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ANALYSIS OF STRANGE -PARTICLE RESONANT STATES
FROM 7-p INTERACTIONS

Lyndon Mauriece Hardy
Lawrence Radiation Laboratory

University of California
Berkeley, California_

“July 11, 1966
 ABSTRACT

We systematically analyzed T p interactions producing strange -
particle final states with an incident laboratory momentum ranging from .
1.6 to 4.2 BeV/c. We find these final states to be dominated by the

production of well-established resonant states. No evidence was seen

-for the existence of new resonant phenomena.

Th'e'reactions T p > YOK*O and T p - YQI:"EKO. proceed peripherally. :
Simple one-particle exchange does not describe the processes.
TTp > OK*0 4ng T p > AK*®, The absorption model gives an adequate
fit to the data for these reactions and indicates the domihance of K*

exchange over K exchange.
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I. INTRODUCTION

Strange-particle resonance states from T p interactions have been.

~investigated by many authors. 1- 10 My report is an analysls in which

the laboratory beam momentum ranges from 1.6 to 4.2 BeV/<

The low BeV range of incident momentum for mp and Kp inter-
actlons has proven to be so rich in interesting phy51cal phenomena that
it has been rewarding to conduct bubble chamber experiments with no
specific and detailed objective in mind. Instead, the data is collected
and reduced in a systematic way. If the experirﬁehters are fortunafe, '

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

- promising directions that can be pursuecl in detail fruitfully. The ex-

‘ploratory rather than the specific objective philoéophy was the guiding

principle for the collection of data that was analyzed and is presented
here. As a result, the conclusions that we reach cover a variety of
topics rather than specific definitive statements ab_out any particular
physical problem. ‘

‘In Sec. II we outline the general procedures used in the primary-
analysis of the data and its preparation. in useful form. The criteria
used to separate the various reactions of interest are disc‘uss'ed'. In
Sec. III we describe the formulae and techniques used to obtain values
for the total cross sections for the final states cons1dered here. We
flnd that all cross sections change with energy in a smooth fashion;
resonance formation in thes channel is not indicated. In Sec. IV the
properties of bthe resonant states produced in this experiment are dis-
cussed. We find no evidence for the existence of other than Well—
estabhshed states. Particular emphasis is placed up_on the analysis of
the reactions m p_—> ZOK*O. and T p —>‘AK*°,. since information about
the polarization states of both final-state particles can be inferred from
their decays. Density matrix elements appropriate to these fiﬁal states

are found and the absorption model is fit to the data. We find these re-

- actions to be dominated by K* exchange rather than by K exchange.



I. EXPERIMENTAL PROCEDURE B

A. Beam- - " s

This experiment was p(.rformed at the Lawrcncc Radiation L,Lbora— B
tory's Bevatron. The 72-inch liquid hydrogen bubble chamber was ex-
posed to a beam of T~ mesons with laboratory momentum between 1.6
and 4.2 BeV/c. As the details of the beam design and operation are dls-
cussed elsewhere, 11 they are. om1tted here, In all, some 600000 sets

of stereo pictures were taken.

B. Scanning and Measuring

Each stereo sét was examined by trained scanners for interactions
with evidence of strange-particle production, and the indicative data for
interesting events was reoorded on a master list. The topologies sought
are shown in Fig. 1. The numbers of events found as a function of in-

- cident momentum are listed in Table I and shown in Fig. 2. Rare inter-
action_s.ofv interest--laptonic lambda decays, neutral interactions, and
possible = productions --were recorded lseparately and dic.lln'ot proceed
_throubgh the normal processing described below. Each event was meas -

ured on a Frankensteinor a SMP. te _

C. Fitting of Events

The data from each measurement were fed into a standard chain of '
Alvarez group computer progranqs12 which reconstructed the topology in
three dimensions and tried fitting a preselected set of reaction hypotheses
to the event. The interactions we attemptéd'to fit are shown in Table II. .
Ohly the reactions in Group I are discussed in detail here. The final
states in Group Il are treated elsewherei?’ -14 4nd are mentioned only in
connection with our obtalnlng pure samples of events in Group I. For
each hypothesis, a four vector of the ""missing momenturﬁ""was calcula- .
ted by means of the formula '

P =P. +P - P., (1) ¢
~INM  ~1NnC ~ targ Rl T o R » .

where P, P » and the P. are measured (unfitted) values of the
~inc’ wtarg © ol ‘ , : Ty



Fig.

(a) (b) (d)

(f)

(h)

MUB-9839
1. Topologies sought in this expe riment;
a. Zero prong with a vee - i. Four prong with a vee, net_,atlvg decay
b. Two prong with a vee j. Two prong with a positive decay
c. Four prong with a vee = - k. Four prong with a positive decay
d. Zero prong with two vees I. Two prong with a negative decay
e. Two prong with two vees = m. Four prong with a negatwe decay
f. Two prong with a vee, positive decay
g
h

Four prong with a vee, positive decay
Two prong with a vee, negative decay



Tablé I. " Number of events of each topology found

at momentum intervals covered by this expe r1m<_nt

Topology Incident pion morﬁentﬁrﬁ (BeV/c)
1.6-2.3 2.5-3.4 3.7-4.3
a 4540 4458 1264
b 2101 5417 2499
c 0 127 180
d 1750 1597 430
e 55 579 312
£ 325 458 151
g 0 8 11
h 508 607 179
i 0 11 21
j 591 523 588
k 13 228 189
1 3193 2340 657
m 18 452 339
Total 13094 16 805 6 820

B
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b

four momenta of the incident pion, target proton, and observed final-
state particles (including neutrals with observed decays). The missing
mass is defined by
2 2 .
(mm)® = (B )% (2)

D. Separation of Hypotheses

For a given event, each hypothesis with no'nz.ero constraints was
assigned a confidence level which indicates the extent to which energy
and momentum are conserved in the interactions. Presumably, events
which do not proceed via the .pro'posed interactions will have a low c‘on—
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 enough.to exclude
unwanted events, and in practice it is selected with some uncertainty. .
In this analysis, a hypothesis with nonzero constraints was considered
acceptable if it had a confidence level greatér than 0.005. Events with
no a‘.c'cepta.ble_‘produ ction hypothesis with constraints but consistent with
at least two missing neutrals at the production interaction were accepted
as missing-mass hypotheses. | v

An event for which more than one. hypothesis was accevptajbl'e, was
termed ambiguous.: All a,rflbiguous events.wl'lj."ch j.ﬁ priﬁciplc could be
resolved by an cxémi_nation of the ionization .density ‘of'one' or morce
tracks were selected by a computer pfogram and examined on a scan-
ning table. Hypotheses inconsistent with the observed dvensi‘ties were |
eliminated. | _ ' |

After they were scanned on a scanning table, the ambiguities were
most conveniently resolved by selecting the hypothesis with the highest.
confidénce level. For many events we attempted to choose between
.hypotheSeS of different constraint class, however, and it is not 'c'léar
that a confidence-level criterion is the selection to use. Instead the
problems associated with each constraint class were examined in turn.

Resolution of A and K° decaysvwals quite. good.-,-‘v For events
with a neutral decay, nearly all ambiguities occur between production

hypotheses involving the same observed neutral. In all cases, therefore,

™

b
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Table II. Hypotheses we attempted to fit.

Production Total
Final state Topology constraint constraint
class class
GROUP1I
Three body
0
too - o+ JPT +_- a
KT, =T +; KO=>m'm f 4 7
: nw ,
0
pT ,
te0 = st :
Z K'm X {nv+ J 1 1
20K T, 2% Ady; A - pr” b, 2 5
SOK " j 1 1
ZK0, =7 pu” 1 1 1
2K, 2T T KO it h 4 7
=K, 27> nw” 1 1 1
AR TTA > prT b, f 4 7
AK'm | ] 1 1
AKOmO A > prn”, KO = wln” d 1 7
Ammb; A - pr” a 0 3
Kmm; K% = n'n” a 0 3
Four body
R a
Z_KTrTT,Z)‘.» ant k 4 4
. <0
- pm _ .
=TKO0nT, = - {nﬂ+ f 1 4
o 4 - ,
Ki=mw
Z.OK,OTT-{-'U-,ZO_)AY; e | 2 8

A—>pr KO > ntn”



Final state

EOKOTT+TF—; KO- nhn”
SKm T, 2> an”
Z_KOTT'I'TrO,' ST KO » oty

0
Z+Tr-mm; =t {i;.

Z-Tr+mm; = = nu’
Z_Ki-mm; =7 pn”
AKFn0n™ A= pr-

AKOTF+TT—; A —> pﬁ—’i K°—> ate-
AK‘0ﬂ+ﬂ_; A= puw”

AKw ™, KOs wp

+o-

AK’mm; A~ pr”, KO >
K'm mm
K-TT+1fnm
Five body
0
p'ﬂ'
oot 0 -~ o+
K w0r T, 2T ot
0
i pT e
>TKOr T Z+_ - [nﬁ+, KO-ty

0
=Ko r T Z+—>{i:+
ZOK+TT+TT-TI'_; %> Ay, A~ pTr'v
SO0kt
E—K+1T+TI'0TI'~;Z——> nm’_

- - + - - -
b KOTT+TT+1T ; KO—»n'm y 2 =>nT

Production

Topology  constraint
class
b | 1

m 4
h 1
E 0
1 0
1 0
b, f 1
ei 4
b ) 1
b 1
e 0
j 0
1 0
k 1
g 4
k 1
C, g 1
k 1
m 1
‘ i 4.

Total
constraint
class

0

R
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Final state

Topology constraint

Z_KOTT_}_‘IT-!—TT-; S > nmo

too0 - T LA
2 K'T mm; 2 - \an+,K —-
2-K0ﬂ+mm; Z - 7, KO° —>.‘n'+'n'-
Aktrtr r™ A - pT |
AK nton”
AKOTT+TT—TI‘O; A->pr™, KO- nha”
AK+TT‘mm; A - pr”

K+K°Tf‘mm; K% - TT-I-TT_

ATT+TT-mm s A=~ pm”

KK ntmm; KO - nhn”

Six body
AK°w+n'mm; A - p1r+, Ko > nfn”
GROUP 11

Two body

SOKO: KO- atn”

z0K°, =0 - A+vy; KO~ 1T+TT-, A~ prm”

Z_K+, = = nn”

AK®; KO» 70", A - pr~
AK?; A - pT

AK®; KO- nfn”

™

Production Total
constraint
class c].z_lss _
1 2
0 4
0 4
4 7
1 1
1 7
0 3
0 3
0 3
0 3
0 6
1 4
2 8
4 4
4 10.
1 4
1 4



Final state
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Three body
pKOK-; KO """.1T+1'[-
pK°K"™

nK+K_
nKOKY; KO - nin™,

Four body
pK K ™"
pKOEBTT—; K® -~ ntr
pKOKOn™; KO — AR
pK°K ™ m%; K® -~ o
nK+FTT—; _125 -t
nKOK 7' KO > n'm
IpK-mm

K' K mm
K°Kmm; K° - wt

Five body
pK+K0'IT~‘IT-; K% - =
pKfKorr'Tr"

pK K mon”
pKoK'n+n-; KO -1

pKKOmon™; KO -

w7, KO—w

+

K%— atn”

S, RO

"__

2

+ -

TT—

+o-
o, KO nin”

Production . Total
Topology constraint constraint

class class

b,h 4 7
1 1 1
js 1 1 1
d 1 7
k,m 4 4
e 4 10
b 1 _.4
b,h 1 4
b, f 1 4
b,h 1 4
1 0 0
.1 0 0

d 0 6 |
c, g 4 7
k | 1 1
k, m .1 1
c,i 4 7
e 1 7

%
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Five body

+

pK’" "'mm; K® - n'w” : b
PK°K “mm; K% - ntn” b, h
nK+K_1T+TT_ . k, m

nKOKOTT+1T-; K - 1r+1'r_, KO- At , e

aLMeaLsured momentum of Z not used.

b .. ) :
mm indicates two or more unobserved neutrals.




