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Abstract

This thesis describes a study carried out by the author on single
pion production from Kfp reactions between 0.96 and 1.36 GeV/c incident
beam momentum. Accurate values of the cross-sections for the three
channels are presented. A Dalitz Plot analysis using three of the four
independent variables is carried out on the data from.these channels
at each momentum setting using both non-interference and interference
models. The éxtrécted K and A (1520) resonaﬁce contributions are then
‘analysed in the fourth variable, production angle, to obtain a set of
Legendre coefficients which describe the differential cross-section and
differential density matrix elements at each momen tum. A detailed partial
wave analysis is carried out on the R#N.system in both zharge states,
with additional data taken from the College de France — Rutherford -
Saélay experimeﬁt and the Birmingham K d experiment. Information gained
from a preliminary partial wave solution is uséd to set up barrier factors
which are applied to the ﬁ*, and the Dalitz Plot is reanalysed to obtain
accurate valugs of the R#N cross—sections,

Three similar solutions are obtained from the partial wave analysis,
and evidencé is presented,for the existence of two new states. Amplitudes
are also presented for several established and not so well established
~resonances. A rudimentary qualitative partial wave analysis of the
N (1520)17 system is also carried out.

An SU(6)w X Q(3),mode1 motivated by the Melosh transformation is
used to try and explain the results of the K*N analysis for the case of
some well established resonances. Some crucial relative amplitude signs
are correctly predicted by the model, but other problems do arise. An

attempt is also made to classify the new states within the SU(6) framework.
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Chavter 1 ' The Exveriment

1.1 Introduction

An experiment was carried out at CERN in 1970 by a collaboration
between the Rutherford Laboraﬁory and Imperizl College, using'the 2 metre
hydrogen bubble chambeg_to sﬁudy the interactions of negative kaons (K )
on protons at beam momenta around 1 GeV/c (commonly referréd to as the
ihtermediate ene?gy region). It was proposed as an extension to lower
energies of tﬁe Céllege de Fraﬁce - ﬁutherford - Saclay (CRS) experiment,
_ which studied the centre of mass energy region between'1.915 and 2.170 GeV.
| The main aim of the present experiment was to study direct or S-channel
resonance format;on in,the particularly prolific region between 1.77 and
1.96\GeV. It was intended that the data be of sufficiently high quantity
that =ccurate determination of these resonsnce parameters could be made.
:. Hence aﬁout half a million pictures were taken‘and aﬁout an equal number
of interactions obtzined, It was hoped that the information gsdined on
these resonances would bé a useful adéition to the current tests of the
SU(6) classification of the elementary'particles.

Reactions in which a single pion is produced are perhzps the mere
interestina of the possible three body final states, They general}y vroceed
vié the vroduction of a qua;i two—boqy system in which one particle is
a2 short 1iyed reconance that decays strongly to the stable particies
" Observed in the reaction, The dominaﬁt resonanées in this so~called RN
final state are the K (890) in the (KIT) system and the A(1520) in the
(K;p).system.

For the ﬁ’(890) tﬁe energy region of this expef&menﬁ is .particularly
interesting since it lies in the threshold region for the produgtioﬁ of
the resonance. As such, the usual analysis in terrs of the exchange or

-
t-channel is less desirsble than an S-channel analysis of the E N systen.

A furtker encouracement for an S-channel analysis is the fact that no

o
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previous analysié of that type has been carried out for the reéction
K-p-—§ E*N in which two iséspin states coﬁtribute, and éo the very
important information on the decay of s-chénnel resonances to the

' E.N - yector rieson, nucleon -~ final state is missing. Data involviné
the decay to a vector meson israt présent yery scarce, thé only inform~
~ation coming from the reactions TTN =) A N, and so the application
of the SU(6) models to these decays is very 11l-understood. For this
réaéon the aim of the study compriéing this thesis is fo obtaip the
info:mation to as aécuréte %'degree asipOSSible.

When the author.joined the Imperial.collegé Bubble Chamber Group
in chobér 19?3,-the data reduction process had already been completed
and~££e,two-body final sﬁates were well into thekanalysis stage., The
apthor took part in some of the event weighting procedure for the
CKNTT final states; but was involved mainly in the analysis‘of thése

‘channels vhich is described in the ensuing chapters. v o

The thesis is organized as follows, The rest of this chapter briefly

describes the experiment énd the data reduction chain, together with

the cross-section'normaligation. Chapter 2 describes how tge kinematic
ambiguities in the KNT final states were resolved, and how the events
weré welghted to account for losses in the data reduction chain. The
chonnel crosz-sections are also presqnteq.in tﬂis chapter. Chapter‘B
describes the Dalitz Plot =znalysis of the three KNIT channels.in thrée
variables in order to extract the partizl cross-sections for the
producfion of the quasi twb-body resonances, Chapter 4 extends the
analysis to the production angle varizktle, -and the data for the S-channel
partiél wave analysis is extracted, Qhapter 5 describes the theory
behind the partial wave analysis and giVes 2 description of the computer
prdgfam used to carry it out. Chapter 6 gives a detailed zaccount of the

-
analysis ¢f the X N syster, and also gives a qualitative analysis of



the A (1520)1T system. Chapter 7 compares the results -of the ﬁﬁN

analysis with the predictions of a current SU(G)w x 0(3) model.

l,2 Exvosure, scanning and measurements

Approximately 440,000 pictures were obtained in the CERN 2n.
Hydrogen Bubble Chamber, exbosed to a separated K beam tuned to eleven
equally spaced momentum settings between 1.00 and 1.L0 GeV/c at the
chamber entrance (corresponding to 0.96 and 1.36 GeV/c at the centre of
the chamber), The average number of beam tracks per picture varied from
6 at the lowest momentum to 15 at the highest. The momentum bite was

. .
typically -1%.

All frames were scanned for events of any topology except one

prongs (predominantly bean decayé) and zero prongs. A restricted'fiéucial
volume was imposed fof prinary vertices in ofder to énsure-alﬁigh’scanning
‘efficiency and tobminimize reconstruction prodblems. Scanning efficiencies
wererdetermined by moking a secondlindependent Scan on a qua;tef of the
film. Discrepancies betweenAthe two scans were resolved by a third check
scan. The scaﬂning efficiencies were typically 96% for a single scén

and greater than 99% for a double scan, Apvroximately 494,000 events

were recorded and measured using the Rutherford Laboratory HPD fljing
spot-digitiser. A condition was imposed that freomes containing only one
simple two-prong‘event vere not measured at the same time as the rest

of the film, in order to utilise the HPD to its maximum efficiency.

The events were orocessed through the Rutherford Laboratory geometr&
and kinematics programs.(l ) The geometry vrogram pverforms a spatial
reconstruction of each event using the digitisings of the EPD and'the
orclical constants of the bubﬁle charber. The results are used by the
kinematicz progranm to éheck the vaiidiﬁy of several hynotheses, For
each h&pothesis a chi-squared fit is made using energy and momentun

conservation as constraintis. The quality of fit for each hypothesis is
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expfeesed in‘terms of the ehi—equared probability and‘a helix fitn
~error for each track, which is essentially a measure of the scatter of
the digitised points zround fhe fitted helical track. Events which
failed during the reconstruction were remeasured. If more than one
hypbthesis fitted a given event, the progranm JUDGE(Z ? was used to try
' and resolVe the sifuation. The program uses information concerning each
fit, together xlth the track ionizatlonu measured by the HPD to identify
the most likely hypothesis for the event Events still unresolved were
inspected at the scanning table, and Eruly ambiguous events were recerded
as suchf | |
Successful fits were summarised on a Data Summary Tape (DST). The

numbe} of events for each main topology on the DST's after beam cuts arz
: given in table (1.1). (an event with I charged outgoing particles from
. “the production vertex, J charged decays snd K neutral decays is assigned

the topology IJK).

1.3 Bean calibration and cross-section norn_Tloatlon

The average beam monmentum at each momentum Uettﬂng was deternmined
from four constraint (4C). kinematic fits to the T decays (X~ — TY+7Tf ﬂfﬁ.
The bean nmomentum used for kinematicvfitting was a weighted mean of this
average momentum and the rneasured nmomentuz for the event, Appropriate
cuts vtere applied to the position and direction of the beam trazck for
each event on the DST's, including ¥ decays, ﬁo ensure a well defined
becn at ezch momentum setting., Fig.(l.1) shovws the beam momentun
distribution at the primary vertex for v decays. It can be seen that
there is a significant overlap between the momentum raznges spanned hy
adjaeent momentumn settings due to encrzy loss by ionization as the beanm
traverses the chamber. Thus data from different mementur settings were
merged and binned according to the }itted beam mormentum at the zrimary

vertex. The momcntum intervals for the ¥ decays are shown as arrows in
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fig.(1.1).
 The definition of the croés—séction for reaction R is'given by~
N(R) |
LY

M

where N(R) is the number of reactions R; L is the total péthlength of

the incident particles; A is Avogadro's number = 6.022 x 1023 mole“l;

1,1

M is the atomic weight of hydrogen; and”p is the density of the target.
The total pathlength for K 's can be determined by the number of

decays into any one decay mode:-

meT .
vhere = é% y T is the mean 1life and f the branching fraction of the
K

K~ into that decay mode.

The pathlength was balculated from the number of successfully fitted
¥ decays corrected for scanning and‘kinematiéal reconstruction losses.
The density of h&drogen'in the chamber, g , was taken as 0.0626 g.cm?3
corresponding to the operating conditionsbof the chamber, Measureménts
of the range of a sample of 100 muoné from stOppihg plons éonfirmed this
result. With T taken as 1,237 x 10”0 sec. and T as 0.0558¢3 ) the
picrobarn equivalent (events per microbarn) for each momentunm interval

is given by:- ‘ ' -

A
/A = (number of 7 decays).x Py X 5.024 x 10 7 1.3

vhere P, is the averoge X~ momentum in GeV/c for the interval., Thae

values are given in table (1.2), together with the number of T 's before

and after corrections,
This normzlisation was checked by a measuresment of the total beam
track length at the first, sixth sznd eleventh romentunm settings., The

beazm contamination was 2lso determined ot these settings from =z delta

ray ccunt, The number of delta rays with a radius greater than that
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possible froh a given incident K momentum were counted, fhe
contamination was found to vary from 8% at the highest ﬁomentum fb 28% _
“at the lowest. The small number of fits to the reactioh mp — K¥s -~
~and the absence of fits to the reaction TT™Pp —> KN\ indicated that the
pion contribution was less than 2% at éll mdmenta, &ecreasing to less
.thaﬁ 120 at the higﬁest nomertum, Hence, the contzmination was predomin-

antly muons.

B E BN RN
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Table(1l.1l) Number of Events of the Main Topologies

. After Beam Cuts

Topoiogy Number of Events
001 56786
200 253477
210 58546
201 46750
300 22617
Table (1.2) . Microbarn Equivalents
Average Beam Centre of Mass Number.of Taus Corrected Total Number of Events
Momentum Energy (after beam cuts) Number of Taus / Microbarn
GeV/c GeV
0.960 1.775 1340 , 1517 * 45 0.732 ¥ 0.022
1.005 : 1.796 1134 :1250 t 39 0.631 * 0.020
1.045 1.815 1617 1857 * 50 0.975 * 0.026
1.085 1.833 1525 1750 * 49 0.954 * 0.027
1.125 1.852 1702 1870 t 48 1.057 % 0.027
1.165 1.870 1970 2268 t 56 1.327 * 0.033
1.205 1.889 1952 - 2262 t 56 1.369 * 0.034
1.245 1.907 2483 2793 * 60 1.747 * 0.038
1.285 1.925 : 2306 : 2948 * 63 1.903 * 0.041
1.320 1.941 2088 2448 * 58 1.624 £ 0.038
1.355 1.957 2974 3419 * 69 2.328 * 0.047
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chapter 2 ' EKN7T Cross-Sections

. 2el Introduction

To evaluate the cross-section for a particular final state such
as the RNTT systen, several weighting factofs have to be applied to
.each event of the relevanf hypothesis, to accbunt for the corrections
required at each ;tage of data reduction. These factors can be divided
into two main classes., 'The first is fof events missed at the scanning
stage, or>lost during the measuring pfocedure; The total effect before
correction is to reduce the final accepted sample, and hence the cross-
'section. The second factor is concerned with the treatment of ambiguifies
between two or more hypotheses that fit the same event. Most‘ambiguities
can be resolved by the JUDGE choicing program mentioned in the previous
chapter, using the ionization informatiﬁn and helixlfit errors of the
.particle tracks. The rest are treated external to the data reduction
programs; and a brigf description is giveﬁ in this chapter,

With knowledge of the microbarn equivalent for the experiment at
each energy, thé final weighted sample of KNTT events can be converted

into channel cross-sections for the three KNIT channels:-

Kp — KT n¥ (1)
Kprr” (2) ‘ 2.1
kpn® (3)

The procedure taken to extract these cross-sections is described
in this chapter, together with an estimation of the mass and width of

the A (1520) resonance seen in the (K p) system of channel (3).

2.2 Resolution of Ambiguities
The procedure is fully described in ref.(4 ), and a brief descripticn
is given here for the main ambiguities.

In all three channels the multineutral hyzotheses were not considered

on the grounds that they were highly unlikely in the energy region of



this experinment.
a) Kpmo
For topology 200, the vast majority of ambigﬁous events‘were with

the iop M~ and T p ITQ (I+ decaying in line to pﬂo) hypotheses.
fhese events were about 2% of the total. From a study of the scatter
plot for the X% prbbabilities of two hypotheses, a'decision was taken
to prefer a fit if it had a probability gr;ater than three times the
other., For the rést of the events, both fits were taken with weights
calculated froﬁ the ratio of the ambiguous events élready assigned to
the t@o hypotheses. These weiéhté weres— K-pTTO/KOPTT- = 0.70/0.30
and K'pri’/mpn’(Lh) = 0.19/0.81.

. }or topology 210, 2% of events were ambiéuods witk the ¥~ 1 n°,

K-nIT+ and ﬁopTT- hypotheses, These events were rejected.

b) Ko’

For toéology 200, 9% of events weré ambiguous with other final
states. Of these, 93% were ambiguous vith AT, On macing
probability cuts as with K pT°, the weights K a1 /AT T~ = 0.73/0.27
vere assigned to these events. |

For topology 210, the maiﬁ ambiguity was:wifh 2:_7T°fT+, being
20% of the totalvnumbér of events. A decay time examination of the
negative track sﬁggested that all these events were 3> 's, and were
subsequently rejected. -

¢) B
For topology 2C0, 2% of events were ambiguous with mainly K'pTTO

and TT_p119 (7T incident). In the former case both fits were talen with

the weights given in section (a). In the latter case\the Tt incident

fit was rejected.

The ambiguities within the 201 topology were completely negligible,

20
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as expected for a L-C fit at the production vertex,
For the 400 topology (short &° decay), 15% were ambiguous vith
/\TT+TT-. The ratio ofrxlrunbabilities suggested that these were

mainly /\'Tr"'rr' events and they were subsequently rejected.

2.3 Scanning and Throughwut efficiencies.

The scanner will miss valid events for various reasons on a first
'sc#n through the film. .This will reduce the final accepted sample
ﬁnless soﬁe weight is applied to account for this loss. The solution
is to séan part of thé film a second time, and the discrepancies
between the two scans resolved by a third scan., This was carried out
for.about a quarter of the film., The rest weré'single scanned,

-Cdnsider a sub-sample of double-scaﬁneﬁ events, Let ny be the
for scan 2 only, and let n,. be the

12

number of different events found in the two scans. From these, one

number found in scan 1 only, n,

gets the scanning efficiencies:-

By, By +my -y )
. Double-Scan 6D = ny n,
2,2
n - n
Scan 1 €, =% Scan 2 €, =22
1, , 2 "y

So, in evaluatling cross-sections, one has to split the contributing
sample into two classes - one of events coming from:-'the double scanned
part of the film, and the second of events cOminé froﬁ the single scanned
part of the film. The scanning efficiency welghts for the two parts are
respectively %; and l;. The scanning efficiencies were obtained
separately for each topology and geﬁerally for each final state.

Kot all events of a given topology found by the scanner get onto

the DST. Some are unmeasurable (e.g. a scatter close to the vertex)



and others.are lost_during the measuring procedure, while othe;s fail
the geometry or kiﬁgmatics programs. This loss ié corrected by a
throughput»efficiency weight.- The Master-List cohfains all events

that were found in fhe scan, and the DST contains all events that passed
successfully through the data-processing. If NT(l) is tgtai number.of
events found in .the single scanned part of the film, and ﬁT(Z) that
_.invthe double scanned part, vith ND(l) and ND(a) the corresponding
numbers on the DST, then the throughput efficiencies are respectively
ND(l)/NT(lj and HD(Z)/NT(a). The inverse of these numbers are the
weights to be applied to the events,

The throughput.efficiencieé were obtained separately for eéch
topglbgy, and for elastic and inelastic events separately, and in the
case of 210 type topologies, for 3 and non- ¥ type events sepafatgly.
In the latter case fhis was due to thg fact tﬁat Y type evencs failed
to give a successful kinematic fit more often than non-~ X events during
the first measure. For events witﬁ seen Vo‘s, the E° énd A events
wvere also aésigned separ;te throughput efficienéies. The throughput
efficiencies used for the KNt channels are given in table (2.1). Tre
follo%ing 5ections deal with the corrections peculiar to each of the
" three RNIT channels.

2.4 Kpr’ -

.

It was thought that losses would occur in thes 210 topology for

short decays. This was checked by studying the distribution of projected
decay length, As shown in fig.(2.1), there was found to be a negligible
loss for short decays. This was confirmed by taking several cuts on

the projected decay length and weighting each of the remaining 210 events

- { oroj )
by the factor €T , where 4, = { ' /cos\, A\ being the dip of the track
proj

mith respect to the x-y plane of the bubble chamber, and lmm the

projected length cut-off. =t éicr’ , There ¥ is the proper decay

22



time of the K (3) and.P is its lab, Qomenfum for the event., Fig.(2.2)
shows a plot of weighted number ofievents versus vrojected length cut-
offe It is seen that no-dip occurs at short lengths. Thus no cut-off
was teken in this channel. The slope seen in the plot is dué to long
decays being recorded as 200's rather than 210's and hence lost from the
sample; .
Scanning efficiency in this channel ﬁas assumed to be a fﬁnctioﬁ
of the range of the proton. Short proton tracks.were expected to be less
easily seen than long ones. To determine the efficiency as a function
of proton length would be impractical aue to lack of good statistics in
this channel. Thus the results of a similar determination in the elastic

(5)

chahnel were used and are shovn in table (2.2a). They are independent
of topology ond beam momentunm.
A‘throughput efficiency weight waé applied separately for 200 and

210 topologies as mentioned in the previous section.

2.5 Knp’

For the 210 topology, ionization information cannot cleanly separate
the K~ decay events from the ¥~ decay events. As already mentioned,
the ambigﬁous events vere assigned the 2:_ hypothesis in prgference to
K from a study of the proper lifetime distribution. Thus 1dsses in this
distribution will be more severe than in the K-p1T° case,

Fig.(2.3) shows the vroper time distribution, ¢t , for topology 210
events. Between 6cn. and 30cn. the expected eff%;i'distribution is seen.
Above 30cnm there is the usual loss due to long decays recorded as 200's
tather than 210's. Below 6cnm the disﬁributionvshows a steéper slone than
that expected for K decays, well before losses due to short length decays
occur. This is a clear indication of éontamination from possibie 3

events that have failed to fit as such, and have thus been classed as

K events. The much shorter proper lifetine of = 's pfoduces the
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sharper slope in the proper time distribution. So eveﬁts with ¢t'< 6en.
have been removed and the rest of the events in this channel (éOO's
and 210's) weighted up by the factor 6% = 1,0163.,
A cut in the proper tiﬁe distribution is usually less desirable
than a cut in the projected length, since the latter distribution itself
records directly ﬁhe scanning ioss for short decays. 1In the case of
this channel, howevér, the presence of 3  events can only be singled
out in a proper time distribution, and so it iz to be preferred. It
rmust be noted, however, that the remngl of K-'s of short life will
produce a loss of events not necessariiy confined to the short decays,
since high momentum K 's vill sometimes have a short proper 1ifetime,
but:decay sonme distance from the production vertex.
No systematic dependence of the scanning efficiency on any single
» physical variable was observed in this channel.' The overall efficiencies
for 200's and 210's were.calculated in the normal way and the weights
are given in table (2.2b). The throughput efficiency was applied as for
Kpn®.
2.6 EODIT;. _
The topologies listed in table (2.3) with the number of events
involved, contribute to this channel, Two inportent results can be

extracted from this channel with different event weightings for each.
O Sinne
a) Ks lifetime -

This value can be obtained using the 201 and 211 samples of seen
K°'s, For this purnose the following events were used.
1) ¥°—> »TT*TT- i.e. Kz decays.
1i) Fig.(2.4) shows the distribution of projected decay length of the
io. A loss is observed for very short decays. The weighted totsl

number of events as a function of projected length cut appears to



gtabilize to a maximum at around 3.0mm,for the minimum projected length
as showvn in fig.(a,s)'and around 8.0cm. for the maximum projected length.
Events within these limits were useaa

1i1) Events with the V? decay vertex within the decay volume defined
by the limits -27.0 < x< 106.0,-53.0<y< -6.0, 7-40.0( z< -10,0 for the

X,¥,2z coordinates of the bnbble_chamber;

The K: lifetime was determined by maximizing the likelihood function:-
' [t -t 0] _
) B N ’ -
2 | - @ ~[Tw -tw)

where 't;(U‘and T are respectively the time 1imits corresponding to
the minimum and maximum (or decay volume cut) projected length'cuts for
the Lﬂ‘event. The function is‘simply e,-gglcorrectly normalized
between these limits., The value of W = -log h was a minimum whken

v = 0.891 ! 0.017 x 10-10 séc, This should be compared with the world

average of 0.893 x 10~ sec.(3')

b) Kg =) IT 17 branching fraction

This value can be checked by using the samples.of seen and unseen
io's, after correction for losses and removal of any syctematic bilases
‘have been made. These are described‘below.

1) Seen Eo's : -
Events vith projected deday length smaller than 3.0mm. or greater than

8.0cm, or with the decay vertex outside the decay volume were removed, and

the rest weighted up by:-

WL‘. = ! i 2.4

-1, -4, ) ) .
e1T - ¢ T h '

where {, and 1? are the true limits for event i, and L is its mean
decay length in the lab. ([, wes determined by the 8cm cut-off or the

potential length to the edge of tae decay volume, vwhichever was the shorter
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. for the event,

ig.(2.6) shows the distribution of the cosine of the deéay- a1
angle with respectbtoﬂthelﬁo direction in thé reét,frame of the latter.
It is expected to be uniform, but in fact‘shows a loss of evén#s for
|cos 0] 2,0.96, corresponding to possible short decay fracksAwhere the
Vo vould be misséd by the scanner, znd the event ciassed as a 200 topology
rather than 201. Events in this region were assigned a weight so as
to preserve uniformity in the cos 6 distribution. |

Vo's are systematically lost when.the decay plane of the Eo is in

@he line of sight of the cameras. Consider the following syster of axes:-

. A A
Z= K’ y= 2'xK° x = yxK° 245
| 12" % R FENS

where z/ is the chamber z-axis.

The azimuthal angle @ of the decay plane is then given by:-

13>

cos$ = n.x  sing = n.y. | 26
where ﬁ is the normal to the decay »plane.

Fig.(2f7) shows tris ¢ distribution, and a clear loss of eventis is
seen around |[#| =_Tf\’. Eve‘nts. in the range O.477 £ |#| € 0.671T have been
weighted up to preserve uniformity in the distribution.

. The throughput efficiencies of 201 events were calculated separately
for A and EO final states, This was because the two‘values were found
to differ to a large degree, and thé fact that /\ events dominsated over
K° would mean that the K° throughput efficiency would fend to follow that
oflthé A . The 211 sample was too small to make any d;fference =nd
average values were used.

Scanning efficienciésvwere calculafed for each of the two topologies
and applied in the normal way. They are given in table (2.2c).

1i) Unseen K1

The probability distribution for tne (1-C fit) topology 200 events
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4s shown in fig.(2.8) and is seen to be remarkably uﬁiform e#cépt for
a peak below 1%. Events with probability below 1% were removed ond the
renainder weighted up by the appropriate factor. This ?roaedure was
also carried out for the other two channels (see figs. (2.9) and (2.10)).

The missing mass-squared to the pIT distribution was found fo be
Gaussian around the Eo mass and no missiﬁg mass éut was.thoughf to be
necessary. This was also found to be true in the other fwo channelks,

The inelastic 200 throughput efficiency was applied to the 200 topology,
and the 210 (Non 5 ) ef}iciency applied-to the 210's.

No systematic effects on the scanning efficiency as a function of
any physical variable was found, and average values vere calculated and_
app»li'ed to‘the two topologies. They are given in table (2.2c).

For the purpose of calculating the K:-—Q ‘n*n” branching fractioﬁ,
it waé assumed that all scanning, maximum projected length cut, cos ©
énd @ losses in the seen K° sample ended up ih the unseen sample, and
the latter wos weighted down accordingly.

The branching fraction is calculated as follows:- If x is the final
weighted seen K° sample (i.e. the total number of evénts where K: —=nn)
and y is the final veighted unseen KO sample, then the total number of

K] events is i—;—l (the other half being xf, ). The branching fraction

of KZ - 11t 17" 1s then &=

x+y " The final value obtzined from all events

combined was 0,655 : 0.011, which should be compared with the world

average of 0.687.(3 ) o

C) The Cross-Section

It is expected that the inclusion of topologies 4LOO and 410, vhere
the v° decay products appear to come from the primary vertex, should
compensate for the loss of close VO's in the 201/211 sample mentioned
above. To check this, the weighted total of 201/211 events with a
minirun projected length cut of 3,0mm. was compared with the 201/221 zample

with no length cut plus the 400/410 sample combined, with corrections
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made for scanning and throughput losses. ‘The numbers of events were .
6001 and 6024 respectively, thus'confirming the expectation.

A The seen K° samplé was found to have a clear-deplétion of low
momentun K°'s (Pﬁ°.$ 150 MeV/c) which could not be compensated by

applying the cuts described earlier and weighting appropriately.

However, the 400/410 ﬁo momentun was found to be strongly biased towards

the low momentum ﬁo's. With no ﬁinimum projected length cut and the
400/410 sample included,'the z° momentum distribution was found to be
consistent with that of the 200/210 semples This procedure is illustrated
in figs.(2.11) ond (2.12). |

For the above reasons the minimum projected length cut was not

appliéd, and the 400/410 sample was included for cross-section and

analysis purposes, The other cuts described earlier were also used,

‘together with the relevant scanning and throughput efficiencies to obtain

the final weighted sample of K°pIT~ events.

2.7 Channel Cross-Sections

Table (2.4) lists the total number of weighted events at each energy
for the three channels. The errors on thece values are purely ststistical
and are calculated from the formula:-

AN:'/‘}EWF_ a7

th

vhere W, is the weight assigned to the (*" event of the sample. To
convert tkese numbers to cross-sections, the microbarn equivalent
described in the previous chapter is used. The cross-section for a

sample is then:-

Z

\ W, . | 2.8

where M = events/microbarn

=~
"
-

and the error is given by:-

Ao = SW o+ (SwW(am? 229
M* - pt




- vhere <A/4 is the error on the microbarn equivalent. The cross-sections
for each channeljand at each énergy are listed in table (2.4) and

plotted in fig.(2.13).

