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ABSTRACT

This thesis is based on the results of a
study of strange mesonic systems in a 6 Gev XK P
experiment with a liquid hycrogen bubble chamber,
It includss a general introduction (chapter 1)
and brief descriptions oi the instrumentation
(ch.2), data-processing (ch.3) and the theore -
tical background (ch.5) together with a discussion
on the sources of systematic and random errors
encountered (ch.4). The analysis of the data
on some 2, 3 and 4 body final states involving

a X meson is presented (chs. 6 & 7) and the

conclusions from this and other similar experiments

discussed (ch.8) .
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PREFACE

The author joined the bubble chamber film
analysis group at Imperial College in autuan
1963. e assisted the 4 Gev n'P and the 3.5 Gev
K'P experiments then in progress at I.C. till
suamer '64 when the 6 Gev K P experiment was
started. Then onwards he took part in the data-
processing and the general analysis in this
exbperiment and was, in particular, responsible
for the analysis of final states involwving a

K meson, the resulis of which are presented

in this thesis.



Chapter 1 Introduction

A XP experiment in a bubble chamber is, in general, a
multipurpose one. A greater variety of interactions can be produced
in a K'N collision than in a nN or K'N collision since the initial
state has strangeness -1 and baryon no. 1. Thus, even apart from
producing K mesons in the final state, it can produce baryons of
negative strangeness in profusion, no associated production of

other strange particles being nhecessary.

A great stimulus has been derived towards high energy kP
experiments from the study of systematics of elementary particles
with the help of group - theory. By 1962 the existence of a baryon,
named %7, of strangeness -3 and mass ~ 1.676 Gev had been predicteds1)
which could fill up the last vacancy in the J° =3/2% SU3 decuplet
for baryons. Of all particles available as a beam for experiments,
the K~ is most suitable for the production of this particle since
the no. of strangencss +1 mesons to be created in association would
be minimum. The & was looked for in a 3.5 Gev K P experiment by
a British collaboration, the centre-of-mass energy being just

sufficient to produce the §& in the reaction X P + R K'&°% wNo

(2)

such event was identified'~". The next step was to try a higher

energy and the outcome was the 6 Gev K P experiment.

No less important, however, is the study of various production

mechanisins at high energy. The peripheral nature of high - energy



¢ollisions ~ i.e. the tendency towards small four-momentum transfers
£6 the final state particles with respect to the incoming particles
in the centre of mass system = has been observed in various other
experiments. It is normally explained as an one meson exchange
process though baryons are included in épecial circumstances. It is
of cgnstant interest to study thesc processes at high cnergies.
Added to this, there is always the obvious purposc of exploring

the mass spectra of various particle combinations. The experimental
physicist hopes for the welcome accident to occur - viz. for new
resonances to show up. Under suitable circumstances one can go

further and try to determine their quantum numbers.

At the time the present experiment Qas started, the theory
of clementary particles was rapidly developing and quite cncour -
aging. The pscudoscalar mesons i.e. ( my, K, and x° ), the vector
mesons ( P, X*, W and ¢ ) and the spin & baryons ( 2 , N,& and A)
formed SU3 octets while the JP:=3/2+ baryons ( N*, ¥* and Z* )
almost completed a decuplet. As mentioned before, only the iso -
singlet momber, the R -~ , was missing and its properties had becn
predicted. The Aa and f° mesons were known to have spin 2 and

positive parity but could not be definitely attributed to a unitary

multiplet with too many members still missing.
Even more colour was added to the @hcoretical scene by
postulaﬁing that-bafticles arc manifestations of the so~called

Regge=~trajectories i.e. lines on a continuous @-t plane. The



variables a and t associated with the trajectories appear as spin
and square of the rest mass respectively, in the case of physically
observed particles. In the Chew - Frautschi scheme, all particles
taking part in strong interactions are postulated to lie on Regge-
trajectories and thus each trajectory can give rise to a series

of particles with their spins increasing by units of two.

The peripheral nature of high cnergy interactions received
a fair amount of theoretical attention. Calculations had been made
according to a 'one-meson-exchange' Feynmann diagram but this
'unadorned peripheral model' failed to give satisfactory quanti -
tative fit to experimental data. The failure was explained as due
to renormalisation effects introduced by the two vertices and
propagator for the exchanged particle. To deal with these, Ferrari
and Selleri introduced 'form-factors' which proved to be quite
adequate. However, they contained most of the t-dependence ( t
representing square of the four-momentum transfer ) of the observed
differential cross-sections and the wholc theory became rather
unconstrained. The one-meson-exchange model came to nced sone

support to survive.

With this unsettled climate in the theoretical world,
there was a great thirst for high encergy data, spccially for
two-body final states. In the field of K P interactions, the range
of 1.0 to 3,0 Gev of beam momentum had been extensively covered

by experiments done at Lawrence Radiation Lab. , Berkeley ,



Brookhaven National Lab., and C.E.R.N, . By the time the present
experiment was started, rcsults were obtained in the 3.5 Gev
experiment by the British collaboration and experiments were
being done at 4.6 and 5.0 Gev by B.N.L. and at 4.1 and 5.5 Gev
by groups at Argonne National Lab. and Northwestern Univorsgty.
There were also the K P experiments done at 4.6 Gev (L.R.L.j
and at 3, 3.5 and 5 Gev (C.E.R.N.) which greatly contributed

to the world knowledge of X - physics.

However, by 1964 the only mesonic resonance of strange-
ness 1 to have been well - established was the K*89O’ Its
spin and parity werc known and it had been identified as the
hypercharged member of the 1  meson octet, Several other
strange mesonic states werc observed occasionally and not
fully recognised as particlcs. Examples arce the %

R
725'%¢ 1215

and K* The K* however, after its discovery in '65

1320 * 1400 ?
by the Sritish collaboration quickly gained the status of an
established resonance and, with its JP detormined to be 2+f

was hailed into the 2+ meson octet,

The 'peripheral model' of high energy interactions had
gained a subst:antial”ﬁépﬁvlaﬁﬁ&‘éhr,bugﬁ these cxperiments.
Many‘pgocésscénappégréé to g6 via;a one pérgiéie ekchénge;

’ : PP . : EENICENS
which“inciuaed'bﬁryon.—exchange as wecll. In later expefiﬁaﬁ%s

diffraction scattering at either vertex of the OPE Feynmann

diagram was assumed to be responsible for some observed
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enhancements in mass spectra. The identification of A1(1080)

and K*(1320) as resonances became controversial.

With this background, the present experiment can be
believed to have been useful in the study of strangeness =1
mesonic mass spectra. There have been many suggestive features
in this experiment which unfortunately proved to be incon -
clusive because of low statistical significance. A conflict
between greater purification and larger size of a saaple

has often been faced and a compromisc has been forced.

Betwecen June and Novenber '64, about SOOK pictures
were taken with the British National {Iydrogen Bubble Chamber
at the C.E.R.N. proton synchrotron. A previous exposure in
an 81 cm, Saclay chamber had yielded about 60X picturecs. In
the analysis stage it was found that poor statistics made
the data almost useless by itself and due to the much smaller
size, the chamber proved to be very unsuitable for a 6 Gev
K~ experiment. The data obtained from this exposurce have
not beon used in this thesis. The film taken with the BNHBC
was divided equally among six collaborating groups viz.

University of Birmingham
University of Glasgow

Imperial College, London
Max-Planck Institit fir Physik und

Astrophysik, Munich
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University of Oxford

Rutherford High Energy Laboratory, ilarwell.

The findings of this cexperiment have been reported in
the following articles published as yet:

0 . . ey .
X7 production channels in &6 Gev X P intcractions -~ presentcd

at the Oxford Int. Conf. on Elem. Particles, '65.
¥* vproduction in K P interactions at 6.0 Gev/c - do.

@ vroduction by 6 Gev K mesons - do. (Also presented in

Physics Letters, 19, 2, '65.

Quasi two body final states in 6 Gev X P intcractions =

nresented at the LITIth. Int. Conf. on High Inergy

Physics, Berkecley, '566.

v = . . - =0 -~ O
Kn and Knn systems produced in the reactions ¥ P—-X Pn n

4=

- =0 -
and X 2—=X'nnt n at 6§ Gev/c - do.

+
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Chapter 2 Instrumentation - Beam,
bubble chamber, scanning and

measuring machines.

The apparatus required in a bubble chamber experiment is

essentially the following:

The bean i.e. an assembly of magnets, electrostatic fields,
slits etc. to provide a flux of the required particles at the
desired momentum with the least amount of impurity.

The bubble chamber with which photogranhs of interactions
are taken.

Scanning machines which are essentially »rojectors used
in examining the film and searching visually for interesting
'events' or interactions.

Measuring machines to digitize points on the film in a

form suitable for further processing.

Although not directly related to the physics of the ex -
periment, one other piece of avvaratus absolutely essential to

a modern bubble chamber experiment is the electronic computer,

The rest of this chapter would be devoted to descriptions

of the instruments used in the present experiment.
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The beanm
The 6 Gev K particles were provided by a general purpose
beam constructed at the C.E.R.N. proton synchrotron, known as

the 02 beam. >

It was designed to vroduce fairly pure beaus
of P,ﬁ,K and ns of upto about 15 Gev momentum for use in experi-
ments with the BNHBC. It had the option of electrostatic and

radio-frequency separation, the electrostatic method being used

in thce oresent experiment.

Fig. 2.1 shows the beam layout. Secondary particles are
produced by allowing the 25 Gev circulating heam in the P.S.
to hit an aluminium target. The tarpet was nlaced inside one of the
P.S. nagnet units. Thé angle of production for negative second-
aries was essentially zero. This is an advantage since the
secondaries are produced at high encrgies with a stroang forward

peak in the angular distribution.

The beam may be looked unon as consisting of threc parts.
In the first vnart, the solid angle acceptance is defined by the
collimators 3-4., The momentum bite is also definced by the
bending magnets 7-8 and the collimator 10. The wmain function of
the second part is to carry out mass scparation in three
electrostatic separators of total length about 30 metres. In
the rest of the bcam the angular acceptance and the momentum
bite arc redefincd and the beam is stcered into the bubble

chamber. A pulsed bending magnet sweeps the beam across the



14

chamber width.

A system of scintillation and cerenkov counters counted
the total no. of particles and the no. of unwanted particles
passing through the chamber and displayed then on the data

nanel.

The bubble chaamber

Zssentially, a bubble chamber is a vesscl containing a
transparent superheated liquid. It is vrovided witn arrangemcnts
for illumination and at lcast onc transparent window to allow
photographs to be taken. A charged particle vassing through the
suverhcated ligquid produces ionisation and initiates boiling
along its track. The chamber is photographed soon after the
bubbles are formed and the tracks arc scen as strings of tiny
bubbles. The chamber liquid acts as the target material as
well for producing interactions. The chamber is usually placed
in a magnetic ficld so that the tracks of charged particles
arc curved and their momenta can be measurced by neasuring the

curvatures.

The British Sational Hydrogen Bubble Chamber usced in the
. . . . . L
present cxveriment is described in details elsewhere( ) and
only some of the imwortant fcecatures would be mentioned aerec.

The general arrangement is shown in fig. 2.2.
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The important paramcters arec:

Length 150 cns. Wt.of mapnct 300 tons
wWidth 50 # Magnetic field 13.5 Kgauss
Depth Ls u Film used 35mm. unperforated.

The chamber employs threc camcras, each operating inde ~
pendently. The lengti is divided into three parts for illu -
mination, cach being illuminated by three ring-shaped flash
tubes and a condenser system. The flash tubes produce . real
images around the threc camera lenses and a scattering angle
of only about 2° is regquired for light scattcred from the

bubbles to reach the camera.

The chambor vessel is suspended inside a steel vacuum
tank and is surrounded by a hydrogen shield cooled to liquid
hydrogen tcmperature and a nitrogen sihield with pipes circula-
ting liguid nitrogen. A gas phase cxpansion system is eavloyed.
The cxpansion takes wnlace from the top through 48 pives
distributed uniformly over the top surface of thc chamber

eans (4 . . N . . . .
to &s8eFbain a uni-axial flow of the liquid during cxpansion.

The cameras photographed a data panel along with the
chamber. It contained boolk-keening information like date,
frame no. etc. as well as the counts for total no. and no.
of ‘unwanted varticles.

Altogcther, the chamber proved to be reasonably

satisfactory for the prescnt experiment. Only about 12 %of
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the neutral 'K's producod in the first 65% of the chamber were
found to decay outside the fiducial volume in which decaying
neutrals were accepted as well - measurable. The aspect ratio

of 3:1 was a desirable fcature as well since sccondary particles
are produced strongly forwards in the laboratory. Therefore,
the best use of the chamber volume could be made with an oblong

chamber.

Scanning tables

A scanning table is, in principle, a projector with
enough accuracy to allow rough quantitative mcasurcments and
fast but simple-to-handle film drives. It should have sufficicntly
good resolution to show individual bubbles in thc projected
image. The machines used at I.C. use commercially available
cnlarging lenses which have provedfaﬁzte adequate. A pair of
plain mirrors reflcctsthe light rays to form a focussed image
on a horigontal table. They also keep the machines to manageable
dimensions. A vacuum pump sucks the filn down against a glass

plate while the picture is being studied, to ensure good

focussing and also to stop it frou sliding away.

A1l thrce views can be projscted at once and their rela -
tive positions adjusted. This is useful in comparing a
stereo ~ pair to obtain information about the depth of a point

in chamber.
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Mcasuring machines

The three measuring wmachinses used at Imperial College
were cach of a slightly diffcrent type but of comparable

measuring accuracy.

The most claborate onc is a 'National Measuring Machine'
and its optics arc described in ref. (5). It has the fila -
carrying stage and the projecting lenscs moving at right gngles
to ecach other for mechanical stability. The measuring channcl
is scrved by a mercury lamp. The green part of its spectrum
is used to vprovide a 30X view of the measured vart of the film
for the mcasurer. The bluc-violet part forms a similar image
at a photo-electric detector used for automatic track-following.
A tungsten lamp gives a 9X stationery view of the whole framc

for vicwing only. The digitizing is donc with Moire fringes.

