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PREFACE

This thesis describes the work done by the author over the

period October 1978 to October 1981 as a research student

with the Experimental Particle Physics Group at the
Department of Natural Philosophy, University of Glasgow.
The author was present at CERN, Geneva, from October to

December 1978 during the setting-up and data acquisition
phases of an experiment performed in collaboration with
groups from Birmingham and CERN. All subsequent processing
and analysis work on the experiment was carried out at the
University of Glasgow- The author was solely responsible for

the analysis of the reaction channels discussed in this

thesis.

Notes

1. Tha conventional wunits for momentum and mass/energy
{GeV/c and GeV/c® respectively) are abbreviated to GeV
throughout this thesis.

2. Reference numbers are enclosed in square brackets,
eg. [17].
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SYNOPSIS

Results are presented from a study of the reactions

K+p K-K+K+p
and K+p — ppK+p
at an incident beam momentum of 13 GeV, wusing data recorded
at the CERN Omega spectrometer. The data samples studied

represent a significant improvement on existing statistics.

A description is given of the experimental apparatus, the
electronic trigger system and the data acquisition process.
Event reconstruction and the selection of three and
four-prong events 1in the reactions of interest are also
discussed.

After considering the geometrical acceptance of the
spectrometer, a method of event simulation is adopted.
Factors which account for various types of data losses are
determined.

The production and decay characteristics of the A(1520)
resonance are investigated in the reaction K+p ppK+p. No
narrow states are seen in pp or A(1520)p.

4>(1020) and f'(1515) production is studied in the
reaction K+p — K-K+K+p. A possible 4-like resonance is
observed at a K~K+ mass of '~1.82 GeV.

Assuming diffractive production and t-channel helicity

conservation, a spin-parity analysis of the 4K+ system shows

a dominance of unnatural parity states, and in particular,
dominance of the = 1+ wave. Evidence is presented for
the existence of a 2- resonance, possibly an I meson, at a
mass of ~1.8 GeV. Small S and n-wave interference effects

are observed in the K-K+ system.
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Chapter 1

INTRODUCTION
"Basic research is what 1 am doing when I don't
know what I am doing."

Werner von Braan

1.1 MOTIVATION

The reactions

K+p -» K-K+K+p (1.1)
K+p ppK+p (1.2)

at an incident beam momentum of 13 GeV have been studied 1in
an experiment performed in 1978 using the Omega spectrometer
[1] at the CERN super proton synchrotron. The motivation
for such a study stemmed from the dearth of data on these
reactions, and from the knowledge that the spectroscopy of
the light quarks (u,d,s) is far from complete [2,3], partly
because of the shift in emphasis of experimental particle
physics towards heavy quark (c,b) spectroscopy following the
discovery of charm in 1974.

The difficulty of producing a high-intensity kaon beam,
and the low reaction cross-sections (~3S/4) and ~ 3 yub
respectively) [4] relative to channels involving charged

pions have prevented high statistics from being accumulated

on reactions 1.1 and 1.2. In the present experiment,
however, superconducting RT separators [5] were used to
greatly enrich the K+ content of the beam, and a trigger
system which included a threshold Cherenkov counter was

designed to select events with a fast forward K- or p in the
final state. (Such bubble chamber data as exist [6,7]
indicate that the forward negative track is a characteristic
feature of these reactions.)

He consider now some aspects of quark spectroscopy, and

topics of particular interest in reactions 1.1 and 1.2.



1.2 SPECTROSCOPY

1.2.1 Mesons

Foc the SU(3) subgroup of guark flavours [8], containing u,
d and s guarks, a quark and an antiquark can combine to form

a bound mesonic state according to

q 5 Bl®[B = (e 3

which defines a nonet (singlet plus octet) of particles all
with the same spin-parity. If the qg system has spin J,
orbital angular momentum L, and the quark and antiquark

couple to give a spin S (0 or 1), then;

The parity of a fermion-antifermion system is given by

P = +1

and charge conjugation applied to the neutral member of a

multiplet yields:

Cc = (=1jL =8
Hence,

CPp = (-1) S4-1
so that all singlet states (S = 0) have CP = -1, and all
triplet states (S = 1) have CP = +1. The resulting of

the qg mesons allowed by SU(3) 1is therefore:

S =20 S =1
0-+ 1
1+ 0++
1++
2w
L =2 2.« 1—
2
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with a nonet of states predicted for each - The series
J¥* = [9+, 1-, 2+,-,.) with P = (-1)» and
I = 10-, 1+, 2”,-..) with P = [-1)"+1 will be referred to
as the natural and unnatural spin-parity series

respectively.

The current experimental status of SU(3) meson
spectroscopy is summarised [2,3] in table 1.1. Confirmation
of the *-like and f'-like members of the natural spin-parity
3— and 4++ nonets respectively is possible in the KK
system; some evidence already exists [9,10] for a 4(1850)
state. Progress on the unnatural spin-parity series has been
slow, largely because an unnatural spin-parity state cannot

'

decay to two pseudoscalar mesons (parity conservation) , 'and
therefore we must turn to the more complicated three-meson
systems. Host three-meson data, is derived from diffractive
processes [11,12,13] which are difficult to interpret,
although a qualitative description of some features is
possible using Deck-type models [14,15]. Since the
three-kaon system has been little studied in comparison with
other three-meson systems, a detailed spin-parity analysis
of K-K+K+ or its two-body subsystems, for example 4(1820)K+,
could contribute greatly to our understanding of unnatural
spin-parity states containing strange quarks. Existing 4%
spin-parity analyses [16,17,18] have indicated possible
resonant structure, but the results must be consolidated
with higher statistics.

Tf radial excitations of the qg system are considered in

addition to the orbital angular momentum excitations,
further sets of resonant states are possible. Taking the
ground state to have a radial quantum number n = 1, examples
of n = 2 states do exist, such as the **(1600) and 4(1780)
[21-

Various potential models of qg systems [19,20]

successfully predict many o* the experimentally observed
states, but we note that agreement is poorer for light quark

systems than for heavy quark systems.



1.2.2 Baryon-antibaryon states

The apparent observation of baryon-antibaryon resonances in
several experiments stimulated much theoretical and
experimental work on possible gggq states [eg. 21,22,23]

which are 'exotic* with respect to the SD(3) scheme (not gg

or ggg). Many theoretical models were devised to account
for both the narrow ( ~ few MeV) and wide ( few 100 HeV)
BB or 'baryonium' states reported. For example, the states

with narrow widths were thought to comprise a diguark and
antidiguark separated by an angular momentum barrier. Such
states would then be expected to have relatively high spin
assignments.

However, many of the possible BB states could be
interpreted as mesons, having a qg rather than a gggq
configuration. Only BB states with manifestly exotic quantum
numbers could unambiguously confirm the existence of a gggq
state. Indeed, the original aim of the present experiment
had been to confirm the existence of a narrow exotic state
of mass 2.46 GeV observed [24] in M++(1232) and £+(1385) p

combinations produced in the reactions

K+p AA++(1232)n, A++(1232) p7T+

K+p — C”*pn, 2+ An+
with A —» prr+. The quantum numbers Q = *2 and S = +1 of the
Apn+ combination uniquely define a ggeq (uuss)
configuration. However, the existence of such a state was

not confirmed in the present experiment [25].

with improved statistics on many of the possible
baryonium candidates, the experimental evidence for narrow
baryonium is now very weak. Only the 3(1935) — pp  |has
retained some credibility as a resonance [2], but this state
does not have an unambiguous gqgg signature. Wide Ap and Ap
states have been reported [26,27], but may have a simpler

interpretation as K* resonances.
Reaction 1.2 allows a search for BB resonances with
little complication from the production of other resonances

in tha final state, unlike similar processes with an
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pion where the A++(1232) is produced- The only
produced is the narrow A(1520) decaying to

incident

known resonance

pK+. Comparisons may be made between the A(1520)p and Ap

systems-



TABLE 1.1

Summary of SO (3) meson spectroscopy

jPC 25+, =1 0 1-172
0-+ "o n n n'(9S8) K
1— P(770) w(783) 4(1020) K*(892)
I+ P 8(1233) H([190) Q.(1280) -
0++ o 6(980) ¢(1300) $(975) K(1350)
A(1270) DO285) E(1420) 0(1400) *
P ~ A/1320) £(1270) £(1515) K>*{1430)
2.+ A/1680)
l/\2
1—
2—
'A 2
3— £(1690) w(1670) 4(1850)? K*(1780)

4++ h(2040) K*(2060)



chapter 11
EXPERIMENTAL ARRANGEMENT

2.1 INTRODUCTION

The data to be discussed came from the CERN West Area
experiment WA48 performed using the Omega spectrometer at
the CERN super proton synchrotron (SPS) with a 13 GeV
momentum RF separated beam of positive kaons incident on a
liquid hydrogen target. Omega 1is a multi-user facility

based on a .superconducting magnet with a charged track

detection system of optical spark chambers,* multiwire
proportional chambers (HWPC's) and drift chambers [1]. A
trigger system consisting primarily of two scintillation

counter hodoscopes and a threshold Cherenkov counter placed
downstream of the target was designed to select events where

a fast forward p or K was produced,

2.2 THE OMEGA SPECTROMETER

The Omega magnet uses two superconducting coils, 3 m in
diameter and 1.5 mapart, to maintain a field over a useful
volume of 14 m?, with a central field value of 1.8 T (figure
2.1). Inside the magnet, a cylindrical liguid hydrogen
target 60 cm long and 2.6 cm in radius was surrounded by
optical spark chambers. Forward charged secondary tracks
were detected by a set of 7 spark chambers each with
10 X 1 cm spark gaps placed normal to the incident beam and
downstream of the target (geometry 1) . On ecither side of
the target 4 sparkchambers each with 8 x 1.2 cm spark gaps
parallel to the beam detected slow charged secondaries
(geometry 2). The spark chamber gaps could each provide one
space point for track reconstruction, and were angled
slightly in the vertical plane so that they could be viewed
normally by stereo pairs of Plumbicon TV cameras (three

pairs for geometry 1, one pair for geometry 2). Pars of

I Now replaced by the Omega’ system of HWPC's.

— %7
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fiducial lights mounted above the spark chambers provided a
reference frame for the reconstruction of tracks in space.

Spark positions and intensities were digitised and recorded

on magnetic tape after each event, and fiducial digitisings
were recorded after each beam burst. The spark chambers and
associated readout are discussed in more detail in

references 20 and 29.

High precision points on forward tracks were provided by
4 multiwire proportional chambers HWPC1-MHPC4 and 2 drift
chambers. These chambers were also necessary for
calibration work which corrected errors in the determination
of track positions due to systematic effects 1in the spark
chambers and TV camera system.

Figaro 2-2 shows the layout of the counters in Omega for
the experiment. A right-handed coodinate system for the
spectrometer is defined by taking the origin at the centre
of the magnet, the x,y-axes parallel to the plates of the
spark modules in geometry 2 and geometry 1 respectively, and

the z-axis vertical.

2.3 BEAM

The Si beam line from the CERN SPS was used in conjunction
with superconducting RF separators to provide a 13.02 GeV
momentum positive beam enriched with kaons. The first stage

of beam production involved a pulsed proton beam of momentum

200 GeV striking a 30 cm beryllium target. The resulting
secondary particles were subjected to charge and momentum
separation and focussing to produce a positive beam of the
required momentum. Collimators were used to set the
momentum spread to about 100 MeV. In order to greatly

improve the K+ content of the beam (approximately 1% at this

stage), mass separation of the beam .was done using two
superconducting RF cavities (a special feature of this beam
line [5]). The deviation of the momentum of individual beam

particles from the nominal beam momentum was measured by a
spectrometer in the beam line. Kaons in the beam were

identified wusing a threshold Cherenkov counter and a 'CEDAR'
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differential Cherenkov counter- The direction of beam
particles as they entered the target was determined by 4
MWPC's B1-B4 situated just upstream of the target at the
entry to Omega (figure 2-3).

Typical beam parameters were;

Burst frequency 0. 1 Hz
Spill 2 seconds
Flux - ~'10® K+/burst (™50% of total beam flux)

2.4 TRIGGER

The spark chambers were fired only when the necessary
trigger conditions were satisfied. The trigger logic was
designed to select preferentially events with final states
including a A by accepting only those K+ interactions which
had a fast forward p. The trigger also accepted events with
a K~ particle ofmomentum > 2.8 GeV originating in the

target. The trigger required:

1. &n identified K+ incident on the target, as indicated
by the beam Cherenkov counters, and by a set of
scintillation counters S1-S4 located upstream of the
target. The beam halo was vetoed by scintillation
counters V2 and V4 around S2 and S4 respectively.
Figure 2.3 shows the layout of these counters,

2. An interaction by a beam particle in the target. A
downstream scintillation counter VO vetoed beam
particles which passed through the target without
interacting. A 24 element cylindrical scintillation
counter hodoscope TS surrounded the target, and was
closed at the upstream end by the high precision
(0.5 mm wire spacing) nvPCl (see figure 2.2). The
conditions imposed were:

a) a beam interaction defined by S1.S2.S3.54.72.V4.V0
b) a charged particlemultiplicity emerging from the
target of
either > 1 hits in the TS hodoscope
or >2 hits in fIVPCi
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Identification of a fast forward p or K-. Two
vertical scintillation counter hodoscopes were used
in conjunction with a large threshold Cherenkov

counter C placed between them {figures 2.2 and 2.4).
The hodoscopes Hi and H2 consisted of 16 and 37
overlapping counters respectively, giving two arrays,
31 X 6 cm and 73 x 9 cm wide, of individually
identifiable channels. The Cherenkov counter C had 32

optical cells, and was filled with Freon 114 at
atmospheric pressure, giving Cherenkov radiation
thresholds for pions, kaons and protons of 2.8, 9.9
and 18.8 GeV respectively. A matrix coincidence

system was used to identify p*s and K"*s > 2.8 GeV
which had passed through the downstream parts of the
spectrometer by demanding correlated hits in the HI
and H2 arrays (31 x 31 channels used) with no light
in the corresponding cells of the Cherenkov C (ie.
H1.H2.C). Particles from the target with momenta
<2,8 GeV were swept aside by the Omega magnetic
field and could not traverse the Cherenkov counter.

More than 1 bit in the 'trigger' side of HWPCA4. This
reduced the number of spurious triggers caused by

secondary interactions downstream of the target.

For the latter part of the experiment only, no
forward no signal. This condition was designed to
reduce backgrounds by removing channels which
included nO's. Hodoscope H2 was used in conjunction
with another scintillation counter hodoscope H3
(30 non-overlapping elements 20 cm wide) and a lead
screen 1.1 cm thick to form a
scintillator-lead-scintillator photon detector (see

figures 2.2 and 2.4). The elements of each hodoscope
were split up into 8 groups such that photons from a
7T® decay would pass wundetected through a given H2
group into the lead, and there produce electrons
which would be detected by the corresponding H3 qroup
of elements (ie. H2.H3).
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The trigger signal formed may be expressed logically thus;

K+ beam interaction (K+.S1,S2.S3.S4.V2.74. VO)
multiplicity conditions .((TS >1) + (MHPC1 >2) ). (MHPC4 >1)
fast forward p or K- . (R1.R2.C)

(no forward K® -n®)

Table 2-1 lists some trigger counter specifications.
Two periods of data taking resulted in:

run 1 : 0.7 Mitriggers

without the A® veto condition in trigger

beam flux sensitivity for 100% acceptance = 3 ev/nb
run 2 : 1,7 n triggers

with the rt® veto condition in trigger

beam flux sensitivity for 100% acceptance = 9 ev/nb
The author was present during the experimental setting up

and data taking periods (October to December 1978).
Responsibilities included the determination of trigger and
beam counter positions relative to the Omega system, and the

Installation and testing of trigger elements.

2.5 DATA.iCQDISITIQN

The Omega data acquisition system [30] recorded data from
the Omega detectors onto magnetic tape and sampled data to
permit the online monitoring of detector performance. The
system (schematically shown in figure 2.5) was based on

linked PDP11/34 and PDPII/WO mini-computers with CAHAC

interfacing between the detector =electronics and the
computers. The data acquisition computer DAC buffered data
onto tape; user computers 00 and 02 handled monitoring
tasks; and the MOI computer managed computer linking. A
CTT 10070 computer was used for monitoring detector

information offline.
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2.5.1 EZEBt gecgrding
Each trigger signal 1in a beam burst directed the DAC to
transfer information from the detectors to an event data
buffer via the CAMRC. At the end of each burst, the fiducial
lights above the spark chambers were lit, and the Plumbicon

cameras read out. The accumulated event data buffers for the

beam burst were then written to tape, and for each event
contained readout digitisings from: the spark chambers via
the plumbicon cameras; the HHPC's; the drift chambers; and
the trigger counters. The Plumbicon digitisings of the

fiducial lights were also recorded on tape for each beam
burst. Typically, data from 30 triggers were recorded for

each beam burst.

2.5.2 Online ngnitoring

Online monitoring of the =electronic information provided by
the detectors was vital to ensure that any degradation in
performance or failure in a detector was not biasing the
data collected. A selection of monitoring programs running
on the user computers UO and 1i2 examined sample event
records received from the DAC. nO monitored information

from the spark chambers, drift chambers and HWPC's, while 02

monitored information from the trigger counters.
Insufficient statistics (usually a few hundred events)
limited the use of these programs to detecting major
hardware failures; more subtle effects were revealed by

offline monitoring of a larger event sample.

Sparks and detector hits for sample events could Dbe
displayed graphically on a 7DU screen by an online program
(RAPIDE). Figure 2.6 shows an event with one negative track
(the trigger track) and three positives. TS hodoscope hits

are shown in the top left hand corner,

2.5.3 Qffline Honitgring
To reveal slow variations in the performance of all
detectors, a large monitoring program BUGBONT was run

offline on the CII 10070 computer, sampling typically one



13
event in ten stored on magnetic tape. Event samples of
between one and two thousand events were accumulated and
processed for comparison with subsequent data samples.

The data quality was further checked by studying the
distributions of various parameters after processing samples
of raw data with the Omega pattern recognition and geometry
program ROMEO (see Chapter II11) on the CERN main computers'.

The following parameters were studied:

1. the coordinates of primary and secondary vertices
2. the momentum of the fastest negative track
3. the mass of reconstructed V® (eg. K® and especially

A) particle decays

4. the multiplicity of hits at various planes in space



TABL? 2.1

Trigger Counters

52028£2E8§ HI H2 H3 TS
scintillator slabs 16 37 30 24
slab dimensions (cm) 180x18x0.5 220x27x1 120x20x1 75x1x0.5

channels 31 73t 30 24
channel width (cm) 6 9 20 1

"3] channels used in HI1.H2 correlation matrix

ChgCenkoTjC

cells 16 horizontal x 2 vertical

gas filling Preon 114 (refractive index 1.00115)
gas pressure 1 atmosphere

MWPC1

wire planes 2 X y-direction, 2 x z-direction
wires per plane 160

wire spacing (mm) 0.5
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chapter I1I
DATA REDUCTION

3.1 EVEHT RZCOHSTRgCTTON

The rav data were processed at the Rutherford Appleton
Laboratory using a version of the Omega pattern recognition
and geometrical reconstruction program, FOSEO (see
description in [28]). Pattern recognition for an event
involved the combining of spark positions with space points
from the MWPC's and drift chambers into tracks whose
trajectories were known in the Omega system. Tracks in the
spark chambers were found independently in each stereoscopic
view and in each of the two sets of modules, Geometries 1
and 2, The track projections found were linked, and then
matched with points from the MWPC's and drift chambers.

Track momentum was determined by curvature in the Onega

magnetic field. Geometrical reconstruction determined the
topology of an event by fitting tracks to an interaction
vertex in the target, the incident beam track having been
reconstructed by the beam MWPC's. (Secondary vertices

outside the target can also arise in the case of V® (eg.

andA) particle decays.) Tracks rejected from the vertex
fit were labelled as 'extra tracks'. Geometry output from
ROMEO for an event was written on magnetic tape and included
vertex and track parameters, along with their covariance
error matrices. In particular, the vertex coordinates were

known, and the momenta of tracks at the vertex were given in

terms of:

I1/p : inverse momentum, signed by charge of track
X : dip angle from x-y plane (-n/2 to +7T/2)

azimuthal angle in x-y plane from i-axis (0 to 271

The author was responsible for reducing ROMEO geometry
output to data summary tapes (DST's) for the events of
interest, and <+ for monitoring the quality of ROMEO

processing.
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3.2 PRELIMINARY SELECTIONS

Candidate events for the reactions

K+p K-K+K+p (3.1)
K+p -» ppK+p (3.2)

were selected from ROMEO geometry output by requiring that

each reconstructed event had:

1. .Standard beam and trigger conditions.