-12-

we needed to examine only the four types of constraint classes associated
with production: no missing neutrals (four constraints), £° production
(two constraints), one missing neutral (one constraint), and two or more

missing neutrals (mm) (zero constraints).

1. Four-Constraint Fits

We expect the events which have an acceptable four-constraint fit
to constitute a pure sample of four-constraint interactions. . It is ex-
tremely unlikely that evenfs for other processes can satisfy energy and
momentum conservation sufficiently to yield a high confidence level.
Possibly, however, measureme‘n_t. errors will be large enough that four-

" constraint events will give a high confidence level to hypotheses with
only one or two constraints. Selection on the basis of confidence level
will produce a pure sample of four-constraint events but not necessarily
a complete one.

- Inithis experiment the number of events which fit acceptably both
four-constraint and one-constraint hypotheses is small, and testing our
expectations is difficult because of the statistical limitations. Many
events, however, are ambiguoiis between four and two constrainfs: Two-
prong-vee events with the hypotheses mp » AK'm and T p > SOk T,
=0~ Ay (topology b). Events which Itruly proceed via the second reaction
should show an isotropic decay of the =0 in its rest fi'anie, whereas
misidentified events of the first ty}j;)e need not do so. Figure 3(a) shows
the decay distribution for the decay gamma ray relative to the normal
of the production plane for events which pass only =° production. We
see the exp'ected_ isotropic distribution‘. Events which have a best con-
fidence level as Z° production but also an acceptable fit to A production-
are shown in Fig. 3(b); here we see a striking peaking in the production .
plane. Figure 3(c) shows the same plot for a sample of evéénts which
have a best fit as A produc.tibn but also an acceptable Z° fit. We belieﬁe
events in the third catégbry to be true A events'be'caus‘e of the stringent
requirements of the four-constraint fit. The characteristics of the
events in the second category are very similar to those of the third; and

we will not have an isotropic Z°® decay distribution if many of the events
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Fig. 3. Angular distributions for the y ray from 2% decay with
respect to the normal of the production plane of the final-
state parucleb for (a) events with an acceptable hypothesis for
only Z production, (b) events with the highest confidence level
for £° production but also an acceptable A production hypothesis,
and (c) events with the highest confidence level for A production
but also an acceptable Z° production hypothesis.
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of the second category are accepted as coming from £° production. We
conclude that all of the events in the second category are from A pro-
duction.

If all events which simultaneously fit four and two constraints
actually belong to the former hypothesis, then certainly ambiguous four-
and one—éonstraint events should also be assigned to the fouf—constraint
hypothesis. In this experiment, events which had an acceptable four-
constraint fit were unambiguously chosen as such regardless of the con-
fidence levels of other hypotheses. (In the few cases for which there V
was more than one acceptable four-constraint fit, the e\}ent was assigned
to the hypothesis with the higher confidence level.) We believe that this

procedure yields pure and complete samples of four-constraint events.

2. Two-Constraint Fits

Upon examining the two-constraint hypothesis mp — 2OK " Z°—>Ay ‘
after the removal of ambiguous AK T events, we find a significant

number of ambiguities only with the reaction mTp —> AKm w0

. Since the

=% decays rapidly, it does not travel far (< '10-3 cm) from the production
interaction before decay, and the process could be viewed as T p ~>AK+TT_y.
The experimental resolution is such that it is hard to distinguish between
ay ray and a m% by an examination of the mis sihg mass at the production
vertex. We can use the additidnal fact, however, that for true »0 pro-
duction events, the effective mass of the A and missiﬁg mass,

(EA + Emm)z should peak at the mass of the =%, whereas for m° pro-
duction events, this quantity should lie above the kinematic threshold of
1.56 ’(BeV)Z. Figure 4(a) is a scatter plot of the missing mass square
versus the effective mass square of the A and missing mass for cvents
which fit only =° production. Figure 4(b) is the same plot for events ‘
which pasé only 7° production. Iﬁ Fig. 4(c) are plotted those cvents
which have acceptable fits as both =% and m° production but for which

the =% hypothesis has a higher confidence level. Figure 4(d) contains
ambiguous events with a higher confidence level for w% production. In
general, a selection in confidence level seems to do well in scpa.réting

the hypotheses, but the distribution of points suggest that there is some
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squared of the lambda and missing mass for (a) cvents with only an

Cacceptable P hypothesis, (h) events with only an ax ceptable An®

hypothesis, (¢) events with both £ and Aw® production hypotheses
and with a higher confidence level for 5° production, and (d) events
with both £° and Ax® production hypotheses and with a higher con-
fidence level tor Aw® production,
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misassignment. Ambiguous events were assigned, therefore, on the
basis of the effective mass of the A and miésing mass. Events with
(EA + Nl?m)z =21.56 (BeV)2 were assigned to the 7° production hypotheses;
events with (E + gm)z < 1.56 (BeV)2 were assigned to the 30 produc-
tion hypothesis. The cross contamination of these two channels should

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

of " p~>AK’T? from 7 p -~ Z°K? and =0 Ay.

3. One-Constraint Fits

For each one-constraint hypothesis that involves the production of
a single missing neutral, there exists another reaction with the same
observed particles but with two or more missing neutrals. In general,
the kinematic threshold for the effective mass of two missing neutrals
is sufficiently removed from the mass of the single neutral so that the
hypothéses can be separated by examining the missing mass at the pro-
duction interaction. For one-constraint hypotheses involving observed
N decays, however, we must discriminate between A production reac-
tions and corresponding reactions in which a =% is produced instead of
a A. In the former case, the missing-mass 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 gamma ray from =% decay and
will range upward from a threshold very 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. Examination of missing-mass
spectra for this experiment shows that the greatest degree of contamina-
tion occurs for the final state AK®n n” (events with A® observed decay,
no observed K? decay) at the higher incident momenta where the peak at
the missing K® is broadest. (We, of course, also have four-constraint
events for this final state from topology e, in which both the A and K°
decay are seen). This missing-mass square distribution for évents
accepted as either AK®w 7™ or AnTnT mm is shown in Fig. 5. We ac-
cept as one-constraint fits events which have a (missing mass)2 below

0.340 BeVZ, thereby acquiring nearly all of the desired events and
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accepting a contamination of less than = 5%. At lower incident momenta .
and in other channels, the resolution is better than this and the contam - ~
ination is correspondingly less. In this experiment, events were ac- —
cepted as one-constraint fits if the hypothesis had an acceptable con- Y
fidence level and the missing mass fell within limits appropriate to the
hypothesis. Contamination from zero-constraint events was then quite

small. |

According to our liberal definition of ambiguity, not all one-con-
straint events had an unique interpretatioh.' After scanning table ex-
amination and resolution of four- and two;cdnstraint events, three
éategories of ambiguifies remained. These were (a) ambiguities be-
tween K°mt and K+TT° (b) events from topology b (two prong and a vee)
with observed KO decay, and (c) events from topologles j and k (two
or four prongs with a positive decay) with no acceptable =t hypothesis.

The hypotheses in category (a)—-AATr—KJrNo and ATT_KOTFJF, % K w0
and.Z_K°W+, =t K 70 and Z_IF-TT-T,T_KOTJ, and = nTr K 7% and
ETaTrKOm - are all approximately 25 % ambiguous. A plot of confi-
dence level of one hypothesis versus that of the other for afnbiguoqs
AT K m® and AT K°w' events is shown in Fig. 6. There exists no clear-
cut division 6f the events. The plots for the other ambiguous hYpothesis
pairs are ,sinr.lila.r. For the final state ATT-K°1T+, we can use the number
. of Vfour—constravintv events that have observed A and K° _decayé to calculate
how many _one—cbnstraint events we should see (all properly weighed as
discussed in Sec. III). We find that allocating the émbiguous events by
the usual procedure of higher confidence level gives a nu_rn'be_r.of one-
constraint AT K°n' events consistent with our expectation. This ob-
servé.tion does not test the possibility of cross contamination of events, .
however. | _ | . i _

Eveénts of the final states AK "Kont, AnTKTwO, Z_K+TT0? and £2Kn"
were generated by the program FAKE 5 'and process.ed through the '
fitting programs in the same way as the actual events in the experlment

If we asmgned events on the basis of higher confidence level, for thesa :

samples we obtained a cross contamination of approximately 7%.

k¥ ) Co
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Effective -mass plots for both unamblguous and ambll_,uous evvntb
for these four flnal states were examined and no btaustu ally sl;_,mfuanl.
diffcrences were observed. 7 '

Rather than discard a quarter of the events for the flnal states in
category (a), amblguous events were asmgned on the basis of conild( nce
level and the small background contamination accepted. ,

"Events of categéry '(bj were 60% ambiguousv with K pair production
hypotheses. Assxgnment on the basis of confidence level yielded nun'xbers

+TT and Z K°1T lnCOHSIbtbnt with thosc

of events in the channels - AKOTT
expected from the numbers of four-constraint events in which the lebda
.decay was observed Analy51s of events ‘generated by FAKE 1nd1ca.u d
large cross contaminations with K pa1r hypotheses when events were
ass1gned on the basis of confidence level only. Slnce relatively pure
samples of events for the final states AK°1T+1T and Z°K%rtn” werce ob-
tainable from events in which the A decay was seen, events in catvgury
(b) were not used in the subsequent analysis.

Events in category (c) also were highly ambiguous with K pair
hypotheses. In addition, the K" track is in general rather short for
topologies j and k, and its decay is not fit. The momentum.detcr—
mination for this track is poor and we expect considerable contamination
in theé’e’”ﬁnal states from elastic scattefs of positive particles in :which
the recoil proton is not seen. For the final states AK+TI- and ZDOKJFTT-; .
the numbers. of events from topology j (two prong, positive decay) are -
in dlbagreement with those expected from the numbers from topolo;,y f
(two prong, positive decay and a vee). Events which fit the hypotheses
AK T, Z°K+Tr‘,.AK+TT+TT 77, and 2°K v 1 n from topologies j and k-

were not used in the ‘subsequent analys1s

Less than 5% of the one-constraint events not in the thrce catq_,orleb '

discussed above were ambiguous. - The contamination in these final
‘states should be quite small. ' | -

We conclude that by a'judicious selection o’f events we can acquire
unbiased and relatively pure samples of one-constraint events. The
contaminationsfror'n‘_other final states are sufficiently low that they will

have negligible effect on the conclusions that we draw from these data.

-
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4. Zero-Constraint Events

With the exceptions of the final states AK° mm and AK W}'Trhm_m,
rnlssmg mass hypotheses for a given topology are rtmblg,uous An ¢x-
amination of ionization den31t1es eliminated amb1gu1ty in some instances,
but the bulk of zero-constraint events have more than onc missing-mass ‘
1nterpretat1on consistent with all of the information at our disposal. |
The final state AK° mm is discussed in Sec. IV, A; other m1ssmg mass.

hypotheses were not examined for this report.

- -E. Primary Data _Reduction

"The majority of events found by the_scann'ei's was measured and
processed by the fitting programs. A small percentage was classified'
as unmeasurable and for cross-section calculations these were dxstrmb-

uted among the various final states in a. ‘manner proportmna.l to the events

-which were fully processed. Certain events were not measured for a

variety of reasons. A vertex could have been obscured in one or more
views, or a track could have been distorted by turbulence, for example.
Into this unmeasured category also went events overlooked because of
bookkeeping errors and for which appropriate film we‘s unavailable.