" 2.8 BEstiration of the A (1520) parameters

As déscribed in the next chapter, the A (1520) resonance is produced
very strongly in the (K p) system of the K‘p]Tb chgnnel. As such, an
estimation of its mass and width is well worth carrying out with the
abundant data of this channel. However, due to its narrow width, it is
expected that the experimental resolution as avresult of the errors on
tfack variables, wi%l broaden the experimentally observed width to some
deg;ee. Thus a resolution function should ideally be folded.into the
Breit;Wigner function describing the resonance shape when fitting the
experiﬁen£a1 distribution.

The data used in the fit was the effective mass region of the (X p)
systen betwéen 1.470 and 1.570 GeV ' for all energies combined, i.e.
7aﬁout three full widths on either side of the resonance peak,

A function was_set up in whigh a simple non-relativistic Breit-Wigner
and a Gaussian resolutionﬁfunction were folded together numerically by
computer, and to which was added a background termllinear.in effective

mass, i.e.:-

!

. | N 7 2
Fm) = [jm fo famr ' ~mom)” Jm’J+a,+a,M 2,10
~ ()

(m'-m,) +F:/4_ * ﬁ?f e

.
v

where m,,[, are the A(1520) mass and width parameters, ¢ is the width
of the resolution function, M - 2(m—th¢)_1 where M, and m, are the

“TMu=mmyg) o
upder =znd lower limits of the effective mass region, and @y, and d, are
" the relative intensities of the bockground contribution for zeroth and
linear orders in mass.

For nurerical calculaticn the term in brackets was integrated

Dbetveen My and M, using narrow bin widths., The theoretical number of
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events in bin ( is given by:-

theo ' . ‘ ' '
Ni = Fm,) 2lbin width); ¥ Total Number of Events = &2e11
5_ F(m;) x(bin width); ' |
J
An overall xl was set up for 20 bins such that:- _
‘ .28 theo expt \ - . .
A Z(Na ~N¢") : | 22
izl A foﬁ‘ :

vhere AN:”Pt is the statistical error on the number of experimental
events in bin { and was made egual to /Nf”t assuming Poissoniain_
statistics were valid., This xz. vas minimized by computer with respect

to the parameters mo,r'o,‘f,ao and d, . The results of the fit are as follows:-

Mo = 1517.4 2 0.8  Mev

M= 15.9%2.8 Mev.

6 = 2.220.5 Mev

:in= 2.1 for 20 data points

The A (1520) parameters are in excellent agreement with the world
average values of 1519 s 2 MeV for mass and 15 3 2 MeV for width,(3 )
and the effective-mass resolution in the (K—p) system appears. to be

2 MeV, The fit to the data is shown in fig.(2.14).

SRR R R R R RN



Table (2.1)

Throughput Efficiencies

‘Beam Momentum 200 Inelastic 201 R°'s 210 non I's 211 400 410
GeV/c S D S D ] D S D S D S D
0.960 0.820 0.852 | 0.852 0.787 | 0.843 0.855 | 0.673 0.667 0f774 0.727 | 0.667 0.600
1.005 0.860 0.903 0.884 0.937 0.901 0.916 0.784 0.850 0.743 0.850 0.611 0.938
1.045 0.856 0.853 | 0.812 0.844 | 0.888 0.871 | 0.740 0.649 0.830 0.759 | 0.817 0.861
1.085 0.857 0.801 0.875 6.842 0.888 0.849 0.782 0.576 | 0.788 0.840 0.823 0.761
1.125 0.88 0.870 | 0.883 0.904 | 0.873 0.88 | 0.756 0,778 0.806 0.784| 0.850 0.886
1.165 0.881 0.88 | 0.892 0.905] 0.890 0,888 | 0.705 0.658 0;824 0.833 0.853 0.848
1.205 0.862 0.875'| 0.877 0.898| 0.858 0.88 | 0.731 0.773| 0.872 0.811] 0.817 0.746
1.245 | 0.876 0.884 | 0.882 0.892 | 0.872 0.81}| 0.685 0.800] 0.826 0.859]| 0.808 0.805
1.285 0.864 0.885 | 0.880 0.893| 0.862 0.891| 0.699 0.736| 0.860 0.827 0.793 0.830
1.320 0.871 0.868 | 0.854 0.846 0.861 0.866( 0.753 0.824 0.803 0.856| 0.839 0.798
1.355 0.88 0.857 | 0.876 0.885}| 0.856 . 0.858] 0.729 0.741| 0.804 0.791| 0.819 0.797

!

i

Single Scan

Double Scan

1€



Table (2.2) Scanning Efficiences
a) K p 1° Topologies 200/210
Range Double Scan Single Scan
cm. Efficiency Efficiency
0.0 - 0.25 0.802 0.555
0.25 - 0.5 0.936 - 0.742
0.5 - 1.0 0.976 0.843
1.0 - 2.0 0.994 0.918
2.0 - 4.0 0.999 0.960
4.0 - 8.0 0.999 0.964
8.0 - 16.0 0.999 0.968
16.0 - 32.0 0.999 . 0.967
> 32.0 0.999 0.962
] B) K n
Topology Double Scan Single Scan
Efficiency Efficiency
200 0.998 0.956
210 0.999 0.961
c) g° P T
Topology Double Scan Single Scan
Efficiency Efficiency
200 0.998 0.960
210 1.000 0.960
201 0.999 0.972
211 1.000 0.974
400 0.985 0.878
410 1.000 0.875
Table (2.3)
Topology Number of Events
(with ambiguity weights)
200 13220
210 263
201 5445
211 71
400 425
410 11
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Table 2.4

Channel Cross?Sections '

a)K-Err

Beam Momentum Unweighted Number Final Weighted Number Channel Cross-Section
GeV/e mb.
0.960 569 683 t29 ' 0.933 * 0.049
1.005 549 609 27 . 0.965 *0.052
1.045 929 1080 X356 © 1.107 ¥ 0.047
1.085 879 1029 *35 - 1.078 *0.048

. 1.125 1201 1379 * 40 ' 1.304 *o0.051
1.165 1509 1726' 45 ~ 1.301 Yo.047
1.205 1552 1782 * 46 7 1.302 %o.047
1.245 1977 2250 * 51 : 1.288 ¥o0.041
1.285 2207 2538 * 55 1.33 fo0.041
1.320 . 1689 1925 *48 1.185 0.040
1.355 . 2875 3291 * 62 1.414 *0.039
- B) K n x

Beam Momentum Unweighted Number Final Weighted Number Channel Cross—Sec:ion

. GeV/c : : mb.
0.960 314 372 t22 © 0.508 20.033
1.005 363 399 *22 . 70.633 Yo.040
1.045 697 804 %31 ' 0.825 ¥0.039
1.085 837 981 *35 | 1.028 10.047
1.125 1098 1253 39 : 1.186 *0.048
1.165 1514 1737 45 1.309 *0.047
1.205 1833 2106 *50 _ 1.538 ¥0.053
1.245 2732 3141 Y61 1.798 *o.052
1.285 3005 3484 t65 1.831 *0.052
1.320 2745 3182 fe62 . 1.959 *0.060
1,355 4348 5027 r717 2.159 }0.055

e) §° pT )

Beam Momentum Unweighted Number Final Weighted Number Channel Cross—-Section
GeV/c ‘ mb.
0.960 313 363 * 21 0.496 * 0.033
1.005 367 414 *+ 22 0.656 * 0.041
1.045 776 930 * 34 0.954 * 0.043
1.085 1019 1196 * 39 ' 1.254 * 0.054
1.125 1525 1733 £ 46 1.640 * 0.060
1.165 2076 2377 * 53 ' 1.791 * 0.060
1.205 2152 2481 * 55 _ 1.812 * 0.060
1.245 2771 ) 3176 * 62 1.818 * 0.053
1.285 2829 3291 * 64 - ©1.729 £ 0.050
- 1.320 2319, 2677 * 58 . 1.648 * 0.052
1.355 - 3555 2087 + 71 1.756 * 0.047

33



g0

120

Total No. of Weighted Events

10 20 30 40

~ Projected Length cm. -

23

QB 25 35 45

cT cm.
25

(o0 ‘ , .
¢zoo | l '{ ' b
étoo | ‘ ‘ .
gooo b ' A | -
= -

‘ (;-L D~,4- 0{6 ol.g

Minimum Length Cut cm.

(=) . ‘ o :
! — .

| 4§o¢ I l“,{{ii}}i i, l . v |
1200} ‘ | Il'

- 34

22

s
Minimum Length Cut cm.

24

100 N 1
LIUL.‘ . ) -
H’bmlulrl_\mﬂmr\..;?-&—u‘\:«
oL 0% o0é o3
Projected Length cm.
26
120 JlrflquJlnih;
30 | 1
4o} | o
1
L = 0-0
cosf



e

" Total No. of Weighted Events

got
‘4_0.- ’ _' i
\J
o 1} i
Z .

29

400 'j -
300 R
200 - u’?r.:d a ‘ 5! u R W"h 1
ﬂ-‘“‘r{_“ -L‘
100 N Lo . J
J L4 L y
e o2 04 06 08 10

Probability

120 3

- 100 200 300 490

K Momentum MeV/c

- 400

28

§00 | o -

600 o i

400 ' o
] ‘ :

200 MWV‘““’}’W’;"LJLMJF‘EW ,J\J'rf"-'dl‘ﬁ

¢ 1 ! N ! t
. o2 o4 06 oOfF -0

- Probability
2.10

L - .
B
oot e
200
n nn J“Hm ; “JLL

. Jﬁl‘ J‘l FJH'IJ HM W I‘J
) IOO 3 "-1

: \ 1 [} \ )

0 02 04 04 0F 1°0

Probablllty
2. 12

™

IOO'}JIJ ' ' b..

fiad X 1 1

3
100 200 200 400

| Ro_ Momentum MeV/c

35



213

mb.

o i 1{ : - *. -

<L 4 Merrill etal.- Nuc. Phys. B60, 315,('73)
o t De Bellefon etal - Nuo. Cim. 7A,567,{'72)
-t This Experiment

0 | | 1 1 i L L { L

-90 ‘ 100 : 110 120 . 130 140
'Am~b_ | .
bl) K'p—>Khnt’ 1 - { *
s ) | 4

ot

|
| | T

0 | 1 1 ! t I 1 ! v

90 100 10 120 130 40

Beam Momentum GeV/c



mb
| c) Kp ——>_R°p11' | |

N | }*T |

‘90 +00 110 - 120 ’ 130 © 140

~ Beam Momentum ‘GeV/c '

37

17 e )



120
. 100

80

EVENTS

40

20

0

MY

214

-~ 38

S

l X L 1 L

_ |

%8 49 150 151 152 . 153

MASS(K'p) GeV

154

155 156 157



Chapter 3 - Dalitz Plot Analysis

3,1 Introduction

Dalitz Plots are presented for typical beam momenta in figure

(3.1) for the three channels:-

Kp = Kanmn ()
K%~ 2) 3.1
Kpr® (3)

Clear evidence is seen fof production of ihe.ﬁ'(890) in the (K1)
systen in all channels, except at the lowest enérgies which are
below its threshold. Strong production of/\(1520) is also seen
in‘;ﬂé (K-p) system of channel (3). Less obvious is the presence
"of the A(1236), seen clearly only in chamnel (3). Clebsch-Gordan
coefficients predict that the A should be twicé as intense in this
channel as in each of the other two. For the E.(890) the prediction
ié that it is twice as intense in channel (2) as in channel (3),
thése.being the two decay modes of K*-. No other structure is
‘visible from the Dalitz Plots except for the presence of an
asymmetry along the ﬁ’ band, This is most prominent around the
threshold energies agd is seen in all channels.v It occurs around
the cross-over region between the E. and- A and might be thought
to be the result of an interference between these resonances.
This possibility can, however, be discarded because the.As fraction
is too small to produce such a large effect. Furthermore, the
effect has also béen seen at higher énergies where it occurs
outside the cross-over regiongé’) This asymmetry has been attributed

—' -
to an interference between the K and a very wide S-wave KTT resonance.

It is assumed that this is the effect that is being seen in this

experiment, and is allowed for in a later stage of the analysis which

is now described,
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3.2 The non-interference model

The preliminary Dalitz Plot analysis used a model which assumed
an incohcrcﬁt ﬁixtu#elof background.and resonant qontributipné. To
~>describe cbﬁplgtely a process of the type:-

Kp — ENf 3.2
the ampliﬁude is generaliy é function of five Variab;es. Th;s

g

nunber is réduced-fo four if the targét proton_ié unpolarizéd as in
. tﬁié:expériménﬁ. Tﬁis is bgcaqsé thefiack Qf‘fiked x,?'céqrdinates
'vfor thg reagtion preveﬁté any dependence upon thé az;muthal angle
of tﬁe final three body plane. Two of the four variables afé chosén
to bévtyo Daiitz Plot coordinates, Mkn? and Mﬁs « The thir@ is‘the
azi;ﬁthal decay angle ﬁi of the produced résdnance; i, in its helicity
frame, for each quasi two body process contributing to the final
bsﬁate.- Thisvéngle, tbgéther with the helicity frame is defined in
fig.-(3.2). ‘Ohly one of the three pqssible g angles.is independeﬁt.
The fourth variable is the production angle Crof each resonaﬁce with
‘réépect to thé incoming kaon in the céntrevof nass.
A basic gssumption of the model was that the.probabilit§ density
for reaction (3.2) could Se factorizéq intd a production part and a
decéy part. The production part included all the denmendence uﬁon
production angle, whereas tHe decay‘p;rt.gave the Dalitz Plot
distribution together with the-@ devendence. This assumption is not
- strictly true ss some correlation doss occur and will 5e dealt vwith
later. The reason for this assunmption was to reduce the largs number
of parameters which would have to be fitted simultaneously if
rroduction angular dependence was included in the analysis. Thg
basic Dalitz Plot analysis was therefore an snalysis in three
veriablez, the depnendence on the fourth being ignored. On extracting
each resonaﬁce contribution, the vroduction angular dependance could

be. studied separziely for each resonance,



To carry out a fit to the data at each energy and for each
channel, the method of maximum likelihood'was employed. The

probability of a given event, L y ocecuring vwas given by:-

(Mk",MW,q)) —L[o(:s ¥ Zo(.‘ 'BW('")IIW(cose_,gtt)] | 3.3

"where the sum is over all contrlbutlng resonances in all three
two-body systems. |
Ko is the amplﬁtude of the non resonant paft of the
distributlon - background which con51sts of a phase s‘
.'space contrlbutlon plus. possibly unresolved resonances,
o 1s the productlon amplitude of resonance |
is a normalizatiop factor
BM&I is the Breit-Wigner amplitude of resonance L
‘VV; ' is Ehe decay distribuiion 6f rssonsnce i in terms of
the heliCity dscay angles.,
The Breit —Wivner functlon used was the relat1v1stlc forn

glven by Jackson- (7)

‘ 1 me I (m) .
| BW (m) | - (m:—..m’-)lq- My [ {m) >

where n% is the mass of the resonance, and fYnﬂ is the mass—dependent

full width of the form:-

r’l(m) - F; (%:)Zhl ;—_((__::‘)) 3.5

where r; is the natural full width; g is the momentum of the decay
particles in the t'o-body rest frame; 9, is q at the resonance nmass;

l is the relative orbital angular mormentux between the decay particles;
/DQn) is a slovly varying factor whose form was taken from Jackson.(7 )
For the K the form m - w 142 & ¢t

or e e formm vas used, For baryon resonances n »(A +q)
vas used with X=350 MeV/c.

The decsy distributions for the dominant ressnances were those

: by De (8) 7* N
given by Deen, For the X , the form relevant for a vector meson

was used:-
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3 . )
W (cos B, ¢) = & [ zsin%e - 7 ( |-3C05f9),0,,~/i Reg 5in20 cos ¢
| ~ 4, 5in*6 cos2¢ ]
‘ Fbr the A(1236)- and I\(1520), both spin 2 p_ézrticles, the form

3.6

2

vass—

W (cos0,9) :-’,—,[ (T +cos0) + 2(3 ~ cos e)p,3
‘ Rep;,smwcosqi——Ra,@.sm‘a COSZ(H - 3'_7
where @ is the polar helicity decey angle and is related to the
 mass-squared variables of the other two-body systemsfcg’) 'The.)?'s
-are the spin déﬁsity méirix elerxents whiéh,;ontribﬁte to the decay
distributioﬁ; They are fuhctions gf production'angle, bui were
. taken as conétants in the following analysis; Their angular dependence
was determined later,
- For small resonance contributions which were usually'requireé in
addition to tﬁe ;bove three to fit the data, a decay tefm of the

forms -

W(cosG) gn[("‘ﬂ)+(3/3-—l)cos o] 3.8

was used, with.ﬁ a parameter varying between 0 and 1, determining the

shape of the decay distribution.

For the fittiﬂg procedure a method had to be devised to impose
the positivity cond:.t..ons(I on.the density matrix elenents, so as
_to keep'the probability function vositive. This was achieved by
paramefterising the density matrlx e;ﬂmeﬂta according to the follow1nf

prescription:-(")

For the ﬁ’:— .
sin*vy

1R

,poo
A

o
A
o
NI
N

7(1-2,) cos24

1"

N 3.9
Rep, = [Z14:(1- Ao)]‘s:nJcose oges T
the § =nd A (1520):- _
Py = ¥costd 23031
T ' o o
Regy, = 3 75In 24 cosE 0¢d<c T 3.10
. 11 , 4
Rep, , = Fvsin2dsine ~ ogeclm
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Thus-(,J'and € were the péragetérs that were fitted, rather
than the density ﬁatrix elementé.

The normalization factor N in eqn. (3.3) is the integral of the
_bracketed termvbver:ali the three variable‘épace. Fof the @ variable
the integralvi; A triviai matter. To calculaté fhe'integral over the
;Dalitz Plot a numerical computation was employed f@r each separate,
pa?ameterfindependent term. This consisted dr dividing fhe rectangle
defined by the boundary limits of the Dalitz Plot into a 50 x 50 grid
of rectahgular.eleménts. This was done at theAcentra1 va1ﬁe’of7each
of a set of narrow bins spread out ovér the finite centre of mass
 energy_region of the data in question. VFor eéch céntre'of'mass'
eneigy ppiht, the area of each-element vithin the Dalitz Plot boundary
was weighted by the'value of‘each'separate tern af the centre of tﬁat
elémenf. Those elements overldpping the boundary curvé were ailvided
~into yet smaller elements with thoée outside the curve beiné discarded..
For each separate term, therefore, =2 sum‘over all elements was made
ﬁith tﬁe relevant weight, ana ét each centre of mass énergy pqiﬁt,
t§ obtain the numerical value of the integral of fhat térm for eacn
egergy bin. Thus each evént had a normalization factor calculatgd very
neaf its own centre of mass energy. |

A negative log-likelihood was then set up defined by:-

L = - o ) where W, is the weight 5.1
;i W 1 Je p¢ assigned to the {* event.

It was this L that was minimized with respect to‘the folloving
parameteré:i) the production amplitudes of each confribution, including
background, & ; ii) the density matrixz element parameters,(v,éfand € ;
iii) the Qecéy parzmeters for small resonancé contributions, B . The

(12)

CERN minimizing program MINUIT. was used for this purpose.



. 3.3 The non—intérference fits

The'éhannel K-n.ﬂ+ was analysed first,_beiﬁg a simple channei
: with strong ﬁf producfion,génd minimal A produbtion."Initial
runs werevmade at the highest energy containing éﬁout-hooo events.
'Nominai values ;f mass and vidth for the E' and A were used,(3 )
anﬁ no. other contributian was included at first. The resglt_was
a’fery 5adifit t6 thé ﬁ' where the ekperimental ﬁaés appeared to
,'blie much lover thaﬁ the input value of 896 MeV. On repeating the
run at lowéf energieé the same effect occufred. The ﬁ‘ peak was
fitted well; but the wings of the reéonénce showed a ékew towards
the lower mass gnd of the distribution. Thus an asynmetric resonént

(13)

‘shape'waslpresenﬁ. Several other workers have seen this

effect for resonances near threshold and have attributed the effect

A'to pfoduction angular'momentum barrier>factors between the resonance
4and the third particle. (See figure (3.3). .Thié ha; tﬁe effect of

lsupp:essing theAdecay-amélitude at small centre of mass momentum to

a degree depending upon the relative ofbital angulér momentum,{ , of

the systém. Bland et al. assume P-wave dominance and use, for i'

(14)

production, the Blatt and Weisskopf form for the barrier factor:-
. . 1 N
1
—_ T 3012
9+ mk ’

vhere m, is the mass of the w meson, thought to dominate the
t-channel exchange in their reaction; q is the centre of mass

— ' ' .
momentun of the K N system. However it is undesirable in a formation
study to assume a single dominznt outszoing ( value when seversl may
be present; a more correct form being a sum of terms for each [
value with amplitudes proportional to the relative intensities of

—%

these waves. Since a vartial wave anslysis of the K ¥ system had

not yet been carried out, these relative intensities were not known.



The solutionAadbpted, thereforé, was tb.feduceAtﬁe maés 6f the ﬁ'
at‘each energy untillthe_best fit té the asymmetric Breit-w;gner
w;s-obtéined. ‘Since éhe barriér effect is most sevepeknear
.fhreshold,'this méss depression was larger at tﬁe iogér energies.,
Reasonable fits fp-the K werewtﬁen obtained., The K ma;é vélugs
used are listed in table (B.i)f.

" An excess of eventS‘wgs seen at the high end of the K n
effectife mass distfibution. Beihg a widé effect it was attributed
'to.the 2:(1?65),_subsequént inclﬁsion qf which.improﬁed'the fit,

‘ The asymmetric ﬁand of the ﬁf was also seen producing an
enhancement at the high end of the K n effective mass aﬁd a
depietion at the lower end., This appeared in theAan sysféﬁ aé aﬂ
~effective shift of the a mass to lower energies. In neither Casé

-. could the effect be accounted for with the present model. At the
‘higher energies the K n problem could be accounted for by including
the nérrﬁw 2. (1670) in the model. ‘H§we§er as thé enersy decreased
the ;nhancement moved furthér and further aﬁay from 1670 MeV ﬁntil
the resonance could not fit it at all. furthermore, the effect in
 th§ nll system was increaéing as thé energy decreesed. Assuming

that the ﬁ. decay asymmetry wés due tg an interference efféct, and
becéuse the model currently in use was a pon-interfering modsl, the
solution to this problem was to ;nvoke pseudo-effeéts to account for
the asymmetry. In the nll system the A mass was reduced at each
energy to give the best‘fit, whereas in the K-n.system pseudo-~
resonanées vere invoked with variable mass to fit the enhancement.
The ¥ (1670) was therefore a manifestation of this effect at the
higher energies. Below 1.285 GeV/c this mass was changed to 1640 MeV,
énd at 1.205 GeV/c a.mass of 1580 MeV gave the best fit., The A mass

- was varied from its nominal mass of 1232 MeV at 1.355 GeV/¢c to 1200

MeV =zt the lowver energies. Improved fits at all energies were now

-
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obtzined exceot below the K threshold vhere the severevK mass

asymnetry could not be accounted for by mass depfession.”'This

‘region comprised the first four energy points where only test runs -

‘were made. The results from 1.125 GeV/c upwards are givén in table
(.. L |
A giﬁilar ana;yéis Qas carried out on the other two channels,
- ipp;T_ #nd K~p11°, from 1.125 GeV/c upward. For the létter channel
 the VA‘(1520) production was also included. Both channiels showed’
;éigns of‘the~E? decéy asymzmetry which.was accounted for in the same
way as iﬁ the K_ﬁ/T+ channel, \

. ) . . . B ) -
Although the above method is far from satisfactory, the K

‘paraﬁéters extracted at different stages of the analysis were found

to be consistént with each other,_showing that the E. was being
-'extracfed fairly clearly from the background. The A extracfion,
hovever, was very much more uncertain>dué to its large width, and
) its'fittéd veraneters were found to ﬁe.unstable’dufiné the above

‘procedure.

‘3,1, Bxtension of the analysis

Because of the subseéuent K'N partial wave analysis it was
necessary to extend the energy region towards the higher energies.
This was.achieved by including in the analysis the KNIT data of
,the CRS collaboration.(IS) Because of systematic errors in the
ﬁopr1' channel,('6) hqwever, this channel was unavailable for
znalysis. The other channels were analysed in an iden£ica1 way
to those of'the present experiment, although_fewar events at - each
enérgy csused large fluctuations in fitied resonance parameters
‘across the energy region. Nominal values of ﬁ’ mass and width
fitted tﬁe data adequately, since the effect of barrier factofs is
less severe in this region. For the X n/T" channel the K decay

asymmetry was still present, and it was found necessary to vary the

'
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mass of t.he 2(1765) to fit thé en_hancemeﬁt. The A fralction was
very small and in most case;vwas omitted from the fit. TFor the
K-plwc channél the inélusion of 2 (1765) was unable to fit a-wide
enhancement in the K-p'éystem.' ﬁitchfield,(l7) in his analysis of
‘this daﬁa éscribed this enhancement to the /\(1815). Onireplaciﬁg
the J (1765) by this resonance the it improved drematically. |
Reaéonaﬁly goo& fits viere thergforé,bbtained in both'chanhelé_énd
"the results are li;tedvin Fablew(B.a).
The quaiity of all}fité are expressed as a ;%;? avefaged ofer,

ail three Dalitz_?lot'prqjécfions. Tﬁe number.of dégrées of freedom

{NDF) is @efined as the‘total‘numbérbéf bins minus thé totél nunber
' of varizable parameters contributing to the Délitz_Plot-projectionsf‘

- The fitsAto the dafa Qf‘this expérimenf are shown.as dashed curves
‘in‘figure (3.4). |

3,5 The interfefence model

The problems in fitting the data uéing the noﬂ»interferenée
model stem bésically from the fact that the ﬁ’ band has an ésymmetric
distribution, which cannot be fitted prorerly using simplé incoherent
érocesses. An attenpt waé now made to e#plain this ésymmetry by a
simpie ipterference effect between fhe P-wave K’ and an S-wave
resonance, assumed to be very wide. ;An S~-yave was chosen‘be;ause of
the foliowing fact:~ If the ﬁﬁ-decays predominantly via lzzo into -
two spinless mesons, a decay amplitude of the fornm 'cos on occurs.in
the helicity © angle. Putting thevdépendence on all other variables
into one funcfion "A", then the coherent combination of ﬁ’ and a
constant S-wave amplitude gives an intensity distribution of the form:-

I= 'As + A cose|* = 1A+ | Al cose +2Re(ASA:.)c059 5.15
vhere the ihterferencé term'contriﬁutes'an asymmetric cos 9 form to
the dec;y distribution. This ferm becomes the basis for a.more rigoreous

expression which will now be developed.
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Consider the following set of‘reactions:;

o a.+5 ——) Ck +d ‘kz1,...n L3l

vhere all resonances cg have a common decay channel;-
The generalized‘form'of the angular distribution of Me" in the

hellclty frame of "C" is given by--(ls) o | | |
I(e.9) = % > /% Ayw " (90,0 £, /z-:’;—r 3.6
o M D, (9.0 -

.where the surmation is over all J,J' the spln_of MM m,m?, the

| spin projection on the z-axis; Ae"A# the helicitiés of the‘final
sﬂa?é_particles vith A= A, - A, . The D's are rotation matficesvfor
the aﬁgles 0, # of the helicity systémr N is a normalization faﬁtqf;iv-
p is thé density matrix ofb“c" P4Ll‘represents the combined.mass
-dependent part of the helicity amplitude for the decay of a M"c¢" state,
together with its production amplltudef

It is assuried that the only contributions to "¢" are spins 1 and O,

s 4 - .
corresponding to the K and S-wave., Furthermore, on dealing with the

Knm system the helicities ), ,Af and A are all zero and their summation

is dropped. Thus only two helicity amplitudes exist - one for the X

and one for the S-wave., Expanding eqn.(3.16) over J and J' with the

above concﬂtlons°-

I ( [‘HT lM P- + 4n’ 'M’ Z D*l (95 9 O)e‘m, Dn:'g(¢'9~°) 3,17
t % ZM: (M'M°¢ D:'a(lf,e'o) a";‘t + M'*M° D':‘o(¢19'0)€:‘nt)]

The first two terms redresent the normal incoherent decay distributions
—% ‘ i ' !

of K and tke S-wave - the second besing the form of Jacob and Wick('y)

and reducing to eqn.(3.6). The third term is the interference betveen

| ‘ st int .o R i :
the two states with /20 deing the interference density matrix elements

Of "C 111 .
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Assuﬁing that the complete density matrix J is hermitian; using the

int i : ' . -
prOpgrty that /Z: = /EJt s the_interference terr simplifies to:-
A | 1 aa02 : *1 - int ,
i 2Re[ M'M gD,,,(qs,s,o)g” ] 3.8

The M amplitudes can be represented as follows:-
' g 1 i ’ :
For the K': M = A, ot BW,s - 3.19

. - ] : -t
where A 1s the K production amplitude; BWK' is the X . Breit-

is an arbitrary phase.