2. A single vertex with an attached beam track inside
the target volume defined to be a cylinder of radius
2.6 cm and length 60 cm aligned along the Omega

x-ax1s and centred at x=-135 cm.

3. Three or four secondary tracks fitted to the vertex
with charges -++(three-prong) or -+++ (four-prong)
respectively. The three-prong events arose when a

positive track (usually slow) was not detected in the
spark chambers either because it left too few sparks
or had a trajectory which passed through the regions

above and below the target.

U, A negative track which satisfied the trigger
requirements. Each event was processed by a program*
which compared the hodoscope hits recorded
electronically with the hodoscope intersections
predicted by extrapolating the negative track
reconstructed in the spark chambers. Agreement was

required within the errors on the track extrapolation
through the Omega magnet field.

Pion triggers were rejected by checking the Cherenkov
condition from the electronic data, and by demanding
that the negative track had a momentum of at least
3 GeV. The momentum cut was made higher than the
nominal Cherenkov pion threshold of 2.8 GeV to allow

for any inefficiencies in the Cherenkov counter.

? Courtesy of A.S. Thompson
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For each event satisfying the above conditions the positive
tracks were then ordered by the magnitude of their
laboratory momenta before applying the selections described

below.

3.3 THREE-PRONG EVENTS
For the three-prong events, the invariant (missing mass)*
between the initial (beam + target) system and the final

system of secondaries is defined by
(missing mass) *= (missing energy) * -(missing momentum)* (3.3)

and should correspond to the mass* of the missing particle
within experimental error. Using the track momenta from
ROMEO, and assigning sets of appropriate particle masses to
the seen secondary tracks in turn, (missing mass)*
distributions for reactions 3.1 and 3.2 have been
investigated. The sets of mass assignments considered for

the tracks were as follows;

K+p -» K-K+K+p ; -ve = K- / +ves = K+K+, pK+, K+p

K+p — ppK+p To-ve = p / +ves = K+p, pK+, pp
Significant peaks about the mass* of the missing particle
were seen only for reaction 3.1 in the two cases

corresponding to the hypotheses

K+p -» K- (p) K+K+ (3,«)
and K+p — K-(K+)pK+ (3.5)

where the latter signal has a very large background compared
with the former. No missing particle signals were seen for
reaction 3.2:this may reflect the order of magnitude

reduction in cross-section anticipated for this channel

relative to 3.1 [4]. Events were selected for

hypothesis 3.4 : 0.65 < (missing mass)* < 1.10 GeV*
3.5 : 0.06 < (missing mass)* < 0.42 GeV*

Figures 3.1 and 3.2 show the (missing mass)* distributions

andselections corresponding tohypotheses 3.4 and 3.5
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respectively- Events which lay inside both sets of cuts
were treated as two separate events of combined weight
unity, but with each individual event assigned an ambiguity
weight derived from the relative peak/background ratios for

the (missing mass)* distributions for the two hypotheses.

Tor events selected in this manner, the missing particle
was assigned the missing momentum and the correct particle
mass (proton or positive kaon) [27]. An investigation was

also carried out on the selected events to determine whether
any of the 'extra* (ie. unfitted to a vertex) tracks

reconstructed by ROMEO could be attached to the three-prong

vertex by fully extrapolating the extra (positive) tracks
back to the closest point to the vertex. It was found that
less than about 3% of events could be refitted as

four-prongs.

3,4 PODR-PBONG EVERTS

Firstly, the four-prong events were required to have small
missing longitudinal and transverse momenta (denoted
by Ap” and Ap*=/(Ap”™ *+Ap, *) respectively) between the
initial and final states, measured in the laboratory system

relative to the Omega axes:

1Aprl < 0.4 GeV (3.6)
Ap® < 0.2 GeV (3.7)

The APj , Ap.A distributions and cuts are shown in figures 3.3
and 3.4 with the effect of one cut on the other

superimposed. For the mass assignments:

K+p — R-K+K+p : -ve = R- / tves = pK+K+, K+pK+, K+K+p
K+p ppK+p To-ve = p / +ves - pK+p, ppK+, K+pp
a 'delta function* ¢é was calculated for the secondary

tracks, where
6 =(mass (3 fastest) )*-(missing mass against slowest)* (3,8)

Clear delta function peaks around zero were seen for the

following hypotheses corresponding to reactions 3.1 and 3,2:
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K+p -> K-pK+K+ (3.9)

K+p K-K+PK+ (3. 10)
K+p ppK+p (3-11
K+p pppK+ (3. 12)

Figures 3.5 to 3-8 show the delta functions for these

hypotheses and the following selections which were made on

the data:
hypothesis 3.9 [cfl < 0.9 GeV*
3.10 /S < 0-9 Gev
3.11 Il < 0.4 GeV*
3.12 IfI < 0.4 GeV*

The selections for hypotheses 3.11 and 3.12 were necessarily
more restrictive to minimise contamination by the three kaon
channel.

An attempt at redefining the delta functions using
different permutations of the ordered tracks resulted in
poorer separation of the different hypotheses. Events
ambiguous between reactions 3.1 and 3.2 were assigned to the
former because of the much larger cross-section expected
[2]. Events internally ambiguous within a reaction were
treated as two separate events of combined weight unity, but
with each individual event assigned an ambiguity weight
derived from the relative peak/background ratios for the

distributions for the two hypotheses satisfied.

3.5 TRACK ADJUSTMENTS

3.5.1 Momentum Balance

Since the Ap”" distribution for four-prong events (figure
3.3) was found to peak at a value slightly shifted from
zero, consideration was given as to whether exact momentum
balance between beam and secondaries could be achieved by
applying global shifts to beam track parameters. Four-prong

events in the reaction
K+p 4>(1020)K+p, A K-K+ (3.13)

selected by applying hypothesis 3.9 and cutting on
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® : 1.01 < mass(K-K+) < 1.03 GeV

were considered to yield the cleanest large data sample
available to investigate momentum balance. Expressing the
missing momentum components in terms of the ROMEO track
parameters p (=1p|),X,<J> and taking differentials with

respect to the beam parameters

d (Apx)=(p,/p)dp- (p" p"/pcosX) dX- (py) dp
d (Apy) =(py/p)dp- (P*"Py/pcosX) dX+ (p") &)
3 (Ap”)= (p"/p)dp+ (pcos>)dX

the shifts dp, dX and dy on the beam parameters were
calculated foreach event, and the mean shifts for run 1 and
run 2 determined. The global shifts appliedto beam tracks

in the selected data were:

run 1 : dp = 35 MeV, dX = 1.3 arad
2 : dp 29 MeV, dX = 1.1 mrad, d# = 0.6 mrad

(cf. ROMEO beam angle errors of about 0.4 mrad).

3.5.2 Energy Lgss

Tracks were corrected for energy loss in passing through the
liquid hydrogen target and the plastic scintillator of the
TS counter. The length of a track in these media was
calculated by intersecting a linear approximation to the
track with two coaxial cylinders representing the target and
the TS counter. Energy loss was calculated as a function of
particle type and track momentum, using a parameterisation

based on data from reference 2.

3.6 REMARKS

3.6.1 General

The momentum distribution of trigger tracks indicated that
only a small fraction of events was lost by imposing a 3 GeV
momentum cut rather than a 2.8 GeV cut. Figure 3.9 shows the
trigger track momentum distribution for events selected in
the three-kaon channel.

The reaction
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K+p —> 7T“7T+K+P

has a very large cross-section relative to reactions 3.1 and
3.2, and hence any Cherenkov counter inefficiencies could
have resulted in serious data contamination. However, delta
function and (missing mass)* distributions studied for this
reaction hypothesis showed no peaking after the preliminary

selections had been made.

3.6.2 K+p -» K-K+K+p

That the three-prong events corresponding to this reaction
cover a particular kinematic region is illustrated by the
low momentum distribution of the missing track (figure 3-10)
and the angle of the missing track in the Omega y-z plane at
the vertex. Figure 3.11 shows that the missing particle

trajectory passed mostly through the regions above and below

the target (Vv 2), where tracks were not detected. The y-z
plane angle for the slowest track from three-prong events
(including the missing track) is also shown in figure 3.11,

and should be compared with figure 3.12 which shows this
angle for the slowest track from four-prong events. The
distributions are largely complementary, and produce an
angle for the combined three and four-prong events which 1is

approximately isotropic (figure 3.13).

3.6.3 K+p r» PPK+p

Possible contamination of this data by the three kaon
channel was investigated by assigning kaon masses to the
negative track and the two fastest positive tracks, and
forming the mass combination of the negative track with each
of the positives. The mass distribution (figure 3.14) shows
no sign of the (}>(1020) meson [2] which would be expected if

contamination was present.
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3.7 EVENT STATISTICS

Event statistics before channel selection were as follows:

reconstructed by ROMEO - run 1 0. 68 n

- run 2 1.40 M

- total 2.08 M

total with 1 -ve track > 3 GeV, 2 +ve tracks 0. 17 M
total with 1 -ve track > 3 GeV, 3 +ve tracks 0. 18 M
- inside missing momentum cuts 35.1 K

The numbers of ambiguity weighted and unique events selected
by (missing mass)* and delta function cuts for hypotheses
3.4, 3.5 and 3.9 - 3.12 are shown in figure 3.15. The total

numbers of events in the reactions of interest were:

K+p -> K-K+K+p 50214 (44667 wunique)
K+p -> ppK+p 2093 ( 1788 wunique)

3.8 OTHER REACTIONS
An attempt was made to identify events in the previously

unreported reactions

K+p *(1020) K* (892) p, * K~K+, K* K+nP (3.14)

K+p -4" <J>(1020)K+7V+n, K-K+ (3. 15)

K+p -4 A(1520)A++(1232)n, A pK' A++ pn+ (3. 16)
by selecting events with four charged secondaries (-+++)
which did not balance longitudinal and transverse momenta
relative to the beam. Masses were then assigned to the

tracks and the (missing mass)* against the charged tracks
calculated for each set of assignments, in the hope of
identifying the missing neutral pion or neutron as required.
Also, the mass combinations of the negative track with each
of the positive tracks were checked for indications of the
4>(1070) or A(1520) resonances. It was found that only
events in reaction 3.14 could be identified, and that the

quality of data varied considerably with the cuts applied.



1 identified with

For events from run
K+RO mass spectrum (showing the K*(892)
in figure 3-16, and the Kt mass spectrum
The cuts applied to this data sample were
Imissing longitudinal momentum) >
Imissing transverse momentum) >
I (missing mass against K-K+K+p) *| <
¢ : 1.01 < mass(K-K+) < 1-03
K*¥ ; 0-85 < mass(K+nO) < 0-93

reaction 3.

resonance)

29
14, the

is shown

in figure 3.17.
0-30 GeV
0-07 GeV
0.05 GeV*
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chapter IV
DETECTION LOSSES

Q.1 INTRODUCTION
The imposition of a trigger on event recording in a
spectrometer experiment is necessary to select
preferentially the reactions of interest. Only those events
are recorded whose configurations in space lie within the
geometry of the trigger system. This has the effect of
introducing biases into the data sample recorded- These
biases must be studied as a function of the kinematic
variables which are chosen to describe an event.
Furthermore, some fraction of produced events which would be
geometrically accepted by the spectrometer are not observed
because of various detection and reconstruction
inefficiencies.

Both the geometrical acceptance of the spectrometer and
the correction factors necessary to take account of
inefficiencies and other effects are discussed below, in

addition to the method of calculating cross-sections.

4.2 ACCEPTANCE

The aim of any analysis is to:

a) reconstruct the original event distribution from
the experimental data so that the underlying
physical processes may be deduced

or b) test a theoretical model of the physical processes

under study by comparing the experimental data

with simulated data Generated according to the
model.
With regard to such an aim, we consider the final particle

state and the limitations of acceptance biased data.
The description of an n body final state (ignoring spin)

requires (3n-h) independent kinematic variables, where each
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body has 3 degrees of freedom, and the final state is
constrained by four-momentum conservation [31]. Hence, for
a 4 body final state, the acceptance is completely defined

if known as a function of 8 kinematic variables. However, in
practice this is difficult to manage, since if each variable
is divided into m bins, a total of m® bins is required to
describe the acceptance function- Simplifying assumptions
are therefore necessary to reduce the number of variables.
It follows then that an event has a fractional probability
of being accepted, rather than simply being accepted or not
accepted- The reciprocal of this probability may be used to
weight each observed event in order to reconstruct the

original event distribution.

However, it may be found that there are regions of zero
acceptance ('holes*) in the space described by the chosen
set of kinematic variables. The experimental data therefore

can never yield any information on the physical processes
which originally may have produced events in these regions.
Weighting the observed events by the reciprocal of an
acceptance probability can only reconstruct the original
event distribution in regions of non-zero acceptance.
Consequently, care must be exercised in interpreting results
obtained from weighted data by integrating over kinematic
variables. If a theoretical model is being tested by
generating simulated data, the simplest model which produces
results consistent with the observed data should be used.

To illustrate procedures a) and b) above, figure h.l
shows event distributions as a function of some hypothetical
final state space. Events in region A are always detected by
the spectrometer, whilst events in region A* are never
detected. The weighting procedure is shown in figure 4.1(1),
and an iterative modelling procedure is shown in figure

4. 1(2). Both techniques are discussed below.
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4.2.1 Weighting
The primary trigger condition in WA48 was that of having a
fast forward p or K~- It is reasonable to assume that the
overall acceptance was largely described by the acceptance
for this particle in terms of its 3 kinematic variables.
However, one further experimental bias must be considered:
the effect of varying the position of the interaction vertex
in the target- Since the target proton is unpolarised, one
particle variable corresponding to rotation around the beam
axis can be regarded as trivial. The final 3 variables used

to describe the acceptance function were:

1. the transverse momentum p* of the negative track

relative to the beam direction.

2. the magnitude l[p| of the momentum of the negative
track

3. the x-coordinate x of the interaction vertex in the
target

A program was written by A.S.Thompson to calculate the

acceptance for p and K- tracks at points on a (p”,|pl,x)
grid- For each point on the grid, tracks were generated
around the beam direction at regular angular intervals.

Each generated track was traced through the Omega magnetic

field and the trigger system to determine whether the track

was accepted or not. In the case of the acceptance for K~
tracks, each track was assigned a decay probability weight
(see appendix A), since a /*.- or n- from a R- decay would
have vetoed an event. The acceptance probability for a

point on the (p”r|pl,x) grid was defined as:

total weight of generated tracks accepted

number of generated tracks

For the selected grid, figure 4.2 shows the percentage
acceptance at every second point in the and Ip|
directions at x=-135 cm. Also, the (p”,Ip]) distribution

for the K- trigger track from all data selected in the

reaction K+p — K-K+K+p with -135 < x < -125 cm is shown in
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figure 4.3. The numbers plotted represent the percentages of
the total data lying within (p”,lp|]) cells. The distribution
of the data is such that a finer acceptance grid would be
desirable, especially at low momentum.

Each event observed in the reactions 3.1 and 3.2 was

weighted by a factor

v(p”,IPl,x) = 1/a(p”,Ipl,x)
wherethe acceptance a{p”,lpl,x) ofan event was
interpolated from the computed acceptance grid for the
trigger track.

The distributions of weighted events for various
physically interesting parameters such as mass, production
and decay angles, indicated that there were insufficient
data in manyregions of the final state space to make
weighting a statistically wvalid procedure. It was decided

therefore that priority should be given to developing a

modelling method of analysis.

4.2.2 Modelling

Previous data [28, 12-34], though limited in statistics,
have indicated that reactions 3.1 and 3.2 proceed largely in
a diffractive manner, with the incident kaon dissociating

into a forward three-body system, either directly:

K+p (K-K+K+) p {4. 1
K+p (ppK*-)p (4.2)

or indirectly via two-body sequential decay modes such as

K+p -> (if>{1020)K+) p, t(1020) K-K+ (4.3)
%+tp -» (A(1520)p)p, A(1520) pK+ (4.4)

A characteristic feature of such reactions is the strong

dependence of the slope of the dc/dt*¥ distribution on the

mass of the primary excited system, where t'=1t-t~.~1 and t
is the squared four-momentum transfer between the incident
beam particle and the excited system. The quantity t' may

also be expressed as

t¥* = 2,p. IIp, I (1-cos (Gp)) (4.5)
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where: P-, P, are the momenta of the beam particle and
excited system respectively
Op is the production angle of the excited system

relative to the incident beam particle.

Assuming that the t* distribution may be described by a

function of the form
d<r/dt» = Aexp(-Rt") (4-6)

the production of the excited system can be modelled, if the
slope parameter B is known as a function of mass.

with a view to investigating the spin properties of the
systems produced in processes such as 4.3 and 4.4, we shall

model the sequential decays of two-body states:

K+ ¢ p P + p (4.7)
R, ¢ R2
Pg +
where £i- (M4») and JI* = (©',4>") describe the decay angular

distributions of resonances R and R, respectively.

Following a method originally devised by D.Frame [35], a
program was written to generate events corresponding to the
process 4,7, and to determine for each generated event
whether the negative track (R") was accepted or rejected by
the trigger system. With reference to figure 4.4, the scheme

o* event generation in the program was as follows:

1. A beam track was generated in the laboratory system
(LS) within the experimentally observed distributions
of momentum and divergence from the nominal beam
direction. Normal distributions for momentum (mean
13.02 GeV, standard deviation 0.1 GeV) and divergence
(standard deviation 4 mrad) were used. The bean
track was then transformed into the
centre-of-momentum system (CMS) of the beam (K+) and

target (p) particles.
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An interaction point in the target was chosen,
uniformly along the target length, across a radius,
and in angle around the axis.
For a specific R mass, the energy and Imomentum 1 of R
were precisely determined in the CHS. A t*(beam/R)
value was chosen within a distribution fitted to
equation 4.6, and wusing equation 4.5, a production
angle was determined for R- (Previous experience
[35] of similar Omega data has shown that the slope

parameters of t*¥ distributions are largely wunchanged

by geometric acceptance. Therefore, data t '
distributions fitted as a function of R mass were
used in the first instance.) The angle of R around
the beam axis was chosen uniformly. The momentum

components of P were then calculated.

For a specific mass, the energy and |nomentun| of
were precisely determined in the R rest system.

The beam was transformed into the R rest frame to

define an axis, and decay angles for R were

chosen uniformly in solid angle- The momentum

components of R, were then calculated.

The energy and l[momentum) of R, were precisely
determined in the R, rest frame. Decay angles

for P, were chosen wuniformly in solid
angle. The momentum components of Rj were then

calculated.

R, was transformed back into the laboratory system,
assigned a negative charge, and then tracked from the
vertex in the target through the omega field to the
hodoscopes Hi and H2. For speed, tracking was done
by a routine (FOLLOW [36], accurate to about 10 cm at
H2) which parameterised the field integral along the
track length as a function of the vertex position and
the initial track angles in Omega. If the track
satisfied the following criteria, the event was
accepted:

a) Imomentum) > 3 GeV
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b) passed through HI and H2 within the matrix
correlation

c) did not pass through the beam veto counter VO

d) for a K*“ track, did not decay to particles which

then gave light in the Cherenkov counter C. The

method of simulating K~ decays is described in
appendix A.

7. For a specific process under study, any further

selections necessary to simulate the real data were

applied, and relevant physics quantities were
calculated. If =events were being generated within
specific mass or decay angular distributions, the
event was weighted according to the given

distributions.

Muliplicity conditions were not incorporated into the
simulation of the trigger since work on this topic by
P.W.Minto [37] had shown that their effect on the overall
acceptance was negligible.