Events that were recorded by mistake (not one of the topologies

~in F1g 1) were placed in a reJect ‘category when examined on the meas -

uring device by the more experienced scanners. In subsequent states
of processing, more interactions were transferred- to this categ ofy
Hypothes1s failures (events for which no hypothes1s had an ac-

ceptable f1t) were remeasured since many of the failures were the re-

- sult of operator overs:.ghts,and poor measuring techmques. Events

which failed twice were re-examined by specially trained scanners and

'phy31CIStS to ascertain the cause of failure. Most of these examined

events did not involve strange-partlcle production and were reJected
some were good events that had to be remeasured with special care,
and some were left as unexplained fa.11ures - ‘

Table III shows the status of the events in ‘the experiment at the
conclusion of the prc_sent_analysm. Almost all of the events wcere mthcr

assigned a good interpretation or were rejectea. The residual of failing
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events amounts to only 4% of the total sample; because part of thlb
<ample is desirable events whose conf1dencc level is below 0.005, a .

more intensive and: sophlstlcated analysl-s would probably discover the

reason for their failure. Cleaning up this residual would have negligible =

“effect on the results described in this report. Cross-section valucs were

corrected for the good events estimated to have confldence levels below

0.005.

Table III. Final status of strange—-partiéle ev_ents.A

‘Number of Unmeasured  Reject Failures Passing
events ' 2085 8910 1871 - 36,722
Percentage 0.04 0.18 0.04 - 0.74

.
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I1I. CROSS SECTIONS

Much effort must be expended to obtain cross sections of T p
1nteract10ns in a bubble chamber experlment I‘he details of our pro-
cedure are presented in sections A through D below The reader inter-

ested only in the results may skip to Sec. III. E where they are presented.

: A. The Cross-Section Scan :

Any’,atte‘mpt to find cross sections with the formula ‘
| o =N/pt | C(3)
where ¢ 1s the crosé-séct_ion, N the number df interactions, p the )
density of the target particles, and f the total path length of the bcam,
runs into serious difficulty in evaluating the total path length. "The b(:'ar_h
is contaminated with n, from ™ decays in flight, which create ‘t"ra.cks in

the chamber that look like noninteracting T 's. Path-length estimates

‘based on the number of incident tracks would be biased high by an unknown

amount. In experiments with an incident K~ beam, this difficulty is

circumvented by an analysis of the number of 7 decays in flight of the

-beam, but the T possesses no decay of high probability and high detect-

_ability.that could be used in this'fashion. In some ™ experiments the

contamination has been determined. either by reading &erehkov counters
placed along the beam or by analymng the distribution of energy of 6 rayb

from incident tracks. In our case, . Cerenkov counter data was not avail-

- able, and we felt that measuring machines were better utilized when they
.measure events of interest than when they measured & rays. Instead,

"we requested a special cross-section scan that essentially found the ratio

of strange-particle interactions to the total nufnber_o_f interactions. This

ratio times the total’ T p cross section as ac'curateljr determined from-
16 - 17

. counter experirrients then in principle yields the quantities.of in-

terest. This approach must be followed with some care,’ however, as
d1scussed below. _ - o

The entire exposure was d1v1ded into a series of intervals over _
which the experlmental conditions were relatively constant, rolls of film

were randomly selected from each interval, and every fifth frame was
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examined by _éca‘nne.rs. The scanners recorded both the total Aumber
of intefact_ibns .o‘f all types observed,_' and th_e‘ number of incoming beam
tracks at the entrance—windo“ﬁ thcy then checked to sec that;heircuf—
ference was the nurnber'ofouigoing tracks at the eﬁd bfthe chamber.
This check ensured that no‘ zerb -prong interactions were missed. The -
number of int_eractionsinvollving strange partiéles', as well as the num-
bers of Zerd—, two—,A four-, and six-pro‘ng interactions, were also rc—b_
corded. This data from intervals with the same incident momentum
were then groﬁped. ‘ | '

The total number of interactions observed by the scanners is of
course subject to the usual scanning biases associated with a bubble
chamber expériment.’ By far the greatest number 6f missed events came
- from very—small—an’gle.elasbtic scatters that were recorded as noninter-
acting beam tracks. -Forttinate‘ly the film for this rep._orrt was also §canned'
for two-prong infvéractions , and these were analyvzed similarly to the '
strange-particle states. - The details of this analysis, dlSClleed else—
where, 18 prov1de ‘a means of determining the two- prong -inte ragtlon
scanning efflclency AFour: and six-prong interactions are dlscussed in
Reference 19.) An examlnatlon of the differential cross section ofl
elastic-scatter events at each momentum obtained from this general
two - prong study showed a characterlstlc exponentlal decrease with! 1n--'
creasing momentum transfer, except for a rapld falloff of events 1n the
~extreme forward direction because of the _scannlng bias. Fl_ttlng th1e |
events to an exponential curve and then extrapolating back to zero-and
integrating gives a value for the total number of events actually in the
sample. At all momenta the ratio of total twd—prong ‘events to the éb_
served two prong events was 1.10+0.03. The corrections to _events{ in
other categc')ri_es, are quite 's_ma,l’lvcorn_pared to this and were neglectéd. '
"I‘hevto_tal number of intefactiohs in the film was theh cqm_p_ﬁted as i
|
|

+ N

Nige = Nop + Npp # Ny + N+ N

p  ‘strange’

(4)
and the '""observed' cross section for each momentum interval calculated

from , ' .
57 %ot Nsﬁr'ange/Ntot ’ (5)
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where 0 is the observed strange partlcle cross sectlon, and Ut tis

the total T p cross section.

Information on al_l events scanned in the. experiment whether they

’ eventually proved to be valid or not, was retained on the master list.

To f1nd the cross sectlon for some reaction on some momentum interval, '

we need to know only the total number of events in the fllm, corrected

‘for all detection and scanmng biases, and the correspond1ng number of

5canned events for the same momentum 1nterval on the master list

Gi B Nios/,le - Ni Nstrange tot/le ‘tot aNi._ o ' (6)

where N.. is the number of events of interest, -N ml is the number of

correspondlng masterlist events, and o, is the desired cross section.

Usmg th1s method we can cancel out the large biases associated with

N ‘and N »and we are left only with the problem of determmmg
strange mi

the corrections to the observed number of good events in the desired _

channels. ‘These corrections are of three general types-—scdnnlng,

~measur1ng, and detecting. . Each type is d1scussed below ‘Values for

a as a function of incident momentum are shown in Table 1V.

Table 1V, .Microbarns per event for each momentum interval.

‘Momentum interval

(BeV/c) . v _ .- nb fper event -
1.590-1.640 0.411%0.053
1.915-1,960 0.260 % 0.020
1.960-2.015 0.352£0.055
2.015-2.080 0.200%0.016
2.080-2.190 119 £0.13
2.580-2.630 © E ©0.339%0.029

. 2.825-2.895" ' ' 0.959+0.081
2.960-3.065 0.387+0.036
3.065-3.175 0.287+0.020
3.175-3.245 0.148% 0.008
3.840-3.930 0.398 £ 0.040°
4.130-4.190 0.323%0,028
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‘B. ‘Scanning Corrections

The scannlng corrections con51dered here are of three types--topolog—
1ca1 fiducial, and accidental. Topological biases occur because scan-
ners have greater difficulty in finding events of certain ¢ 0nf1gu1 ations
than they do others. Charged or neutral particles that decay very nea_r"
to the production vertex are more readily missed than those that decay
some distance away from it. Plots of the number of events.,vers'_us the
proper time of decay show the p‘r’oper exponential behavior beyond a
minimum value. In the cross sectlon analy51s, therefore, only those
events properly welghted whlch have decays beyond a length of 0.5 cm
were used. 7 , ‘ ’ , '
Decaying stis and =7 s in wh1ch the direction of the charged
fsecondary makes a small angle with the direction of the primary itself
were also preferentlally missed. Corrections for cross-section biases
from this effect were easily made by examining the decay distribution

in the sigma rest-frame which should be 1sotrop1c, but in fact has a -

~depletion of events for the charged secondary decaylng along the direction:

of the éigma. In the case of the =t decaying‘via pm?, a significant num -

‘ber of events at all decay anglcb were not recorded by scanncrs be Laubc

such events looked very much llkc proton-proton scatters with nonw.blble

rec01ls The decay mode ot was not biased in this way because the
ionization density of the outgoing,-T.r+ was in genera_i less than that of the
sigma; this cannot happen in a proton—proton_e_lastic scatter. The cros-s
‘sections for final states containing a Z_F; the'refore, were dete rmin'cd by
us1ng only the nrt decay mode and by multiplying the number of events
by two. o _ o : ' -
When the scanning instructions were written, _only gencral 10o9e
criteria were provided for the ehm1nat1on of zero-opening- ang,le vees
‘that were eléctron pairs. A 1ater analy51s of the expected distribution

of opening angles revealed that a'negligible percentag_e of all K® and A

events should have zero opening angle in the laboratory system. Events .

W1th acceptable fits and Zero open1ng angles were most l1kc1y to be ,fxom

electron pairs with poor momentum determinations. In the s_ubsequcnl
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analysis, events with vees were atcepted only if the opening an;.)lo in the
aboratory system was é,reater than 1.5 degree' thls criterion climinated
all blas from this. sour(,( A

The thr( ¢ cameras that view the bubble chamber look d()wn 1r(>m
above w1th a line of sight roughly in the z direction. Thus, vec dociys
in which the decay-plahe hormal is perpendicular to this direction might
more I‘(,ddlly be missed than those whose normals are parallcl td this
direction. ' The ' 'perpendicular' vees would appear to have a mall

opemn angle and mlght be discarded as electron pairs-by the scanncrs,

whereas the parallel" vees are in a optlmum orientation for viewing,.

To 1nvest1gate ‘the p0s51b111ty of a bias from this effect, we plotted the
quantity cos [(NXP ) - (P XP )] for all K® and A decays; . hc‘re P

mentum of a charged seconda.ry, and N is a umt vector along the 2z

(vertical) axis. This quantity, Wh}.Ch measures the 1sotropy of the dccay

normal about the neutral dlrectlon, would not be flat if a bias cxisted for

‘detecting vee decays of certaln orientations. . In this experiment the

distribution was consistent with isotropy so no corrections were neccs -

“sary.

The probability of f1nd1ng events near the boundaries of the chamber

is lower than in the chamber center because of poorer 1llum1nat1on ncar

“the boundaries. Because 1nteract1ons near th_e far end of the chambeor

are like‘ly to produce tracks: that are relatively short, the measuremoent
errors will be greater for these events and the possibilitvyv of misidenti-
fication is enhanced. Turbulence is greater near'.the chamber boundaries
and measured values of momenta will thus be poor in these regions. For
these reasons, only events in a restrlcted f1duc1al volume were accepted
for analy51s These events were properly weighted for cross-section
determinations to take into account the different volumes used in the
cross- sect1on scan and the follow1ng a.na.lys1s

By restricting ourselves to the subsample of events by the criteria
above, we have obtained a collecti.on-of events for which the scanning’

efficiency is constant but not necessarily equal to unity. A surprisingly
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large fraction of events missed by scanners are in plain sight in the
center of the chamber and have good topological features. These "acci-
dental" oversights., presur‘nedly’caused by monotony, carelessness, or
fétigue;' are not e_xpeeted to bias the data in any significant way except
' tovcavv.se cross-section estimates to be systematically low. To find the
magnitude of this effect, _the entire exposure of film was s_canned a
second time and a second scan master list was prepared-:in the szime.
manner as the first. The two master lists Were'eonlpared end a list was
corhpiled of all events which were (a) found on scan one but not on scan
two, and (c) found on both scans but a551gned to dlfferent topologies.

