Frames and Conventions

The following conventions are used for the presentation of all

oo

angular distributions. We define the four vectors Pi’ ,.1:32’ 53, and E’
as fhe momenta of the beam, target, meson resonance (meson), and
bafyon' (baryon resonance) respectively.

Production angular distributions are calculated in the overall

center of mass with cosf . 153 = f’z- P (see Fig. 20). Defined

o

prod - 51

in this way both peripherally produced meson and baryon systems will

have cos@prod ~+ 1. The production normal is given by

A= (PXP;)/ '(”131><133 | = (52x§4)/]§2xg4 | evaluated in the overall
center of mass. In the rest frame of a meson resonance (meson) we
use the coordinate system (see Fig. 20b) defined by (%, ¥, 2) =
[(i?(.gi)/ mx Py ‘,. i,' Ei] »and in the rest frame of a baryon (baryon

resonance) the coordinate system (see Fig. 20 c) defined by

(g, z, E) ;[(rLXPZ)/|nXP2 , f}, 132] The angles 6 and ¢ are the usual

spherical coordinates with ¢ = 0 in the xz plane. Defined in this way,

¢ 1is the Treiman-Yang angle. For meson decays we measure the
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angles for the 'fina.i state K; for baryon decays we measure the angles
for the final-state béryoﬁ relative to the coordinate systems we have
defined. For the weak d.eca_ys we choose our conventions such that the
decay of a spin projection +1/2 yields the decay distribution for the
nucleon of 1 + o cosfl, where a is the decay asymmetry parameter.
With these conventions we have a = +0.66 for lambda decay. |

' Weighted events are used for all angular distributions (Sec‘. IHD)-.
The unweighted numbers of events used in each final state in each in-

terval are shown in Figs. 11-19,

C. Y;’;(mos)» paRt

Although the fits to the three—b’ody final states are generally
quite good, the fits to the Y (1405) in both the =71~ and = n' channels
are poor. "The asymmetricnature of the peak with rapid falloff of events
on the high side is not well—bfitted by the Breit_n-Wi.gner shape (The best
fit gix;es a central value of 1387 MeV for the mass of the reasonarnce).
These distributions; are much better eiplained by the interpretation of

“the YO (1405) as a R;N S-wave bound state. The K-matrix formalism

41

' 14,
of Dalitz and Tuan, as applied by Alexander et zl., adequately

describes the behavior of the data with a three—paraméter fvit. The

decay distributions of the T from Yg‘(1405) in the final states .
Z¥KOTF at 1.8 to 2.2 BeV/c are shown in Fig. 21. The distributions .
are conéistent with the S-wave bound-state interpretation c:—f_ this effect. =
Althéugh 1.8 to 2.2 BeV/c is not far from threshold for the reaction |
mp— Y*K, the angular distribution for Y} (1405) production is very
peripherél. Corresponding plots for 'Yg(vi 520) and YT(1385) in Fig. 22

also show forward peaking, but it is not neafly so severe as for the

YO (1405‘_). If one accepts the view that absorptive effects are primarily
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responsible for the observed angular distributions, then these data
imply that the final-state Y*K elastic scattering is stronger for the
YO (1405) than for the other two. étates_.

Rather than use the Breit—Wigner_ fitted values to determihe the
cross sections fbr Y:;(1405)K0, we estimated the numbers of events ..
above smboth backgrounds and used them in the calculations. The
branching ratio into the states =tn” and T " is consistent with unity.

The exact form of this resonant peak has little effect on the other pro-

:t _ .
jections of the 2 - K% Dalitz plots.

D. Y;(1520)->ZTT, Amm, NE

St
3%

Besides decaying into z*r" and Z“Hr*, the Y (1520) decays
into AmT and NK. The numbers of events above background in each
channel were estimated, and branching ratios were computéd. The
results are shown in Table XI. The values w.e obtain'are not consistent
with those that Tripp et al. obtained from the reaction K-p —> Y:(:;(1520)
-+ decay products. 42 More data are being collected for this process, .
however, and the revised values will probably be consistent with ours. 43

The production and decay angular distributions for thé Y0 (1520)
flfom the final states =*K%r" and pK°K™ at 1.8 to 2;2 BeV/c are
presented in Fig. 22. .Events from .Z_K°ﬂ+ were not used because of
the K* fofmation in that final state. The background events, which
constitute about 30% of the sample, were not subtracted.

The decay distributions of weighted events in cosf and ¢ héve
been fit by a maximum-likelihood method to the density-matrix param-
eters appropriate for the s‘trong decay of a spin-3/2 state. (The den-

sity-matrix formalism is discussed in Appendix A.) The values of the

parameters and the selection criteria for the events are presented in
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Table XII. As shown in Fig. 22, the correlation with the beam direction
exhibits a cos?0 character with possibly some S-wave interference, and
the ¢ distribution is reasonably flat..

Because the process T p— Y'K cannot proceed through single
K exchange, K™ (890) is the lightest particle to contribute. The
p-photon analogy of Stodolsky and Sakuraié’ ’ assumes that the ex-
.changed vector particle couples to the baryon vertex in much the same
way as d(v)‘es a photon in reactions suchas y + N -~ N*. If one assumes
further that a ‘single multipole transition dominates the process, one
can predict specific decay distributions for the baryon resonance. The
predictions for 3/2+ and 3/2" states expressed in terms of density-
matrix parameters are shown in Table XIII. Our data favor the longi-
tudinal dipfﬂe transition for YEMSZQ) production. The production

angular distribution for this state shows the characteristics of peripheral

production,
E. Y, (1660)

The 1.8- to 2.2-BeV/c region just includes threshold for the
production of YT(1660), but there is no strong evidence for its produc-
tion in the final states >*Kn¥ and NKK. The 1ikelihood—function fit
to these final states was insensitive to the amount of this resonance
present, and no quantitative value was obtéined. The ZKm data with
incident momentum between 2.2 and 2.4 BeV/c show a peak at 1660 MeV
in the Zm channel. ‘The cross section for T p-— Y;::O (1660)K°,

Y1 (1660) ~ Zm  at 2.3 BeV/c is estimated to be ~12 ub. No cbmpelling
evidence exists for the Iproduétion of Y1 (1660) at the higher momentum

intervals in the thr'ee-body‘ final states.



-29- | UCRL-16978

F. Y’i"(1385) - AT

Both the Y*® and Y*- are strongly produced‘ in three-body
final states at 1.8 to 2.2 BeV/c. At higher momenta the production of
Y0 falls off significantly, and the Y*° s vivrtually not produced.

Production and decay angular distributions for the Y* are pre-
sented in Fig. 22. We performed a background subtraction on the data
by taking events on either side of the Y*v mass,
| The'modvel oAf the p—photdn analogy is also applicable to Y:;(1385)

production. For this case, in addition to prescribing the form of the

"decay angular distribution for the three possible dominant multipoles,"

the model selects the magnetic-dipole transition in particular. The
process y + N- N*™(1238) seems to proceed through this process, and
the analogy predicts the same for p -exchange in ™ p = N, Since the
p and K* as well as N*(1238) and YZ"(1385) are in the same SU; multi-
plet, one might expect K* exchange to behave in the same way also.
Our experimental determinations of density—ma.trix parameters from
subtracted Weighted events are presented in Table XII, and the theoret-
ical predictions in Table XIII. The agreement is best for the magnetic-
dipole transition, but the fit could be much better. -
For magnetic ;di.polé transitions the production differential cross
section should vanish in both the forward and backward directions. Our
data instead show the characteristic forward-peaked distribution.
Analysis of the Y™~ state is extremely difficult in this experi-
ment. The rapid decrease in cross sections with %ncreasing momentum

limits our investigation to 1.8 to 2.2 BeV/c. Here we are faced with

_ 'untangling the effects in the reaction m™'p - AKt®w~ of the Y™ and the

strongly produced K*0 (890). Decay angular distributions are critically
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influericed by the presence of the other resonance. In the case of the
Y*%, in the reaction T p - AK’n? we were able to make subtractions
that yielded physically tenable distributions. . But for the Y*- and K*0,

such a procedure would have doubtful validity.

.

G. Yg(1815)—> NEK

The Y;(1815) appears to be p>roduced‘in the 3.8- to 4.2-BeV/c
‘region as shown in the pK effective mass histogram of Fig. 17f. The
bump on the curve of Fig. 18 c is the corresponding amount expected in
\ : : _

t\h,e an system.

H. - Search for Other YO States

To investigate the possible existence c;f,.'I: 0 hyperon states, we
have plotted the effective mass of A + mm from the AK® + mm final
state. The events are'predonuinantl_y from the reactions ™ p— Z2K%x0
and " p—> AK®m?7%  In each instance‘ the isotopic épin of the A + mm
mass system (Z°7% or AT°7%) must be even. In Fig. 23 where we
corﬁbine;ih;l'le da‘taA from all momenta, we see clear evidénce for the
production of the I =0 states Yg(1405) and Y8(1520), but no strong
" indication of any other resonant phenomena. In particular, we see no
evidence for the proposedb Y8(1660) to complete the hypothesized octet
of 3/2~ particles to be composed of N:;/Z(1518), =7 (1816), Y:;(1660),

and. YB‘ (1660),

"
©

1. K*(890)
Both the positive and neutral charge st'ate‘s of K*(890) are pro-
ci:uced in three-body final states. The production cross section for the
K*t falls rapidly with increasing incident momentum, whereas for the

K*® it remains at a relatively high value. Branching ratios of K*t
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: “ o
decay into K" and K+Tr° as well as K#*° decays into K 7~ and
Km0 obtained from the fitting program are consistent with the expecta-
tions from isotopic-spin conservation.
Production of K" states has been extensively analyzed in Kp
. 46-50 . . : |
reactions. The experimental quantities that can be determined

from these analyses are the production differential cross sections and

three density-matrix parameters that characterize the decay of the K"

In our experiment we cbserve the decay of the final-state fermion also,

and deduce the parameters for the joint density matrix of the hyperon

and K*. Instead of three parameters, the most general decay is char-
acterized by a sum of eleven independent terms. The details of the"
formulation are discussed in Appendix A, and the most general decay
distribution is given by Eq. {A14}.

Weighted events from the reaction 7 p— ZOK*? at 1.8 to 2.2
BeV/c and 2.9 fo 3.3 BeV/c and from T p— AK® > AKYTT at 2.9 to
3.3 BeV/_c and 3.8 tc 4.2 BeV/c were fit to this general decay distribution
by means of a maximum-likelihood method; the results along with selec-
tion criteria are presented in Table X1V, Altho'ugh data are plentiful
at 1.8 to- 2.2 BeV/c for the process T p - AK*%, we were unable.to
satisfactorily compensate for the presence of the competi.ng process
T?“'p* YT’ K+ and have thus not presented results here. At 1.8 to 2.2
BeV/c the nOK*0 events, although they show a peripheral chabractery |
are distributed over all preduction angles, and the statistics allow us
to determine density-matrix parameters in three intervals of preducticn
angle. Background subtractions for these parameters in all three in-
tervals of production angle were less than the statistical errors; there

are no important competing processes in this final state. At 2.9 to
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3.3 BeV/c we found parameters for events in the forward direction

(0.5 < cosé 1.0) only. The highest momentum data were insuf-

<
prod
ficient to determine fitted distributions.

Since Yif“ production is negligible and K* production is ex-

tremely forward-peaked at the higher momenta, data are presented for

the AK+TT— events in the forward direction also. Background subtrac-

tions for the density-matrix parameters were less than the statistical
errors.

The subtracted angular distributions for production a.'nd decay
of the K with the selections discussed above are presented in Figs.
24 through 26, along with the curves obtained from the rﬁaxi,mum—
likelihood fits to the density-matrix parameters.

The predictivons of the simple one-particle exchange model for
the dénsity matrix of the fermion and K" final stzte are well known.

The K-exchange model predicts a coslp decay with respect to the beam

in the K* rest frame and no other correlations. All eleven parameters,

defined ih Appendix A, should be identically zero at all production

angles. For K* exchange or any other member of the "normal' spin-

parity series, (Jp =1, 2+9 37,--+), term one should e.qua.l 0.5 and only
‘term four (Re p+++_) of the rest is allowed to be nonzero. The K*.
deca;I/ distribution is of the form sinZG ('1-+ acos2e). Combined K and ‘
K* exchange yield no new nonzero terms; .the‘ quantity _
1-2 (p++++ + Py _+_) measure:S the fractional amount of K exchange
present. |

Takén at face value,; terms one .and four for this experiment

indicate that K>:< exchange dominates the production of both T OR*O

and AK*®., For each set of density-matrix para&neters, we formed a
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xz for the hypothesis that the nine unallowed parameters are consistent

with zero. For forward, intermediate, and backward production angles
for Z°K>:<9, we obtained 'XZ values of 12.9, 17.1, and 19.3 for nine

degrees of freedom. At 2.9 to 3.3 BeV/c in the forward direction, we

' obtained a XZ value of 18.1. For AK™*° production at 2.9 to 3.3 BeV/c

and 3.8 to 4.2 BeV/c, we obtained 64.3 and 38.2, respectively, The
cox;relations between these parameters were properlyvi taken into account.
We conclude that on the basis of decay correlations alone, simple one-
particle exchange is not definitely ruled outbfor oK™ but is »certavi,nly
inconsistent with the data for AK*?,

The differential cross sections predicted for either K’ or K*
exchange are in gross disagreement with the experimental distributions

presented in Figs. 24 through 26. Simple one-particle exchange does

. not satisfactorily explain the differential cross sections for the pro-

cesses. T p > £°K*0 and T p- AK™.

’ T_he_failure of the one-particle exchange model here is of course
not uniqt.lée..” Many reactions have deviated significantly from the model's
predictions, in particular, in the production angular distribution. To
overcome this deficiency, several afutho‘rs have proposed an approach
that leads to the abso_rption madel. 51_ The ideas that they'present seem
intuitively plausible, _but the formulation 1n a,quar.ltitative fashion re-
quires.many brutal approximations. For an experiment with low statis-
tic_s,v .the theory is ﬂ_éxible enough that r'easonable fits to all aspects of
the data can be obtained. For experiments with sufficient statistical
accuracy tvovt.est the va.lid/ity of the mddel in-detail, one must decide to
what extent a bad fit is due tc; the approximations and to Whg.t extent to

the inaccuracies of the theory. Detailed analyses of the absorption
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model have been discussed elsewhere;?%4"°% such a'ﬁ undeiv"takin‘g is too
ambifious for the data available'hére.

Rather we shé,il ask the questiori: Given the absorption model,
to what extent is our conclusion about the dominance of vector .exc‘hange
modified for ™ p - YK*%? We use Huff's formulation of the absorption
model®® which is outlined in Appendix B The production angular dis-
tribution and den”sity mafrices appropriate to a giveh reaction and mo-
mentum interval were fit to the theory, and the values of the unknown
parameters that minimized vXZ were:determined. In general there was
more than one minimum cofresponding to different choices of relative
sign between the fitted coupling constants. For all three data sets
fitted, however, the characteristics of all minima were the same.
Re_sults of the fitting are also given in Appendix B. We éonclude that
even when we allow for the presence of al;sorptive effects, vector ex-
change processes are strongly present. Such an observation'is som’e.-*
what surprising, because we expect the K*K*T coupling to be suppres-
sed, since Ait does not conserve A parity. 56 |

Density-matrix parameters were also obtained for the process
“..—P + 2 K™t from the final staté T K™, Here £ K°n' events were
not used because of the presence of the several Y0 states in that
channel. Only the terms tha_t' remain after integrating over the decay
distribution of the =~ are presented, since strong‘ scanniré\/g biases a.re

associated with that distribution. Background for K™t events is rather

significant, but the KT decay distribution does not possess features

very different from those of the background control revgion. .Consequently

the subtraction changed parameters slightly for this state. Angular

distributions are presented in Fig. 24.
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The prodtiction distribution is not peaked backwards as one
might expect from a bary_on-exchange model; absorptive effects would
serve only to increase this peaking. Therefore some more complicated
mechanism is responsible for the production of this state at the low

momentum.

J. K*(1440) > Kr

The K*(1440) is definitely produced only at 3.8 to 4.2 BeV/c in
the final state AK 7 . The best fits to the mass and width, given in
Table I1X, are in disagreement with the values obtained from K_p ex-

. 57,58
periments.

Fits were attempted with Breit-Wigner matrix elements
of higher angular momentum, but the results were within errors of the
quoted values. An examination of possible biases that might produce a

shift in the mass of KT systems was undertaken.

The effective-mass distribution for the Km projection calculated

with measured (unfitted) values for the momenta was examined, but no

significant-shift was noted in either the K*(890) or K*(1440) region.
The fact that the fit to the mass of the K*(890) gives a value of 892 +3

MeV indicates that there is no overall displacement in the Km spectrum.

- The unfitted values of the momenta of the incident pion and the outgoing

K and 7m.were used to calculate the mass of the ""missing' lambda.