Wigner ampiitﬁde; ¢K'

For the S-wave it is assumed tﬁat, béing slowly varyiﬁg over the.‘
nérrow ﬁidth of the i’, the contribution beneath the g isAapproximatély'
of constaﬁt émplitude and phase | |

- _ and 1° = Asews IR . 3.20 .
where "Sh means S-ware. | ' |

‘Now interference can only occur if the ﬁ* and S—wéve are produced

froﬁ the same S-channel partial wave. As‘it is highly.unlikely for this
to dccur in all wares, thé final interference between both contributions
on‘the Dalitz Plot will only be partial. On inciuding a coherence |
factor Aint -into eqn. (3.18) together with eqns. (3.19) and (3.20)

where 0L Aint\<1 y the interference term beconmes:-

A% LA A A Re{ [ Yo s Yo 0 o v o Legu, Y] 3.2
where y is the relative phaée between S~wave and P-wave at the ﬁ'
peak, and the Y'svére spherical harmonics.

Assuminglno polarization of the incident particles, a géneraliied

(18)

parity condition:-

mem’

' -7’ m-m' . ‘
- - -] .22
Ao = 11 ()T (=077 p 3
where % is the intrinsic parity of the J state
can be applied to the density matrix in the case of parity conservation
for the production rgaction. Ean. (3.22) is true only for spin

reference frames with the y-axis normal to the production plane, such
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as the helicity and Jackson frames.
For the case in queétion J=1, 1 =-1, J'=0, 7'=+1 and m'=0
- © T int __ pint -
and . /Qo = v/2° } o 3f23
Thus one interference density matrix elément'is redundant. On

expanding eqn. (3.21) using condition (3.23) the interference term

becomes:~

Jiﬁ.g'nj 2A,, A,(..A [z cose{(Re,(BW)cosw Im((S’w)smtt')f?e,o"‘t | |
~(Im(BW) cos ¥ + Re(8W) sin¥) Im 20"} = 2sing cosg{(Re(Bwcosy  3.2u
= Im(8w) sinv)Re A" - (Im(BW)cosy + Re(gw)sint) Im Ao} ]

This is the final form of the term and contains four extra parameters.
. There are two:angﬁlar terms; cos 6 and sin © cos'd, OAIy the cos 9.
term shows_itéélf on the Dalitz Plot, and'is‘indeed the rigorous
ex?réésion based upon eqn. (3.13) which iﬁtroducés‘an asymmetry to;
the ﬁ' decay Qistributiop. Furthermore the whole tefm integfates

" to zero ovér cos Q.as expecﬁed, sinég interferénce does not add or
subtract intensity bﬁt redisﬁributes it; :The.term is similar to

thaf given by Lyons and Mc(}ubbin(2 )

who exnlaln the asymmetry in
their data "1th the s=zme hypothe51s.
For flttlng purposes it is ev1dent that two of the parameters

in eqn. (3.24) are redundant since each separate term consists of a

nultiple of three parameters, Thus A,

" and q/ are absorbed into the
int .

density mztrix elements, and after rearrangement, the final form for

"the interference ternm becomes:-

PuePys [ (Re(BW) g -Inm(BW)g)coso - /i (Re(BW)) - Im(BWg ) sinBosg] 3425
wherg /%,f% /2 /a are free parameters of the model, but were generally
alloved to vary betwesn + 1.

The parameters absdrb the constants outside the brackets in

eqn. (3.24)., They also absorb the fraction of background which is

S~wave, s0 tﬁat As is revlzced by Aﬁs’ the thase svace amplitude, This

. -
is a reasonable assumption if the S-wave contribution beneath the X
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is of a constant amplitude because it then simulates a frapﬁion of
phase space, Egn. (3.25) was the interference tefm used in the
fitting prbgram‘and wés added onto eqn; (3.3), contributing a
vmaximum éf four'extra parameters.A‘No other interference between
contributing processes on the Dalitz Plot was assﬁmed in any channel
(althdugh the‘K-p11° chaﬁnel did show some small signs of-this at the
AN(1520) - [ o;erlap région). | .

V 3.6 The intefference fits

For Dalité Plot fitting purposes only the first term in eqn. (3.25)
was necessary; the second'being indepénden£ of position on the plot.
Thus for best X; Values‘only two parameters wére necessary, whereas
_for the best likelihodd vaiue the second term was included. On
removing the ﬁseudo-effects'from the hon—interfereﬁce fits and inseftingv
- the first term of eqn. (3.25) the fits at almdst every energy showed .
dramatic improvemeﬁts, with the ﬁ’ asymmetric effect in ;ecéy being
fittéd correctly now by the cos 0 term. The improVement was most
inmpressive aroﬁnd the E*N threshqld region, i.e. aroun& 1.165 GeV/c,
and especially so in the K-p11o channél wvhere lrie asymmetry was most
severe. On inclusion of.éhe sécond interfersnce term the negative
log-likelihood dropped c:ﬁsiderably at almost all energies showing
that ';he @ distribution in the K* region }-_:as"also being fitted better.
The xf values for the fit to the Dalitzrplot variables remszined
unchanged, és expected, The fits té the data of this experiment are
shown as solid curves in figure (3.4).

-
v,

It was noticed that the fitted X parameters, that is the cross-

secticn and density matrix elements, were essentially unchanged between
the interference and non-interference models. This indicated that the
-8

K extraction was not very senzitive to the choice of model used. The

fitted quantities for all resonance-contridbutions in all channels are



gifen in table §3.3) for;this experigent, and in toble (3.4) for the
CR# data. Ther should be compared with the results of.the non-
interference model in tables (3. 1) and (3 2); esnecially for the
likelihood values. The large values ef &%; originate malnly from
tﬁe inability ef the ﬁ. mass depression technique to fit the
‘asymrmetric mass distributioh,resultiﬁg from production barrier factors.
It ie for_this reaspn that final determinations of the E.N partial
'lcroee uectlons for this experiment are deferred until chapter 6, f_
where a better teehnique is descrited. The errors on the partial:
cross-sectione for this experiment are eompounded from statistical
errors and empiricaibfit errors obtained by estimatingAfromrthe mass
-plots the fraction of each resonance vhich could be mistaken for
' background. For the CRS data, where no event velgnts were available
| from the.DST, the errors on the partial cross-sections were tekenl

from ref. (21).

3,7 Comments on the results of the fits

| The results show a smooth energy dependence,for the i* ard~
A (1520) parametere. For the a, however,‘its 1arée width and sﬁall
cross-section in the K'nn' and K% i1~ channels make it difficult to
be distinguished frombbackground. Conseguently, its fitted parameters
are scen to fluctuate somewhatvwildly with energy for these two channels.
A constant Peature, though, is that the /9 }, density matrix element of
the [\ is near to its upper limit of 0.5 in all channels. This has
the effect of producinz a sin G forz to the A decay band, and s0
efféctively concentrating the QA COntributien in the middle of its band.
This effect has been obzerved several times before,(zz) including the
A contribution to the reasction THV**T%HN,(ZS) where duality models
have been invoked te exnlain it.(24)

The four interference parameters of'eqn. (3.25) are also Toend to

fluctuete somevhat wildly with energy. .This may be the result of
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statistical fluctuations in the data'reproducing structure which

requires one parameter of a palr to be larger or smaller than usualf'
It is of interest to compare the interference term with fypical

K - decay asymmetries in the data. This is achieved by introducing an

asynmetry parameter o« defined by:-

_ E-8 o .
* = Fres 326

lwhere F(B) is the number of events with cos @ greafér (smaller) than
_ iero. « 1is a:function of the KIT effective nass-squared. It is
sketched for éhe tvo csntribUtions of the first term'of eqn. (3.25),
and plotted a£ a typicallenergy for all three'channe15~in figure
(3.5). It can be seen that the data requires a combination of the
two gﬁapes fron the‘interference térm, and this isAconfirmed in
the fitted values for the parameters of this term.

A further problem lies in the ratio- of the K*-p partial
cross-sections from the channels Kop7i~ and K pril. These being
'thé twa decay modes of the K’_, the Clebsch~Gordan coefficients
predict a ratio of 2:1 for the.partial créss—séctiogé. As seen in

- table (35.3) this rﬁfio is%consistently smaller than 2:1 by'mope than
one standard deviation, At this séage a possible reason for the
effect is the.peak mass depression of the ﬁ"which allows for
production barrier effects. Since there is a much larger amount of
background beneath the ¥ in the K p if° channel, the inability of
this technique to fit the ﬁ* at a distznce from the peak may cause
soxze pf this background to be clazsed as resonénce, and hence
increase ths crosz-section. In the §0p71— channel,‘£he lack of %
large background will prevent this frqm harpening to any serious

extent.

3.8 The ¢ distribution

So far, no mentZon has been made of the quality of fit to the

helicity azimuthal angle @, all emphasis having been placed on the



mass distributions. This is due to the fact that the helicity polar

angle cosine, cos @, of one two-body system is linearly related to

the effective mass-squared of another system:-( )
f.e.  cos@, = -F(mfﬂ + j(nf)nﬁ where 1 denotes systen 1 3,27

2 1" "l . 2

£ and é are functions of nﬁ‘, the effecéiﬁe mass45quared_o£,

sjsfem i..JThus.the contribution of;a resonance ih s&siem 1l té thé

" effective mass-gquarea of system 2 cén be eaéily'found by'integrating
its Dalitz ?lot density function over two of tﬁe three independent )

variables, m! and ¢,.

ie. @9"‘9 = JJ IBW,_J" W(cosg, $) dm d¢, 338
=[] 18wl Wimz mt, d) dm dg,
where Bwl is the Bfei£-Wigner anplitude of reéOnancejl,land w'is‘
the deéay distribution. |
Thié result is a simple consequence of having:a common variable,
vn?, in the'density fupctions-of.resonances in systems 1 and 2,‘ There
is no similar analogy for @, since the # angle in one system is not
simply related to that in;another. The relationsﬁip involves all
the othgr variables including produétion angle., For this reason it
is expected that.the reflection of a resonance in system 1, into the
Vﬁ,distribﬁtion of syétem'e will be depenéént upon the structﬁre in
production angleQ Since the previously fitted density funciion ignored'
this structure, then it is expected that the projection of this functiion
into a g variable will te inzdequate to fit. the structure in the data.
'To test the above hypothesis, t@e orogran FOWL(ZS) was used to
generate the projections of the fitted density function for tﬁe.K-nﬂ+
channel at 1.355 GeV/c, in 2ll four variables in each two-body system.

The fit to the interference model descrited earlier was used, Thae

method used was to allow FOWL to generate random events with a beam



momentum spread and shapg similar.to that of the data. FbWL.
automatically.generates events with a trué phase-space distribﬁtion
5y weighting ihe gvéﬁts éppropfiately. Thus all thzat was necessary
was to incluﬁe an extra weight fﬁr éach event cofreéponding to éhe
fitted densit& function at thaﬁ poinﬁ,Aahd hiétogramming these
weiéhtéd evénﬁs ifn ail the variables. About 50,000 eventé wére
found to be required to produce reasonably smooth histograms, which
,:weré'then‘copverted to curves, smoothed out further by the-gomputer,
normalized to the total number of events in the dataset and pfojected
onto histograms of the éctual data.'-

The results showed good fits to the ﬁass distributions as expected,
an& éiso to the cos @ distriﬁutions. However the fit to the ﬁ'stof
the (nry) and (ﬁn)'systemé were extreﬁcly Ead, whereas for the (Kn)
system the'fit_was‘very good. This resultrconfirﬁéd the nebéssity»
of & §* production angular_distfibution, and the lack of any appreciable
angular structure in‘lhe other two-body systems. Thé E* stfucture was
therefore expected to reproduce éhe @ structure in the (nr) énd (Kn)
systens. These fits to # are shovn in figure (3.6). The production
angle pfojections were, of course, flat and bore no resemblance to the

" highly structured data. It is for these reasons that the @ distributions

55

were not used to determine the quality of -fit to the Dalitz Plot analysis.

Despite the bad fits to @, the validity of the analysis can still
be believed for the folloving reasqn. By dealing with a density funcid on
in three variavles, the resonant processes are kept'distinctvfrom eacn
other, and are defined in terms of the Variéblés of their own systems.
AThus the contribution of a resonance io its owm & variable can be fitted
' .independently of the reflecticqs of oﬁher precescses into this variable,
so long as the proceszes do not overlap to an appreciable degree. It

is therefore the likelihood which determines the quelity of fit (in

conjunction with the effective mass vprejections), and the overall &



distfibutions are ignored. In this exéeriment, overlap between
processes on the Dalitz Plot has been seen to be small} and so
;he threé-variable analysis can be théﬁgh£ of as'Seing a vélid
.analysis in this case. To confirm this hypothesis, structure
in therﬁ’ oroduction anglé should be included in the FOWL plots
to see vhether the (nTTj and (Kn) ¢ distributioﬁs_are fitted
prdperiy. This procedure:is descri?ed in fhe next,chapter“where

— _—
~the K production angular structure is extracted.

L2 R B K B 2 X 2N BF BN B
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Table (3.1) Results of the Non-Intexference Model for this Experiment *

a) K_ i) ﬂ+ I

; 2 :
e e Mot g o . e e

GeV/c MeV MeV mb., mb, mb. I = Width
1.125 1.07 150 884 1200 0.498 * 0.035 0.219 ¥ 0.040 - -
1.165 1.46 380 888 1213 0.668 * 0,037 0.118 * 0.024 - £ (1640) I'=35
1.205 1.10 776 890 1213 0.786 * 0.044 0.164 * 0.025 - £(1580) =30
1.245 1.40 1474 890 1213 1.044 * 0,052 0.174 * 0,027 0.042 * 0.014  5(1640) T=35
1.285 1.58 1956 892 1220 1.138 % 0.057 0.194 * 0,029 0.072 * 0.024 £(1670) r=50
1.320 1.36 2040 892 1232 1.313 * 0.065 0.142 * 0.021 0.108 * 0.036. 2(1670) I=50
1.355 1.75 3549 892 1232 ~ 1.494 % 0.071 0.122 * 0,018 0.195 * 0.065 £(1670) I=50

b) &° P T
1.125 1.68 26 886 1213 0.880 * 0.056 0.209 * 0.043 - £(1550) I'=15
1,165 1.51 396 886 1213 1.067 * 0.065 0.162 + 0,033 - -
1.205 1.41 749 888 1232 1.099 * 0.055 0.166 * 0.026 - -
1.245 1.51 1422 888 - 1232 1.127 * 0.056  0.192 * 0.029 0.018 * 0.009 -
1.285 1.26 1835 888 1232 1.106 % 0.055 0.162 * 0.025 - -
1.320 1.43 1779 890 1232 1.045 * 0.053 0.222 *+0.034 0.043 * 0.020 £(1670) TI'=50
1.355 © 1.11 3155 890 1232 1.119 ¥ 0.057 0.179 * 0.027 0.054 * 0.025 £(1670) I'=50

-~ o

c)K pw GA(1520) mp.
1.125 1.97 141 886 1200 0.449 ¥ 0.038 0.326 * 0.067 0.021 + 0.010 0.305 * 0.019
1.165 1.83 406 886 1200 0.560 * 0.036 0.392 * 0,061 '0.061 * 0.030 0.263 + 0.018
1.205 1.39 740 890 1213 0.610 * 0.035 0.306 + 0.048 0.104 * 0.050 0.186 + 0,012
1.245 1.44 1269 890 1220 0.602 + 0,032 - 0.321 + 0,035 0.086 * 0.030 0.164 * 0,010
1.285 1.23 1714 892 1232 ‘ 0.640 * 0.033 0.342 + 0,036 0.124 * 0,025 0.214 * 0.013
1.320 1.09 1526 892 1232 0.541 * 0.030 0.282 + 0.030 0.162 * 0.026 0.195 * 0.013
1.355 1.08 2907 892 1232 0.6L8 + 0.031 0.285 * 0.030 0.216 * 0.023 0.237 + 0.013

LS



Table (3.2) Results df the Non=Interference Model for the CRS Data

- +
a) XK nnr

7 :
v W s “£a765) Reraas
GeV/e » mb. mb. mb. I' = Width
1.271 1.20 163 0.892 * 0,140 - -
1.321 1.10 375 1.165 £ 0.170 - £ 0.079 * 0.040
1.370 1.63 343 1.506 % 0.190 0.348 ¥ 0.150 0.135 * 0.060
1.419 1.13 397 1.667 * 0.180 0.088 * 0.050 0.250 % 0.100
1.464 1.59 429 1.742 * 0.200 0.085 * 0.050 0.282 * 0.100
1.512 1.25 467 1.571 * 0.140 - 0.311 * 0.100
1.546 1.45 910 1.751 * 0.140 - - L(1780) I'=140
1.606 1.18 895 ' 2.143 * 0.160 - | - ' L(1820) r=140
1.652 1.10 995 1.717 * 0.150 - - £(1800) I'=120
1.706 1.24 1024 1.950 * 0.190 - -
1.741 1.32 1373 1.813 * 0.190 - -
1.800 1.03 988 1.795 * 0.160 0.280 * 0.150 - ’
1.841 1.08 901 1.300 * 0.130 - -

8¢



Mozzx‘um ﬁ-%;- L og* i I5(1765) /A (1815) %A (1520)
GeV/c mb. mb. mb., mb.
1.271 1.16 145 0.454 * 0,070 0.158 * 0.190 0.169 * 0.080 0.106 * 0.050
1.321 1.44 329 0.626 * 0.130 0.199 * 0.190 0.263 % 0.080 0.174 * 0.050
1.370 0.91 315 0.632 * 0.160 0.227 £ 0.160 ; 0.251 * 0.080 0.256 ¥ 0.060
1.419 1.16 304 0.613 * 0.130 0.398 * 0.160 A 0.121 % 0.050 0.160  0.060
1.464 1.07 361 0.554 * 0.140 0.329 * 0.190 Y 0.287 * 0.070 0.219 * 0.060
1.512 ‘1.14 493 0.643 * 0.120 0.277 * 0.220 0.191 * 0.055 0.138 * 0.040
1.546 0.93 780 0.635 X 0.110 0.372 t* 0.270 0.270 * 0.060 0.233 % 0.060
1.606 1.62 758 0.768 * 0.170 0.153 * 0.230 0.227 * 0.070 0.168 * 0.050
1.652 0 1.37 832 0.652 * 0.090 0.202 % 0.130 0.278 ¥ 0.070 0.122 * 0.040
1.706 1.39 713 0.625 ¥ 0.110  0.351 * 0.140 0.305 X 0.080 0.157 * 0.050
1.741 1.15 970 0.806 % 0.130 0.440 X 0.120 -+ 0.128 % 0.065 0.155 * 0.050
1.800 1.33 670 0.780 * 0.100 0.413 * 0.140 0.142 * 0.070 0.138 * 0.050
1.841 1.05 772 0.569 * 0.100 0.256 * 0.140 0.097 * 0.040 0.122 * 0.040

6S



Table (3.3)

Results of the Interference Model for the Present Experiment

a) K n 'rr+

2
Beam L os* Orn . o o o p, o p o 8
Momen tum ﬁ%f‘- 00 a b ¢ d 4 %% : ;(1765) £(1765)
GeV/e mb. mb. mb.
1.125 1.06 147 0.493 0.35 0.20 0.01 0.12 -0.03 0.182 0.33 - -
+0.035 +£0.040
1.165 1.30 358 0.664 0.41 0.04 0.24 0.16 -0.05 0.095 0.47 - -
+0.037 30.024
1.205 1.13 771 0.790 0.41 0.09 0.16 0.07 -0.02 0.092 0.46 - -
+0.044 : +0.020 :
1.245 1.31 1463 1.043 0.47 - 0,05. 0.19 0.09 -0.08 0.068 0.50 0.017 0.00
' +0.052 ' +0.010 +0.010
1.285 1.56 1946  1.136 0.54 0.10 0.06 0.13 -0.10 0.129 0.50 0.062 0.44
+0.057 ‘ . x0.020 . - £0.020
1.320 1.32 2016 1.304 ‘0.51 0.12 0.04 0.13 -0.16 0.106 0.50 0.082 0.27
20.065. +0.020 +0.030
1.355 - 1.71 3522 1.475 0.49 0.12 0.08 0.16° -0.07 0.088 0.50 0.158 0.31
+0,071 +0.015 +0.06Q
b) &° P T
1,125 '1.50 19, 0.881 0.46 0.08 0.14 -0.02 -0.,14 0.217 Q-49 - -
+0.056 : o 10.043
1,165 1.36 381 1.056 0.44 -0.06 0,13 -0.03 -0.09 0.182 0.49 - -
+0.065 ) . $0.033
1.205 1.33 723 1.100 0.43 -0.10 0.17 -0.01 -0,18 0.177 0.46 - -
+0.055 . 20,026
1.245 1.47 1401 1.119 0.46 -0.02 0.12 -0.01 -0.16 0.172  0.48 - td
+0.056 ' | 0,029 ‘
1.285 1.25 1808 1.107 0.44 -0.02 0.05 0.04 =-0.19 0.179 0.46 - -
i +0.055 +0.025
1.320 1.38 1751 1.037 0.47 0.06 0,13 0.03 -0.25 0.230 0.49 0.027 0.33
. +0.053 +0.034 ~+0.010
- 1.355 1.07 3099 1.106 0.46 0.07 0.06 0.16 -0.21 0.197 . 0.48 0.035 - 0.00
’ +0,057 ' +0.027 +0.020




B 2 L o ' o g o 01_<°p1r
eam X R Poo Pa °y Pe Pa A P33 9p@765) “a(1520) P33 9k*
Momentum  NDF 57 , 77 K—p10
GeV/c mb. mb. mb. mb, Opk
1.125 1.25 122 0.459 0.53 0.24 0.55 0.07 0.05 0.232 0.47 - 0.256 0.14 1.92
+0.038 +0.050 +0.015 +0.21
1.165 1.10 379 0.574 0.49 0.13 ’0.92 0.25 -0.14" 0.321 0.49 0.064 0.222 0.10 1.84
+0.036 +0,055 +0.030 +0.015 +0.15
1.205 1.35 723 0.608 0.37 -0.06 0.46 0.30 =-0.21 0.242 0.48 0.104 0.174 0.32 1.81
0,035 +0.040 +0.050 +0.012 +0.14
1.245 1.50 1257 0.594 0.43 0.20 0.25 0.17 =0.24 0.275 0.46 0.071 0.169 0.28 1.88
+0.032 +0.030 +0.030 +0.010 +0.14
1.285 1.19 1705 0.650 0.44 "0.30 0.22 0.26 =-0.40 0.324 0.46 0.127 0.208 0.13 1.70
+0.033 +0.035 ' +0.025 +0.013 +0,12
1.320 1.07 1514 0.537 0.40. 0.34 0.32 0.50 +-0.14 0.267 0.49 0.152 0.203 0.17 1.93
+0.030 +0,030 +0.026 +0.013 #0.15
1.355 1.00 2873 0.605 0.52 0.30 -0.26 0.79 +-0.52 0.314 0.47 0.211 0.252 0.22 1.83
0,031 +0.030 +0.023 +0.013 £0.13
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Table (3.4)

Results of Interference Model for the CRS Data

a) K n ﬂ+

Moﬁ:ifum ND; L og* TA/T(1765) Pa °p Pe Pq

GeV/e mb. mb.

1.271 1.00 163 0.884 * 0.140 - -0.01  -0.01 0.05 ~-0.03
1.321 1.00 374 1.159 £ 0.170  0.426 X 0.100 4 - 0.15 0.08 0.10  -0.10
1.370 1.65 339 1.509 ¥ 0.190 0.189 * 0.090 4 0.20 -0.06 0.22 -0.05
1.419 1.05 389 1.684 ¥ 0.180 0.259 ¥ 0.050 £ 0.33 0.16 0.12 -0.16
1.464 1.47 421 1.780 £ 0.200 0.351 % 0.070 ' -0.08 -0.09 0.22 ~-0.35 .
1.512 1.17 457 1.549 ¥ 0.140 0.234 * 0.050 0.3%  0.37 0.23 -0.25
1.546 1.16 903 1.747 *1.0.140 0.201 % 0.040 0.17 0.29 0.09 0.04
1.606 1.46 898 2.097 Y 0.160 0.246 * 0.050 0.25 0.06 0.12 0.02
1.652 1.17 992 1.729 ¥ 0.150 . 0.352 * 0.070 0.21 0.10 0.10 ~0.04
1.706 1.15 1010 1.906 X 0.190 0.182 % 0.035 0.19 -0.06 0.09 -0.24
1.741 1.32 1373 1.760 * 0.190 0.214 ¥ 0.040 0.14 0.08 0.09  -0.03
1.800 1.08 981 1.796 £ 0.160 0.266 ¥ 0.050 0.19 0.15 0.16 ~0.11
1.841 1.10 893 1.323 X 0.130 0.19 % 0.040 0.28 0.03 0.10 ~0.07

A



b) K p

(o}

Moﬁzi‘um EXD; L o %A A (1520) T2 (1765)/A(1815) "a‘ S Pp Pe Pq
GeV/c mb. mb. mb. mb.
1.271 :
1.321 UNRELIABLE
1.370 0.91 308 0.603 £ 0.160 0.265 £ 0.160 0.256 * 0.040 I 0.207 * 0.080 0.32 -0.21 0.30 -0.12
1.419 1.16 301  0.577 + 0.130  0.412 % 0.160 0.169 * 0.030 A 0.112 * 0.050 0.22 -0.20 0.32 -0.13
1.464  0.98 355 0.548 + 0.140 0,297 50.190 0.229 * 0.040 _‘” 0.261 % 0.070 0.15 0.31 0.34 =-0.24
1.512  1l.14 487 0.654 + 0,120 0.282 * 0.220 0.139 * 0.020 1 0.168 * 0.055 0.32 0.04 0.29 -0.,02
1.546  0.93 779  0.625 + 0.110 0.426 * 0.270 0.230 * 0.040 0.284 * 0.060 0.03 -0.45 0.01 =-0.07
1.606  1.65 752  0.755 % 0.170 0.197 * 0.230 0.157 * 0.030 . 0.227 * 0.070 0.00 -0.15 0.19 -0.08
1.652 1.37 829 0.655 + 0.090 0.168 % 0.130 0.135 * 0.020 0.245 * 0.070 0.03 0.22 0.12 0.08
1.706 1.39 705 . 0.649 + 0.110 0.373 % 0.140 0.157 * 0.030 0.313 * 0.080 0.22 -0.17 0.20 -0.02
1.741 1.15 966 0.806 + 0.130 0.396 * 0.120 0.158 * 0.030 0.141 * 0.065 -0.12 0.00 -0.02 0.10
1.800 1.23 666 0.753 £ 0.100 0.454 * 0,140 0,124 * 0.020 0.165 % 0.070 0.25 -0.43 0,13 -0.02
1.841 1.04 770  0.577 + 0.100 0.252 * 0.140 0.126 * 0.020 0.097 * 0.040 0.08 0.11 0.08 =-0.01

€9
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3.2 The Helicity System
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| Chapter 4 - Production Angular Dependence

L.l Introduction

|

In the analysis of the previous chapter, production.angular
dependence was ignored, with the result that average values of the
densify matrix elements were obtained. In reality.these are all

dependent upon production angle; The differential cross section,.
do
dcos® _ _

~production effects could be factorized out from the overall density

. » vas also not considered, on the assumption that

function. This is not strictly true, because in the physical world

L3

there are correiationsibetween the distribuinns in the four

in&;ﬁéndent variables, For instance, the relative‘intensities of the
partial waves thch form the production angle di;tributions Vary
acfoéé a reSOngnce'shase due_td theAeffect of'production angular
momentum barrier factors. This results in a‘slighily differént
angular distribution on.either side of the resonénce ban&.