A sccond machine was a less elaborate version of the
previous onc and had no high magnification view. The third
was ruch less sovnhisticated, had no track-following arrange -
ments and the movements of the film carrying stage werc

digitizcd in both x and y directions, still with Moiré fringes.

At a later stage, a scmi-automatic device to guide the
machines to fiduciarics and apices to be mcasurced was attached

to the first two machines described above.
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dm. quadrupole 13
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Beam pipe 2

Bubble chamber 4
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Chapter 3 General flow and

data - processing

A total of about 50,000 photographs (i.e. stereo -
triplets were analysed at Imperial College and, as in other
typical bubble chamber experiments, this required a system for
mass data handling. The system used evolved mainly from that
used in a previous 3.5 Gev K P exveriment by the British colla=-

boration including an I.C. group.

The general flow in this experiment is shown in fig. 3.1.
Ihe essential stages are :

(a) 3canning

(b) Measuring

(¢) Computing through Geometry and Kinematics

(d) Compilation and Statistical analysis of the data.
The different steps involved will be discussed in some details

in the rest of this chapter.

Scanning
The 3-view film was scanned twice independently to
reduce scanning losses and misidentifications. Diiferent
topologies were named with three numbers, according to a
. , . .t
widespread convention, as 1 j"k where

i = total no. of charged outgoing tracks,
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j = total no. of thesce tracks with charged sscondary
particle decays or ‘'kinks', the sign denoting the
charge of the decaying particle and

k = total no. of neutral strange particle or ik

decays associated.

All topologies including 'tau' decays i.e. decay of a
beanm track into three charged tracks were scanned for, except
stops and 8 decays of the beam tracks. Two rectangles were
defined on the central view, called view 2, and are shown as
A and B on fig. 3.2. Events with one or no visible strange
particle decay were accepted only if the following were
satisfied: (1) The beamenters through the base of A

(2) The production vertex must lie within 4

(3) The decay vertex of the neutral or charged
strange particle must lic within B.
These events were termed '‘common' events. The 'rare' events
with two or more associated strange particle decays were
accepted over the visible region of the chamber. The purpose
of accepting common events only over a limited region was to
have a good standard of measurability and also to aveid small
potential decay lengths of decaying strange narticles. The
latter was nceessary to avoid large weights on individuwal events,

details about which are discussed in chapter 4.

. . oy . + - .
Associated electron pairs, 'Dalitz pairs' or e ¢ pairs

- + - o . .
arising from the e e decay mode of the n , interactions
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of secondary tracks giving risc¢ to decaying strange particles,
Htfu-e's, stovping secondary tracks and other features

helping the identification of events were noted down at the scan -
ning stage. The criteria for accepting V°s as associated were
made rather lenient for safety. Any v° with the line joining

the production vertex and the decay vertex passing in between

the charged prongs was accepted as associated and any rcjection
made at a later stage on the basis of the results of

kinematic fitting.

The distinction between electron pairs and v° s was
made with the following criteria:
1) An electron pair must have no distinguishable opening
angle on any view.
2) If at lcast onc track has a momentum less than
140 ilev and anvwears to be minimum ionising, it is classcd
as an electron pair. On the other hand, if any of the orongs

. . ... A o]
is more than minimum ionising, it is classed as a V.

It is found that the above criteria have 1 strong bias
against fast As when the Adecays in its own rest frame with
the proton going backwards with respcct to the dircction of
flight. 1In this case the opening angle remains sufficiently
small in the lab. system to simulate an electron vair for a
wide range in the centre of mass decay angle. However, in

this particular situation the momenta of the nositive and
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negative decay tracks obey the relation p+/b_Q¢ %3 . One
added criterion was thercfore used - unless inconsistent in
ionisation, an object looking like an e.p. would be accepted

as a V° if the condition p+/p%3 - is satisfied.

The first two independent scans were done on views 1 and
2 and views 2 and 3 respectively. A third compared the results
of these two, solved any discrepancies and made out scan cards.
The scan cards contained information like frame and event nos.
of the event, approximatc position in the chamber, a rough
sketch of the event showing labels of tracks and vertices,
possible alternative origins of v° s and any relevant infor -
mation for the physicist or the measurer. Besides being a
record of the cvent, the scan cards served the essential purpose

of communication between the physicist and the measurer.

Measuring

The process of measuring was carried out more or less
mechanically by measurers and little physics was involved. It
consists of measuring points on tracks or at vertices by setting
some kind of fiducial mark on them and labelling them according
to instructions on the scan cards. Stopping tracks were
measured with a special label for identification. Common events
were measured on all three views only, the event being rejected
if it was not possible to do so. .No such restriction was

put on rare events. The output of the measuring machines was
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in the form of punched paper tape rcady for computation.

Computation

The process of computation can be subdivided into several
steps: |
(1) Paper tapc to magnetic tape conversion - This cenversicn
was done on an IBM 1401 computer with an attached paver tape
reader. An event took about 4 scconds to be recad from paper
tape and written character by character ontec magnetic tape.
Conversion to magnetic tape in the carliest stage had the
advantage that all subscqguent computation could be done on
the I3BM 7090 which obviously meant neater and quicker

processiug.

(2) Conversion into input fermat for the JOXING system -

A fortran 2 programmc called PING (Programme for Input into
Nirns Geometry), running on the IBM 7090 read the paper tape
imoge mag. tape and wrote out a BCD tape in the format
required by the Joking Geometry. It also produccd diagnostics
for faulty measurcments, e.g. with mispuunches, wrong labelling

etc. , some of which ecould be correccted by editing the paper

tapc and reprocessed. 'Ping'ing took about 3 seconds per event.

(3) Geometrical reconstruction and kinematic fitting -
These were done with the JOKING (JOint KINcmatics and Geometry)

system which used the Ping output as the input. The geometry
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programuc produced a binary 'library' tape containing book -
kecping information and mcasured values of varicbles associated
with each event with the errors. Similar but less detailed
information was written onto the paper output produced. For
badly mcasured cvents, diagnostics about the faults were
produced and the library contained only the book-keeping
information. In a special version of this vrogramme developed
at I.C., a partial geometry was produced for events with only
soime tracks badly measured. This library, together with new
measurements of proviously failed tracks could be treated by

this version to produce a complete library for the event.

The kincematics nart of the Jokiag system read the library
produccd by the geomectry programme and produced a new library
tape 1in the same format but containing the results of fitting
as well., This tape could be used cither to try other hypotheses
on the samc events or to produce another tape in the format
demandced by the Statistics programme. Some details of the

geomctry and kinematics programmes would be discusscd below.

The gcometry vnrogrammc
L (=3

The aim of the geometry vprogramme is to utilisc the measure-
ments made on film on fiducial marks, tracks and vertices and
provide the later stages of processing with estimates of vertex
coordinntes, angles and momenta of the tracks with the associated

Crrors.
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The path of a charged particle in an ionising medium and
a magnetic field is approximately a helix. The deviation from
a perfect helix ariscs from the slowing down by ionisation loss
of energy. Thc ionisation loss and, therefore, the rate of change
of momentum depcnds on thc mass of the particle. The final
space curve fitted to the mcasurements has mass dependent parae-
meters as a result. A huge amount of algebra is involved in the
theory of reconstruction of an cvent in space and only the

steps will be briefly discussecd.

The mcasured positions of the fiduciaries arc first
comparcd with fed-in values. Tho rotation and shrinkages in
the x and y directions rcquired to bring the measurcd points
on fiduciarics to thc standard positions are calculated and
applied to the other coordinates measured. This corrects for
any misalignment of the x and y dircctions of the measuring
machine and in the chamber, lincar distortions as film

shrinkage, etc. .

Vertex positions can be calculated in two indencndent ways.
Firstly, the rays corresponding to the mcasurcd points at
vertices arc produced back to the film plane on thrce viecws
as also a point (x,y,z) in the chamber. The vertex position
can be found by minimising the sum of squares of the distancoes
of the projected images of (x%,y,z) on thrce viecws from the

points where the rays mect the film planc on corresponding
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views. Alternatively, after the tracks have been reconstructed,
one can minimise the sum of squares of distances of a point in

space from the tracks meeting at that vertex.

In practice, both the methods are used. The quantity

minimised is

NV di" 2 NV,NT diJC 2
M= 3 (E—————-) + 3 (g——~——)
i-_-1 v St. i=1 t St.
where d;rz.distance between projected image of (x,y,z) on

film plane and the foot of ray corresponding to measured point
at vertex on ith. view,

d;;z,distance between the space point (x,y,z) and
the ith. track at the vertex,

NT = total no. of tracks at the vertex,

nv no. of views on which vertex is measured,

s, = standard error in vertex measurement (fed in) and

Sp = standard error in setting on track. (fed in)
This minimisation is done by an iterative method. In

this process the quantities 1/sjzand 1/s§2are used as weights
and after the determination of x,y,z it is checked whether

the use of standard values of S, and s, is permitted in this

t
particular case or not. New values of Sy and 5, are calculated
as v 2 £ 2
d. d.
52" 2 = and 52 = X L
v i 2,NV~3 t 7 i NV,.NT
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If now it is found that

2 2
Sy calc. / Sy st.
- / s 2

t calc. t st.

> g and/or

> €] where B is a specified
guantity, then the use of standard sv,st in the iteration
previously described is considered unsatisfactory and is
re-done after replacing the standard values of S, and h by

the calculated ones. This recalculation is required for only

few events with unusually large measurement errors on vertices.

For the reconstruction of tracks, the conversion of
points to rays is done in the normal manncr. As a check for badly
measured points, a parabola, or in the case of sufficiently
straight tracks, a straight line is fitted to the (x,y)
points on the z =0 plane (i.e. the front glass - liquid
interface). Points lying more than a maximum distance away
from this fitted curve or straightline are rejected and the

fit repeated,

The first stage in the three-dimensional reconstruction
of the event is to find corresponding points. When a point
in the chamber is viewed by two cameras, the line joining the
points X414 and X515 i.e. the points where the rays cut
the z=o0 plane, is parallel to the line joining the two camera
lenses. If thrce vicws arc measured, a best view is chosen
depending on the projected length of the track on this view

and the stereo-angles for pairs formed with the other two views.
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For the points moasurced on the main viow chosen, corresponding

points are found on the other two views by interpolation,

At this stage, the x,y and z coordinates of several points
on cach track arc known and a space curve can be fitted. This
process is divided into two parts - a circle or parabola or
straight lince is fitted to the x~y coordinates and then a
z-fit is done with the 2 coordinatc linearly increasing with

the angle the track turns through,

The two stage fitting just described produces a mass inde-
pendent helix fit without slowing down correction. A serious
defect of this fit is that the errors in the parameters
involved are very complicated functions of the mcasurcment
errors made on film and are almost impossible to calculate.

As such, a different method is used which uses the fit made

so far as a starting value., Tihe helix formed in spacc in the
bubble chamber is projected back on to the film plance on all
threec views. The rays are also projected similarly and the best
fit is found by minimising Zidia where di = distance of
the point where the ith.ray cuts the film plance from the
projected image of the helix. The summation extends over all

measured noints on all views.

The helix finally fitted to spacc points has mass depend-
ent corrcecctions and the fits arc done for proton, K and =

nasses.



30

Oertaln vthur facilities arc built into the programme.
It can find the momentum of stopping tracks from the range.
For all vertices with three charged tracks a test for copla-
narity was done and if it was satisfied, a flag was set in
the library for the cvent to communicate the information to

the kinematics programme,

The kinematics programme :

The aim of kinematic fitting is to adjust the measured
values of track variables, i.c. momenta and angles, to satisfy
the constraints of cnergy-momentuu conservation by the method
of least squares. The procedurc is dealt with in details

in refs. 6-7.

The method of lcast squares is applicable only when
the variables have gaussian distributions. The Joking system
uses the centre-of-track values of 1/p, tanh and ¢ as
the variables where p, M and ¢ stand for momentum, dip and
azimuth respcctively. Thesc are the quantitics most likely

to behave as gaussian.

Energy-momentun conservation gives the following constraints

at any vertoex: z Ei = 0
2 +t P, sinA,.sing .= 0
i i i
2 + P, sinh,.cos9 .= O
i i i
+ =
2 tP cosgy =0 ,
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where the positive signs are taken for the outgoing tracks

and the negatives for the incoming ones. If Xy stands for all

the variables in a fit then the error matrix Gij is defined

by Gi;] = <5xn;-. ('D:cméi >, the brackets

represénting the cxpectad value. Inter~track correlations

arc ignored in the calculations so that the matrix (‘i""1 consists

of a string of 3X3 matrices along the diagonal. The gquantity
33 (xi-xim) Gij (xj-xjm)

has to bc minimised to find the fitted values of the variables

in such a way as to obey the constraint equations as well.

This is done by minimising instcad

I L
M = i’?=1(xi-xim) Gij (xj-xjm) + 2 l§1alfl(§)
where a; = undetermined multiplier
fl = value of the 1lth. constraint
I = total no. of variablcs
L = total no. of constraint equations for the fit.

This is, in fact, equivalent to solving the L constraint
egquations for L of the variables and then minimising a XZ
involving I -L variables. This is unpractical since the
constraint cquations arc non-linear and one solves the I+1L

simultaneous cquations:

OM | 5, i=1 to I

6:xi
OM ,
6ai =. O, i=1 to L .



32

These give the I +L simultaneous equations -

36 (x.-x.") +3 a F, (x) =0, i=1,I
i L3 3 J 1 -

i 1 741
fl(z) = O, 1=1 ,l 3 fl(zi_)
where Fil(z) = ~5;§T_ .

These cquations are solved iteratively. If En = value of the

vector x at the nth. stage of iteration, then assuming that

F,,(x) is a slowly varying function of x so that Fil(En) is

a sufficiently good avproximation of Fil(zr), Er being the

required root, the first eqn. can be written as
ZGij(xj~xjm) +3ay Fil(zn) = O.