'One mlght be tempted to take the number of events in categories (a) and
- (b), and the number of events on the master lists that agree, a.nd from
these compute the scanning efficiency for each topology. In a complicated
scan such as this one, ‘however, such a technique would be in error. ,
'Bo.th scans and hence the data from the "conflict" analyﬂs will eontam
nonvalid events. In fact, such events will preferentlally appear on one
scan and not the other because of the varying abilities of the scannérs

to distinguish Between events such as, for example, elec'tro.n paire! and
vees and charged decays and scatters. Also, only part of an event might
be missed--one ‘of two vees in a zero-prong-two-vee event, for example.
The following procedure was adopted, therefore, to take into account the
complications present for this experiment. J |

A scanner looked at the events on the conflict list a third ume,

decided between different ltopology assignments, and rejected obvious
nonstrange-particle events found on the second scan but not on the first.
All accepted second scan events that were not on the first master 1ﬁ.st
were then processed through the primary data-analysis system used for
the first scan. A sample of 5000 conflict events was then selectedéand

the events of this sample for each topology were divided into eight

classes:
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1 Good event found by scan 1 but not by scan 2.

2. Good event found by scan 2 but not by scan‘-_1.

Good cvent found and wrong topology assigned by scan 1;

not found by scan 2.

4. Good events found and wrong topology as 51gncd by scan 2;

not found by scan 1.

5. Good event found by scans 1 and 2, but wrong topology

assigned on scan 2

6. Good event found by scans 1 and 2, but wrong topology

a551gned on scan 1.

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

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

These eight quantities are related as shown in Table V

Table V. Assignment of events from conflict analysis. a

not found

Scan 1
Good Good event, Good event, Reject Reject
-event = wrong topology not found event event
Scan 2 S "
assigried - . not found
Good event X 6 ' 2 X X
Good event, Co
wrong topology
assigned 5 X 4 X X
"Good event, . -
not found 1 3 X X X
Reject '
event X X X X 8
Reject event, S ‘ : , o
X X . X T X

a . A » . L
Numbers given for classes are described in text.
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We assume that the topological and fiducial errors already dis- .
cussed are strongly correlated between the two scans but that the acdi-
dental errors are entirély-uncorrelated and can be characterized by
independent probébilitie_s for each scan as follows. .

We define the five quantities

Pyi = probability of finding a cdrrectly ass_igned' event on scan i.

pz.l_ = probability of finding butbincvorreclt:ly assigning event on
scan i. '

P3; = probab‘ilitylof finding a\non'valid event on scan i.

T

' Tg = total nu_‘mb'ér of nonvalid ('bad) events in the film. .

b
The quantities P3qs P3oo and Tb are not of interest but serve as sort of

_total number of good events in the film

Lagrange multipliers in the problem. With th_es‘e definitions we can then
write expressions for the number of events observed in each of our eight

categories and on the master lists.
. ' : !

N, = Pyl =Py, - Pyo)Tg R |
Np = Pyt =Py ’.':P.VM)TG E
3 7 Pt - Piz_ - P22l |
Ny = Popll =Py - Pyy)Tg | | S
Ng = P14P2Tg S o o '-‘(7)
Ng = PypPyyTg |
Ny = Pyl - P3p)Ty
Ng = Pyy(1 - Pyy)Ty
Nuvpa = Pyg ¥ Pay)Tg * P3q Ty
Nympz = (Pyp ¥ PoalTg + PypThs |
where NMLi: the number of events recorded on maste'_r list i. For cach

topology we now have 10 observed quantities and 8 unknown parametcrs
to fit them. A chi-square was computed for these quantities and mini-

mized. The results are pfesented in Table VI. The numbers rank -

.
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themselves in the expected Way with vee-four-prong events having the
best chance of béing~f~ound‘ and two-prong posi‘tive.decayé the least.
The percentage of misidentified events in some categories is nonneg-
ligible. These efficiencies were taken into account in cross-section

computations.

C. Measuring Corrections

This correction is for the unmeasured and unmeasurable events
that were’allocated in a manner proportional to the events that di‘d”pro—
ceed through the system. An average weig'ht.waé'rassigned to each

event placed in the passing category.

D.  Detection Corrections

In addition to corrections for the low scanning efficiency for short
decay lengths, “the finite size of the bubble chamber must be taken into
account also. Accordingly, ega.ch observed decaying particle was weighted
by a factor ' : ‘

1/(e " tmin/7 _¢~tmax/T) ’ e

where t, . ‘is the time coi‘responding to the minimi'_lm length cutoff
discussed above and tmax is the maximum available proper time for a
given event. The distance from the production interaction to the inter-
section of the particles trajectory with the fiducial voiume‘ boundary"
plane, and the fitted value of the particle momentum were used to ob-

tain b hax No correction was made for the nonlinear path of charged

~ sigmas; the error introduced was very small. Events with unobserved

neutrals were weighted by

(9)

1-b
1 + b exp (_t

max/T)

" where b is the branching percentage of such events into neutral decay -

“products.

 Since the weights depe.nd upon the lifetimes of weaklyrdecaying‘

particles, we analyzed our events to see if their decay distributions



-32-

Table VI. Scanning efficiencies for each topology.

Topology v P P ' P P

11 21 2 22

a 0.918+0.005 0.012£0.002 0.924+0.005 0.016 % 0.002
b 0.924+0.005 0.010£0.002 0.921+0.005 0.014 % 0.002
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 0.8810.023 * 0,096 +0.021
£ 0.871%0.027 0.402£0.023 0.847£0.031 0.11940.025
g” - - - - - - - -

h 0.905+0.016 0.072+0.015 0.868+0.014 0.1200.013
i® - - - - - - .
; 0.849£0.016 0.008+0.004 0.875£0.014 0.0110.004
K 0.932£0.022 0.006+0.008 * 0.91940.026 0.011 % 0.004
1 0.881£0.008 0.005£0.002 0.89740.008 0.010%0.002
m 0.972+0.010  0.023+0.009 0.937%0.018 0

.022+0.014

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

ogies k and m were used.
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were consistent with published values. The distributions and best fi.ts"_. :
obtained from a maximum -likelihood method are shown in Fig. 7. | We
find values consistent with world averages for the K®, A%, and 2)+

For the © , however, we obtain a value of (1.35+0.04)X 1,0_10 seconds.
Our sample of events is large enough that the largest contributor to
errors mightwell be systematic rather than statistical. We are now
searching for systematic effects but -the results will appear elsewherc
in this report we have used the value obtained here for weighting our

- events. Had we used the world average value, the primary effect would
be to lower by = 3% our total cross-section estimates for channels with

=" production.

E. Results , »

In Ta.b_le'VII-and VIII are tabulated the total cross sections and
errors for the final states described here. Figures 8 and 9 illuétra_té
the variation of cross section with momentum for the three-body final
states and the four-body final stétes with lambda production, respectively.
The three-body final-state values are all characterized by a rather rapid
rise from threshold to maximum in the vioinity of a c.m. energy of
= 2.3 BeV, and then a gradual fall off at higher energies. No reso'n'ant
behavior or striking deviations from smooth curves is evident. Although '
we have no explanatlon for the abnormally low point in the f1na1 state
= Kon" , we believe it represents some unexplalned'error rather than
a legitimate effect. ' , _

The values of four-body lambda final states are charactérized by '
a much gentler rise from threshold, and the maximum cross section
for these states might not yet be reached at the ‘h.ighest momentum
available to this experiment. Four-body sigma final states have rela-
tively small cross sections (one fourth to .one third of the four-body
_lambda cross sections) and are still rising at the h_ighes‘t moméntum.
 Five-body cross sections are presented only at the two momenta for
which data have been combined’from several adjacent intervals to pro‘— o
. vide adequate statistics. Five- body final states with lambdas are pro-
duced more copiously than five- body sigma final states, and Cross- sections

are definitely still rising at 4.2 Be v/c.
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Table VIII. Five body strange-particle cross sections .(I.Lb).‘

" Incident momentum (BeV/c) C

Final state - - 2.9-3.3 3.8-4.2 T
2Rl 7GR LR 1.69%0.44 . 5.30% 1.2
2gtete e 247056 7.27% 1.6
K 0" | . 5.50%0.76 - 16,2 % 2.2
>trOntnn" o 0.84+0,30 3.67+ 0.99
= KOt atn” | 2.88£0.35 ©13.2 % 2.0
NI \ ©10.1 1.3 29.5 % 3.8
ARnfn w0 '  37.7 £5.0 . 69.9 +£10.7

Results from both our experiment and other experiments are
plottedinFigs. 8 and 9. (See also Ref. 20). In ‘general,' the various
values agree well except for the channels AK' 7™ and _Z°K+TT_. This
discrepancy is probably due to the separation of these final states on
the basis of confidence level alone in the other experiments; this crite-.
‘rion biases the Z°K' 7~ final state high and the AK n" final state low

relative to our values.
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'TKm final states,
This experiment

4O eB» O

- European collaboration, Ref 1

Purdue, Ref, 5

W1scons1n Ref, 6 :
European collaboration, Ref. 7
BNL, Ref. 8

Berkeley, Ref. 20
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IV. PROPERTIES OF RESONANT-STATE PRODUCTION

Strange -particle final states aré dominated by resonance pr:oduc-
tion in the momentum range (‘:overend by this experiment. Analysis of
the effective —mass_disfributions for the existence of new states is com-
plicated by the presénce of well-establishved resonances which distort
the predictions .of.urimodified phase space. To facilitate the analysis
of the data, we investigated to what extent a simple phenomenblogical
description of well -known resonance states could provide a satisfactory
explanation for the distributions we observed,

' We assumed that resonant processes could be represented by
simple s—wa\}e Breit-Wigner matrix elements, that all processes add
incohefent_l’y, and that all resona.nt'.decays 'a.ré isotrdpic in their respec -
tive centers of mass. ' Three i'anges of incident pion momentum were
séiected for the an‘atlysis——LSAto 2.2, 2.9 to 3.3, and 3.8 to 4.2 BeV/c; .
the relative strengths 6f each process were assumed constant over each
of these 1ntervals These 1ntervals will hereafter be referred to as I,

11, and 111, respectlvely »

Statlstlcs in 1nterval I were 1mproved by the addition of events
from an earlier 7 p ‘bubble chamber experiment colloquially called w72,
Several features of w72 have been 1nvest1gated and pubhshed earher 3 4
but the three - and four- body strange -particle final states have not been 1.
exhaustively .examlned. For the present analysis, ev_ents from the w72
experiment were assigned to different final states on the basis of the
same criteria as in the present experiment, as bdiscuSSed in Sec, IIL.

All subsequent analysis of interval:I will include these events.

The values for.the mass and width of each resonance, as well as

the relative amounts, were x fnaximum -likelihood program,

SUPERFIT..21 The variation in c.m. energy over each interval was
taken into account by the prograin;’_” Values for the mass and width for :

a given resonance, obtained from different final states and at different

momenta, were consistent with one another. These values were aver- .

aged and the program rerun with only the relative amounts of processes

allowed to Vai'y The averaged values for masses and widths used 1n
the final runs are shown in Table IX, along with the fractlonal amounts ‘

of each _process obtained. The experlmental width of the K is wider
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than that of the K Fo because of the poorer resolutlon in =7 (KTT) final
states. The difference in mass between charge states of the Y (1385)
and the K (890) in the table are not to be interpreted as the results of

a serious attempt to measure these quantities. No effort was made to
carefully investigate systematic differences among the various channels
producing these states. Such investigations are more fruitfully carried
out in final states from other reactions. The data should be viewed
rather as empirical values that best describe the presence of resonant
processes in our data. _ } ‘

The values obtained for cross sections of resonant processes are
shown in Table X. .‘ A ‘

Using the relative amounts for each process determined from the
fit, we calculated the effectlve -mass distributions expected from these
effects. The variation in 1nc1dent momentum was taken into account by
dividing each interval. into eight sublntervals, computmg the distribu-
tions for each, and summing them properly welghted by the numbers of
events in the subintervals. Effective —mass-projections of the data and
the calculated distributions are shown in Figs. 10 through 15 and 26
through 29. In some distributions , reflections of_ resonant processes
prodnCe considerable deviations of the curves from nonresonant phase
space. Also shown in Figs. 10 through 1A5;a_,;re the Dalitz.plo_ts for each:
of the six .three-body {final states, with tne'effective mass squared of
the Km plotted as ordlnate and the effective mass squared of the YT as
abscissa, Columns I, II, and IIl. are for events in 1ntervals I, 1I, and I,
respectively. Effective-mass distributions for AK, AKm, and ww from
foﬁr-body lambda final states are not presented, as no deviations from -
the calculated distiibutions were found for these projections' "The
masses, :widths, and percentages of resonances for TKmm.final states
were not fit because of the small number. of events in each channel.