The trigger simulation part of the program was tested
using the experimental data which had been selected to lie
in the reactions 3.1 and 3.2. Less than 0.3% of real events

were rejected by the software trigger imposed.

4.3 CORRECTION F ACTORS

Some fraction of events produced which would have Dbeen
accepted by the geometry of the spectrometer were lost
because of inefficiencies in the detectors or because the

events could not be reconstructed adequately by the program

ROMEO (see chapter III1). Also, any beam flux losses or
spurious vetoing by the forward detector would reduce the
values of the cross-sections calculated. Whilst a proper

study of the various inefficiencies and losses should take

the configuration and kinematics of events into
consideration, the investigation of these effects by
simulation on an event by event basis was considered
impractical- Consequently, global correction factors were

applied to calculated cross-sections to take account of the
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effects discussed below. Uncertainties have been quoted

where practicable.

4.3.1 Beam Flux Corrections
The beam flux measured by the counters upstream of the
target (figure 2.3) was modified to take account of the

following effects:

1. Decays before target
Using Monte-Carlo techniques similar to those
described in appendix A, a program was written to
simulate K+ decays between the beam differential
Cherenkov CEDAR and the target in order to estimate
the probability of muon or pion decay products
satisfying the clean beam signal.

2. Interactions in beam counters
The probability of a beam particle interacting in the
scintillation counter S4 or in the HWPC Bl was
calculated, having assumed that the products of
interactions upstream of these counters could not
satisfy the the clean beam conditions. The
interaction cross-section used was the K+p total
cross-section minus the elastic contribution [4]-

3. Absorption in target
The number of beam particles available for
interaction decreases along the length of the target
towards the downstream end. This "beam absorption'
effect was calculated using the total F+p
cross-section [4].

4. Decays in target
The number of beam particles which would be expected
to decay inside the target was calculated using the

exponential decay law (see appendix A .

The combined correction factor for these effects was

= 1/n.97
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4.3.2 Te¢igger Efficiengi

Pork done by P.J,Harper [39] on the determination of the
efficiencies of hodoscopes Hi and H2, and the wire chamber
fIWPCI (see figure 2,2), was used to estimate a trigger

efficiency for three and four-prong events. The efficiencies
of the above counters were determined by tracing tracks from
the target through the Omega field to the counters, and
comparing predicted hits with the actual electronic hits
recorded. The tracks used were from data for which the
trigger demanded only an interaction in the target.

Since the majority of three and four-prong events
selected for analysis had three tracks which passed through
HFPCI, the effects of inefficiencies in this counter were
assumed to be of greater importance than those caused by the
TS hodoscope (see chapter I1). The probability of
satisfying the multiplicity conditions required in MHPCl1
(I 2 tracks) and the probability of detecting hits both in
Hi and H2 were combined to give a correction factor for the

trigger efficiency

= 1/0-90
4.3.3 Spurigus 7etoing
Consideration was given to the possibility of a forward
charged particle from the target either directly, or
indirectly through interaction, registering the electronic

signal used to identify a forward 7(0, and thereby vetoing an
event (see chapter I1). Work done by I-T.Wilkie [38] wusing
tracks taken from data recorded with no TTO veto in the

trigger investigated whether

I. a track from the target could pass through an H3
group of elements without passing through the
corresponding H2 group

2. the trajectories of particles produced in simulated
interactions with material in the Cherenkov counter

C, the hodoscope H2, and the lead sheet could pass
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through an H3 group of elements without passing

through the corresponding H2 group.

The correction factor obtained was

f,» = 1/0.99

4.3.4 ' Tgagk Interagtigns

Consideration was given to the interaction of the outgoing
tracks with the hydrogen in the target, and the interaction
of the trigger track with material between the target and
hodoscope H2. The mean momentum of each outgoing track in
reactions 3. 1 and 3.2 was determined from the experimental
data, and the interaction cross-section for a given track
taken to be the total <cross-section minus the elastic
contribution for the interaction of the track with a proton
at the mean momentum. The probability of interaction along

half the length of the target was calculated for the three

fastest outgoing tracks. Using information from references
28, 2, 4, and 23, the total mass/unit area of the material
contained 1in the spark chambers, MWPCs, drift chambers,
Cherenkov C, and hodoscope HI, was calculated, and an
interaction probability determined for a K~ or p trigger
track.

The combined probabilities yielded correction factors

1/(9.88 t 0.02)
1/(0.77 + 0.02)

fj,,T
f,wT (PP%+P)

4.3.5 Reconstruction Efficiency

In order to estimate an event reconstruction efficiency for
the pattern recognition and geometrical reconstruction
program ROMEO (see chapter I1r), spark chamber digitisings
and ROMEO output records for 500 triggers from each of the
two data-taking runs were studied. The raw digitisings were

scanned for events with one negative track >3 GeV and two or
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throe positive tracks emanating from a single vertex in the

target. If ROMEO was found to have reconstructed an event
with topology 1-3+ as 1-2+ or 1-3+, or an event with
topology 1-2+ as 1-2+, the program was deemed to have

reconstructed the event adequately, ie. the event could be
selected by the procedures described in chapter IT1. The

correction factors determined were

1/(0.63 £ 0-07)
1/(0.51 + 0.06)

(run 2)

4.3.6 Summary

Contributing.?actors

Beam flux corrections 1/0.97

Trigger efficiency 1/0.90

Spurious vetoing 1/0.99
Track interactions K+p K-K+K+p 1/(0.88 t 0,02)
K+p -> ppK+p 1/(0.77 + 0.02)
Reconstruction efficiency run 1 1/(0.63 + 0.07)
run 2 1/(0,51 £ 0.06)

Total Factors

K+p K-K+K+P run 1 1/(0.48 £ 0.05)
run 2 1/(0.39 £ 0.05)
K+p —» ppK+p run 1 1/(0.42 + 0.05)
run 2 1/(0,34 = 0.04)

4.4 METHOD OFCALCDLATING CROSS-SECTIONS
The cross-section for a reaction is defined as the number of

events occurring in the reaction per unit time per unit beam

flux per target particle. This may be calculated as
O - n/n~fIN* (4.3)
where: n - total number of events identified in the reaction
Db = total number of beam particles incident on target
p = density of liquid hydrogen
L = length of target

N. = Avogadro's number
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The équivalent beam flux sensitivities s (= n/tr) for 100%
detection efficiency, allowing for DST losses, were

calculated from the above expression, giving

s (K+p — K-K+K+p) run 1- 2,863

run 2= 8,822, total 11.685 events/nb

s(K+p —» PpK+p) run 1= 2,863
run 2= 9.333, total = 12.196 events/nb
Substituting appropriate values, and incorporating

acceptance and correction factors into equation 4-8 yields
¢ = cfn/n”a yub (4.9)

where: c = 0-3908387 x 10*

f = t-TRie fiwT f*Ec (total correction factor)
a = overall acceptance for the specific physics

model of the reaction wunder study

The above expression (4.9) was used to calculate the

cross-sections discussed in following chapters.



events
detector
trigger
S
(1) % A
physical observed
process data

modify model

events
er
mode
theoretical simulated
model data

Figure 4.1: (1) Weighting (2)

51

A

reconstruction

compare

Modelling



52

cm

-135

1 GeV

1

COD OOV ANt A
AN AN

Occocococococvn v —

L~ oo nen < O~ N S —
— T AN N 00 00 0000 00 O~

N —en<t O~ coenaA
00 00 00 0O 00 0 OO

9
14

0
72 42 37 34 20

14 20

\O

N 34670072
7000000000000
9
7

0

—eN<tF\Or~c0ocoN
00 00 00 GO 0O GO OO I~

¢

o enst O~ 0000 0
[~ 00 60 00 G0 ¢N 60 G0 OO

0
0

Q=N O~ 0 0N
[~ 00 00 00 OO0 0 0O OO

=N
N
e}
e}
o
o~
©
o~
©
o~

642086420864
2345667890012

— ] —

oo

GeV

K* trigger acceptance grid (p”,lpl)

4.2:

Figure

< -125 cm

< %

-135

low

P T

1 GeV

1

A

S OO0 OOOoOoOoOocOo O
O OO OO OO
OO OO OOOOOOO OO
OO OO OO OO
[elelelelolelefololelo e
[el=lelelehalelo Yol e oY)
SO T T OoOoooo oo
NN T oo oo oo
—FNINOTANTTOOoOO OO
OStoOoNANTODODOO

—

oSNt AN—— T oo oo

8642086420864

2345667890012

— v p—
*

o

GeV

distribution

Data K“ trigger (p~flpl)

4.3:

Figure



53

»

HxxQ02 XoFd SOrsd £Qo5 OsF s<IS$DwRos - ® S30::S

¢ Svf0g oF 5GC0ov oo} vdoohd =R o: =sTD:WS OY;- o - aav»amW
AN~—

c Solaf 263 BT ~ A UW OY< o 20 SWy MoANy oo SR S GRO =

0.1
9

0.1

0.1

0.1
“k



chapter V
& STDDI OP THS REACTION K+p ppK+p

5.1 INTRODUCTION

Pew data exist [28,34,7] on the reaction

K+p PpK+p
largely because of its low cross-section (a few ywb) [4]
relative to other four-body final states. The study of this
process allows a search for resonances in the
taryon-antibaryon system with little complication from the
production of other resonances in the final state, unlike
corresponding processes with an incident pion, where there
is copious 6++(1232) production. The only well-recognised
resonance produced 1is the narrow A(1520), which decays to

pK+ [2]. The reaction mechanisms which produce the high rest
mass final state are also of interest.

Previous data [34] at an incident beam momentum of 12 GeV
showed a broad threshold enhancement in the pp mass
spectrum, but nonarrow enhancements, such as the 5(1935)
[2], were evident. For the reaction in which the A{1520) was
not produced, a significant fraction of events was seen to
have a backward K+ in the CMS.

The data sample analysed in experiment RA48 represents a
doubling of the previous best statistics, and comprises
fully reconstructed (four-prong) events only. Reaction
characteristics, the results of resonance searches, and the
production and decay characteristics of the A {1520)

resonance are discussed.
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5.2 PBELIMIN&BT
The results presented are based on the,data sample of 2093
events (1788 wunique) selected and weighted for internal
ambiguities by the techniques described in chapter III.
Various sub-samples were also used to test the consistency

of the results obtained. This involved:

1. separating run 1 and run 2 data samples
2. .selecting unique events only
3. removing events with a -ve/+ve track combination

which when assigned masses as K~/K* had an effective
mass in the region of the <J>(1020) meson, viz.

1.00 < mass(*K-K+M < 1.04 GeV.

5.3 REACTION CHARACTERISTICS

The longitudinal momenta p* of the secondary particles
relative to the beam in the CMS are shown in figures 5-1 to
5.3. The p is seen to be produced forward (as required by
the trigger), the X* largely forward, and the protons both
forward and backward. The correlation between p* of the

slower proton and p” of the faster proton in the laboratory

system (figure 5.4) indicates that the protons may be
distinguished as 'slower* (Pg) or 'faster* (p”). The slower
protons are produced entirely backward, and approximately a

third of the faster protons are also backward.

The production of a forward ppK+ system against a
recoiling backward proton suggests the Importance of a beam
fragmentation process in the reaction.

The fraction of events with a backward K+ is
smaller than that anticipated from previous data [28], where
almost half of the data were found to have a backward K+.
However, the previous data contained a large proportion

257) of three-prong events with a missing f+. He recall
that in the present experiment no delta function peak was
seen for the four-prong hypothesis with the K+ as the
slowest track in the laboratory system (hence backward in
the CMS), and that no missing kaon signal was seen in the

three-prong data (see chapter II11).
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5.4 ?ASS _SPBCTRA
5.4.1 fikK+
The pK+ effective mass distribution shown in figure 5.5, and
in figure 5.6 in finer detail, exhibits a clear peak
corresponding to the A(1520) resonance. The resonance region
is well fitted by a Breit-Higner function superimposed on a
quadratic background (see appendix B). The fitted mass and

width, uncorrected for experimental resolution, are

m= 1.520 £ 0,001 GeV
r = 0.021 £ 0.003 GeV

respectively. After considering the minimum resolution
function width of 2 ReV obtained from the experimental
errors on mass (see appendix C), these resonance parameters
are consistent with Particle Data Group (PDG) values [2],

The A(1520) pp data sample will be discussed later.

No higher mass A states are seen.

5.4.2 ppand ppp

Figure 5.7 shows the mass distribution for pp combinations

(two combinations per event), Two broad enhancement regions
are seen, corresponding to the pp” (lower mass) and pp”
(higher mass) combinations. The pi® combination, expected
to be kinematically more favourable for resonance
production, is shown superimposed on the figure, and 1is

responsible for producing a threshold enhancement peaking

around 2 GeV with a steep leading edge. No narrow structures

are evident,® and in particular, there 1is no evidence for
the production of the narrow 10 MeV) S(1935) resonance,
which is not well-established at present [2]. A resolution

0? 1.5 MeV in the threshold pp* mass region was derived from
the experimental errors. The pp system 1is discussed in more

detail later.

3 To be reoarded as significant, a signal was required to
rise at least 3 standard deviations from the background.
See discussion in reference 66
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The ppp mass spectrum is shown in figure 5.8. Again,
there 1is no evidence for any resonant states. The narrow
( P 49 MeV) enhancement at 3-755 GeV suggested by the very
limited statistics 7T+p — n+ppp data of Ehrlich et al, [40]
is not seen. As has already been noted by D.Frame [28], any
resonant effect in ppp would probably be produced by target
fragmentation, and the resulting slow p would not be
accepted by the forward trigger geometry in the present

experiment.

5.4-3 pKt. pp.and ppK*

The mass spectra of the exotic combinations pK+ and pp are
shown in figures 5.9 and 5.10 respectively. Mo significant
enhancements are seen in either distribution, although a dip
exists in the pp spectrum in the region 2.5 - 2.6 GeV. This
dip was found to be a kinematic effect produced by the
addition of the two pp mass spectra corresponding to the
hypotheses with positive track ordering ppK+ (lower mass

spectrum) and pK+p (higher mass spectrum).

Figure 5.11 shows the mass distribution for ppK+
combinations (two combinations per event). Two broad
enhancement regions are seen, corresponding to the pp" K+
(lower mass) and PP"K* (higher mass) combinations. No
significant enhancements are seen in the total mass
spectrum, or in the mass spectra of the individual

combinations.

5.5 TS5E REiCTigli K+E 3> AI15201.E£
5.5.1 Production characteristics

A sample of 487 (429 unique) events corresponding to the

reaction
K+p A(1520)pp, A(1520) pK+ (5.1)

was selected by requiring a pK+ mass in the range
1.50 - 1.54 GeV.
Although data distributions may be distorted by the

trigoer acceptance and the selection of only four-prong
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events, the characteristics of this reaction are evident
from the Van Hove plot (see appendix B) of A(1520)p"Pg shown
in figure 5-12, and the associated angle (figure 5.13). In
the CMS, the A(1520) is produced forward, the slower proton
backward, and the faster proton either forward or backward,
but largely forward. This, and the high t' slope parameter
B 2.5 GeV-2) for t* (beain/A(1520) p") fitted from the data,
suggest that an important reaction process is the
diffractive excitation of the incident K+ to a state which
decays to A(1520) + .

The observed behaviour is similar to that of the reaction
K+p — App

which has been studied in the present experiment [23,22].
Bubble chamber data [41,42] on this reaction at 10 GeV and
12.7 GeV, with few acceptance biases, also supports a

diffractive interpretation.

5.5.2 Hass spectra

The A(1520)P mass spectrum which 1is shown in figure 5.14
comprises two broad enhancement regions, the lower mass
enhancement being produced by the A(1520)p”. combination
(shown superimposed). No significant structures are seen to
suggest the presence of, for example, high mass K* mesons

decaying via this mode.

5.5-3 Decai.of_ AJ15201
The cosO and (f distributions describing the decay
A(1520) — pK+ in the t-channel helicity (TCH) frame (see

appendix B) are shown in figures 5.15 and 5.16 respectively.

The COS& distribution appears to show structure, whilst the
f distribution is approximately isotropic. The TCH frame
has been used since the A(1520) appears to be beam-like in
the reaction 5.1. Since the A(1520) is known [2] to have

spin 3/2, the decay angular distribution »(&/}>) is of the
form given by equation B.8 in appendix B, and depends on

three independent density matrix elements f>"4 Be/*™  and
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In order to estimate the values of these parameters,

following analysis was carried out:

Using the modelling program described in chapter IV,

events were generated according to the processes:

% + P -> {fA(1520)p”) + Pg
U A{1520) ¢ p.
p + K+

assuming isotropic decay of the A(1520)p” system, and

the A(1520) decay according to H ) for a given set
of

A(1520)p~ masses were chosen according to the
A{1520)p® mass spectrum weighted for acceptance, (An

approximate acceptance as a function of A(1520) p*
mass was obtained after initial estimates of the

density matrix elements had been made from a study of

the COS& and projections.) Production angles in the
CHS were generated according to the
t *(beam/A(1520) p*) distribution described by the

fitted experimental slope parameter.

pK+ masses were chosen according to the
Breit-Higner peak plus polynomial background fitted
to the data pK+ mass spectrum in the A(1520) region.
The pK+ system was decayed according to  W(9/$>) , or
isotropically, depending on whether the event lay in
the peak or background regions.

Events generated which satisfied the experimental
selection criteria for the final state K-K+K+p were
rejected.

*or various p = (the p's being
varied within their allowed range of values in 0.1

steps) 10 X number of real events were simulated, and

the resulting acceptance modified 2-dimensional
angular distributions in (cos&,4>) then compared with
the data. Since there were régions of zero

acceptance in (c0sO,<(3) for cos© < 0, only the forward

cos© region was used, this being split into
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4 cos© X 4 cells. The values of the density matrix
elements were determined for which the chi-squared

function given by

(5.2,
k k
where: n® = number of real events in cell k
s = number of simulated events in cell X
was a minimum.
3. Errors on the density matrix elements [p..,p. ,-.-3

which minimised the X* function were estimated by

evaluating [43]:
A ztaXk/Af.) (aXk/*pj), with
(aXk/apj - (X, (p.tap.)-'x*(p.-dp.))/2dp*.

The second derivative matrix thus calculated could
then be inverted to yield the covariance matrix.
Increments dp® of 0.05 on the density matrix elements

were used.

The best fit {confidence level ~-73%) was obtained with each
of Pepg" , » and, in particular, set to zero. The
error calculated on was == 0.03. Figure 5.15 shows the
forward cos© projection from this fit superimposed on the
data cos© distribution.

Within experimental error, the A(1520) was found
therefore to be produced entirely with helicity +1/2 in the
t-channel helicity framéy\(p,, = ZEi-i = 1/2). The vertex
formed by the A(I520) (helicity 1/2), the incident K+, and
some exchange particle e in the rest frame of the A( 1520) 1is
shown T44] in figure 5.17. Conservation of baryon number and
the component of angular momentum along the quantisation
axis (z) indicates that the simplest exchange particle into
the vertex 1is an antiproton. This, together with the
apparently diffractive LPE characteristics, is consistent
with the production diagram (see figure 5.10) suggested by

Armstrong et al. [34], in which a 'Deck* type mechanism
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[14,11] elastically scatters the faster proton at the bottom
vertex.

An overall acceptance of 0.53 for a A(1520) pp final state
was determined wusing the above model with the best estimates
of the A(1520) density matrix elements.

The distribution in the Van Hove plot of events simulated
by the above method corresponded closely with the real data
distribution - An alternative model which generated events
according to the t *(beam/A(1520)) distribution, H(6,4>) » and
isotropic decay of the pl_Dg system, was unable to reproduce

the real data distributions.

5. 6 DATft EXCLDDISG_Ai 15201.

In order to study the remainder of the channel, events with
a pK+ mass in the range 1.50 - 1.54 GeV were removed from
the data sample- For the remaining events, the mass

combination formed by the p and each of the positive tracks
assigned as a K+ showed no signal for the A(1520). The mass

spectra studied for these data was therefore not complicated

by A(1520) reflections caused by internally ambiguous
positive track assignments. As mentioned previously, no
<j>(1020) signal was seen when the pp combinations were

treated as K-K+. (For example, the *(1020) and A(1520) would
reflect as peaks at ~1.907 GeV and <71.962 GeV respectively
in the pp mass spectrum.)