The distributions in lambda mass for Km effective mass higher and

lower than 1 BeV were examined separately, but no significant shift

was found‘ iﬁ either of the two plots. Since our measurements give
cérxrect values for the Km mass in the vicinity of the _K* (890) and we -
détect no systematic variations with increasing Kmu effective mass,
W¢ conclude that if we are observing the same state as in the K'p ex-
periments, then increased sté.tistics. ‘would yield consistent values for

the resonance mass.
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The differential préduction cross section and dvecay angular.
distribution for the K*(1440) are shown in 'Fig. 27. The p.roduction is
peripheral, but not so much as that of the K::<(89b) at this momentum...
The decay_diétribution in cosf was fit by the two d:istributions: (1)

‘ath coszé and (2) a + b co-s4'9. (No cosZG term was needed for the
second distributiony_.) Using weighted events, we find that the ratio of
likelihoods for these two distributions is Li/LZ = 1/6.3. The expected
distributions for various éxchanged particles and spin—parity assign-
ments are discussed in more detail in Ref. 24. As reported there, the
assignment 2" is favored by our data, but the assignment 1~ is not
excluded.

Several experimenters report the possible existence of other

57, 58

decay modes for the K*(1440). Figure 28, a through f, shows the

effective-mass plots for Knm combinations from the final states AK m0m" ,

i

and AKOTT+TT_; where we have selected the mass of either the appropriate -

KT combinations to be in the K interval or 7T combinations in the p
interval. Also shown are K® + mm from the final-state AK® + mm with

~the missing mass in the n region (0.5< mm < 0.6 BeV), and K'wtnn~

from the final state AK®® 791" with the three-pion mass in the w region

(0.75 < M(t %1 7)< 0.81 BeV). We see no definite évidence for K (1440)
decay into any of these modes. Upper limits for the branching ratios of

K* (1440) into these channels are presented in Ref. .26,

K. «(725) - K-

Evidence for the kappa was first reported by Alexandér et al.
. . - 14
in the final state Z K+TT'° from the m72 exposure. - These data are
included in Fig. 13g. The final data are not conclusive evidence for the

existence of this state. After removal of events with the Z}-v+ effective
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b3

mass in th¢ regions of YO(1405), Yg(1520), and Y;;(1660), bthe final
state shows no evidence for this enhan;:ement; No effec‘F is obéerved
at other momenta‘or in the neutral Km charge stéte. We must there-
fore conclude that our data from T p interactions do not in themselves
constitute. iﬁdependent evidence for the existence of Vthe‘kappa..
r'I‘he deviation frorﬁ the calculated distri}:;ution in the Z w0

spectrum is entirely associated with the K* (890) and is a reflection of
its ﬁonisotrop‘ic decay distribution ("cosZG aldng the K* direction).

L. A,~K°K™, KJK]

2 171

The KK decay mode of the A2 as observed in our data has been

21,26, 59 Our best values for the mass and width of

discussed before.
the A5 are M = 1317.2#4.0 MeV and I' = 4718 MeV. The mass and
width of_the Ag are more difficult to determine because there are fewer
events‘, but the values of M=1315.7%+10.8 MeV and T : 80.5%+36.5 MeV
given by the program SUPERFIT are consistent with the mass and width
of the Aé The width for which thg curves are drawn on Figs. 17 and 18
is I' = 50 MeV. This width is smaller than the value of 8020 MeV ;‘é-
ported by Chung60 and the value of 100 MeV reported in Ref. 61" Both

these determinations come from observations of the pm decay mode of

the A,. The possibility that the enhancements in the mp and KK mass

spectra are caused by different resonant processes still seems remote
to us. |

Figure 29 shows the Chew-Low plots for the two final states at
the three momentum intervals. The most striking feature of these data
is the tendency for events in the A2 mass region to be produced with
low values of AZ. Figure 30 presents the angular correlations for

those events with a KK effective mass in the interval 1267 to 1367 MeV.
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We have used weighted events but have not indicated errors since the
average‘weigh£ is about 1.1 for the KK~ events ana 1.2 for the K(i’Kg
events. |
There were venough events at 2.9 to 3.3 BeV/c in the ngK-
final state to make a fit to the elements of the density matrix. The con-
ventions used for fhe’ density matrix are discussed in Appendix A. With
P +

these conventions and the assumption that J~ = 2, the decay angular

distribution in the A2 rest frame is given by

3|

' 5 2, 2 15 . 4
~(1—2p11-2p22){—1ﬁv(3c0s 6—1)}+p22[T6—fr sin 9}

15 . 2 2 15 [2,, 2, . .2
Py [71? sin 6 cos 9]+ Re(pZO)[—S—fr -3—(3 cos 9-‘1) sin 8 cos Zq)}
+ pz_z[—fg—n sin49 cos 44)] Py [- %?—T sin29 cosze cos 2¢}

+ Re(p21) [— %‘% .sin3 6 cos 6 cos ¢] + Re(p2_1) [—121% sin3 0 cos O cos 34):[»

Ct Re(phiﬂo.) [-14—5% '\/%(3 c0526—1) sin 0 cochos¢j‘ s | - (7

where 6 and ¢ are defined in Fig. 20b. The fit was a maximum-
likelihood fit to the weighted events.  We subtracted background‘by

taking events on each side of the AZ region. The results of such a fit -

“are given in Table XV. All parameters except pyq and 1-2p,, -2p,,

are consistent with being zero. The production angular distribution
strongly suggests production of the .Ai by some exchange méchanism.
The fact that the dominant decay mode of the AZ.» is. Tp makes the

p meson a prime cahdidate for the particle exchanged. ' Note that the

relative rates of production for Ag and Aé are consistent with the

ratio of 2 to 1 predicted on the basis of p- exchange. Pure p exchange
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would predict that Pyq is 1/2 and all other coefficients but Py_q 2re
zero. The data are inconsistent with pure p exchange. Possible ex-

planations for this behavior are (a) modification of the angular distri-

‘bution by absorption effects or (b) background interference. The an-

' : . . + .
gular distribution for w decay in the reaction T n - pw (which we ex-

pect to be mediated by p exchange) is known to be significantly mod-

ified by absorption. >3 Our data are not plentiful enough to warrant the
laborious calculafion involved in predicting the effects of absorption in
the production of a 2t p.a‘rti.cle by p exchange.- |

The curves on the angular distributions of Fig. 30b and c are for
the values of the density matrix elements given in Table XV. The distri-
butions are for unsubtracted data because the fit is aaequate. The asym-
metry in the distribution of the decay cosine is, in part, due to the over-
lapping fegion of the A, and Yy (1520) (see Fig, 17 k).

We can determine the possible quantum numbers of the A2 from

the decay é.ngular distributions (Fig.:30). Two points have been plotted

0

2 171

(C)

"decay mode tells us immediately that JP is even+(+) for the AZ'

Since the K°K™ decay insures that I1=1, we know i =1". The decay

angular distributions at 2.9 to 3.3 BeV/c are inconsistent with isotropy,

so that J=0 is ruled out. The lowest set of quantum numbers consistent

with the data is IGJP: 172

+
The curve on Fig. 30e is what one would expect for pseudoscalar

exchange with a small S-wave background. However, no known pseudo-

scalar particle is capable of mediating_the reaction. An exchanged

+ 0

7 meson fails to conserve G parity at the TT+1T-A2 vertex, and an ex-

changed m meson fails to conserve charge at either vertex. Rho ex-

change modified by absorption may explain Ag production,
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Least-squares fits of. Legendre polynomials have been made to
the angular distributions .in Fig. 30 b, e, h, and k. The values 6f the
fitted parameters are given in Table XVI. In all cases a fourth-order

2

The branching ratio

fit is adequate, and for A9 decay at 2.9 to 3.3 BeV/c it is preferred.

/
= 0.053£0.021

(A7, - KK)

Lipo !

R1=

T'(A7~ p)

has been reported in a previous communication. >9 This value is of
particular interest because it represents the extent to which A parity
is violated in A, decay.
M. A, - KK
A search for the K°K~ decay mode of the A-1 was made in this -
experiment. Our data are consistent with no decay of the A_1 into KK,
so we have calculated upper limits to the cross sections for the process

62 At 2.0 BeV/c the one-standard-deviation

mp~Ap, A~ KK
upper limit is 1.4 pub, at 3.1 BeV/c it is 0.9 ub, and at 4.0 BeV/c it is’
0.7 ub.
X 60 o
By using the data of Chung =~ at 4.2 BeV/c, we can report an

upper limit for the branching ratio of

F(A-1—> K°K")
. .<.0.0025.
1

(A

4«

= Tp)

P +

The preferred quantum numbers for the Ail(J = 1" or 27) rule out

decay into KK.
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N. B - KK~

Since the B meson decays into Tw by strong interactions, ‘it has

guantum: numbers. IQ.-‘: _1+.. For:a KK system'we know that6_3
J+1
G = (-)
and
J
P=(-)".

We can therefore see that KoiKo1 decay is fo_rbi‘dden. for the B?, and
that the B meson will decay into KK only if its spin-parity is odd .
Doubt hag recently been cast on the‘ nature:of the enhancement observed
in this expe»rim'e-vnt.-642 Nevertheless we may calculate the branching ratio
| (B ~KK) .

L'(B —1w) ,

R

2

assuming that a.‘.ge_rfmir’le resonance.is:seen in the ‘Tw:channel with
the production cross section determined by Chung. b
The B meson is produced extremely peripherally '[Azs 0.35 (BeV/c)Z]

in the energy range of this experiment. 64 The Chew-Low plot of Fig. 29b
shows no enhancement in the low -_AZ region for 1.35 < M}?{K
BeVZ. We get an upper limit of 0.02 for R

< 1.65°

> by assigning all eight

K K? events in this region to B decay. We shall discuss the 7¢ decay

mode of the B in Sec. V.

0. f—-K°K®

1 — o] 0
K%, £'(1500) ~ KO K

1

The branching ratio
I (f~ KK)
T(f— mm)

R, =

. . 26 . U
has been reported in a previous paper. Since most events over back-

0

> decay, it is difficult to assign an accurate value

ground come from A
'

“to R3, .so.we have calculated an upper limit to this fraction by using
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iO events in the interval of KK mass befwee’n 1200 and 1300 MeV on the
histogram of Fig. 18 e. Using our final data and the data of Jacobs,3‘
we get an upper limit of 0.025 for R3. . Our data are certainly consistent
with R3 = 0, |
We find no evidence for the.production of the f'(1500) reported
by Barnes et al; 65 We have calculated one-standard-deviation upper
66

- 1 —_
limits to the cross sections for the processes ™ p — nf_', f - KK~ and

T p > nf, f' - KK7. The results are

2.9 to 3.3 BeV/c 3.8 to 4.2 BeV/c
(f - KE) <4.0pb <55 ub-
(f' - KOK*n¥) < 1.0 pb < 1.5 pb

P. K;’Kg Threshold Enhancements

Several authors have'reported a strong 1=0, JP = 0" enhance-

67-69

ment at low KK mass. We observe this effect at extremely low

AZ, as shown in Figs. 31a and b. This a;s.peét suggests production by
'pic;\n éxchange, in which case Bose statisticé demands 1 =0 for the -
threshold enhancement. A quantitative test of the isotopicg spin may be
made with the triangle inequality for production of an I1=1 particle (here
called T):

/2 o 1/2 ' 1/2
i SOty )T (O ) ()

- %
T p =T’

70

If we use the data of Lander et al., who have studied the reaction

TTJvrp - pKoK+ at 3.5 BeV/c, and our data at 3.2 BeV/c, relation (8)

becomes

(6020 pb)i_/z < (6.0%6.0 mo)i_/2 f(L4%1.4 ub) /2, (9)

¢

Since relation (9) is not well-satisfied we have a further indication that
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the effect has I=0. Figures 31 c and d show the decay angular distri-.
bution and the Treiman-Yang angular distribution for events at all

momenta with M < 1.075 BeV. They are consistent with the isotropic

KK
distributions expected for the decay of a JP -ot state.

68

In a.study' of Tp interactions above 5 BeV/c, Crennell et al.

69

and Beusch et al. have observed an enhanc‘emenf, which they interpret

as a resonant state [S™(1068)] that decays into K°1K°1. The enhance-

ment in our data is more naturally interpreted as the manifestation of a
large scatterihg length in the I=0 KK system. If we use the zero-

effective-range a.pproxirnation71 and define the complex scattering

length A=a, + ibO, we get the cross section

0

| 4mk by ,
o (vt~ K°1K°1) = .:; < ""__ZK> > 5 ,
, ket /[ 4Dk )™+ (agkp)”]

where kK and k_ are respectively the' K-and T momentum in the KK

cénter of rhass. “If 'we furthér use the Chew-Low formula, /2

the mass

spectrfum -is:given by

2
2 Mk 2 . 2
do f n g ATAAT | e K%KY)

dM T MZTprTT (A% + M?;T)2
5 MAk_ a%an® by
2 2 2 2 2 2
3 Mip - (A7 +M7) [(1+b0kﬁ t(agky) ]

where M is the K%K effective mass, fz(i 0.16) is twice the square

171
of the TN coupling constant, 'pn is the laboratory beam momentum,
AZ' is the square of the 4-momentum transfer, and M. is the bpion
mass. An accurate determination of ad and bO is impoésible with

the few data at hand. We calculated éu'rves for various values of ay

and bg to see how well they reproduced the cross section and the shape



-44- UCRL-16978

of the distribution. 73 We plotted two of these curves on Fig. 31a along

with a resonance shape for the S*(M=1068 MeV and T =80 MeV).

Figure 31b shows the AZ distribution for events with MKK < 1.075 BeV.

The curve on the histogrém is what we expéct for one -pion exchange
without any correction for absorption effeéfs. 74 We also calculated the
expected mass spectrum and momentum-transfer distribution with
phenomenological form fac‘tors. 27 The qualitative features of the fit
remained unchanged, except that we had to increase bO by a factor of
about 5,

The data of Fig. 31 are from all the momenta of this experiment.

The data for the separate beam-momentum intervals have been examined.

and are all adequétely explained by aA constant scattering length. (Fig.
18, d through f.) The events at higher moménta are produced more
peripherally than those at lower momenta. This behavior is predicted
by th'e one '—pion-e‘xchax;ge model and is con_sistent with a continuous »
transition to the data of Crennell et al. 68 at 6.0 BeV/c.

On the assumption that the enhancement above phase space is
entirely due to the threshold effect, we calculated the cross sections
given in Table X.

One might attempt at this point to use the two-channel K-matrix
forr.nalisAmTi é.nd the I=0, KK scattering length to compare the data

presented with the K°1K°1 mass spectrum from the reaction

Kp—~A K°1K_° . Although some data are available on this last rea.c_tion,75

1

a direct comparison is difficult because the absorption in the initial and
final states will distort the spectra. If we néglect absorption and simply

use the Chew-Low formula,»?_z_we find

%
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K
’ aal
do .- G oon L2 L2 .2 Agdbg 2
-+ (K p = AKYKY) 3g pP_-M_"k. — > a +b
- dM T T ToTom (A2+N%d2 0o 0
v - . : : - AZdAZ ,,(5)
do B -0 0 2 .2 A
. aM (" P nKGKY) o 8 P Mk Tz by

2 2.2
(AT + M)
The ratio gz/f‘2 is not well known. ‘We obtain reasonable agreement

~with the data of Lindsey and Smith7 if we use ag ~3.3 F, b0 ~0.2 F, and

2 2
gz KdA
2 2 2
CrMe 1
AZdAav 10
fZS' ™
N2 2.2
(AT + M%)

.Q. K°K™ Threshold Enhéncement

Recent papers on PP a;nnihilations gAivve evidence for the produc-.
tion of an I1=1 state of mass 1000.MeV observed to decay into” K?° _.76_78
Our data .afe consistent with no production of such a state. The five
events we:observe over background at this mass in the K°K™ system at
2.9 tb 3.3 BeV/c correspond to a cross section of 1.4+1.4 pb.  Simi-

larly at 1.8 to 2.2 BeV/c we get 0.25+0.50 ub and at 3.8 to 4.2 BeV/c

- we get 0.7x0.7 ub (Fig. 17, g through i).
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R. & ~K'K ™
From studies of the reactions K p - AK+K-, Kp—+ AKoiKo2 '

and K p ~ AK°1K°1, it is well known that the ¢ meson has 7¥217 anda
. 75

decays into K'K~ and K4K% but not into K%KY.

¢ production in T p interactions by studying the nK+K_ final state.

We investigated

The separation of the anK__ final state from other final states
is difficult and is discussed in Sec. II. C. Figure 19 g shows the K+K_
effective-mass histogram for the events that u.n.ambiguously fit nK+K,-
with a Beam momentum of 1.5 to 2.3 BeV/c. The most striking feature
of the data is the enhancement in the region of K'K™ effective mass
centered-around 1020 MeV. We ihterpret these data as evidence for
production and decay of the ¢ meso;a.