: Fﬁrther, the croséing resonance bands on the Dalitz Plot cannot
be cleanly sepérated, and as mentiOned in the previous chapter, the
production aﬁgular strucéure of one resonancé_will reflect into the
@ distribution of the other. Both bf.these systemratic effects have
been-conéidered uninmportant compared witﬁlstatistical flgctuations,
and complete factorization has been.a;sumed.

The result of the previous analysis was to assign to each event
of each dataset a séries of.weights correspon&ing to the fractional
contribution of eac£ resonance and background such that 5%:Wi=l' By
assigning thé relevant weight to each event for all events in the
dataset, a particular resonsnce contribution could be extracted; and
its production angular devendence studied.independent of the other

‘contributions. This has been carried out for the K. andv AN (1520).
Thev 0 has not been analysed in this variable due.to the uncertainty

1n its‘extraction;



The object of the analysis described iﬁ this chapter is to use
the angular dependence to stﬁdy the production of ﬁ'N and A (15200
via an S-channel partial wave analysis. A detalled analysis of the
'K N channel is described in chapter 6. A rough qualltatlve

analysis for the A(1520)n' channel is also given in that chapter.

4.2 Method of Analysis

The definition of production angle, @*, is a matter of convention.
Ifﬂcan be defined'as the scattering angle from either the meson or
baryon line.of flight in the centre‘og mass. To keep to the general
conyention of "baryon goes to baryon', '®' is defined for Eﬁ and

A (1520) in fig. (4.15.

—
...

e . A(1520)

4.1

The definition of the y-axis in the helicity system (see fig. (3.2))
lis then (K in X meson ut) / lK in l X Imesonoutl

On inserting the @* dependence into the- probability density of the
- )

K and A (1520) the following modifications to egns. (3.6) and (3.7)

are obtained;

For the & )

W (cos®* cose, ¢) - n,n [ 7sin'e - z(l-3c05 e)pw(cos@ )
-4 Repo (cos@%) sin26cosg = 2 (cos@)sm 9c052¢] 1059
For the A (1520):-~ ‘ L2

W(cos@* (,059¢) z 4.7r[2(3+C05 9)4—2(3 - (05 9),01,“05@‘)

Re,,o,,(cos@*) 5in20 cos¢ - ,3 Reﬂ, L(cos ®") sin 9c052¢] dws@*
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Qhere fhe Breit-Wigner fﬁnctions ﬁave been removed, since we are
deaiing ﬁith angﬁlar effects oﬁl&.. To ;nvestigate‘the form and
energy dependence of the e dependent terms, they épe expéﬁded
in'terms of»the orthogonal Legendre pélynomial-series.(g) The

- expansion for the K is given, and the N (1520) form is similar.

A factor of 21T is included to take account of the implied integration

over {, the centre of mass azimuthal angle:-

Lt

de
/eo vo_{COS oM

- de
. R_epw d cos @*

(1
NS
=
S
e

ST B P°(c0s€') 2.

k.3

"
(.
=
>
o

2. C Plwse’) 3.

A, de Ikt S D, Pf(_co& 6*) 4.

deos®* -~

‘vhere Xt is proportional to the inverse square of the incident centre
of mass momentum, énd is a kinematic factor in units(of cross-section.
The reasén for this expansion-ié two-fold. = In the first place
the coefficients of the exvansion bécome simply rélated to the series
of biﬁomial combinations of partial waves which will be developed later.
Secondly, the orthogonaiity of the polynoﬁials means that the nth term
of the expansion will theoretically give the best fit to nth order
structure in cos @*, so that increasing the order of expansion shduld
increase the accuracy of the fit without changing the valﬁes of the lowver
order coefficlents. |
To exﬁract these coeffiﬁients the method of moments was employed.
: Taking the sinplest case of egn. (4.3.1), and considering the coefficienﬁ

An’ the moment formula gives:-



2:—1 P (cos _@:)*“’i ' ‘555 W+ Py dcos6* deoss dg j

<P:> - - o(, @*o( a(
' o f‘:‘ w, 5. W deos8 dcoso dg
. itz
_ S P Zf;se* d s 8" _ §Pa 2_AFP P%d oo , A A

. S ﬁ%‘@a d cos 6* — 2_h P"dcos@‘ n#l 'A-
where the integrals are over all physical space, and the orthonormality
relation:- . B

| . : Y : ; _

3‘ PP cl(.aS@* = 5 cf,,,_ - b5,

haé been employed. u& is the weight‘of‘evént i, consisting of the
scanning weight and the resonance fréction for that event. The

_moment is sunmed over all events, N, of the dataset. Thus the moment

of thé nth Legendre polynomial is proportional to its_coefficient,
provided the sample of events is large and unbiased.. Applying this
method with slight modifications to the other‘coéfficients of eqgn. (4.3),

the follcwing equalities-are obtained--(g )

AZA, = (L) < P’ (cos (<2 Pg
B. /A, = | 2.(2L+l) < (Scos‘e 1) P°(cos @"))
C./A, = ;gf(t,; < sin20 cos¢ P (c056")> 46
D./A, = m_&%;'_z)_ < cos2¢ Pf(cas@*))t
‘for the X* coefficients, and - |
A /A, = (2Le) < P {cos @*))
B./ A, = 7 (2L+1) < (7-15¢0s%) P°(cos8*) )
C-./ A, - "53{31%5) < sin8 cos ¢ PL'(cos @) > ' "
D./A, = -_Jiz%i'_)z()'—!'i < cos 24 P cos6%) )
for the A(1520) coefficients.
The error on <X is given by:-
B> = (<_>_<_>___N<_>Qi)% | .8

where X incorporates the constants given in eqns. (4.6) and (4.7).

The values extracted using this method are the normalized "shape"



coefficients of the distributions. ‘They are ihdependent of the
partial gréss-seétion and therefore do not incorporate an error
due to the resonance extraction process. They are fherefore to
be preferred to the absolute values of the coefficients in any’

partial wave analysis. The value of Ao is obtained by integrating -

'.edn;'(4-3.l) over cos @ . Then:-

Ao = T CT L e

' where ¢ - is the partial cross-section for that resonance production.

The:e'ére two methods by which the maximum order of expansion

cén be determined. In the first case this applies only to the AL'S

and involves setting up a fitted curve 4 (cos @ ) where:-

$(cos0*) = '7_'! Zo -2—‘ P’ (cos ©”) - 4,10
- 4 : L= (-] . Lo - o

" ghere n is the maximum order under test, N is the total number of

: . _ 2
events. This curve is then compared with the data using the X

formla:-

x

La.11

t

. . . : 1
T i [N; = {£(cos 8)x Dleosd?)]
—TF -
izl [SIVi ’
where the sum is over M bins of width A(ccs @') and content Ni for.

the ith bin. O Ni is the Poissonian error for the weighted Ni events,

‘assuming Ni is large enough to justify its use, With vin widths of

about 0.05,N; is large encugh for the data of this experiment.
This is repeated for increasing values of n where it is seen that
the X* drops rapidly wit: increasing order until it starts to level

off at the ideal maximunm order., However, because of statistical

~ fluctuations in the data, and various effects in the S-channel, .this

maximum order varies with energy.  To carry out a partial wave analysis,

a maximum order must be decided upon for the whole of the energy range,
because sore higher order coefficients may be zero in one region and

large ip another, To do this, a second method has been used, which is
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to plot each coefficiént as a function of eﬁefgy uﬁ to an arbitrary
order, and decide empirically'at which order the_coefficients are
consistent with.zero; This method can be used for AL's to DL's,
whereas the first method is limited to AL's only, since the differ-
ential cross-section is the only available experimentai distribution
in cos % . As a check, the first method was also applied to tﬁe
Ai's in>the k" nr’ channel, | '._
- Normalized coefficients were extracted using.the above method
.of momegts for the E‘N éontribution from all three channels for both
the non-interferencerand interferenceJmédcis from 1.125 GeV/c upwards.
Very little Aifference'was-observed between the two géts of coefficients
within their errors,.thus confirming the staﬁement made in thevprevious
chapter that the ﬁ' vas extractéd rather cleanly from the background.
. The coéfficie;ts were also obtained for the two channels analysed from
the CRS data., Agéin there was little difference betweén the two models.
The coéfficieﬁts from the interference model.were those used for
further analysis. These are presented in tabie (4.1) for both
experiments for the ﬁ’on channel,

The normalized'coefficients for the K*-p system are expected to
be ldentical in the ﬁoprr— and'K—pTro channels. Experimentally, large
differences were seen to occur in some cqgffiéients, especially at
1.125 GeV/c. This was attributed to the more difficult extraction of
. the i' from the large background in the K-pn0 channel. As a result,
the coefficients at 1.125 GeV/c¢c in the K-pTTO channel were ignored.
The coefficients for therK'-p channel are presented separately for the
K°n” and Kpr° channels in table (4.3), and vlotted side by side for
some sample coefficients in figure (4.2). It can be'seen that the
6nly seriously affected coefficient is As/Ao' Since only one
coefficient was affected, it was decided to combine the two channels

L
and extract coefficients from the total K p contribution for all
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momenta.above 1.125 GeV/c. These are presented together with those
‘obtained from the K-p11°.channei of the CRS data in table (4.2).

Tt, must be emphasized that K extraction below 1.125 GeV/c was
‘:too unreliab1e fo be used in the partial wave analysis, aﬁd 50 no
coefficients were eitracted for this region.

| The normalized coefficients for the A(1520)7 channel were

6ﬁtained for the Qhole_énergy region of the present éxﬁeriment.
Below 1.125 GeV/c the coefficients were obtained from fits to the
data described in chapter 6, where production barrier factors
weré appiied‘fo the i.. ‘These aré pfesentéd in table (Lek4).

The Ao'sbwere all calculated using eqn. (4.9) and multiplied'
5y ;h aﬁprofriate Clebsch—Gordan factor to allow for the miséing
- decay mode»of/that particular charge state of the ﬁ..‘ For the
v'K-an+ channel fhis faétor vas = to,allow'fof the'missing Ronrro.

2
For the CRS K-prro channel this factor was 3 to allow for the missing

K prni . Because of the discrepancy between the K' p cross-sections
from the &%pri~ and K pm° channels and the predicted 2:1 ratio
mentioned in th; last chgptér, the Ao's were talten from the former
channel only, as the more*reliable-of the two., They were multiplied
by —g— to give‘the values for the total K’_p channel,

A1l coefficients of the E'N system up to the highest order fitted
in the éartial-wave ahalysis are plotted in chapter 6 as a
function of centre of mass energy, together with the final fitted
curves. A sample of the important coefficients of the A(1520)1T
channel are also plotted. It can be seen for the ﬁ*N case that the
energy dependence of the higher order coefficients is highlj structured,-
indicating a number of resonances preéent in the direct or E-channel.
for the ﬁ'on channel structure is seen as.far as A?, B?, C6 and D6’
vith higher order coefficients seen in table (4.1) to be consistent

*_
with zero across the whole energy range. For the K p channel statistizal

fluctuations appear to be more severe, and it is difficult to see
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structure abQVe A6’ B6’ 65 and D4, |
Fig. (4.3) plots ]f'against increasing order of expansion for
the fits to the differenfial cross-sections of the ﬁioﬁ channel fof
the present expériment. The ideal maximum order is indicated by an
érrow. This Sfder is, on a§erage, equal to 4, which should be
compared with 7 for the whole energy range. The discrepancy is due
vto the higher order structure in the CRSrenérgy région which is
" negligible at‘thellﬁwer energies due fo the vicinity of the ﬁ’N
threshold. Thﬁs the inclusion of higher order coefficients in the»
lower energy»fegiou of the present experiment,'which are in fact
consistent with zero, acts as a con;t:aint on the structure during
théhéértialbwave analysis. This is more desirable than ormitting '
these éoefficignts conpletely.
In the A(1520)1 system less structure is evident and appears

to be presént up to fourth order only.

h.3 The Differential Cross Sections

The extracted E’N differential cross-secﬁions are presented for
.some typical energies in fig. (L.h). Supérimposed oh‘these histograns
are the fitfed curves calculated using eqn. (4.,10) up to the highest
meaningful coefficient. It can be seen that in ali fhree-channels‘
- there is a prominent forward peaking of the distribution which incresses
in importance with increasing energy. This peaking is typical of
peripheral reactions which are usually explained in terms of the

exchange of certain virtual particles in the t-channel, (see fig. (4.5) ).

-

4.5
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Field theory predicts the differentiai cross-section in the t-variadble
for the exéhange of a virtual particle of mass m, to be proportional
tos-~
t
_— 412
(t - m 2) 2 ,
o .

where t is the exéhanged four-momentunm-squared qf the system,defined

asg -

2 forl1+2-) 3+4 413

t = (p, -P,)
: and P is a 4L-nmomentumn.

173

t can be shéwn‘to be a function.of prbductién angle, and so.peaking
in the latter can be explained by a sum of terms such as eqn. (4.12)
‘for all possible exchanges in the t-channel, which obey the selection
rules for fhe conservation of the quanfum nﬁmbers at each vertex. For
) ﬁhe K-p 3 ﬁ’ﬁ system possible exchange particlés are the N ,/9 and W ,
‘-fhe'1§ttér possible for K — K*- only, since it has isospin zero;

The data‘of fig. (4+4) show, however, that this simple picture of
t-channel exchange is inadequate té expiain thg structﬁre beneath the
forward peak vhere rapid Variation with energy isAseen, espedially in
Vthe Legendre coefficients which parametrize this strﬁcture. Thus an
S~channel approach is nmore desirablé at these low energies where the
energy variation can be more readily exp;ained. At higher energies
vhere resonant strucfufe disappears; of m&re correctly blurs into a
continuum, the forward peaking in cos 6" vecomes far the most dominant
effect, and here a t-channel analysis is more appropriate. An interesting
point vhich can be made here is that, whereas an S-channel analysis
denands a maxinun ordef of expansion in terms of Legendre polynomials,
thus biasing the analysis somewhat due to the omission of high séin

Ce contributiqns, a t-channel study automatically takes these effects into
account, since it parametrizes the forward peak in a differsnt way.

Thus an ideal analysis would be to carry out an S-channel partial wave



analysis in which some form of t~channel exchange contributes a high
' spin background.' In this experiment however,vfor the sake of
simplicity, this was not carried out and a'pure S-channel partial

vave analysis was undertaken.

| 4;4 The @ distribution

- As menﬁieré in section (3.85 of the previous chapter, the
three-variable Dalitz Plot analysis was unsble to fit the helicity
.ﬂ'diétfibutions. 2his was attributed to stfuéture in éraduétion
éngle,cos @* ,'refleéting-into these disfributions. A testvwas
jnow made t§ see whether this was indeed the case. At 1.355 GeV/c
in the K-nTT{_channel the completg production angular dependenée of
théfi’ was applied to the densitj function eqn. (3.3) in differ-
‘eﬁtial cf6;$~section and the differential_deﬁsity maérix elements.
The resuiting four-variable fuhctioﬁ was then'Sﬁperimposed on the
data using‘the FOVL techﬁique described in secfion (3.8). As
‘ex§ected there was no change to fhe méss squaréd znd helicity cos
é,projections. A large impré&ement,théugh; was seén\in the ¢
pfojections in the n7l and En'systemé, thus confirming what was
expected,. Thé structure in cos @* for the KM and Kn projections
" was well fittéd, except that the forwérd KN peak could ﬁot be
fully reﬁroduced. The n 77 projectidn was badly fitted. To imprpve
~ on this, reguired Structu:e much larger than the A or ¥ (1765)
conld suffice, This pointed‘to the background having some form of
angular distribution in the nfl systen. Legendre.coefficients were
£xtracted using the zmethod of moments from the differential crosé—
section of the backgfound contribution in the niIT system, For _
completeness this was also carried out for the A and E,(1765)'in
tﬁeir respective systems.. Expansions were taken up to the seventh
order in all cases. The total angular dependence was then applied

to FOTL. The result showed a much improved fit to cos ©° in tne nfv

86



systen. However a decrease in quality of the @ fit in fhe ﬁIT system'
was also noted. Furthermore.the fit to cos % in the KT systen
could‘still not reéroduce the‘fuli forward peak., To account far the
latter, the Legendre coefficients were calcuiated for the background
.céntributibn in.the EAH systeﬁ, and the total angular dependence
was assumed to be a qubination of struéture in both fhe.pTT and K17

" systens:-

ie. d;,%%ﬁ;r@;n « (ALl A RTws8)) w2
The results f?bm FOWL showed ahvimprovement in the:fit to cos @
iﬁ the K1 s&stem,‘but s5till gave a bad fit to @ in this system,
‘Fig. (4.6) shows.two fits to the # and cos @* aistributions. The _
dasheé curve is the result with angular dependence in the i' only.
. Thé so0lid curve is the result of angular dependence in all procesées
"including the two contributions to background, |
A possible explanation for the bad fit to ¢ in the K11 systen
is fhat the angular dependence'of the backg#ound‘in the nIr system
has been doub;e-counted. That is, the éngulgr de?endence in the nrv
system ﬂas been assumed to originate within that éystem; whereas there
is a possibility of structure in, séy, the KT System also reflecting
into it. In this case, KT structure in‘cos g* whichkdOes not
reflect into its own ¢ syétez, will do so if it is classed as n Tl
'structure, thus producing a bad fit to the data in this projection.
Since it is impossible to tell where angular structuge originates in
background, the structure from the n/T and Kn systemé cznnot be
uniquely determined, and hence there is no eésy way out of this problem,
It is of interest to consiéer why background has been assigned
a large cos B* dependence., If a strong resonance such as the E' is
present_abo#e background, then events within the resonance band vill

. o ) N - ’
_have a certain. probability of being either X or background. On
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extraéfing the background contributiﬁn by avplying fhe'félevant
weight to each event, a certain pronrtign'of'the #ample will
always be pure ﬁ"events, since resonance and background events are
indistinguishable within.the resonance band. Thus the back ground
contribution will simulate in cos O , to some extent, the
*structure of the E'. It is for this reason that the above fits
- were unéble to-reproduce the full forﬁard‘peak in cos @* of the
K ﬂ_ system when Background waé not giveﬁ an angular‘distribution
iﬁ.thié variable. o
Conversely, the fact that background is aséignea an angularr
structure similar ﬁo that of the E* means that this structure is
beiqg.fakeh from the i‘vand is being replaced by a dniform phase;
épace ; like distriﬁution. The resuit is that the_extraciéd ﬁ’N
normélized_Legendré coefficients willvbe slightlj smaller than the
vtfue values, This feature is uniqge to a three variable énal&sis,
since no unifofmity in production ahgle can be imposed on the
-background. Thus a possible sjstematic 2ffect may occur in the
folloving partial wave analysis, which 1s hoved té be sﬁall compafed
with the ‘errors in the coefficients,
‘As regards a four variable analysis, where produétion angular

dependence is included, the ahove diécussion showé that a uniform

cos @ distribution must:be imposed on background, just as in the
other three variables. If it is attempted to fit possible background
structure in cos oal ,» a certain amount of structure will be taken frono
the fesonance as well, Analysis is at present continuing using a four

‘variable approach,

* &K % %N & % % ¥ ¥ X & %
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i). K*"p Legendre Coefficients from Channel Kp a°

Table (4.3)
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ii) K*'p Legendre Coefficients from Channel Kp
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Table (4.4) A(1520) Legendre Coefficients
BE AN ‘ - — S—
:M(()I(VJIEL{\/J/IEJI;’I AD A1 /AD. AZZAU ASZAD A4/AD AS/AU | A6/AD A?/AO :
0.960 0.075 | -0.384 0.358 0.043 0.255 0.140 | -0.005 | -0.022 |
* 0.009 0.080 0.105 0.124 0.144 0.157 0.167 0.183 |
) |
- -1.005 0.066 | -0.293 0.3046 | -0:149 0.088 | -0.105 | -0.337 | -0.067 |
| t 0.008 0.095 0.122 0.139 0.160 0.173 0.188 0.200
1.045 0.054 0.031 0.210 0.275 0.144 | -0.146 0.100 | -0.017
| * 0.006 0.086 0.112 0.132 |  0.151 0.164 | 0.178 0.190
. 1.085 0.036 0.133 0.060 | 0.058 | -0.017 | -0.239 | -0.035' | -0.159
| 1 0.004 0.106 0.137 0.161 0.179 0.197 | ~0.213 | 0.233
o 1.125 0.036 0.290 0.291 0.217 | -0.100 0.061 0.032 | -0.173
* 0.004 0.108 0.136 0.162 .| 0.180 0.205 | 0.221 . 0.238
" 1.165 0.033 0.302 0.107 0.190 0.184 0.299 | -0.112 | -0,171
| t 0.004 0.100 0.134 | 0.155 0.176 | 0.195 0.211 0.222
- 1.205 0.027 | 0.335 0.325 0.037 | -0.080 | -0.209 | --0.007 | -0.101
i t 0.002 0.116 0.146 0.175 0.201 0.224 0.245 0.268
L 1.245 0.026 0.249 0.297 0.010 | =-0.015 | -0.179 0.137 0.150
: f g.002 0.105 0.133 0.161 0.178 0.200 0.217 0.229
|
| 1.285 0.034 0.156 0.467 0.027 0.307 | -0.147 | -0.235 | -0.108
! t 0.002 0.093 | 0.120 0.139 G.158 0.176 | 0.197 0.212
. 1.320 0.034 | -0.053 0.624 | =-0.349 0.308 0.167 0.155 0.367 .|
‘ * 0.002 0.104 0.131 0.159 0.178 | 0.198 0.217 | - 0.230" |
1.355 | - 0.043 0.079 0.523 | -0.169 | 0.101 | -0.174 0.074 0.227
L 0.003 0.078 0.097 0.117 0.132 0.146 0.158 | 0.169 |

- 101



1 b)

BEAM T T ST ~ N

0.960 0.292 | -0.090 0.082 0.045 | -0.045 | -0.096 0.008 0.074

t 0.024 0.050 0.065 0.076 0.089 0.097 | 0.101 0.115

1.005 0.185 | -0.006 0.043 0:049 | .0.062 ~0.138 | -0.048 0.125

t 0.029 0.056 0.071 0.079 0.090 0.101 0.109 | 0.116

1.045 0.235 | -0.078 | -0.050 0.037 | -0.048 | -0.064 0.054 0.002

t 0.027 0.052 0.067 0.081 0.089 0.098 0.107 0.115

1.085 0.113 '0.072 0.101 0.140 0.005 | -0.119 | -0.184. | -0.063
t 0.034 0.061 0.080 0.094 0.104 | 0.114 0.122 0.139.

1.125 0.139 0.103 0.109 | 0.051 | -0.119 | 0.167 0.017 | -0.136

' * 0.036 0.067 | 0.082 0.096 0.104 0.119 0.130 | 0.141
1.165 0.100 0.026 | 0.117 | . 0.077 | -0.066 0.082 | -0.084 | -0.123

* 0.033 0.060 0.078 | 0.091 0.101 0.112 0.119 0.124

1.205 0.323 0.059 0.066 | -0.126 | -0.240 | -0.359 | 0.040 | -0.162

*.0.034 0.072 0.091 | 0.109 0.123 0.137 | 0.152 | 0.166

1.245 | 0.283 0.137 | -0.052 | -0.052 | -0.064 0.037 | -0.035 | 0.070
¥ 0.032 0.066 0.084 0.100 0.110 0.127 | 0.136 0.143

1 1.285 .| 0.128 0.143 | -0.012 0.137 | -0.103 | -0.057 |- 0.071 ~0.061

* 0.029 0.056 0.073 0.082 0.092 0.100 0.112 0.122

1.320 0.167 0.063 | -0.029 | 0.077 | -0.057 0.152 | 0.154 | -0.071

~ * 0.031 0.062 0.079 0.094 0.109 0.120 | 0.132 L0.142

1.355 0.221 0.093 0.008 | 0.004 0.011 ~0.048 | -0.003 0.12?