A first order Taylor expansion of the second equation around

<1

n . n n n
x = x gives fl(§ ) + "Fil(z ) (xi-xi )

=O-
The two scts of simultaneous cquations can be written in

matrix form as G (x - Em) + Foa = O

= 0 , where Ft=transpose of F.

h
+
bz
1=
1
o
-
|

From thesc, -1 ne =1 n n
x=x_=-G JF(x).H (x). blx")

il

=
(]
|

where H

b= Fllx - ) + £
—— -m —

s znlhere being the measured values.
This is lincar equation in x and the quantities on the right

can be calculated. The value thus obtaincd for x can be used

n+1 R . .
X for the next iteration. For the starting values one usecs
o}
X = X
& En
o

37—00
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There are two obvious problems. The process of itoration
should be terminated when there is no more any significant
change in En and also there should be an error exit for wrong
hypothescs as quickly as vpossible. At cach stage of iteration
a X2 is calculatcd which is a measure of the stretching that
has alrcady becen donc on the variables. Iteration is terminated
if the sum of squarcs of constraint unbalances drops below a
specified value and also the proportional change in X2 since

the last iteration is sufficicntly small.

On thc other hand, a fit is rejected if, for example,
X2 is too large at the stationery value or the constraint
unbalance incrcascs morc than a specified no. of tiwmes.
Howcver, thesc criteria arce still not perfect. Casces have
been observed in this cxperiment, for cxample, where the X2
oscillates through the stationery valuc and even though the
constraint unbalance becomes essentially zero at some stage,
the programme fails to detect that an acceptable fit has been
rcached. As a result, it rejects the correct hypothesis which
is apparcent by the fact that the hypothesis is fitted without

any trouble to a slightly diffcrent measuremcent of the same

cvente.

An important function of the fitting process is to improve
the quality of mcasurements. The errors on the fitted quantitics

are smaller than the mcasurcment cecrrors. The rcason, stated



34

qualitatively, is that kinematic fitting utiliscs the added

information of cnergy-momcntum conscrvation.

A set of quantitics called stretches dis calculated by the
kinematics programme for studying systematic crrors. The stretch

in a variable xi is defined as
fitted . m
X, -X.

S(X- ) = L . z -
i < X.f:Ltted___x_m>
i i~ rms

If there are no systematic errors in the measurement of a
variable and if the errors are correctly estimated, the

corresponding stretch would have a normal distribution.

A pvart of the kinematics programmc also calculated
effective masses and various angles associated with different

particle combinations.

The kincmatics library was run through a programic
called Inco which picked up selccted fits and wrote another
binary tape called the data summary tape. This contained
essentially the vertex coordinates and the vertex values of

the track variables in a compact form.

(4) Statistical analysis -

This was donc mainly with the Statistics programme which
rcad fitted information about the events from the data summary
tapc. It could plot histograms and 2-D scatter diagrams to

display effective masscs of different varticle combinations,
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their c.m. production angles and other interesting angles,
L - momentum transfers ctc. » The calculated angles, shown in

fig. 3.3, can be defined as follows:

cosa = r, -k

cos B = r, - 4,

cos(® or S1) =b .4

cos 82= n . QT

cos S3= (ETX g).gr / IETX gl

P tan” (cos §,/cos SB)

where all the vectors arc unit vectors in the following

dircctions:

T - .resonance linc of flight in c.of m.

b - beam dirn. in lab. or c.m.

b. - beam dirn. in the rcesonance c. of m.

gr - line of,flight.ofldccay productvin tth
resonance ce. of m, . o

n -  normal to production planc i.e.EXEC/IEXECI.

The programme had facilities for making selections on
the basis of efféétive masses, production angles of particle
combinatigns ctec, . It gould deal with the weighting of cevents
if a V-dgcay was in;olved.

The main fe§tgrevof this programme was that it rcad in
the minimuﬁ amount of data and caiculatcd cffeetive masses ctc.

as it recad through the data summary tape. With a computer
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of the speed of the IBM 7090 the tape reading took a considerable
fraction of the total opcrating time which is a good reason for
favouring a compact data summary tapc. This, however, reduced

the flexibility of the programme. At thce same time, by occupying
a large space in the computer memory, it made it difficult to

deal with events having many tracks.

Statistical methods

Most of tho information that a typical bubble chamber
experiment aims at obtaining, can only be derived from the
observation of a large no. of cvents of the same type. Once
such a number of cevents has accumulated, one looks at the distri-
butions of various physical quantitices and compares them with
expected ones on the basis of certain hypotheses. Any significant
deviation of the observed distribution from the cxpected one
indicates some special mechanism. The 'significance' is important
because statistical fluctuations always producc somc deviation.
It can be asscesscd by statistical means alone. An assortment
of statistical methods used in this experiment would be discussed

in this scction.

The data are often presented in the form of histograms and

scatter-plots. In genceral, the no. of events in a bin or a given
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area follows

o

binomial distribution

P(n) = NCn. pt. (1—p)N-n

where N total no. of cvents

il

- hypothetical mean of the fraction of events

3
i

in the bin,
The obscrved no. of ¢vents, n, has mean and variance given by
n=N. 2]
Var(n) = N.p.(1-p).
If n/N is taken as an costimate of p, then Var(n) = n(1~%) .
If n<<N, Var(n) = n. If n' events arc obscrved where n arc
cxpected, (n'-n)/if n can be taken as a normal variable and

the standard mcthod of confidence limits can be used.

Physical parameters arc often cstimated by fitting curves
to observed distributions. Onc standard way available is the
maximum likelihood method which has the advantage that compli -
cated curves present no problem. If an cvent is described by
I coordinates Xso i=1,I and the function to be fitted is
f(Ei’ ay j=1,J) with J paramcters, then the likelihood function
is defined as F = 0 f(gj, gi), the product running over
all observations i.c. cvents. The best valucs of the parameters
gj arc found by searching for the maximum of F in the J -
dimensional paramcter space. Near the maximum, the function F
behaves as multi-gaussian with rcespect to the paramcters Qj
and the errors in the estimates of these paramecters are found

very simply by measuring the width of the peak with respect to
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theose paramcters.,

In the case of fitting an cxponential to a set of numbers

N,a.cxp(-a,t), the maximun likelihood method

1/8, ba = aa/J—lql—L-* , N being the total no.

dn
ti of the form it
a

boils down to

ft

of cvents.

The maximum likelihood mcthed has been coded in fortran

in a routine called MALIK which has becen usced in this experiment.

The corrclation between two variables can be studied

qualitatively with the help of the ‘product-moment-corrclation=-

coefficient' definecd as Zi (x.-z)(yi—§)
r = nl S 5 where
xy - X. y
Q{’ Oy = standard deviations of the variables x and y

with arithmetic mcans x and y and
n = total no. of nairs of x and y values,

The distribution of r is, in gencral, asymmctric and its crror

cannot be found directly. The quantity z = % loge%fg is

distributced as goussian variable with mcan zero and standard

deviationa/ 1/ n~-3. The errors in r can be inferred from cszfs)
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Chapter &4 Errors -~ systematic and random,

crogs~scetion calculations.

Systematic as well as random errors can creep in at
practically all stages of a bubble chamber experiment. In this
chapter the various sources of errors would be discussed and
the rclevant cross-soctions prosented after correccting for the

systematic errors,

Beam

The contamination of ms and WKs have been determined in
three independent ways. In the mass spectrum of the particles
arriving at the mass slit, the Ks appear as a shoulder on the
peak representing mns and Us. By folding the high mass sidc of the
K pcak the no. of nsand W s under the XK ﬁeak can be found.

The no. of ps alone was found by intecrposing lead plates in

the beam to absorb Ks and ns by strong interaction so that the
particles passing through the chamber were only ué?)The third
method utilised the 4 (total no. of particles passing the chamber)
and B (total no. of msand us through the chambor) counts

obtained with the scintillation and cerenkov counters.

If Pgs Py = probabilities that a K and a © would interact
in the chamber
and f = expeccted value of (no., of ns/ B)

then the expected no. of interactions in a frame or



N = (A-B).pK + f.p_.B .
— 3(0\)195
If N/(A-B) is plotted against B/(A-~B) for diffcrent with the same
value of B/(A-~B) , the gradient and the intercept on the N/(A-B)

axis give f.p_ and py . pK/p“ being known, f can be determinecd.

The contamination from ps is of no importance when absolute
cross sections are required since they do not produce strong inter-
actions. The pion contamination has been found to be as follows:

Run D (15 2 5) %

Run E+F (3.5 & 2.5) %

The spread in the beam momentum vefore cntering the chamber
is quoted by the beam designers to be 0.5% i.c. 30 Mev. Since
reactions were measured over a fiducial volume about 100 cms.
long, an additional fluctuation of about 25 Mev is put in by
ionisation loss. To cover uncertainties in the beanm momentun,

a somewhat larger value of this error was fed into the kincmatics
programue - viz. 60 Mev., A histogram of the fitted beam momenta
(centre of track value) of about 2000 '201's is shown in fig.h.1.
The two separate peaks correspond to the runs (D+ F) and E.
Their central valucs are

Run D+ F 6.017 Gev

Run B 6.032 Gev.

Scanning biases and chamber imperfections

Due to the finite size of the chamber, all strange particle

decays cannot be measurcd. In the scanning stage, such decays
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are accepted only in o fixed fiducial volume and this constitutecs
a bias against fast 'V's. On the other hand, charged as well as
neutral V decays too closc to the production vertex are often
missed in scanning, Thcse effects can be corrected for by rejecting
all cvents with a V decay closer than a certain length from the
production vertex and properly weighting all the accepted events.
if 1 :.longthhtravelled by a V beforce decay,

p = momentun of the V with mass n and mean life T in its

own rest frame,

x =1/p and

Noz total no. of Vs produced,
then no. of Vs decaying with the value of x lying betwecn

x and x+ HMx is

No.m X
AN = -=—— cxp( - —) Ax .
c.T c.T

If all V decays arc dctected, the quantity AN/Ax should show

an cxponential fall-off with incrcasing x. Fig. 4.6 shows the
distribution of AN/Ax against x for about 2000 K% from fitted
'201's, which should be a straight line of slope (-m/c.T). It

is apparcnt that there are a smaller no. of cvents with valucs

of 1/p less than 1.0 cn./Gev than expected. A depletion is

found at high values of 1/p as well which reflects the fact that
Kos have been lost both by decay outside chamber and by loss of

o . .
close V™ s during scanning.,
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Let L = potential longth available to the V for decay
within the required fiducial volume, (<, Fig 32D
r = minimum projected length to be travelled by the
V to be accepted and
A = dip of the V track.

The probability of observing this V is given by

= X sech. m L.m
P (p,A L) = cxp( - PeC.t ) = expl - P.Coet )

A fraction P of events of this category arc observed and therc -
fore different vhysical variables associated with this cvent

are plotted with a weight W(p,\,L) =1 / P(p,\,L) .

This method of weighting, although free from biases, has
the drawback that the weight becomes a function of the position
and oricntation of the c¢vent in the chamber. Thosc quantities
are of no physical consequence and in some cases, e.g. if L is
very small, the weights attain high values to produce fluctuations

in different plots.

In the cas¢ of 201 swith Kos, a minimun length cutoff of
0.6 cms. in chamber (i.c. about 0.3 cms. on the scanning table)
has been apvlied. The average weight for these events has been found

to be 1.16 i.c. about 16 % of the K°s have been lost.

. . A . o . A
It is possible to misidentify V s decaying with low transverse
momenta or to losc them during scanning as electron pairs. For a

pure and unbiascd sample of Kos, the distribution of the cosine
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of the polar anglo 8* of decay i.o. thc angle between the
dirgcction of motion of a K° and that of the decay =t in the K°
centre of mass should be uniform., Fig. 4.7 shows this distribu~
tion for Xsin 201s fitted to the final states (1) K°Pn n°,
(2) E°nn*n™ and (3) E°Prn”. The distribution for (3) is consist -
ent with isotropy but thosc for (1) and (2) show significant
accunnulation of events near the end with cos 8* = 1 . They
correspond to Vos decaying with their positive decay products
going forwards in their own rest frames with respcct to their lines
of flight., It is known that K°s and A s decaying with this
configuration can simulatc cach other kinematically. In the
present experiment, a v° fitting both as a K° and as a A was
accepted as a K° if the cvent had a multivertex fit with the
v® as a K° and none with the V° as a A . The oxcess of events
obscrved can be cecxplained as events of the type .An+n_ + nulti-
neutrals. The contamination of such events is estimated to be

Ernn® - ( 3.1% 1.4 ) %

Enr*n™ = (7.5 1.2) % .
The recason for the contamination for final state (1) being lower
is, presumably, that the nt at the production Verfex has to be
fast cnough to be indistinguishable from a proton by ionisation
(i.cs > 1.5 Gev in momentum) . The impurity is cxpected to be
considerably less when a narrow resonance, such as K*ggo;‘is

sclected.
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Random scanning losses

Quite obviously, all thc events on film are not detected
in the scanning although scanning the film twice independently
reduces the number of missed events to some oxtent and provides
a rough idca of the scanning cfficiency. A part of these misszed
cvents arc unbiased i.e. do not Dbelong to physically special
classes. The events that do so may distort some distributions
and introduce systecmatic errors in the determination of parameters

of physical interest.

Assuming that the scanning loss is completcly random and
that therc is no corrclation between the chances of missing an

event in the first and sccond scans, the scanning efficiency is

given by _
¢ = n12(n1+n2-n12) / ngen,
whcre n,= no. of events found in the first scan,
n,= 1 sccond scan
— "
and n, 5= both scans,

However, scanning losses mainly occur becausc of small anglc decays
on charged tracks, events being obscurcd by overlapping tracks etc.
and thus an cvent missed in onc scan is more likely to be nissed
in the sccond scan than average. The expression quoted above

is therefore not strictly truc and therc is no dircct and satis -

factory way to corrcct for the scanning loss.

The scanning efficicncies for I.C. arc listed in table

4,1 for different topologics.
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Table k.1
’Topology Scanning
cfficicney
Zdﬁ ;99
400 ~1.00
001 «95
T -decays «90

A varicty of distortions can cnter betwcen an event as it
occurs in the bubble chamber and the photographs available for
measurcncnt. Lens distortion and systematic emulsion novenients
arc corrccted for in the geometrical rcconstruction stage. Turbulence
in the chamber ligquid and random emulsion inovements are not
corrccted. Some cvents may be more affected than others and
mecasurcrients on them would have systematic errors. If they are
measurcd twice, both measuremcnts would be affected and this
cffoct would show up in the stretching of physical variables

in the process of kincmatic fitting.