A fi.t to the data gives the mass and w'idth of‘the ¢ as
M= 1021+4 MeIV and T = 105:3 MeV. These values are consistent with
' ti’le accepted values of 1019.5 MeV and 3.3 MeV if we take into account
the 5-MeV resolution in the K+K_ efféctive mass. The curve of Fig.
19 g is for 40% b productioﬁ (v&ith M= 1021 MeV, T = 10 MeV), 40%
phase .space‘, and 20% KK threshold enhancement. This 20% is our
best.estima_.te of the amoun.t we would expéét on the basis of the effect
we see in the anKg final state.

The angular distributions for the events in the 1.005- to 1.035-
BeV K+K- effective rﬁass interval are shown in Fig. 32, b,d, and f.
For comparison we show in Fig. 32, a,. c, and e the cbrrespondiﬁg
distributions for the anKg data in the same interval of beam momen-
tum. |

To determine the biases in our data and a value for the detection

efficiency, we generated a number of Monte Carlo events of the type
| 33

T p = n¢ with the program FAKE.
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The curves on Fig. 32, b, d, and {, are the distrib‘utions we
would expect for isotropic production and decay angular distribhtions as
determined by VFAKE. The fact that the déta‘ are consistént with these
curves verifies that the generated events are similar to the real events.
That the production angular distributions for the K01K°1 “and K'K’
systems are qﬁite different is further evidence that the effect in the
K'K” systvem is caused by a mechanism different from the S-wave
threshold enhancement. To further illustrate this difference we show
the Chew-Low plots for the K'K™ and K(’1K°1 systems in Fig. 33..

We corrected the angular distributions for detection efficiency

and made a least-squares fit to the corrected data. Although the decay

angular distribution is consistent with being isotropic, a slightly better
fit is obtained if linear and quadratic terms in cosf are also included.
Since the spin-parity of the ¢ is 17, we expect constant and quadratic
terms. The S-wave background which is known to be present could
interfere with the P,;wave de}cay of the q) to giVe a linear term also.

The model of ¢ production by p exchange predicts a sinze distribution

for the decay angle. We do not observe such a correlation, but absorp-

tion effects are expected to modify the distribution significantly.

The angular distributions for K production and decay are similar to the
c.o.rxr'e.spondin‘g distributioné reported by Kraemer et al. for the reaction
ﬁ+n - pw. 81

The detection efficiencies and cross sections for ¢ production
are given in TaBle XVII. W‘e have calculated the cross sections »u.sing
the branching fraction of 0.48+0.04 for ¢ — K'K~ determined by

75

Lindsey and Smith. We have displayed these cross sections in Fig. 34

along with the cross sections for the reaction Tf+n — pw reported by
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- 81-84

_ other Lexperi_menters. One might expect the energy dependence to

 be related to T p - n¢ by SU3 and charge symfnetry. The abscissa is
the center of mass momentum for the final state. The ordinate for the

mtn - pw cross section is 50 times larger than the ordinate for the

- . . -87 . . .
T p - nd cross section. Expenmenters85 with 1T+p interactions

have reported possible production of the ¢ meson through 1T+p—>N*++¢.

' . . . . * :
The ratio of this cross section to the cross section for Tr+p - N ++w is

about 1/70.
We made a search for the K°1K°2 decay of the ¢é. A rough cal-
culation leads us to expect to find two events in which both the K°1 and

the Koz are observed to decay in the bubble chamber. A scan of the

film yielded three events with visible K1 and K°2 decays which fit

Tr'p - nK°1K?2. Of these three, one had a K-°1K°2 effective mass in the

¢ region.

S. f+-KK, A, = ktk-

At-the higher »m>omenta where the f and tﬁe A2 afe prodﬁce_d,
the nK+K- events could contain a large contamination. Even so it is
interesting to check for possible decay of these states. If we use the
dete’étioﬁ efficiencies quoted in Table- XVII and the cross section-s for
A%
above background in the A2 region at 2.9 to 3.3 BeV/(:,. and about one

production given in Table X, we fihd that we expect about six events

event above background at 3.8 to 4.2 BeV/c. The data in Fig. 19, h and
" i, are consistent with these numbers and with no decay of the f into -

K'K".
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V. FOUR- AND FIVE-BODY FINAL STATES

A, Four-Body Final States "

In Table XVIII we give the number of events observed in each of
the four-body final states. Th.e numbers of events 1n the ZKmT and
NKE™ final states at low momentum are too small to warrant any further
analysis.

1. 7 p > AKmm

At 1.8 through 2.2 BeV/c the AK nom~ and AKOHn- final states
;a.r,e dominated by simuita_neous production of Y’i‘(1385) K" (890). At the
higher momentum intervals the cross ée_ctioris for Y*K* and nonreso’nant\
AKTTTT have both i‘isei’i. Figur.e.s 35 thrbugh 38 éhow the A, Kir, Aww,

and KTT mass projections with curves calculated from the fitted values

for each résonant state present. 88 The fits are good in general and are

given in Table XIX.
The effective-mass distribution for K+1T " at 3 8 to 4.2 BeV/c

(Fig. 37d) shows deviations from the calculated distribution at low values

for the KT mass. This enhancement is entirely associated with events

for which the mass of AT~ falls in a band about 1385 MeV. Although
89

such an enhancement might also be explained by a triangle diagram,

- we believe this effect to be statistical,

The Knm spectra were carefully examined for evidence of reso-

nance states that are new or not yet firmly established. 90-97 The

distributions with no selections are well explained by phase space with

‘the possible exception of an excess of events in the vicinity of 1350 MeV

in K°n*t1™ af 2.9 to 3.3 BeV/c Figure 39 is a mass plot for K7TTT at 2.9

1973.3 BeV/c with:- Y'°(1385) events:removed; 98a.nd either (a) K TT orI& L

from’ AK*'W T 6ar (b) KOwh from AKOTT L 1ntheK (890) region. 99 (There
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is no evidence for - p production in A var final states.) No significant
increase in deviation fro.fn calculated distributions is observed. In
pafticular we sele no evider‘ice'foxf a resonance at 1175, 1215 or 1275
Me_V,k. Our data ‘a»tv2.6, 2.8, 3.0, 3.1, and 3.2 BeV/c were separately

v examined, and no enhancement was observed whose cross section
varied rapidly wifh momentum. v

In Fig. 40, effective-mass distributions are plotted for Y*(1385)m
at 2.9 to 3.3 BeV/c with K* events excluded. - We see no evidence for
new résoﬂance states.

VThe AK and AKw effe'ctiye mass diétributions were also examined,
é,nd in no case do they show any significant deviation _ffom phase space.
2. vfp—» ZKWTT | |

The dominant features ofv these final states at the higher momenta
_are shown in Fig. 41, where the effective mass of (=m)° is plotted
égainst the effective mass of (Km)?, Mé.ny of the events proceed through
Y*K* intermediate states. The Y"(‘)(1405), YE:;(1520), and Y;‘"(1660) are
‘all definitely pfesent and are produced in association with K*(890.).

Our estimates for the cross sections of these processes are shown in -
_Ta.ble XIX. No enhancerﬁents_are apparent in the (‘KTTTT):‘: distributions.

3. ™ p— NKKw

The effective ma.és histograms for the NKKTT final states are
shown in Figs. 42 through 45. The pK'K™m", pK°R°n”, and pK°K™n°
final states as well as the nK*K?7™ final states have been grouped to-
gether. The curves on the data ai'e- not computer fits but represent
our best estimates for fhe anrioﬁnts and corresppnding cross sections
for resonance production shown in rI.‘able XIX. Production of the D and

E mesons is observed in the K Ko.m¥ system.

n
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Our best estimates for the mass and widfil of the D are
M: 1283+ 5 MeV and I'=35%10 MeV. The parameters for the E are
more difficult to estimate, but M= 1426 +20 MeV and T" : 60+20 .MeV
give a satisfactory fit.

a. ™ p>nD, 7Tp >nE. The D and E mesons have been observed 'by
100, 101

other experimenters and have been discussed in previous papers
on these data"ZZf 25 Figure 46 preéents a comp;rison of the four-body
final states containing a proton with those containing a neutron. Fig-
u'res 46 a and b show the contrast in the KKTT effective mass distribu-
tions due to E and D production in the final states containing a neutron.

Those events with low KK effective mass have been shaded to accentuate

the difference. Figures 46c and d, are scatter plots with two points

per event. The accumulation of events in the region of Fig. 46 d where

the E and K*(890) bands cross is evidence that the E meson decays

predominantly by K"K and K*K intermediate states. The Chew-Low .

_plots of Fig. 46 e and f further show the difference in structure between

the charged and neutral KKm systems.

The I spins of both the D and the E are most likely zero.

100, 101

These assignments have been favored by other authors. Our

strongest argument against I1=1 is the lack of any enhancement in the

- negatively charged states of the KKmw system. Although the production -

mechanisms of the D and E mesons are unkﬁown, the_hypothesis of
production by ex;hange of an I=1 particle would lead to the predictions
presented in Table XX if the D and the E had I=1. Since the numbers.
of events observed disagree with vth.e numbers predicted, this model is
inconsistent with the D and E mesons having I1=1. Although the D

appears to be produced at all momenta of this experiment above its
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threshold of 2140 MeV/c (as shown in Table XIX), the cross section for
~ the production of the E meson falls sharply between the momentum
intervals at 2.9 to 3.3 BeV/c and 3.8 to 4.2 BeV/c. Figure 47 a and b
show how the scatter plots differ at the two rﬁomenta.

.Figure 47 c and d show the production angularv rdistri_butions for
the D and E mesons.‘ For the D meson we have taken events with

1245 MeV <M < 1325 MeV. For the E meson we have taken events

KRKm
< MKKTT < 1480 MeV and with either one of the two K

systems in the 841 to 941-MeV mass interval.. The E and D mesons

with 1360 Me»

appear to be producedvperipherally. :

Tlfie G parities of the D and E.could best be determined by ob~
servafi'on of a KgKgTTO or K‘;Kgﬂo decay mode, indicating a G parity of
+ and - respectiyely. Unfortunately the presence of the neutron usually
makes it impossible to fit the_nKOKOTT0 final states. We looked at events
~ fitting KgKg + mm and searched the film for cases where the neutron
momentum could be determined from a np — np scatter. We found only
seven cases with én acceptable fit to T p anKgTTO. This number of
events was too.small to serve as a conglusive test of the G paritiés of
either the D. or the E mesons. | | |

We have atterﬁpted to determine the JPG qﬁénturﬁ numbers of
the D. and E mesorns by analyzing their decays into KKm. Figures 48a
and b give the Dalitz plots for D and E decay. We have demanded
that 1245 MeV < MKK—TT < 1325 MeV for the D events and that
1360 MeV < MK'KTT: < 1480 MeV for the E events. - The D mesons tend to

decay in such a way that the KK effective mass is small. We cannot

determine whether this e'ff_ect comes from an I=1 KK: enhancementor a
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constructive interference of the K*(890) with the K*(890). The Dalitz
plot for the E meson shows the crossing K*{890), and K*(890) bands.

Matrix elements for D and E decay have been calculated which take
into.account the K*(890) resonance. They are discussed in detail in
Appendix C. |

We have chosen to describe the decays in terms of the KK
effective mass and the internal decay angle (OKK') 'shown in Fig. 20.
The weighted distributions of these quantities are shown in Fig. 48 ¢
through f; We have used the same events that apl’aear in the Dalitz plots
and have plotted two points per event in the angular distributions.

The curves on the distributions from the D meson are the three

PG: ++

1
case is the best fit to the KK effective mass distribution. If we con-
sider how well the different JPG assignments fit the two distributions

-+

simultaneously, we favor the S assignment, with .2-+, 0 ', and 17"

being the next most likely.
The curves on the distributions from the E meson are for

PG

o =4

~and O~+. ‘The large amount of background in these distribu-
tions makes a definite determination of the guantum numbers impossible,
. o ‘ : ++ . -+ -+ .
but on the basis of the curves we favor 1 ', with 2 - and 0 being the
next most likely.
For both the D and E mesons the angular distributions show no

tendency toward dropping at |cos 6 = 1.0, This rules out the -

KK

JF =17 and =.Z+ assignments because such assignments predict no events
t 6., | = 1.0.
a cos G‘KK : |
Note that the strong decay modes are quite restricted for particles

G _ ot P _ -

with M < 1450 MeV, I™ =0, andJ =0, 1, or 2”. The only two
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particle decays allowed are KK’?, KK*, and AiTr. Allowed three par-
ticle decays are KKw, mmp, and ™. The fact that the D and E mesons

have been observed only in the KKT channel can be considered additional
. ) : ++ -t -+ . :
weak evidence in favor of the 1 ', 2 ', or O assignments.
| : . o
The production angular distributions suggest production of the

D and E by some exchange mechanism. The favored quantum numbers

of the D and E rule out m, p, n, and w exchange. The only remaining

P

single-particle candidates are the heavier Aiv(if I = 1+) and A2

The p.ossibiility that the E meson could be a kinematical enhance-
ment has been discussed by Month. 89 The fact t/hat the K*(890) has a
width as large as 50 MeV makes a verification of the model difficult.
Our data are consistent with the model, but by no means give proo.f of
its validity.

We might expect the D and E mesons to decay into four pions
via Tmp decay. Chung has studied the antatn final states in this
film and reports an effective mass distribution consistent with no decay
-~ into TrTrbvf-o'r both the D and E’ mesons. 60 On the basis of his da.fa we
can give oné—standard—'deviation upper limits on the branchiné ratios
of

‘ I' (D or E = mmp)

T (D or E~ K°K* %)

<2.0.

We are unable to investigate the mmn decay modes of the D and E
mesons in this experiment,

The D and E mesons have not yet been unambiguously assigned
to SU3 multiplets, but the similarity of their favored quantum numbers
tempts one to hypotheéize that they are the mixing I=0 members:of an
SU3 nonet. If we assume that the A1 meson (M= 1072 MeV) is the =1

member of such a nonet, then we expect the strange member to have a

mesons.

w.
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mass between 1233 MeV and 1341 MeV. Possible candidates have been

96, 97 93-95

reported at masses 1215 MeV and 1320 MeV.

b. Other Resonances. There is also evidence in the nK Ron”, pKOK n?,
and pK K™ final states for the simultaneous production of YS(iSZO)

and K:‘((890) observed in the ZKmT final states. Thére are no significant

enhancements in any of the histograms other than those due to well-

known resonances. The NKm effective-mass distributions show no

evidence of Y* ‘decay into NKm, the NK and NKT distributions show no
evidence of a2 B = i, S=1 resonance, and the N7 histograms show no
evidence of N production with KK pairs.

A search was made for the possible decay mode B - T¢ by

assuming the following production and decay sequence:

T p > pB~
l——-> TT—¢
|, 1010
K1¥2
kT

Figure 49 is a scatter plot of the KK effective mass against the KKm
effecfive mé.ss.for those events which fit either pK+Km1T_Or pKof(_)TT‘
(oniy one Ki de(;ay in the cﬁarﬁber). T}Iierve is only one event (where
we expect a background of one event) in the rectangle defined by

1005 MeV € M <1035 MeV and 1160 MeV < M < 1280 MeV. This

KK KKw

is a pK+K_TTw event., If we assume 0%5 events in the pK‘iK%TT” (Kg seen)

channel and use the data of Chung, 60 we find an upper limit for the
brvanching ratio of

B> ) < o.015.

(B~ mw) '
This result agrees with the prediction of zero made by several

authors. 102,103
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B. Five-Body Final States

In Table XXI we give the number of events observed in each of the

five-body final states. These numbers are too small to allow a meaningful

i
\

analysis of any single final state; we have, however, determined cross sec-
tions for them. In the YK#wT final states there is some evidence for the
production of VY8<(14.0-5), Y (1520), Y”;(1385'), and K*(890). In addition,

in the AK°wTw n° final state v;/e observe production of w, as shown in Fig. 50.
The effective-mass plots fdr Aw and K%w are shown in Fig. 50 b and c.

The curves in these plofs are for an incident pion momentum of 3.2 BeV/c,
but the data are from events at all momenta. Statistics are quite limited;

no striking effects are seen. All the effective-mass distfibutions from the
final states NKKTT have been examined and are consistent with phase space.

In Fig. 51 we show the KKmm effective-mass distribution from all the five-

body final states at 3.8 to 4.2 BeV/c.

VI. PRODUCTION OF = HYPERONS v

A. Experimental Procedure

Xi production is not copious in Tr;p interactions. . Cross contamina-
tion between = production and other hypotheses has little effect upon the
analysis presented in the previous sections but can produce strong biases
in the sample of = events. Consequently the analysis of = reactions was
not included in the general data system described in Section II, but was
treated éeparately. In the regular scan of the film, events that indicated
possible = production (e..g. , a topoldgy with a lambda decay pbinting to
a kink in a negative‘track) were compiled into a list of E candidates. To
this list were added regularly processed events that were failures, rejects,

or did not have an acceptable four-constraint fit. These candidates were
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processed through a special version of the kinematic fitting program which
tried to fit E production hypo;:heses. The hypotheses attempted for =
prodﬁction involved either an observed A decay from the = or four con-
straints at the production vertex. These req.uireménts insure the purity of
the sample of events obtained. Only "Z°% hypotheses that involved the ob-
served decays of the A and all K%'s were attempted. The reactions
tried and topologies sought are shown in Table XXII. Other reactions or
topologies are in general ambiguous with non-= production hypotheses.
Passing events were all examined on a scanning table to ensure consist-
ency with observed bubble densities and to.resolve ambiguities. in the
final sample there was a single ambiguous eve‘nt between twb = pro-
duction reactions. This was assiéned to the hypothesis with the higher
confidence leVel. |

The K  contamination in our 7~ beam (judging from the one 7

decay observed) is too small to be an important source of background.’