10,024 0.049 0.061 0.071° ]  0.080 0.090 0.097 | 0.103

cotr



Ay

— o
M?ggd;lcjl;’ CO/AU Cq /l\O ' G /AU 'C.SIAO . CS//lU "Cé/AO CY/AO
0.960 0.0 0.040 | -0.074 | -0.004 | -0.036 | =0.019 0.009 | -0.021
* 0.030 0.023 0.020 0.017 0.016 0.015 0.014

1.005 0.0 0.109 | -0.065 0.060 | -0D.029 | -0.013 | -0.012 | -0.017
: 0.037 0.029 0.025 0.021 0.020 0.018 0.017

1.045 0.0 -0.001 | -0.006. | 0.037 | -0.026 | 0.005 0.011 | -0.000
' ks 0.032 0.025 0.021 0.018 0.017 | 0.016 0.014
1.085 0.0 0.024 | -0.004 0.007 | -0.036 0.018 | 0.012 | -0.029
: 0.045 0.035 0.029 0.025 0.023 0.021 0.019

1.125 0.0 0.055 0.037 | -0.031 | -0.016 0.001- | 0.007 | -0.029
: 0.041 0.032 0.026 0.024 0.021 0.020 0.019

1.165 0.0 0.068 | -0.015 0.024 | -0.007 0.008 0.033 | -0.029
| : 0.042 0.030 0.025 0.022 .0.020 0.018 0.018
1.205 0.0 -0.011 0.026 0.001 -0.000 | -0.014 | -0.004 | -0.028
: 0.043 0.034 0.029 0.024 0.021 0.020 .| 0.018

1.245 0.0 0.030 | 0.008 | -0.018 | -0.046 0.002 | -0.013 | -D.004
: 0.038 0.030 0.024 0.021 0.020 0.018 0.018

1.285 | 0.0 0.093 .| -0.006 | 0.012 | -0.023. | 0.001 | 0.021 | -0.013
* + 0.035 | 0.027 0.024 | 0.021 0.019 0.017 0.016

1.320 0.0 0.084 | -0.065 0.013 | -D.0G72 0.010 | -D.012 0.009
| i 0.035 G.028 0.025 0.023 0.021 0.019 0.018
1.355 | 0.0 © 0.082 | -0.007 0.038 | -0.048 | ~0.001 | -0.030 | -0.006
u | 0.026 0.021 0.018 0.013

0.016

0.015

0.014

€01



d)

BEAM

FD4/AO_‘

MggEsIg@ by /g Dy /Aq Dy /Ay D3/ Ay 05{@1 Dg / Aq D, /A5
0.960 0.0 0.0 -0.044 0.011 -0.004 -0.000 | -0.000 | -0.003
- ht 0.011 0.006 0.004 0.003 0.002 | 0.002
1.005 0.0 0.0 -0.026 -0.006 | -0.008 0.001 0.002 -0.002
ks 0.013 0.008 0.005 0.004° 0.003 0.002 .
1.045 0.0 0.0 =0.015 0.0 -0.008 -0.002 0.004 -0.001 |
: t 0.013 0.007 - 0.005 0.003" 0.003 0.002
1.085 0.0 0.0 -0.009 -0.002 -0.017. | -0.004- | -0.002 -0.000
' 1 : 10.016 0.008 0.006 0.004 - 0.003 0.003
1.125 | 0.0 0.0 -0.013 | -0.009 0.001 0.008 0.00? 0.0
: 0.015 0.009 0.005 | 0.004 | 0.003 0.003.
1.165 0.0 0.0 -0.003 . 0.0 . 0.003 0.006 0.008 0.002
| o " 0.016 0.008 0.006 0.004 0.003 0.002
1.205 0.0 0.0 -0.025 | -0.004 | =0.006 | -0.001 | -0.002 | -0.00%1 !
t 0.016 0.009 0.006 0.004 0.004 0.003
1.245 | 0.0 0.0 -0.022 | -0.006 | -0.003 | -0.002 0.004 -0.002
: 0.015 0.008 0.006 0.004 0.003 0.002
1.285 0.0 0.0 -0.038 -0.002. | -0.004 0.004 0.000 . 0.002
i. : 0.013 | 0.007 5.005 . 0.004 0.003 0.002
1.320 0.0 0.0 -0.016 | -0.002 | -0.001 | -0.002 | .0.000 1 0.002
B ' 0.014 | 0.00& | -0.005 '0.0064 0.003 | 0.002
1.355 |. .0.0 0.0 - -0.019 -0.002 -0.001 -0.002 -0.001 0.001
. 0.011 .| -0.006 0.004 0.003 0.002 0.0072

01



@

Rpr IR

Kpr® ot f@z' ‘ {}
2 *+ t',f 0 i | I LI
Lo m__(+__ -
A EET e A
s NIRRT K (RO
4 e i A IR A
o - — —C—l | L‘.- — :
, ' A, o | |
N AT I B A A L,
o_o.__}fi*_*_*_i_'_ o E}T{

T
“ Al | —D_l Jk-. . "

R I e
| ~ootl l‘l | * # | ]l*
oos} _}} .

Centre of Mass Energy GeV.

105



106

4.3

© o sob

or 1165GeVic 1 wof\ 1205 GeVic -
to} . S K . ) . b

.\ gof X
. 1\ 40 . A
20f e o - ]
S\ asce | | | 12856evc
oor l oo}

T .

1.320 GeV/c
200¢* - 200} -
]
2 4 b ;’ 2 4 b g

Maximum Order _of Expansibn "n"



Weighted Events . .

200

aoH c ‘
U\“\g! mah|
100} ' :
20} '
-l-0 00 0 -0 00 | to

1125 GeVc -

60}

30

120~

got-
4_0 L.
. ‘ . \
-0 . a0

Cosine of K* Production Angle

44

D245 ceve

1355 GeVie

£01



EVENTS

ook

‘300

200

200

o0 I

W00

100+

‘300

-4 0.0

~ Cosine of Production

Angle

1-0

48

200

120p

Kt ¥

40

2o

éo

. 100

n n

" Helicity ¢ Angle

108



109

Chapter 5 . The Partial Wave‘Analysis {Theory)

sttt

S.1 Introduction

Partial wave.analysis is the study of'structﬁre in. the direct
or S~channel of a reactiop in terms of thé individual angular momenta
orlpartiai waves taking part in the reaction. Structure in the
S-channel appearé as a combination of résoﬁant waves which can inter-
:fere with each éther constructively-or destruétively, 50 aS to reproduce
~the energy §ariations in fhe cross-section and differéntial cross-—
éectioﬁ, znd hence the Legendre coefficienfs which describé them.

Two methods exist for partial wave anélysis; the energy independent
and»gﬁergy dependent methods. In the former case, sufficient accurate
.data is required at each enefgy for a sdlutiOn, of rangevof statistically
acceptable solutions,‘to be found which gives éossible values to the
complex partial wave amplitudes at that energy. In a single channel
énalysis such as nN— TTN;the.data taﬁes the form of Legendre

coefficients describing both the differential cross-section and

polarization of the final state nucleon of the reaétions involving
ﬂﬁp and ri‘p_ incidentﬁstates, together with information from the
total cross-sections. These coefficients can be related, via Clebsch;
Gordan éoefficients, to binomial combinations of partial wave ampliﬁudes..
As long as the number of data points’excéeds the number of unknowns
(the partial wave amplitudes) a solution can be found., Continuity is
then imposed on the possible solutions at different-energies and fer
eaéh wave to select out the most likely solution at gach energy, and
finally an energy dependent study is madé on the resulting partiai wave
ampiitudeé to determine the resonant effects present,

On applying the above method to the quasi two-body reaction.
‘ K—p — E‘N; ve must determine whether the number of data points exceeds

the number of unknowns., It will be shown later that about forty-four



partial waves exist for total angular momentunm less than*%'. Thus

a maximum of eighty-eight unknowns are present. Assuming étrubture

in the.differential cross-section and differential density matrix

elements (in future referred to as ng and /746‘ ) require Legendre
da " da

coefficients up to order six, then a maximum of twenty-five data

— .
points for each charge state of the K N system are available, Thus

"the fit would be highly under-constrained and so no solutidn could

be obtained. This fact alone prevents an energy independent analysis

. - :
of the K N systenm.

- A possible alternative could be to use the complete three-body
(26)

data in all four variables. The isobar model is such an exémple.
Here a relationship is set up between the partial wave amplitudes and
the four variable density function, which is fitted to the data either

(21) or by a

in 2 number of mass bins spread over the Dalitz Plot
(28)

maximum likelihood approach using all events simulianeously. This
method requires higﬁ statistics at each energy. In the SLAC-LBL

(29)

analysis of N N —3 TN large quantities of data were available

for this method to be sucpessfully carried out., A similar application

(30) 4o their x~d — % IT N(N)

has been made by the Birmingham group
data, but it is generally felt that data is too limited iﬁ;K“N.experi—
ments to validate its usefulness.

It is for the above reasoﬁs that an energy depeﬁdent analysis vas
undertaken in this study. In this case thé energy dependence of the
péftial waves is already aésumed, whether as Breit;Wigner fuﬁctidns.for-
resonances, or simple functions of energy in the case of backgrounds.
The eighty-eight or so unknovns can now be fitted with data from all
energles simultaneously. 1In this chapter the formalism for the analysis

-
is developed, with special emphasis on the K N system. A description

' —*
of the computer program used in the K N analysis is also given. The

110
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next chaptar deacrlbea in detail the procedure taken in the analyszs,
together with a rudimentary partial wave analysis of the A (1520)70
systen.

5.2 The Formalism

The following is based on ref. (8 ) and uses the helicity formalism
of Jacob and Wick( ?) to express QQZ and the /9 J¢'8 in terms of
dn dn : '
'a series of partial wave products and LegehdreApolynomials; In this
way the partial waves are simply related to the experimental Legendre
cOefflcieqts described in the previous chapter.

Consider a general two-body reaction in its centre of mass:-

a+b > ¢ +d » ' R 5.1

‘with the partlcleo having arbitrary spins S,,S,,S., 5, » The

scattering amplitude (o) is defined such that:-

do

= = (6) ' 5.2
ry H- l . where a c_ * €050
{(9) can be expressed in terms of a tran51tlon matrix summed over all

helicity combinations of the four particles.

. - ° l N
£(0) = Y CTRIICTRD) g;< N Aa! T(cos8 E) | A A> 5.3

The term outside the_summation is a phase space normalizatioﬁ factor,
where p is the incoming ceﬁtre of massrmomentum, and E is thé centre of
mass energy. To expand the plane wave T matrix in terms of angulér
momentum eigenstates, we need to refer to the formalism based on the

(19)

S-natrix, where the relevant expansion iz:-

<P aPANISIE p 09 hAy = > Hu D:*;,w,a,o)

©
<Al S8 A m >, (429%0)
where J\:)\;)\band')\ Ac >‘d
(Go,ﬁo) are the polar and azimuthal zngles of the incident beam direction

in a given axis system and (©,%) are for the final beam direction. p and

p! are the initisl and final momenta.
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Egn. (5.4) can be simplified if the axis system is defined such that
ty! is normal to th2 production plane and 'z' is along the incident
beam direction, In thls case ¢°= ﬂ = , and mzking use of the

properties of the rotation D mgtrlces:—
T (000) = d (o) = & s
AT - m) ~ Um) o PR e
~ where § is the Kronecker delta and:-

D (09,0 < o) S X
In this axis system, therefore, there is é unique value of m,_.

the z component of J, such that tﬁ = AN, énd its summatidp in

eqn, (5.4) is suppressed. Furthermore,”since-the g dependénce &rops

,out,wthe normalization factor includes an extra 271 and egn. (5.4)

becomes:~
<pfeo A IS(E pood A> = ; (T+5) <A M) STEYI N A o(“,(e) 5.7.

Using the relationship T(E)z-iS(€) for inelastic scattering eqn.(5.3)

becones: -

! ' A
o = PR T ST (3+%) < Ml (E)]/\a)\,,) cl v (0) 5.8

Tl

For partial wave expansion the two particle helicity state.
IivnA,M) must he expressed as a sum over .a complete set of orbital

¢
angular nmomentum states ITm{ $> . The characteristic coefficient 1&?2

<TmlsITmAN) = f,‘*') c(cosmx)c(su 1S, AN) 59

‘wvhere 5:8§,+3., the total spin,and C is a Clebsch-Gordan coefficient.

Thus: -

Li9) = T 5) CLEOS'N ITN) €50 Sg Mgl S 5.10
() PWW Y M5 (L+%) 7)) TONESEOW

T
e CLLOSMTA) CLSeA Sy N1 5, 23 ST TTRNES) ol t0)
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where the summatlon is over T 15 ( s/ and all helicities A ABX )4;
The dlfferontial cross-section is obtained by taking the modulus-squared

of.eqn.(5.lb) and using the properties of d functions:-

S A aey! Tt
dyy & = G0N D e, TR W) ETNTATLN, x,')o( (9) , , 5.1
t Sy Al T l' 'J'T' A' ’Al Al

{ -
. and dﬂmlg) ot l") O(ma(g) - [((f+:)lj p (6059)
to give:- )
| Id.%:' - pl(zs,n)(zs ) Zﬂ(’” (G2 (6 2)(6+1) it f,fcz - 5.2
o A/ ITHENL SIS 1 THEG Y P, (cose)

vhere Ci are ten Clebsch-Gordan coeff1c1ents.

The sunnation extends over { where H}le(sl]+?t and all valuss
’ A
of TN L/l s s and all nelicities N M A My obeying the condition
§,25, QESl-L:XI X.:Xl for no polarization of the target particle.
Fur thermore, for no polarization, the imaginary part of eqn.(5.12) can

be shown to vanish,

The joint density matrix element for particles ¢ and d is defined

’ _
mg m I : ¥ L oae
/Dm‘ mj, (x) = PS5 ;5 mm.«lT(x,E)Im.mb><mZMJ'T(¥,E)Im.ma> 2.13

P.‘(lsd’:)(zsb*") Z l £ m, my , T( 3(, E)l My m,,)lz
all m

wvhere x =c¢os8 , and the denominator is the differsntial cross-séction,

used for normalization. The expression is in terms of spin components
rather than helicities. In the helicity representation eqn.(5.13) can

be expressed as:-

.

mdmd J,G— _ . R 3 1k
Jam,m;( da = P w)(zs,,u) %fm My Tl ) Ad D <mmg T B[\ NS 5+

Ir mc znd 2, are. evaluated in the helicity systems of ¢ and d respectively,
ne:.rotetion is involved when converiing from spin conmponent amplitudes

to helicity amplitudes.,
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Then;- ) L .

<m, mle(xs)I)\ m z (-) M M T, E)l/\‘hb 215
vhere the phase_factqr Fl)sf M

(19)

is introduced following the Jacob and

Wick convention. ) inderting eqn.(5.15) into egn.(5.14):-

Poeme ¥ ds mﬁz(‘)“'“<Ud'Tle)IMDQ T g 5.6

which can be decomposed into partial waves using the same technique as

vith the differentd 121 cross-section. Then:-

.(m.« olr Y WV mm, e oan

]
[Li)__ll] LU ITHENLS, )(l's']T"(E)Il "(cos 0)
L+ (02))

vhere ci are.the some ten Clebsch-Gordan coeffitients as in eqn.(5.12).
. . !

The sumnation runs over I;Tlf:(.('( {55, 5(25) AgA, . For no

polM“l ation in the initial states §,=5,  and X!:Al . Furthermore,

since_mc and y aré evaluated in their relevant helicity systems:-

) ! # !
me= Mo» Miz M, moz Ao, m/zAl,
7 If we are interested in the decay of particle ¢ only then X‘:Xi:;mlznd
d

and a2 sum over m, is included., Thus, . finally, the density matrix element

for particle ¢ only is:-

Prn ‘m‘” o e DG RN RIS (ZAIRERE

x [%J*(z/g | T’*(E)ll, LS, T"(E)ll $ )* (cas 9)

sumed over 3T, {'{, [, Ls's, $, (28) Mo Ay My

Dn cormporing eans.(5.12) and (5.18) with eqns.{(4.2) cf the rrevicus
. thapter, it can be seen that the Lesgendre coefficients A‘ Et Ct Dl

nay dbe excreszed z2s linear sums of partial wave producis:- '

\n
L )

]
O

l 3, n ¥
Xe : Z a‘ (5513 <4,’s,.’lT (E)ll,s,><l1’st’!T.(E)ll‘zsg

l;l G5 T,
where 1 coniains all the foctors relevant to the partiial waves

associated vdtrz it, It can be easily czlculated for all products and
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for each'of Al Bl C‘ and D¢ up to any arbitrary order of expznszion,
“and. tables of these values exist for seversl final spin-parity states. 3?
They are usually called Tripp coefficients, after the author who first

‘ P am1* pioa (32) .
tabulated them for J%= 0 5+ final state, and the convention will
be used in this thesis in order to distinguish them from the Legendre

coefficients, lj‘oy this analysis the Tripp coefficients were calculated

by computer using the above formulae.

5.3  Aoplication to the K N system

| ‘To determine which partizl waves exist in the K~p -—> E*N chanﬁel,
it is best to consider the spin-parities of the system i.e. 0--}-+ —3 l‘-}—'b.
Parity conservation imposes the condition (-I)M: él)(l”for the incoming and
outéding orb:ital angular momenta,ie, £ and {’ must be even or odd
together. .In the final state there are two total spin values % and —%—.
For a given total angular momentun J there are two values of (= Tt-}_—

The partial waves can ‘then be determined as follows:-

t, {=T+% s:';'_ = l’: 3_4»'2 - { : N
sz = U=-7+4 =0 or (- J-3-{-2 5420
2. L-27-% s=3 = -7-45 = : .
-3 = ¢ <35-% = { or (':T+3i_:(+.l
For example, for J:-Z— l:3'+"i gives FF51 FF53  FP53
. {-7-% gives DD51 DD53 DG53

The spectroscopic notation is used throughout for the vartial wave-s su-ch
that FP53 corresponds to a wave with { = 3 =1 J=-§-— and s=-§—.

Ji can be seen that there are three partial waves for each spin-parity
state, except vwhen Jr} vhere only two exist, Furtherrﬁore, two'possible
isotopic spin values occur in the S-channel, I=0 and i. " Thus each partizl
wave amplitude can be expfessed as a combination of I=0 and I=1 amplitudes

with appropriate Clebsch-Gordan coefficients., The nomenclaturs to be

used, therefore, is the following:- a resonant state will be dencted as
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€.2. F65 for L =3 1=0 J:-g', which consists of three partisl waves;
OrF51, OFFS3, OFP53 where thé prefix denotes I=0. Vhere the I-spin is
"obvious the prefix is dropped. | ‘\

To estimate the number of partial waves to be coﬁsidered, it is
necessary to sfudy the energy‘dependence of the experimental Legendre
coefficients. Erom the discussion of the §¥evious chapter, it appears
that structure is seen up to the seventh oraer of expansion.- Eqﬁs.(S.iZ)
aﬁd (5.18) therefore show that the maximum vélﬁe of J to be‘considered
is -%}. Thus a maximum of forty-four waves need to be taken into

account from both I=0 znd 1 contributions. This profusion of partial

vaves makes for a very complex analysis unless steps are taken to

redu&é the complexity. A minimun structure assﬁmption has been used

in this aﬁalysis, where the data is fitted witﬁ the minimum number of
"resonances necessary, together yith background aﬁplitudes yhich are

either constant in energy, or have some simple energy dependence. IF

all forty-four waves are used, tﬁe.analyéis still requires at ieast
eighty-eight parameters, which means that several statistically accertzable
solutions will be obtained. It will'be shown that a sample of Fhese
possible solutions are very similar to each other and thus represent

a statisticel scatter around the true unigue solution.

It is necessary to determine how each partial wave ampiitude.is
expressed in terms of I=0 and I=)1 amplitudes, and hencé determine a
similar exrtression for the partizl wave products ofveqns.(5.12) and
(5.18).

éohsider the two channels:-

Kp = K p _
Kp - ﬁ'on 5.21
vThe znplitudes for these processes are combinations of I=0 and I=1

zmplitudes given by the aprropriate Clebsch-Gordan coefficients. The

relationships are calculzated as follows with the usuel convention of
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'baryon first':-
T(Kp — K*p) = <pK*'lTlpK > - <<z"i I<g-2lTh e l"')) 2.22

= <<|o]fz+<oolj;_]T|5ho>+&|ao)>
lT' + zTD_

('t

T(Kp — K*n) = <hE*°ITIpK'> = <KE-3ICELTIE 14 > 5,23
=l <ootleIrzxm>+ﬁ|oo>> |
- J.T To
where the matrix elements have been exﬁressed.in terms of I~s§in states,
and T° and T' are the I=0 snd I=1 ampiitudes respectively.,

For a particular partial wave amplitude:-

T ()

0 . :
s = 1 (ReTiy +i ImTy) + 4 (Re Ty +ilm Tpny)
i.e. | Tm(K““p) z z(Re ,,+Re_‘rm) + L5 (ImT mflm'l;;)‘ Se2k
Similarl,,r Tm(K*’ n) = (Ro_Tm RE_TJ,) + i3(Im T ~Im Tyg) 5.25
.Thus:-
Re( T3s ”s,) = T(Re Ty 2 Re T )(Re Ty t ReT,,)) 5026
o ' |
"" n +relIm T, Tigs ¥ Im as(lm oy T FimT, 'J’s')
i.e. Re( (n (J@J - 4(RQ.En Re T'B'* IM'Eu I"’T}:r) 5.2
,(lon (RE T(” Re .r‘ro;*l- Im (J; I 35’)

*4(ReT ,,, Re Thig + Im T[,, ImT!

{1’

.

{JS TS')

Thus, for a given set of {JS ¢'7's’ there are four terms, two of which
involve interference betveen I=0 and I=1 amplitudes, anq two of which
involve interference bvetween aﬁplitudes of thg same I-spin, As can Le
seen from egn.(5.27), the interference terms involving the two I-spin
-states have opnosite sign for the two channels, This neans that structure
in a2 Legegére coeflicient due to interférence betwecn waves of the same
I-spin will have the same sign in the two channels, whereas for optosite
I-spins the relztive sign will be negative. This iwmportant effect serves

g 315,

to fix the relative I.supin of 1nuerfe"1n* waves in the D"Ttla7 wave anal
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St The Program

The progranm used for this analysis was the Rutherford Laboratory
| (33)

two-body partial wave analysis program “APPLE"Y, extensively modified
. . -t

for the reaction type 0 v+ —% 1 - and run on the Laboratory's IBM

360/195 computer. The object of the program was to set up theoreticzal

Legendrs coefficients at each energy from a set of input partial wave

amplitude naramefers and the appronriate Trivp coefficients, and to fit

the ex periMentcl Legendre coefficients by minimizing tne overall chi-

squared:-
expt theo 2 .
Xy 5.28
chft *
/3] X(
where X( is a coefficient, AX, is its error

with respect to the parameters, Because of the large smount of
comnutation required, the fast rminimizing routine VAO@A(34) was enployed,

E xeh partial wave amplitude was given the following energy denenuent

fornm:-

Tasr = A BILE) + 37 BW () 5
which is the sum of a background term multiplied by.an angular rmomentum
barrier factor, and up to\thgee oPtional Breit Wigner resonance amplitudes.

The amplitude, 4, and rglative vhase, @, of the background were

each given a Legendre polynomial dependence on the centre of mass energy:-

nm(

A = za P (e ¢ > b, Po(E) 5.30

: E - z(E'Ebot) -
where - Etlp“Ebot

and Efop’ Ebot are the upver and lower lirits respectively of the
centre of mass energy region. an and bm are parameters to te fitted.

.n and n are the maximum orders of exvansion which were normalliy
nax “nax

1
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taken as zero; that is the background was normally assumed constant in
i . ' ond 2.
epergy. In practise, noox and m . Were never taken bey

‘The form of the background barrier factor, B{{ E)was given by:-

-—

Blp = |Be x Bu ™

-— X 5031
may may E :
. Bzin * _ B‘ovt o
where B, is the Blatt and Weisskopf barrier factor('4) for orbital

angular momentﬁm f , multiplied by kr where k ié the céntre of mass
mbmentum for ﬁhat system and r is the effective radius‘bf interaction
= taken to be 1 fermi in this an#lyéis. E ;s the ceﬁtre of mass
energy; "in' and "out" correspond t§ the incoming KN systen gnd outgq}ng
E‘Nfs§stem respectively. For the latter case, values of centre of mass
mopenta were calculated at the ﬁ* peak mass., At a later stage of the
. anaiysié the outgoing barrier factor was integrated over the K* line
shape to-éllow for the finite width of the resonance.

The expression —%}- is included as a two body phase'snge factor.
Tﬁe subscript "max" corresvonds to a calculation at the maxiﬁum céntfe
of mass energy point of the region.. The'denominator of eqn.(5.31) is
therefore a normaliéation'factor which imposes a maximum value of
unity on the background barrier factor.

The Breit-VWigner amplitude used was the standard non-relativistic

form:-

Bwie - [R® F@/2 -
(E.~E)-ile)2

where Ej is the resonance peak mass; ['(E) is the full width, and is

energy dependent; [Z and f: are the energy dependent partial widths

for the formatior of the resonance (assumed to be the "elastic" channel,
-

Mel) and its decay via the channel "r" - in this case K N. Y is a

relative phose at resonance, which the SU(3) model predicts to be either



0 or 1T , .corresponding to.the b sign for the square root in the
numerator,
The resonance full width ["(E) can be expressed as‘a sum of energy
dependent partial widths for the various possible decay channels i ¢~ .
- r.
re = ;r‘;(’&) 5.33

The explicit energy dependence of each f:(E) nmay be separated out
by writing it as a product of an energy independent reduced width ¥, »

and a function of energy (barrier factor etc,):-

120

;e = v v, (€) . - 5.3

The branching ratio qito channel { is of course energy independent,
50 it can be written as the ratio of the reduced width for chamnel { s

to tﬁe reduced total-width ¥ (zalso enefgy independent):-

« = & = T Vi) : 5.35
H -t - S Tt =
- ¥ ¥V (8) o
Thus Vi) = [(e) = we Vile)  5.36
i.e. Me) = ¥ > & Vi(E) 537
" N

An assumption is now made that the energy depcndence of the total
width is given only by the energy devendence of ihe elastic.partial

wvidth ’:(E’ i,e.z-

FeE) = ¥ >« V(6) » ¥ V() 5.38
i . .

This is the same as saying Kg SY _O(L#:e { ~ 1)‘.
With this assumption eqn.(5.32) becomes:-

Y Nt o
el AAGRAC I 5.39
(E-E) - i ¥ V,(e)

The energy dependent functions are:-

BWI(E) =

8, E* : Bi,,. E* 5.40
VQ(E) - _"B'Ent“‘E“‘ Vr,(E) ‘: —éi"*‘__.
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at the resonance veak mass, such that the encrgy dependent fﬁnctions
are normalized to unity ét £his point; Again, the outgoing term is
calculated at the peak mass -of the f*, and at a later stzfe is integrated
over the ﬁ, linéshape. For resonant masses belecw the ﬁ* threshold Vr(B)
was set to unity since BR would be imaginary. |

Thus the amplitude at resonance is JKe X | ;Athe full vwidth
at resonance =¥ ; and the resonance mass = Ep. Since op+x g1, it
is evident that the.maximum value of the amplitude czn never exceed
z 0.5, thus imposing a unitarity bound. Furthernore, fron scattering

(35)

theory a partial wave is defined as:-

» T, - e e2id Ly . s
oo o { - 7 : S :

- for elastic scattering and:-

T, = 7 gtdd B 5u42
2 R

for inelastic scattering,

there 1 and 6. are the aﬁsorption and phase-shift éarametefs. The
value 7:_1 defines the un;tarit} bound on the amplitude. .For the

elastic case the bound describes a circle of radius 0.5 and centred

at (0,4) in the Argand flane. For the inelastic case the circle

is centred at the origin and imposes the limiting value of 0.5 on the )
amplitude. To constrain the partial‘wave ampli?udes witnin the unitarity

bound, a penalty ¥ was added if any anplitude exceeded 0.5 in a fit.

% £ % % % ¥ 5 % % & X %
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Chaoter 6 The Partisl Wave Analysis (Evperiment)

6.1 Introduction

This chapter describes a full partial wave analysis of the E’N
system using the formalism of the previous chapter. Tﬁe inforiation
gained from a preliminary éolution of the dominant partial waves 1is
| fed back into the D2litz Plot analjsis in the form of‘production
barrier factors applied to the E', and better fits to the data are
obtained. Improyed values of the cross-section ére then.re-applied'
to the partial wave analysis. Data from the Biimingham K d - Ko n(p)

(36)

analysis is included to constrain the partial wave amplitudes,

and three similar solutions are obtained from fits to the combined data.

A very rudimentary quzlitative partial wave analysis is also described

for the A(1520)TT system, using only data from the present experiment.

" 6.2 The Preliminary Solution

The gasic set of résonaﬁces consldered were those classed aé ’
“estaﬁlished"'and'"probable" as a result of the two-body partial wave
analysis of this experiment.(37) A resonance was not considered 1if
its peak mass lay more than one full width away from the lowest energy
point of the region, i.e. 1850 -MeV. The.basic set are given in
table (6.1.a).’ Due to the somewhat large errors in the Legendre -
coefficients, the masses and widths of th;se resonances were fixed at
the values given in ref., (37), and shown in table (6.1.a), tp reduce the
.nnmber of parame%efs to be fitted, Each resonance was included in all
partial waves pertaining to its JPI state. At a later stage of the .
analysis the resonances classed as "possible" in ref.(37) and listed in
table (6.1.7) were included one at a time to try and improve on the
splntion obtained.

For the nmajority of this preliminary analysis the Legendre

coefficients of the first two energies of the CRS data were included.