The pp, ppp and ppK+ effective mass spectra for the data
sample excluding the A(1529) are similar to those for the
total data sample and are not discussed further since they
show no significant structures. The pp and pK+ systems are,

however, considered in more detail below.

5.6-1 EE

The pp” and ppg mass spectra shown in figure 5.19 are very
similar to those of the data sample including A(1520)
events. No significant narrow enhancements are seen.
Treating the pp” combination as a single particle, the Van
Rove plot and the corresponding w angle distribution for the

reaction
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K+p (p" ) K+p”
ace shown in figures 5.20 and 5.21 respectively. The
distribution of events falls essentially in two sectors,
correspor{ding to forward pp” production with forward or
backward K+ production. The former sector suggests a beam
fragmentation process, whilst the latter 1is indicative of

both beam and target fragmentation (see sector diagrams in
figure 5.20). Backward K+ events account for approximately a
quarter of the data sample.

The pp” mass spectra for both sectors (figures 5.22 and
5.23) appear as threshold enhancements, the spectrum for the
backward K+ sector being mnarrower and peaking at a lower
mass. Although a possible shoulder is seen on the falling
edge of both spectra, there is no statistically significant
evidence for the production of narrow resonant states.

The pp” decay angular distribution in the t-channel
helicity frame was not found to show any significant effects

when studied as a function of mass and Van Hove plot sector.

5.6.2 pK+
Figures 5.24 and 5.25 show the mass spectra of the exotic
(B=+1, S=+1, Q=%*2) combinations pgK+ and p*K+ in the LPS

sectors corresponding to forward pp” production with forward

or backward K+ production. The PgK+ spectrum for events
with a backward K+ exhibits a significant {->-5c-
background — peak) signal in the 1,70 - 1.74 GeV mass bin.
The peak region is shown in figure 5.26, and is well-fitted
by a Breit-Higner function plus a quadratic background. The

fitted mass and full width were:

m= 1.721 + 0.004 GeV
Y - 0.039 + 0.0 15 GeV

The lower limit to the width of the resolution function in
this mass region, determined from the track errors, was
6 MeV, giving a maximum true width to the peak of

+ 15 MeV by subtraction from the observed width.
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The authenticity of the peak as an effect in the data is
confirmed by its presence in the spectrum of the missing
mass recoiling against the pp” combination (figure 5.27).

The reduced significance of the signal 1is consistent with

the degradation in resolution estimated for this missing
mass combination. Also, no resonance was known which could
reflect a narrow spurious peak in the pK+ mass spectrum

around 1.72 GeV as a consequence of track mis-assignment.
The PgK+ decay angular distribution in thet-channel

helicity frame has been studied in the following p" K+ mass

ranges which were used to define thepeak and control

regions on either side of the peak:

Peak 1.68 - 1.76 GeV
Low guard band < 1.68 GeV
High guard band 1.76 - 1.89 GeV

The cos© and * projections of the angular distributions for
these regions are shown in figures 5.28 and 5.29. (Note that
the © angle has been defined by taking Pg as the decay
analyser and the target proton direction as the TCH frame
z-axis.) The co0s© distribution shows little variation
between the peak and guard band regions, whilst the *

distribution appears to change significantly with increasing

mass only. Therefore, within the limited statistics
available, the interpretation of the Pg K+ peak as a
resonance cannot be confirmed by the decay angular

distribution.

If the pgK+ peak at 1.72 GeV is interpreted as a
resonance, its exotic quantum numbers imply a g*q (uudus)
state, with isospin I > 1. With reference to [2] and [45],
there is little evidence for Breit-Wigner type T%* (S=+1
baryon) resonances, although KN amplitude analyses have
suggested the existence of states such as the 20(1780),
7°(1865) (both with 1=0), and 2,(1990) (1=1), with widths of
a few hundred MeV. The signal observed in the present
experiment clearly cannot <correspond to any of these Z*

states.
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The final state K-K+K+p also provides an opportunity for
detecting any possible resonant effects in pX+: the analysis

of this channel will be discussed in the following chapter.

5.7 CROSS-SECTIONS

Since the data sample consisted only of fonr-prong events,
any cross-section calculated (by the methods described in
Chapter TV) should be regarded as a lower <cross-section
limit. However, in order to provide a better estimate of the
true cross-section, the 3/W-prong event ratio for events
selected in the final state K-K+K+p has tentatively been
assumed for the ppK+p channel also. The ratio, rhy” 2.2,
was calculated for events within (missing mass)* or delta

function peaks after background subtraction.

5.7.1 Kip "Ail5201E¢%

Using the acceptance of 0.53 determined previously, and the
number of events found within tD¢,£3r of the fitted A(1520)
Breit-Rigner peak above the observed background, the

following lower limit was set:
o-(r+p -» A(1520)pp, A(1520) pX+) > 0.22 + 0.03 /xb

The true cross-section was estimated to be 0.7 £ 0-1 yub
using r," - This is in good agreement with the only

published value [3%] of 0.54 + 0.15 yub.

5.7.2 K+E => fEK+E

an estimate of the total reaction cross-section was obtained
by using r,", and the X(1570)pp acceptance as an average
acceptance for the channel. The number of events observed

above background was estimated from the delta function peaks

for the channel. The cross-section estimated:
<T(K+p — ppX+p) - 3.1 £ 0.5 /1)

agrees well with the only known published value [7] of
3.0 £ 0.5 yuh from bubble chamber data, and is consistent

with the lower limits set by the data of reference 34.
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5.7.3 U22er liceit for SI19351 =t PE

Normalising to an estimated cross-section for the channel

excluding A(i520) production:

0"(K+p — ppK+p, no A(1520) pK+) - 2-4 £ 0-5 //b
and allowing for the mass resolution of the pp” system in
the 5(1935) region, the upper limit determined for the

production of the 5(1935) decaying to pp was;

50 £ 10 nb

at 3 standard deviations confidence level.

5-7.4 EE+ FEeak

The cross-section lower limit for the production of the peak
(2) seen at 1.72 GeV in the p,K+ mass spectrum was

calculated to be;
a- (K+p pp*Z (1.72) , Z(1.72) p K+) > 28 + 3 nb

where events within m<,+3P of the fitted Breit-Wigner shape
were taken, and the A(1520) acceptance was assumed. Using

r~ , the true cross-section was estimated to be 88 £+ 13 nb.

5.8 RESUME

The reaction K+p — ppK+p at 13 GeV has been studied with
the best statistics known- Strong A(1520) production is seen
in pK+, and the A(1520)p” system 1is found to be produced in
a manner consistent with diffractive dissociation of the
incident K+. No narrow resonances are found in the
baryon-antibaryon spectra, but a possible narrow exotic
state is seen in pK+. Cross-sections have been estimated
for the complete channel and for the subreaction
K+p A(1520)pp. An upper limit has been determined for the
production of 5 (1935) decaying to pp.
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Chapter VI
& STODI OF THE REACTION K+p K¢ K+K+p

6.1 INTRODUCTION
The reaction
K+p -» K-K+K+p (6.1)

permits a study of the behaviour of strange guarks via the

K~K+ and K~K+K+ systems- The $(1020) and f'(1515)
resonances, which decay predominantly to KK [2], are the
octet-like isosinglets of the J*"=1— and J*"=2++ nonets

respectively in the SO(3) representation [8]. The $(1020) is
well-established [6,33,28,16] in the above reaction, and 1is

of particular interest because of its existence as an almost

pure ss state [2], with quark configuration + .
Data on the state f*(1515) with incident K+ are rather
limited [6], and some uncertainty remains about the
resonance parameters- Recent literature [9,10,3] has

speculated that an enhancement of mass 1-85 GeV and width

~ 100 MeV seen in KK from the reaction K~p — KK(A/S®) is

the $-like member of the =3— mnonet (1=2), with the other
members being the K*(1780), g (1690) and co(1670). Radially
excited Ss states such as the $°(1680) [2] have been
observed decaying to KK in ete~ collisions and in
photoproduction, but have not been ' seen in hadronic

interactions- Various qg potential models [h7,19,20]
predict further ss states which should be evident in the KK
spectrum.

The three-kaon system, and its association with $(1020) K
and f'(1515)K, has been little studied [32,33,28,46,16].
Such data as exists, and the results from recent spin-parity
analyses of the $(1020)K- system produced in the reaction
K-p —» $K-p at 8.25 GeV and 18-5 GeV [ 18,17], indicate that
the three-kaon system is produced essentially in a

diffractive manner with unnatural spin-parity. The S$K
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system has been reported to show resonant structure,

especially in the region of the L(t770) meson (s) [217, but

the system is complicated and existing results are of
limited statistical significance. A detailed study of the
K-R+K+ system would complement existing knowledge of

three-meson systems, which is largely based on the results
from diffractively produced Trnn, Ktitt and KKn systems [eg.
n, 1348].

The data sample in the present experiment improves

existing statistics on reaction 6.1 [33] by an order of
magnitude. In addition to studies of the reaction
characteristics and the K~K+, K-R+K+ mass spectra, the data

permitted a spin-parity analysis of the ${1020) K+ system to
be undertaken. The $(1020)K+ analysis will be discussed in
the following chapter. A limited angular analysis of the

high mass K-K+ system was also possible.

6.2 PRODUCTION CHARACTERISTICS
Notwithstanding the effects of the trigger acceptance, the

data exhibit features which are consistent with diffractive

production of the K-K+K+ system. The K~K+K+ system is
produced with relatively low mass and low four-momentum
transfer from the incident beam particle, as the Chew-Low

plot of t(beam/K-K+K+)/mass(K” K+K+) shows in figure 6.1.

The slope parameter B of the fitted experimental t°’
distribution (oc exp {-Bt*)), though possibly distorted by
acceptance, was found to fall (approximately linearly) with
increasing K-K+K+ mass: a characteristic feature of a

diffractive process according to reference 12.

The longitudinal momentum distribution of the recoil
proton in the CMS is shown in figure 6.2, and displays a
large, very backward peak. The two K+ particles could not
be meaningfully distinguished since no strong correlation
was observed between their longitudinal momenta. For
convenience only, the slower and faster K* in the laboratory

system will be labelled as K+ and K+ respectively.



84
6.3 3ASS SPBCTRA
6.3.1 K-K+

The effective mass distribution for all K~K+ combinations

(two combinations per event) is shown in figure 6.3. The
spectrum is dominated by the production of the $(1020), but
the f*(1515) 1is also evident. The individual K~K+ and K‘ K+
spectra also clearly show these resonances. The $(1020)
region, the intermediate mass region and the f'(1515) region
are shown in more detail in figures 6.4, 6.5 and 6.6
respectively. No other significant (>3r) enhancements are

seen, and in particular, there is no indication of structure
in the region above the f* (1515). The high mass region will
be discussed in more detail later.

The $(1020) region was fitted using a P-wave Breit-Wigner
function superimposed on a linear background to yield the
following mass and width, uncorrected for experimental

resolution:

1.0209 + 0.0002 GeV
r = 0,0089 +£ 0.0003 GeV

B
I

Difficulty was experienced in fitting this region,
especially over the range 1.027 - 1,037 GeV. The fit
(probability ~ 5%) was not significantly improved by using

higher background polynomials, different angular momenta, or

by convoluting the Breit-Wigner function with a mnormal
resolution function (c—2.3 MeV). The possibility of
S/P-wave interference in this region resulting from the the
presence of the S*(975) resonance [2 1 is discussed in the
next chapter. The best fitted $ mass 1s 1.3 £0.2 MeV

higher than the accepted PDG value, and the observed width
indicates a resolution fjl of ~5 MeV by subtraction of the
PDG width.

The region of the f'(1515) in the total K~K+ mass
spectrum is well fitted by a D-wave Breit-Wigner plus a
quadratic background. The parameters of the observed

resonance arc:

m= 1.522 t 0.002 GeV
r = 0-115 * 0.005 GeV
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where the fitted mass is 1in good agreement with the PDG
value. An average resolution of '>'10 MeV in the f'(i515)
region was derived from the experimental mass error
spectrum, indicating an upper limit of 2106 £+ 5 MeV for the
true width of the f’ (1515) in the total K-K+ spectrum.
Although this width is greater than the PDG value of
75 £ 10 MeV, a fit to the four-prong K‘K+ spectrum yielded a

more consistent value (see later)

6.3.2
The K-K+K+ mass spectrum was studied for the following

subsamples of data:-

1. figure 6.7; all events

2. figure 6.8: events with at least one K-K+
combination (K~K+ or K~K+)in the $(1020) massregion
defined by

$(1020) : 1. 00 < mass(K-K+) < 1.04 GeV

3- figure 6-8: events with at least one K-R+

combination in the f*(1515) mass region defined by
f (1515) ; 1.42 < mass(K-K+) < 1.60 GeV

4. figure 6.9: events where no $(1020) or f*(1515) was
produced In either K-K+ combination within the

selections given above.

Threshold enhancements are seen in the K~K+K+ mass spectrum
for each of the above subsamples. The shape of the K-K+K+
spectrum for all events is consistent with that observed in
previous data [32,33]. A small enhancement at high mass is
associated with the contribution from events corresponding
to the three-prong hypothesis K-(K+)pK+.

The $(1020)%+ and f'(1515)K+ spectra appear as similarly
shaped threshold enhancements of width «*450 MeV, peaking at
~1.7 GeV and'"2.2 GeV respectively.
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The K-K+K+ spectrum excluding events where a ${1020) or

f (1515) is produced shows an enhancement of width -2300 MeV,
centred at ~1.8 GeV, and apparently sitting on some
background distribution. The peak seen, although obviously
enhanced by the removal of $(1020) K+ and f*(1515)K+ events,

corresponds to the enhancement which is evident at low mass

in the total K~K+K+ spectrum. As has been already noted
[33,28], this enhancement has a mass and width consistent
with those of the JIr=2~ L(1T70) meson (s) seen in
diffractively produced KnA systems [2]. However, since the
spin-parity of existing three-kaon data has only been
analysed in terms of two-body (or quasi two-body) states,

the possibility of a pure three-body decay node of the

1(1770) awaits further investigation.

6.3.3 Other combinations

The effective mass spectra of all other 2 and 3-particle
combinations were studied and found to show no significant
enhancements. As expected, no A(1520) signal was seen in
the pK* mass spectrum since the combination of a forward K~
and a backward proton is kinematically unfavourable for
resonance production.

The pK+ spectrum was studied in various data subsamples
and IPS sectors for indications of the narrow enhancement at
1.72 GeV seen in the backward pK+ system in the reaction
K+p — PPK*P (see chapter V). The search for such a signal
is greatly complicated by the production of resonances in
the K-K+, and possibly the R-K+K+, systems. The mass

spectrum of the backward pK+ system in four-prong events

where no $(1020) or f*(1515) is produced in the K-K+
combination (within the selections described previously) is
shown in figure 6.10. No narrow enhancement is seen. This
spectrum was also studied as a function of K~K+ mass, and

although some peaking was observed at high K~K+ mass (see
figure 6.10 for 1.48 < mass(K-K+) < 1.58 GeV), the existence
of a narrow pK+ state at 1.72 GeV cannot be confirmed in the

reaction K+p — K-K+K+p.
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6.4 ESTIBATE OF CROSS-SECTION
Without a full understanding of the physical processes
governing reaction6.1, an overall acceptance for the
channel could not be calculated by the simulation of events.
However, the author had access to bubble chamber data on
reaction 6.1 taken at an incident beam momentum of 10.12 GeV
(the data of [6]). Thisdata should have relatively few
acceptance biases. For the 462 bubble chamber events, the

longitudinal momenta of tracks in the CMS were boosted

according to the higher beammomentum of the present
experiment. The =events were then passed through the WA48
trigger simulation programs (see chapter Iv), with each

event being rotated 10 times in regular angular steps around

the beam direction.

The following cross-section was calculated using the
acceptance obtained by the above method, and taking the
estimated number of WA48 events in the relevant (missing

mass)2 and J-function peaks above background:
qg- (K+p — R-K+K+p) = 33 £ 4 yub

The result agrees well with the published values [4] of
36 + 6 yxb and 35 £ 4 yub for 10 and 16 GeV incident momenta

respectively.

6.5 THE E1ACTigN_K+E ~ $1t0201.K+E

The production characteristics of the reaction
K+p $(1020) K+p, $(1020) -> K-K+

are illustrated by the Van Hove plot and associated w angle
shown in figure 6.11. For events with a $(1020) produced in
both K‘K+ combinations (-~ 5"5 of events with at least one §),
the %-%+ combination has been taken to form the $(1020).
The peaking of the w angle distribution clearly shows that
the dominant process is the peripheral production of a
forward $(1020) and K+, with the oroton recoiling backwards.
This behaviour is consistent with that observed in previous

data r33,28].
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The essentially diffractive-like production of the
$>(1020) K+ system, together with the knowledge that the
$(1020) is narrow and has little background in K~K+,
suggests that the $(1020) K+ system is a good subject for a
spin-parity analysis wusing a moments technique [49]. Such
an analysis has been carried out, and will be discussed in

the following chapter.

6.6 THE BEACTION K:p z> fAil515LK+E
6.6.1 Production characteristics

The Van Hove plot for the reaction
K+p f* (1515) K+p, f*(1515) -> K-K+

is shown in figure 6.12. Tor events with a f*(1515)
produced in both K~K+ combinations (/-10% of events with at
least one f*(1515)), the K~K* combination has been taken as
the f*(1515). The a> angle distribution again suggests a
beam fragmentation process, and should be compared with the
£0 distribution for $(1020) K+p. We recall, however, that the
f> (1515) is relatively wide (—100 fleV) , and that the K~K+
background is high (signal/background — 0.6 from the total

K~K+ mass spectrum)-

6.6.2 Decay of f'il5151

Using the simulation program described in Chapter TV, an
attempt was made to confirm the spin 2 assignment [2] for
the (1515), and to estimate the values of the density
matrix elements for the resonance in the t-channel helicity
(TCH) frame. It was assumed that the f*(1515) was produced

only with helicity 0 or £1, leaving three independent

density matrix elements » /71-* uud Re™” to be determined
(see appendix B). The mass spectrum of the K-K+ combination
(see figure 6.6) was found to show a clear f*(1515) peak

with a lower signal/background ratio than that for the total
K~K+ spectrum. Consequently, the 2-dimensional (cos©-,$) TCH
decay angular distribution for K~K+ was used for fitting,

with the fit being restricted to forward «cos©- only because
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of regions of zero acceptance at backward cos© angles. A
grid of 5 cos© x 10 cells were fitted by minimising the
function for the difference between the simulated and real
cell contents (sec equation 5.2). Events were generated

according to:

K+ * p -> (f* (1515)K+) ¢ p
U f*(1515) + K+
L> K- + K+

where isotropic decay of the f'(15 15)K+ system was assumed,

and the f'(1515) (ie. the K~K+ combination lying in the
f (1515) region) was decayed with some angular distribution
dependent on a given set of valuesof ,Re™, g }. A

f'(1515)K” mass was chosen according to the =experimental
f'(1515)K+ mass spectrum weighted for the approximate
acceptance, and its CMS production angle chosen according to
the experimental t*{beam/(f* (1515)KJ)) distributions fitted
as a function of mass (slope parameter
B 10. S - 2.6 X mass).

Two methods were used to take anon-resonant K-K+

background into account;

1. with respect to the Breit-Wiguer f'(1515) peak plus
polynomial background fitted to the observed K~K+
mass spectrum, the peak was assumed to have spin 2,
and the background was assumed to consist of an

incoherent mixture of spin 0 and spin 1 in a Z€ro

helicity state (/Moo =1)» The mass of a K~K*
combination in the f*(1515) region was chosen
according to the fitted K“K+ spectrum, and decay
angles (cos©O,") were chosen wuniformly. Each event

was assigned a decay weight W(B,<>) consisting of

spin O, spin 1 and spin 2 contributions according to
the peak/background ratio at the selected mass
and the spin O/spin 1 background mixture. Tor
various sets of values of spin 2 density matrix
elements and various background mixtures, 10 x number

of real events were simulated.
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2. A background subtraction was performed on the
observed f* (1515) (cos©O,tf>) distribution by using the

following K-K+ mass regions:

Peak 1.Q3 - 1.60 GeV
Low guard band 1.35 - 1.40 GeV
High guard band 1.63 - 1-70 GeV

The combined guard bands were normalised to the
background under the fitted f*(15 15) Breit-Wigner
shape in the peak region. Events were generated with
a KK+ mass chosen according to the fitted f (1515)
peak, and with a decay angular distribution S(O,<f>)
for a specific spin (J=0,1,2,3 used) with a given set

of density matrix elements.