B. Results and Discussion

.In Table XXII are shown the numbers of events found and our esti-
mate‘s for total cross sections in the vicinity of 3 and 4 BeV/c, assuming
100% scanning efficie,ricy. The scannigg efficiency is expected to be high,
since the topologies considered are easily recognizable.

'In Fig. 52 we present the Dalitz plot for the reaction T p - = KT

KO
The c.m. angular distribution of the final-state particles is shown on

Fig. 53. The K is seen to be produced preferentially along the beam
direction.

In the reaction m"p— E_'KOKOTT+ we see evidence for the production:

of =™(1530). For six out of the nine events in our sample the =7 mass
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is in the inter.vai 1 .>52'0 <M (E7) <1540 MeV. . Thé cross section for = (1530)
production is (0.25+0.18) b at 3.2 BeV/c and (1.4£0.7) ub at 4 BeV/c.

| From the small cross sections, and the la.(;lz'of semi-two-body

final states that characterize our results, we conclude that

(a) If there exist strahgeness--Z mesons, 104 they arebnot strongly
coupled to the EN syéterﬁ;"

{b) | ‘No strangeness-1 hyperons with mass below 2.3 BeV and 2 large
partiai width for decay into =K or. =Km are observed in the present ex-
periment.

it is interesting to Vnote that the cross s-ecfion for the reaction
T p-—> E”=(1‘530) KK is of the same order of magnitude as the cross section
for K p -+ SZ-KO'»KJr.'io5 Both reactions involve a strangeness éhange' of two
units for the production of a member of the same SUjz decuplet.

In the course of the experimént we have found no event with three
or more V's. The lack of such events indi¢é_1tes that the cross sec;t‘ioh for
the reactions T'p - AK_KK and  ZKKK is below the level of sensitivity

of this experiment.

VII. SUMMARY
- The general pattern that émergeé from the sttidy of strange-
particle final states in © p interéctions in the 1.5 to. 4.2 BeV/c range
can be summarized as follows:
‘1. Reactions involvin'g strangev particlebs in Ithe final state account
for about 5% of the total cross s‘ection.
2. Here, as in the case of the fihal states without strange particles,

the périp”he'ral‘productivoh of resonant states is the outstanding feature of
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this energy range. As a consequle/nce, t‘wo-bodyl:gr sgmi—tv\./o—:body
reactions of“the form Tf'fi ad YK, YK*, Y*K, or Y*'K* account for
most evénts observed. |
| 3. Among these resonant states we find that in general the
‘ lower;lying states are more copiously produced than higher-mass
states in the same channels. The cross sections for resonant-state
production in general fall with increasing beam momentum. From
these observations we can draw the tentative conclusion that .réso—
nance .pr'od.uction does not play .such a central part in characte rizing
| strange-particle final states at higher energies; ‘ |
4, Si'.fnple._.one—partic‘le exchange models are fairly successful
in describing the decay distributions of Y}~ (1385)K", Y% (1520)K°,
~and Z°K*°(890) but fail for AK*°(890). The absorption model is
able to fit the production-angular distributions for AK*O | and TOK*O
states, and in a qualitative fashion exp‘laivn all the decay correlations,
K* exchange appear‘s to dominate over K eXchange 'in the proce_és_es
T p > Yké::b. |
5. Reactions involving KK "pairs are rich in nonstrénge
mesons. - Production of the ¢, the AZ’ the D, and the E have
been observed in addition to the enhancement in the K°1K°1 system
near threshold: We have presented evidence for the ass'ignn;leﬁt ‘

GsP . G P _ gt,*

1975 = 172" and reasons for favoring I°J = 0'1" for

for the A2
both the D and the E. .
6. Cross sections for two-body final states fall monotonically

with increasing beam momentum in the range of this experiment.

For three-body final states, we see’'a rise up fo about 2 BeV/c, anda fall
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above that momentum. Cross sections for four-~ and-more—bédy final
states all rise up to the highest momenta available to us.

7. Production of = hyperons accou’nts"for'a fraction of about -
104 of the T p total cross section.

8. We have no evidence for the decay of nucleon isobars into

strange particles.
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| APPENDICES-

o

A. The Density Matrix

We first discuss the density matrix for the decay of a spin-J
particle into two spin-zero particles. We use the coordinate system
~shown in Fig. 20 b and quantize angular-momentum projections along-

the beam direction (z-axis).

The density-matrix formalism is discussed briefly by Williams1

and .in detail by Fano. 1oz The Iinitial state may be described as a
statistical mixture of pure states k,pi’ with statistical weights Wi',

. When the particle dé’cays, its spin is transformed into orbital angular
momentum. I.f the particle starts in a single pure state LIJi, then thg

decay amplitude is described by
, - 1d e : _ .
= (1 m
o= ) W YT e, | (A1)
m=

where an_(e, b) is the spherical harmonic with magnetic quantum

number m. The decay distribution is then

ilopy = ) ) Ay Yo AT [v]e, 0" @)

m= ..'J_j:'—J L
-1f we now imagine that the particle starts as a statistical mixture, the

decay distribution becomes

1(6,d) = ZZ w, (L Y (6,4) C7J:j[_YJj(e,¢)]*. . (A3)
m '

1

We can define the density matrix elements

Prmj = Z % Uim Q‘:‘tij (A4)
i .

«
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to'get _ . , :
e = ) ) b Y [Yde.e " a9
: m ‘

From the definition of pmj it is clear that

Prmj = Pim (A6)
We further normalize by imposing the condition
Z P =1 (A7)
m

Conservation of parity in the production and the decay tells us that

- 1(6,¢) = 1(6, -¢). Imposition of this condition requires the relation

o = ()™ - . (A8)

-m, -j mj

For the process A2 - KK, it is convenient to define the matrix

2 1 o 1, -2
A =[Y,706,0), Y5 (6,0), Y (6,9), Y, (8,0), Y, U0, 9)]. (A9
Then the decay angular distribution becomes

1o,0) = Apat, ' (A10)

where the density matrix is givenvby108

P22 | P21 | P20 - P2y P2-2
";1 | P11 P10 P1-1q P31
o = P30 pro  1-2(pyytean) Ry P30 liat1)
P§-1 P1-1 “P10 P11 -3
Pa.2 P21 P20 P21 P22

Evaluation of Eq. (A10) gives Eq. (7) in the text.
For the prdcesé T p > Y K*, we have in the final state a spin

1/2 and a spin-1 particle. Quanfiéing along the beam direction yields
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the 6X6 densify matrix shown in Table XXIII, where the first and
third indices refer to thebfermié.n spin states, and the second and fourth
indices refer to the vector particle. i—fére our density-matrix param- |
eters are constrained by

~ (_1)m+j+n+£+_1

Pomejoneg” (a12)

pmjnﬂ )
If we use 6 and ¢ for the K* rest frame and 6' and ¢'.for

the baryon, the most general decay distribution is given by

16,4,0,0) = Z Prajne Y10 ) 76,01 [Y(6,0)0™(6",6))] %, (A13)
mjné ' .

where

+1/2

A.“/Zw!q!)[A (6'.¢)]1™ = (1+acosg')/4m

and

A#1/2(9’,¢')[A¥1/2(9',¢')] * (@ sin @' e:hi¢')/4ﬂ'_

Performing the sums we find
3
]};ﬁ?'(p++++’+ Pyy-

1(6,4,0',¢') = ) sinZp

+ [1 )] cos%o

TPy TRy
- N/?Re(p+++0.} Pro+.) siI}ZG cosd .

+ N 2Im (p+++0_ p+0+_) sin26 sind acosf'

. 2 : S

-2 Re p+++_v 8in“8 coslg - 4 (A14)

| +2Imp, VsinZG sin2¢ a'coge'
21 . 29 ing' sing'

-elmp,, , sin 0 asin sing
~+~2Im p++_0 sipze asine' (si'nq)'cosqa + cos<|>'sin¢)

+~N2Im p+o'_+ sinZG a_sin@' (sin¢lcos¢ - cos¢'sin¢)

t Py sinzeqi_sinev'.(sinq)'coqu) + cos¢'sin2g)

-2 P10-0 cosZB asine' s.inz1>_l

teL sinze asing’ (‘simp'coqu) - cos¢'sin2¢.;,
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where a is the fermion decay-asymmetry parameter. This distribu-
tion is characterized by 11 parameters that we can éxperimentally
determine: p,  , +p, s Relpiyio - Prop)s ImUPyy07 Proy i)

Rep, oo Impyyy o Imey, s h?p++f0’:“np+0-+’ Pyt Pyo-gr 27d
/ C
These are related by a linear transformation to the 11 correla-

Ppoayr
| 109

tion coefficients of Berman and Oakes. qu cqnvenience, these 11
quantities are referred to as terms 1 through 11, respectively.

If we choose to ignore the information from the-ferrnidn decay
énd integrate over 6' and ¢', we are left with three variables de-

scribing the decay of the K*. ~These are the parameters used in the

literature for the analysis of K p— K*N;

P14 : Pryss Piot- (term 1)
Py.q =2 Rep .. ~ (term 4)
Rep16:Re(p+_};+_, - p+0'+_) (term 2)
Pop = 1 - 204, | (A15)

For electromagnetic Z° decay, no polarization information
can be obtained from observation of the isotropic y-ray decay distribu-
tion. It can be shown, however, that the average polarization in the

20,110 if we average

subsequent A decay is equal to -1/3 that of the
over all A decay angles in the ZOI rest frame. We can use the for-
malism developed here, therefore, 'if we evaluate 6' and ¢' from the
proton decay of the A in the A rest framé and use a value of o =-0.22,
Here we must be c_areful to transform pertinent vectors from the center-

of-mass to the. Z rest frame and then to the A rest frame to avoid

complications from coordinate rotation effects.
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For the reaction mp - Y*K, we consider only the states
Y§(1520) and ' Y’f(1385) and the initial strong decay of these states.

For particles of spin 3/2, the decay distribution is ‘given by
\

1(6,4) = 7= {035 sin0+ (1/2 - p33)(1/3 + cos’o)

2 .2 |
-— Rep?’_1 sin Hcos2¢ -

Rep, sin20coss}, (A16)
75 TR

N3
where the indices refer to twice the magnetic quantum numbers of

Y" states.

B. The Absorption Model

The basic formula from which absorption calculations proceed
comes from a nonrelativistic approach to the problem. The validity
of extending the formalism to processes at high energy is not certain,
but the vfact that it works is motivartion enough to investigate its con-
sequences. The basic statement is that the matrix element for a

process between given initial and final spin states is given by

M:sfi/2 BSi1/2, (B1)

Whexje_Sl(Sme the _ela-sthic—'scatwferir;é matrix element for the initial
(final) étate_, B is the '"raw'’ Feynman—diagrain matrix element, and
M is the »finalvabsorvbed element. Ja.cl{sorl'51 has outlined the decompo-
sition of B irito angular-momentum components, and the cal.cula.tion of
M. In this report we used instead‘Huff's formulation, 25 which casts
the matrix elements in a linear-momentum representation. This ap-
proach is computat_ionally convenient, since the usual calculat:ion{of

B is in.this representation. We need not decompose B into partial

waves, perform the absorption calculation in each angular momentum
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state, and then convert the results back to the linear representétion.

— Properly stated, 'Eq. (B1) is

(£ A%, [M[10 A5h,)

' \ 1/2 ' NSRRI
= Z Sdﬂfdﬂi (2N, x?_ !s |fQ Do (EQAD [Bligg )
Al
i
X (1 No\! 512 |10 a0, ) » | (B2)
17374 174 374/ :
where i and { indicate the initial and final state‘s, )\i the helicity
states of the particles invoelved, @ .the production angle of the final
state, and )\;, Qf, and Qi the helicities and angular distribution vari-
ables of the intermediate states that are to be summed and integrated
over. Expressions are cast in a helicity fepresentation because

vmanipul'ative formulae are particularly easy to express. By means

of these forrnul»a‘e, expression (B2) is converted to .
(FON N, | M| IO XN ,) = dn e ) (£6%,) ]si/z'lm N A
12 3h4 182,dQ; ) (0NN, |Sg fM 2
H'H' v . N . 1 '
X (-1) (£6, M\, |B| IONGN, ) exp [ig (n'-)") ]

><<1Q)\)\

4|S |1Q 3 4) ' : . (B3)

) I q Y o

where X =\ -)\Z,M:)\3- 4 X :)\’1-)\2, and :‘)\3-)\4. Here
we have the quantlty (fG )\1 2 ! 10)\ )\4> which is just the unmod-
ified one-particle-exchange matrix element for scattering into an
angle Gi.

We now expand S as 1 - T/2 and keep terms at most linear
in T. Since elastic scatte‘ring' is largely confined to the fo'rward di-

rection, we restrict ourselves to no helicity changes for these processes,
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‘After some manipulation and trivial integration and summation, we
obtain
(FON N, [M[iON N, ) = (£0N N, |B[1ONN,)

+1 ™ _
- S' ~d cosf! g o' (£0'N N, |B |iON )
-1 . 0 ,

X (8" hy | T, ONghy) Re (™ exp -4 (1-2)])
* (éil)‘ixz | T¢] ONgh,) Re 012" exp [ig (- M) )
where . m = [cos (6'/2) cos (6/2) + sin(6'/2) sin(6/2) exp(ip') ] /cos (6"/2)

cos 6” = cos 0' cosf + sinf sin cosq)'. , ‘ (B4)
To compare with experiment we must now rotate the final
amplitudes from the helicity directions to the coordinate directions we
have selected, and form the densify matrifc as outlined in Appendix A.
‘The matrix element . T is related to the elastic-scattering

cross-section distribution by

- o 2 L »
e M?Em:<31-LT,E.kAA,”".m“_H_.. . (B5)

‘Experimentally, elastic differential cross sections can be well approxi-
mated at least in the forward direction by the expression

do KZ'

‘ 2 :
= 6, . exp(-AAT) , (B6)

where A is the absolute value of the four-momentum transfer. This
gives us the magnitude of the matrix element T but hqt its phase.
Since we have no knowledge of the phase _o_f T, we assume that it is

constant over all production angles and that it is the same for the
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. initial and final states. If we arbitrarily set this phase to zero, then

our matrix element will be real and we will have no fermion polariza-
tion. Consequently terms. three and five through eleven.of the YK*
density matrix mtzlst of necessity be zero. We choose to let the value
of th‘_i>s common phase be a free parameter to be detex_‘min'ed by. the.
fittiﬁg program. This, of course, is oniy an expediency to cover our

ignorance of the situation and has no direct physical significance.

Although the introduction of this parameter allows for nonzero values

for all‘v density—matrixVIpara.meters, large déviations from zero cannot
be fit by the_theory.v Tlo ;.chieve the extreme peripheral character
of production distributions, ‘the second term in Eq. (B4)' must be
r;n.ostly in phase with the first. The out-of-phase corn'povne'nt.adc.is to
the ciliffer'enti_al‘ _cro;s section rzatvher than subtracts from it.

From the observed width of decay of thé K*, we know the

K*Km coupling constant but we have no informaticen about the pKA

- vertex. Information at both vertices for K* exchange is lacking.

Although we know the characteristics of elastic scattering over the
range of energies considered heré, the quantities characterizing the
final-sfafé interactions are completely unknown. Finally, we have no
vélue for the phase parameter which we-call {. In the fitting program,
XZ was minimized, with six parameters allqwed to vary: O Af, L,
g}z), 8y and g The last three coupling constants are defined in terms
of the coupling constants presented in Ref. 111 by the relationships:

g, =g(KpA)

gy = e(K*K™) g (pK*A)

g = g(K'K™m) g (pK A).
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We find gi /4T = 1 for A_K*o, at the two higher momentum
intervals; gi was of necessity set equal to zero to get convergence
for ZOK%Q at 1.8 to 2.2 BeV/c. vThe vector coupling gV’ and tensor
co,upiing gy were large and of the same order of magnitude for all
cases

ley | = lgp| = 10.