They were_lateridiscarded.becéﬁse they were In conflict with the

coefficients of the present experiment in the same energy region., It

is for this reason that thef are not given in tables_(u.l) and (4.2).
For this preliminary analysis the Legendré coefficiénts were

fitted up to orders As, B6’ C, and D, in both charge states. Later on,

L L
higher orders were included to constrain the amplitudes of the high
spin waves. |

| Fof the firSt run. all waves were included, with thé background'
amplitudes constant in energy but as variable parameters of the fit.
Their amplitude pafameters were starfed close to zero witﬁ_arbitrary
starting vaiues for their phases. All the resonances of table_(S.l.a)
were included with arbitrary amplitudes., The overall number of
o paraneters to be fifted wés 113 for 840 data points. After an hour of
' 1671 '

dropped to == = 1,46

. computer CPU time znd 50 iterations, the ﬁ%ﬁ 735

with a final change in xt (Jﬁ;ut) of 3.0. Several small contributions

123

were set to zero and fixed, including the resonant amplitude OPF33(1G00).

The ddminant resonant waves were 511(1955), OFP53(1822) and 0GD?73(2110).
The latter confirmed the large value stated'by Litchfield(38). Becaiisse
of the excessive amount 6f computer time required, no subsequent runs
were taken to convergence - their quality being determined by JXi;“:.
To look for structureAin the intermgﬁiate waves; each JPI staée in
turn from D03 to F17 was tested in the following way. The background

amplitude and phase of each contributing partial wave were assigned

linear terms in their energy dependence, which were allowed to vary in

the fit, but started close to zero. The zeroth order terms were shifted

away from their previous values in order that the run should be started
away from the present minimum. Each run was allowed twelve nminutes.
The result showed that the largest drop in X* occurred for the D03 state.

However, two of the three coniributing waves were seen to perfornm a
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c¢lockwise rotation in the Argand plane, wﬁich is generally cbntrary
to thé direction taken for a resonant wave. Nevertheless, the linear
terms were removed and a resonance inserted with-variablg mass and
width,.to see if the iﬁprovement in ;xl could be reproduced; Although
the resonance was inserted in 211 three waves, the three contributions
were-coupled to the same mass and vidth parameters which were to be
fitféd. This was a general feature‘of the analysis whenever variable
mass and widﬁh were used. Arbitrary starting values of.1960 MeV and
120 MeV for mass and width respectively were used, with amplitudes of
0.05 for each waye. Tﬁe result of the run.was a ;ﬁ; of l%%% = 1.39
‘and 6%, =2, with fitted mass and width values of 1890 and 227 MeV
resﬁéétively. The f;tted DS33 amplitude was 0,08, and mucﬁ larger than-‘
the two DD amplitudés, which would be expected f:om barrier factor
cogsiderations. The‘drop in xf of 57 units and the physical.values of
the fitted parameters are evidence for the existence of a possible
resonance in this state. The obvious candidate for thiS‘resonénée is
a A (2010) mentioned in the Particle Data Group tabless< o’

To check thé validity of this DO3 resonance, it was removed fron

the solution. The solution was then reminimized, the resonance reinserted

vith different mass, width and amplitudes, and the solution again

z
reminimized. The result was a 5%? of %%%~= 1.37 and Jztuxt =1, and

fitted mass and width of 1885 MeV and 245 MeV respectively. The similarity
of these.Values to the previous fitted values are further evidence for
the existence of this DO3 resonance. On studying the fit to the Legendre
coefficients, however, no définite improvement could be observed in any
one coefficient., This would be expected, though, because of the large
vidth of the resonance, |

fo check that the resonance appeared in the D03 state and not the

D13 state, the above procedure was repeated for the latter, The fitted
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width was 1520 MeV, thus éffeéfively throwing out the resonance, This-
result also confirmed that the "p0551b1e" D13(1920) did not couple to
the K N system.’

A search was now made for the presence of the two remaining "possible"
resonances in the energy region. .Thé F05(2100) was inserted into the

xl

NOF = 1.46 solution (i.e. without the DO3 resonance), with'variable

mass and width., The fitted width was 500 MeV, i.e. effectively throwing
out the resonance.

The S01(1825) was tested in a similar way. The result was a

X" 999 - L N 2
NoF of &= 731 = = 1,37 and Jxl it = 2, i.e. a drop in x! of 80 units.

However, the fitted width was 100 MeV compared -to the two-body analysis
result of 230 MeV (used as a starting value), The fitted mass was

1863 MeV. Despife this small width the resonance parameters were inserted
into the solution‘containing the DO3 resonance. The final R%; was %%%
= 1,31 and Jx:a.st = 2. The'DOB parameters were reasonably stable but
the S01 width dropped to 37 MeV. Various runs with different starting
values of mass and width for the SO0l showed a preference for the narrow
width. Constraining these values to lie near the two-body analysis
values (by imposing a penélty x* if the parameters strayed too far)
produced a much higher x* than-the abofe value, It was qﬁite certain
ihen, that the S01 structure was not the ﬁpossible" state seen in the

~ two-body analysis, and ﬁas nost probabl& the result of fitting a
statistical fluctuation at the lowest two energy points. The resonance
was, however, keot in the solution,

Several resonance contributions which had given consistently small
amnlltudes throughout the analysis were now removed from the solution.
These were almost all sub-threshold resonances, In addition the £wo
lowest CRS data points were removed and‘the QPF353(1900) contribution

. 2
w28 reinserted for completeness., The finszl ﬁﬁ- was %g% = 133 and
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514;“: = 2,8 for 104 paraﬁeters. This was‘classed As the preliminary
soluﬁion.

The variaﬁions of the resonance parameters through.the ahalysis
are showvn in table (6. 2); and are seen to be remarkably constant.
The dominant amplitudes come from the GO7(2110), F0o5(1822), P01(1853)
and 511(1955), with a further laroe contribution from the DO3 resonance.

It must be stated, however,’that this solution is one of many possible

acceptable solutions to the data.

6.3 Refittine the Dalitz Plot
The ébove partial wave solution gives a total amplitﬁde for each
partial wave(resonance plus background) at each energy. I£ is therefore
po;siﬁle to calculate the cross-section for each partiai wave at_éach
energy; using the Tripp coefficients for Ao; for this particular soluil on.
‘Hence the relative intensities of thé outgoing orbital angular momentun,
{ s states at each énergy can also be calculated. This information

out
shpws which lmn values are dominant at each energy, and an empirical
barrier factor can thus be set up for the ﬁ* which reflects this, On
applying this factor to the ﬁ' Breit-Wigner function in Chapter 3,.the
Dalitz Plot can be refitted without the use Qf the mass depression
téchnique.

Table (6.3a) gives the partial wave. amplitudes at each energy for
this experiment from 1,125 GeV/c upwards for the dominant waves (i.e.
amplitudes greater than Q.1 at that particular energy). It can be seen
that only cutgoing S and P waves are important, with D waves growing in
importance vith erergy. This is obviously due to the vicinity of the
E'N threshold.

Now the Ao Legendre coefficient can be shown to be related to the
partial vave preocducts by the relation:-

Ao = D (3+9) 1T, T 6.1

W "
sy 7



 where the Tripp coefficient in this case 1s J + .
| For example, at 1.125 GeV/c the Ao contribution of the dbminant

waves is given by:-

Ar = Cixfissul*+ 1xloperz|" 4 2¢]00s33)* 4 3<[orpsif*) 6.2

= ¢( 0025 + 0.055 + 0.036 + 0-127 )

" ‘using the amplitﬁdes of table (6.3a) and the I-spin factor, Z. The
total S and P wave contributions are therefore in the rgtio: 1:3.
Thus a combination of S and P wave barrier factors are required at
1.125 GeV/c for Dalitz Piot fitting purposes. Table (6.3b) shows
"the intensity ratios for S, P and D wavés at fhe other energies. It
canibg~§een that in all cases the P wave must be tzken into acéount
with 2 D wave effect appearing at the higher energies.

To implement the above result an.empirical‘barriér factor of

the form:-

P | & |
2o + ¢ Uomm) + @ (g 6.3

" where X = 200 MeV/c; P = centre of mass momentum
was applied to the g Breit-Wigner function of egn.{(3.4). The as ai,
and a, parameters were tak;n as the relative S:P:D wave intensity
ratip. Because of normalization problems, however, these parameters
became redundant, and the effective result was an S~wave barrier with
some P and D wave admixture. The Dalitz Plot analysis of section k3.6)
was then repeated, with the nominal mass of the ﬁ’,(3 ) for the present
experinent only.

Al almost every energy and in 2]l three channels a dramatic
"improvement was seen for the fit to the ﬁ* with no mass depression
necessafy. Furthermore, tﬁe data below 1,125 GeV/c could also be fitted

properly if the same barrier factor as at 1.125 GeV/¢ was assumed., The

results of these fits are presented in table (6.4) and should be
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compared.with the results of table (3.3) in chapter 3, Ihe partiai
cfoss-éections for the ﬁ. éne seen to berconsistently higher than
before, since the fit is now able to extract that ii confriﬁution
which coﬁld previously only be classed as background. Typical fits
to the (Km) system are s£own in figure (6.1). vThe solid curve is the
result of the interference model together;with the application of the
_ﬁ. barrier factor, and the dashed curve is for the interference model
alone. - Typiéal fits to the K-pixo channel below 1.125 GeV/é are
"shovm in figure (6.2). The other two channels are not shown owing to
lack of structure in this region. -,
The R“N and N (1520} I partial cross-sections of table (6.4) are
tﬁe final values obtained. They are plotted in figure (6.3) togethér .
with the‘cross-sections from the CRS data obtained in chapter 3 using
 the interference model alone. .They'are seen to be in good agreement
with other anzlyses in this energy region, A
—_
The errors on the cross-sections have been calculated in such a
way as to reflect the épread bf values for the three models considered,
i.e., no inverference, interference bétveen ﬁ* and S-wave, and inter-
ference plus ﬁ* barrier factor, For each channel and at each energy from
1.125 GeV/c upwards, the mean and standard deviation from the three esti-
mates were obtained with each value weighted by the inverse of  the ﬁ%%
of the fit for the respective model. The final errorvin the cross-
section was a combination of the azbove standard deviation, the statistical
error and the error in the microbarn‘equivalent. Beiow 1.125 GeV/c the
ETTOrs wer2 based on the percentage error at 1.125 GeV/c together with
zn estimate of the error in the fittéd fraction,
It can be seen from table (6.4) that tﬁe ratio of the K "p cross-

. =0~ -
sections for the X' prr and K p71° channels at each energy is concistently

less than 2:1. Thus the change from the mass depression technique to the



- inclusion of barrier factérs did not improve on this. The conclusion
to be gained from this result is that the i. cannot be cleanly
separated from the other processes in the K-prro channel., This may
be due in part to non-negligible interference between the resoﬁant
pchesseé. Since interterence between different two-body systems
cannot be quantitatively caléulated for the Dalitz Plot analysis
describedvin chapter 3, as can be done for interference within the
same system, fhe pbssibility of further interference has had to be
ignored énd is éssumed t§ bg negligible. Thus the crdss-section ratio
problem apvears to be inhefent in the mddels considered in this étudy
and must be left unsolved.

“The Legendre coefficients for the i*N systemn were calculated from
these latest fits and were found to be essentiaily unchanged from the
values obtained from the interférence model aloné. The only change
made to the coefficients, therefore, was to update the Ao's to account
for £he change in the cross-sections.

6., Integrated barrier factors

In obtaining the preliminary solution for the R.N partial wave
analysis, no account had been taken of_the finite width of the ﬁ', the
outgoing barfier factor being calculated at the peak mass oI the ﬁ. as
if it were a stable particle, This technique is obviously incorrect at
the E*N threshold (E’ =my + mi') where the factor goes to zero, thus
giving a zero.cross—section. In fact, the finite width of the ﬁo glives
an appreciable cross-section even below the threshold centre of mass
energy. Thus, rather than calculate a barrier factor at-one unidue
K mass, an average should be tzken at each energy over the lineshape
of the R’, ideally over the entire mass range (=00 < M < +00)

-The outgoing barrier facters B(out in egns.(5.31) and (5.40) were

replaced by the expression:-
‘Smo +Zf1

mo'zr'

j"‘v”f’ BW dm?

mo-Zi“

BW : B‘ouf, CLMI 6.4
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where BW is the simple relativistic Breit-Wigner form:- zlz 2
, (m*-m2)* + mip

m, i the pesk mass of the %%, and [ is its width.

 The integrals were carried out numerically by computer over the
mass-squared region between (mo + 2[’)a with the barrier factor
taken as zero outside the physical extent of the mass region alloﬁed
© by phase spacé. The expression B‘out/ Bt"::: (max = maximum centre of
mass energy of the region) is plotted against centre of mass energy for
all vélues of {ovt up to 4 in“fig.(6.4) for both the original (dashed
curve) and integrated forms. It can be seen at the lowest energies
that a large discrepancy occurs between the two forms as expected, since
the non-integrated form goes to zero just below the energy regioh_for
all vélués of {,, « The result of this is that the energy independent
partial wave amplitﬁdes in the low energy region gre-actually smaller
than the preliminary solution would suggest so as to cancel the increzse

ip size of the barrier factor.

6.5 Incorporation of further data

In order to constrain.the ratio between the T = 0 and I = 1

contributions resulting from the subsequent partiél wave solutions, data

from the Birminghem K d experiment(SG) was included. The reaction:-
- - : T '
Kn—> K n 6.5
b oy

proceeds via vure I = 1 states in the S-channel. Most of the Legendre
coefficients vresented in ref.(36) from threshold to 2170 MeV centre of
mass energy were thus incorporated in the analysis. The Ao's were, of
coursé, the most important part of the data, since they gave directly the
total I = 1 cross-section,

On apvlying the preliminary solution to this data (with only the
I = 1 waves contributing) there was seen to be complete disagreement in
the Ao's, with the solution giving values two to three times that of

the data throughout the energy region. After checking the validity of



fhe Ao's, the only conclusioﬁ left was that the solufion ﬁas wrong as
regards the.I = 1 contribution, | |

It is intéresting to consider where this error occurred. On
looking at the high energy region of‘the Ao's, the average values for
the K °n and K*'p channels are almost equal at about 0.3. For the
Birmingham Ao'é tabulated in table (6.,5) the average in the high energy
region is about 0.2. Denoting f, and f, as the total T =0 and I =1
» amplitudes respectivély, then using the I—spin factors of section (5.3)

we obtain:-

K*p TG + $1E1F « T Re (£,£9) 03 1 6.6
Kn 5 1&F + FIEP - FRe(fof) 203 2
K*n A 02 -k

- The first two exvressions show that the interferehce terin i negligible,
and with the third, uniquely determine the ratio ot 0., ¥ 5:1
This shows that the I = 0 channel dominates the structureiat the hiéher
energies, which is not surprising gince most of the resonént structure

is in this channel,

Without expression (6.6.3), a second possibility is that the I = O

and I = 1 cross-sections are almost eqﬁal and that the interference term

‘Just happens to go to zero. It appears as if the preliminary solution
chose the latter case,Aand thus assignéd ; much larger cross-section
to the I = 1 channel than was in fact required. However, this cross-
section could only be azssigned to the background amplitudes which, in
main, determine the trend in the AO. Thus the resonant amplitudes are
expected to be relatively stable in the high waves on inclusion of the
constraining XK "n data. .

6,6 - Develomnment of Solutior A

For the remainder of this chapter, "constant" background neans
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that there are no energy dependent terms except the barrier factor,
whereas a "fixed" background parameter is not allowed to vary in a fit,

Several runs were first made with constant background in all waves

rX
and no resonances. This was to find an average value for the"ﬁ%g_

corresponding to zero structure., For each run, all amplitudes were

4
started at the same value but with random phases. The average X_ was

_ VoF
. 2700 . R
found to lie around —555 = 3,0. All runs produced very similar fitted

curves, but varied wildly in the fitted parameters. This was because
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no specific structure was being fitted, and so a large number of solutions.

could be found which renroduced the same average effect.

_Furthermore, the J=} amplitudes were found in many cases to lie
near ¥he unitarity limit of 0.5, especially when the starting amplitudés
were close to zero, A reasﬁn for this is that in these inifial fits
the parameters were fed into the minimizer (VAO4A) in the order of
increasing J. Thus the initial calculations would be made by.varying
the J=% Qarameters. If the amplitudes were started close to zero, the
ninimizer would automaticaily take these waves to the unitarity limit
to reduce the Xl by as mudh as possibie over the whole energy region;
these waves being the least inhibited by bérrier factors. The remaining
waves would then be biassed by the large J=} waves. Tvo solﬁtions to
this problem would be Yo start the amplitudes around 0.25, and feed
the parameters into the minimizer in the reverse order, i.e. from J=g
downwards, In the former case, tgere would be little chance of a wave
reaching 0.5 unless there was a good.reason. In the latter case the
J:; vaves, being hizhly barrier suppressed at low energies,&ould.be
unable to contribute to the whole energy region and thus would never
be expected to reach 0.5; |

With the zbove considerations in mind, a run.was carried out

using the reverse order of parameter input and with all background



amplitudes stérting at O.és vith random signé and zero phaées; In order
to tie down the relative phases somevhat, the GO7(2110) was included
with arbitrary amplitudes. The final 5%; was 3%%2 = 2.?6 with <§z;“t:v1
‘and a very large GD amplitude (0.2) compared to GG, as normelly expected
fr;m barrier conéi@erations.

An established resonance was now needed at the low eﬁergy region,
bﬁt'oveflapping the GO?7 to some extent, invorder fo fix the relative
phase'betweeh‘the low and high energy regions. One possibility is the
P03(1900), which was added with arbitréry amplitudes in all waveé. The

1 2168

1o S x - 1 - i
result was a of Tper = 2,46 and Jxlast =11 . Fitted amplitudes

NoF
of less than 0.1 were assigned to the P03, but large improvements were
seen in several coefficients, This is contrary to the result of the
preliminary solution where little PO3 vas seen.

) : —
Structure in the Aq/Ao and Bu/Ao coefficients of the K ®a channel

at low gnergles appeared to be an interference effect, since it changed

133

sign with respect to the average background beneath it at around 1910 MeV,

R 2™ . .
The lack of structure in the K p channel, due possibly to bad statistics,

prevented the relative I-spin of the interferiné wa&es from being
jdentified. However, the~change of sign at 1910 MeV suggested that one
of the interfering states was elther the P03(1900) or the F15(1920)_- the
only estabvlished resonances with a mass in this area. The P03 caﬁ
interfere only with F5 and F7 waves, and the F15 can interfere only with
P35, F5 and F7. From the shape of the structure.and the established
resonances present, the only possible interferences were;- P03 x F05(1822
PO} x F17(2040), F15 x F05(1822) and F15 x F17(2040). The Tripp
coefficients relevant for these interferences (see table (6.6) ) seem to
favour the P03 slightly more than the‘F15. The increase in the quality
of tﬁe above fit on inclusion of the PQ3 furthef favours this resonance.
As a result of these considerations, and because the Birminghanm

solution assigned a large amplitude to it, the F17(2040) was inserted

),
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in 211 F17 waves into the present solution with arbitrary amplitudes,

o xt 2080 . .
The result was a NoE of =573 378 = = 2.37 and 5251 ast = = 1l, Very lit»le

iuprovement vas seen, and almost all in the A /A, coefficient. The
fi;ted FF73 amplitude dominated the three at about 0,07.

The F05(1822) was then inéerted'into this solution with amplitudes
similar to the preliminary solution. At the same time the‘phasés of
several background amplitudes which were consiétently smaller than 0.04
‘during the analysis'ﬁ;re fixed. This Eas to reduce the:total number
of meaningful parameters to an acceptable level>without reméving
important contributions., At several éoints in the subsequént analysis
the phases of backgrounds were fixed or released according to this
,criierion. Thus, at this stage a total of 87 Qariable parameters were

present.

s

.-
The result of this run was a -2 of lggg 1.89 and Ji

‘NDF =7

last
f.e. a d:qp of 400 units of xz « The fitted FO5 amplitudes showed that
ihe FP53 wave dominated at 0.23 agreeing in magnitude and relative

sign with the preliminary solution. The E*On AQ/AO and Bq/Ao coefficients
were now fitted correctly, and an improvemept was seen in the fit to

the Ao's for both this an& thg K’~p channel in the low energy region,

Although the F15(1§20) was not expected to improve this fit, it was
tested in the above solution, and its fitted amplitudesAﬁere found to
be negligible,

For completeness, the S11(1955) and P01(1853) were included with
amplitudes similsr to those of the preliminary solution, The final ;ﬁ;
was lggg = 1,76 and JX' st = 3, The only large fitted amplitude was that
of the PP13 wave ( 0.1). The large decrease in the S11(1955) amplitudes
vas probably due to the Birmingham data producing a constraint on the

size of the I = 1 amplitudes,

Despite the procedure taken to prevent a blassing of the J=% waves
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towards large amplitudes,.thé S01 background amplitudes were still
excessively largej the SD13 ﬁave beinghclose to thé unitority limit.

To test for structufe in this state, linear terms ﬁere introdﬁced in
béth waves, with stértingvvalues taken in such a way as to reduce the
ovérall amplitude to well below 0.5 ;t all énergies. At the same

time, lineaf terms were introduced info the 0ODS33 wave in orderAto test

for‘fhe D03 structure seen in the preliminary solution., The resulting

_ 4 1279 1 - . .
fit gave a T of 880 = l.45 and leq“;..l. The improvement was

due almost entirely to the SO1 structure, with §ery little structure
in the ODS33 wave., The drop in xt oc;urred mainly in the K.-p channel
where, for example, the drop was more than 100 in the Ao’ due to an
‘impfovément to the fit a£ the lower energies.

.At this point, higher order coafficients were included in the data
to constrain the amplitudes of the hiéh spin waves. Thgse ﬁere the

- o
A6rmalized A, B, C. C. D. and D6 for K °n and C. for K p. On running

7 7 576 75 5
- : 1 .
the above solution with this extra data a X_ of 5 1.4) was obtained
: ~ NDF 1005
with 6}K§ast = ) and little change in the resonance parameters.

With the vreliminary solution iﬁ mind, the ODS33 linear background
terms were replaced by a £esonance ip all thrée D03 waves with starting
mass 1980 MeV and width 150 MeV and arbitrary»amplitudes. The starting
mass and width were taken from the result of a parallel solution vhich
will be described later. The result vas a ﬁ%; = %%%% = l.4) and Jiiaﬁg= 5.
Thus no improvement in the solution was obtained. The fitted mass and
vidth were 1986 and 256 MeV respectively, and the largest amplitude was
the 0D533 viave (0.07). Despite the temptation to drop thié resonance,
it was kept in the solution so as to comply with the results of the
parallel solution.

The linear background terms in the S0l state Qere now replaced by a

resonance with starting mass 2040 MeV and width 190 MeV taken from the

. ]
parallel solution, and arbitrary amplitudes. The result was a f%;



of %%%% = 1,37 and in;sc = 6, The fitted mass stayed constant but

| the width increased to 350 MeV. Furthér, the DS33 amplitude.of the
DO3 resonznce ihcreased to 0.16 and loocked more resonant in>sﬁape on
the Argand diagram. It was thus suspectéd that the SO and DO3 may
be~competing'against each gther, altﬁough»the 0sD13 amplitudevof 0.31
'seemed_to insist on a large resonance in this wave. The stability

of the éo;ution to the width of the SOl was tested by fixing it at
230 MeV, The.finél-xl was unchanged, showing that the solution was

insensitive to the width. It was.henceforth fixed at 230 MeV.

The existence of this possible SOl resonance is unconfirmed by
any previous analysis, but appears to have a large coupling via the
SD %ave to E'N. It>will be shown to be reguired in the two further
solutions to be described.

All other resonanceé in the energy region were tested with this
solutiog,.but none of them apneared to be required. Avplying linear
backgrounds to the other states besidés S01 and D03 did not improve the

xl
NBF

of %%%% = 1.31 and classed aS'solutibn nAtt,  With the Birminghanm data

1
subtracted the final '5%3' was g%% = 1,24 for 95 parameters., A summary

of the development of this solution is given in table (6.7) together

2} « Thus the above solution was taken to convergence with a

with the resonance amplitudes at each stage of the analysis.

6.7 Solution B

Severzl runs were attempted with constant background in all waves,
and with a random set of amplitudes, and the set of basic Westadblished"
and "probable" resonances seen to be important in solution A, alsc with
a randon set of anmplitudes. The solution »ith the lowest :t:’t was taken
as the basic solution "B", This had a'%;;. of -1%% = 1.55 and §X =k

(before the higher order coefficients were included). AS can be seen

from table (6.8) many of the amnlitudes and relative signs of the

136
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xl.

resonances were in close agreement with solution A. Further, the NDE

was also very much lower.
Once again the SOl background amplitudes were seen to be>large.

Linear terms were thus applied and the solution was rerun to give a

Xt e 131L _ t o m .
oE of 877 = 1.50 and ‘gxlust = 2. The fitted structure showed

"similar features to that at the same point in the development of solutiocn
A.

The ODS33 wvave had a large.fitted amplitude, and linear terms were

1232
879

The fitted structure of this wave showed strong resonant-like features

) 1
also applied here. The result was a _SED_E of = l.40 and 6:51“{5 = 1.

on the Argend diagram, to a much greater extent than solution A.

-The higher order coefficients were then included in' the data, and

NDF 1005

' To test for the presence of a resonance in the D02 state, the linear

. , N
the above solution was rerun, giving a X of 1576 = 1,37 and ‘Sxtlast = 2.

terms in ODS33 were removed a2nd a resonance with arbitrary mass and

width of 1920 MeV and 120 MeV respectively was inserted in all three
waves.‘ The result was a %; of %{6)% = 1.36 and Jx';nt = 6, with

fitted values of 1984 MeV“for nass and 160 MeV for width, and the DS
amplitude (0.13) much larger than the DD wavés. Although the change in
xl was srall,.the fact that a resonance shape could reproduce the linear
background structure supported the claim ‘for a possible resonance in

the D03 state.

It was obvious'from fhe vide anti-clockyvise circle on the Argand
‘diagram of the 0SD13 wave that the "possible' S01(1825) was not producing
this structure. Nor, indeed, could the narrow effect at 1860 MeV seen
in the prelirminary solution produce such a wide circle, . The linear

background terms of this state in the above solution were thus replaced

by a resonance of arbitrary nzss 1950 MeV and width 150 MeV in both

2 1%55 2
waves, Th esult w xX= £ 1325 = 1,35 a = b6, 1
er vas a <o of T08 35 and §x last 6. The

fitted SOl mass and width were 2042 znd 194 MeV respectively with a large

amplitude {0.22) assigned to the 05D13 contribution, Although the change
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in 2f'was minimal, the OSD13 contributionvreproduced exactly the linear
backgrouhd structufe on the Argand diagram. However, the D03 resonance-
width increased to 253 MeV, almost 100 MeV higﬁer than before. This
instébility in the widthrwas proBably due to ﬁhese two resonances
co;peting against each other, due to the fact that both had similar nasses
E and widths. ' ' ' o

 To test the importanée of this S01 resonance, and at the same time
'to test its stability, it was completeiy removed fron tﬁe solution

leaving constant background in the S01 state. The resulting fit gave a

Xt 1L44
woF °f To07

kS

= 1,43 and 86X Last

= 1, showing the need for structure in
the 801 state. On replacing the resonance with starting values of

: _ .
2000 MeV for mass and 150 MeV for width, the result was a %%? of

-352:-?- - T — : 3 ‘ S g , o =3
Too3 = 1033 and dx lasy = 65 and fitted mass and width value= of
2025 MeV znd 202 MeV respectively. The solution wes essentiaily unchanged
t
compared with the %%F = 1,35 fit, thus presenting good evidence for

the existence of a possible resonance in the S01 state. No definite
improvement in the fit to any one coefficient, however, could be seen:
probably due to the large.width of this resonance.