A sample of 27 v° s has been used to study correclations in the Xa-
probabilitics of associated fit to their production vertices. A4
scatter plot of the two Xz-probabilities is shown in fig. 4.2.

The product-momcnt corrclation coefficient of the two probabilitics
is .77%£,09, which is quite significant and indicates that a large
"part of the measurcment crrors come in between the actual events

and the photographs.
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Mcasuring and geometrical recconstruction

Biases in this part of the processing occur mainly due to
slow and scattered tracks. Events with such tracks tend to fail
in the reconstruction, the track being rejected as badly measurcd.
Since thesc events may belong to definite physical categories, they
were remcasured till the fraction of such cvents with no success-

ful gcometry was negligibly small,

Common events measurable on two views only have not been
uscd since, apart from being less well-iicasurable, they nay
introducc a bias against tracks with small stereo-angles for the

two available vicws.

Kinenatic fitting

The kincmatic fitting itscelf introduces very little bias
in the sample of cvents processced. Only in very fow cases it has
been noticed that the programme failed to fit an cvent to the
apparcntly corrcct hypothesis as mentioned in chapter 3. It has
been found satisfactory to rerun these covents with a different
neasurcment.

The fits accepted were only thosce consistent with the
ionisation density of the charged tracks. Assuning (3 (v/c) of
beam tracks to be approximately 1.0 and its density of ionisation
to be Io’ the same quantity for any charged track with momentun p,

dip A and assigned nass m is expected to be I given by
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2
T=I(1+2 ) seenr
o 2
p
when the line of viewing is parallel to the z -axis. It was

found that tracks with rclative ionisation (I/IO) greater than
1.5 c¢ould be distinguishable from minimwn ionising tracks while
all tracks with more than 4 timcs minimum ionisation appeared

to be completely dark and structurelcesse.

The magnetic field in the chamber is adjusted using the
invariant mass of the n' -7~ from K° decay as the guide. Once this
is done, the stretch functions calculated by the kinematics
prograrmie can be used as a sensitive test for systcecmatic cerrors.
The stretch on (1/p) for the beam was uscd to find the central value
of the bean momentum to be fed into kinenmatics. Fig.4.5(a)
shows the distribution of this quantity for a sample of processed
cvents. The distribution is found to be consistent with being
normal.

The stretches on the dips of bean, outgoing charged tracks
and outgoing neutral tracks arc histogrammed in fig. 4.5 (b-=d).
It can be noticed that they are slightly displaced from the
ideal mcan of zcro. The effect ié?opposite signs for the beanm
and the outgoing tracks., The reason for this behaviour was found
to be an cerror in the geonetrical reconstruction stage which
introduccd a curvature in the planc normal to the camera axcs.

It amounted to an excess transversce momentum of 30 - 40 Mev. The

ceffecet of this on angles and effecctive masses was found to be
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negligible but it produced a distortion in the X2 digtribution
for the kinomatic fits. The X° distributions for some 4-C and
7 - C multivertex fits are displayed in fig. 4.3-4 , where the
solid lines represent the expected distributions. A distinct

tendency of the Xzs to be larger than expected can be observed.

BEvents werc sclected in such a way as to avoid the cffect of
the distortion in the X2 distribution. For events with a V° an
associated fit of the V° to the production vertex was acccpted
if the X%-probability was greater than .01, The production
vertex fit was accepted if the condition

2 2 2

M° - 38(a?) <m” ¢ M™ + 3 (n°)

was satisficd wheore

- . 2
squarc of missing mass at prodn. vertex with error A{n®).

B
i

M = nass of the fitted nissing particle (zero if no particle
nissing).

In the case of the final state Konn+n-, the (missing mass)2

distributionAshowed& an asymnctry with an excess of cvents in the

high nass cond. This might be duce to a contamination of events of

the type Eonn+n—-+mno, n> 1. Some contarnination was also expected

fron events with As as already discussed. Since these cvents

arc likely to give wrong nissing masses for the missing ncutron,

an additional missing mass cut was imposed, viz.

.56 Gevz:i(missing mass)gs 1.20 Gov©,

The final cross scctions werc correctcd for the coffects of these

selection criteria,.
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A small fraction of events cannot be identified uniquely
even after checking the ionisations of the tracksfor consistency.
In the case of events fittinga 4C hypothesis, i.e. those with
four constraints at the production vertex fit, as well as an 1-GC,
the 4-C hypothesis has been accepted as true. The justification
of this procedure is that because of neasurement errors, a small
missing momentum for an event with no missing particle can sormetimes
make it possible to accommodate one. It is rmuch less likely for an
event with a genuine missing particle to simulate one with nothing
missing. In the case of 1-C 201s the ambiguous events have been
left out of general analysis. Cross-sections have been calculated
by assuming half of these events to belong to the hypothesis
concerned. These events were almost always ambiguous between two
hypotheses out of K°Pn n°, K°nn*n~ and A n¥n"n®, which have
comparable cross~sections. It is tilus rcasonable to assume 'that
half of these events truly belong to the hypothesis in question.

The corrections involved are

6.4 % for K onn'm~
and 6.3 % for %opr~n%,

The correction for ambiguity in the case of the final state E°n
has been found to be negligible.

Approximately 109% of the events fitting the hypothesis
K"P®K Pn'n” had two fits obtained by permuting tracks. In
histograms, they have been plotted with weights of % . The no. of

events with more than two fits was very small.



Accuracy of the exveriment

The accuracy of mcmentum and angle measurements and, there-
fore, the overall resolution of the experiment depends on the
setting errors. Fig. 4.10 shows the distribution of r.m.s. setting
errors in track measurements. The modal value is 9u on film,a
part of which is contributed by multiple coulomb scattering of the
track, turbulence in chamber liquid etc. . The measurement errors
on vertices have been histogrammed in fig. 4.8 . For a given vertex,
the one with the smaller error of two vertex calculations has been
used in these events. It is notable that for V° apices these two
methods have been used almost equally often, whereas for 201
production vertices it is almost always the one found by extrapo -
lating the tracks. This indicates that with enough tracks available
at a vertex, the vertex position is better determined by extrapola-

ting the tracks than by direct mecasurements on the vertex.

An idea of the mass resolution is obtained from the width of
the ideogram of the squared masses of the fitted K%;i.e. the squares
of the invariant masses of the two outgoing particles when they are
assigned the pion mass. This ideogram is shown in fig. 4.9 together
with the histogram and the former has a full width of .0164 Gev2

at half height. The corrcsvonding width in mass is about 16 Mev.

Cross - section calculations

The 'microbarn - equivalent' of an event can be determined by

two independent methods as follows,
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(a) By counting the total no. of beam track decays into three
charged particles (i.c. into nn'n™, n°n° and n n°r° with n%ye’e™).
(b) By normalising the total no. of observed interactions to the
total cross section known from other experiments.
Both these metheds have been used.
(a) Let T = mean life of Ks at rest,

m = reat mass of Ks,

P = bean momentum,

r = branching ratio of K decay into three charged
particles (T')
N = total no. of beam tracks with maximum length 1 each.
n,= no. of events of a type with cross-section 0
Then, probability of beam decay per cm. of track=m/P.T = Pyr S&Y
and " of ith. type interaction Y- =No.p.ci=pi, say,
where No.—.Avogadro's no. and pP= density of liquid hydrogen.
Total prob. of decay or interaction on any track = 1 - e_p'l
where p=p.+ 3p,. Then n, = (pi/p) g (1 -e Pt
and nT,=r (pd/p) N (1 - e-p'l) = total no. of
beam decays into three charged particles. Therefore,
ni/nT, = No.p.oi.P.T / r.o
or cross section per cvent = Oi/ni = r.m/n,c,. p.No.P.T
Using r = .058 £ ,001
m = .4938 . Gev
p = 0606 £.001 gms/c.c.

N = 6.02 x 1022 per gm. mol.
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T = 1.23 x 10_8 sec.

n = 469 in reg. A
and P =6.0 Gev

o, / n, = .757 * .072 microbarns per event.

(b) The total no. of events in the film used at I.C. = 33870.
This number has been arrived at after estimating the no. of '000's
(i.c. zero-~prongs with no associated Vos) from the no. of '001's.
A correction has been put in for the clastic scattering events

(o)

with slow protons lost in scanning. With total TE=p =24.,0%.3mb.

Oi/’n{=.709i°012 ub/ev. Correcting for an average n-contamination

of 6%, ci/n:.L = ,751%.013 pub/ev.

Using a weighted mean of the two values of thc microbarn -
equivalent and the ratio of numbers of events processed through
kincmatics by I.C. alone and the collaboration, the values for

the total sample of events becomes

201 s .181 %+ ,005 ub/event
400 s 1,06 £ ,08 n
001 s .50 * .06 L

The corrected total cross sections for the final states used
in this work are listed in table 4.2. The figures guoted in this
table have been corrected for pion-~contamination. For the channels
where a strange particle decay is seen, it is adequate to usc the
corrected i b-cquivalent . For four-prong events this is less

simple since events of the type = P—» Pn n m are very likely



to fit the hyvothesis K P+ X Prn'n~ . 1In the analysis of the
latter final state, only run F film was used. The pion contami -
nation of-~3.5 % is not expected to produce any appreciable
distortion in the physics involved. The cross section for
X°P = K Prfn” can be found in the following way.
£ x =o0gp ~KPrtn” * Y T Ox"ps nTPntn”
p = average pion contamination and,using corrected pb -eq.,
z = observed cross section for (;;)-P-» ( g Y pntn”
then X =gz LA

1=p
L, 7 and 10 Gev from ref.(M ). The quoted cross secction for

- The value of y is known at beam momenta of

E™P - K"Pn'n” has becn corrected by using an interpolated value

of ¥y = 1.6 mb.

Table 4,2
Final statec cross—-section(mb)
K'n .0985 % ,025
K°pn” .310 & 045
Konn'n” 685 & Lo70
E°pn~n® .878 £ ,105
K prn'n” .59% % ,110
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Chapter 5 Theoretical methods

Effective mass and four-momentum transfier

We denote the cnergy-momentum four-vector of the beam(K),
target(P) and the ith. outgoing particle by P, Q and 1 respect-
ively. For a group of outgoing particles, the effective mass and
the four-momentum transfer to them from one of the two incoming
particles arc invariant under Lorentz transformations and are
useful quantities to study clcmentary particle reactions. They

are defined as follows:

¥ o= (3 pc;.L)2 - (ZP-:L)B = (Zpi)a
2 B o P°.2 P2 _ _ P2
A or t = (iZ_pi - Qc) - (g‘_‘Ei -3 < = (J%;Pi Q )

In the definition of A 2 the choice of P or @ depcends on whether
the particular combinatihn is assigned to the meson or baryon
vertex in a Feynmann diagram as shown in fig. 5.1 . In the case
of K'P interactions a mesonic particle combination would be
normally assumed to be produccd at the top vertex 1 and a baryonic
combinationcty the bottom vertex 2. The vertex assigmments are

reversed in the case of a Dbaryon - exchange process.

The Brelt - Wigner shape

In a statistical model, an effective mass is expcected to be

to
distributed according the Lorentz invariant phase space. We
A
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represent the ordinate of this distribution by L{m)., In certain

cases this phase space is known to distorted by peripheralism or
otherwise, in which casc L(m) can be taken as the appropriately

modified phase space. With n resonances contributing fractions

ro i=1,n, of the total channel the ecxpected distribution Y(m)

is given by

L{m) . Bj(m)

¥(m) = L(m).(1-§)ri) + 2 r;.

1 1 max. ;
mlll.
where m . and m arce the kinematic limit for the effective
min. max.
mass in consideration and m.mO.T(m)‘/ T (18)
1

B(m) = - .
(m-—mo)2+m§1‘(m)2

Bi.(m) being its value for the ith. resonancc. TIm),the width of
the resonance is a slowly varying function of the mass and the
variation ariscs from the angular momentun barricr. Ter a two
body decay with the final state orbital angular momentum 1, the

expression for I is
I‘(m) :I‘O . ( Q/qo)21+1’

q being the resonance c.m. momentum of each of the decay products
and > IB being the values at m = m_ e
The expression for Y(m) quoted above has been used in this ex-

periment to fit Breit-Wigner shapes to experimental mass distributions.

The integration is conveniently done by a numcrical method.
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Peripheral and multiperipheral models

The gencral feature of two-body processes that the particles
in the final state are produced with a small four-momentum transfer
has led to the one-particle-cxchange model. The unmodified one-
varticlc-~exchange model fails to explain the distribution of the
differcntial cross-section but it is accepted in principle and
onc tries to explain two-body processes with the Feynmann diagram
shown in fig. 5.1 . A11 known particles can play the role of the
excihanged particle. In any particular process, conscrvation of charge,
angular momentum, parity and other quantum numbers at the two
vertices may limit the possibilities. Onc can go further and
usc the decay angular distributions of any resonances to deduce

the nature of the exchanged particle.

Apart from elastic scattering, the cross-sections for two-body
reactions decreasc as the total energy goes up. At the cncrgy of
the present experiment, they form only a small part of the total

cross-section., Three - body states contribute substantially. The

double-peripheral model(43)

(&)

pheral model trcats them as shown in fig. 5.2 . In general,

» a spcecial case of the multiperi -

the conscquence of such a process is a low four-momentum transfer
from A to C and B to E. The various conscrvation laws still
hold at the vertices 1, 2 and 3 and the exchanged particles e,

and e, can be particles like mesons ©n, K etc. or thc vacuum

trajectory. This implices, for examvle, that the particles e, and
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B may scatter elastically. Obviously, 61 and D oxr 3B and E
would be the same particles in that case. This process, known

(28 )

as 'Deck mechanism' has received a good deal of theorctical

attention,.

The absorption model

The absorption model provides a natural explanation for the
sharp fall - off in the t - distribution at high energies. The
lower partial waves produce more central collisions and for these
the two-body processcs arc suppressed by competition with many
other oven inclastic channels. The total cross-section for the
two-body processes are, therefore, reduced and since it is made
up mainly by high partial waves, these processcs are more

peripheral than otherwise.