The parametér's characterizing the final-state YK~ interaction, (a)

o the total cross section, and (bv) Af, the slope of the differential

£
elastic cross secvtio'n, were not determined with any .s'erisitivity by the
fitting procedure. The angle VC, was s~ma11 in all cases. As é.n ex-
ample, the best fit for AK*® at 2.9 to 3.3 BeV/c is shown in Fi.g._ 54,
Also shown in Fig. 54a is the prediction for the variation of term one
with the best-fit céupling constants buf with no abSo"rbtion. Ex_cept

in the extreme forward direction (the vector particle exchange con-

0), lgvl and |gT, on the order

tribution must decrease near 6 =
‘ prod

of 10 andngi/éhr on the order of 1 corresponds to dominance of vector

is small.)

exchange over pséudoscalar exchange ([1 -.2.(p++++ + p+_+-_‘)]

We conclude. that vector-exchange-dominates- pseudoscalar-exchange-for
these reactions and that absorption calculations givei a good qualitativ‘e

explanation for the data. -
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C. Matrix Elements for the Decay of an I = 0 State into. KK* and RK*

- We have construéted the matrix elements for the decay of an
I= Oﬁstatre info KK* and KK”, using the approach discussed by
Zemach. 112 The total system is in an eigenstate-of G, so that the
métrix element must be of the form

477 = M(KK*)& G M(KK™*), | - (C1)

where G=+1 and M(KK™) are functional forms dependi.ng on the '
assumed spin and pafrity. The forms for M(KK*) are given in Table
XXIV as a function of | | |

(a) the relative K, K* angular momentum, £,

and j _
(b) the ampltude for K” decay into K + m,

3 2.
1“.1\/10/1\/11-{Tr

' (M - MYKW») FiT MS/M?‘KN (p/py)’
Here we have I' = 50.MeV, MO = 890 MeV, MKn is the K effectiv¢
mass, p is the Km relative momentum in the Km fest frame, pO‘: 576
MeV/c, .a;nd the four-vectors are.i,ij%

(c) Wp = Kp - KH - TTH (relative K*, K momentum),

(d) T =K -7 (relative K, ™ momentum),
e [

() D =K +K +7 (total momentum),
p M R ‘ :

. _ (f) EN (polarization vector of the K ),
(g) 8H' 61“’ (polarization tensor for the whole system), 114
° ' .(h) RH: -WH +(WVD‘,//D)\D)\)DM. (RO =0 in the overall rest frame).

We _also have ‘ X
(i) the tensor 6}“’ = .-gpv + DH DV/D?\‘D' ’
and ' |

(j) the completely antisymmetric symbol Epv)\c'
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The matrix elemenfs were in’;egfat_ec_l over an S-wave Breit-
Wigner shape for the E- meson (mass =1420 MeV, T" = 70 MeV) and
the D meson (mass = 1285 -MeV, I" =35 MeV) to give the curves of

Figs. 55 and 56.
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1 0 0 O

Any repeated indices are summed over AI~L BM = AOB0 -A- B.
Here we alsc let the name of the particle stand for its 4-momentum.

114, ep is. used when we assume spin one, and €HV is used when we

assume spin two for the decaying particle.
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N

N

Table I. Number of eve‘nts'ﬂof each topology found at momentum
' intervals covered by this experiment.

Topology? 3 Incident-pion momentum (BeV/c)

| 1.4t02.4 2.5 t0 3.4 3.7-to 4.3
a 9166 . 4458 1264
b 4512 5417 2499
c 0 127 - 180 -
d | 3327 | 1597 430
e 139 Cs79 312
£ 493 . 458 151
g 0 | 8 11
h 915 | 607 179
i » 0 11 21
i 923 523 - 588
k 13 | 228 | 189 .
1 6363 2340 657
m 58 452 339

Total . 25909 ' 16 805 6820

a See Fig. 1. |
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Table II. Hypotheses we attempted to fit.
S\ . PrdductviOn Total
Final state N Topology?® constraint constraint
: class class
Two body ‘
SR K =n " a 1 4
ZIOKO,EO-> A+y;K°—>Tr+'rr-,A->p1'r_ d 2 8
= KY, 2 >nn” | 1 4 4
AKO,KO*n+w-PA*pU_ 4 4 10
AKO;A*pw- , a 1 4
AK®;K ~n " a 1 4
Three b‘od'y
ZtROrT, zte BT g0ty £ 4P 7
nm't. .
=tk 2% E:: j 1 1
=K', 20> Aty A—pr b, f 2 5
=0ktn" | j 1 1
Z_K+1ro, Z -nmw 1 1 -1‘
2—K0ﬂ+,2_—>nn_;Ko—*ﬂ+ﬂ- h 4 7
K, T o 1 1 1
AK%N-;A'*pﬂ_ b 4 7
AR n" | j 1 1
AKOTrvo;A—'pTr»', K°—>fr+n' d 1 7
Amm‘c;Aﬁpn; | a 0 3
K°mm; K% n'n" a O 3
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Final state

R
\
A

Production
Topology . constraint

Three body (cont)

pK°K ;K —»ntn" b,h
pK°K” 1
nK+K- j»1
nKOKO;KO—HrfTr-,Ro—*njLn— : d
Four body

strten-, =t P": -k
St On0n, 5 {p": f

nmt
‘ Ko—"n'+1r-
‘ZOKOTI'+1T—, ZO»Ay; e
A""pTT_-,-Ko"’TT+TT-
ZOKOTT+TI'-;KO';TT+TT- b
E_K+'rr+'rr-, Z >nw’ m
Z-KOﬁJrTro,‘ 2_->n1r-';K0—'>17+'rr- -h
0

Z+1r-m'rn;z:+~’ {E:+ o
Z-Tr+rnm;2_-*nﬂ'» 1
E—K+mm; Znn” 1
AK+TTOTT_;A;’:'>IPTT_' b;f
AKOITT+T|'—;A"pTT-,KO‘,”TT+1T- e
AKo'rr+'rr-;A—'p._1r'v b
AKOTT+TT;;K0”TT+1T- b

Total

constraint

class
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‘Table II. (continued)

Production Total

Final state v Topoiogya‘ constraint . constraint
: ' class class
Four body (cont)
AKomm;A»pn-,Ko-‘*n+w_ o e 0 6
K+1T-mm; Jj , 0 0
Kr-n+mm , 1 0 0
pK K ™n™ . k,m 4 4
pK°Rr ;K> mte T, RO=n'n™ e S’ 10
pK°R r ;K —n'tn” b 1 4
pK°K 7% K ~>rtn” S b,h 1 4
nK+K0w—;R0—>Tr+Tr_ . b,»vf 1 ‘ 4
nK°K n K =ntn” b,h 1 B
pK mm ' 1 0 0
KK mm il 0 0
KR mm; K= nin ;RO nTr” e 0 6
Five body
N 0 N
E+K+1r°'n'_1r-, =t {p‘rr+ k 1 : 1
nm _
0
E+K°1T+Tr—%r_';2+—' {pv+,K0'->1r+Tr- g 4 8
nm : _
0 . .
Z+K°n+n_n-;2+—> {pﬂ.;_ . k- 1 2
: nm _
E°K+w+n-w-;2°—>Ay,A—>pﬁ- - og 1 5
B R | Koo
A A LA | m 1 2
o_+_+ +

KT KT, e i 4 AV 8
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Production Total
Final state Topologya constraint constraint
class class

Five body (cont)
Z'K°n+w+n-;2-*nﬂ- m 1 2
Z+K°Tr_mm;2+—> {E:i ,K°—>Tr+7r- f 0 4
E-Kowfmm;z—*nn-,Ko-*Trﬂr_ 'h 0 4
AK+1T+TT “m T A-pm c 4 7
AK rtn " .k i 4
AK°w+n_no;A—>pw—,Ko—>n+n_ e 1 7
AK+1T-mm;A—> pm » ' b, f ' 0 3
K+K0n—mm;KO—>n+n; . - b,f _ 0 3
A1T+Tr_mm;A—>p17- ‘ b 0 3.
KK n 'mm;K°—~7'n" b,h 0 3
pK'+K-oTT-TT_;KO—’Tr+1T_ : c.g 4 7
K Kon ™  k,m 1 1
pK K w0 . kK, m 1 1
pKK ntn K > ntn” e 4 7
pKOKOTTOTT—;KO—’TT+TF-,K04ﬂ+ﬂ- e 1 7
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Té.ble II. (continued)

Production Total
Final state Topologya constraint constraint

' ‘class class
Five body (continued)
pKOm “mm; KO~ nin” b | 0 3
pK°K mm; K® = ' n” b, h 0 3
nK K Tnte” | Kk, m 1 - 1
nKOEBTTJrTT‘-; K% - TT+TF—,—I€6—>1T+TT_ e 1 7
Six body

o_t_- ) = 0 +._- '

AK'T # mm;A—=-p7 ,K'—> 7 7 e 0 6

%See Fig. 1.
bM‘ea.sured» momentum of 2Z not used.

c L. -
mm indicates two or more unobserved neutrals.
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Table III.. Final status of strange-particle events.

Unmeasured - Rejected | Failing Passing

Fraction 0.04 0.18 0.04 0.74

Table IV. The amount of film analyzed in units of
~ microbarns per event for each momentum interval.

Momentum interval

(BeV/c) o vpb.vper e\;ent'
The T 63 exposure: - .
1.590 to 1.640 x 0.411+0.053
1.915“to 1.960 - 1 0.26040.020
1.960 to 2.015 ©0.3520.055
2.015 £o 2.080 0.200+0.016
2.080 to 2.190 . 1.19 £0.13
2.580 to 2.630 0.339£0.029
2.825 to 2.895 0.959%0.081 |
2.960 to 3.065 | 0.387 £0.036
3.065 to 3.175 | 0.287+£0.020
©3.175 to 3.245 - o 0.14810.008
3.840 to 3.9300 - _ o 0.398 = 0.040
| 4.130 to 4.190 0.323+0.028

The ™ 72 exposurea

1.45 to 1.55 - ' | 0.664

1.62 to 1.76 R 0.457
1.80 to 1.90 : - 0.522

1.90 to 2.00 0.4t
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The T 72iexposure (continued)

2.00 to 2.10 -~ ‘ 0.947

2.10 to 2.20 . : 0.354 : v

2.20 to 2.31 _ : 10.333

2.31 to 2.41 0.683 '
2Ref. 28.

" Table V. Assignment of events from conflict analysis. a

Scan 1
Good Good event, Good event, Reject Reject
event wrong not found event event,
A : topology : ' not found

Scan 2 assigned
Good event X 6 2 X X
Good event, ‘wrong
topology assigned 5 X 4 X X
Géod event, . _ .
not found 1 ‘ 3 X X X
Reject event X x . X X 8
Reject event, .
not found X X X 7 X

ang... Lo . .
Numbers given for classes are described in text.
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Table VI. Scanning efficiencies for each topology.

¥ Scan 1 Scan 2
. a ,
- . : Topology ,
Correct Misidentified Correct Misidentified
(P_;) B (P ®_,) .(sz)
a 0.918+0.005 0.012+0.002 0.921+0.005 0.016+0.002
b 0.924+£0.005 0.010+£0.002 0.921+0.005 0.014%x0.002
c 0.924+£0,025 0.035+0.016 0.944+£0.021 - 0.029+0.015
d. 0.936+0.008 0.047£0.007  0.926+0.009 0.055+0.008
e 0.898+0.021 0.089+0.020 0.881+0.023 0.096=+0.021
Cf 0.871+£0.027 0.102+0.023  0.817+0.031 0.119+£0.025
. ,
h O.905i0_.016 . 0.072+0.015 0.868+0.014 0.120 3:10.013
.b .
1 - - - - - -— - -
j 0.849+0.016 0.008+0.004 0.875+0.014 0.011+0.004
k 0.932+£0.022 0.006+0.008 0.919x0.026 0.011+0.004
vl 0.881+0.008 0.005+0.002 0.897+£0.008 0.010+0.002
m 0.972+0.010 0.0223':0:01.009 -~ 0.937+0.018 0.022+0.014
#See Fig. 1.

There were too few events with these topologies to obtain statistically
significant values. For cross-section calculations the values for

topologies k and m were used.




Table VIIL. :‘Croas sez;tions for strange-particle production.

Final state

AK®
T0K°
=kt
YKo~
Z0gtn-
i-x+“o
Z-K%nt
AK*n
AKO“O

. pK°K™
nK K"
nKoiKoi
ZrKrTnT
ZtKOnO%
E°K°n+n'
= Kntn
- KOntn®
AK* n0n*
AK®ntm~
nKtR®n~
nKK-wt
PKYK®ym~
PKYKST”
pKOK-"0
pKtK ™

A. Two-, three-, and four-body final states

Incident-beam momentum® (BeV/c)

b

1.85°

1.50 1.59¢ 1.615 1.69 1.94 i.95b 1.98
4 de¢ Events @ do Events 4 dg¢ Events 0O do. Events 4 do  Events 4 do Events 4 do  Events ¢ do Events
334 19 308 214 21 106 208 25 286 199 12 263 181 12 215 185 15 436 182 11 255 184 20 299
167 22 59 178 22 65 111 20 70 110 14 58 140 17 66 126 15 127 94 13 53 116 . 15 87
242 14 293 262 16 285 180 22 319 153 9. 266 99 8 153 98 10 281 99 7 182 30 - 10, 194
3.4 1.9 3 10 3 10 17.2 5.3 . 13 19.3 3.9 25’ 34 5 39 41 7 51 31 5 42 44 9 39
7.4 2.9 6 15 4 13 13.8 3.5 22 11,1 3.0 14 30 5 32 62 7 146 67 K 86 56 10 105
8.9 . 2.7 11 15 4 15 13.2 31 21 21 3 37 38 5 61 51 6 147 44 5 83 .50 -9 107
11.5 3.2 13 21 22 22 4 38 52 6 87 63 7 94 110 9 308 94 7 161 100 ) 13 206
64 9 54 75 10 61 86 13 127 76 8 95 96 10 103 140 13 317 104 9 133 143 23 248
56 16 12 180 26 49 91 22 35 123 20 39 192 27 52 155 26 97 171 23 58 163 36 77
- - - 2 2 1 1.6 1.6 1 11.8 5.3 5 42 10 16 30 6 30 38 9 18 31 8 24
- - - 11 6 3 - (e) - - - - - - : - (e) - - - - 39 10 86
- - - 10 4 [ 4.3 2.6 3 12.9 5.0 7 7.1 3.5 4 10.8 3.1 13 15.6 5.0 10 21 6 19
- - - - - - 1.4 1.4 1 0.8 0.8 7.2 2.6 8 8.0 2.0 17 7.6 2.4 10 10.4 2.9 16
- - - - - - 1.1 1.1 1 1.7 1.2 2 5.3 2.2 6 9.9 2.3 V 24 15.7 3.4 21 11.6 3.1 19
- - - - - - - - - - - - - - - - - - - - - 13 1.3 4

-
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Final state . ) : . Ix.ncident-beam momentum ('BeV/c)' o
- 2.058 - o205 e 204 Cozasb - oz2sb - 2.35b 2.61 2.70f
¢ de Events o do Events ¢ do Evehts ¢ do - Events ¢ do Events o do Events o do Events ¢ do Events
AK® 182 17 119 179 15 515 162 20 © 78 492 . i1 334 472 10 319 174 14 157 106 12 182 120 . 11
=0KO - 123 21 33 113 18 153 100 20 23 114 13 82 105 12 80 113 18 . 41 81 12 66 85 . 12’
z k" 70 9 60 87 8 327 39 10 25 65 5 148 57 5 138 53 7 63 30 5. 6T 31 5
ZHKOw" 41 8 26 39 6 63 33 14 6 52 6 88 62 6 113 65 9 . 58 39 . 7 - 40 51 7
oK w- 68 11 40 66 7 213 63 13 38 78 T 123 87 7 147 82 10 68 53 8 94 75 9
= Km0 T 8 44 52 6 196 44 10 28 51 5 118 56 5 . 141 59 7 71 35 5 81 40 6
| ZTKOwt 120 12 97 123 9 . 452 110 16 70 133 8 286 144 8 337 138 11 158 65 7 149 118 10
AKYa” 170 o 101 152 14 442 116 20 55 118 9 187 106 8 176 145 14 16 115 13 203 97 10
AKOn® 182 . 34 29 164 26 139 88 28 13 174 21 73 131 17 61 187 29 42 91 18 47 132 18
PKOK"™ 40 T3 9 . 35 6 46 0. 12 7 .33 - 8 20 70 11 44 77 16 23 . 52 9 43 81 13
nKtK” - - - - (O - v - - - - - - - - - - - - - 84 47
K% K9 23 9 7 161 3.5 26 28 11 - 8 21 5 17 33 7 27 38 9 . 16 30 6 29 33 7
Ztgroon- - - - 3.2 1.4 6 - - - - - - - - - - - - 7.5 2.8 8 14 3
ZtROn0n" - - - - - - - - - - - - - - - - - 8.2 3.8 17 6
ZOKOntn - - - 3.9 2.3 3 - - - - - - - - - - - - 9.9 45 12 32 7
Z Krotn" - - - 26 0.8 1 4.2 2.5 3 - - - - - - - - - 10.3 2.2 26 12 3
= Ko%ntn® - - - 1.7 1.2 2 .- .- - - - - - - - - - - 11.5 4.2 8 22 7
AKtnon- 19. .6 11 12.4 2.4 38 10.5 4.8 5 21 4 32 38 5 66 40 7 33 57 8 96 77 9
AKnta” 21 [ 13 22 3 62 9.9 . 51 .. 8 48 . 5 80 46 5 81 74 9 64 59 7 104 83 9
aKTROm- - - - 73 .13 1 - - - - - - - - - - .- - 16.6 4.8 13 29 7.
I i . . R _ . R . - - - - - . - - - 14.0 4.4 11 9 5
PKYKYE N . . . - - . - - - - - - - - - -zt 16 2 4 2
PKYK%™™ - - - - - - 2.5 2.5 1 - - - - - - - - - 3.1 1.4 4 2 2
pK°K-7° - - - 1.5 1.1 2 4.6 4.6 1 - - - - - - - - - 5,2 2.6 4 12 3
PKYK"7" - - - - - - - - - - - - - - - - - - 3.0 2.6 2 12 9

-g6_
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Table VII (continued).