The following conventions are used for the presentatlon of all
angula.r distributions. We define the four vectors Pi’ PZ’ P and P
as the momenta of the beam, target meson resonance (meson), and
baryon (baryon resonance), respectively. The productlon normal is.

given by n = (P1>< P3) = (EZXP‘}) evaluated in the overall center of mass.
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Table IX. Properties of resonance production,

(a) Averaged values for masses and widths of resonances.

) Mass Width
Resonance (MeV) (MeV)
Y*(1405) . 1386%2.4 53:4.4
¥Y*(1520) ©  4547%1.6  18%2.9
Y*0(1385)° . 1380%2.6 43%5.0
Y¥(1385) 1385+1.6  4124.3
K*¥(890) 885+2.1 51455
K*%(890) . 891%0.9  44%2.1

K*9(1440)  1446+7.9 6124

(b) Relative strengths of resonant processes from maximum -likelihood fit
: for threéee-body final states. . .

: Momen-
Final | tum - .
state interval ) : Resonance .
* %*, - * *® *0
' Y '(1405) Y (1520) Y (1385) K (890) K (1440)
. X {
stKOy" 1 0.424£0.04 0.17+0.03
u 0.2920.03 0.14£0.03
, 1t 10.28+0.06 0,11%0.04
soxkta” I : - 0.56+0.03
' u L L 0.54+0,04
T S ‘ © 0.42£0.06
> SELEEN & L o - . 0.29%0.03
Il S . ’ ’ ' 0,24 0,04
I : ) . , © 0.08+0.04
2K 0.19£0,02 0,08+ 0:01 ©0.290.03
: u . 0.43%£0.02 0.05%0.02 - 0.21+0.03
s 0.1840.03 .0.090.03 ' 0.42+0.03
AT 1 _ © 0.31£0.02  0.49£0.02
I : : 0 0.05+0.04 0.43+0.03 _
454 : 0.02£0.02 0.48+0.04 0,17+0,04
AK®7? 1 ) . ©0.41+0.04 0.417+0,04
, I 0.29+0,06 0,20%0.04
m. v 0.16+0.06  0,4920.06
(c) Relative strengths of fesonant processes from maximum-likelihood fit .
) for AKnn final states. )
Momen-
Final tum
state . interval - o Resonance s .
. - S * * LS T S%
v**(1385) Y*°(1385) Y*(1385) K'°(890) K T(890) Y°k*°  v* k™ v'is20)
PUSELEI . 10.4240.03 0.06%0,03 0,4640.03 0.41+0,03 0.18%0.03 0.06+0.02 -
. ‘ )14 ' 0.08+0,03 0.42£0.03 0.17+0.04..0.08+0.03 0.14£0,03
USRS 0.15£0.02 - 0.16 +0.03 0.44£0.03 .~  0.10%0.03 0.03%0.01

UL 0.44#0.03 . 0,10£0,03 0.41£0.04 : 0.02 £0.01
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Table X. Resonant-state cross sections (pr).

Final sfate ' | 'Momentum interval (BeV/c)

4.8 -2.2 - 29-33  3.8-4.2
v (1405)K° - 51.044.7  37.4£3.7 30.3+£4.6
Y1520k (5m) 23727 18.742.1 14.0%3.6
Y*°(1520)K°_(Am)_ _2.8; 1.0 , 4.4ii.5 2.9+1.6 -
=K *°(890) | : ©49.4+4.4 36.4 +3.8 23.1+4.3
= "K**(890) 45.3+3.2 23.1£2.7  8.82.1
AK™(890) o 98.447.4 63.045.6 63.4+7.7
v* (1385)kT | 42.8%4.0  5.0+1.0 0£1.9
v*°(1385)K° o 61.6+10.0 28.9£7.0 13.0£5.4
AK™(1440) L - - 23.9%6.0
Y385 K0T 2.9%14 15.142.2 11.9£3.4
Y (1385)K0xT 0+4.4  16.4%3.2 10.8:{:_3.4
v"7(1385)K ™ ¥(890) © 41.922.0  15.0%4.5 . 0+1.4
v¥ (138K r®  0s14 . 5.5%2.8 13.553.6
K (890)An" 0+t 19.8+4.0 204 5.6
v*°(1385)k*eT . 1.321.5 11.0£2.9 9.0%3.5
v*%(1385)K™°(890) - | 6.8+2.4 24.844.5 = 23.6%5.6
K™°(890)An® ' C0x1.6 - 22.0%4.4 L 28.6+7.3
Y™ (1405)K ™ (890) o 132 16+3"
v* (15200 **(890) " R TT

v* 1660k *°(890) IR PR 321
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In the rest frame of a meson resonance (meson), we use the coordmate
system defined by (X Y Z) = (n/x}’i, n, P1), and in the rest framf ohf a
baryon (baryon resonance) the coordinate system defined by (X, Y, 2) =
(nxPZ, n, PZ)' The angles 6 and ¢ are the usual spherical coordinates
with ¢ =0 along the x axis. Defined in this way, ¢ is the usual Treiman-
Yang angle. For baryon decays we measure the angle-s for the final -state
nucleon relative to the coordinate ,"s'ystem we have dvefined. For weak
decays we choose our covnventions so that the decay of a Spin projection
m_ = +1/2 would yield for the decay distribution fc‘)r' the nucleon of

1 +a cosf, where a is the decay asymmetry parameter. With these
conventions, a = +0. 66 for lambda decay. Production angular d1str1bu-
tions are calculated in the overall center of mass with cosa = P1 . P3
for meson resonances (mesons) and cosa = P - Py, for baryons (baryon
re sonances). Defined in this way, both per1pher1a11y produced meson
and baryon states will have cosa = +1. Weighted events are used for
all angular distributions, Where specified, angular distributions for
events in some resonance interval of effective mass were modified to
compensate for the presence of nonresonant backg-round effects. We
assume that nonresonant processes contribute incoherently and that
their 'ch‘a'racteristics change slowly over the spectrum of effective mass
of interest. Distributions from "control'" regions of eéffective mass to.
either side of a reSonance ‘properly norm‘ali»zed‘ to the number of back-
ground events estimated to be p.resent in the resonant region,” were sub-
tracted from the distri_buti_t_ms in the ‘re sonant regions to obtain the plots
shown in Figs., 17 and 19 throug_h 21. 'Th‘ev unweighted number of events

in each final state in each interval are shown in Figs. 10 through 15."

A. Three-Body Final States
1. Y (1405) |
_ For the three-body final states in general, the fits are. good and
the data are quite well explamed by the resonant states obv1ously pre sent
The poorest fits are to the Yo( 1405) in: both the Z T and Z wt channels.
The asymmetric nature of the peak with the rap1d falloff of events on the

high side is not well f1tted by the Bre1t W1gner shape. (The best fit. glves
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Fig. 10. Effective ~mass projections and Dalitz plots

' for the final state > %7°. The abscissa for the
Projections is in units of BeV, and the coordinates -
for the Dalitz plots in (BeV)2, The curves were
calculated with the fraction of resonant processes
shown in Table IX. :
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a central value of 1.387 for the resonance since the s-wave Breit-Wigner
is a symmetric form about the central value.) These distributions are
1405) as a K-n

0( 22
s -wave bound state. The K-matrix formalism of Dalitz and Tuan, as

much better explained by the interpretation of the Y

applied by Alexander et al., 3 adequ(ately describes the behavior of the
data with a three-parameter fit. The decay distribution of the =% from
Y (4405) in the final states Z'K’n” and £ K%' in interval I is shown in
Fig. 16. The distributions are consistent with the s-wave bound-state
interpretation for this effect Although interval I is not far from thresh-
old for the reactionm p - Y K the differential cross section for YO( 1405)
production is very peripheral. Corresponding plots for Y (1520) and
Y*?1385) in Fig. 17 also show forward peaking but it is not nearly so
severe as for the Yé:( 1405). If one accepts the view that absorptive
effects are primarily responsible for the observed differential cross-
section distributions, then these data imply that final -state Y*K inelastic
scattering is stronger for the Y*( 1405) than for the other two states.
Rather than use the Breit-Wigner fitted values for the cross sec-
tions for Y%( 1405)K?, we estimated the number of events above smooth
backgrounds and used them in the calculations. The branching ratio
into the states 7_'-)+1r— and Z'_Tr+ is consistent with unity. The exact form
of this resonant peak has little effect on the other projections for the ‘

final states = Ko-n- and > KO +

2. Y'(1520) |

Besides decaying into Z+1-r- and E-Tl'+, the state Y:;( 1520) also
decays into A'rr+11'_ and NK*. 13 The number of events above background
in each channel was estimated and branching ratios were computed. The
results are shown'in Table XI. The values we obtain are not consistent
with those that Watson et alz.sobtained from the reaction K p - Y*( 1520) -
decay products. Tripp24. reports, however, that more data are'being'
collected for this process and that his values will probably be more
consistent with ours. | '

The production and decay angular distributions for the Y (1520)

from the final state Z+K°TI'_ are presented in Fig. 17. Events from



-52~.

(a)

2004

160

100

© . a
L

p— Y 4

- > o . -
bRroo. cogxus TOTAL= 969.22

red. (b)

Number of evenits
w
o

20
10

i 8 & &
tos tHetn ° ° -
-0 (c)
.sn

50

WP

30 l

20

10

o N Y

° H 8 £ ]
PHI (deg)

Fig. 16. Angular distributions for the Y*(1405) from Z K"~ and
=-K%wt in interval I. cos 6 and ¢ are defined on page 43.



-53 ..

180

of events

Number

] |

O i
0] 60 120 180
¢ (deg)

MUB-11463

Fig. 17. Angular dlstrlbutlons (a), (b), and (c) for Y><°(1385) from
AK®7T? in interval I, (d), (e), and (f) for Y*°(1520) from
=K% in interval I. cosa, cos®, ¢ are defined on page 43.



-54 -

Table XI. Branching ratios for Y:;(1520).

Mode Fraction

S 0.45 +0.04
An'n” 0.08 +0.02
NK * 0.47+0.09

Tot_a.l cross section for
T p - Y(')(1520)K-°'

Incident momentum 1.8 -2.2 2.9 -3.3 3.8-4.2
Cross section 49 + 6 47 + 7 28+ 7

= KO were not used because of the K formation in that final state.
No background subtraction was done because the entire Sw spectrum is
blanketed with resonant-state formation and we could not choose a sta-
tistically significant selection of events thaf represent the nonresonant
background. The background events constitute about 30% of the sample,

The decay distribution in 6 and ¢ have been fit with weighted
events and a maximum-likelihood method to the density matrix param-
eters appropriate for the strong decay of a 3/2 state. (The density
matrix formalism is discus sed in Appendix A.) The values obtained
and the selection criteria for the events are presented in Table XII.
Fitted angﬁlar distributions are shown in Fig. 17. The correlation with
the beam direction exhibits a cos2 6 character, with possibly some s-
wave interference, and the ¢ distribution is reasonably flat.

Because the process m p - Y*K cannot proceed through single -K
exchange, the lowest mass assignment for the exchange particle is the
K*. For such a process the pK*Y#< vertex is characterized by three

25-26

independent coupling constants, Stodolsky and Sakurai reduce
this freedom to one parameter by proposing the ''p-photon' analogy,
which in essence is that the vector -exchange particle couples to the
baryon vertex in much the same way as does a photon in reactions such

Ak
as y + N> N . If one assumes further that a single multipole transition
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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 longitudinal dipole transition for Y*( 1520) production.