The quantitative formulation is described in refs. (12-14).
In principle, the initial and final state wave functions are
approximated by thosc of an optical model potential. The absorption
due to competing inclastic channels is simulated by the imaginary
vart of this wavc function. These can be described in terms of
clastic scattering in the initial and final states and the optical
model potential is replaced by clastic scattering. The effect of
the absorption is to introduce the elastic scattering phase shift

into tae wave functions.
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Apart from modifying the t-dislribution, absorpgtion &liiris
the predictions on the density matrix clements. As a result of
the initial and final statc interactions, the states cobscrved in
the laboratory are not the samc as those of the main two-body
reaction. The density matrix elements are, thercfore, evaluated

in the wrong frame of refercnce with respect to the wrong direction.

In the casc of K P charge~cxchange scattering, the particles

that can be exchanged arec the p and the A The differential

5
cross~section for p -exchange alone can be calculated with the
absorption model without any free parameters. The initial and
final state elastic scattoring parameters and the XKp and NNp
coupling constants are known,

In the casc of K“PaKégoP the quantitics

v t
frxry Oy * Gy )

z =
2 Gy * BRR*n
£
fxw v Cutiy
‘}"]:

Bxxc* e Snn

arc not cxactly known and arc frec parameters to be input. The
initial state e¢lastic scattering is known from experimental data.
At small angles the clastic scattering amplitude is approximated

by £ ,(0) = -iq“wd:b.Jo(Ab) (o210(0)

-1)dbo

where b = impact parameter. Assuming taat fel is purely imaginary

and %2 falls off exponentially, ealé(b)

3t can be written in the
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2 Ototal
Y3 (x=%) 2
form 1 - C, . = L=
or i © where C. - and Y, 1/2Aq
with q = c.m.momentum and A = slope parameter appearing in
%% a:eAt. Cf and Yf are similarly defined. They are unknown

and the values used are Cf =1 and Yg= .757}_ as prescribed in

I‘ef.(12 )o

The Regge - pole theory

In the Regge-pole theory of elementary particle interactions
the exchanged particles are replaced by Regge-poles, which have
a continuously variable spin @ (t) depending on t i.e. invariant
mass squared. The Regge-poles manifest themselves as physical
parﬁicles when their trajectories i.e. t -a(t) curves cross

either even or odd integral values of q .

The differential cross-section for a O meson - nucleon

collision is given by(15)
m 2 2 2
do ¢ . _ 2 o h2 t t S+P
3¢ (8, t) = —= (£ (1—==) [a] =+ oz (s - =) |B]
My M 2
th

where s =>(c.m.energy)2
p = lab. momentum of incident meson
k = c.m. momentum of meson or nucleon
m,= nucleon mass.
Each pole exchanged contributes to the helicity(of nucleon) -

flip amplitude B and the non-flip amplitude A terms of the form
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A - -c expl-maj) # 7 ( E )@i
i - i sin(mnq,. ) E
4 o
3 o .p, exp(cmi) #1 (E )Gi'1
i 7 i sin(nai) Eo

with E = total meson lab. energy

Eo= arbitrary dimensional parameter.

K™P charge exchange scattering has been treated by Rarita

(15) (16)

and Phillips and Roy » Inthe former approach, the'residue
functions' Ci and Di are expressed as strongly t - dependent
functions. Although the trajectories used (p and Aa) are
determined from = P ->nn and W P = 'qon data, the data-fitting
for X' P ->K°n is too unconstrained. The latter metnod considers
p = exchange alone and uses t - independent residue functions apart

from the threshold factors ( 2a+ 1 ). The differential cross -

section can be shown to be equal to

c(t) 2 2na s‘(mﬁ*”m;) 2o 2
(2a, + 1) (1 + tan —) ( )
16 = 2 amN me
2
_ (2ng 2 t Ly
vhere  C(t) = (55% vy o pg "2 (5remy b gor Yok
N

and € = slope of the
trajectory at the p mass.
' This formula predicts the differential cross section . absolutely
but approximately sinée the couplinz constants are not exactly
known. | |
The Repge-pole exchange.model gives r.ise to either a

'nonsense state' or to a 'nonsense coupling' when the exchanged
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trajectory passes through o =0. ‘fhe correspoanding contribution
to the differential cross-section becomes zero in that case and

is expected at that point. For the p-
2 (17)

iy 49
a dip in the total 3t

trajectory, as for example, this occurs at t X -0.6 Gev

The spin density matrix

A resonance of spin j is, in general, produced in a
mixture of pure spin states, each of which is of the form

5, aldm > If p- = contribution of the ith. pure spin

. s

i i i
=: Zi P a

m St then the

state and if we define pxnm'

expectgation value of any physical variable can be written as

<> =2Zp_ 9 Quyr =< Jom' |Q [d,m>
m

Pam' C mm' ?
1t

The element P om of a spin density matrix can be interpreted
as the weight attached to the contribution to the observed
value of the physical variable by the overlap of the states

jsm> and |j,m'> of the resonance.

The decay angular distributions of resonances can be
exvressed in terms of the density matrix elements. The
expressions for some commonly observed decays are quoted below.

(a) 17 meson -> two O mesons

w6 ,0) =.i%-[pqqsin26+(1—2p11)cosae - sin260052¢

P, =1
- 2 Rep,, sin26 cosg]



(b) 3/2%varyon > 1/2" varyon

+ O  meson
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w(ige) = [p335in26 + (% - p33)(~} + c08°0) ---.I-E—B-Rep3 _,,sinzecosEcp

+‘ —
(¢) 27 mesor -> two O  mesons

W(e,9)

i

71165_'5[ BpOO( 00526 -

2 .
- 3 Reps, sin 20 cosg |

J 3

B
2

1 )2

1—900

+ b sin®g cosae( 5 = pq..1°952 )]
-

In the case of 2" meson (c), it has been assumed that the resonance

1s produced by the exchange of a pseudoscalar or vector meson

only. This restricts the matrix clements

tc be zero.

Pom Py 2

and Rep 10

It is possible to determine many of the elements in the

spin density matrices by fitting the theoretical angular distri -

butions tc the experimental data.

In the present experiment,

the fitting has been done by maximum - likelihnood mcthod. An

alternative method is to express the density matrix elements

in terms of the expected values of some functions of 8 and

¢© , which are then calculated from the data.

are given below.

case(a)

case(b)

case(c)

+ ( 5¢< 00526>— 1)

=5/4 < sinze cos 2¢>

-5/kf2 . < sin 2@ cosp >

1/8 ( 15<cosae> + 7))

- 5rf3/8.<.sin26 cos 2 >

- 5/3/8 .<sin20 cosgp >

21/2 ( < cosPB>— 3/7 )

-7/4 . <

. 2
sin© cos2p > .

The formulae uscd
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Chapter 6 The final states

E°n and =P

Charge - exchange scattering

Events of the topology '001' were measured on about a
third of the film and 43 gave satisfactory fit to the hypothesis
K°

K'P 2K'n . The observed total cross-section of 99 % 25 ub

agrees fairly well with the results of spark chamber experiments

(20) as shown in fig. 6.1, The differential

by Astbury et. al.
cross-section is shown in fig. 6.2. The spark chamber experiments
mentioned above have observed a peak in the differential cross-

section at t o <0.1 Geva. Our data show a similar ecffect

although with much lowcr statistical significance.

The absorption model for K P charge ecxchange scattering
with p exchange alone gives a cross-scction higher than observed

ones by a factor of ~10, The Regge-polz theory can provide

a qualitative explanation of the dip in %% near t=0 by

postulating a large helicity - flip amplitude whose contribution
vanishes at t = 0. The solid line drawn in fig.6.2 is the

(16)

prediction by a Regge-pole model with the p -~ trajectory
approximated by a(t) = .6 + ,6¢t. The cross-section is correctly
predicted since only an asproximate agreement is cxpected. However,

the dip at t+ = 0 is not rcproduced by this theory and is
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attributed to possible fine-structure in the residue functions
or to non-linecar +t - dependence-of a (t). The data are obviously

too poor to show any secondary dips in the t - distribution.

The final state KOn™P

The sample used for this final state consists of 416
events where a VO is seen. The kinematic fit to the production
vertex has four constraints and the preoton is identifiable in
about 99 % of cases. The samplc can be considered to be 100%
purc for all practical purposcs,

4 Dalitz plot for the state is shown in fig.5.3 and the
mass plots for the K°x  and Pn~ combinations in figs. 6.4 .

=0_~- . . . .
The K'n effecctive mass shows two prominent spiites corresponding

9 1400

the T n mass histogram is a maximum likelihood fit to the

E3
to the K§ 0 and K resonances. The solid line drawnh on

data with Lor.inv. phase space plus the two X* resonances. The

fitted values of the masses and widths of the XK*s are given in
[=]

(o)

3,3

noticcable. The cross-secctions for the different charncls are

table 7.2, Apart from the two X*s, N* is the only rcsonance

. . . —— () -
listed in table 6.1. The cross-sections quoted are for K* =K' n

*
*o - =0.. .0 .
and N -> Prn decays alone. The channel K 'H* W is very weak

and has a large background. No detailed study is, thereforc,

*—
possible. The two=body states K 8 P and X P will be

*—
90 1400



discussed with a study of the non-resonant E°n"P cvents.

Table 6.1
Channel Cross-scction
(mb.)
e
{ - o]
R89OP .126 * .025
*-
K1400P 048 + ,012
. ¥*g .
°n © .012 % ,005

Events uscd for this channel are those with

74

0.80 Gev < M(Kon*).g 0.98 Gov. The estimated background of non-

resonant events is~ 10%, "The t~distribution for these ev

ents,

shown in fig. 5.5 shows a peaking in the low-t end it is clear

that the K* is produced in a peripheral process. In a one-meso
exchange model, the particles that can be czchanged are

| o] [ o]

Pseudoscalar mecsons n,n or i

o
Vector mesons P s w or g

: . . : o
cxcluding heavier candidates like the A2 end £ . A comion
technigue for studying the naturc of the cxchanged particle is
the density matrix analysis described in ch. 5. The clements

of the K* density matrix,p and Re p,q 4 are listed

0o’ P1,-1
table 6.2. The numbers appearing on the top lines arc the res
of moments-mcthod calculations, while thosc on the bottom line

are obtained by Malik.

Ne

in

ults

S
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Table 6.2

t <0.2 0.2<t <0k t s 0.4 all events

.215%,078 c148%.099 .030%,092 .130+,050

P oo .192%.056 116,068 -.116%.,078 116,035
«393+,039 426,050 J485%,046 cL435%,026

P 11 404+ ,028 b2t 034 ,558%.039 k2ot , 017
L56+.062 671,081 .356%.105 4371045

Pq,-1  483+.,040  .542+.039  ,373+.080  .394*.026
.0401,036 L011%.042 .037%.051 017,031

Re p g L098%,034  ,052%.047  .034%.032  .020%.026

The fitted angular distributions for all events in the
sample are shown in fig. 6.6 together with the experimental

histograns.

If we assume P oo to be a guide to the amount of vector

meson exchange in the process

88 % .

K™P -> K*7P, this proportion is

about It is not possible to infer from this experiment

alone whether this particle is mainly isotopic singlet (i.e. o or 0} )

or triplet. (i.e.p ). However, the process K P - K*°n

can

occur only via isovector exchange and the ratio

O Fx9, / Og*~p (isovector exchange only) = 4,

The channel K °n has been studied in K P experiments at other

energies and some results are quoted in table 6.3 .



Table 6.3
Beam mon. O F*%y, Ref.
L,1 Gev 514%75 Wb 21
5.5 " 352153 T 21
10.1 6kt 9 " op

The interpolated value for the cross-scction. is ., for a beam
momentum of 6 Gev, 320 * 50 pwb « Therefore, the contribution

to the total & .- of 189 + 37 ub (correcting for the K_no

K* P
decay of the X* ) from isovector exchange is 80 # 12 pb . Since

therest is isoscalar, it is natural to assume that it is made

up almost entirely of w or ¢ exchange.

The distribution of the four-momentum transfer shows
characteristics of vector - exchange as well. There is a signi -
ficant drop in the value of the differential cross-section near
t = 0 which is explained by the fact that the vector exchange
contribution vanishes at zero production angle. In fig. 6.5 the
observed t ~-distribution is compared with the results of
absorption model calculations done with the computer prograune
mentioned in ref.(23). The elastic scattering slope parameter A
is obtained by intcrpolating between results from refs.(2<-2% ).
The total K P cross-scction is the same as that used in ch. k.
The value of 1 has been kept fixed at zero as for ( exchange

(45)
Gp << Gy o It has been found that values of & equal to
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.50-.75 give a total crossesection of the right order although
the shape of the distribution is not correctly reproduced. The
predicted values of the K*~ spin density matrix elements with

the same values of 1 and Z are shown against the data in fig.6.8.

The agreement is satisfactory and specially the trend of variation

of P oo with increasing (~-t) is consistent with the data.
There is a suggestion of a dip in the t-distribution
nearabout ==-,6 Gev2 but with the available statistics no

statement of any statistical significance can be made.

Figs. 6.9-10 compare the total cross-sectiﬁn and the K*~
density matrix elemcnts obtained in this experiment with tuose
in others. The general falling-off of the cross-section with
increasing beam momentumn can be clearly observed. The density
matrix elements seem to indicate o steadily increasing proportion
of vector meson exchange in this channel.

¥
X 1400 ®

The K:#OO peak in fig. 6.3 contains 62 cvents between
1.36 and 1.52 Gev. This sample is expected to be about 70 %
pure, the rest being non-resonant background. The t-distribution

of tiese events is shown in fig.6.11.