The results obtained wusing both methods were rather poor,
with fit probabilities being of the order of a few percent.
However, the best fits were consistent, and were achieved

for a spin 2 f*(1515) with density matrix elements
5 = [0.7,-0.1,0}

The first method suggests that the background in the
f*(1515) region 1is largely in a spin 1 state. A more
qualitative approach to the f*(1515) spin assignment 1is

discussed-later.

6,6.3 ¢gross-sec¢tion

An overall acceptance of 0.25 for the reaction was
determined using a spin 2 f*(1515) and the above values of
the density matrix elements. Following the example of
Colley et al- [6], the cross-section was estimated from the

number of K~K+ combinations seen in the fitted Breit-Higner

f (1515) peak for all K-R+ pairs:
cr C(+p f'(1515)K +p, £*(1515) K~K+) = 6 £ 1/<b

This result is consistent with the only published value [6]
of b £ 1 yub.
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6.7 FmHER STm OF m mH HASS K-Kt STSTEB
6.7.1 Hass .spectrum

Whilst studying the K~K+ mass spectrum for various data

subsamples, an enhancement was seen at ~1.8 GeV in the K-~K+
combination for four-prong events (see figure 6.13). The
signal was not significantly improved by selecting data in
particular LPS regions. In order to gauge the significance
of the enhancement, the mass spectrum was fitted with a
D-wave Breit-Wigner for the f*(1515) plus a quadratic

background. The result of the fit is represented by the
dotted curve shown superimposed on the data in figure 6.14,

and yields the following parameters for the f*(1515):

m= 1.516 £ 0.003 GeV
r = 0.082 * 0.009 GeV

These Values are consistent with the accepted PDG values
[2]. After subtraction of the fitted background, the
1.8 GeV enhancement region appears as shown in the inset of
figure 6.14. The enhancement may reasonably be identified
with the KK structures (labelled #(1850) [21) of mass
1.85 GeV and 1.87 GeV reported* In the reaction
K-p EK(A/£0) at 8.25 GeV and 18.5 GeV respectively
[9,10]. The approximate Breit-Wigner parameters of the

enhancement are:

1.82 £ 0.01 GeV
0,06 t 0.02 GeV

=]
[

._,
Il

where the width is consistent with that found in the data of
[91. Afit to the mass spectrum with two Breit-Wigner
functions corresponding to the f*(1515) and the observed
bump gave a higher fit probability than a fit with a single
5* (1515) Breit-Wigner, but the statistical significance 1is
limited by the low statistics and the large number of
parameters for a two Breit-Wigner fit. The lower limit to

the resolution function width for the K-K+ combination

» The data of reference 6 also showed an enhancement at
N 1.82 GeV, but event statistics were low and the effect
was not remarked uoon.
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(~-5 MeV) was found to be 3 MeV smaller than that for the
K-K+ combination. This may indicate why the observed
enhancement is present in K~K+ and not in K-K+, but better

estimates of the true resolution would clearly be desirable.

Assuming that the enhancement is the missing #-like
member of the =3— nonet, with other members being the
K*(1789), g(1690) and W(1670), an octet-singlet mixing angle

9 can be calculated using the Gell-Hann-Okubo mass formulae:
tan*© = (m**—ms*')/ (mg*—mv’;), m*8 = (4n112;kr8*)/3

Taking the PDG particle masses [2], and the above mass of

the K-K+ enhancement, a mixing angle
O = 220 + 50

is obtained, which, when compared with the ideal mixing

angle of 35.30, indicates that the #(1820) is largely octet

(ss).
The following cross-section for the (background
subtracted) enhancement was calculated wusing the f’ (1515)

acceptance and the f* (1515) (total K-K+/4-prong K-K+) event

ratio:
C-(K+p -» #(1850) K+p, #(1850) K~K+) 350 + 50 nb
6-7.2 Hgments gf the decay distribgtion

The limited statistics in the R-K+ high mass region prevents

a detailed analysis of the decay angular distribution, but a

study of the experimental moments [6 3] of the decay as a
function of mass may indicate possible spin structure. The
angular distribution for the parity-conserving decay of a

system with mixed spin into two spin 0 particles is given by
the following summation over spin-paritv states A=J" and

helicities A;

H(&r#) = E o (#,7,0) D4 (6.2)
AA" 4-7T "G
AA"

where: are the elements of the spin density matrix [64]

D~ are the elements of the rotation matrix [65]



93
©,# are the decay angles

Defining the moments H(LM) as the experimental averages of

the D-functions:

k
where is .the ambiguity weight for event Kk, the angular
distribution may also be expanded as a series of
D-functions:
= Z A H(LH) D* 6,3
£ ") (LH) My (6,3)
with L < and |M| < J_ Comparing coefficients with

those in equation 6,2 then gives [50] the moments H(LM) in
terms of the density matrix elements Reyo”/. H(00) 1is
simply the event distribution.

The (unnormalised) experimental moments H(LM) = EeH(LR)
of the K-R+ system in the t-channel helicity frame were
calculated for the total data sample, and a selection of the
moments is shown in figures 6.15 and 6.16 for 50 MeV wide
mass bins. Variances on the H(LS) were estimated (after

[51]) by calculating:

" eviit/k

The features evident in the moments will be discussed
bearing in mind that the moments arc uncorrected for
acceptance and that acceptance effects can produce spurious
moments, especially if the acceptance is varying rapidly

with mass.

The moments with L=6 should show structure only for
resonances with spin >3. H{62) and H(64) are
structureless within error, but H(60) is seen to peak
around the I.B5 GeV region, and possibly to dip just

below the f*(1515). H(60) is therefore consistent with a

spin 3 assignment for the #(1850), and 1is a measure of
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only if no higher spin contributions are present. A
striking signal for the f'{1515) 1is seen in H(40). This,
together with the effects seen in lower moments (eg.

H(20)) around the f'(1515) mass, suggests the accepted

spin 2 assignment for the f*(1515). The moment H(50),
being a measure of f can indicate interference between
a spin 2 f*(1515) and a spin 3 #(1850). However, the

only significant effect seen is a slight peaking around

the f'(1515) mass.

To conclude, the observed moments are consistent with a
spin 2 f*(1515), and, within the limited statistics, suggest

a spin 3 assignment for the #(1850).

6.8 SUMMARY
The present experiment has studied the reaction

K+p — K-R+K+p at 13 GeV with significantly improved

statistics. Production of the #(1020) dominates the K~K+
spectrum, but the f'(1515) is also evident. The K-K+K+
system, and the associated #(1020)K+ and f*(1515)K+ systems
appear to be produced diffractively. A possible spin 3
resonance in K-R+ at 1.82 GeV is observed, consistent with
that found in data with incident K~. Cross-sections
estimated for the overall reaction and for the

K+p —» #(1020) K+p and K+p — f*(1515)K+p subreactions are

found to be consistent with accented values.
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Chapter VII
h SPXH-PARITY ANALYSIS OP THE (J>K+ SYSTEH

"A clock is placed op a rotating table. As the
speed of rotation is increased, tne clock flies to
Pieces. Discuss the angular distribution of the
Fragments and show how this allows one to

calculate the spin and parity of the clock."

H.J.Lipkin, A Random Walk in Science

7.1 INTRODUCTION

The diffractive dissociation of the pion and the kaon in the
processes and K— KTITT has been extensively studied
[11,12,13], and detailed results on other diffractively
produced systems, such as KKn and Ap, are now available
[40,26,27]. Natural parity exchange is found to dominate
these diffractive channels, preferentially producing
unnatural spin-parity states (P = (-1)"-%) which are
approximately t-channel helicity conserving (TCHC), or, in
the case of the fK and cJK systems, approximately s-channel
helicity conserving (SCHC) [12,15,52]. Conclusive evidence
exists [13,2] for unnatural parity resonance production, the
I* Q, (1280),Q2 {1400) and the 2~ L(1770) being examples of
strange mesons seen in Knn systems.

The partial wave decomposition of the KKK system,
however, has been little studied [32,46], although recent
analyses [16,17,18] of the diffractive d>(1020)K subsystem
have greatly improved existing knowledge and have indicated
possible resonant structure. Table 7.1 summarises existing

data which have yielded information on the spin-parity of

the system. Note that in the partial wave analyses of the
total KKK system performed using the Illinois method
r53,54], the data are analysed in terms of quasi two-body
states, with being one such state included. '""he more
recent analyses of the system have wused the double

moments [63,49] of the (JK and ¢> decay angular distributions,

where the + is assumed to be in a well-defined 1~

— 116 -
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spin-parity state. All existing analyses have described the
decay in terms of spin-orbit (LS) angular momentum
couplings. The analyses agree that the JA"L = 1+S wave 1is

dominant in the low mass region, producing a broad threshold
enhancement around 1.7 GeV- The observed behaviour of this

wave is essentially non-resonant, and is characteristic of a

Deck mechanism [14,11], where a secondary kaon is
(off-shell) elastically scattered on the target proton. The
2“P wave is found to be weaker, but important, apparently

showing resonant behaviour in the double moments analyses.

The observed 2~ signal has Dbeen tentatively identified with

the L(1770) meson (s), of mass "-"1.8 GeV and width -"0.2 GeV
[ 2], but the resonance parameters are poorly defined,
largely because of inadequate statistics. The analyses

performed using the Illinois technique have too few data to

investigate resonance production in any detail, but Carney
et al. [32] have reported that there is no evidence for a
K-K+K+ decay mode of a 2“ L meson in the mass range

1.6 - 1.9 GeV.

The KKK system is therefore not well understood, and
requires further investigation. The dominance of the <i>[1020)
in KK suggests that an extensive high statistics study of
the i"K subsystem would contribute greatly to our
understanding of the total KKK system. The 7~K+ system

produced in the reaction
K+p (*>(1020)K+P,  4(1029) K-r+ (7.1)

is of particular interest because of the dearth of existing
data, and, since the pK+ combination is exotic, the channel
is not complicated by the production of the A(1520)
resonance decaying to pK~ which occurs in data taken with
incident K~. Assuming a diffractive production model, the
spin-parity of the 4k+ system has been investiaated in the
present experiment over the mass range 1.5 - 2.2 Gev. The
analysis data sample of 10429 (ambiguity weighted) events
represents a threefold improvement on the best existing 4 %t

statistics, and a significant improvement on 47'“ data. The
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spin-parity analysis vas performed using a double moments
technique, and helicity, rather than LS, amplitudes were

used to describe the decay of the system»

7.2 FQRHALISN

The helicity formalism and notation used will closely follow
that of Chung et al. [55,63,56], with further reference to
Martin et al. [65,49]. Be require to describe the production
and subsequent decay of the 47+ system in the following

sequence of processcs:

K+ + p.-> R[d”>(A) ] + p (7.2)

L» 4] 1-[X) I + K+
1 L-» K- t K+

where: Kt is the incident beam K+
p-/p” is the target/recoil proton
E[JN"(A)] denotes the 4»K+ system in a spin-parity
state with helicity A
471~(X) ] denotes the <4 in a spin-parity state

1“ with helicity X
SI = (0n,4) is the P decay angular distribution

JTA~= {Om,,4,) is the 4 decay angular distribution

Figure 7.1 illustrates the above processes, assuming
diffractive dissociation of the incident kaon. Since
approximate t-channel helicity conservation (TCHC) is
anticipated [12,15], the primary decay R 47* will  be
described in the t-channel helicity (Jackson) frame. The
angles Si-= (&,4) give the direction of the 4 in the rest
frame of P, with reference to axes defined such that the

7-axis is along the beam direction, and the y-axis is normal
to the production plane. The helicity angles il,= (©,,4,) for

the secondary decay 4 — K-K+ describe the direction of the

y- in the 4 rest frame, with reference to axes defined such
that is along the 4 direction and y* 1is along 7 x in
the = rest frame. The reference frames used to define the

decay angles are shown in figure 7.2.
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7.2.1 Decai”angalar §istribation

The joint decay angular distribution is given by

w ) = d2o0-/dnda ~ Z « nff
1 : AA* fi fi
AA*
Y47
where several spin-parities A = are present, and

represents the overall transition amplitude between the

initial and final states. Assuming factorisation of

production and decay amplitudes, may be expressed as

<AA|T|i> <a’IFIAA> <A .Jf ]»

(D (2) (3)
where;
(1) isthe amplitude for producing R in a spin-parity state
A with helicity A . This amplitude defines the

(2)

(3)

generalised density matrix elements

AA* *
p <AA|T|i> <A'A*JTli>
© AA*
which weconsider to depend only on the mass of R.
isthe R decay matrix element, which, when transformed
to an angular momentum basis yields
J A

<n.AIFIAA*> = /I‘HT D* (n) F
vV 47T A>

where is the helicity amplitude describing the decay
p -» 4F+ from a spin-parity state A, and (f1) is a
rotation matrix element [65]. If the state A has
natural parity (P = (-1)"), then 7 0.

is the 4 — K~K| decay matrix element, which similarly

may be written

where the 4 has spin-parity 1~.

Pence,
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AAt

(7.3)

gives the decay angular distribution in terms of density
matrix elements “nd helicity decay amplitudes F~. For a

normalised distribution

JH (n.,n") dTL = 1

we impose the conditions

Parity conservation in the production and decay of R leads

respectively to

AA* J-J* A-A» AA*
~NA L = /"-A-A.
A J-1 A
F~ = P(-t) F » (7.6)
Furthermore, hermiticity and positivity conditions on the

density matrix give respectively

AA* A'A AA* AA  A*A*
p = Pp* and Ip 12 < »p P (7.7)
%AA* 'A*A " AA* "AA NAFA*
7.2.2 Double moments

The double moments [55,631 of the decay angular distribution
W(n.,n.,) are the experimental averages of the product of two

D-functions:

ri(Lnim) = <D’\Mn(a)D?nO(ni)> = J\i7(n’A'I)D;/kn(n) DrAnO(n>)dndat (7. 8

with normalisation H(OOOO) =1- The angular distribution may

then be expanded in terms of the double moments thus:
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M (a,n.) = n (2L+1) (,!'+,) R(LMIm) D* (fl) D* (a ) (7,9)
X iniB Mn mO  *
with 0 < L < 2J~, ;M <L, I =0 or 2 and |m| < 1.
By comparingequations 7.3 and7.9, and byusing the
D-function coupling relations [65], the moments may be

expressed alternatively as

A AA* A AA*  AA*
H(LMIm) = ~ H (LMIm) = 2~ t* f <1010]10> (7.10)
AA* AA* IM 11B
where: AA* r-;— T—  AA*
AA* A A*
f = P F* <J*\*Lml]%><1X*Im|]l» (7.12)
Llm XX+ X X*

<1010110> represents a Clebsch-Gordon coefficient

of the fora < jIH> (7.13)

Each interference moment (LHIm) is therefore the product
of three factors which depend on the production of F, the
decay F -> <K+, and the decay 4 K-K +, respectively- The
symmetries given 1in equations 7.5 - 7.7 for the density
matrix elements and the decay helicity amplitudes
impose symmetries on tAti (the generalised multipole
parameters) and fulL , leading to the following symmetries in
%A* "LMIm) [56,63]:

AA* L+M AA*

H (LHlo) =PP'(-1) H (L-Mlm) (7.14)

AA* L+1 AA*

H (LHIm) =PP'(-1) H (LMl-m) (7.15)

AA* M A*A

H (LHIm) =(-1) P* (L-MI1-m) (7.16)

AA* 1 A'A

H (LMlm) =(-1) H* (LHIm) (7.17)

with 7.17 ensuring that the decay angular distribution
W(A,/i,) is real. We note, in particular, that H**(LMIlm) is

also real.
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7.3 M2THgD 0? ARALYSIS
The plausibility of TCHC 47* production and the existence of
regions of zero acceptance in the experimental decay angular
distributions suggested that the simplest method of
determining the 4 ** spin-parity decomposition was to compare

the data double moments with simulated double moments (ie.

modified by acceptance) for a given 4k+ spin-parity model
with and as input parameters. The various stages of
a spin-parity analysis based on such a modelling

technique are described below.

7.3.1 Experimental moments
Events were selected from the total K-K+K+p data sample if
either the K-K+ or the K~K+ effective mass combination lay

in the 4 (1020) region (see figure 6.4) defined by:
1-01 < mass(K-K+) < 1.03 GeV

In the small fraction of data (-~ 4%) where both the K-K+ and
KK+ combinations satisfied the above selection, the
combination nearest the central 4(1020) mass of 1.0196 GeV
[2] was taken to form the 4 - The 4>K* effective mass
distribution for the events selected is shown in figure 7.3.
Events with an ambiguous 4 assignment were found to lie
almost entirely in the region < 1.6 GeV. The 4°F* mass
spectrum was studied as a function of the squared
four-momentum transfer t between the incident beam K+ and
the outgoing 4f+ system. The t distribution is shown in
figure 7.4. As might be anticipated from the total K~K+K+
Chew-Low plot of figure 6.1, it was found that the threshold
enhancement in the 4k+ mass spectrum was associated with low
momentum transfer. Therefore, a cut of t < 0.7 GeV* was
imposed to enhance the diffractive-like component of the
data. The =effect of this 't cut on the <K+ mass spectrum
(shown in figure 7.3) was largely to remove the three-prong
events corresponding to the hypothesis K-(K+)pK+. We recall
that these events were responsible for producing the high

mass contribution seen in figure 5.'%*.
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The data sample was divided into mass bins of width
100 MeV, starting at 1,5 GeV. To ensure an adequate
statistical sample in each bin, only the mass region <2-2 GeV
was considered for the spin-parity analysis. The final data
sample then consisted of 10429 ambiguity weighted events,
almost entirely (93%) corresponding to the K-(p)K+K+ and
R-pK+K+ hypotheses for three and four-prong events
respectively (see chapter III) . The sample breakdown, with

unique event numbers in parentheses, was as follows:

K-(p)K+K+ 6012  ( 5913)
K- (K+)pK+ 706 ( 706)
K-pK+K+ 3711 ( 3708)
total 10429  (10327)

The experimental double moments with

0 <L < 12
0 < M< smaller of ¢ and 4
0 <1 < 2

0 < m< 1

were calculated for each mass bin in the following manner:

H(LMIm = TZ d ,0-,0 (6 ,Om 0 7.18
( ) events yk Hm( k k ) * * ) ( )
k k
where wh represents the ambiguity weight for an event.
Variances on the moments [51] were estimated by calculating:
T L 1
A

V((LMIm)) = wf(Be(D (4,©,0)D" {4 ,© ,0))1* (7.19)
evef(lts k Mn k k mO *k 'k

The data moments were studied to indicate possible resonant
structure, and to suggest a maximum spin content and
dominant 4K+ helicity amplitude. In order to emphasise any
structure, the moments were normalised to the H(OO00O0)
moment, thereby removing the dependence on the shape of the
mass distribution. It was found that essentially only the

moments with L < 4 were non-zero within error, and that the
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H= 0 moments vere dominant. The real parts of the
normalised experimental moments withL < 4 and M= 0 are
shown as a function of mass in figures 7.5 to 7.8. Other
significant non-zero moments with M= 1 (H(1100) and
H(2100)) are also shown- The imaginary parts of the moments

were largely consistent with being zero.

Clear structure of width 300 Me? centred on the
1.8 - 1.9 GeV mass bin is evident throughout the moments,
the existence of a strong signal for 1 =4 suggesting a spin
2 effect. The dominance of the M= 0 moments indicate 1in
turn that the helicity A =0 amplitudes dominate: an
observation which is consistent with the moments of previous
data [17,16] and with the results of some simulation work in

the present experiment (see later).

7.3.2 Assumptions and simplifications
The assumptions and the simplifications made for a
diffractive production model are discussed below,

without regard to the effects of acceptance on the double

moments.