The above procedure was then applied to the DO3 resonance. On

X 1477 t . .
t ——— = = eCes & I
removal, the NDE became 1008 1.47 and Jxlust 6, i.e n increase

in )ft of 150. This was due mainly to thé<0D833 background amplitude
becoming large and contribgting to a bad fit to the data at the higher
energies. The reéonance vas then replsced with starting values of mass
and width at 1950 MeV and 120 MeV reépectively. The Jéi dropped'to

NbF
1357

’ T
Tooy = 1+34 and dx

1as¢ = 1s ond the fitted mass and width values were

1987 MeV anc 182 keV respectively. This decreased widtn value should be
compared with 270 MeV for the SOl resonance as a result of this fit,
This is further possible evidence of the competition between the tvo

resonances. However, it can be seen from the above that the existence of
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both resonances is strongiy supported,

Each of the remaining resonances sf table (G.i) was inserted,in
turn, into this solution but no further improvement in the fif was
obtained.v Each state in tﬁrn was then assigned linear background terms
(é?cept S01 and DO3), but again no improvement was obtained. The
. solution was finally taken to convergence with a -ﬁ%; of %g%é =-1.29
and classed as solution "B"., With the Birmingham'data spbtracted, fhe

f%; was %g%.= 1.22. During the final minimi;ation thé D03 ﬁidth wvas
seen to fluctuate a great deal and ended up with a value of 312 MeV.
The instability of this width is someﬁhat disquietening, buf the fact
tHat structure is present in the D03 staﬁe is good evidence in jtself
fof-tﬂe presence of a resonance with width about 250 MeV.‘

The - resonance amplitudés at the mainvstages in the development of
this solution are shovn in table (6.8), znd many of the final amplitudes

are very similar to solution A. which is ambiguous to this extent.

6.8 Solution C .

This solution is based on the Birmingham solution to their own
data., This involved using their integrated barrier factors for the
I = 1 background waves in addition to a change of the normalization point

for- these fectors from the maximum centre of mass energy of the region

to the value 1,975 GeV.

The barrier factor thus used for the I = 1 waves was:-

BU,E) = lg{h ’ B‘mrz" E° 6.7
B?n'n * B:out E

v

{ _

- P o 5 -£°
where 8( - (W);p and 8{ is calculated at 1.975 GeV(=E"). P
is the centre of mass momentur of the incoming or outgoing system. The
term within the squzre rcot was integrated over the ﬁ. in the szme way

as described on page (I29). The I = 1 amplitudes were fixed at the values

given in ref., (34).
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Several runs were attempted using random I = O background vwaves
and the Mestablished!" and "probable" resonances of solutions A and B

with arbitrary amplitudes. No acceptable fifs were obtained, with

x* . 24,00 ‘
the WE averaging around 922 = 2.6. With the ineclusion of linear

background terms in the soi state, 1little improvement was seen.

The paranmeters of the I = 0 waves were now allowed to vary. All
waves fixed to zero in the Birmingham_solution were also‘vari;d except
the PF?‘DG and FH waves, and thé Fl?tZOkO) width was taken from 137 MeV
to the two-body analysis value of 190 Mev and fixed, The S0l linear

background terms were alsc included, and one of the above solutions

T

" was rerun. The result was a 2= of 1286 _ 1.58 and Jx:ast = 5,

NDF 878

l.e. a drop of 1000 in z‘ . Several of the I = 1 background amplitudes

had changed by an appreciable amount, although the fit to the Birmingham

“data was only 32 units of X greater than the Birmingham solution itself.

Thus‘it appeared as if a new, eQually good solution to that data had

been ébtained, but which was also compatible with the data of the

present experiment and tﬁe'CRS data., Tne F17(2040) amplitudes were

only slight1y different from the %‘E = 2.6 solution, and the 05013

structure was showing similar features to that seen in solutions A and 3,
.The S11(1955) was now added with arbitrary amplitudes, and 1iﬁear

background terms were applied to the 0DS33 wave., The higher order

1
coefficients were also included in the data. The result vas a X of

NDF
—i—é‘%—% = 1.4 and Jx;st = L, with the ODS33 showing signs of structure.
The linear terms in the 0DS33 background were replaced by a resonance
in all three D032 waves with starting values of mass and wiath at 1980 MeV
and 160 MeV respectively. The result was a %%; of %gg% = 1,33 and
Jzﬁ;wt = 3; with fitted.mnss and widtﬁ values qf 1958 ¥eV and 116 MeV
re§p§ctive1y, and a 0DS33 amplitude of 0.06. Although there was a

reasonable improvezent to the fit, the fitted width was inconsistent

with the results of solutions A and B. The linear terms in the SO1
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background were replaced by a resonance with starting values of mass

and width at 2040 MeV and 190 MeV respectively. The result was a

T : : :
TJ%? of -l-glg—g- = 1,35 and X, =1, vith fitted mass and width values

of 2025 MeV and 243 MeV respectively. Although the X had increased
slightly, the solution.wés still consistent vith the previous two
"solutions. | - |

The D03 width was tested for stability by fixing its value at
230 Mev; minimiziﬁg £he solution,'rg;easing the barametér, and reminimizing.
The final fitted value was 130 MeV, showving that the sqlutibn rreferred
a ﬁarrow width. | |

After testing for fhe presence of any further strﬁcture, of wﬁich

none was seen, the solution was taken to convergence with a <s%; of
%gg% = 1.31f Before the final run,vs§all backgrodnd waves vere remoyed
- for the I = 1 states, and were assigned fixed phases_in the I = 0 case.
The fesonance amplitudes at the.main sfageélof this solution are shown

in table (6.9). Note that the DO3 width increased to 219 MeV in the

final run.

6.9 Discussion of the solutions

The three final soluiions are presented in table (6.10) as sets
of résonant amplitudes with a common overall sign. It can be secn that
there is generally impressive agreement between the three solutions,.
Except for three amplitudes, at least two of the three solutions for
each‘wave are in very close agreement, vwith all three having the same
relative signs. The dominant resonances are the G07(2110), F05(1822),
and P01(1853), with the new resonance in the SOl state also éontfibuting
a large amplitude. The stability of the parameters of this SOl state is
quite remarkable considering the width of the state. A probable reasch
for fhis_is that the large widtn of'the resonance would tend to prevent

the mass parzmeter from varying very far from its starting valus.
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- The DO3 régoﬁance 1s.not S0 stablé,.with large differences in
the valueé of the width, ﬁoﬁever, the éonsistency in the relétive
signs of its amplitﬁdes is convincing evidence forvsome form of resonance
in this state. This is further confirmed by a ver& simiiar resonant
state found in the K p Y A\w analysis of the CRS collaboration.(sg)
Because of thé mefhod of analysis, no errors can be assigned to
the resonance parameters. with S0 man& parameters fitted simultaneously,
there is no reliable method-of estimating errors anyway. The possibility
of taking the average of the thre; solutions musﬁ.also be discarded since
they may be amblguous solutions and not estimates of the same solution,
Solution C is shown as curves superimposed on the data in fig.(6.5),
fof~£ﬁe presentvexperiment and CRS. It can bé seen that the solution
reproduces all the main features of the data, consistent with the assumption
of minimun gtructure. The Argand diagrams are shown in fig. (6.6).

6,10  Qualitative Partizl Weve Analysis of the A (1520)77 systen

The reaction X p —% N (1520) 77 takes piace via pure I = 1 in the
S-chanﬁel. This means a_much'simpler s-channél structure is preésent,
which could be analysed gqualitatively tc¢ obtain the essential information.
Furthermore, the presence of only one spin state in the /N {1520)77 systen
reduces thé total number of partial waves to 14 for J less thén g.

A selection of the Legendre coefficients for this channel and for
the present experiment are plotted in fige(6.7)s The important features
of the data zre as follows:-

A large enhzncenent is seen at low energies in Ao. An increase is
also present at the higher energies. Similar effects are seen in AZ/AO.
An enhancerent is seen in the central region of'Alle, which is also
vaguely discernable in AS/A0° No further structure is seen in the Higher
AL‘céefficients.

Apart from two bad data points, the trend in BO/A° is very similar
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to Aé. C,/a, is consisteétly positivé'throughout the energy région,
and cale takés a ﬁegative dig at the }qwér energles, _ch/Ao shows a
. similar dip. ‘

To explain the abofe structure in a qualitative manner> it is
best to start with the A 's. The large enhéncement'in A, at low
energieg 1s, without dcubt, the D15(1765), seen several times before

(40)

in the /\(1520)7(_5Ystem. The Trivp coefficients pfedict'a similar
effécf in.Aa/Ao of the same sigp. fhis is in fact seen, ﬁiﬁchfield et
al,(‘7) have observed strong F17(2040) production in the N (152001
analysis of the'CRs_data. It would tﬁus apnear as if this resonance
should also contribute in the-energy region of the present experiment.
The:increasingAAo at the higher energies seems tb suprort this hypothesis.
This is confirmed by a similar rise in AZ/Ao where tﬁe Tripp cogfficients
predict an enhancegent of the same sign as in.Ao.’“

. The enhancement in Al/A0 is due to an intérféfgnce betweén states
of opposite parity., It is tempting to identify these states with the
D15(1765) and F17(2040)., To attempt an identification, it is necessary
to compare this structure with that in‘Aj/Ao.A Here the structure is
more difficult to resolve, but it can just about be seen that it is about
half the magnitude of that in 'Al/Ao. Assuming that the effect is due to
interference between D15(1765) and something else, table (6,lla) lists
the possible partiel wave products with the Tripp coefficients for Al
and A3;. It caﬁ be seen tﬁat only two combinations have Al and A3 Tripp
coefficients of about the correct ratio and relative sign. These are
DP5 x_FD? and DF5 x FGY7, confirming the interference between 315(1765)
and F17(2040)., TFurthermcre,in the convention of "baryon —» baryon",
the relative sign of thezpartial wave émplitudes contributing to the
dominént interference term is negative.

~

Except for the presence of two bad data points,.the BO/Ao structure
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is similaf to Ao', This is also predicted bf the Tripo coefficients if
the D15 and F1?7 states dominate, |
The similarity of the structure in QZ/A; and Ck/Ao is possibly
due to interference involving the Dl5(1765) at low energies. Table (6.11b)
fbr interference involving

b R

the D15 stafe. It can be seen that only two terms have coefficients

gives the Tripp coefficients for C2 and C

_which are consistent with the data, These are |DF5|® and DP5 x DFS.

> and Cu contributing

a negative definite value to the Legendre coefficients. The second term

The first term has negative Tripp coefficients in both C

can contribute a negative value if the relative sign of the two amplitudes
is negative. This is further evidence for the dominant bl5(1765).
| ‘An estimate of the 5ranching fraction of the D15(1765) to A (152077
can be made by studying the AO plot., Assuming the D15 to be the only
resoﬁaﬁt stgte in the low energy region, and assﬁming a constant back-
groﬁnd beneath it, then:-
magnitude of enhancement zbove background - 6.8
= i)clx (Tripp coefficient) x (branching fraction of A(1520) to K p)
x (I-spin‘ factor for K_p —DI5(1765) — N(1520)71 )
X 0.04 Z0.01
.where x and xy are the D]IS5 (1765) branchiné fractions into KN and
A(1520)IT respectively. L
The Tripp coefficient is (J+}) = 3. The branching fraction of A{1520)
to K p is a cémbination of the experimental bronching fraction to the
KN systex which is currentiy talten as 0.46(3 ) and the Clebsch-Gofdan
coefficient for.subsequent decey to K p, which is 4. The I-spin factor
can also be seen to be 3. A value of X can be taken from ref.(37) as
O0.41. ' - ‘ : N )
.Substituting these values into eqn.(6.8) gives a value for the

branching fraction of DIS(1765) into A(1520)7T of 0.28 ¥ 0.07 which is
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in rough agreement with the Particle Data Group(3 )Value of 0.16 : 0.03.
The discrepancy is obviously due to the fact that the D15(1765) cannot

be cleanly distinguished from the background in the,AO plot.

* % % B R % % ¥ X & 8w

?



Table (6.1)

a) "Established" and "Probable" Resonances Considered in the Analysis

Wave Mass (MeV) Width (MeV) Elastic Branching Class
Fraction

S11 1955 170 0.44 * 0.05 Probable
PO1 1853 166 0.21 * 0.04 Probable
P03 1900 72 0.18 * 0.02 Established
D15 1774 130 0.41 * 0.03 Established
FO5 1822 81 0.57 X 0.02 Established
F15 1920 130 0.05 * 0.03 Established
F17 2040 190 0.24 * 0.02 Established
GO7 2110 250 0.30 t 0.03 Established

b) "Possible'" Resonances

Wave Mass (MeV) Width (MeV) Elastic Branching
Fraction

S01 1825 % 20 230 * 20 0.37 % 0.05

D13 1920 ¥ 50 300 % 80 -

FO5 2100 £ 50 200 % 50 0.07 ¥ 0.03
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Table (6.2)

Resonance Amplitudes during the Preliminary Analysis.

Resonance Partial All "Established" Add DO3 Add SO1 Remove Small
' Wave and "Probables" Resonance Resonance Contributions
2 2 2 2
X = X = X = X =
DF 1.46 NDF 1.37 XDF 1.31 NDF 1.33

S11(1955) §S11 0.18 0.17 0.17 0.13
SD13 -0.15 -0.18 -0.16 -0.12
P01(1853) PP1l1 0.04 0.03 0.03 0.05
PP13 0.22 0.22 0.22 0.19
P03 (1900) PP31 ’ 0.01 0.02 0.02 0.01
PP33 0.01 -0.01 0.01 0.02
PF33 - - - -0.04
FO5(1822) FP53 0.25 0.25 0.26 0.22
F15(1920) FF51 0.05 0.05 0.04 0.04
FP53 0.01 0.02 0.02 0.02
FF53 .02 0.02 0.02 0.03
F17(2040) FF71 0.04 0.06 0.05 0.06
FF73 -0.04 -0.04 -0.04 -0.01
G07(2110) GG71 -0.07 -0.03 -0.03 0.01
‘ GD73 0.27 0.28 0.28 0.29
GG73 0.09 0.11 0.10 0.15
S01(1860) SS11 - - 0.05 0.07
SD13 - - -0.03 ‘ -0.03

Mass - - 1863 MeV 1863 MeV

 Width - - 37 MeV 33 MeV
DO3(1890) DS33 - 0.11 0.13 0.16
DD33 - 0.03 0.03 0.05

Mass - 1888 MeV 1891 MeV 1892 MeV

. Width - 245 MeV 266 MeV 293 MeV

Lyl



Table (6.3)

a) Dominant Partial Wave Amplitudes for the Preliminary Solution

Mo£:§zum 1.125 1.165 1.205 1.245 1.285 1.320 1.355
GeV/e . '
Partial
Wave
1SS11 0.13 + 0.091 0.16 + 0.121 0.18 + O.lSi 0.19 + 0.181 0.18 + 0.211 0.17 + 0.231 b.lS + 0.241
- 0sD13 0.11 - 0.03i| 0.14 - 0.031| 0.16 - 0.03i| 0.18 - 0.03i]| 0.19 - 0.031
15013 -0.09 - 0.06i| -0.,12 - 0.101 | ~0.14 - 0.13i | ~-0.14 - 0.16i | ~0.13 ~ 0.181
1PP11 0.02 + 0.111 0.02 + 0.121 0.03 + 0.131 0.03 + 0.141 0.03 + 0.151
0OPP13 0.04 + 0.231 0.03 + 0;24i 0.02 + 0.231 0.01 + 0.221 0.02 + 0.20i{ 0.02 + 0.191 0.03 + 0.181
1PP13 | 0.02 + 0.101|{ 0.02 +0.12ij 0.03 + 0.141| 0.03 + 0.16i| 0.03 + 0.171§ 0.03 + 0.181
OPP31 -0.05 + 0.101}| -0.07 + 0.11i | ~0.07 + 0.121.| -0.08 + 0.131i| -0.08 + 0.141
1PP31 . 0.08 + 0.051 0.09 + 0.061] 0.10 + 0.061 0.11 + 0.061
0DS33 0.10 + 0.09i | 0.11 + 0.12i 0.10 + 0.13i| 0.09 + 0.14i| 0.07 + 0.141i] 0.06 + 0.13i| 0.06 + 0.121
OFP53 -0.10 + 0.18i | -0.11 + 0.151| -0.12 + 0.14i | -0.10 + 0.13i| -0.10 + 0.12i | -0.09 + 0.12i | -0.09 + 0.121
0GD73 0.10 - 0.041i| 0.12 - 0.031
b) Intensity Ratios for S, P and D Waves
" Beam Momentum GeV/c ﬁ*on K*_p
1.125 S: P 1 : 3.00 S:P =13 3.00
1,165 S : ? 1 :1.40 S:P =1 : 2.40
1.205 S:P:D=11:1.27 : 0.37 S: P =1 : 2.30
1.245 S:P:D=11:1,30 : 0.57 S:P:D=17:2,30 :0.13
1.285 S ¢:P:D=11:1.28 : 0.77 S:P:D=11: 2,33 : 0.22
1.320 S:+P:D=11:1.37 : 1.30 S:P:D=12: 2,42 : 0.67
1.355 S:P :D=12:1.79 : 1.45 S:P:D=13: 2.36 : 1.12

8yl



Table (6.4)

Final Partial Cross-—Sections

‘

a) K n ﬂ+

BeamG§37§ntum ND; L OK* mb. ) mb- 02(1765) mb.
0.960 2.30 -153 0.107 * 0.060 0.142 * 0.015 -
1.005 1.28 - 82 0.160 * 0.080 0.079 ¥ 0.008 -
1.045 1.15 - 67 0.312 * 0.060 0.154 * 0.016 -
1.085 1.40 49 0.400 * 0.060 0.125 * 0.013 -
1.125 1.00 144 0.562 T 0.046 0.193 * 0.021 -
1.165 1.19 355 0.701 * 0.035 0.098 * 0.014 -
1.205 1.02 763 0.819 * 0.036 0.033 * 0.068 -
1.245 1.03 1451 1.063 ¥ 0.035 0.087 * 0.058 0.022 * 0.014
1.285 1.47 1926 1.153 * 0.036 0.113 * 0.050 0.050 * 0.014
1.320 1.04 1992 1.316 * 0.042 0.106 * 0.022 0.074 * 0.020
1.355 1.10 3472 1.488 * 0.073 * 0.028 0.137 * 0.034

0.040

671



b)) Bprn

Beam Momentum 32 L Gl—{* mb, I} A mb.

GeV/e NDF

0.960 1.51 -170 0.158 * 0.080 0.074 ¥ 0.010
1.005 1.21 ~-125 0.285 * 0.085 0.104 ¥ 0.010
1.045 1.38 -120 0.373 ¥ 0.093 0.150 ¥ 0.015
1.085 1.54 - 59 0.661 ¥ 0.100 0.073 * 0.010
1.125 1.44 11 1.007 ¥ 0.094 0.192 * 0.018
1.165 1.21 370 1.129 * 0.059 0.162 * 0.014
1.205 1.19 714 1.150 ¥ 0.051 0.162 * 0.011
1.245 1.53 1390 1.148 * 0.039 0.153 * 0.023
1.285 1.02 1788 1.125 ¥ 0.036 0.160 * 0.012
1.320 1.36 1739 1.036 % 0.035 0.191 ¥ 0.024
1.355 0.96 3092 1.087 ¥ 0.034 0.182 * 0.012

0st



c) K p
50 = .= _ 0
Beame;I\c;r;intum ﬁ%; L g-* mb. Oy mb. 62(1765) GA(ISZO) og*p" /(:r;*pTr
mb. mb.
0.960 1.05 -622 0.067 * 0.047 0.041 % 0.010 - 0.706 * 0.080 -
1.005 1.17 -370 0.119 * 0.084 0.179 * 0.039 - 0.580 * 0.067 -
1.045 0.89 -243 0.203 * 0.100 0.113 % 0.024 - 0.450 * 0.050 -

- 1.085 1.40 - 27 0.328 X 0.066 0.197 ¥ 0.042 - 0.285 * 0.033 -
1.125 1.23 121 0.515 * 0.047 0.235 % 0.055 - 0.267 * 0.030 1.96 * 0.26
1.165 1.10 381 0.608 * 0.035 0.309 * 0.045 0.062 * 0.010 0.227 * 0.025 1.86 * 0.14
1.205 1.24 717 0.651 * 0.037 0.255 * 0.038 0.109 * 0.010 - 0.179 * 0.011 1.77 * 0.13
1.245 1.47 1254 .0.616 ¥ 0.025 0.272 * 0.034 0.064 * 0.014 0.172 * 0.010 1.86 * 0.10
1.285 1.15 1709 0.659 ¥ 0.025 0.327 ¥ 0.016 0.120 * 0.010 0.215 * 0.011 1.71 *+ 0.08
1.320 1.07 1518 0.540 * 0.021 0.273 ¥ 0.014 0.141 * 0.013 0.213 * 0.014 1.92 * 0.10
1.355 0.96 2881 0.604 X 0.021 0.342 % 0.031  0.189 % 0.017 0.259 * 0.015 1.80 * 0.08

11



Table (6.5) Birmingham A "s used in the

Analysis

+

Centre of Mass Ao
Energy GeV

1.855 0.012 # 0.005
1.885 0.072 + 0.014
‘ 1.915 0.072 * 0.012
i 1.945 0.105 * 0.017
' 1.975 0.109 * 0.016
2.005 0.132 + 0.018
2.035 0.164 * 0.030
2.065 0.183 # 0.023
. 2.095 0.142 + 0.019
] L 2,125 0.179 # 0.019
2.155 0.180 * 0.024

These values are taken from ref. (3§).
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Table (6.6)

A

—

and B, Tripp Coefficients
T

~ —%
for KN ~> K N

Wave Product A4 B4
Contribution Contribution

PP31 FF51 10.30 3.43
PP31 FF71 5.71 1.91
PP33 FF53 -5.14 -3.07
PP33 FF73 -5.90 1.10

 PP33 FH73 ~4.62 ~2.46
PF33 FP53 -8.40 -5.04
PF33 FF53 5.14 4.11
PF33 FF73 -4.43 . -1.48
PF33 FH73 3.96 3.30
FF51 FF51 2.57 0.85
FF51 FF71 4,68 1.56
FP53 FF53 -6.30 -1.68
FP53 ©¥F73 5.42 0.99
FP53 FH73 ‘ -1.54 -2.20
FF53 FF53 -1.29 0.69
¥F53 FF73 3.62 -0.81
F¥53 FH73 4,86 1.80
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Table (6.7) Summary of Development of Solution "A"

Resonance Partial Add Add Add Add Add Add Linear Terms Resonances in
Wave G07(2110)  P0O3(1900) F17(2040)  FO5(1822) S11(1955) to DO3 and SO1 DO3 and SO1
+P01 (1853) Background "Solution A"
2 2 2 2 . 2 2 . 2
ﬁ%§-= 2.66 ﬁ%§-= 2.46 ﬁ%§-= 2.37 ﬁ%ﬁ =1.89 ﬁ§§-= 1.76 ﬁ%g-f 1.45 ﬁ%f =1.32
511(1955) SS11 '0.03 -0.02 -0.05
SD13 ‘ -0.04 -0.12 -0.09
PO1(1853) . PP11 . | . -0.02 r - ‘ -0.06
" PP13 ‘ -0.10 -0.14 -0.20
PO3(1900)  PP31 . ' -0.05 -0.07 -0.10 -0.11 ~0.08 -0.08
PP33 0.09 0.10 0.10 0.11 0.11 0.12
_ PF33 0.05 0.06 0.05 ~0.06 0.06 0.10
FO5(1822) FP53 ' ‘ -0.23 ~-0.26 -0.19 -0.19
F17(2040) FF73 o -0.07 -0.09 -0.10 -0.02 -0.06
GO7(2110) GG71 -0.03 -0.04 -0.03 -0.09 -0.12 -0.02 0.02
GD73 -0.20 - -0.22 -0.22 -0.24 - -0.18 -0.18 -0.23
GG73 -0.05 -0.10 -0.10 -0.15 -0.18 . =0.10 0.06
D03(1980) Mass | 1978 MeV
Width 246 MeV
DD31 : -0.07
DS33 : » ‘ -0.20
S01(2030) Mass S 2025 MeV
Width o ‘ " 230 MeV
SS11 ‘ ‘ 0.05
SD13 C , , : : -0.27

el



Table (6.8)

Summary of Development of Solution "B"

Resonance Partial Important Add Linear Add Linear Include High Resonance Resonance Take to
Wave Resonances Terms in Terms in Order in DO3 in S01 = Convergence.
of Soln."A" sol 0oDS33 Coefficients Solution "B"
2 2 2 2 2 2 2
ﬁ%ﬁ = 1,55 ﬁ%ﬁ'= 1.50 ﬁ%ﬁ = 1.40 ﬁ%§-= 1.37 ﬁ%ﬁ = 1.36 ﬁ%ﬁ = 1.35 ﬁ%§_= 1.29
S11(1955) SS11 0.05 0.04 0.05 0.05 0.05 0.04 0.06
SD13 -0.02 0.00 0.03 0.03 0.02 0.03 0.03
P0O1(1853) PP11 0.12 0.11 0.12 0.13 0.13, -0.13 0.13
PP13 0.25 0.25 0.23 0.23 . 0.25 0.27 0.27
P03 (1900) PP31 0.02 0.02 0.04 0.05 0.03 0.03 0.03
PP33 0.04 0.03 0.01 0.00 0.00 0.03 -
PF33 -0.09 ~0.09 -0.09 -0.09 -0.10 -0.09 -0.11
F05(1822) FP53 0.13 0.13 0.14 0.14 - 0.16 0.21 0.20
F17(2040) FF73 0.06 0.07 0.07 0.07 0.06 0.07 0.08
GO7 (2110) GG71 0.04 0.03 0.03 0.00 -0.02 0.00 0.07
GD73 0.23 0.22 0.21 0.20 0.20 0.18 0.20
GG73 0.13 0.14 0.12 0.00 0.01 -0.05 0.03
D03(1980) Mass 1984 1997 2003 MeV
width 159 253 312 MeV
DD31 0.04 0.04 0.13
DS33 0.13 0.19 0.23
DD33 0.01 -0.01 -
S01(2030) Mass 2042 2020 Mev
Width 194 246 MeV
SS11 -0.04 -
SD13 0.22 0.38

GGl



Table (6.9) Summary of Development of Solution "C"

. Resonance Partial Release I=1 Waves Add S11(1955) Resonance Resonance in SO1
Wave Add Linear Terms + Linear Terms in DO3 and take to
in SO1 in ODS33 Convergence.
Solution "C"
2 2 2 2
—X—NDF = 1.58 —X——NDF = 1.41 —X_NDF = 1.33 _X—NDF = 1.31
S11(1955) SS11 0.00 -0.01 -0.08
Sp13 -0.07 -0.08 ¢ -0.10
P01(1853) PP11 -0.04 -0.06 -0.08 -0.11
PP13 -0.16 -0.1l6 -0.17 -0.23
P03 (1900) PP31 -0.03 -0.05 -0.06 -0.05
PP33 -0.08 0.08 0.08 0.06
PFr33 0.07 0.08 0.08 0.11
F05(1822) FP53 -0.18 -0.17 -0.18 4—0.21
F17 (2040) FF73 -0.09 -0.09 -0.09 -0.07
G07 (2110) GG71 -0.03 -0.04 -0.06 -0.12
GD73 -0.24 -0.22 -0.22 -0.23
D03(1980) Mass 1958 1978 MeV
Width 116 219 MeV
DD31 -0.04 -0.10
DS33 -0.06 -0.11
DD33 -0.02 -0.01
S01(2030) Mass _ 2023 MeV
Width 263 MeV
$S11 -
SD13 -0.28

961



Table (6.10) Comparison of Solutions "A", "B" and "C"

Resonance Partial ' Solution "A" Solution "B" Solution "C"
Have Ji:.liz_li=132 _.XE=1_3_Q§.=129‘ _XE=.1_3_?.[5.=131
NDF 1006 : NDF 1006  ° NDF 1009 '
S11(1955) SS11 0.05 0.06 0.08
SD13 0.09 0.03 0.10
PO1(1853)  PPl1 0.06 0.13 : 0.11
PP13 ©0.20 0.27 0.23
P03(1900) PP31 0.08 ~0.03 , 0.05
PP33 -0.12 - . ~0.06
, PF33 -0.10 -0.11 -0.11
FO5(1822) FP53 : 0.19 0.20 , 0.21
F17(2040) FF73 0.06 ' 0.08 0.07
G07(2110) 6671 ' -0.02 0.07 0.12
GD73 0.23 0.20 0.23
GG73 -0.06 0.03 0.16
D03(1980) Mass 1978 2003 1978 MeV
Width 246 312 219 MeV
DD31 0.07 0.13 0.10
DS33 0.20 0.23 0.11
- DD33 - ' - 0.01
S01(2030) Mass 2025 2020 2023 MeV
Width 230 246 263 MeV
Ss11 -0.05 - -
SD13 0.27 0.38 0.28

LST
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Table (6.11)

a) A and A, Tripp Coefficients
for KN —> A(1520)

Wave Product A1 A3
Contribution Contribution
DP5 PS3 : 6.57 0.00
DF5 PS3 | 0.00 -5.37
DP5 PD3 -1.31 -5.25
DF5 PD3 - 6.44 < -1.07
DP5 FD5 1.05 4.21
DF5 FD5 0.98 3.25
DP5 FG5 0.00 ~0.96
DF5 FG5 0.75 3.51
DP5 FD7 9.93 4.97
DF5 FD7 ~ -0.87 . . —4.06
DP5 FG7 0.00 -3.70
DF5 FG7 9,72 3.02

b) C, and C4 Tripp Coefficients
for KN —> A(1520)w

Wave Product ’ 02 ’ v C4
Contribution Contribution
DP5 DP3 -0.29 © 0.36
DF5 DP3 . 0.20 -0.11
DP5 DF3 -0.03 -0.18
DF5 DF3 0.15 -0.40
DP5 DP5 0.30 0.22
DP5 DF5 0.12 0.09
DF5 DE5 -0.30 ~0.22
DP5 GF7 -0.22 -0.05
DF5 GF7 -0.01 -0.04
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6.4

- Integrated form
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Chapter 7 . The SU(6)w Model

7«1l Introduction

Iﬁ fhis chapter the results of the pertizl wave analysis of the
reaction K p — ﬁ'N‘are compared with a model based on the SU(6)w
symnetry. A short histarical development of the model is first given,
.beginning\with SU(3) and culminating in the Melosh transformation.