As in the case of Kégo, we study the exchange mechanism
for K;#OO production with the help of its spin density matrix

assuming the K* to be a JP:=2+ object. The contribution from

1400
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any spin two particle exchange can be neglected unless the decay-
. . . . . . . m

angular distribution demands the inclusion of terms involving Y2°

Neglecting also the effects of absorption, we expect in the case

of pure 0  exchange, pooz‘!, P4 1:.5 .
y -

Fig. 6.7 exhibits the cos6 and ¢ distributions for the
K*1400 decay. The fitted .6 distribution has been superposed on
the histogram while the curves shown along with the cos 6
distribution represent the expected ones for the extreme cases
of pure pseudoscalar (a) and pure vector(b) oxchange. The
values of the density matrix eclements obtained from the decay

angular distribution are

By moments By Halik
} L
P oo N7 42 Ll
Pq, -1 L2hx 07 .20

The value of poo itself does not give much information because
of the large uncertainty. This arises because of the inherent
naturc of the cos6 distribution which is too insensitive in
general features to the value of Poo * However, the cos O
distribution does not demand the¢ inclusion of any spin 2 exchange.

The value of o is significantly differcent from zero and
-

1

hence indicates some vector exchange.

The identification of the K* as a 27 object is not, to

1400
date, established beyond doubt and one cannot rule out the possi -

bility of JP = 1 . An attempt to fit the observed decay angular
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distribution to the theoretical one for an 1  particlc gives

the following valuces for the density matrix elemcnts:
= .80 %

- £
p1’_1 - .17 co6

Rep1o = =02+ .05
The fitted distributions for the two cases are shown in fig.6.1k.
for the cos® along with the folded histogram. Quite clearly, it
is not possible to find the spin and parity of the K*1400 by

judging the quality of fit., If the K* were assumed to be an

1400
17 weson, the value of;aoo would indicate almost pure pseudo -
scalar cxchange and no cos2@ dependence of the ¢ -distribution

would be expccted. The value of P is not very high, so

1, =1
that it does not provide a reliable check on the spin-parity

assignuent.

The variation of the K P - K cross-scction for

. P
1400
different beam momenta has been shown in fig. 6.12. It shows the
same trend of falling off for increasing beam momentum as in the
case of K*énofh The results of some of the latest experiments’

J
P
attempting to determine the J° of the K:#OO are sumnariscd in
fig. 6.15. The quantitics plotted are the probabilities of

obtaining a X2 equal to or greater than the obscrved X? for

the bost fits for 17 and 2% assignments of J5.

The decay angular distributions of the K§9O and the

K , together with a very veripheral production of thesc

*
1400
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resonances produce an interesting outcome. Becausc of the
veripheralism, the incoming beam direction in the K* centre of
mass 1s practically the same as that in the overall centre of
mass. The K*égo tends to decay equatorially and gives rise to
medium mass values for the Pn combination. The K*~, .o decays
with strong forward-backward peaking with respect to the beanm
direction in its own rest frame and thus prodlices either low

or high Pn masses. This feature is clearly scen on the Dalitz-

plot in fig. 6.3 and also explains why apparently some N*©

. . , .
events are associated with the K 1400°

The non-resonant ecvents

If the K* events arc removed, the rest of the K°n"P events
provides a sample of threce body states with a small contamination
from ¥*° events.. Fig. 6.13 shows the P, - P, (i.c. longitudinal
vs. transverse momentum in the overall centre of mass) for the
individual particles. In fig. 6.13(a) the K*s have been left

in and they produce distinct arcs in the proton P -P, - diagram.

1
Apart from these, it can be scen that the E° and the proton

tend to continue in the dircctions of the K and the target
proton respectively while the m is comparatively isotropic. This
fits a double peripheral model (fig. 5.2) where C=K°, D=n_ and

E=P. The exchanged particle e, can be assumed to be palone

1
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. 0 .0 ; . . .
with e, = n°,Mm°, w® or ¢°. dowever, since the particle C in
this case is not a resonance with non - zero spin, the total
vector - exchange in its production cannot be verified by

density matrix analysis.



(_TK“P - K%n C/Vb)

(mb/Gev®)

(5%
dt

82

1
1so | }_ Fla. &.1 © REF2O |
@ THIS EXPERIMENT
0o T -
s 1 J
go | p

1
——
.

Fle 6.1

20 ) 3 ) 1 !
4 e -3 10 12 Gev

BEAM MOMENTUM

)K"P—-E"n

12 GEVZ




83

3
w0
S
L

K'P-> KnP
416 events

.
- .
\ .
. .
.
.
.
.
. .
. .
. e .
.
. .
.
.
.
. . ! . .
.
0
e . .
0 ve o
N
. . . . ” LY
.
.
. .
. .
-
. .
. .
.
. .. .
. . D
. - .
. e e - -
.. . oo + . f, e v, st
. . :
. . 02,0 osdte s ¢ .
L PR S B R A R A Y RO L O P
.

.

.
.
.
LI .
« . *
. .
.
. .
.
.
.
.
. - « ¢
.,
» oy tesele .
[RAAN L LA PR )

10.



=N

|
Yo
2

Lo

30

o

No. of events /25 Mev g,

o
(74|
~—
o

N

EVENTS / 50 MEV

oF

O

84

Fig. 6,4

K™Ps Z°n"P

1.0 1.% 1.7 2.2 Ge
[] Fi &4 b 1
r-— -
L
2.2 2.5




(b / Gev?®)
-

Jdo-
atc

.4

FIG‘T &5

-— *-\ _._D—-
G Gev KPw Kz, (RoDP

ABSORPTION MODEL , g =.75
g = So

»

2

A=G.4 0.5 Gev

'f"'

G Ge* £ 1.0 Gev®

S8



86

oL

(=g

sz

I F6.6.6

“(1400)

e
S

{

OS5 ©

18

1<

Fic. 6. F '

K*(890)

cos ©




87

.75
.50

_____ absorption model €

" g

n




88

3 T T L] T T
-/ 10 1
£ ! Fla. &
1G. .
S| } I & ]
A i
K - { 1
¢
¥
4 'loz— _{ .
' I
*®
14 L R
(V)
N
[ L 4
¥
Y
t 190 - N
L
Y
L r 1
1 ! 1 1 2
2. 4, &. 8. 10. GEvV
BEAM MOMENTUM
—_— /ooo _____ P a e Re Pao
¢ T
.4 -
2 J
O P -
-2 1 1 1 1 1

BEAM MOMENTUM



(mb / Gev®)

]

o
g

(~&°nD P)

K14-oo

x -

o (P -

BEAM MOMENTUM  (GEV)

.3 L Fla. 6. 11
KPP K”—14@0 =) P
A= 2.9 to.s Gev Z
for .769/;([(:((1.0 Gev”
2L
1t
) .2 .4 = .8 1.0 Gev®
-t
T T T T ] 1 T T T
ZOOF .
Fia. 5 .72,
100+ T
S5Q | T
L 4
20 . .
§l | S 1 1 3 1 1 1 1
2. 4 . &, =S 1o



All momenta in
units of Gev

(a)

Proton

-1.5 -1.0 -0.5

0.5 1.0 15

~-1.5 -1.0

Plots b and ¢ have
'k"s (890 and1400)

-1.5 -1.0

o




o events

No.

91

20
+
—————— Best fit 2 Flg. &.14 _
14 Best fit 1 4
ya
/
1z / _
/
/
/ .
/ 4
/s
8 / -
s
-
- n
/
/
—
« — .
-
o ] L i 1
cos & CxliLo— en” D £1.
1 —
7
s 7
i Vs
4 /s
A 1
B rd
e [ -
N ‘e’
i
¢ s
aol .ot
S 1.
Prob. (2*)
S Gev 7P |, B,N, L.
° 3 Gev KPP | E.P.t S0+ E L.
—_—— Fia, 6.15
[ 4.1 ,5.5 Gev KPP ANLL, + NU,

& Gev KP

J

2

B-G6-L-M-0-R..,



92

Chapter 7 Four - body final states

of the type KNnm.

The following four-particle final states have been

studied: (1) Konntn™

(2)  E°Par®

(3) K-Pn+n—.
The first two appear as 201 s while the third as four-prongs.
Figs. 7.1-2-3 show some triangle plots for these final states
and the contributions from various channels are listed in table
7.1, The K*890 s arc the most prcminent resonances in these

channels. The fitted parameters of the K*s (890 and 14C0)

observed in this experiment are shown in table 7.2 .

The (En)®°'" nmass distributions are shown in figs. 7.23-26.
Except in the casc of °2° for channel (2), the solid lincs drawn
on thc histograms show the fittced distributions. In the case of
°n” in final states (1) and (2), the fitted distributions are
the sum of K*égo and normal phase space. The K*1400 has been includcd
in the case of K n' in final state (3). In these cases the
normafj?ijgriant phase space is a fair apvroximation since the
K§90 s are strong and the phase space distortions do not
scriously affect the estimation of the percentages of K*. In the

-— 0 . . 9,
case of X°n mass spectrum, the distortion produced by

peripherality and other resonances or 'bump's is quite appreciable



W
[N

and it is difficult to do a Breit-Wignor curve fitting. The
cross-section for the channel K*°n P can be obtained more
accurately from the final state (3) and no attempt to do this
fitting has been mode in the case of (2) . Instead, we subtract
the expected no. of K*ggo events from the Lom® mass plot
(shaded arca) and a comparison of the unshaded areca with the
normal phase space (solid line) gives an idea of the distortion
produced. Clearly, there is an excess of events in the low mass
end as cxpected as a result of Knm bumps (treated later in this
chapter). Similar distortions have becn noticed in the m-=n
spectra as well and in channels (2) and (3), the uncertainty in

the twon phasc space adds to the crror in the estimated amounts

of the ps present.

The central mass values of the X*s have been determined
without putting in the effects of orbital angular mouenta. If

the K*goo and the K* are supposcd to have J° = 17 and 27

1400
respectively, they would anpcar to have the peak mass values

lowered in the case of (K m) decays by 2.4 and 4,8 lev respectively.

K* st

It can be secn in table 7.1 that processes of the type
E*nN and KnN* have fairly large cross-scctions -—— of the order
of hundrcd migigbarns. We, therefore, look for any associated

production of the K* and the N*" in the triangle plot shown in



Table ? '1
Final channel cross - section
state ( mb )
Bonntn™ 665 * ,070
K* nn” 225 * ,023
—*o ’ +
K*J 100" L066 * .025
K°np° .040 * ,025
N*"%°n" .062 * 015
Sl Ui see toxt
K°pn~n° 878 * .100
x*"pr® JLoh *,060
Kpp~ .153 & ,050
N*on” .120 ¥ .032
T*%pr” Not attempted but known
-5 from the final state
* - - .
K* oot ™ k"prtn:
k* st sec text
K pntn” 594 .10
E*°pr” .255 ¥ ,060
T*° - +
K*100F™ 040 % ,009
K pp° 074 £ 040
N+ KT 72 X oLou5
N*Ox"nt 026 ¥ .010
wt = +
Nx5qg K o1 X 016
*+ e +
N2Zag K 065 £ ,023

oL
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Table 7.2
Resonance ‘ Channel Mass (Mev) | Width (Mev)
K*ggo (%) P [891.8 + 3.0 |47.3 * 4.5
K*égo (R )n'n |896.7 £ 3.5 |47.3 % 3.5 |
K§;O (R°x~)n°p |887.2 + 2.0 {59.0 * 4.2 |
Kggo (k") [891.6 + 2.7 155.5 + 8.0
K:;OO (E°=")p 1436 + 9 85 + 15
-—¥n -y =
X b8 P 1420 + 10 * 18
‘1400 (— T )® ., 20 i75 *
K1ioo (B°n"n*)n | 1414 * 13 181 14

+% K*"n% cvents only.

fig. 7.4 . The events included in this plot are only those with
the ltl to the X°n~ or thc nn t gystem less than 0.5 Geva.
Since the process K P -s K* N*7 is cxpected to be more peri -
pheral than the events with only one or no resonance in, this

. . . -xt
sample should be more enriched in genuine X* N*  events.

In the overlap region of the K* and the N* bands we find
an e¢xcess of ~ 30 cevents over the number expected from an
incoherent addition of non-resonant background and events
of the type X*(P,n) (n°,n%) and K°n"w**, By a similar
exercise with the same triangle plot for channels (1) and (2)

combined including all e¢vents, we find an excess of 21314 cvents
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which is equivalcnt to a cross-section of ,026 % 014 mb.
for the process

KP > K*  ( » E°n~ only) N*" ( =~ Pr° and nrn’) .
This cross-scction is probably an underestimate sincc some
of the K* N*' cvents are expected outside the chosen overlap
region. Thesc events sit on a background of ~- .07 mb. and it

is not possible to do any furthcr analysis of the process.

Kn n+t

+ . i . . .
The Pn mass distribution, shown in fig. 7.5 shows a

++
1238
o+t

channel without a K*° are produced via the channel K n N*." No

prominent N* resonance and a large part of the events in this
deviation from phase space is cxpected in the K n mass spectrum.
However, the N* 1" as well as thwePnn~ combinations appear to
deviate quitc strongly from the phase space, as shown in fig, 7.6,
Both these distributions show two peaks at approximately 1500
and 1700 Mev.

A similar effect has been noticed by Alexandcer ct. al. in
P-P collisions at 5.5 Gev(26), In the present experiment,
these peaks cannot be definitely established as resonances and
two cxplanations can be put forward. They may arisc from Deck -
type scattering of the K~ and n~ as shown in fig. 7.27a, which

. \ ++_-
is cxpected to producc a low-mass cnhancecment in the N* 'n
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mass distribution. Alfernatively, and morc probably, they may
be due to the N* rcsonances at 1518 and 1688 Mev. The observed
widths of thesc pecks are consistent with the expected 125 Mev
for the N*1518 but the 1683 peak avpcars to be rather broad

for the expcected value of ~- 100 Mev. The recason may well

be a background which is greater at the position of the second

peak due to rising phasc space.

Both these N**s are expected to decay into N*ont as

33

well, the branching ratios depending on the isotopic spins.

e e bk . et - a*° 2t (i - ~
The ratio for decay into N1238n and J1238n (with N* => P )
is 1:1/9 for I of §*(1518 or 1688) = 1/2

1 4/9 i i = 3/2.

It is cstimated that there are 89%10 events in the N* peaks and
the fact thet therc are altogether 22t5 cvents in the Ngg peak
in the Pn mass distribution is consistent with the I=3%

assignment to these N*s.

-—*g

K 1h00®

The Kon'n~ mass spectrum in channel (2) is shown in fig.