1. The K*“K+ system in the 1.01 - 1.03 GeV mass range 1is
assumed to be entirely in the 1- spin-parity state of

the 4»(1020), and consequently [63], since the (j§) decay

conserves parity, only the moments with 1 = 0o or 2
are non-zero. Although the background under the
observed Breit-Rigner signal (see figure 6.4) is
low (4 5%), spin o/spin 1 interference effects have
been detected in the 4 region [571. This topic will

be discussed in more detail later.

2. The density matrix elements are considered to be
a function of mass only. In particular, the
are assumed to be independent of the momentum

transfer t to the yK+ system and of the initial and
final helicity states of the target proton.

3. TCHC is assumed ie. that the system is produced
from the incident kaon with helicity A= 0 in the

t-channel helicity frame. The expectation and
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consequences of approximate TCHC is discussed in

detail inreferences 15 and 49. Existing results on
()Kconfirm that the M= 0 moments, and hence the

A= 0 amplitudes, are dominant. We note [49] that
the omission of A = 1 terms from the density matrix
is a good approximation as the A = 1 amplitudes enter

quadratically into the M= 0 moments. Also, if 4»K+ is

produced with helicity Zero by natural parity
exchange (anticipated to be dominant [49]), then
unnatural parity (P = (-1)~-1) 4K+ states will Dbe

preferred.

The fundamental sets of ("K+ moments and
spin-parity states are therfore considered to be
H(LOlm) and = {0-, 1+, 2~, respectively. If
H= 0 and 1 = 0 or 2 then equations 7.16 and 7.17

give the symmetries:

AA AA»
H (10lm)= H (101-m)
b A*

AA
H (10lm)= H* (10lm)

which imply that the H(1Olm) are real, and that only

m> 0 need be considered. Assuming TCHC, and 1 < 4,
M= 0, 1 = 0 or 2 and 0 < n < 1, a total of 17
independent moments describe the <)K+ system. This

restricted set of moments will be denoted by H(IOIm).

7.3.3 Programs

7.3.3.1 Calculation of moments and angular distribution

A program was written by the author, after some original
ideas by J.B.Dainton,s to calculate the double moments and

angular distribution resulting from an interfering mixture
of spin-parity states. The parameters input to the
program are the generalised density matrix elements

(which may be normalised as required) and the decay helicity

amplitudes T* for each spin-parity state present. The

%5 Acknowledgements also to J.V. Morris and C.N.Paterson.
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moments H(LMlm) are calculated according to equation 7.10
via 7,11, 7.12 and 7-13, thereby permitting the decay
angular distribution to be calculated by the moments

expansion of equation 7.9. The angular distribution can also

be predicted directly as in equation 7-3 by summation over

all spin-parity states A, helicities A and 4
helicities X. The program can accommodate up to six
different spin-parities and helicity [|A]|] < 1.

7.3.3.2 Event simulation

The general modelling program described in detail in

chapter IV was adapted to simulate events corresponding to
the production and decay processes of reaction 7.2 for a
given spin-parity model. The simulation of an event in

the program was as follows:

1. For a given R (<PKH mass bin, an R mass was chosen
uniformly within the bin. Using this mass, and
selecting a t’ (beam/R) value according to the fitted
experimental t* (beam/R) distribution for the bin, a
CHS production angle for R was defined. (The t*
distributions as a function of R mass were refitted
after preliminary d'* models, hence acceptances, had
been obtained, and were found to yield slope

parameters ~ 5? higher than those fitted in the data,
where B~ 12.1 - 3.8 x mass. However, the spin-parity

decompositions were not found to change significantly

when acceptance <corrected slope parameters were
used.)
2. A K-K+ mass in the range 1-01 - 1.03 GeV was chosen

according to a Breit-Wigner resonance shape with
parameters corresponding to the <">(1020) signal

observed in the data (see chapter VI).

3. Decay angles ji = and (©, ,4>,) for R and the
respectively were chosen uniformly in solid angle,

with the and the K~ beina taken as decay analysers.

4. Tracks were Lorentz transformed into the laboratory

system and, if the track satisfied the trigger
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conditions {see chapters III and 1V), the decay
angles fI and were recalculated using the decay
reference frames shown in figure 7.2. The event was
then weighted according to the theoretical angular
distribution »{A,n") for a given B spin-parity model
and the contribution to the moments summation

(equation 7.18) calculated as required.

Preliminary models
For the first three mass bins (1.5 < mass < 1.8 GeV),
simulations of unnormalised double moments were carried out

for each of the following pure spin-parity states:
A s jP = 0-, 1-, 1+, 2 and 2+

for various values of the helicity decay amplitudes F%.
(Recall that F°¢” = 0 and Fi-,f2+ = 0.) The only non-zero
density matrix element was scaled to the number of
events in each mass bin such that the simulated and data
H(OOOO) moments agreed. The sets of moments flI(LOIm) for the
simulated events and the data were then compared by eye. It
was found that, in general, each spin-parity state produced

a sufficiently distinctive set of moments to justify the

inclusion or exclusion of the state from a partial wave
decomposition- In particular, it was apparent that the 1+
state was dominant, and that a 2~, and possibly a 2+,
contribution was also required, ""he amounts of o~ and 1¢

present were clearly small.
Sinole incoherent mixtures o'f spin-parities were then
constructed, producing simulated moments and decay angular

distributions in reasonable agreement with the data (using a

1+, 2“ and 2* model). The addition of helicity 1 diagonal
density matrix elements (/>"%) did not significantly improve
the matching of the moments. In general, satisfactory

results could be obtained by taking the decay helicity
amplitudes to be real.
The results obtained from these simple models therefore

supported the conjectures o unnatural spin-parity state
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dominance and approximate t-channel helicity conservation.
However, the computing overheads for event-by-event
simulation were considerable, and an alternative technique

for simulating moments which was devised is described below.

7.3.4 icgce2tange g¢gtrelatigs gatrix technigue

A technique was required for manipulating an experimental
acceptance function which was zero inregions of angular
decay space. That the acceptance can produce spurious

effects in the observed moments is illustrated by figure 7.9

which shows the unnormalised moments H(LOIm) in the mass
range 1.6 - 1.7 GeV for the data and for simulated events
where the and "~ systems were decayed isotropically.

Following the method of reference 58 for single moments, the

acceptance function will be described below in terms of

correlation matrix elements. Using the abbreviations:
\ = Lain
A(n.,/ij) = experimental acceptance function
w (A,n") = theoretical angular decay distribution
n V = HL LB
e .
Hy = experimental moment H(LHIra)

= theoretical moment H(LMIlm)

consider the following definitionof the experimental
moments:
e .
- ] A dndn”
= Z H . A *
1 ¢, Dy ,(a,nl) A(A,AI) D\/'{A,AI) dfldAI
since t Tp
e (Tun,)
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Defining the acceptance correlations

Ku' " [ R{A,n*) n**(n,n ) dnan” (7.20)

we then have

€ t
which in an obvious matrix notation gives H = A’H, where
A’ = cA.
For each 4'K** mass bin, the acceptance correlations A%y

defined by equation 7.20 were calculated by generating
events uniformly in the solid angles corresponding to A and

fly and evaluating;

N
16M2 G
lv ' =
events
k=1
where Wg denotes the number of events generated (before
acceptance), and a(fi,/1-j") is 1 or 0 depending on whether
event k is accepted or not accepted. In general, sufficient
events were generated such that 5 x (number of real events
in bin) remained after acceptance losses. An acceptance

correlation matrix of dimension 24 x 24 was thus formed for
each mass bin, with elements for L < 4, 8§ =0, 1 = 0,2 and

-1 < m < 1, assuming negligible contributions from higher

terms (see also figure 7.9). Given such a matrix and a
theoretical set of moments for a particular spin-parity
model, the moments after acceptance modification could be

calculated simply by matrix multiplication, without the need
for time-consuming event-by-event simulation.

As a check on the accuracy of the acceptance matrix
method, simple models were used to yield sets of
theoretical moments and decay angular distributions. The
"experimental* moments predicted by the correlation matrix
technique were then compared with the moments obtained from

event-by-event simulations by using equation 7.18. The two
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methods were found to give consistent results; we assume
therefore that the restricted range of acceptance matrix
elements chosen sufficed to describe the main features of

the experimental acceptance function.

7.3.5 Fitting gf"moments

The reduction in computing overheads resulting from the
description of the acceptance by a correlation matrix
permitted the fitting of model-predicted moments to the
unnormalised data moments (shown in figures .7.10 - 7.12).
The CERN program MINUIT [59] was used to minimise for each

mass bin the chisquared function defined by:

X" = T. iK - ANV
A%

where: v = LOIm, with values as for H(LOIm)

d ,

Hy = unnormalised data moment

= unnormalised moment predicted by model

n after acceptance modification

Vy = variance of data moment
Each mass bin was fitted independently, with final

minimisation in each case being achieved by <convergence of
the MISEAD [59] minimiser. The fit parameters were chosen
bearing in mind the results from previous data and from the
preliminary event-by-event simulations- Assuming that the I+
state was dominant and largely non-resonant, the helicity
decay amplitudes for unnatural parity states were

expressed in the form;

T A .
% = IF.lexpdi®)

F. = |F*|lexp(i™"), where
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with all decay phases being measured with respect to the
F*+ phase, defined to be zero. For natural parity states,
F* = 1/Cy? was assumed. Since unnormalised moments were
being fitted, the parameters corresponding to the density

matrix elements ;f”xg/ were scaled to the number of events N

originally produced before acceptance losses. Only
interference terms involving the 1+ state were considered,
since condition 7.7 applies, and simple incoherent mixtures

of states had been found previously to provide an adequate

description of the data moments. During the course of this
analysis, evidence for a 3+ contribution to the
spin-parity decomposition was presented in reference 16.

Figure 7.13 shows our experimental unnormalised moments for
L =96 and n = 0. Whilst these moments are consistent with
being zero within error for most mass bins, we consider that
a 3+ contribution might reasonably be expected at higher
mass, and note that this wave will also contribute to the
lower moments. Parameters corresponding to the presence of a
3+ state were therefore tentatively included in the fits.

The final 21 parameters considered for fitting were:

1) 2) 3) 4)
5) 6) 7) RRe/>go*+ 8) Nlmp&g:+
9) 10) 11) 12)

13) 14) IF|-1 15) 16)

17) IB) 19) 7. 20)

21)

Preliminary minimisations for each mass bin were carried out

with parameters 5), 6), 7), B) and 16) fixed at =zero,
assuming the dominance of unnatural parity states and a
small 0- contribution. For subsequent minimisations,
parameters were fixed at zero if they were persistently

consistent with being zero within one standard deviation. If

the diagonal density matrix element ) corresponding to
a particular spin-parity state was set to Zero, then that
state was completely removed from the model. Parameters

(such as 5) and ¢) for natural parity states) were released
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and fitted according to the number of degrees of freedom
available- The following observations were made during
fitting:

1. The parameters for 1+ and 2~ were found to be largely
insensitive to the initial assumptions input to the
fit. The parameters for these waves appeared to be
tightly constrained by the data.

2. “The amount of O~ present was generally consistent
with zero. If 0~ was re-introduced to the model after
final minimisation, any contribution was still too
small to be fitted reasonably.

3. The dominant natural parity wave was 2+, Although the
2+ contribution was not large, the wave was necessary
to produce good fits. The 1- content was always
found to be small.

4. A fairly substantial contribution from 3+ was found
to significantly improve the fits obtained, although
the interference and decay parameters for this wave

were rather poorly defined.

The final fitted moments are shown superimposed on the
experimental moments in figures 7.10 - 7,12. The quality of
fit is seen to be generally good; fit probabilities were in

the range 1% - 76%.

Using the fitted spin-parity model for each mass bin, two
sets of event-by-event simulations were performed, with the
decay angular distribution in one case being calculated
directly as in equation 7.3, and in the other case via the

restricted set of moments R(LOIm), applying equations 7.10

and 7.9. The projections (©-4") and (©, of the angular
distribution after acceptance modification were then
compared with the data, and the agreement found to be good.
Figure 7.14 shows the results from the former set of
simulations superimposed on the data. Whilst the mC, and

projections always agreed closely, the (p projection was

seen to be less peaked in the simulations than in the data.

Notwithstanding this effect, which was investigated but not
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understood, we conclude that the fitted models serve as a
good basis for a description of the spin-parity of the <K+
system. Little information seems to have been lost Dby
fitting only the restricted set of moments H(LOIm)-
The theoretical unnormalised moments (before acceptance)
for the final model fitted in each bin are shown in figures
7,15 - 7.17, and may be compared directly with bubble

chamber data [17] or acceptance corrected data [eg. 16].

7.4 RESULTS

The final values of the fitted parameters are presented as a

function of K+ mass in figures 7.18 - 7.21. A full

analysis of the errors on the parameters was not completed,

and consequently the errors presented are simply the

parabolic fitting errors determined by the MIGBAD minimiser.
The number of events originally produced in each

spin-parity state contributing to the final model is given

by the parameters shown in figure 7.18. Note that any
0“ contributions are not shown, being essentially consistent
with Zero, and that the 1- contribution could not be
determined for two bins. Recall that if Apéo for a
particular state was consistent with zero, then that state

was removed from the model for the mass bin under study.

Before studying the results in detail, the quantities
described below were calculated from the fitted parameters.
Coherences and Ergdug¢tion Ehases
The magnitude

AA* /AA A*A®
IET = If P

of the coherence E measures the extent to which the states A
and a* interfere (see also condition 7.7). If the density
matrix elements are expressed [11] in terms of production

amplitudes R and phases X, then
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IR A LA A2
P = Inexp (iX )12 = R
A'A' A’ ,AF A*2
p = JIRexp(ly )I* = R
AA* A A A* A* A A* A A*
and p = £B exp (if )[R expfif ) ]* = £B F expli(ir - y )]
Hence, if the interference is coherent and the phase

(Y* -y* ) gives the relative phase between the production

amplitudes for the states A and A*, The calculated
magnitudes of the coherences and are shown in
figure 7.19, and although the errors are ratherlarge, the
coherence isconsistent with unity for 1+2- and in bins
2 -5 for i+3+- Se have therefore assumed E.-'l and have

determined the relative production phases

AA* AA* AA* AA*
I =
which are shown in figure 7.20. For a simple Breit-Wigner
resonance in state A¥*, the phase will change by T/ 2 in
passing through the resonance peak. However, since we can
only measure the phase (Y* - Y*') relative to the state A,

any variation in Y* will distort the phase change observed.
Decay phases

If the state A* is resonant, time-reversal invariance
applied to the scattering process 4K+ — "K+ in the
5-channel implies [63] that the phase of F” is independent
of Hence the relative phase {So ~S*') between the
helicihy 0 and helicity 1 decay amplitudes should be zero as
we pass through the central value of the resonance. The
differences between the helicity 9 and helicity 1 phases
relative to FJ+ have been calculated and are shown in figure

7.22.

7.4.1 Discussion

The I+ spin-parity state 1is dominant, peaking in the
1.5 - 1-7 GeV mass bin and accounting for "70% of the
cross-section in this region. Above 2.1 GeV however, the 1+

contribution falls to zero. The ?~ wave appears as a peak.
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centred at /~1-8 GeV, and falling to zero at the edges of
the mass range studied. A substantial 3+ contribution is
seen to increase . slowly with mass, becoming the most
important wave above 2 GeV. The dominant natural parity
state is 2+, with the 1- contribution probably consistent
with zero, A peak centred on the 1.8 - 1.9 GeV bin is seen

in 2+, apparently sitting on some background which increases
with mass.

The magnitudes of the helicity zero decay amplitudes
for 1+ and 2“ dip strongly in the 3rd and 4th mass bins
respectively, with the 2~ dip being the more pronounced.
|[Fg+| peaks slightly in the 4th mass bin.

The relative production phase between 1* and 2~ falls by
~1400 between bins 2 and 3, and rises by 120® between
bins 3 and 4. The phase between 1+ and 3+ is consistent with
being zero within the largeerrors. Therelative phase

between the helicity 0 and helicity 1 decay amplitudes for

1+ dips to become negative in the 1.7 - 1.8 GeV mass bin.
In the same region, the relative decay phase - £1~) for
2“ rises by 0.7 through zero. The behaviour of the 3+

relative decay phase is somewhat erratic.
Possible resonant states
The most striking candidate for a resonant state is 2~, with

both the relative production and decay phases <changing

significantly in the region of the peak seenin the
intensity distribution. The decay phase variation

is regarded as especially significant as it is independent
of the behaviour of the other waves- We also note the
greatly increased preference for a helicity 1 P
configuration in the peak region. The 2~ intensity was

fitted to a Breit-Wigner function (without spin dependence)
to yield the following estimates of the resonance

parameters:

m 7 1.81 £ 0.02 GeV
r 0.14 +0.04 GeV
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Figure 7.18 showsthe fitted Breit-Wigner function
superimposed on the 2~ intensity distribution. The 2~
signal is therefore compatible with the enhancements
suggested by previous 4K analyses, and may reasonably be
identified with the L(1770) meson (s) seen [13] in Knn

systems such as K*n and fK produced from an incident K-.

W hilst the 2* intensity shows a clear peak with similiar

Breit-Wigner parameters to the 2~ signal, the absence of
phase information prevents interpretation of this
enhancement. He note, however, that the 2+D waves of
references 16 and 18 also exhibit small enhancements

consistent with that observed in the present experiment.
Interpretation of the total 1+ threshold enhancement as a
resonance is unlikely, assuming a 2~ resonance at ~ 1.8 GeV
and considering the relative production phases. However, the
dip seen in )P~+| and the decay phase may indicate an
effect centred on the 1-7 - 1.8 GeV region. Armstrong et
al. [18] have investigated the 1+ wave in their data by
using a Deck [14] model, according to Berger and Donohue
[15], The result of this study was a satisfactory Deck
description of the 1+S wave, if some contribution from a I+
resonance of width 0.25 GeV at r-'1.84 GeV was assumed.
Daum et al. [13] have already discussed the possibility of a
1+ resonance at 1.8 GeV decaying to and Knn systems.

Although a Deck-type analysis was considered beyond the

scope of this thesis, the effects observed in the present
experiment cannot exclude the possibility of some
contribution from a 1+ resonance in the 1-7 - 1.8 GeV
region.

7.4.2 Cross-sections

The final spin-parity models were used to calculate angular

distributions via equation 7.3, and hence by performing
event-by-event simulations, the acceptance as a function of
mass (shown in figure 7.23) was determined. The particular
subsample of events used in the spin-parity analysis

represents a cross-section contribution of 5.0 £ 0.9 pb,
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and this may be regarded as a lower cross-section limit for

the reaction 7.1. By allowing for the cuts made on the
data, and by approximately extrapolating the acceptance to
higher masses, the following estimate of the true reaction

cross-section (background subtracted) was obtained;
n- (K+p -» <§K+p, -> K-K+) = 13 £ 3 /ib

This value 1is consistent with the 11 + 3 /<b of reference 6
measured at an incident beam momentum of 10 GeV.
The estimated true cross-section for the production of

the possible 2~ L resonance at 1.8 1 GeV is;

T(K+p L(1810)p, L(1810) K+, p KK+) A 0.7 + 0.1 yub

7.5 INVESTIGATION OF K~K+ BACKGROUND IN REGION
Fitting of the K-K+ mass spectrum®* in the ~(1020) region

indicated that ~ 5% of events in the range 1,01 - 1.03 GeV
lay beneath the 4% Breit-Wigner resonance form. Evidence
exists [2] for = C++ states (notably the S*(975) and

4(980)) which decay to KK in this region, and small but
significant S-P wave interference effects in K~K+ have been
reported [57].