Table XIII. Predictions for density matrix parameters
of 3/2+ and 3/2" states for various multipole interactions.

P

Resonant state J Interaction P33 Re p 3.1 Rep 31

Y*(1385) 3/2% M, 3/8  N378 =0.216 0
E, 1/8 378 0
L, 0 0 0

Y*°(1520) 3/2° M, 1/8 N3/8 0
E, ' 3/8 378 : 0
L, 0 0 0

The production angular distribution for this state shows the

characteristics of peripheral production.
3. Y,(1660)

The high-mass end of interval I is just at threshold for the pro-
duction of Y*(1660), and there is no strong evidence for its production‘
in the final states Z+w- and Z—1T+. The likelihood-function fit to these
final states was insensitive to the amount of this resonance present,
however, and no quantitative value was obtained, Examination of data
from the 772 experiment with incident momentum between 2.2 and 2.4
BeV/c showed a peak at 1660 MeV. The cross section for w_p»Yg(M)éO)KQ
at 2.3 BeV/c was estimated to be ®12 ub from that expériment. No
strong evidence exists for the production of Y*( 1660) in intervals I and

IIT in three-body final states.
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4. Y (1385) -

Both the Yﬂ<o and Y*_ are strongly produced in three-body final
states in interval I. At higher momenta the production of y*o falls off
significantly and the Y*— is virtually nonexistent,

Production and decay angular distributions for the Y’k0 are pre-
sented in Fig. 17. A backgi'ound subtraction was performed on the data.

The model of the p-photon analogy is also applicable to Y*(1385)
production, For this case the model, in addition to prescribing the
form of the decay angular distribution for the three possible dominant
multipoles, selects the magnetic dipole transition in particular. The
process y + N - N*(1238) seems to proceed via this process, and the
analogy predicts the same for p exchange in 7w p — N*v. Since the p
and K* are in the same SU3 multiplet, one expects K* exchange to be-
have in the same way also. Our experimental determination of density
matrix parameters from subtracted weighted events are presented in
Table XII and the theoretical predictions in Table XTII. The agreement
is best for the magnetic dipole transition but the fit could be much better.

For the magnetic dipole transition, 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 experiment,
The rapid decrease in cross section limits investigation to interval 1.
Here we are faced with untangling the effects of the Y* and the strongly
produced KI*O(SC)O). Decay angular distributions are critically influenced
by the presence of the other resonance. In the case of the Y*o, we were
able to make subtractions that yielded physically tenable distributions.

But for the Y~ and K'° we were unable to do so.
5. Y, (1660)

Production of I =0 resonant hyperon states could well be obscured
in this experiment by the presence of I =1 amplitudes in the channels
Z+n_ and Z-n+. To investigate the possible existence of these states,

we have plotted the effective mass of lambda and missing mass from the

AK®mm final state. The events are predominately from the reactions
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T p—> S%K°%%® and 7 p - AK’w%1%. In each instance, the isotopic spin

of the lambda and missing mass (=%n° or An°w°) must be equal to zero

or two. In Fig. 18 where we have combined the data from all momenta,

we see clear evidence for the production of the I = 0 states Y*( 1405) and

Y*(1520), but no strong indication of any other resonant phenomena. In

particular, we see no evidence for the proposed Y ('1660) to complete

the hypothe31zed octet of 3/2  particles to be composed also of N1/2( 1518),
(1816), and Y ('1660)

6. ?_(__(890)
Both the K and the K © are produced in three-body final states.

The K*+ production falls rapidly with increasing incident momentum,
whereas the K™ production remains relatively high. Branching ratios
of K*+ into K°w+ and K+1r°, and K*o into K+1r- and K°7° obtained from
the fitting program are consistent/with the expectations from isotopic -
spin conservation.

The produ‘ctmo of K* states has been extensively analyzed in Kip
reactions. 27-29 The experimental quantities that can be determined
from these analyses are the pfoduction differential cross sevctions and
three density matrix parameters that characterize the decay of the K*,
In our experiment, we are fortunate to be able to observe also the decay
of the final-state fermion and deduce the parameters for the joint density
matrix of the hyperon and K*_ Instead of three parameters, the most
general decay is characterized by eleven independent terms.. The details
of the formulation are discussed in Appendix A, and the most general
decay distribution is given by (A12). | v

Events from the reaction v p - ZOK*O in intervals I and II and
from v p > AK*O ~ AK'n” in intervals II and III were fit to this general
decay distribution by means of weighted events and a maximum -likelihood
method; these results along with selection criteria are presented in
Table XIV., In interval I the ZOK*O events, although they show a periph-
eral character, are distributed over all production angles, and the sta-
tistics allow us to determine density matrix parameters in three intervals

or production angles, We made background subtractions for these
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parameters in all three intervals of production angle, and the correc -
tions were less than the statistical errors; there are no competing
processes in this final state. In interval II, we found parameters for
events in fhe forward direction (0. 5‘ <cosa < 14.0). In interval III, data
were 1nsuff1c1ent to determine fitted distributions.

Although data are plentiful in interval I for the process =« p—»AK
we. were unable to sat1sfactor11y compensate for the presence of the com-
pet1ng process T p > Y'P_K and have thus not presented results hero
The Y production is negl1g1ble in intervals II and III, so data are pre -
sented for events in the forward direction (0.5 < cosa < 1.0) since K*
production is extremely forward peaked at these momenta. “When back -
ground subtractions for the deneity matrix parameters were n1ade, ‘the .
(v:'ovnvections were less than the statistical errdrs S |

The subtracted angular distributions for production and decay of
the K for the selections discussed above are presented in Figs. 19
through 21, along with the curves obtalned from the maximum- l1ke11hood
fits to the density matrix parameters

The predictions of s1mple one -particle exchange fer the decay
densibty matrix of the fermion and K* final state are well known. The
K exchange predicts a cos? 6 decay with respect to the beam in the K
rest frame and no other correlations. All of the 11 -parameters should
be identically zero at all production angles. For K" exchange or any

other member of the '"normal" spin-parity series 1 , 2,+, 37 .. term

one (p++++ Py 4o ) should equal 0.5 and only term four (Re Pyyy- ) of the
rest is allowed to be nonzero. The K decay d1str1but10n is of the form
sin® 8(1+acos2¢). Combined K_ and K" exchange yield no new nonzero

terms; the quantity 1 -2 (p+_’_++ ) measures the fractional amount

tey 4.
of K exchange present,

Taken at face value, terms one and four for thisv experiment indi -
cate that K% exchange dominates the production of both Z‘,OK’?‘O_ and AK*O,
For each set of density matrix parameters, we formed a chi square for
the hypothesis that the nine unallowed parameters are consistent with

zero, For forward, intermediate, and backward production angles for
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,ZOK*O, we obtained chi sqﬁare vafues Qf 12.9, 17.1, and 19.3 for nine
degrees of freedofn. For interval Il in the forward direction, we obtained
a chi square of 18.1. For‘AK*o production in intervals II and III, we
obtained 64.3 and 38.2. The correlations bétween the parameters were
properly taken into account. We conclude that on the basis of decay
correlations aléne 'simple one-particle exchange 1s not def1n1tely ruled
out for EOK but is certa1nly inconsistent for AK
The d1fferent1al cross sections predicted for either K or K

'exchange are in gross d1sagreement with the experimental distributions
~presented in Fi'gs' V19 ‘through 21." Simple one -pé.rtitle éxchange does
not sat1sfactor11y explaln the data for the. processes w =0 K and
T p—~ AK , ' V

- The failure of the unmodifiedyone -particle-exchange model here is,
of course, not a unique 'occurrence Many reactions have deviated 51g-
n1f1ca.nt1y from the model's predictions, in partlcular in the productlon
angular distribution. To overcome this deficiency, several aufhors_30
have proposed an approach that leads to the absorption model. The
ideas that they present seem intuitively plausible,. but the formulation
in a quantitative fashion requires rnan}'r brutal app_roximafions. "For an
experiment with low statistics, the theofy is flexible enough that rea -
spné.ble fits can be obtained to all aspects of the data. For experiments.
with sufficient statistical vaccuracy to test the validity of the model in
detail, one must decide to whét extent a bad fit is due to the abpproxi—
ﬁnations and to what extent to the inaccuraci-es of the théory Detailed
analyses of the absorption model have been discussed elsewhere,‘?'9 31-33
such an undertak_xng is too ambitious for the data avazlable here.

, Rather we shall ask the question: Given the a}.asorptionvmodel, to
what extent is our conelusion about the dominance of vector exchange
modified for T p > YKb’k0 ? We use a formulation of Huff's absorption
modél, 34 which is outlined in Appendix B. The prodlic‘tion‘ angular dis-
tribution and density_rriatrices appropriate to a given reaction and .mo-
mé'ntum interval were fit to the theory, and_. the values of the unknown
parameters that minimized chi square determined. .In geheral, there

was more than one minimum corresponding to different choices of



-66-

relative sign betweeri the fitted coupling constants, "For all three data
sets fitted however, the characteristics of all minima were the :same.
The pKY coupling constant was small; g /4'rr ~ 1 for AK™ in intervals
Il and III; g was of necessity set equal to zero to get convergence for |
2°K*° in interval I. The vector coupling gy and tensor coupling 8¢
were large and of the same order of magnitude for all cases !gvlzlgt |’~= 10.
The parameters characterizing (a) the final state YK interaction, (b)
0¢ the total cross section, and (c) Af the slope of the differential
elastic cross section, were not deterrnlned with any sens1t1v1ty by the
fitting procedure The angle x was small in all cases. (For precise
definitions of these quantities., see Appendix B). As an example, the
best fit for AK*® in interval II is shown in Fig. 22. Also shown in
Fig. 22(a) is the prediction for the variation of term one with the best
fit coupling constants but with no absorption. Except in the extreme
forward direction (the vector particle-exchange contribution decreases
near 6=0), g, and g, on the order of 10 and gé/lhr on the order of 1 corre-
sponds to dominance of vector exchange over pseudo-scalar exchange.
[1-2 (p++++ + p+_'+_) is small.] We conclude, therefore, that even
when we allow for the presence of absorptive effects, vector-exchange
processes are strongly present. Such an observation is somewhat
surprising, since we expect that the K*K*n coupling constant is sup-
pressed because the vertex does not conserve A parity. 35

Den51ty matrix parameters were also obtained for the proceSs
™ - = "K"T from the final state = K 7%, Here = K%x events were not
used because of the presence of the several Yz"< states in that channel.
Only the terms that remain after integrating over the decay of the =~
are présented, since strong scanning biases are associated with that
distribution. Background for K*+ events is rather significant, but the
decay distribution does not possess features very different from those
of the vbackground control region. Consequently the subtraction changed
parameters slightly for this state. Angular distributions are presented
in Fig. 19. | '

The production distribution is not backwards peaked as one would

ex'pect from a baryon-exchange model; absorptive effects would serve
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only to increase this peaking. Some more complicated mechanism

therefore is responsible for the pfoduction of this state.

7. K¥(1440)

This state is definitely present only in the interwval III and in the
final state AK+1T_. The best fit to the mass and width, given in Table: IX,
are in disagreement with the values obtained for K p experiments. 36,37
Fits were attempted with Breit-Wigner matrix elements of higher-mo-
mentum states, but the results were within errors of the quoted values.
Although the discrepancy is probably ‘the result of a statistical fluctua -
tion in our sample of events, an examination of poesible biases that
might produce a shift in the mass of Kr systems was undertaken.