7.7 « for all events in the samnle and for those with the Kon~

mass within the K* range (i.e. .830 < M(Kn) < .950 Gev). The
K*14OO enhancement appears quite distinctly and is strongly

associated with the K*59O resonance.
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Fig. 7.9 shows a Dalitz plot of the events with the
K°n*n” mass between 1.375 Gev and 1.575 Gev. A concentration of

events along the K*ggo band, specially in the overlap region of

the K*89O and the p° bands is noticeable and suggests K* n'
and K°p° as possible decay modes of the resonance. The Bn”

and n'n~ masses for these events and for those in the background
region are plotted in fig. 7.10. The decay branching ratios can
be determined by subtracting background plots from the K*14OO
plots and estimating the proportions of Ké;o and p in the

E°n”~ and n'n” mass spectra thus obtained. The figures we get

are:
=0 0
Kt 6 + K™ p N
total 3-body 6 % .2 total 3-body 2 1.2
Bonnt

Total 3-body -2 % .2

However, large background prevents any further analysis. Fig.7.8
shows the cosO distribution for events in the peak and background

+

regions for K* decay into K*§9on . Both of them show a

1400
strong asymmetry, the K* tending to go forwards with respect to
the beam in the X* n' rest frame. This arises from the

multiperipheral behaviour of the 3-body state K""nn+ and would

be discussed later.

A qualitative feature of these events can be studied as

follows. It can be expected that in the K':hoo region, The Kmun
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system would be more peripheral than in the background. The

values of the slope parameter A for these events are:

For K* region 3,837 ¥ .38

1400
For background 3,80 + 49
The similarity of these values indicates that the background

events are as peripheral as those in the K* region and it

is not possible to separate the K*1400 events by a t - cut.

The Knn enhancements

It has been seen that the ratn” mass spectrum in the channel
(1) can be explained by Lorentz invariant phase space plus
some auount of K;#OO' The (Knn) mass spectra for the channels
(2) and (3) are shown in figs. 7.711 and 7.12. Clearly they
show an entirely different shape with a large clustering of events

in the mass raunge of 1100 - 1500 riev.

The nature of the events in these Knm bumps can be examined
with the helv of figs. 7.13 and 7.14. The boundaries on the
Dalitz plots correspond to central values of the range chosen
for Knn mass. The mass distributions are shown in the accompanying

Tk

histograms. In the E%7"n%°P events therc is a strong K*, a less

strong K*° and a doubtful p-~. For the ¥“ntn"P events, K*°

and p° are clearly scen. There are several possible explanations
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for a bump and the arguscnts for and against them will be discussed.
The possibilities are
(a) constructive interference of rcsonances and
triangular singularities.
(b) a kinematic effect

(¢) one or more resonances.

(a) It can be shown that simultaneous production of two -
body resonances can distort normal phase space. In the case
of final state (2), any constructive interference between
the channels X* n°P and X*°n”P can produce a heaping at low

Knn masses. However, if the mass of the Koﬁ'system is plotted

. =0_0 : . :
against those of the K'n~ , no excess of events is noticed in

the overlap region of the K* bands. In the case of the K ntn™

system in final state (3), this explanation is even more
inadequate since the po in the n'n” mass spectrum for the total

sample is fairly weak.

The case of triangular singularities has been considered

by Month(27). In fig. 7.27b S,M,m1‘etc. denote masses and the

process is collinear in space. S can be taken as an excited state

which decomposes into M and m M decays and one of the decay

30
products, oy scatters off m,. There is a singularity for

3
the value of S for which this process 1s possible with the

particles real andontho. mass shells. It has been shown in ref.(27)

that if the particles are taken as M=K*, ma,m = nand m, = K, the

3 1
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Knne mass has a maximum at 1170 Mev. The mass value at which
we observe the Xnu peak is certainly different and this

explanation can be discarded.

(b) In tryinz to explain the ©En enhancement called the A,

Deck (28)

proposed a process of the type shown in fig.7.274.

If the particles C,D,E and e, in fig. 5.2 are replac;d by X*, =,
P and n resvectively and if the particle e, is considered as
scattered off the proton elastically, the X* and wn in the fihal
state would show an enhancement in the low mass region.(29)

Such a2 process should have certain experimental consequences

which will be cxamined below.

1. The scattering of the pilon and the proton should show

the characteristics of elastic scattering. fhere should be a
strong forward peaking and an axial sywieetry in the angular
distribution of the scattered particles. In figs. 7.15 a and ¢
the centre-of-mass scattering anglc of the w-P has been

plotted against the n-P mass for the events of the type

K* %P and K*°n"P from the final states (2) and (3) respectively.
Figse. 7.15 b and d show the distributions of the azimuthal angles
for the samc eovents and these plots have been folded and combined
in fig., 7.15e . The polar angle distribution shows the expected
behaviour for elastic scattering and for high enough energy

of the mn~-P system, there is a strong diffraction peak.

However, the aziwuthal angle (¢ ) distribution shows a
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a definite asymmetry. The peaking at @ = % n means that the
pion tends to follow the X* more than expected in a 'Deck -

mechanism' process.

2. It is implied that the X* in these cases are produced
via a pion exchange. The distributions of the decay angles
© and @ should show the characteristics of pscudoscalar
exchange, i.e. they should be of the form:

W (cos® ) oc Cos%ze

(g ) = constant.
The distributions of the cos © for events in the 'buup'-
region (1.200 - 1,475 Gev) are shown in fig. 7.18 . Although
the cos 0O distributions contain a fair amount of baékground,
they avvear to agree with a considerable proportion of pion-
exchange. The @ distributions were less reliable but consistent
with flatness.,

3. The K* 1° mass distribution for the channel X* n°P has

(30)

been calculated by Fraser and Roberts considering the
diagrams shown in fig. 7.27d-e~f. The so0lid lin¢ drawn on

fig. 7.11 is the distribution expccted from maximum constructive
interference of the amplitudes for these three processes.
Altering the relative phases does not appreciably change the
shape of the distribution but reduces the expected total

cross-section. Quite clearly, the peaking in the K{*n mass dis -

tribution cannot be explained with this hypothesis though it



predicts a large distertion in the K*rn phase spacc. At the

same time, it has been scen that the diagram in fig. 7.27f
makes a large contribution and if that is true, it may seriously
distort the pscudoscalar exchange behaviour of the I* decay.

The exact expected behaviour depends on the quantum nuambers of

the off-nass-shell K.

The total Knm mass spectrum is even more unpredictable
by theoretical calculations since there are contributions from
other diagrams with the K*~ replaced by ?*oand;)- and the

0

n°, by n and K°. Similar arguments apply to the case of the

K*°n™P channel in the final state (3).

L, The reaction K™P -» E* n'n should not show any bump in
the K* n* mass. The reason is that the elastic scattering of
the n° - P has to be replaced by charge-exchange scattering
which is expected to have a much smaller cross-section. The K*
mass spectrum in fig. 7.7 can be explained by phase space

nlus K*1400 alone and ccrtainly does not show a broad peaking.

This feature definitely favours the Deck-mechanism.

‘e can probably conclude that diffraction-scattering
brocesses are likely to be an important contributor to the
Knn bumps but can certainly rule them out as the only.

responsible mechanism.



104

(e) The resonance hypothesis gains a strong foothold once

he others fail to cxolain the Knm bump entirely. UTo date, the
only established recsonance that has been observed to decay
into Knn, either dircectly or via K*m or Kp is the K*1400' The
reaction X' P = K*;#OOIJ is clearly observed in the final state

X°n"P. Using the predicted decay branching ratio

K*(1400) » K*(890) = 6(31)
K*(1400) > K =

one can find the amounts of X*, .. in the £*"7° and the K*°n”
decay channels in final states (2) and (3) . The dashed lines
in fig. 7.11=-12 show the result of subtracting these events.
The remaining cvents form a peak at about 1350 iev with a width

of about 200 bev.

. o) . . ;
The behaviour of the Petn system can be reviewed from -
the resonance hypothesis angle. We have taken the events fitting

the K°

n"P' hypothesis as a test sample to: look at the n =P
scattering if thcsc events are cansidered as produced by a
Deck meghanism. Fig. ?.é?c illustratés the précess. The cosO
and @ forvthe n P séattering arc plotted against the Kon-'>
ﬁass in fig. 7.16. ivents in the K*égo and K*;4OO bands aré
clearly seen to producc diffraction-like peaking in the cos g
distribution. In the casc of @~distribution, they form
clusters nearabout‘ @ = tn. The bechaviour is very similar

to the Xnn bump events. The K*s are, however, well-identificd

as resonances apart from the fact that the diagram in fig.7.27c¢
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includes a three-0" (i.c. Ko=K -n~) vertex and hence does not
conserve parity and angular momentum. The cosep_n distribution
of the Knn bumv events is, therefore, equally consistent with
the resonance hyvpothesis whereas theq)Pn distribution favours

the latter.

The angﬁlar distributions of the XK*(390 or 1400) P cvents
can be easily explainced. These two-varticle states are produced
with fairly large c.m.momenta. If the X* has a relatively
snall Q-value for decay into Km, both tho decay products
would be roughly collincar to the outgoing proton. However,
duc to peripheralism, the incoming and thc outgoing protons
have more or less the same direction of motion in the centre
of mass. “The Lorentz transformation to the n_-Pout rest frame
is roughly parallel to the same direction again and therefore

little alters the small anglc between Pin and POut

The arguments for and against the resonance hypothesis are
the following:

1) The isospin of this object, henceforth called the K*1320 N

can be 1/2, 3/2 etec. In any case, thc neutral counterpart of

*o
13207

The Knnm bump appears to be strongly associated with the K*89O

this state should cxist and show up in the rcaction K P= X

and it is natural to assuae K*890n to be one of its principal

decay modes. The K*:BZO should then deecay into K*590n+ and
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should be scen in the shaded part of fig. 7.7 . We do not sce

any cvidence of the K0

1320 °
To help the K*1320 survive this severe test, a special model
has been proposcd. (32) The K* is assumed to be produced

1320

by a process similar to that shown in fig. 7.27d where the
diffraction - scattered pion recombines with the K*89O to form

the EK* The absence of the K*O is explained by the

1320° 1320

fact that no charge can be exchanged in clastic scattering.
However, a simpler explanation relies on the fact that K;;ao

can be produced via the exchangs of a T=0 object, the Pomecranchuk
trajectory thus being a contributor. At high energics the
contributions of all other particles fall off while that of

the Pomeranchuk trajectory stays roughly constant. Thus the

process K P = K* P has an advantage over the process

1320

" 0 . AT T_ gy
TP > K1320 n which demands a T= 1 exchange.

2) A rcesonance is cxpected to have a constant mass value
and a rcasonable width. Although the constancy of the mass
value of this resonance cannot be verified from the resulis of
this ecxperiment alone, a lack of such constancy has becen

(33)

reported. The width of about 200 Mev is large compared

to those of other known resonances but this is a less scrious

objection since c¢ffects like interference with K* can

1400

significantly alter the truc width.
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3) The decay of a resonance should have a symaetric cos®
distribution. The K*1520 can decay into K*m or Xp or directly
into Kan . In the two-body decays 6 is defined by the line

of flight of any of the decay products. For the Knn decay mode,
the relevant direction is the normal to the decay planc. In
the prescent cxperiment and, as a matter of fact, in all
experinents done to date, it cannot be possible to separate
out any singlc Jdecay mode frouw the background. JAis scen in

the case of K* in final statc (1), the background shows

o}
1400
an asywictric cos® distribution when treatcd as a state
decaying into K*r . It is, therefore, impossible cither to

verify the behaviour of the cos© distribution or to nullify

it.

The preceding analysis docs not lead to any one answer
‘to the Xnn problem. To summarize the situation, (a) no kinematic
enhancement cxplanation adequately describes the cffect and (b)
the rosonance hypothesis suffcrs from tiac absence of the ﬁ*:BEO

. ~ =0 4 - . . . .
in K P > K'nn w . ‘The ease of the A1 is more or less similar

but the reaction = P ~> A$r1 with the A° decaying into P nt

1
cannot be secen becausce of at least two ncutral particlces
in the final state. With the information availablo.at:the noment

the most likely cxplanation ‘sccus to be & superpesition of

(1) A phasc space that takes peripherality into accouat
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the Deck~-mecchanism phasc-space being onc of them.

(2) X plus other resonance(s). Various candidatcs

*®
1400
nave been rcported in the past (3}4) but their appcearence has
been rather occasional. It is quite likely that their production
processes have some kind of dependence on cnergy and experimental
conditions. They may be . produced in varying proportions in
different experiments and possibly they interferce with cach
other to differcnt extents. The shifting of the central mass

aite]

value of the Knm bump is casily understood with this picture.

The absence of K*1320 (where we usce this name for a
conglomcration of various S=-1 mcsonic rc¢sonances nexr this
mass) can probably be cxplaincd byadiffraction-type picturec.

At high cnergics, the interaction X P = (B=0,S8=~1 systea) + P
occurs mostly through a diffraction of the K off the proton.

The final state would contain an oxecited K, the brackected systen
being its manifestationf° The K*1320 resonance(s) are possibly
produccd mainly via this process and hencce the prepondcrance of
the K*1520 with the same charge as that of the incidont X .

Idecas of this type have been used in the vast for scattering

of high encrey particlces oan nucloi(35).

An experimental verification of such a process can be
made by studying the t-distribution of the Knm system. At
lower cncrgics any two-body state of the type X*P is produced

strikingly morc periphcrally than the normal background. In
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our case we expect a contrary behaviour i.e. we cxpect the
whole Knanm speectrun to show the same trend - regardless of any
rcsonances. The slope parometer A for different mass-slices

of the Knn system is shown in fig. 7.17. As expccted, the
parancter A changes quite smoothly across the dnn spectrun and
specially, therc is.no irrcgularity noticcable in the K*1320
region. The falling-off of the parametoer A with increasiung
mass of the Xnn systen is a roflection of the fact thit a large
change in mass is likely to bc accompanied by a large four -

momentun transfcer.