The K“K+ background in the region has been investigated
in the present experiment by studying the available 4>K+
double moments which depend only on the decay of the K~K+
pair. The (real parts of the) experimental unnormalised
double moments H(OOOO), H(0010), and U(0020) were calculated
as a function of K-T+ mass for each of the <J)K+ spin-parity
analysis mass bins. These moments may be written [50] in

terms of a density-matrix formalism for S and P-wave K~K+

thus:
H(OOOD) = *pll + 2pl\]= 1 (7.22)
H(0010) = (2//3)"0i (7.23)
H(0020) = (2/5)(y=Ji~ (7-24)

* ie. the soectrum of the K-K+ combination which lay closest
to the central mass of the 17(1029).
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where H = ReH, and Pxi' ~ the density matrix

element describing interference between spin states j and j'

with the helicity of the KK+ system in the spin
states The H(OOIO) moment is of particular interest
in that it is a direct measure of any interference between
the S and P-waves, Expressing the density matrix elements

in terms of an amplitude A and phase Y for each wave gives

[11]:

Pil = |Aoexp(i%)|2 = (7,25)
pll = |A,expfif,)|? = A"s (7.26)
1 8(1) = eAoA<exp(i(Yo-Y, )) (7.27)
— A ' o/ _ :
yYOOOO’Ool cos (% -Y,) taking real parts and (7.28)
£ = coherence 1
The data H(0010) moment as a function of K‘K+ mass is shown

in figures 7.24 and 7.25 for each of the K-K+K+ mass bins
used in the <MK+ spin-parity analysis. For
K-K+K+ mass < 1.8 GeV the final fitted <*K+ spin-parity

models were used in conjuction with the detector model to

simulate events and predict the H(OOI0) moment after
acceptance modification. The predicted moments are shown
superimposed on the data moments in figure 7.24, and are

suggestive of an inadequate model for the K-K+ system.

In order to obtain a rough estimate of the amount of
S-wave K-K+ present in the < region, the experimental
R(0019) moment for K~K+K+ mass < 1.6 GeV was fitted [59] to

equation 7.26 using a constant S-wave and a Breit-Wigner

P-wave with the observed (@» mass and width. The fitted
moment is shown superimposed on the data moment in figure
7.26. (This moment was chosen for fitting since the effect

o” acceptance appeared to be uniform over the K-K+ mass
range.) The corresponding data R(OOOO) and H(0020) moments

for this K-K+K+ bin are also shown in figure 7.26.

The results from the fit, used in conjuction with
equation 7.22, indicate a S/P-wave intensity ratio of
(1.0 £ 0.5)% at the central ~ mass (cf. an estimated

9 £ 7)” in reference 57 for K~p K~X+A at 4.2 GeV
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incident momentum). Furthermore, an estimated (2 £ 1)% of
events with K-R+ mass in the range 1.01 - 1.03 GeV decay via
an S rather than P-vave (#) K-K+ state.

7.6 sonwiil

The data presented constitute a significant improvement on

existing 4»K+ statistics. With some justification from the
data, a TCHC diffractive production model has been assumed
for the (JPK+ system. Based on this model, a spin-parity
analysis of in the mass range 1-5 - 2-2 GeV has
indicated a high unnatural spin-parity state content, with
I+ being the dominant wave. Evidence exists for a 2¢
resonance at *71.8 GeV, ~consistent with being one of the L
mesons reported in data. The 1+ wave appears largely

non-resonant, but the possibility of a resonant contribution

around 1.8 GeV is not excluded. The estimated reaction
cross-section for the <]>K+p final state 1is consistent with
the accepted value. Indications of small K~K+ interference

effects are observed in the < region.
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Figure 7.1: <K+ diffractive production and decay
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FiQure 7.2: decay reference frames and angles



132

itoo

1009

Geo

600

400

200

GeV

Figure 7-3: Mass <K+ (with effect of t cut)

£VEMTS/0-01GeV*-

700

loo

G&V?
Figure 7.4: t(beam/#K+)



Cs
r-INm ~ Luvor-coo'  -INMNTLTVOr-COO
0 *H1I*111*1
(0]
<1 11 (1 11 1 *M 11 11(T1°1
(0)
iri in uioin wiooin in m m m_ . in ig ,oin m .
UKN I—UHN n-UUN p-UHN ryuirN leI‘]_‘[‘* le/Jf)- I‘Nul
11 ol (- O S *11 oI * IT* TI
@ iT) zm om orr;m<NCNCN<N«— ~ * A (N <N CN
(o)
o I 11 « 1 1T 1 1 11
(o)
X . . . . . .
m m in in in, mlnln.lnln.mln.l.n'
rnnrN  r-incN I~In «Qinr—

. * - N R
rlllﬂll[I\KN—#*# #IT 1*1 Iiﬂ\fﬂ\ﬂ\iﬁmmmlrﬁ

oz

(V&) 111111111t M I 11
in m m in m in in m in in U' in in in
ryiny H Ty in«N m m rv «— m _m m m _m r*in*N i— uirg

#akwl T TTIT TTLRI* 1Id

(—1oVO»«ujm m m uwily a -3 -*nmm m INTNFNIN— — —
vofNcra a COINVO acomvo acom vo acofNvo aecmvr
> > v * 1 # [ N T ot e« oy > * 1 * 1 *
IN— — iNiNfNmmaaatninvoiDvor-r'CDcocc'C'r'

° 20

«-0 '
}\(00
«-T-
D
—in

Qo

7~ eOoZ”

(=)

fooo 2R oo NG



IN
0

CN

«4

X

<>

*
SN inmaaaaammmlm%l%l\}iNéthf\}CN

C

m

aiN

I

a vomcoa
I « o 11

10<NCDa

A<viNL)

t

10iNcoa VDfNCQa

ANAVU - ~Ci
< » I » f » I 1
i )tr>NOu.» r*ciojw

ocDr—r~vaD10m J_na a amm (Nﬂ\l(

iuvuaiN CD>DaiN wiuaiN OvoacN

«eel

%]

« Fot

ir»nmaaaaammmmr 11N»N1N«N(N«

r-i

eovoacN

envoatN

civoaiN

eckoaiN

** 1

aiN e \ua<N w voaiN covu
*
mrnrmI\HNCNIVI\HN—I M

o] %OOO

aco

o >

ivvoarN
I o *

ccioaiN
L] L] L]

aiN  ¢Na
I* 11

(N—
(NO
—er

g
— V)

«N—

*.CTA
—€0
—r-
— yo

r-1n

=

0o o w

“

*H



135

fsl—
IN O
r-CO
—M
—\0
" —in
0
X Y
N loaiN c¢DvoafN covoaiN @voaiN (I}Ieivlﬁ N
. RS S S N I fN
v mfommiNfNCNtNIN———— 0
O m
m
CE t I 1
IN
IN O
—a C
_p .
—in
4
(O CE
t >0
Q)
A ovMiarN cuvwaiN oJvoatN ojvuaiN (Navocu 1
«— « 111 #1111 «1 11 I 111 « I11 1H
CN PTmmrOmCNCNCNfNCN — — Ta
0 B
m U
0
ITIII ¢
IN—
fN O
o (0
—€0 >
gk a
* 3D 0)
_in m
°H
U
0
) @
m  eovoaiN coipaiN covoaiN covoaiN eoipaiN iNavoco iNa él
0 e III» 111, «I1T «IT* «IT1 «I11
N irviaaaaammmmmrNiNrvirNr'!l——— .
=y M
I
tn | T O R T T
«N— 0)
IN O P
—> n
= tr

— uiamiN— a'cur'-voinamfN— —iNciamw
u 11111 1 11 ¢ 11111 I 1 1 1 « I
CcJ #*n— 1w 'l al

-



. r-iDinamm— oicop-vomafom— —njmamvop'co
AN T *F] % o« i1i1ftiii emectill
i
0
a

I I 1 1 1 t « 1
I
I
[
1
i
I
I

«

«&— aiCDmviJinamfN—

— t ot I I « t I -«

cf'eDp“» *»inarnrN —

[

tl
X

covfaf? eovIuaIfN covoarN mvoIacINI eoIviaiNI
{N magaaammmmm INfNrNrtN— — — ¢

r-
a

tl

I 11 It il I * « 1 il t i f i L]
D 'ajipa>frr*>to«D tD Lnuiaaam fnrN fN N — —

= o0 o >

—fNmamvet—
» 1 1 1 1 1

fNaiocr fNa

iNOfa ujnicoa lorNCua sDrva*a 1UfNoja acDfNvD acufNvu

. > e 0 0

—fNfNfNmma

olo
—O0

— «J
—1-

fN O

136



600
tie
00
40
40
SO
I OATA
* [ISOT «0»*C
uo OKCAYS
*4-hT CeV

* % I
1)1111{ Goidddrdy ot

Figure 7.9: Data and acceptance induced
1.6 - 1.7 Ge"

moments

for

137

mass



o ZfmfNA oo™ CorfomS R cImer somaMiNy - ARm uivort

fN

rdre e T if)mir(inminmifiLnu)inuiin i M m m

4 | < .
%rz? Fond NC"LmrQ\BfrH%sr %Sy%fﬁ?%%ﬁ\fg»f’f”mm (Ninrto WNinate N oh Nk 8 586 4

11 111 <1 <11 11«11t (1
en INCCDIO(FCNOCOONMN INa-1oeO¢N»10COaIN"VOCOQ<NaiOOQOIN 00(N»1OeDO
o INCNAf-f-r-r- » " mn~"- -rN1NfN1N1Nm<NmanW " 31n1nm1n1fn0
3: IrITtIM rIITITITtIIIII>TttM >I1T1¢(

L e A G I ST AT

— 000m oluvoloininininin amfnnr

° m om m om om om om om om o momomomeomornomom om
-t—foNchnsfsTm1n1D®r>n oeoeenONoo« »“ INfNmm. 1T1f1nm10 ar'p'eeceo'O
[
[
rr1r 1 ¢ 111111111+ 1+« 111111 1ri1t1Ixk1 « 101t 111 M TT1!1
« —
*
o
o
o om omomomomomomOomOomoinom om oindm oinom oinomomomornoin

ANymrQQACT'eror'r“iOiDmma'iTrnm iNiN»-"00®cnecer~r~ioiom m ifiirn N iN fN *-'-

g DyNINNNe—

fN A
INO

»tn

»

rsjr-

fNO

*

«-in

rvio

2R 00 CWOS R I

*

>



" AT 1 A\ - A AN N N
Y. 11fN(r)‘%\Q(g}%@’éo»rMOIOVOI»(NCA> DO QH%COWM&I\P(% AQ%Q}I@&’) 0N r>)»«ieDO(N»"D

gi f~r'1' omu>uimm;j»a-"3ronm Tv(

m

z I 1 I 1.1 1 (
0

f\i i“ii”vnintnininmininminininminininiriintnindin
m b’;&’\_[g) .A%]%B%g>>,Q9N0r’i6fN0r'ianor"infﬁ\_or'incanN—iﬁfN'g]rA“,ir?_fl}Ior’in(N rvinr“O<Ninr~q
w i -I'TT «>kO«>omm«iiny»a-iirnntnnfN<Nr"» »r-T- 0]
S

1111111
0
o kONB3 -0 voNIa -0 vory (Ma -o kOMy a - o0 40f\Vet)a- i i
n  0'0'cjr-c*404)40init>a a a n n ONN(Ne-r- ) ac"r}\’lf’oﬁﬁff},\f[(‘:’?a"ic?%ﬁggfﬁfgﬁ
cc
1II1tM ITIIIM ITIIII
« -
*
Y — "o
™M
0

M fvjc0ag40(N03ao4DrNcoaadD 3a04DCM CDae340CNcoal04QfM CDao40(NCDag40(NCDa a
r-4?6416401n1naaamc1cﬁ/f&41rwy\oooenccc0co(eﬁr'r~40364?)101naaammc rMr41'-«-

M K 1

--—'m

cV
b SR B DD M A B B A IO S ninaassannnner IRCNURCXAE A2 M

EM 40arMC3C040ar4ie3m4oarMc:c040arMooo40anJC)c040arMC)c04oacMocc4oarMom4oacMO00 40
c’0000)CT'0'0404cceooDcoror r»p”r‘r'40404D»04Dininu luiioaaaaamrcenm ntNojfNrMCM ~T -

CM”
CMO
f-cn
“ou
r-r-
r-4D
e-in

CMO
«04
rL O
Sr-

1—40
— 10

«-0

cIn
fN O
~04
' 00
| St

—in

« -0

C4t0
c-C
«-CO
t-r*
«-40
«in

«0

“« -

r-1*—
f1fS
4

a
C—
*HO
MP4
CI10



73] QC’Q

r-f-

INO

(M m-nn

AN arM'"C>o>cor'4Dina< tM”oc4CDr«-4oman{N”o00'.cop'40iriaorNt- “rsinainvop'cocco
o mmrnri CR&B&&W&%&%M— { p P o1

ts 111101111

P40
Ao >

Qe 00200

~40

1p|CM"0O0'COr«-vDirianfN*O0'CDr'40inamrM»~o0a4«0p'40iriafnrMr- —=iNnainvor'-coo'O'-rMma -o
OnmrMIN(NEM<NEN(NENCNPoy M *— o &

111(111111(111 o

PM--

rs»o +
+04

~0J —PM

*10 —c
'-in a

o, a>oacJC)cou3a{Noco40afMOCD4Da(NO®40atNOC040a(N rMaiocorMaioceo (os

1] inminintna a a a a mmn n m INSNOVMN(Nr-c¢ -» -« -« -

oo
[N

(CCeeeeec M

UPM

Pj— Qri
PNJO K *-
«CP WX

«-40
«in P4

caoiorM ® a040fN e ao® (N ® a aciNvooamrMiDoarocsivDoaeiNkO >
if£>ioininaaapn® r«jrd <N «-'“ PMPMcMr>ma a aM )iniovD vDr*r- « P-
«-0

®» 0 0Q

(I («I (II(et1IrIC((C(1TI

PMO

«-a

—*40
«-in

M 0® 40afNO®voaP40® voacM O® ® afNO® 4D aP4»oa)soaPM o® 40arM  PMa
o f«.4040i040iom inuiuiinaaaaafnmmmnirM PM fN fN r4'*r-~T -~ —C

m

(1



— icmmininmmintnininmmtnm
[ ]

(()M accor-r-ioioininaannrMrMr-r- ._«?CM.CMn.lmaaimjnI
40
Ic ITIT(ITIIM

M (M—oatDp'-ioinamcM—oaxr'VOLOancj— —cMfoamior'-ccao

o PMCMCM— r- — —

M p’iom%nrMM axp' -iomacncj—o004C0C'4oinamcM' —cMcnain
C VI -

40

O irr m tn lp in IP in in in_ir. in in IC un
t

c « 1« o« . I « .
o r''inrMop>inrMer»mrMcc-incM C!;r'-inrj rMinf*ocMicp-ocML"'
040 inaaaafcnrocprMCMrMrM — — — — — — CMCMCV

beke it

QGQQ:@E%ZQQO X 5000

i

shbe 5

&

é;”

T

— 7 4030

wga N

z



142
Events/0. 1

250
240
230
200 Events/0.1
180
170 1R
160 160
150
140 15§
130
120
110 110
100 100
90 90
80 80
70 70
60
40 :§
1
1
10CCO0000000CCOCCOCO 1. 10CCO000COOCOCCCCOCC
09E7654321 123456789 0 O0SE7654321 123456789
cose ¢/TT
Events/0.1
318
230
318
200
190
180
Events/0. 1 170
i
1(8 140
110 !
100 100
90 90
80
70
60
40 )
30
20
10
1. 10C€CO00CCO00CCCCOOCC 1.  1CCGOCOCCCOCCCC CCGCC
0 0987654321 123456789 n 0967654321 123456769
cosel <o /Tr
rlaare 14 : Data ¢ simulated decay angles for mass

1.7 - 1.8 GeV



N 0O0QO0O0QO00O0QO0000 0O0000QQOO0000000QO0QQYO
o amiN—oaiwp'ioifiantN»— —rvrnamioP'wao—cMMamior-'X

X

rv
o

X

o
o

X

oo 6o

R| Zo0°

atNuwkoatNoX'

vuvuvoutuiu»uilU )aaaa

uatMomsaiNovioatNo
NiHtM

ao

OO0O0O00000O0O000D0DOD0DO0O0OD0 000000 OVOOOOOO

p'40U)amrv—00'wr*44>y laniv —

0 00O0O0OO0OOOOOOOOTOGOGOO0O
om ouioinoiD oinotnotnouioin
O0VA>er~i*“4040m inaafnnrM fS —

rv  ITX3U)
[ rvniN

«
|

oirioi
Hivors

1rirvor’’inryj
r>1* p»4040«3vou >MMu

«rvnawt\lor~woo—'N

0 0000O0OGOGOOO0O
inoinom oinom oin
——rvrgnfnaainm

mll1(1111111

UIOUIOUIOUIOUIOUIOUIOUIOUIOUIOUtOUIOU)
rvi/)yf—orvir)p»orvu>r»c3fN tfirnoiNinr*orNinr*orN
— iN«NrvrvrnfTini'iaaaau»uiu)uivtiu)

( (1 (111111711

ioi,rouioir;‘onr]ﬁ&lrgtgri

or -1nrvjor in

Mm m cjpvrvr v

<N»*
fN O
r—Q>

v —
«NO
—C

—C

— 40
—tr

(=]

PO



¥ Q00O

v
(1]

W 0000000000000 O0O0
A}

—oaiso
aadci

*

0000000000000 O0 0000000000000 O0
anOaivocou>atvo®4uarv r ivor oorvatuco
IVIVINi v«V—ii — — —— IvrVIVIVi't

530349

0000000000000000000000000O
arvo®4oarvo®40arvo®tcarvo®4o0arvocD4oa
X Miu'inaaaaadrnrnrnrnrvrvrvrvrv— - -

OO0 O0O0O000O0O0O0O0OO0OO0OO0OO0OO0OO0oOOo
*u/u)adiv—ootcor'-ujinad'N—o0O'COP'toinadfv—o00"/»
f—l—ddruqur irvrvfVCvrviNeVivivrve i Piiog'#

*

*
«
«
£
*e
«

o
v
o
v 0000000000c000000O0

afN0x40arvo®4oarV004L1arV0x
aaarnddrnrnrvfvrvrvrv— — — —

<<=
rvo

»

-

4

1

rvo

—»
— r-

rvo
—01
-CD

P-.
—4p

144

LR ==

=Y ¢IR=1;

@

o

S

|EOwWS 0



v
rv rveaotDrvroaoiorvroa
o maaarnrnrvrvrv——

aervvooarorvtooaxryv

——rvrvrvnrnaaaui

« 1(111111<11¢°1
*

. i
Ji *

* 1

1e

* 1
rvoX40arvox4uai'vV04U4uarv rvav>fU/orvad0xo(Nadox
d(N(Nldnv«v— — — rvivPVINCN

1111111 <111i11

1
* 1
* 1
* 1
« 1
* 1
1 «
]
rv 00000O0O0OO0OOOOOOOOO 000
0 40unadrv—oacer”*touiadrv— —rvd
a
X 111
* 1
* 1
* 1
1 .
1 %
* 1
* 1
0
0 0000000 00000000000O00O0
0 arvoX4oarv rvawtuorvatoxorva
a
S 11111(( 11111
1
1
«
« S
1-.':
1 %
* <
v
rv 000000000 C300000 O00O000O0O
O inarnrv—o a Xr*40una d rv— —(Ndau 140r*

rv—
rvo

145



146

NP oo

nooooO
QNNono
o <N N

I'T
00
5400

p—

NOOOODODOOODODODOOOO
QNONONONOINONOND
el wYe No NIt oLl o N (P INETo N Vel b 4

—

"6?