The effective -mass dlstrlbut1on 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) regions,

The fact that the fit to the maiss of the K*(890) gives a value of 892 + 3
MeV indicates that there is.no overall displacement in the K spectrum,
The unfitted values of the momenta of the incident pion and the outgoing
K and 7 were used to calculate the mass of the "missing' A. The dis-
tributions in A mess'fof‘Kn' effective mass higher and lower than 1 BeV
were ekamtned separately, but no significant shifts were found between
the two plots. .Since our measurements giﬁre correct values for the Kn
mass in the vicinity of the K*( 890) and we detect no systematic varia-
tions with increasing Kw effective mass, we conclude that if we are |
observihg the same state as in the K p experiments, then increased
statistics would yield consistent values for the resonance mass,

The production and decay angular distribution for the K*( 14.40)
are shown in Fig 23. The production is peripheral but not so much so
as that of the K’ (890) at this momentum The decay dlstr1but1on in cos 8-
Was fit by dlstrlbutlon a + b cos 9 and d1str1but10n a+bcos 6 (No |
cos 9 term was needed for the second distribution. ) Usmg weighted
events, we see that the ratio oflikelihoods for these two distributions is
Liv/L2 = 1/6.3. The expected distributions for various exchanged

particles and spin-parity assignments are discussed in more detail in
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Ref. 38. As reported there, the assignment 2t is favored by 6ur data
but the assignment 1, is not’ excluded:

Several experimenters report the possible existence of other
decay modes for the K™ (1440). 36, 37 Figures 24(a) through (d) show
the effective -mass plots for Knw combinations from the final states
AK 7% and AKOITT+TT-; 'here we have selected the mass of either the
appropriate Km cémbinations to be in the K" intefval or TT combinations’
in the p interval. Also shown are K mm from the final state AK® mm
with the missing fhass in the n region, K7 7 n° from the final state
AK°W+T\".—Tr° with the three-pion mass in the w region. We see no definite
evidence for K*(1440) decay into any of these modes. Upper limits for
the branching ratios of K*(1440) into these channéls are presented in

Ref. 39.

8. Kappa | |

Evidence for this state was firstreported by Alexander et al.
‘in the final state = K 70 from the T72 experiment. Those data have -
been combined with the events from the present experiment in Fig; .'12(g).
The .combined data are not conclusive evidence for the existence of this
‘state. After removal of events with the E-Tt+ effective mass in the
regions of Y (1405), Y (1520), and Y (1660), the final state = Ko
shows no evidence for this enhancement. No effect is observed at other
momenta or in the neutral K charge state. ' We must therefore con- .
clude that the data from 7 p interactions do not in themselves constitute
independent. :v,evidence for the existence of the kappa.

The deviations from the calculated distributions in the " w°
spectrum are entirely associated with the K*(890) and are a reflection

of its nonisotropic (® cos? g along K* direction) decay distribution.



-70-

14 (a)

12

10

84

64

o _

Q° P z >

g 2 g -
- o e o

-
PROO. COSINE TOTAL= 46 .36

(b)

18§

Number of events

g 3 g
e o -
CO0S THETA
r - -
104 B (4]
84

. s g s
_ PHI(deg)

Fig. 23. Angular distributions for the K*(71440). cosa, cosf, ¢ are
' defined on page 43,



-74;

>
[}
=
o .
S 1 (e) K°17 | _
w . " : :
E - —
QL
> . .
> 1 _ e .
5 ln n[H ln"n n il n
Q
0 i

.ré: | (f) KY w N
3

o l.r' I .-v—"-rl-fl.ﬂ-.r-. | | mf1m0n

1.0 © 1.8 1.0 1.2 1.4 16 I.8

Effective mass (BeV)

- MUB-11462

Fig. 24. Effective-mass dlstrlbutlons for various partlcle '
combinations. :



-T2 -

B. Four-Body Final States

1. ZKnum

The dominant featurevs of these final states in intervals II and ILI

are shown in Fig. 25, where the effective mass of (Z7)% is plotted against
the effective mass of (Km)?. Here many of the events have proceeded
through Y* K* intermediate states. The Y™ (1405), Y (1520), and Y *(1660)
are all definitely present and were produced in association with K*(890).
Our estimates for the cross sections of these processes are shown in

Table X. No enhancements are noticed in the (KTHT)i distributions.
2. AKmm
In interval I, the final states AK+Tr°1T- and AK°n+1r' are dominated

by double-resonance production of Y* (1385) K):< (890). In intervals II

and III, the cross sections for Y*K* and nonresonant AKTT have both risen;
th'e resonant stateé no longer play'such an impgrté.nt part in these final
states. Figures 26 through 29 show projections of interest and distri-
bittions calculated for these final states with the ﬁttéd values of each
resonant state present. The fits are in general good.

The spectra from both AK®n' n~ and AK' 707 in interval III, in
addition Ito showing the expected peak at 1385 MeV,_ also have narrow en-
hancements in.the vicinity of 1520 MeV. The events in these bins from
the two-plots have different characteristics, however. They are not in
the same mass interval but in adjaceﬁt bins. The ratio of signal to
background for AK 01 events improves with the delection of y¥o (1385)
events, Whefeas events from AK°7w %™ are correlated with the presence
of Yg=+ (1385). If this is a legitimate effect it is I=1, and we Would
expect to see production of the states Y*® and Y*- but we do not. A
statistical fluctuation more plausible than any existing model would have
to be devised to explain these phenomena. | ’

The effective-mass distribution for K+TT- in interval III ,[Fiv.gure
28(d)] shows deviations from the calculated distribution at low values
for the K™ mass. This enhancement is entirely associated with events
for which the mass of A7~ falls in a band about 1385 MeV. Although such
an enhancement might also be explained by a triangle diagram, 40 we .

believe this effect to be statistical.
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The Knwrm spectra were carefully examined for evidence of new
resonant states that are not yet firmly established. 41-46 The distri-
butions with no selections are well explained by the fitted curves with
the possible exception of an excess of events in the vicinity of 1350 MeV
in Kr'n™ in interval II. In Fig. 30 are mass plots for Kmm from intervél
II with ¥ (1385) events removed, and either (a) K 7 or K m° from
AK T or (b) KOw from AK®w'm in the K*(890) region. (There is
no evidence for p production in AK®T final states.) No significant
increase in deviatibn from calculated distributions is observed. In
pafticular, we see no evidence for a resonance at 1175, 1215, or 1275
MeV. Our data at 2.6 and 2.8 BeV and in interval II divided into smaller
divisions were separately examined, and no enhancement was observed
whose cross section varied rapidly Wifh momentum.

In Fng 31 are plotted effective-mass distributions for Y™ (1385)1r
in interval II with K* events excluded. We see no evidence for new

resonance states.

C. Five-Body Final States

The five-body final states are produced with small cross sections
at the momenta accessible here. In this experiment, there is some evi-
dence for the production of strongly resonating state\s Y*(14_05), Y* (1520),

Y*(1385), and K" (890). In addition, we observe.in the final state
ARt w0 the production of w, as shown in Fig. 32 (a)._ The effective-
mass plots for Aw and K%w are shown in Figs. 32(b) and (c). The curves
in these plots are for an incident pion momentum of 3.2 BeV/c, but the
data is from events at all momenta. Statistics are quite limited; no

striking effects are seen.
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V. SUMMARY AND CONCLUSIONS

L:4
In conclusion, we find that the principal features of the data are

well explained by simple models describing the presence of well-
established resonant states. "P'erip‘he_ral” phase space necessary at
higher energ'ies47 or new fesoné.nt phenomena are not needed for a
complete description. -We find that in general the lower lying states
are more copiously produced than higher mass states in the same
channels. Production of Y*(1405) and Y*(1.520) is greater than that

of Y¥(1660), and the states Y (1765) and Y™ (1815) are not definitely
observed. The K*(890) is more strongly prbduced in interval III than
is K*(1440), The cross sections for resonant-state production‘ in
general decrease with increé,sing beam momentum. From these ob-
servations, we draw the tentative conclusion that resonance production
will not play such a central part in characterizing strange-pai-ticle final
states from T p interactions at higher energies.

Simple one -particle-exchange models are fairly successful in
describing the decay distributions of Y*~ (1385)K+, y ™o (1520)K?, and "
S9K*0 (890), but fail for AK ™ (890). The absorption model is able to
fit the production angular distributions for AK*® and 20K states, a‘ndv
in a qualitative fashion to explain all the decay correlations. The K*_

exchange appears to dominate K exchange in the processes T p—> YK*?,
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APPENDICES

A. The Density Matrix Formalism

In the study of the production of strange-particle resonant sfates,
there are many features of the data that one can examine in hopes of
gaining insight about the mechanisms involved. Different theories high-
light differe'r.lt aspects as being important, and the experimentalist is
always faced with the task of presenting his data in a form that can
easily be compared with theoretical predictions. Rather than adapting
an a priori attitude that certain features of the data are "important"
and concentrating only upon those aspects, we have selected a formalism
that exhaustively presents all of the data obtainable from the experiment,
and have cast theoretical predictions in that formalism whenever neces -
sary. _

The interaction of spinless particles can be characterized com-
pletely by a presentation of the ‘diffe rential cross lsection as a function’
of the c. m. energy or incident momentum. When we consider Particles
with nonzero spin, our characterization is modified only slightly;. _"'Again
we specify the differential cross section, but for each set of possible
spin states for the particles involved. Here resonant and strange parti-
cles are particularly useful. Not only can we directly measure the
differential cross section, but by observing the decay of the short-lived
final-state particles, we can infer information about their spin orienta-
tions, also.

The decay distribution from a pure state of low spin is relatively
easy to obtain, but because of statistical limitations we group our data
over a rather large range of production angle. In addition, the T p
initial state is mixture of proton spin-up and spin-down states. Rather

‘than observing a pure final state, then, we see an incoherent mixture

of states. Hence,. the density matrix formalism, which straightforwardly
handles incoherent sums of states when the algebra associated with each
pure state is known, is useful to us. The general formalism of the

48-49

density matrix is discussed in several places, so I will present

here only those formulae pertinent to our analysis.
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For a set of n pure states, qJn is expressed in some basis as
Lpn - Zanrncbm : ' (A1)
m . '

If we observe an incoherent mixture of these states each with a weight

‘wn,‘ we have

2\ 2 R
T '»*an o, 17, - (A2)

n

and the density matrix is defined as

Py =
mi = Z a2y 9 (A3)
. o y _
If we are interested in some process which transforms our state  into
another state, we can characterize the transition operator M as a matrix
in the usual way by recording how it operates on the basis states ¢m,
and transforming them into the new basis states ¥
M= (Y, M| & ) (A4)
The density matrix for the initial incoherent set of states then
transforms into a density matrix for the final states by
_ + . _ |
Py = Mpy M, | L (A5)
For a particle spin density matrix, it is desirable to normalize

our states in such a way that

Trp = 1. : S " (A6)
-If we are interested in a two-body decay distribution, our final density
' matrix is also normalized to unity if we remember to integrate over the
infinite set of .spatial states as well as sum ovve'rv the discrete spin states

of the fvirial particles.