Final state " Incident-beam momentum (BeV/c)
2,758 2.86 3,000 3,01 3.13 3.21 ’ 3.89 ‘4,009
o do Events ¢ do Events ¢ do Events ¢ do Events ¢ do Events o do Events o do Events o do Events
AK® 90 25 18 109 15 59 31 - 14 5 84 12 111 94 - 12 170 87 10 301 67 12 86 - (i) -
z°k° 95 25 19 93 25 26 86 25 14 . 74 12 52 41 10 39 50 6 91 37 8 22 - (i) -
=Kt 32 10 15 22 7 18 15 5 12 22 4 43 155 3.0 41 14.5 2.0 76 8.5 2.5 16 5.0 3.0 2
ZtKOm- 39 - 10 13 37 11 14 a4 1 30 50 9 44 47 7 55 43 5 102 42 8 36 21 7 9
ZOKtn- 50 10 30 56 11 40 - (4) - 54 8 88 46 6 101 41 4 184 . 43 7 68 - ) - .
Z-Ktn® 64 8 30 27 6 21 48 9 41 40 6 79 29 4 77 28 3 147 34 5 65 12 5
=z Kowt 84 20 25 73 11 58 91 14 80 86 9 174 69 6 183 75 ©5 388 60 7 126 69 22 10
AK'T" 117 20 7 138 20 85 - i) - 114 14 171 97 . 10 188 95 8 371 99 13 138 - (k) -
AKOn® 180 40 36 128 32 23 - (m) - 121 24 53 76 15 46 97 15 111 98 21 41 - (n) .
pKOK™ ' 78 16 26 90 20 25 66 16 24 85 14 61 .54 - 8 53 63 7 118 80 13 57 98 25 15
k'K - 250 90 5 - (p) - 56 29 4 - (p) - 195 60 90 - (P - 370 130 48 124 72 3
nKGKY 27 9 12 58 14 21 52 13 19 40 8 36 49 7 59 45 5 108 42 8 37 . 44 15 8
tgteone 4 4 2 - - - 15 6 10 13.8 4.1 13 - 8 3 11 16 3 40 24 6 21 7 4 3
ZHKOnOn- 36 11 6 17.8 9.1 4 41 17 9 38 10 17 23 6 17 27 5 38 34 9 18 8 8 1
ZOK%n T n” 20 6 15 - - - 86 19 26 41 11 29 30 8 38 17 4 64 38 11 55 - (@) -
ToKtutaT 30 6 14 18.3 4.8 16 29 7 24 14.5 2.9 32 17 3 50 17 2 101 20 4 43 . 24 8 10
E-KOntn® 10 5 3 25 10 6 33 11 10 29 8 18 32 7 25 30 5 47 30 8 19 71 25 8
AKYon- 86 15 52 65 11 - 38 - qn - 86 11 124 74 8 144 93 8 350 103 13 142 O N
AK%ntne 97 15 71 93 15 57 .72 - 17 61 113 12 167 84 8 166 104 8 403 122 14 181 - (q) -
nKtROn- 24 7 8 39 13 10 7 5 2 37 8 26 31 6 28 45 6 79 74 15 45 78 23 12
nK°K-nt 18 7 6 21 9 6 18 8 5 31 7 21 23 5 21 36 5 67 71 14 44 01 25 17
PKYKY ™" u . - - - 10 5 8 6.1 2.8 5 3.9 2.0 4 8.6 2.1 19 12 4 11 16 9 3
pKYKSm™ - u N 9.0 5.0 4 9 4 6 13.4 3.8 15 21 4 34 14.2 2.7 43 32 6 35 20 10 11
pKK=m° 30 10 10 25 10 7 32 11 9 28 7 20 23 5 22 35 5 68 35 8 25 . 64 21 9
pKYK-m" - - - 21 13 5 28 20 2 25 13 12 27 10 13 38 10 39 63 20 19 05 . 52 4
T
!
i» ¢
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Final state

AK®

z°K°
=-k*
ZtKOn”
=oK*n"
Z-Ktw®
Z-Kont
AKYr"
AK®w®
pKOK-
nKtK~
nKYKY
ZtKto-a-
=K 0%
ZOKOgta-
z-Ktutn-
Z KO ntx0
AKYn%n”
AKOwto-
nKtK%n"
nK® K~ nt
pK°iK°1n' .
PKYKST”
pKOK™m°
pKtK™n~

Incident-beam momentum

w

B. Five-body final states

‘= 4.16 BeV/c
o do Events. Footnotes to Table VII A,
49 9 75 a. The momentum bite is typically between *0.03 and %0.05 BeV/c.
42 .8 30 b. Refs. 28 and 29.
4.5 1.5 10 c. Ref, 2.
40 7 40 d. Ref. 8. _ .
32 ] T 66 e. Cross section from threshold to 2.3 BeV/c tabulated at -
28 4 66 1,98 BeV/ec.
a4 5 103 f. Ref. 5.
88 11 154 g Ref. 6.
- 68. 15 35 h. Ref, 7.
54 9 47 i. Ref. 8 gives NS + 05040 = 93+14 pb.
- (t) - ‘j» Ref. 7 gives Oxopctpy~t LN o 136 %21 pb with 80 events,
32 6 36 k. Ref. 8 gives AR e~ T O poytg- = 133#21 ub with 39 events.
25 5 ) 28 m. Ref. 7 gives TAKOR0 * Oxogog0 = 141 £33 pb with 23 events. .
36 8 - 24 n. Ref. 8 gives OAKIg0 T Oxpogo 0= 88433 ub with 7 events.
46 11 59 p. Cross section from 2.9 to 3.3 BeV/c tabulated at 3.13 BeV/c. -
20 3 53 "q. Ref. 8 gives Op poptyne + Txoponty. = 195+ 24 pb with 78 events,
55 11 23 r. Ref. 7 gives 0pponyp- '+ O 0yoty-= 9116 ub with 49 events.
108 12 184 s. Ref. 8 gives OaKFrn-n® T Ox0gsq=po = 93 £17 pb with 30 events,
96 10 180 t. Cross section from 3.8 to 4.2 BeV/c tabulated at 3.89 BeV/c.
64 12 48 u. Ref. 6 gives UpK°1K°1"' +-0PK01K02“- = 16+ 6 pb with 9 events.
69 13 52.
18 5 19
14 5 19
-75. 20 41
13 4 26

Final state

ztKtnln-n"
20K+.n,+“-.n,-
s KFutnOn-
=rKOntron
£ Kmtrtn-
AK+1I+1T-T[-
AK®ata~a®
pKtR n=n”
pKoK wtn"
PRYKY™w”
nK°1K°1ﬂ+W'

Incident beam momentum (BeV/c)

2.9-3.3 '3.8-4.2

[ do Events o do Events
1.7 0.4 16 5.3 1.2 22
2.1 0.6 19 7.3 1.6 . 30
5.5 0.8 61 16.2 2.2 78
0.8 0.3 8 3,7 1.0 15
2.9 0.6 30 13.2 2.0 60
10.1 1.3 82 30 3.8 106

38 5 78 70 11 63
2.0 0.75 12 9.7 2.6 23
2.3 0.80 19 158 3.4 49
1.0 0.60 3 50 2.3 10
0.64 0.46 3 6.0 2.5 13

~L6-
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Table VIII. Number of events for each three-body final state”

Final state

Observed decays

Momentum interval (BeV/c)

1.8to 2.2 2.9to 3.3 3.8to4.2

st KOn"
= KOn"
O "
0Kk "
Z-K+1T0
s KOnt

Z-K0ﬁ+

pK°K”
nK K"
nK+K B

nK°K? -

+

KO

X P MM
r o+ -+

&

PR P M M M
+

X

K? K°

79
223 |
445
68
486
336
726

1031

68
336
113

42

40

44

68

92

210
314

59

299 -

209
523
689

42

208

228.

44

48

111

201

30
74
104
26
123
56
167
263
9
72
95
17
29
62

68

a ‘
Events from the m 72 exposure are not included here. They contribute

1/3 of the combined data at 1.8 to 2.2 BeV/c, and none in the other

intervals,
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Table IX. Resonance fits in three-body final states.

Final Momentumr Resoné.nc_e Mass- Width Amount
state ~ . interval systém (MeV) (MeV) (%)
(BeV/c) ‘ ’ :
~ ste 1386 -~ 53 42%4
1.8-2.2 N |
=ta” 1517 18 173
. =a” 1386 - 53 29 +3
K" (2.9-3.3 . . |
yRE 1517 18 14+ 3
>ta” 1386 53 2846
3.8 -4.2 . ’
ztw” 1517 18- 11+4
1.8-2.2 KT 891 44 56 + 3
»o0gFa” 2.9-3.3 KTn™ 891 44 544
3.8-4.2 Ktn™ 891 44 42+ 6
1.8 -2.2 gtn® 885 51 29£3
=K no 2.9-3.3 K'mo 885 51 24+ 4
3.8-4.2 - Ktno 885 51 8+4
(z7nt 1386 53 19%2
(1.8-2.2 ="t 1517 18 - 8x1
L gOnt 885 51 293
| =t 1386 . 53 13 £2
= KOt € 2:9-3.3 >t 1517 18" 52
Kom' 885 51 2143
| S 1386 53 183
| 3.8-4.2 {z-nt 1517 18 93
KOont 885 51 o 12+3

(cont. )
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Table IX. (continued)

Final ’ Momentum Resonance Mass . Width Amount
state interval . system (MeV) (MeV) (%)
(BeV/c)
Am” 1385 41 31%2
/ 1.8 -2.2 . : _
Ko~ 891 44 49+2
. AT 1385 41 “5+1
AK ' w” ) 2.9-3.3 ' . -
K'm 891 44 43 +3
o : An” 1385 41 22
L 3.8-4,2 {K+Tr° 891 44 48+4
| Ktn™ 0 1446%7.9 61+24  17x4
FATO 1380 43 41+4
1.8-2.2 '
[ KOm® 891 44 17+ 4
ATO 1380 43 29+6
AKOn® {  2.9-3.3 |
Kr® 891 44 20+ 4
_ AT 1380 43 16 £ 6
3.8-4.2 : - '
- KOn? 891 44 19+ 6
1.6 -2.4 pK~ 1518.9 16 28+ 4
pK™ 1518.9 16 . 20%3
2.9-3.3 i ‘
K°1K 1317 50  28%5
PKYK™ . pK”~ 1518.9 16 94
3.8-4.2 {KOK" 4317 50 . 26%7
pK~™ - 1815 50 15+6
\ o 2.7-4.5 KGK™  1317.2£4.0. 47.017.7 -
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‘Table IX. (continued) - ..

Final - Momentum Resonance Mass = - Width Amount
‘state interval ~system . (MeV) (MeV) (%)
' (BeV/¢) .
nKj 1518.9 = 16 52
([ 1.6-2.4
' KgKi 982.1+ 6.0 32.5+£30.0 50+11
nKj 1518.9 16 5%2
2.9-3.3 KgKg 982 30 20%5
, KoK?® 1317 50 205
anKo < 11 :
1 ( nK] 1518.9 16 241
3.8-4.2 KIK? 982 30 2545
KiK}] 1317 50 10%3
nK$ 1815 50 3
2.7 -4.5 - KIK? 1315.7+£10.8 80.5+36.5 -
e L KTK" 1021+ 4 10+3 40
nK K~ 1.5-2.3 : ,
: K'K" 982 30 20
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Table X. Cross section for resonance production

_in-3-body final states.

Momentum Cross section
Process interval ~ (pb)
‘ ' © (BeV/c)

| 1.8 to 2.2 51.04.7
T p—~ Y;‘;(1405)_K°, ¥,(1405) > Zm 2.9t0 3.3  37.4%3.7
3.8 to 4.2 30.3+4.6

~

1.8 to 2.2 23.7%2.
TP > Y, (1520) K, Y (1520) - Zm 2.9t03.3  18.7%2.
B ' 8to 4.2 . 14.0%3.

[exuy s

o

: ‘ 1.8 to 2.2 20.8+5,
TTp— Y;(1520)' K° YZ(15‘20) -NK ~ 2.9t03.3 24.2%5.
"~ 3.8 to 4.2 12.2 6.

o O

2.9 to 3.3 2.6 +£2.
3.8 to 4.2 20.0+8.0

(@)

p ~ Y, (1815) K°, Y,(1815) -~ NK

1.8 to 2.2 . 42.844.0
T(1385) - AT 2.9 to 3.3 5.0+1.0
8 to 4.2 0.0£1.9

wp > Y, (1385)K", Y1
. v 1.8 to 2.2 61.6+10.0
% %0

Tp .Y, (1385) K°, Y, (1385) - Aw® 2.9 to 3.3 28.9+7.0
' 3.8 to 4.2 13.0+5.4

| | 1.8 to 2.2 49.4+4.4

+. 0 >:<0
T p > ZO°K*(890), K (890)—> Km 2.9 to 3.3 36.4+3.8
' 3.8 to 4.2 23.1%4.3

| 1.8t0 2.2  45.3£3.2

" p ~ 2 K™ (890), K*1(890) > Kn 2.9 to 3.3  23.4%2.7
| 8 to 4.2 8.8+2.1

1.8 to 2.2 98.4%7.4

.9 to 3.3 63.0+5.6
3.8 to 4.2 63.1+7.7

- %0

nTp > AK**(890), K*(890) » K

[A¥]

. continued
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~Table X. (continued)

Momentum Cross section

- Process : " interval {(b)
- (BeV/c)
o 2.9 to 3.3 18.2 £4.0
= —_ - N - 0 = .
TP pA,y Ay - KK | 3.8t0 4.2  17.1£4.7
- - . .2 " 7.9.+£2.

m p - n + KK threshold enhancement 1.8 to 2 _ 7.9%2.0
— . . 7.5+£2.5
KK threshold enhancement - KgKg 2 9 to 3.3 »
: . 3.8 to 4.2 9.0+3.8

2.9to 3.3 .36.2£10.0
3.8t0 4.2  17.6%9.0

9 - KK

T p—>nAd, A,

1.58't0 1.71  29.0%15.0

1.8 to 2.2  30.0%8.0

mp > ne | 2.58 t0 2.63  0.0£9.0
2.9t03.3  6.0£8.0

3:8to 4.2  15.0£20.0
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Table XI. Cros's sections and branching ratios

. for Y;‘)‘(1520).

o[n"p~ Y(1520) K°]

Momentum - o (ub)
1.8 to 2.2 49+ 6
2.9 to 3.3 47 +7

3.8 to 4.2 28+7

Branching ratios

= Anmm _NK
0.45+0.04 0.08x+0.02 0.47£0.09




Table XII. Selection criteria and density-matrix parameters for Tp - Y*K. &

Mass Incident

 Final state , interval momentum - p Rep, Rep,,
(Bov) ey /o) 33 3-1 Re P3y
Y (1520) K~ Z*n” K® 1.493 to 1.537 1.8 to 2.2 0.073£0.052  0.0390.050 0. 057 +0.,043
PP (1385) K> An® K® 1350 t0 1.410 4.8 to 2.2  0.285%0.048 . 0,262%0,041  ~0.104 % 0,043

'aData_, at all production angles were included in the fit.

=G0V -

' 8L697-T¥DN
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Table XIII. Predictions for density-matrix pé.rameters

of 3/2% and'3/2" states for various multipole interactions.