200

OO O2
OO0
PO FANOOOF AN OFTNOXOT NS
e i e L a ¥ o N sa Xan ko K\ R Fo\ K o\ Ao hanihanhaniian

SO O
SO O
00 \O <+

o OO OO0
nS OO OO0 OoOoOoOooooOooOoooO
o OO OVt nNnAa—oOOX~oNtFnAa—
N o — e Y | o o o

Vs o=
LN
o

21
NOo
— o\
— o0
—r~
— o
—uwn

1U

480

'888

460
VJ
400
380
360
340
320

Roo
M4O
o

300

280
260
240

SoOoocOooOOoOooO
OANROTOONO O
~~ovOoNnn < T <

220

coocoo
OOt S
NN AN

160

IS
40
20

N
ll4

-

AN —
NO
—un
—00
— >~
—\O
—n

and fitted

parameters Npi+ti*
Breit-Uigners (*)

Fitted

7.18:

Figure



147

Z
o

*3*

NRe
Poo

S

S
——— N
[ \SRV N e
NnOoOWnoO
OOOO

U
440
400
360
320
280
240
200
160
120
80
40

w [ N 3

Soo (e =)

[=X=F} S o

1 1 1 1 1 1 1 1 .
[ e ye—

SCO
1000
1100

NOUNODUNOWL W Ln LOoOUnNOoOUnOoOWnL Wno
SOOoOOoOoOoOo O S OO oo oCOoOOo oo

OO N QUNDOILND W

a
(e}
(e}
[ T T S S |
BN NN VS AUS RUS T (8 [\

5

1,
0 5678907 0

(ST
AN —
~—
0 —
O —
(=] S}
—No

sk
Nlmpl*3

i

1400 o
1300

1000 4.6
900

800 3:12
700 4

188
400
300 3.2
200
100

100
200
300
400
500
600
700
800 1
900
1000
1100
1200

o) FiJo)\ [@) oo e "

NSNS JUY
NN
TWARADN VO OOND2

NSRS N V]
~

W
N —
~ —
0 —
(=1 &}
]\

J- 5678722 0 0

’iaure 7.19; Fitted parameters Ni?ep*i*~ - NImp'*3+
coherences



148

1r1S
>.75
;15
A

L 25

ceen

NO
— N
— 00
— >~
—\O
—un

5678901

1,
0

iFoi

iFnl

SO WNO
~n o

-725

nNono
NO >~
o~~0 0o

NONONONONONONOSNDNDn
= O S R Y e e SN

~owvwo e Tt T NN Nen NI N — —
e . N A

.525
Z 1CO
-0 75
.050
-025

caNo
—a
— o0
—r~

—

and production

F I+l

7.20: Fitted parameters
phases

Tioure



«I/"

AU

l 5 &l~/n

el

475 - 80

1«25

nJVé ;1
‘1€5

. 100 11

oo oo
oA oo

150 4|

6p.
1.00

i

(9,3, Ne)N
SN O

. 10
.05

B p—
(=175}

§-

Piqlire 7-21: Fitted

7
7
-I1CO .6
1

61 / T

-6
Y4
.3

21

parameters

SIS
~ —
O\ —
O —
(=1 9]

149

il

-06

o @
p—

'o—. Io
o\l @ .

~N—
AN =
\O —
(=] S}
—



IbO

18 i

P—
P—

, 1»0

&)
oS

1
oo

1w B

. 1111122
0 5678901 g-

Figure 7,22: Relative decay phases

50

30

1'7 1» X-» 2.1 a.A

Figure 7.23: Acceptance for <Pkt



151

n(0010) t.5<H(K-K+K+)<1.6 H{0010) 1.6<H (K-K+K+)<1,7
120 120
110 I = data 110 1 data
100 100
90 e = simulation 90 . simulation
80 80
70 70
60 60
50 50
40 40
30 30
20 20
10 10 ®
10 10 o0
- 20 20
- 30 30
40 - 40
- 50 — 50
M(K- 1, 1111111111 M (F-+KIJ, 1 1111111111
a 000000NOOO 0 0000000000
Ge7 0 0001122233 Ge7 0 0001122233
0 0482604826 0 0482604826
8(0010) 1-7<H (K-K+K+)<1,8 H(00 10) 1-8<M (K-K+K+) <1-9
120
110
100 100
90
% . I
70
60
50
40 40
30 %8
10 i
10 - 10
10 tffl 10
- 30 data — 30
- 40 — 40
- 50 simulation — 50
I, 1111111111 «(K- 1. 1111111111
0 0000000000 0 0000000000
Ge? 0 0001122233 GeV 0 0001122233
0 0482604826 0 0432604826

Figure 7-24: Data H(0010) /mass K~K+ for cJiK* bins 1-4



152

H(0010) 1.9<M (K-K+K*)<2.0 H(0010) 2.0<M(K-K+K+)<2, 1

1 120
1 110
1 1 100

90
I 80

NWAUNAI0OD— N
SOOI O O
3
S

—_
=]

—_
o
anal
~
|
—_
o

\

D W

OOOoOO
|
N
S

b o
=
¢
b o
b o
e o
-
pud o
=
T
~
=

H(K- K*lf)
GGV

SOO—
oo
N —
O\ —
[«=]\S]
N W
[e)308)

H(0010) 2. KH(K-K+K+)<2.2

— — —
NA 00—
SO OOO

N SIRYN
cooco

N —
oo

(O O8]
ooo

a(T- KX

GeV

1111111111

0000000000
0001122233
0482604826

ODS:—‘

Figure 7.25: Data H(0010)/oass for &£K* bins 5-7



28 153
15
22 - data
20
IB = fit
16
14
12
10
0
6
4
2
2
4
6
8
10
12
- 14
20
22
11
230
- 32
- 34
- 36
M(K-K+) 1. 1111111111
0 0000000000
GeV 0 0001 122233
0 0482604826
8(0000) 1.5<n(K-K+K+)<1.6 H(0020) 1.6<H(K-K*K*)<1.7
840 16
800 12
760 8
720 4
680
640 §
600
560 I 12 | M
520 1 16 1
480 20
440 24
400 - 28
360 32
320 36
280 1 40
240 44
207 - 48
160 1 1 - 52
120 1 56
30 \ 01
40
68
K*) 1. 1111111111 72
1 0 0000000000 76
GeV > 0001122233 30
& 0482604826 84
M (K- KJ, 1 1111m 111
n 0000000000
GeV n 0001122233
0 0482604826

ta + fitted 8(0010) data 8(0000) and

“iqure 7.26: Data ) ,
H(0020) for bin 1



Appendix A
SinOLATION OF K" DECAYS

The probability P that a charged kaon travels a distance
greater than d in the laboratory system before decaying is

given by
P = exp (-md/pcT) (A. D

where; m =rest mass of kaon (0.4937 GeV)
p = Imomentum] of kaon

cr = mean life of kaon (370.9 cm)
From reference 2» the main K~ decay mode fractions are:

84%2-body, including 63% K*“ gurv (A. 2)
2 1% K- -> 7T-no (A.3)

16% 3-body

yielding muons and pions which could give light in the
Cherenkov counter C or have trajectories which could pass
through hodoscopes HI and H2 outside the matrix correlation.

For a K~ which had been generated by the modelling
program described in Chapter TV and then tracked through the
spectrometer, the following method was used to simulate the

effect of the particle decaying:

1. A decay point along the track length was determined

using
d =-p In (P) /(m/CT) (A.2»

with a probability ? chosen uniformly between 0 and
1. If the simulated decay took place beyond H2, the
event was accepted.

2. A random number rl was chosen uniformly between f) and
1 to determine whether the decay proceeded by a
two-body (r1 > 0.16) or three-body (rl < 0.16) mode.
It was assumed that all three-body decays were

rejected by the trigger.

- 154 -



4.

5.

7.

155
A random number r2 was chosen uniformly between 0 and
I to determine whether the decay products included a
pr (r2 > 0.33) or a (r2 < 0-33).
If the decay point lay inside the spark chambers, the
event was rejected.
The direction of the track outside the Omega field
was determined from its intersections with the
hodoscopes HI and H2-
If the decay point lay inside the field, but beyond
the spark chambers: the linear part of the track
outside the field was intersected with the edge of
the field and, using an average field value to follow
the circular part of the track inside the field, the
direction of the track at the decay point was
determined.
The K* was decayed in its rest frame such that a
or K“ as required was produced uniformly in solid
angle- The decay particle was transformed into the
laboratory system, and its momentum components
calculated. A decay particle produced inside the
field was tracked to the edge of the field, and its
direction found.
Intersections of the linear part of the decay track
outside the field with HI and H2 were determined. If
the decay track lay outside the H1/H2 matrix
correlation, the event was rejected.
Tf the decay track had |momentum) < 3 GeV, the event
was accepted.
Tf the decay track had |momenturn] > 3 GeV, and the
Cherenkov mirrors (see figure 2.4) were unable to

collect the light produced, the event was accepted.



Appendix B
IPS ANALYSIS, HESOHANCE PRODUCTION AND DECAY

B. 1 LGNGITUDIRAL PHASE SPACE ANALYSIS

As suggested by Van Rove [60], the description of
multiparticle final states may be simplified by assuming
that the transverse momenta of the particles produced are
small and are largely independent of the incident beam
energy. At high energies therefore, many characteristic
features of the final state phase space are manifest in the
longitudinal phase space (LPS) distributions of the outgoing
particles. Considering an n body final state of total CHS

energy W, there are two constraint equations:

C gj = Of = s
where: m* = rest mass of particle 1
gf = CHS longitudinal momentum of particle i
r£ = CMS transverse momentum of particle i

If the transverse momenta rj are neglected in the high
energy limit, the final state may be described by (n-2)

variables.

When all g? » (m*+r*), the second <constraint equation

becomes

EI g; 1 =
¢ &

which defines a polyhedron.

For a three-body final state (n=3), the longitudinal

momenta (g" fP»g") “~"7 be plotted in a plane with axes at
1200 to each other. Figure B.1 shows the so-called *Van
Hove plot' which is bounded by a hexagon. The angle w is

chosen as the one variable necessary to describe the final
three-body phase space.
Although in practice the transverse momenta and masses of

the particles produced in a reaction such as

F+P A(1520)irp~
- 156 -
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may not be negligible relative to the longitudinal momenta,
the Van Hove plot is still useful in indicating possible
correlations between the particles. The event distribution
as a function of the angle w may be of assistance in

separating the processes shown in figure B,2,

B,2 BBEIT-WIGNER RESONANCE FORMULAE
Following the discussion given in reference 61, the

Ereit-Higner shape used to describe the production of a

resonance R decaying to particles and was
BN = ffl12Cr/( (m2-m|) 2+r2n]) (B.1)
where: m = mass of and

Bg = mass of R
ro=r;(glgh) 21

where: = width of R
g = momentum of or in the
rest frame of and
g = value of g at m= m
1 = angular momentum of decay

The resonant phase shift Z was given by

tanZT = U g T 1 / ( B . 2)

The true shape of a resonance is modified by the
experimental resolution {see appendix C). If the resolution
can be described by an analytic function EP(m) with some
width Tp, the resonance shape BW*(m) observed experimentally

is then given [28] by the convolution integral
PW (m) = ~ BN(ra') ER(m-m') dm' (B. 3)

Assuming the presence of a polynomial background term, the

observed mass distribution I(ra) is described by:
I(m) = rBN* (m) + a + bm + cm”™ + ., (B.4)

where: r = fraction of resonance present

a,b,c = fractions of background terms present
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The parameters [mg ] of a resonance were determined by

using the program MINUIT [59] to fit the experimental mass

spectrum in the resonance region to the above expression.
The parameters [mo»r” »r,a, b,c,.) were varied and the
values determined for which the chi-sguared function given
by
k
where; n® = number of events observed 1in mass bin k
e,, = error on number of events observed In bin k
(usually

was a minimum.

B. 3 DECAT AHGOUB PISTRIBUTIOWS

Consider the production and decay of a resonance R of spin J

in the process shown in figure B.3. The resonance R
(helicity A) decays to two particles a and b (helicities
, and the particle or combination of particles

produced opposite E in the overall CHS is denoted by c. The
decay angles (O,¢) of R in the t-channel helicity (TCH) or
Jackson [62,61] frame for H are defined in figure B.3, where
the particle a has been chosen as analyser. Note that the
vectors shown correspond to the momenta of particles in the
rest frame of R, and in particular that the incident beam
direction and the normal to the production plane define the
z and y-axes respectively.

The decay angular distribution R (e ,4») may be calculated
r62,63] by summation over the helicity states of the

resonance and the decay products thus;

R (0,4%1

Il
>

(B.S)

where; X = X* -
fi are the elements of the spin density matrix
of the resonance R [64]
are the elements of the rotation matrix [65]

F. , are the helicity decay amplitudes [651



159

9 (e,4) is a normalised distribation if

A

The decay angular distributions for the following parent
and decay product spins have been calculated wusing equation

B,5 (see also [62,61]);

J =7 3» 0+ 0
= A[-|(1-/>00 )+1(3/>"~ -1) cos’e- sinzecos2*

-V2"Re/),g sin2ecos4] (B. 6)

iz 2 zt Q + 0

B (e,4.) = A0 poo (cos20-i) 2+ sinZecos”G* /~*“sin*e
-2c0s4sin2©[Re "” sin"G+JS'Pe " (gos™e-i) |
-2¢0824sin 206 2», * coa”e-J"Rep” (cos"G-") ]

+2Re/”* " cos34>sin2esin2© +cosd44sin*e) (B.7)

a_r_3/2 3i i"2 i 0

W(e,4%) = (1+«p,, )+1 (1-4/> )c0s2©-"Ee™" " sin2©cos2i”

- "KejO " sin2©cos4.3 (B_8)
where: /yyy = , etc.
The properties of the density matrix arising from
positivity, hermiticity and parity conservation in the

production plane are, respectively [50]:
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y <\v

Figure B.1: Van Hove plot for 3-boay final state

Aoao) K* Pf K-* A

Figure B-2: Production of A(1520)p*p”~ final state
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Z5 K*

R rest frame

Tiqare B.3: Decay angles in t-channel helicity frame



Appendix C
EFFECTIVE MASS RESOLUTION

A knowledge of the experimental resolution is essential when
searching effective mass spectra for narrow resonant states
such as narrow baryonia (gggg) with widths anticipated to be
of the order of a few tens of MeV. True resonance widths
and cross-section limits can only be determined if the
effects of resolution on the data are measured.

In the discussion which follows, the 'resolution*, s
will be defined as the full width at half maximum (PWHH) of
the resolution function, whether the resolution function is

known analytically or not.

C.1 DETERMINATION FROM EXPERIMENTAL ERRORS

C.1.1 Method

The following procedure was used to determine the average
resolution function width TjL, imputing only the track
parameters and their associated errors provided by the
pattern recognition and geometrical reconstruction program

ROMEO (see chapter I11):

For each event i with a mass mj lying within the region

of interest, the error Am" on the mass was calculated
using a method detailed later. Each Am® was taken as the
standard deviation of a normal distribution centred on
zZero, and a value Am! was then chosen within this
distribution. The width of the resulting distribution of
all Am! was measured and defined as , the 'resolution'.

This method was originally devised by D.Frame (see also
(661). The author was responsible for the calculation of

the error on effective or missing mass.

- 162 -
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c.1.2 Erample”gf Aii520L rt £Ei
As an illustration of the above technique, the distribution
of Am*for the pK+ mass combination in the A(1520) resonance
region (1.50- 1.54 GeV) is plotted in figure C-1- The shape
is well fitted by a Breit-Wigner function of width

T; = 1.9 + 0.1 HeV (C. 1)

Dsing the known mass and width of the A(1520) resonance
@ = 1519.4 £ 1.0 MeV, r = 15.6 + 1.0 MeV [2]), and the
experimental mass error spectrum, a A(1520) peak was

simulated by the following method:

For each event i generated, a mass mj was chosen
according to the true Breit-Wigner resonance shape, and
an error Amj selected according to the experimental error
distribution. A shifted mass value a) was chosen

according to the normal distribution defined by taking m

as the mean and A=i as the standard deviation. The
distribution of all then gave the simulated resonance
peak.

The simulated peak for the A(1520) is shown in figure C.2,

and the Breit-Rigner function fitted to the data A (1520)
peak is shown superimposed. It may be seen that the

simulated width is narrower than the experimental width:

16-8 + 2.7 MeV c¢f. 20-6 + 2-5 HeV

C.1-3 Discussion
According to reference 66, if both the true resonance peak
and theresolution function have Breit-Rigner shapes of

widths F and 17 repectively, the width TCbs of the peak

observed in the data is given by the linear relationship:
™ = F +F (C-2)

Hence, the predicted resolution width for the A(1520) region

is ;

T7 = (20-6 = 2.5) - (15.6 = 1.0) = 5-0 = 2.7 HeV
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which is in rather poor agreement with the value
determined previously (C.I).

The width of the proton (missing mass) z signal for the

hypothesis K-(p)K+K+ was predicted from the experimental

errors, and found to be 270.6 x the width observed in the
data.

From the above examples, and from the investigation of
other resonance peaks, it was concluded that the Ip

determined from the experimental mass errors should be
regarded as a lower limit to the width of the resolution
function. As has alreadybeen pointed out by P.R.Minto
([231, see also [67]), the track covariancematrix elements

supplied by ROMEO are realistic only insofar as the initial

error estimates input to the program are realistic.
However, the resolution width predicted by equation C.2 is
determined directly from the data. Assuming that the
resolution function derived from the experimental mass
errors can be described by a Breit-Wigner shape, and that

the width of the resonance under study is well known, a
reasonable estimate of the resolution can be made by wusing

the relationship C.2.

C. 1.1 Error _gn mass
The variance of a function y = y(x, jX",---,x,, = y(x) may be

estimated [66] by evaluating
m M

v(y(x)) = 222°(jy/jxi)(ay/axj)7"(x)
i*1 >1

where: 7(y(x)) variance of vy

(X) = element of the covariance matrix of x

Considering the variance of a quantity which is a function
of the ROMEO parameters [1/p/X,*¥] for n tracks, with no

covariance between tracks:
7 =7(1/P,, X, , 4 , and
7(7}y = +(Ay/aXi)zy"" +(ay/adi)2vrrh

+2[ (ay/e(1/Pi)) (Ay/a%i)VA; A+iy/A(1/Pi)) (éy/éd’i)

*faY¥/aXi)
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If y is taken to be the squared effective mass or missing

mass mz, then

Iz = (Zs.e-)z - (Z Pi)~ and
1-1 11—

Amz/j(l/pi) = 2s;p;(Xp”~ +Yp™ +Zp~. - (Rp?/e™))
araz/aXi = 2s; [[(Xp” p N +Yp.~ )/cosXi)-YpZcosXj 1/Pj
6m2/6%*1 = 2s; {Xp -IpKi)
where: S; = +£1 for effective or missing mass as required

" PjCOsXiCOS*;

Py. = p.cosXisin”i

Pxf = PiSinXj

e; = y(n>pPf)

X = p A

T

2 = ZSi P,
1-1 .

E

The variance of the mass n may then be deduced from the

variance of a* thus:

V(mZ) = (2m)ZV(m)
A program was written to calculate the error ("/variance) on
the effective mass (*) of, or the missing nass(Z) to, a
combination of tracks in an event, using the covariance

matrix elements for the tracks provided by ROMEO.

C.2 PETERHIHATION BY OTHER METHODS

C. 2.1 Example of K* —» TIFn»n*

resolution may be determined by measuring the experimentally
observe® width of some 'stable* particle which has zero

intrinsic width, for example:

K* n-n+n+ (r-decay of K+),
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The kinematic configuration of the decay products should
closely resemble that of the particles which form the mass
combination under study.

With a view to estimating the resolution of the K~K+K+

system in the K-K+K+p final state, and knowing that the
average proton momentum was small, the width of the K+ beam
t-decay mass spectrum was measured. The T-decays were

selected from run 1 three-prong data taken with non-standard

trigger conditions, and were identified by having small
missing transverse momentum (Ap” < 50 rteV). & decay point
reconstructed inside the target was also required. The

n-7T+n+ effective mass distribution is shown in figure C.3,

and indicates a three-track resolution (PWHH) of 12 MeV.

c.2.2 Fitting with normal resolution function
Before the resolution functions derived from experimental
mass errors had been found to be Breit-Wigner in shape,

resonances observed in the data were fitted using the

convolution integral technique (equation B.3, appendix B)
with a normal resolution function of standard deviation
= 0.a2nr;
The true width of the A (1520) resonance and the

resolution determined by this method were;
r = 14.6 £ 3.5 Me?, v; = 5.0 £ 1.5 Me?

respectively. The width obtained 1is therefore in good
agreement with the accepted value (see above).

(For completeness, we note that if both the true
resonance peak and the resolution have normal shapes of
standard deviations v and vv- repectively, the standard
deviation of the peak observed in the data is given

[661 by the quadratic relationship;

=UZ + <2 )
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Figure C.3; Mass n~n*n* from K+ beam x-decays
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