— %
K nlN systems

It has been seen that the cross-scetions for the channels
K*"n'n, ¥* %P and T*°%"P in the four-body fin-l statcs 1, 2
and 3 respectively arc of the order of a fcw hundred Mbs. Lo
obtain samnles of these events we sclect on the mass of the Ln
system alone, the mass range choscn being 830 - 950 Mev. et events
contaminate the first two channcls (~10%) but no attempt to
remove the 47 bands has been made since the non-resonant
background cxcceds the actual resonancce prescat and its rcmoval
has an undesirable coffect. Jith low Nm masscs, they belong to
a spceccelal class of ¢vents wherc the pion tends to follow the nucleon.

ay =40 _~ . .
fhe channel X* ' n P oppears in the final state (2) as well but
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this channcl is dominated by the K* and it is difficult to
isolate them without distorting some angular distributions. In
final state (3) this channel is vractically free from 9, The
channel K* n'N has also a contamination of ~15% from f*?uoo

events.

Fig. 7.20 shows scatter plots of transverse momoentun and
longitudinal momcentum of the particles. [lhere sceas to be convia-
cing cvidence that the {* and the nuclcon more or less follow
the dircctions of the K and the target proton respcctively in
the overall centre of mass. Phe pion, in all cascs, scems to be

more isotronic. [fhe behaviour sugzests a doublc - peripheralisa

o -

as described in chanter 5. wWe replace the particles €, D and 2
in fig. 5.2 by K¥*, n and ¥. lo demonstrate the effcects of this
nechanism we use the multiveripheral angles i.o. the scattering

angles (0 ) for K-> K* and P -5 N in the X*n and Nn c.m.

target

respectively. It can be seen in fig.7.21 that the X*(N) is

produced with a sharo forward peak withh respect to the K(Pt )
arget

dircction in the X*n(ln) rest frame., These distributions are

0h3 )'

very similar in natuee to thosc calculated by Joscoh and rFilkuiin

The decay of the ¥* gives some information about the particle

! the decay angular distributions of the X*s arce shown in

1

fig.7.19 with fitted curves. Table 7.3 shows the possible
combinations of the particles ¢, and ¢, (we refer back to fig.5.2)

and the spin density matrix clements of the X* s. Particles
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heavier than the vector mcsons have been ignored.

Table 7.3
Channel c, “Um—ea N P oo pj"1 “.3?‘310
e P T
(E*"an” o o .2hE,07 215,06 L01%.04
b
° po,elf
L (o)k*"pr® p° 72w .58%.06 L081.04 - 09%.04
W p°
(c)i*°pn™ péel. .56%.05 01,04 .00%.03
w4, W .

* el, indicates clastic scattering.

It should be remeombered that the values of pgo in channcls b
and ¢ may imply morc than 56 or 58% pscudoscalar coxchange in the
formation of thc X*s since absorption is known to altcr the

value of poo'

The large proportions of pscudoscalar exchange in the cnase of
channcls b and ¢ arce consistent with a Deck - mechanism process.

: o .
vhen P or w take the place of e onc: expects the final

ol’
state to look like K* + P + ( po or @) sincc elastic scattering
of the type (p,w) + P -» (p,w) + P is expected to have a
larger crosse—scction than recactions like (p,w) + P = m + P,

(u6)
p

In channcl a, howevcr, the large NNn coupling comparcd to NN

(g2/4n = 14,6 and ~ .5 respectively) would favour ¢, to be a pion.
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The particle eq is then a p and we expect the K*” in channel

a to show vector exchange characteristics -~ which indeed it

does. The values of .21 for and .24 for Poo 1mply- a

P11
considerably larger amount of vector exchange than in the other

cases even if absorption modifications coze into play.

One can feel reasonably confident from the above features
that the X*nll channels are produced by double peripheral processes.
A practical approach to this model has been made by Chan Hong-lo
et. al.( s¢ ). They have considcred the general case where
all'the three particles in the final state are perumuted between
the three vertices of a double-peripheral diagram. In the case
of the X*nll states, it is clear from the Pl--Pt plots that
the diagrams considcred before make by far the largest contri -
butions and we can neglect the others. [he auplitude in two-body
processes 1s found to be proportional to eat, a being a constant.
ixtending the same idea to double-peripheral processes one
expects the amplitude to be proportional to

2oty oxx ¥ Petplipp )N

It can be shown that this favours low K*m and Nm mass combinations
simultaneously i.e. produces a clustering of events in the high
K*N mass corner of the K*nN Dalitz plot. The experimental

Dalitz plots are shown in fig. 7.22 and the depopulation of

the low K*N mass region is quite striking.
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Search for new resonances

To look for any Kn enhancements we combine the Kn mass
spectra from all the four-body final states studied (i.e. 1,
2 and 3) and the final state Kon P ., The result is shown in
fig. 7.283 and no significant enhancements are observed other
than the I*s (890 and 1400) .  The K°n’ (in channel 1) and
the K'n~  (in channel 3) mass distributions (not showm) do
not show any such bumps either which could be attributed to

isospin 3/2 K states.

The Knn mass spectra definitely do not show any sign

of the L (~1800) resonance rcported in ref. 37 .
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Chapter 8 Conclusions

fhe analysis of the & Gev KP data gives the feeling
that not much conclusive can be sald from the results of this
experiment alone. However, it is one of a serics of experiments
from which somc features of high encrgy clementary particle
interactions ecmerge quite distinctly. ‘rhis chapter will be

devoted to a general discussion of thoem.

Resonances

The K*89O has been seen very prominently in this
experiment but this resonancc has been well-established through
other cxperiicnts and little is left to be said about it as a

resonancc statc. The situation with K s, however, diffcrent.

“1400 *
Although it is accepted as a rcsonance, its spin ana parity
assignments are still not beyond suspicion. In the works
mentioned in ref.(21), the JP of 17 has becn slightly favoured
whereas in this exveriment 2% and 17 have been found to about
cqually likely. The 2* assignmment would still not be questioned
until there is definite evidence against it. The mass of the
K*14OO hos been observed to%glightly higher ' in this cxperimoent
than currcntly accepted. However, after the compilation at the

(38)

erkcley Conference y the weighted mean is definitely higher
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than 1400 Mev {(~ 1410 MHev) so that thc mean value of the

present cxperiment (1425%7 Mcv) is not too inconsistent.

The controversy about the K*1320 cannot be said to have
disappcared. One has to bring in a variety of models to find a
complete explanation which again is too complex to be experi -
mentally verified. If it.really is the cffect of a peripheral
background plus secveral rcsonances produced through some kind
of a diffractive vproccss without charge exchange with the nucleon,
it would be difficult to discntangle the effects -~ ceven with

prosvects of better mass resolution and a rcasonable amount

of optimism.

The absence of the L meson® in the (Knm) spectra in

the channels (Xnn) P is strilking. It is cstimated that to
sk .devD =0 - O

produce an effect of less than 16} in the X'n = mass
spectrum of the channecl °n " n°p the cross section for
XP -> L™P, L™= E°x n° has to be lower than  10ub. Howevér,
he L has been scen in this experiment in the (K3n)~ combination
in the final state K Pn n'n and in the missing mass to
identified protons in the 2-prong events in the 5.5 Gev X P
experiment( ref.39 ). This probably suggests that the resonance
has dominant decay modcs with many particles in the final state
c.g. X*p .

"he resonances x (725) and (Kn)1080 do not appear in

this experiment either. The % has becn noticed not to appear

when a large Q- value is available and, thorefore, is not



expeotod in any of the final states analysecd. The Xn(1080)
(38)

. + o_+ .
has been scen by De-8acre ct. al, in KP -» X' n' P which
. =0_~ . . . .
differs from the state K m Pscen in this experiment in that
] ) o TN ‘
there is strong interference from the channel KN + The
problem of interference docs not arisc in the prescnt experimoent
. o . . . .
since the W*  is very weak. UThe situation is therefore inuch

clearer and we are confident that no such enhancemcnt exists

in our data.

Two-body reactions

The cross-sections of two-body processes have been observed

to fall rapnidly at high cencrgies. The processes KP - Kon ,

1Z+OOP have been observed in this experiment and

L *
K 89OP and K
it is clecar from figs. 6.1,, 6.9 and 6,12 that onc can cxpress

logo avvproximately as a linear function of Iog{boam noicntun)

. . -n
l.e. o) o Pin .
(40)

There has been an attempt by Morrison to explain this

behaviour with a Reg

09

e=nole picture. The depcendence arises

20-2

from the relation «< 5 s G bcing the continuous

28

'angular momentun' of the cxchanged Regge-trajectory. In the
processes mentioned, the valucs of n observed are approximately
2.5, 2.8 and 1.3 respectively. They roughly agree with the
values for n expected for exchange of non-strange mesons

n, p and (@ )if the cross-section is assumned to arisc mainly
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from small values of t. The explanation is not exact and is

expected to hold good only gualitatively.

At high cncrgics the t-dependcnce cannot be explained
by any kind of 3orn-term model. The absorption model has a
vartial success in the case of the K*§9O P final state in the
sense that it predicts the density matrix elements and tae
absolute cross-scction more or less correctly with the same sct
of input vparamcters. However, it fails badly in the casc of
charge-exchange gcattering, where the final state paraneters are

better known and pseudoscalar exchange is not allowed. This

cartainly dis a scrious drawback.

On the other hand, the 'Regge-bandwagon' has started
rolling again. The K P charge-exchange scattering has been fitted
into the Regge-pole-exchange theory by Phillips and Rarita
and Roy (Ch.6.). It avpears from the latter's theory that
the Rermge-pole theory is potentially adcquate whercas the
formers have shown that with certain assusvtions about the
residuc functions, the t-distributions for K*P charge-cxchange
scattering can be complcetely cxplained. In the case of other
two-body processes various trajcecctories contribute, some of
which are not determincd experimentally - the w as an example.
Consequently, not much more than a many-degrecs-of-frcedom

data fitting can be done.
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A trend towards total vector exchange has been a noticeable
fact in the production of the final state K* P . There is also
an indication that w or ¢  exchange douinates over p and is
supported by the idea of A-parity(44). If A-parity is assumed
to be good, one can argue back and rule out ¢ -exchange since

¢ has A= +1 . However, there are serious difficulties in pursuing

the idea of A -parity as illustrated below.

The processes K P > Aw,A¢ go via K or K*89O exchange,

neglecting K* and considering forward (i.e. meson-exchange)

1400
scattering alone. If we take o (1 -poo(u),¢) ) as a measure
of the K* exchange part of the total cross-section, their

ratio would be an approximate aeasure of that between K-K*-w
and K-K*-¢@ couplings. The numbers for the 6 Jov experiment

( 42 )

are .

Opg (vector-exchange only) 15 pb

n

OA(P 14 pb.

Obviously there is no proof of tue absence of K-K*-g¢ coupling.
If the ¢ is excluded from the scheme of the A -vparity, the whole
idea is affected since one of the main features of A-parity was
an explanation of the absence of the 3m decay mode of the ¢ .

It has been assumed, however, that the density matrix elements

do provide sone information about the exchange mechanisms. This

may not Ube true. The absorption model still retains enougi

faith so that absorption is recognised to be able to modify
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the density matrix elements considerably. It is, thercfore,
difficult to make any strong statements based on the values of

cbserved density matrix elements.

Three-body final statcs

With the fall of the two-body cross-sccticns, the three-
body final states apoear to be the dominating process in the
nresent experiment. It has been shown in chapter 7 that their
behaviour agrees nicely with tihc double-peripheral model. This
is what one expects intuitively from the lesson of the two-
body processcs. The two-body proccsses ére dominated by
s-channel polcs in the low energy rcgions. The t-channel noles
i,e. exchanged »narticles come into play as the c.m.energy
risc¢s to a fow Gev. Any onc vertex of the two-body process
is still dominated by s~channel polcs i.e. a stable particle
or a rc¢sonance is produced at each of the two vertices. It is
quite natural to assume that if the c.m.cncrzy is raiscd still
further, cach vertex would start being dominatcd by exchaage
processes. Lin otuoer words, the exchanged particle of the t-pole
dominated two-body wrocess would undersgo another exchange
type reaction witi the incoming particle ratiaer than forming a
narticle with it. This is exactly what the double-perinhceral

diagraa represents. It is a straightforward vorediction that
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as the encrgy goes higher up, multiperipheral proccsses of higher
orders would comc into the pnicture. It would, however, be more
difficult to assign wnarticles to the vertices of the multiveri -
vhoral Peynmann diagram. Jith morc vwarticles, thcre may also be
morce final statc interactions which would make the situation more

conmnlex.

Prospects gfor future K P exnerincnts

In the field of K physics the interesting points to be
pursuced are the following:

1. Production mechanisu of two-body proccesses K*890N and

*

Kiy00™ *
2. Study of the threec-body states, specially the origin

of the Xnn bump.

The only experimcent done as yet at a beam momentum higher
than 6 Gev is the 10 Gev experiment (ABCLV Collab.). There is
a differcnce in the centre of mass momentua of about 1 Gev and
and an 8 Gev experiment almost suggests itself. However, there

arc certain other advantageous fecaturcs of such an experiment.

It appcars that at higher energies the K*s in two-body
processcs are produced more cleanly i.e. with less background

and less intcerference with N On the other hand, because

*
1238°
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of the falling cross-sections, a much higher beam momentum
would need a much larger amount of film. The three body cross-
scctions are exvected to fall off as well and it is unwise to

go to very high energies to test the double peripheral model.

One expects the Xmn bump to appear in this experiment
fairly sharply as the background falls in rclative intensity.
lass resolution should be improved as much as possible to try
to separate the constituent resonances in this bump - assuming

of course that to be the corrcct explanation.

It would be intercsting to sce if the L-mcson appears in
this cxperiment. .With cnough data it should be possiblc to find
its JP -~ although that might start a noew unitary multiplet and
the search for the missing members.

Quite clearly, any higher energy experiment should aim at
a rcasonable amount of data. Above 6 Gev the order should be 106
frames with ~~10 Ksper picture and the experiment should be
done in a chamber not smaller than the 150 cm. British chamber.
It may, however, cease to be a multipurpose cxperiment in the

sense that becausc of the strangeness exchange required, the data

on hypcron production would be rather scanty.

Given enough enterprisce and financial support and with a
bit of good luck, the physics of K -mesons probably has a long

life to live.
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