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ABSTRACT

This thesis is a study of some of the strong interactions
which ocecur in the collisions of 10 Gev/c kaons with stationary

protons in a liquid hydrogen bubble chamber,

Chapters 1-6 deal with the collection and analysis of the
data and are of fairly general relevance to the experiment as a whole.
In chapter 7 the existence of four enhancements in mess spectra involve
ing & kaon and one or more pions is demonstrated and chapter 8 is cof~

cerped with a determination of the gquantum numbers of these peaks.

In the following four chapters (9-12) the production mechanisms
for the six quasi two-body reactions in which the enhancements are
obgerved are fully discussed. The last chapter summarises briefly the

main conclugions of the work and what the future prospects may be.
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PREFACE

The author joihed the High Energy Nuclear Physics group ai
Imperial College in October 1964, The first 6 months were spent
attending the prescribed postgraduste leecture courses and assisting
in the 3.5 Gev/c and 6 Gev/c X™p experiments then in progress in the

group,

The first exposures for the 10 Gev/e K p experiment were made
in Pebrusty 1965 and I April 1965 the author joimed this experiment,
From then onwards the suthor and his colleagues were responsible for
the anelysis of the part of the film allocated to the Imperial College
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CHAPIER 1

INTRODUC TTON

The last ten years has seen the discovery of & wealth of gtructure:
in the interactions of hadrons, the particles which interact via the strong
nuclear force. Before 1960 s few resonances had been found in pion-nucleon
scattering; for example, the excited state we now éall ¥ 1236) had been
reported by Fermi and his co-workers (1) as far back as 1952, This is to
be compared with the mest recent compilation of par%icle data (2) which con-
tains more than B0 well-established resonanées, &8 well ag nmany more less

certain ones,

We now regard these resenant stetes and the previocusly known "ele-
mentary particles” {those which live long enough to be directly ohserved) on
an equal footing; the latter are the ground states of the hadronic mass spec-

trum end cannot therefore decay by a strong interaction,

Bocause of the complexity of thie spectrum it seem unreasonable to
expect that these resonances sre all "elemenbary" particles, There have been
geveral speculations regarding the possible existence of some more fundamenbal
entities out of which the kmews hadrons eould be constructe&. The best known
of these is the quark hypothesis which was first suggested by Gell-Mann (3)
following the success of the group SU(3) in the classification of partiele

states, After several years of negative searches there have, in-the last yearn,
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been two positive claims for the observation of quarks (4), although there
has been seme controversy (5) regarding possible slternative explanations

of at least one of these experiments,

& possible alternative to & sub—particle approach is the theoretical
proposal, originally put forward by Chew (6) in which the hadrons are consid-
ersd to form a mutually self-consistent set of particlss interacting among

themselves., This iz the so-called strong interaction hootstrap idea,

Present developments in hadron physics, both theoretical and experi-

mental, :ean be broadly divided inte two types:

i) Qlassification of particle states

Experimentally this means determining all of the gquantum numbsra of
the resonant states: mass (M), width ([™), epin-parity (JP), baryon number (B),

hypercharge (Y), isotopic spin (I), and others whers relevant,

Theoretiecally, one approach is o study SU(3) and higher symmstries
with the aim of explaining the observed properties of the states by assigning

them to multiplets which are representations of the groups.

ii) Dynsmice of the strong intersction
For this there is no satisfactory theory at present, Field theory,

with its requirement of a separate field for each pafticle geoms to be g long
way from the truth and the perturbation approach whieh has been so suceessful
in guantum electrodynamics is not appliecable to hadrons because of their very

sirong coupling,

The theoretical approach has therefore tended to be a phenomenole-

gical one, that is to say, one writes down possible forms for the scattering
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amplitude, often suggested by a model of some kind, which (hopefully) satisfy
basic aceepbed maxims like unitarity and ansilytieity, and then compares the

predictions of these amplitudes with the experimental data.