P . S
Resonant state J Interactlog P33 Re P3_4q Re P34
"% (1385) 32t M, 3/8 ~3/8=0.216 0
E, 1/8 -N3/8 0
L, 0 0 0
Y*%(1520)  3/2- M, - 1/8 N3/8 0
| E, 3/8  -N3/8 0
L 0 0 0




" b1 .
0]
Table XIV. The ¥K™ selection criteria and density matrix elements.
Final state Mass . Incident {1 (2) {(3) (4) {5) {6) (7 (8) (’9) (10) (11}
(BeV) Cosep“d mz:gxee‘;x;:;n Piits Relp,iro Imip,, Rep .y, Imp 0 Ime,, _, Ime, 0 tmp, Pigan Pra_o TR
+ - - .
Pypoy. Pio4.) Pio+-)
2‘1€++ o 0.850 - 0.920 -1.0-1.0 t.8-2.2 0.310+0,034 -0,084+0.044 -0.068+0.028
K'n - .
ZOK‘G 0.861 -0.921 -1.0-0.0 1.8-2.2 0.336£0.043 0.064 +0.046 -0.111+ 0,461 0.094 +0.038 -0.344£0.278 -0.156 £0.247 -0.021+£0.348 0.353+0.308 -1.24+0.486 0.639%0.330 —0.56310.415’
ZDK’“ 0.861 -0.921 0.0-0.5 1.8-2.2 0.438+0,036 0.021+0.043 1,.21+0.313 0.449 £0.030 0.228+0.360 -0.077£0.250 0.067+£0.274 -0.416£0.259 -0.045 +0.461¢ 0.170+0.314 ~0.062+0.423
EOK’“ 0.861-0.921 0.5 -1.0 1.8-2.2 0.368+0.052 -0.076+0.065 0.333+0.549 0,080+0,046 ~ 0.495%£0.417 -0.122%0.345 -0.309%0.409 -0.93320.406 -0.816+0.580 -0.223+0.529 =0.686 £ 0.607
Z"K‘o 0.861-0.9214 0.5 - 1.0 2.9-3.3 0.477+0.055 0.009+0.031 0.215+0.379 0.149 +0.039 '—_0.57810.356 0.785+0,273 0.048+0.235 -0.774£0.277 -0.291+0.487 -1.81£0.570 -0.134%0.497
AK‘D+ 0.861-0.921 0.5 -1.0 2.9-3.3 0.372 £0.035 0.052+ 0,036 -0.339+0.100 0.075+0.027 ~0.028+0,075 0.151+0.053 0.034+£0.061 -0.042 £ 0,061 0.430+0.082 -0.072+0.097 0.039 £0.086
LK*n™ .
AK’B 0.864-0.9214 0.5-1.0 3.8-4.2 0.367+0.055 0.046 x0.082 -0.701+0.198 0.082 +£0.040 0.203 +0.444 0.050+£0.075 -0.110+0.078 0:124 £ 0.086 0.377+0.123 0.002+0.108 0.078+0.430
LKYs™ :

8L691-T¥DN



Table XV. Fits to the density-matrix elements

- _108._

for the'A2 at 2.9 to 3.3 BeV/c.
Parameter Best fit

1-2p,4 -2p,, | 0.38+0.15

Poo 0.10+0.08

Pyq 0.21+0.07

Re [p, ] 0.02£0.06

Py -0.04£0.09

Py 4 -0.06+£0.10

Re[p21] -0.06+0.07

Re[pz_i] -0.00+0.07
-0.05£0.07

UCRL-16978
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Table XVI. Decay angular distributions of the A

-109-

fittoZ A P_(cos¥b).
#°n " n

2

UGCRL-16978

A2 at

3.2 GeV/c .

0
A2 at
3.2 GeV/c

4.2 GeV/c

Degrees  Confidence
: of level
Order AO A1 AZ A3 A4 KZ freedom (%)

0 1.00 -- -- -- - 35,5 9 0.0
+0.21

1 0.78 1,09 -- -- -- 19.2 8 1.4
+0.13 +0.,27

2 1.04 1.27 1.27 -- -- 6.7 7 46.1
+0.15 0,28 £0.36 .

3 1.07 1.05 1.10 -0.57 - 4.6 6 59.1
+0,15 +0.31 +0,38 +0.40 ‘

4 1.40 1.03 1.29 -0.39 0.63 3.1 5 68.8
+0.15 +0,.31 +0.41 +0.41 +0.,50 :

0 1.00 -- .- -- - 34,5 4 0.0

‘ +0.26

2 3.36 -- 7.91 -- -- 11.7 3 0.9
+0.44 +1.18

4 3.87 -- 10.61 - 5.70 6.9 2 3.2
+0.46 +1.46 + 1,83

0+ 1.00 -- - -- -- 9.3 9 41.1

o +0.34 _

1 1,00 0.00 -- -- -- 9.3 8 31.9 ‘
+0.34 + 0,66

2 1.13  -0.36  1.07 -- -- 7.4 7 38.8
+0.35 +0,71 +0.78

0 1.00 -- -- -- -- 6.5 4 16.5
+0.33

2 1.82 -- 3.43 -- -- 1.1 3 77.7
+0.42 +1,04
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Table XVII. Detection efficiencies and cross sections for T p— né.

Momentum No. ¢'s over Efficiency | Events Cross sectioﬁ
(BeV/c) background (%) ‘per pb ' (ub)
1.6 7T%3 8.3+£1.0 2.91+0.34 2915
2.0 2516 - 6.3£0.7 13.38+0.67 308
2.6 oxt1 3.841.9 2.99£0.26 0£9
3.1 2+2 2.5+0.6 12.8+0.6 - 6+38

4.0 11 1.3%0.4 5.6 +0.4 " 15%20
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Table XVIIL. Number of events for each four-body final state.?

Final state Observed decays Momentum interval (BeV/c)

1.8 t6°2.2 2.9 to 3.3 3.8 to 4.2

stk TnT =t 7 63 47
ZTKOmOmT =t ko | 2 13 | 42
»O0kOnte™ A, K° | 4 53 37
ZOKOn " K 2 18 _ 74
> Ko™ 2l 17 182 93
> KO 0 =7, K° 3 90 42
AR TROm A | 78 617 ‘312
AKOwHn” A, K° 31 193 76
AKOn n” | A 84 538 270
AKOnw” K® . 25 154 92 |
pK K v Kt 0 31 21
pK K ™n" KT 2 34 - 22
pKORO;T_ - K% or K° _ 1 119 80
pK"-’R"n_‘ K°, K° 0 , | 27 ’ 30
pKK ™m0 - KO 3 108 63
nK ROm” RO 2 128 89
* KO 0 108 - 92

nK°K ™ w

z : ———————— "
Events from the m72 exposure are not included here. They contribute

1/3 of the combined sample at 1.8 to 2.2 BeV/c, and none in the other

intervals.




Table XIX.

Resonance fits in four-body final states

Momentum

Process. Mass Width Amount Cross section
(BeV/c) (MeV) (MeV) (%) (ub)

_ _ 1.8 to 2.2 9+3 2.8+1.0

mp = Y(1520)K°, Y (1520) = Aww 9 to 3.3 1517 18 3£1 4.4%1.5

3.8 to 4.2 2+1 S 2.9+1.6

, 1.8 to 2.2 197 2.9+1.1

Tp > YI+(1’385)K°W', Y'1'+(1385) - AT 2.9 to 3.3 1385 41 15+2 15.4£2.2

: 3.8 to 4.2 11+3 11.9£3.4

, 1.8 to 2.2 - C0.0+1.1

T p - Yj"(1385)1<°w+, Y’f'(1385) - AT 2.9 to 3.3 1385 41 16 +3 16.1£3.2

3.8 to 4. 103 10.8 +3.4

Tp - YT“(1385)K*+(890) 1.8 to 2.2 38+8 4.1+1.0

Y’f‘(13’85)'—>' AT" 2.9 to 3. 1385 41 642 5.5+1.9

K*t(890) - K*n?° 3.8t0 4.2 - 885 51 - ©0,0%3.3

Tp — Y, (1385)K**(890) 1.8 to 2.2 5247 7.9%1.4

Y, "(1385) ~ AT" 2.9 to 3. 1385 41 103 10.1%3.1

K*+(890) ~ Kon" 3.8 to 4.2 885 51 - 0%1.1

_ | 1.8 to 2.2 - 0.0£1.1

Tp > Y (1385) K'n®, Y 7(1385) > Ar” 2.9 to 3.3 1385 41 63 5.5+2.8

' 3.8 to 4.2 12 £3 13.5£3.6
(cont.)

-2V~
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Table XIX. (cont.).

Process - Momentum Mass Width' Amounf Cross section
(BeV/c)  (MeV) (MeV) (%) (pb)
_ _ : 1.8 to 2.2 - - 0.0+1.6
T p—> K T(890) AT, K*+(890)»;K+n° f 2.9 to 3.3 885 51 - 113 10.4+2.8
: 3.8 to 4.2 8+3 9.0+3.5
. 1.8 to 2.2 - 0.0+1.1
mp ~ K T(890) AT, K*t(890) » KOnT - 2.9 to 3.3 885 51 11£3 11.1£3.1
' 3.8 to 4.2 ’ 1124  11.9x4.4
| 1.8 to 2.2 12 +14 1.3£1.5
mp = Yi°(1385)K 7, YT°(1385)—+.AW° 2.9 to 3.3 1380 43 12+3 11.0+2.9
3.8 to 4.2 83 9.0£3.5
%0 v '
v‘pe-Yz(1385)K*°(89m 1.8 to 2.2 42 14 C 6.8+2.4
Yf°(1385)anAw° : 2.9 to 3.3 1380 43 183 24.0£4.5
CK*%(890) - K : 3.8 to 4.2 891 . 44 14+3 23.6%5.6
1.8 to 2.2 - 0.0£1.6
T p - K¥0(890)AT?, K*°(890)— K 2.9 to 3.3 891 44 16 =3 22.0+£4.4
3.8to0 4.2 17+ 4 28.6+7.3
TTp > Y 5(1405)K*°(890) - 1.8to 2.2 - -
Y;(1405)~> S o 2.9 to 3.3 1386 53 - 1322
K*%(890) -~ K 3.8 to 4.2 891 44 - 16£3
(cont.)

325
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Table XIX. (cont.)

Process Momentum Mass Width vAmount Cross section

~ (BeV/c) (MeV) (MeV) (%) (kb)

nTp = Y (1520) K*° (890) | 1.8 to 2.2 | - -
Y’S(iSZO) - =7 2.9 to 3.3 1517 18 - 7T+1
K*%(890)—> K= 3.8 to 4.2 891 44 - 6+ 1

mTp - YI°(1660) K*°(890) 1.8 to 2.2 _ -
YI?iééO) - = 2.9 to 3.3 1660 44 - 3:1
K*%(890) = K7 3.8 to 4.2 891 44 - 3+1

2.5 to 2.63 : - . 7.5+4.0

7 p - nD, D - KTKw* ’ 2.9 to 3.3 1283 35 10 72
3.8 to 4.2 7 10£4
b B E - KO 2.9 to 3.3 420 60 17 17+5
3.8 to 4.2 ' 5 32
n7p — nKK* or nRK" 2.9 t0 3.3 891 50 30 32+8
3.8 to 4.2 o 15 15+5

——ty — P A . : +
T p - pKK™ or pKK" 2.9 to 3.3 891 50 1_7 _22 8
, 3.8 to 4.2 _ 10 - 20%9
mp — Y(1520) K, Y3(1520) ~ pK’ 291033 45489 16 > gt
. 3.8 to 4.2 10 11£5

S AATE
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Table XX. Expected and observed numbers of events based on the assumption that

.I = 1 for the D and E mesons.

_ Observed events

over background

Expected

numbers?

for

Decay into

- Decay into {

0 U

ZIe]

KK and KK

D

with 19217 for KK |E

Decay into (KK)™ {D

with 1°=17 for K& |E

pKOK'W0

nKOK ¥ pKTK=7" pK°K®n pK°K®m-

1 K° decay 1 K* decay 1 K° decay 2 K% decays 1 K° decay
35+ 8 0+1 02 0+1 1+2
50+ 10 1£6 9410 04 245
35 3+1 11+£3 31 9+£3

50 51 17+ 4 411 123
35 2+1 341 341 4+1
50 241, 4+1 4+1 123
35. 2+1 174 0 4+1
50 241 255 0 12%3

®The number of events observed in the nK°K 7" final states is used for normalization.

“GT1I-
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Table XXI. Number of events for each five-body final state.

Momentum interval (BeV/c)

f‘inal state | Observed decays 2.9 to 3.3 © 3.8 to 4.2
stRrmOm n™ - =t | 15 21
Z+K°'TT+TT—TT_' . Z_+, KO 1 5
SHKOwtrTae =+ 7 10
20xtnt pn A 16 22
DOk otrnT K" 3 7
Z_Kfv+n‘)'ITr" | =7 59 . 74
S KOt ' =7, K° 7 16
IE'K"T}*n*n" =" 22 40
AR rFa T A 72 87
A K+_1r+_ﬁ B k' 10 13
'AKo.ﬂ+won- | : A, K0‘ 77 62
pK+K-TT°Tr" K 1 6
R L K™ 4 7
pKROTHT k' 5 6
pKIROn w™ K° 7 17
pKOROy"%f ' '__K",'K" 3 10
| PKOK ' K° 12 32
pK°K'%r+vf - K" 7 17
l’l:K+K'TTA+TT_V ' 7 kT 1 11
nK'K'win™ K~ 11 32
nKOROT T K%, R° 3 13
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Table XXII. Cross section for & production reactions.

Production FractionP 3.2 BeV/c 4.0 BeV/c
Final state threshold Decays observeda expected for
(BeV/c) given topology Number Number
of events o (ub) of events o (pb)
EOKOK® 2.36 A, K°, K 2/27 0 < 1€ 0 <2.4¢
= KK 2.37 =7, A, K° 2/9 7 1
=, A 4/9 9} 1.9 £0.5 5 1.8+0.9
| =7, K® 1/9 - 2 0 ‘
EOKIKOw- 2.70 A, KO 2/9 0 <0.3¢ 0 < 0.8
= KK e 2.7 =, A | 2/3 o} < 0.08¢ 2} 0.5+0.4
ol 1/3 0 0J
="KtK%w? 2.71 =7, A, K° 2/9 0 0.2 %0.2 1 0.6 £0.5
- = A - 4/9 1} 1}
=-KOKOmt 2.73 E7,A, K°, K° 2/21 0 0
=TA, K | 8/27 1 0.25+0.18 2" 2.3£1.0
=7, A 8/27 1 ‘ 5
=-, K°, K° 1/27 0 0.

“LY¥E

—

a. The particle symbols stand for visible two-body decays in the bubble chamber. The search for =
production was limited to the event topologies indicated.
b. Rounded'decay branching ratios are used for simplicity. Escape corrections are not included.

c. The value given corresponds to one observed event.

8L69T-THDN
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particles.

Polarization Polarization states
states
A +0 +- -+ -0 --
™ Proes Pr++0 Pryt-  Pri-t  Pyyoo PPyl
+0 p::++0 TPiirr Pros-  Pro-+  Py00  Piiog
L
- 2 Py 0+ - Proto Py pI0-+ Py
-t Pas—t Pro-+ TPy Proge 'pf0+g Pt
-0 pf{,o o TPL0m0 Proct TPros- EPhprr Phigo
o TPt
" eyl Pr+-0 Prtot Prrro TPryy0o Pegay

Table XXIV. Decay matrix elements.

M(KEK ™)
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FIGURE LEGENDS
1. Topologiés sought in this experiment:. (a) zero-prong with a
vee; (b) two-prong with a vee; (c) four—prbng with a vee; (d) zero-
p.fohg with two vees; (é) two-prong with two veés; (f) two-prong
with zi vee, positive decay; .(g) fouf-prong with a vee, positive

decay; (h) two-prong with a vee, negative decay; (i) four-prong-

with a vee, negative decay; (j) two-prong with a positive decay;

- (k) four-prong with a pdsitive decay; (l) two-prong with a negative

decay; (m) four-prong with a negative decay. |

. 2. Number of strange-particle events found in this experiment as

a function of incident-pion momentum (a) in the 63 exposure,

(b) in the ™72 exposure, and (c) for the two saf‘nples combined.

. 3. Angular distributions for y rays from Z° decay with respect

to the normal to the production plane for the reaction ™ p - soxtn,

(a) Events with an acceptable hypothesis for only Z° production.

(b) 'E\_/ents with the highest confidence level for >0 production but

" also anacceptable T p—~ AK 7 hypothesis. (c) Events with the

highest confidence level for A production but also an acceptable

=%.p roduction hypothesis.

. 4. Scatter plots of the (missing mass)z versus Mz(Amm) for events

with acceptéble Z°K+TT- or AK+TT_TT° hypotheses. (a) Events with
only an acceptable Z° hypothesis. (b) Events with only an accept-
able Aﬂo.hypothesis. (c) Events with both % - and AT°® -produc-
tion hypotheses and with a higher confidence level for Z° production.
(d) Events with both =% - é.nd A% -production hypotheses and

with a higher confidence level for AT° production. .
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5. Histogram of the missing mass for events in the "zefo
prong with one vée" class, where the vee is a Ko »n r” decay.
6. Scatter plot of the confi;ience levels for events ambiguous
b'etv?een the .productibn'h)'rpotheses AK 1%1" and AK°1T+1T

7. Total cross sections as a function of the beam momentum

for AKm and AKwnm final states. The arrow indicates the

threshold for the reaction.

Fig.

O This experiment, w63
v This experiment, w72 (Ref. 29)

A O. Goussuetal., Ref. 2

] D. Miller et al., Ref. 5
& O. Goussu et al., Ref. 6
® T. Wangler et al., Ref. 7
AT, Bartéch et al., Ref. 8
O .L.l Bertanza et él. , Rey._ 9
8. ‘Total cross sections as a fgnction of beam momentum

‘for K final states. The symbols used are the same as on

Fig. 7.