Tﬁe model t§ béiused is ﬁotivatéd by this transformation and a brief
description of it is given., The predictions of the model are obtained
from fits to the experiméntal decay rétes Qf the N.'s to N)o described
in the literature. The E*N data is fhen included in an overzll fit to
determine the consistency of the model, A short discussion is also
given in which the SU(6)w éymmetfy is used to try and classify the new
>'states discovered in the analysis. | |

7.2 Histordcal Development

(41)

SU(3) symmetry has been found Eo be a very successful M"approximate"
syﬁmetry of the strong interactions. A broken form of the symmetry has
been used ﬁo_classify the known hadrons into multiplet represantaﬁions
of SU(3) - the so calléd decuplets,‘octets and singlets - with masses
split within each multiplet according to the Gell-Mann — Okubo formula.

The lack of firm experimental eQidencé for hadrons belonging to
other SU(3) representations such as 10' or 27 is evidence for the existence

(42)

of a set of three fundamental quarks which ccnstitute the basic
triplet representation of SU(3). In the quark model the baryons are madé'
up of thrge guzrks, and the mesons of a quark—éntiqu:rk pair, It is
closely connected withASU(j) bui gives some extra predictions;

Vithin SU(3) the two-~-body decays of hadrons within ore multinlet can

generally be expreszed in terms of a single coupnling constant. In the
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case of the decay of an octet member to two othervoctet members,
howevér, there are two coupling constaﬁfs of opposite symmetry wifh
respect to the interchange of the final two particlés. These constants
are unrelafed within the synnmetry. |

Sevéral successful fits tp the known decay rates'haVe beén made(43)
within the SU(3) symmetry, and the coupling COnstants,lhave been obtained
for sevefal multiplets, together with the so-célled mixing angles.
These angles result from the intermultiplet mixing of pure SU(3) states
with the same quantum numbers to form the physical states,

The suspicion that the particle spectrum obeyed a higher symmetry

than SU(3) led to SU(6),(4¢) in which the quark spin (assumed to be %)

was iﬂcorporated into a six-dimensional quark representation. To cover

3

resonances with spin greater than 5

orbital angular momentum was
introduced between the quarks and combined ve;torially with the quark
spin to produce the total angular momentum of the system, This symmetry
was called SU(6) x 0(3); The resulting three gquark barXPH multiplets
are the 56, 70 and 20 representations, The main features of the baryon
spectrun can be reproduced with (56, 0%y, (70, 17) and (56, 2 muiti-
plets of increasing mass. These are defined by (m, LP) wbere n is the
SU(6) representation, L is the quark orbital angular momentum and P is

the parity of the system which always appears to be of the form P = (-l)L-

The SU{3) decomposition of the baryon multiplets are as folloviss~

(56,0%) = “:o;i + g 7.1

L
2
(70,17) = 9, + %8 + %9, + 4“8, + “B; + 210, 4+ 210,

(56, 2*)

Y8y + 8 + Y10, « *10, + 410, + “l0,
1 X 2 3 7
defined by "R, vhere § is the total quark spin, R is the SU(3)

P\

ot

representation and J is the total angular momentur, In the case of mesons

the common pseudoscalar and vector mescns zre incorporated in a 35, L = 0
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mnultiplet made up as follows:-
(35,07 = *8 '8 + 3
Higher baryon and meson nmultivnlets with larger values of L and
correspondingly increasing average mass are currently being filled with
the new resonances discovered over the past few years.
Besides orbital excitation it is also possible to have radial

(45)

excitatioh between the quarks, The Roper resonance then becomes a
member of the first radial exci&ation of the ground state (56, oh) wifh
radial guantum number n = 2. The model predicts a vast spectrum of
multiplets with various values of n. As yet,IVery few resonances can
.be éssigned to these higher multiplets. |

As defined, 8U(6) x 0(3) is appropriate for classifying particle
states. However, being é "rest symmetry" it is expected to be invalid
for processes such as decays involving moving states., In fact the
symmetry forbids the known decays A= NIT and p-—)nn’ e The concépt of

V-spin was therefore set up by Lipkin and Meshkov(Qb), defined by the

generators: -

Wx = Pint SX Wy = Pint Sy ”z = SZ 7.2

for a particle of intrinsic parity Pint and spin S nmoving along the.
z-axis. Aprplied to free guarks these W-spin generators commute with the
generatorz of the Lorentz boost in the z-direction and would thus aprear
to be appropriate for moving systems. The new symmetry was called
su(6), = 0(3). |

However, it has been suggested that SU(S)w x 0(3) is too strong a
synretry for the decay of resonances with L greater than zero.' This is
because the syumetry reguires AIE;: 0, vhereas the transverse recoil
momentun of the quarks in a decay process can give rise to A.Lz =i

transitionz as well. The problem occurs when a decay can proceed via
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two final orbitai angul;r momenta, { ; The amplitudes for different {

are related by the symmetrj in a manner known to be incompatible with
éxperiment. If [\Lz =2 1 transitions are allowed then this link is btroken.
Thus a weaker version of SU(6)w x 0(3) is required. Severzl independent

47

a?proaches have been made.

In the " l—onken SU(6)4'model;a11 decay processes via one outgoing {

wave remain interrelated as in the unbroken symmetry., Only those SU(6)W
reiations that link two diffepent butgoing { waves are relaxed,

Faiman et al.(48) have carried out fits to decsy rates using this model
and a reasonable degree of sﬁccess ha; been had,

In the "Quark Pair Creation" model, an additional quark-antiquark pair
is created from the vacuum in a decéy orocess, and has the quantum numbers
of the vacuun, i.e. 3PO. The model is almosf identical with the "(—broken"
- model,

Models working with explicit quark wave functions have been studied,
with transition operators describing pion emission used to connect

initiel and final states. The result is very similar to the above two

models, but also relates decays involvirg different SU(6) multiplets.

7.3 The Melosh Avnvuroach

Quarks =are considered the fundamental constituents of hadrons, and
SU(S)W syumnetry is used to classify -single particle states at rest or in

rith

ion. Thi sion of a ' . i
notion This version o SU(6)w has been called SU(G)W, constituents |

corresponding Yconstituent" quarks.

The current algebrz of Gell-Mann and Dashen postulates that measurable
current operators transform simply under an SU(G)W derived from measurable
charzes. This algebrs is celled SU(E) . (49)

v w, currents.
The specific matrix element for a transition between two hadrons is

of the form < hadront | Q‘;[ hadron ) where Q‘; is cne of the sixteen vector

. o 3 .
and azial vector charges, Q° and Q5, which make up a subalgebra of
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SyU(6) (Q5 is used since it is related by the PCAC hypothesis

w, currents.

to the pion field). Q; transforme simply under SU(6) .o . but if
3

the equality SU(6) = SU{(6)

vas made, serious

w, constituents w, currents

contradictions with experiment would occur. Gell-Mann suggested that

the two were connected by a unitary transformation V.

1.ec |padron = |[I.R. constituents® = V|I.R. currents)

(I.R. = irreducible representation)

The matrix element then becomes:-

< I.R. currents! | V"lQ'; V[ I.R. currents>
{ I.R. currents' | 5’5‘ | I.R. currents>

< hadron" | Q‘;I hadron )

n

Melosh suggested a simple form for V(FD) in which the transformed axial
charges 6’5‘ reintain their former ALZ = 0 term. but aquire new ALZ =4

contributions, which turn out to behave exectly as that in the quark
pair creation model for pion emission., The transformation is known as

the Melosh transformation,

2.4 The Model

a) DPseudosczlar meson decays

Hey, Litchfield #nd Cashmore (in future reférred to as HLC) have
used an SU(6)w model motivated by the Melosh itransformation to relate
together the decays of members of the (70, 17) multiplet a2nd of members
of thé (56, 2+) multinlet involving' the ‘e.:aission of a2 pseudoscalar meson.

The decay matrix element for pion emission is related to that of the

axial charge, using PCAC, by:~
CBRIA> ~ (ME-ME)<BIGEIAD

In the ILC modelcg' ), the helicity amplitude for the process:-
A(IPALS™Y — B(s®X) +

vhere B iz in the (56, 0+)
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haé the structures-

("

I

there §x - Z c(LL,_S“ (Asz)IJ'“)\) C{SB)\1~L1[SA(X-LZ)) Tl

(Mf-MY§ 73

Lz . ;
LS coupling : W-spin
{ 56 | MA }{NB 8 NA} b
lgast) i) e onl A "

SU(6) factor SU(3) factor

The tP215 are independent reduced matrix elemonts. M whs? (MBNBSB)
denote the 3U(6), SU(3) =nd 3U(2) representations of state A(B). «
denotes a sum over F and D type couplings in the case of octets.

" For massless pions, PCAC gives a decay rate:-

M=o o G < wem m > 19, 7.5
kwhere P is the centre of mass romentum for decaj and MA is the mass
of state A, For pbnvenience, the partial vave amplitude 9 is also
defined and related to 9 by a set of Clebsch-Gordan coefficients,
| For the (70, 17) and (56,'2+) transitions, linear combinations of
~ the th's are defined for each transition:-~
o]

_ For the (70, 17) t°
For the (56, 27) t°

-%(eraD) tl - %(s-n)

-1(2p+3F) t! =/Z(P-F)
> ' >

Sy D, P and F are the reduced partial wave amplitudes, and their
relationship with the ¢,’s are tabulated in ref.(f1).
Since pions have mass, PCAC is only apprroximate in the real world.

HLC have instead used an angular monentum berrier factor for eazch partial

waves-
PMy ' I 2
where MN is the nucleon mass
{
The forn P2 vas used as the barrier factor, B( y in thelr fin=l fits.
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. ‘ ™
Two and three-way mixing were used for the N 's and Y"s to fornm
the physical state. The possible mixing within the (70, 17) and
(56, 2+) are shown in fig.(7.l). Their nmathematical forms are given

in ref.(5}). ?F ratios for octet decays are predicted from theASU(6)w
. D

symmetry and were used in their fits.

For the (70, 17) 28 =

F_5 L F__1
=3 ¢ p=-3
For the (56, 2°) 28 =) §=§
| F 5 g
vhere =53 g;

fp extend the model to K decays,ﬁic have divided out the SU(3)
factor forthdecéys from the amplitudes and.replaced them Qiﬁh the
relevant factors for Y" decays to Nﬁ.v
- Their latest fits to the experimental data on n and X decays are
- reported in ref.(52) where reasonable success has béen achiefed and

fitted values for S, D, P znd F are presented together with the fitted

mixing angles.

'b) Photovroduction ond 2 decays

The Melozh transformed transverse components of the'dipolé orerator
can be expressed in terms of four reduced amplitudes A, B, C and D such
thats-(53)

~ ' o

Db ~ A(w:zo0o W,z0 BL,y=*1) 2.7
+Blw=1 Wpzt#] AL, - 0)
+ C(Wz1 Wyz0 Aly=t%])
+ D(w=1 Wp=73l DL,

L1
B

N

Nemee?

Decays via photon emission are related to the transverse components
of the eleciromagnetic current, which are in turn related to those of
the dipole operator. The relation is given in ref.(53). HLC have fitted

the messured photoproduction rates for mexbers of the (70, 1) and
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(56, 2+) and extracted values for A, B, C and D for each rmltiplet.
In the Melosh approach TT and P decays are not simply related

since they involve dlfferent current operators. Other medels do
relate the decays. The only possibility within this model 1s to relate
f) decays to the matrix elements of the electromagnetic current. HIC
-have taken the‘isovecter portion of the algebraic structure for photon
transitions (A= =1) =nd have extrapeiated fron qa =0 to q2 =1,
’and assumed that this approximates the SU(6)w structure of transverse
p decays. This has also been carried out for the A = 0 part of the
eieqtromagnetic current vhich is assuAGd to transform as a sum of a
AL, =0 term with W=0 (a)) and AL_= -1 with V=1 (a The Clebsch-
Gofaan coefficients between the helic 1ty amplitudes and the reduced
amplitudes for the isovector part of the electromagnetic current are
.glven in ref.(54) for Np transitions of the {70, 1 ") and (56, 2 ).

The relations between helicity amplitudes and partial wave amplitudes
are also given.

Due fo lack of sufficient data znd the large number of parawm eteru;
(Ay B, G 2, & for (70, 17 a5 By C3 Dy al ay for (56, 2') ), HIC
have used a naive wector doninance model to assume that the ratios of
4, B, C and D are unchanged in going from photoproduction to transverse
p amplitudes i.e. A, = r, A, etc. _fef (70, 17), end &) = rg¢ A for
(56, 2%) witn 4, B, C znd D determined from photooroduction analysis.
Furtlhermore, VDN »redicts r = r = r.. ~ 1.3, Thé parametershused.were

70 56

therefcre r, a a s ai. The mixing sngles were tzken from the fits

ot
1' “o

to the pseundoscalar neson decays.
Their fits to the Np decays were carriad out by setting ur a

partizl wave amplitude as;:-~

T M | )
T = ﬁ% 2751 rﬂ jPB{fP)clB(UL) g(" L’S‘f’*’) 7.8

with the Nf) barrier foctor integrated over the P lineshape, Their

final resulis are given in ref.(52).
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7.5 Annlication to K N decays

In the analysis of the previous chapter the amplitudes for the
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—% ' :
decay to K N of several well established resonances have been extracted.

XIn particuiar, the P03(1900), FO5(1822) and F17(2040) have been assigned
to the (56; 2+) multiﬁlet and it would appear that their relative
amplitude signs‘could be predicted from the fitted parameters of P
decays given in ref.(52). Furthermore, the lack of mixing for these
states means that.their amplitudes are.determined purely by these

parameters, The S11(1955) has been assigned to the (70, 17) and its

aﬁplitudcs can also be predicted using the mixing angles given in ref.(52).

We therefore wish to convert the reduced amplitudes for Np decays

: . .
of ref.(54) to those for NK decays; 1.e. we wish to relate the reactions:-

- -
NK — R' = X
NT— R =) Np
where R and R! belong to the seme SU(3) multiplet.,
Consider first the NK and N/T couplings. If R and R' belong to an

octet, the SU(3) factors of the reduced amplitude ares-~

' | ]
for .N*—) N %égo 19, |
A —> NK %— b+ f—;:(jF 749
> — Nk . -Bg . &g

where the 2F ratios are given on vage (I8l1). If R and R' belong to a
_oD )

decuplet, then the SU(3) factors are:-

© For A — Nn E "[%‘5.0 ' ?7.10
S —> Nk --‘/63 Y10

Thus to convert from N couplings to NK couplings, the relevant factors
2re substituted into the following expressions which are then multiplied

toithz reduced zmplitudes.
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¥ — NK

- J—) for decuplets
A— NI¥ (=7) -
* v :
’ 2L_::jLJ!lS_ for octets
N*—s N7

-
For Np and NK couplings the same SU(3) factors are used since

w EP and 2:3 }-<* under SU(3). For -gs ratios, however, it is

neéessary to distinguish betﬁeen the W=0 and W=1 parts of the current.

The W=1 parts correszond to the B, C, D and ay terms, and here the %F
. ' - ob

ratios are the same as for ﬁn‘ and NK couplings, The W=0 parts corre-

spond to the A and a, terms, and here SU(6)w predicts:-

. - 0. 28 % &
g -0 8=y &

O,

T For (70, 17) 1 "8 = g

% =) g,

11
i}
Gy

7.11

n

(s6, 2%)

.

The final physical amplitudes for the unmixed states are calculated
using eqn.(7.8) applied to NK and NE couplings. In the case of the
S}l(i955), the mixing angles of ref.(Sz) are used to obtain the physical
sfate from the three pure SU(6) states, i.e.:-

2

S11(1955) = -0.75 8 = 0.30 28 + 0.59 210

’ »
The outgoing barrier factor is integrated over the K lineshape.

7«6 Results and Conclucions T

Appendix tzble (A.1) gives the three modified partial wave soluiions
resulting froz a‘four variable Dalitz Plot znalysis of the same data.
Table (7.1) gives the mean amplitudes far the four resonances under study
taken from the three solutions, with intuitive errors required far SU(S)W
. fitting purnoses. The Np applitudes used by HLC zre also given,

The parameters of the best fit by HLC to the Np decays (given in
ref.(52)) have been used to predict the =mplitudes for K decays. The

resulis are

83

ven In table (7.1), and it is immediztely seen that two

amplitudes exceed the unitarity bound of 0.5. This means that, assunming
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the model is approximateiy correct,'either'the widths of the P03(1900)
and F05(18225 have been underestimated, or the fitted values of the

} pafameters are wrong. Aésuming the latter case, a fit was made to the
combined data for Np and Nﬁi decays (excluding the 511(1955» using the
HLC parameter values as starting valués. The results are shéwn in table
(7.1). o

The three crucial amplitudes, 0pF33(1900);.0FP53(1822) and 1FF73(2040)
agree in sign‘and nagnitude with the results'of the fit, although the Np
it quaiity has decreased., However, the remaining P03 amplitudes bsar
no relation to'the fitted values, Fu££hermore; the S11 amplitudes are
also in disagreement with the predictioné of the fit. The fitted "r"
paféméter is seen to be reasonably unchanged.

-Apart from the PP3 amplitudes,_the fit to the three crucial anmplitudes
.{Mcrucial! since they form the interference effect mentioned on vage (I33) )
is impressive, and by themselves would appear to offer good evidenée for
the cpnsistency of thé model., The S11 discrepancy can be tracec to the
mixing zngles which HLC have obtained from very meagre data., It would
appear as if the values arec clearly wrong.

The PP3 amplitudes cgnnot be explained awvay so easily. One
possibility is that the experimental.amplitudes deduced in Chapteé 6 are
wrong. In order to check the possibility-that the PP3 amplitudes ohoula
be much larger, the results of the SI..T(6)w fit for the tvwo amplitude;
were inserted into one of the three vartiasl wave solutions and fixed,

The solution was minimized for several iterations, the two amplitudes
were‘then releaséd, and the solution reminimized. The result shoved a
prefercnce for the original experimentzl amplitude values.

It would thus.eppear tnzt it is the SU(6)W model itself that is
wrong to some extent, A possible reason may be dus to the barrier factor.

values, where:zs

PCAC reguires the same factor faor the two possible love

the factor actually used has gquite different values for the two cases.
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The 1deal factor may be somewhere betvween the two. Thus the basic
Melosh motivated SU(6)w model may in itself be a reasonable apéroximation,
after-all, for the decays to vector meson - nucleon.

7.7 Classification of the Remaining Resonances.

The G0O7(2110) has been assigned as a singlet state to the (70, 37)

multiplet. This is the sinplest location for a % resonance. The lack
pf SU(6)w reduéed amplitudes fof this multiplet means that no predictions
can be made for its %'y decay mode.v

As menticned earlier, the possibility of radial excitation betveen
the quarks alloﬁs for a whole spectruﬁ of SU(6) multiplets based uron
the radial excitation quantum number "n". The P01(1853) could be assigned
to either the (70, O+)2 or (56, O+)4, where the subscript denotes the
n value,

The D03 state with mass~ 1980 MeV which appears to have veen
disdovered in this analysis, might have originally been assigned to the

481‘member of the (70, 17) multiplet. However, the recent discovery
of :ﬁother D03 state by -Hanseh et al.(SS) with amplitudes in good agree-
ment vith predictions, means that the state at 1980 MeV belongs to a
higher multiplet. Again,“thé simplest location would be in the433 member
of the (70, 37) nmultiplet. :

The SOl state with maés 2030 MeV caqgot be located in the usual
multiplets. It would therefore have to be assigned to a radial excitztion
state, oreferably of the (70, 17). The Harmonic Oscillator Quafk nodel
of Dalitz and Horgan(SG) predi;ts a linear relaiionship between '"m'" and

mass-squared, Figurs (7.2) shows that this is in fact the case for the
common rultivlets. Furthermore, it can be seen whére the radially excited
(70, 17) state with n=3 is situated. A prediction can now be made for
the‘maqs of the Sdl using tre mass of the Ropsr resonance situated in the
* > multiplet, and the mass of the nucleon. Then:-

2 2 2 ' 2
- = m ~
Roper m~ 501 (n:3) mson (n=1)
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Taking mRoper = 1430 MeV, and using the 501(1670) member of the

(70, 1-)1‘mu1tip1et, the prediction for the equiVaient S0l state in

the radially excited (70, 1) is:-

Moy ey = 2000 MeV

which is in exceileﬁt agreement with the result of the partiazl wave
analysis. It would thus appear that fhe new SO0l resonance is a radial

excitation of the S01(1670). There is, however, no explanation of the

fact that the outgoing D wave dominates the decay.

P R K R EE R B K K IR R 2K



Table(7.1)
Resonance Partial | Experimental Fit to Np - Fit to Np
Wave Amplitude decays only and NK*
(HLC solution) decays
. =
(70,17)
$11(1510) §s11 -0.12 + 0.08 -0.12 -0.11
$11 (1660) SD13 +0.29  0.10 +0.26 +0.13
D13(1520) DS33 -0.32 #0.10 -0.32 -0.31
D15(1670) DD53 -0.15 #* 0.10 -0.05 -0.03
(56,27)
P13(1730) PP31 +0.35 + 0.10 +0.25 +0.11
F15(1680) FP53 -0.27 #0.10 -0.35 -0.08
| FFs3 -0.15 * 0,10 -0.21 -0.13
F35(1860) | FP53 +0.28 *0.08 0.00 -0.02
Y*
0,1
$11(1955) SS11 ~0.03 * 0.05 +0.24 +0.21
SD13 -0.05 #0.10 -0.19 -0.10
(56,27)
P03 (1900) PP31 -0.05 *0.10 +0.82 +0.32
PP33 +0.10 *0.10 -0.31 -0.11
PF33 +0.12 * 0.02 +0.17 +0.06
FO5 (1822) FP53 -0.13 * 0.03 -0.54 -0.15
F17(2040) FF73 -0.07 *0.02 -0.11 -0.06
Parameters
r 3.59 2.00
a (10,17) ~44.50 -20.80
a, (70,17) _ 4.80 1.27
a0(56,2+) -1.69 9.43
-a1(56,2+) ~20.50 -13.10
x2/DF 11.1/3 50.7/8
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Aopendix

A Refinement of the Partial VWave Solutiong

At the end of Chanter 4 it was mentioned that the KN/T data wes
currently being reanalyéed using a four-variable appfoach. A refined
set of lLegendre coéfficients for the reaction K p = E*N have now
been obtained vithout the problem of the background removing part of
- the structure. In thié way coefficients have been.obtained for the
first four energies as.well, but only data fron the fourth energy
(1.085 GeV/c) has been inclu&ed in the partial wave analysis, together
vith the first two encrgies of the CRS data.

It vas menfioned in Chapter 5 that the outgoing barrier- factor
vias ﬁgt applied to the F05(1822) during the whole of the partial wavé
analysis.. The iﬁtegrated forn has now beéﬁ avplied and is now‘cdlculated
in all cases by an integral over the region ﬁx* : ar whefe mK* is the
peak mass of the X' and [* is its full width.

A1 three»solutiéns were run with the refined‘coeffibients as data,
T@e results afe shown in.table (A.1), where it is seen that 1ittle changé
has occurred in the partigl wave amplitudes except the F05(1822). Table
{A.1) represents the final results of this analysis.

% % F % % X K X X £ &



Table (A.1)

Comparison. of Solutions "A","B".and "C" for the new data

Solution "'B"

Solution "C"

Resonance Partial Solution "A"
Wave 2 2 2
_X_ . 1464 X_ . 1463 _ L X o 1476
NDF = 1152 1.27 NDF 1153 .27 NDF 1156 1.28
S11(1955) SS11 0.02 0.02 0.06
SD13 0.09 0.00 0.08
P01{1853) PP11 0.01 0.12 0.08
’ ‘ PP13 ) 0.19 0.27 0.26
P03 (1900) PP31 0.08 0.04 0.05
) PP33 -0.13 - -0.10
PF33 ~0.11 -0.11 -0.13
F05(1822) ‘FP53 0.15 0.12 - 0,12
F17(2040) FF73 0.07 Q.07 0.07
G07(2100) GG71 0.05 ¢.10 0.11.
GD73 0.23 0.20 0.21
. GG73 0.05 0.06 0.09
D03(1980) Mass 1986 1984 1975 MeV
Width 162 169 180 MeV
DD31 0.07 0.09 0.09
DS33 0.17 Q.17 0.12
_ DD33 - - -0.02
S01.(2030) Mass 2025 2011 "2040 MeV
Width 137 124 " 265 MeV
SS11 -0.07 - -

c61
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