S Trp, d2 =1 : ) (A7)
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From this we see that the decay angular distribution is given by

+

(60, ¢) = Mp, M. (A8)

For example, let us consider the decay of a particle with integer spinJ
into two spinless particles. Here pis a (2J+1)X(2J+1) matrix with indices
referring to the magnetic quantum number running from J to -J. The pure

state m gives rise to an angular distribution Yj_“(e, ¢), and M is a

1x(23+1) matrix (Y, ¥771 ..., ¥]7). The decay distribution is then
_ \ m* n .
1060,4) = ) ppn Y5 (6,0 Y76, 8). (A9)
mn

" In a strong interaction parity conservation relates the amplitudes
for the production of particles in certain spin states to the amplitudes
for other states. Since these amplitudes determine the state vectors
for our final -state particles, the density matrix elements constructed
from these state vectors are also related (in addition to the constraiht
that p be Harmitian). The form the state vectors take, and hence the
form of the density matrix relations, de.pends upon what we take for our
axis of quantization. Quantizing along the production normal leads to the
checkerboard structure of the density matrix of -CappsSO. If instead we
quantize along the beam direction, the relation becomes |

jtm+n
Pom-n-

_ 2
LT (-1) (A10)

Pm

We see that we can write the most general form for the decay of
an arbitrarily constructed collection of particles without reference to
how the set was formed. We can, therefore, do no more experimentally
than record values for density matrix elements that we observe. Ina
two-body final state containing particles with spin, our task is one of
specifying the differential cross section and the density matrices of the
final -state particles as a function of the production angle. (It is tacitl.y"
assumed here that we observe no further decays as we might in the

i

% .
production of a state such as the = ‘. Situations of this kind have becn

52

treated by Byers and FénsterSi, and by others™".) If some theory
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provides us with a set of production amplitudes for the various spin
states, we can then apply the apprdpria,te matrix to the density matri)é
for the initial proton-pion systefn and look at the predictions for the’
observed differential cross section and final-state density matrix ele-
ments. In our present experiment the proton targets are unpolarized

and the initial density matrix takes the simple form

L (10 | : |
Py = — : | S (A1)
2 \o 1 D | -

For the process _TTfp > YK* we have in the final state a »spin-é-
and a spin-1 particle. Quantizing along the beam direction yields the
6 X 6 matrix shown in Table XV, where the first and third indiées refer
to the fermion spin states and the second and fourth indices refer to the
vector particle. Using 6 and ¢ for the K™ rest frame and 6' and q>“'for

the baryon, we find for the most-general joint decay distribution

33 N
) (Pygpps ¥ Pyote

) sin2 6

(6,4, 0',¢") =

+ (1—Z(p+++'+ + p+_+_)) cos 6

- '\/“Z_Re(p_';++0 .‘)sin‘ZG cosd

" Pios-
+ '\/_Z‘Im(p_H_H - p+o+_) sin 26 s'iryb_a cosg'
- 2Re Pypyo sin29 cos 2¢  |

+2Im Pryy_ sinze sin2¢,a cos 6! | | (AiZ)
- 2Im p,, _, sin®6a sin6’ sing’

+N2Im Pyy _-Ovsi'nTZGd(sinq)' cosd' + cosd' sin¢)sin{6'
+N2Im Pro-+ sin284(sind' cosd -~ cosd' s:inq))sih 6'
P, _v_ sinZGla sin®f. (sihq)' cos;gcp' + cosd' sin24)

- 2p+0_0c§ézddsine'5nmﬂ

+t P, sin%9asing’ (sing'’ cosZﬁ‘q)‘-'cos;b'.sianﬁ) ,

where a is the fermion decay asymmetry.parameter.
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Table XV. Density matrix for 1 and 1/2+ particles.

Polarizétion . Polarization states
states ’
++ +0 +- -+ -0 --
* Popsr Prid0 Prige Popp Pepg iyl
+0 Pys 2-p ' P
+440 27Ppit Pro4- Pro-+ *P40-0 P+r-0
- Pits-  Prot-  Proge Woop Pro-+ TPppoy
-t - Pro-+  TPaoop o Progpl TProps Pagss
sk . 1 . _ 5
-0 Pi+-0 “P10-0 Pro-+ Prot- 27Prits "Pryso
p-*-...'+_
T TPhpes Prrio TPhper Prrie TPhit0 Prtes

This distribution is characterized by 11 parameters that we can experi-
mentally determine --p, . . . +*p, _, > Re(p+++o - p+0+_),-

Im(p, g~ Pyop)s Repyy o Impy s Impy, o Ime o

--which are related by a linear trans-
53

Im(p, g 4)s Pry v Pro-0r Proot

formation to the 11 correlation coefficients of Berman and Oakes
These 11 quantities are referred to as terms 1 through 11, respectifully,

for c¢onvenience.
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If we choose to ignore the information from the fermion decay and
integrate over 0' and ¢', we are left with three variables describing the
decay of the K*. _T'hese are the parameters 'u_sed in the literature for

the analysis of K'p =~ K*N --

Pig = Pogps T Pylye (term 1)
Py 4=2Rep . (term 4) | (A13)
Re pyg= Re(p+++0 P+0+-) (term 2)

p00: 1-2»p11.

For eleétromagnetic =9 decay, no polarization information can
be obtained from observation of the isotropic y-ray decay. It can be
shown, however, that the subsequent A-decay average polarization is
equé,l to -=1/3 that of the Z° 54, if we average over all A decay angles

) in the =° rest frame. We can use the formalﬂiism de.veloped here, there-
fore, if wé evaluate §' and ¢' from the proton decay of the A in the A
rest frame and use a value of a = -0.22. Here we must be careful to

" transform pertinent vectors frbm the center-of-mass to the sigma rest
frame and then to the lambda rest frame to avoid complications from
‘Stapp rotation effects
For the reaction 7mp-— Y K we cons1der only the states Y (1520)
Cand Y (1385) and the initial strong decay of these states. For particles
of spin 3/2, the decay distribution is given by v

__3 20, (1 1 2

6, ) =7 {p34 sin’ »9+ (7 -Pp33)5+ cos :9),

.- . 2 ‘R' . 26 082 2 R cin 20 b, (A14)
. . --'\[—_3_ e py_y Sin Gco: $ - 7—?;- e p3y sin . c»os¢ g

where m and m' refer to twice the magnetic quantum numbers of v*

- : - states.
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B. The Absorption Model

The predictions of one~- partlcle exchange models 1n descr:blng
the decay angular distributions in resonant production- processes have
been more or less successful. Experimental production angular distri-
butions did not even closely foilow theoretical calculations, however.

The one-particle-exchange model allowed the presence of form factors,
and by picking a ferm that guaranteed success, we were able to fit pro-
duction angular distributions well. The character of these functions are
such that the dependence ‘of the differential cross section on production
angle predicted by the unmodified model is cornpletely masked, and.
analysis of dlstrlbutlons in no sense test the validity of the model.

The absorption model also was successful in predicting decay
distributions while providing a description of the production angular
’dlstrlbutlon that agrees with experlment In this case, however, the
correctmns to the one- partlcle exchange model have physmal motiva -
tion rather than an ad hoc character Whether any partlcular formula -
tion of the absorption model currently in use survives, it seems plausible
that the basic concepts are indeed responsible for the effects that we see.

In the traditional calculation of Feynman-diagram matrix elerne'nts,
it is assumed that the incoming and outgoing particle states are repre—
sented by p'lane waves and that one particular diagram dominates the
interaction. It is clear that this is nota valid assumption since a given
reaction is just one of a number of competing inelastic processes that
can occur. Jackson and. others3"l suggested approximating the presence
of these competing channels by calculating their effect on the incoming |
and outgoing waves in-our basic one -particle -exchange diagram.

We can think of these other reactions as absorbing part of each
angular momentum component of the plane waves and distorting the
character of our initial and final states. We model the inelastic proc-
esses as a grey disk which preferent1ally absorbs low angular momentum
states, then the process of interest will proceed through states of high

angular momentum and produce the strong forward peaking that is
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observed. If we model elastic scattering of the initial and final states

as entirely the shadow of the inelastic processes, then we can paran-
eterize the inelastic effects from a study of elastic-scattering character-
istics.

The basic formula from which absorbing 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 fact that it works is motivation enough to investigate its consequences.

The basic statement is that the matrix element for a process between

given initial and final spin states is shown by

Mzsg/ZFS;/Z , (B1)

wheﬁ:e Si(sf) is the elastic-scattering matrix element for the initial
(final) state, B is the "raw!'" Feynman diagram matrix element, and

M is the final absorbed element. Jackson31 has outlined the decompo-
sition of B into angular momentum components, and the calculation of
M. In this report we used instead Huff's formulation, 35 which casts

the matrix elements in a linear momentum representation. This ap-
proach is computationally convenient since the usual calculation of B is
in this representation. We need not decompose B into partial waves,
perform the absorption calculation in each angular momentum state, and
then convert back to the linear representation.

Properly stated, Eq. (B1) is
(EQ NN, [M1OXN,)

e 1/2 Lo
. ;;'fdnfdni(fn Mhg 1Se 7T 12 NN ) (EQ NN BRI, )
!

. v e t/2 |
4 ! 1
X <1Qix3x4|si 1lo>\3>\4>, (B2)
where i and { indicate the initial and final states, )\i the helicity
states of the particles involved, 2 the production angle of the final state,
and )\i’Qf’ Qi the helicities and angular distribution variables of the
intermediate states that are to be summed and integrated over. Ex-

pressions are cast in a helicity representation because manipulative
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formulae are particularly easy to express. By means of these formulae,

expression (B2) is converted to 2
(6 NN, M]iO N3N, ) = ng dg, Z(fex s,/ # £ N, ) f
(B3) y
(-0 g0y Ny [B] 0 ARy 2N gy 512100, ),
where
N W
=g -y
A=A,

-
t
>

o~
i
>~

-

Here we have the quantity <f9 )\' )\' lB' O )\ )\4> , whlch is just the
unmodified one —particle-exchange matrlx element for scattering into an
~angle 6..

We now expand S 1/2 as 1 - T/2 and keep terms at most linear in T.
Since elastic scattering is largely confined to the forward direction, we
restrict ourselves to no helicity changes for these processes. Afterv

some manipulation and trivial integration and summation, we obtain

C(EBN N, [MIIONN ) = (£0N N, [B]1O AN )
+1 ™
t ! 1 ’
- 5-1 d cos@' S:) dcos¢' (£ 0" N\, |[B|iO NN, ) (B4)

X {0 My | T | ONghy) Re[r e 10" (M)
+ (0NN, [T ONX, ) Re [n2 2 (kN1 y

where = [cos6'/2 cosB/2 + sin8'/2 sinf/-2 eiq)"] /cos(6"/2)

cos 0" = cos 0' cos -+ sin @' sinf cosd' .

To compare with experiment we must now, of course, rotate the

final amplitudes from the helicity directions to the coordinate systems
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we have selected, and form the density matrix as outlined in Appendix-
N N

The matrix element T is related to the elastic—scattering Cross-
section distribution by

do _ 2w

a0 _ 2m |2
daQ K ‘

|T (B5)

Experimentally elastic differential cross sections can be well approxi-
mated at least in the forward direction by the expression
2

do 2 -AA°,

X T %total © (Bé)

where AZ is the negative of the four-momentum transfer. This gives '
us the magnitude of the matrix element T but not its phase. We are
forced to assume that this phase is constant over all production angles
and that it is the same for the initial and final states. If we arbitrarily
set this phase to zero, then our matrix element will be all real and we
will have no fermion polarization. Consequently terms three and five
through eleven of the density matrix must of necessity be zero. We
choose to let the value of this common phase be a free parameter to be
determined by the fitting program. This, of course, is only an expedi-
ency to cover our ignorance of the situation and has no direct physical -
significance. Although the introduction of this parameter allows for non-
zero values for all density matrix parameters, large deviations from
zero cannot be fit by the theory, To achieve the extreme peripheral
character of production distributions, the second term in Eq. (B4) must
be mostly in phase with the first. The out-of-phase corhponent adds to
the differential cross section rather than subtracts from it.

From the observed width of decay of the K*, we know the K*Kn
coupling constant but we have no information about the PKA vertex, In-
~formation at both vertices for K" exchange is lacking. Although we
know the characteristics of elastic scattering over the range of energies
considered here, the quantities characterizing the final-state interac -
tions are completely unknown. Finally, we have no value for the phase

parameter which we call y. In the fitting prograni, chi-square was
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minimized with six parameters allowed to vary 0 Af, X s gpz, =
and g+ The last three coupling constants are defined in terms of the

coupling constants presented in Ref. 55 by the relationships:
= dK
g8, = dKpA)

g(:K;kK*TT) gv (pK*A) (B?)

]

&y

gr = 8(K'K'™ gp (PK'A)
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