. 9. Total cross sections as a function of the beam momentum

for the NKK and the NKRKnr final states. The symbols used

. are the same as on Fig. 7.

Fig.

10. Total cross sections as a function of the beam momentum
for the NKKm fiﬁal sté.tes. The symbols used are the same as
on Fig. 7. | |

11. Effect;i.v;é -'mass histograms and Dalitz plot"s for =TKon"
at 1.8 i:o 2.2>BeV/c (a,d,g,j), 2.9 to 3.3 BeV/c (b,e,h,k),

and 3.8 to 4.2 BeV/c (c,f,i,1). The curves are for phase



Fig.

Fig.

~124~- , ' UCRL-16978

- space and S-wave Breit-Wigner shapes with M=1386 MeV,

I"'=53 MeV for the Y;‘;(1405) and M =1517 MeV, T"'=18 MeV for
the YZ:(iSZO). The abscissae for the histograms are in units

of BeY. The coordinates of the Dalitz plots are in units of
BeVZ.

12. Effective-mass histograms and Dalitz plots for 0K n-

at 1.8 to 2.2 BeV/c (a, d, g,j), 2.9 to. 3.3 BeV/c (b, e, h, k), and 3.8
to 4.2 BeV/c (c,f,i,1). The curves are for phase space and

an S-wave Breit-Wigner shape with M=891 MeV, I'=44 MeV

for the K*(890). The abscissae for the histograms are in

unité of BeV. The coordinates of the Dalitz plqts are in units

of BeVZ.

13. Effective-mass histograms and Dalitz plots for ="K O

at 1.8 to 2.2 BeV/c (a,d,g,j), 2.9 to 3.3 BeV/c (b, e,h,k),

and 3.8 to 4.2 BeV/c (c,f,i,1). The curves are for phase

space and an S-wave Breit-Wigner shape with M =885 MeV, I"'=51
MeV for the K'*(890). The abscissae for the histograms are
iﬁ units of BeV. The coordirates of the Dalitz plots are in
units of BeVZ.

14. Effective-mass histograms and Dalitz plots for Z K%n"
at 1.8 to 2.2 BeV/c (a, d, g‘,j), 2.9 to 3.3 »BeV/c (b, e;h, k),
and 3.8 to 4.2 BeV/c (c,f,i,1). Thé:curve's are for phase

space and S-wave Breit-Wigner shapes with M= 1386 MeV,

I'=53 MeV for the YS('1405),'. M=1517 MeV, I'=18 MeV for

the Y, (1520), and M =885 MeV, I'=51 MeV for the K (890).

The abscissae for the histograms are in units of BeV. The

coordinates of the Dalitz plots are in units of BeVZ.
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Fig; 15. Effective-mass histograms aﬁd Dalitz plots for AK'n™

at 1.8 to 2.2 'Bév/c (a,d,g,j), 2.9 to 3.3 Bev/c (b, e, b, k),
and 3.8 to 4.2 BeV/c (c,f,i,l). The curves 'afe for phése
space and S-wave Breit-Wigrier shapes with M =1385 MeV,
I' =441 MeV for the YT(1385), M =891 MeV, r :44 MeV for the
K*(890), and M= 1446 MeV, T =61 MeV for the K (1440). The
abscissae for the histograms zre in units of BeV. The. ccor-
dinates of the Dalitz plots are in units of BeVZ.

Fig. 16. Effective-mass hisfograms and Dalitz plots for AK’n®
at 1.8 t0 2.2 BeV/c (a,d, g,j), 2.9 to 3.3 BeV/c (b, e,h, k),
and 3.8 to 4.2 BeV/c (c,f,i,1). | The curves-afe for phase
space and S-wave Breit-Wigner shapes with M=1380 MeV,
T'=43 MeV for the Y,(1385), and M=891 MeV, I'=44 MeV
for the K:’k(890). The abscﬁssae for the histograms are in
units of BeV. The coordinates of the Dalitz plots are in units
of B'eVZ.

'Fig.r "17. - Effective-mass histograms and Dalitz plots for pKiK-

" at  1'.6 to 2.4 BeV/c (a,d, g,j), 2.9 to 3.3 BeV/c (b, e, h, k),
and 3.8.to 4.2 BeV‘/c (c,f,i,l). The curves are for S-wave
Breit-Wigner shapes with M= 1317 MeV, T'=50 MeV for the
A,, M= 1518.9 MeV, I'=16 MeV for the Y:;(iSZO), and M= 1815
MeV, I'=50 MeV for the Yz(1815). The abécissae for the
histograms are in units of "BeV. The coordinates of the Dalitz
plots are in unitsr of BéVZ.

0,0
14
at 1.6 to 2.4 BeV/c (a, d,g), 2.9 toc 3.3 BeV/c (b,e,h), and

Fig. 18. Effective-mass hiétografns and Dalitz plots for nK

3.8 to 4.2 BeV/c (c,'f.i).. ma, b, c, g, h, i) each event

appears twice. The curves are for phase space and



s .

Fig.

Fig,

Fig.

~for the A

=123- , ' UCRL-16978

S-wave Breit-Wigner shapes with M=1317 MeV, I'=50 MeV

sta
R

2,' M=1518.9 MeV, I'= 16'MeV for the Y0(1520),
M=1815 MeV, I'= 56 MeV for the Yz(1815), and M=982 MeV,
I' =30 MeV for the KK threshold enhancement. Thé .absci.ssae
of the histograms are in units of BeV. The coordinates of

the Dalitz plots are in units of BeV;.

19. Effective-mass histograms and Dalitz plots for n_K+K_

at 1.5 to 2.3 BeV/c (a,d, g,j), 2.9 to 3.3 BeV/c (b, e,h, k),

and 3.8 to 4.27 BeV/c (_c,f,i,l). The curves are for phase
space and S-wave Breit-Wigner shapes with M=1021 MeV,
I"=10 MeV for the ¢, »and M=982 MeV, I'=30 MeV for the
KK threshold enhancement. The abscissae for the histograms
are in units of BeV. The coordinates of the Dalitz plots are
in units of BeVZ. |

20. Coordinate frames. (a) Production systems in the pro-
duction center of mass. (b) Meson system in its center of

mass. (c) Baryon system in its center of mass. (d) KKm

system in the KK center of mass.

. 21. Angular distributions for the Y,(1405) [1346 <M(Zm)

<1426 MeV] from Z:‘:K()Tr$ final states at 1.8 to 2.2 BeV/c.

The angles are defined in Fig. 20. Each event has been
weighted to correct for detection efficiency (see Section III D).

22.  Angular distributions (a-d) for the Y,°(1385) [1346 <M

~(An®) <1410 MeV] (e-h) for the Y.(1520) [1493 <M(ZTr pK~
Yo )

<1537 MeV]. Data are from 1.8 to. 2,2 BeV/c. Angles are
defined in Fig. 20. Each event: has been weighted to correct

for detection efficiency (see Section III D).
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~and ¢ are for events with 0.5 < cos Gp
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23. Efféctive-mass distribution of the lambda + missing mass
from the final state AK  +mm. Am7° and Z°7° are the most

likely contributors to this histogram.

from Z°K™® and for (e -h) K*+(890) for = K™, Data are from 1.8

.to 2.2 BeV/c. Angles are defined in Fig. 20. Each event has been

weighted to correct for detection efficiency (see Section III D).

. 25. Angular distributions for K °(890) from K™ at (a-d) 2.9 to

3.3 BeV/c and (e-h) 3.8 to 4.2 BeV/c. Histograms of cosf, cosg,
rod 1.0. Angles are 'd.efined
in Fig. 20. Each event has been weighted to correct for detection

éfficiency (see Section IIID).

26. Angular distributions for K*°(890) from AK®* at (a-d)2.9

_to 3.3 BeV/c and (e-h) 3.8 to 4.2 BeV/c. Histograms of cosf, cos§,

and ¢ are for events with 0.5 < Coseprod < 1.0. Angles are defined

in Fig, 20. Each event has been weighted to correct for detection

efficivency (see Section III D).

. 27. Angular distributions for the K* (1440) [1400 < M(K'w") < 1490

MeV] from AK'®™ events at 3.8 to 4.2 BeV/c. Angles are defined
in Fig. 20. Distri'but-iOns (b)'aind (c) are folded. The events are

weighted for detection efficiency (Section III D). -

.'28. Distribution of the effective mass recoiling against a A,

(a) K'n%n ™ and K" 7~ with 861 < M(K™7°, K°7T) < 921 MeV.

(b) K'm%17 with 861 < M(K'n7) < 9214 MeV. (c) K'n%n” with

700< M(m°w") < 800 MeV. (d) K°n'n~ with 700 < M(w 77} < 800 MeV.
(e) K® + mm with 500 < mm < 600 MeV. (f) K°7 n%n” with

750 < M(TT+1T01T_) < 810 MeV. Events at 3.8 to 4.2 BeV/c are used.
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29. Chew-Low plots for pK°K™ and anKg at 1.6 to 2.4 BeV/c

(a,d), 2.9 to 3.3 BeV/c (b, e), and 3.8 to 4.2 BeV/c (c,f). Scales

‘are in units of BeV2 and (BeV/c)Z.

30. Angula.r correlations for the A; (1267 < M(KK) < 1367 MeV)
at 2.9 to 3.3 BeV/c (a, b, c), the Ag at 2.9 to 3.3 BeV/c (4, e, f),

5 at 3.8 to 4.2'BeV/c (g, h,i), and the Ag at 3.8 to 4.2 BeV/c
(j» k,1). The shaded events have AZ < 0.96 (BeV/c)Z. vThe curves

the A

on (b) and (c) are the best fits to the density-matrix elements. The
curve on (e) is for 20% flat backgroqnd plus 80% pseudoscalar ex-
change. Angles are defined in Fig. 20. The events are weighted : '
for detection efficiency (Section III D). In (e, f{,k,1) each event

appears twice.

. 31. Data .from anKg final states at ali momenta. (a) KgKg effec-

tive mass distribution. Curves compare the zero-effective-~range
approximation with a resonance shape at 1068 MeV. (b) Distribution

of AZ to the neutron for events with MKK < 1075 MeV. The curve

is thé.ﬁrediction for one-pion-exchange. (c and d) Histograms of

cosf and ¢ for events with MK-R < 1075 MeV. Two points have been

. plotted for each event. Angles are defined in Fig. 20. Each event

has been weighted to correct for detection efficiency (see Séction

I11 D).

. 32. Angular correlations for the ¢ meson compared to those for

the KgKg system at 1.5 to 2.3 BeV/c. The curves on (b), (d), and
(f) are Monte Carlo distributions for isotropic production and decay )

angular distributions. Angles are defined in Fig. 20. In (c) and (e)

each event appears twice.

. 33. Chew-Low plots for events with beam momentum less than

2.3 BeV/c. (a) nKiKg events. (b) nKTK™ events.
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34. Total cross sections for Tr+n—>pw from Refs. 81:84,
(solid symbols) and m p *n¢ from this experiment (open symbol).
The abscissa is the c. m. momentum 'of the final-state particles.
'I‘he ordinates differ by a factor of 50:

.- 35, Effective-mass histog_r.a.ms based on 617 events from the
final state AK'n%r™ at 2.9 to 3.3 BeV/c. (a) An® (b) An~

(c) Ktn® {d) K" (e) An’x” (f) K'n%™. The abscissae are iﬁ
.units ?f BeV.

. 36. Effective-mass histograms based on 730 events from the

.final state AKOTT+TT- at 2.9 to 3.3 BeV/c. (a) AnT (b)y Am

~(c) K°1'r+‘

(d) K°7~ (e) ArTm” () Ko™, ‘The abscissae are in
units of BeV, |

37. Effective-mass‘histograms based on 312 events vfrom' the
final st;te AK 70 at 3.8 to 4.2 BeV/c. (a) An® (b) An~ (c) K n®
(d) K+Tl'v— (e) An’n™ (f) K'r%r~. The abscissae are in units of Be‘V.

38. Effective-mass histograms based on 346 events from the
-final state AKntr™ at 3.8 to 4.2 BeV/c. (a) Ant (b) Ar™ (c) Kort
(d) K°n~ (e) Antr” (f) Ko tn. Thc.e‘ abscissae are in units of BeV.
. 39. Effective -mass histogram based on 218 events of Krrﬂ‘from
the final states AKnrm at 2.9 to 3.3 BeV/c. We have used events

in which one of the Km systems is in the K*(890) baﬁd [861 < M(Km)
s 921 MeV] and in which neither of the Am systems is in the

YT“?’SS) band [1350 < M(AT) <1410 MeV]. The abscissa is in

units of BeV.
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. 40. Effective~-mass distributions of Amnm from the final states

AKrmmat 2.9 to 3.3 BeV/c. We have used events in which one of the
Am systems is in the Y, (1385) band [1350< M(Am) < 1410 MeV].
(a) Anta” (b) An°n”. The abscissaé are in units of BeV.

)0 and

(K1'r)0 systems at 2.9 to 3.3 BeV/c. The scales are in units of BeV.

. 42, Effective-mass histograms for the nKKm final states at

2.9 to 3.3 BeV/c. The abscissae are in units of BeV.

. 43, Effective-mass histograms for the nKKr final states at 3.8

to 4.2 BeV/c. The abscissae are in units of BeV.

. 44. Effective-mass histograms for the pK+K-Tr-, pK°K™n°, and

pK°K®%r™  final states at 2.9 to 3.3 BeV/c. a,b,i, and j contain

events from the pK+K-w- and pKOK_TTO final states. ¢ and k use

only the PK°K%nr” final state. The abscissae are in units of BeV.

45. Effective -mass histograms for pKKm final states at 3.8 to

4.2 BeV/c. The format is the same as in Fig. 44.

. 46, Data from pKRTr final states {a, c, e) and nKKm final states

(b, d, f) for all beam momenta. (a)and (b) Effective mass histograms
of KKm (c) and (d) Scatter plots of the Km and RTT effective masses
\./_s the KKn effective mass. Two pbints plotted per event. (e) and
(f) Scatter plots ofv A% to the nucleon vs the KK effective rﬁass.

The effective masses are in units of BeV, Az is in units of (BeV/c)2

. 47. Data from nKKm final states. (a) and (b) Scatter plots of

the Km and Kr effective masses vs the KKm effective mass at 2.9

to 3.3 BeV/c and 3.8 to 4.2 BeV/c. (q) "Production angular distribu-

KKm
duction angular distribution for the E meson (1.360 BeV<M

tion for the D meson (1.245 BeV<M £1.325 BeV). (d) Pro-

, KK
< 1.480 BeV and the K or Km effective mass in the 0.841 to 0.941 -
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BeV interval)., Effective masses are in units of BeV. Each event
has been weighted to correct for detection efficiency (see Section

III D). In (a) and (b) two points are plotted per event.

. 48, Decay correlations for the D (a, ¢, e) and the E (b, d, f) mesons.

Same mass intervals as those used in Fig. 47 except no restrictions
on the Km ar_l_d Km effective masses. (a) and (b) Decay Dalitz plots.
Arrows indicate the K*(891) and K*(891) bands. The envelopes are
for (a) 1.325 BeV and (b) 1.480 BeV. (c and d) KK effective-mass
distributions. (e and f) Distribution in cosQKK— (see Fig. 20); each
event plotted twice. Curves represent predictions of the more

2

Each event has been weighted to correct for detection efficiency

(see Section III D).

. 49. Scatter plot of the KKm effective mass-vs the KK effective mass

for the pK°K%n™ (only one Kg observed to decay) and pK K n~ final

states at a,ll momenta. Arrows indicate the locations of the B and

¢ mesons. Scales are in units of BeV,

50. Effective-mass histograms from the final-state AKOTT+1TOTT- at

all momenta (a) 7' m0n” (b) KOn n0n™ for [750 < M(n %7 )< 810

MeV]. (c) A% m0n7 for [750 < M(n w%n7)< 810 MeV]. Abscissae

are in units of Be'V,. The curves are f01j phase spla(‘:e‘atv3.2 BeV/c.

. 51. KKum effective-mass histogram from the NKKmm final states

at 3.8 to 4.2 BeV/c.
52. Dalitz plot for the reaction T p-> E_K+K°. The 24 events
shown are from all beam momenta. The envelope corresponds to

3.2 BeV/c.
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—t =

53. Center-of-mass angular distributions for (a) the =, (b)
+ ‘ 0 . - bt + 0

the K' (c¢) the K° from the reactionm p >~ = K K.

54. Differential cross section for events with 0.5 < Cose'prod

£ 1.0; and (a to k) the 11 density-matrix parameters described in

®at 2.9 to 3.3 BeV/c with theoretical curves

the text for w p = AK"
from the absorption model. " Best-fit parameters are g§/4v = 1.14,

=7.8 (BeV/c)_Z, and

8y~ 11.7, g = -23.3, O, =58.1ub, A,
£ = 0.16.
55. Integrated matrix element.s for the D meson. The func-
tional forms aré given in Table XXIV.
- 56. Integrated matrix elements for the E meson. The func-

_ tional forms are given in Table XXIV.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed 1in
this report. ’

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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