Experimentally, the only way at present of studying hadron interw
actions iz %o scatter a beam of accelerated particles on a stationary target,
although it should soon be possible to study the collisions between two beanms
of protems., The theoretical models are tested best by having accurate data
at as many incident energies as possible, Thus the general tremd is towards
the secquisition of more and more data and its rapid analysis, and towards

higher end higher energies, thus requiring larger and larger asccelerators,

The experiment deseribed in this thesis is one of a series in which
the Imperial College high cnergy group has participated during the last six
or seven years, imvolving the interactions of negative kaons andrprotons. &
liquid hydrogen bubble chamber is used both as the target and as: the detector
of the partiecles produced in the interactions, The bubble chamber, which
developed from the cloud chamber used in cosmic ray studies, after an initial
idea of Glaser (7), has been one of the most useful devices for studying high

energy particles,

Units

As i8 now custoﬁary in high-energy phyaics, physical quantities are
expressed in wvnits such that 1 = ¢ = 1. Energies will usualiy be quobed in
GeV {sometimes MeV); the corresponding unit for moments is written GeV/ec to

gvoid confusion.

eV = 10%v = 1-6022,107 erg
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The present experiment is a collaborative effort among the high
energy groups in Aschen, East Berlin, CERN, Imperial College and Viemns (8)
(referred to as the ABCLY collaboration)., It uses a K~ beanm of momentum
10+12 Ge¥/c which, at the time the experiment was started, was the highest
momentum ever achieved with:gikgérticles. Of the results se far published
(9-22), those of particular interest, which do not form part of the work in

this thesis, should perhaps be mentioned briefly.

Seven examples of the produétioﬁig%rangeness ;3 hyperon {7~ have
been found (18), which make a signifiocant contribution to the world total of
about 30, A determination of the spin of this particle may soon be possible;
confirmation of the value 3/2 expected from SU{3) symmetry would be a useful

result; any other value would be very interesting indeed,

Two new strangeness -2 =¥ resonances have bheaen rep@rtéd (17) and
the EKBO@G) state previously seen by the Brookhaven-Syracuse collaboration
at lower energy (23) has been eonfirmed, These resonances cen only be studied
easily in X intersctions; if one expecis as much structure as has been found
in the 8§ =-~1 and 8 = 0 baryon apectra (and there is no reason to expect other-

wise), there is still a lot to discover about :; syetoms,

Finally, an attempt has been made {22) to begin a gydtematie experi-~
nentel study of thé multi-particle final astates which acéeunt for such a2 large
proportion of the interactions at high energies, Howevér an extension of the
technique described in ref. 22 to B'or more particles in the final state would
seenm to be too complex to be of much practical use, since it would require one

to consider distributions on surfaces in multi~dimensional hypsrspaces.
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CHAPTER 2

Details of runs

The first exposures in the experiment were made early in 1965
at the CERY preton synchrotron (24), using the separated beam known ag
02 in conjunction with the 1«5 metre British Natiomal Hydrogen Bubble

Chamber {BNHBC),

Subsequent exposures have used the U3 beam (later modified

to U4) together with the CERN 2 metre hydrogen bubble chamber,

Table 2+1 shows, for each rum, the number of photographs,

their distribution among the five laboratories and the average number

of kaons per picture,

Where it is necessary to distinguish between the different
rung, the experiment numbers allocated to them in CERE will be uged
(see Table 2+1), Thus tﬁe exposures in the British chamber constitute
experiment 75, while the runs in the 2 metre chamber are experiments
10, 12,and 13 respectively, The results presented in this thesis are

from experiments 75 and 10 only.
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TABIE 2,1

PIiM DISTRIBUTION

Experiment number 75 10 12 13 ALL
Bubble chamber BNHBC CERN HBC -
i Date of exposure WAR 65  AUG 66  FEB 68  AFR 69 -
Aversge K per frame 5 10 10 8 -

Film allocation
(in 1000's of frames)

Aachen = 37 19 2 24 102
Berlin 25 4 13 21 63
Cern 80 | 23 165 75 34%
London 26 6 27 57 116
Vienna 32 18 13 21 84
TOTAL 200 TO* 240 198** 708

* not including 60,000 frames which had a too-high pion econtemination
and have not been analysed,

¥* 15,000 frames still in reserve.
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Beams

Secondary charged particle beams at high energy accelerators
are normally produced by alleowing some of the protons cireuwlating in
the main aéceleraﬁor ring to hit a metal target., From the large numbers
of different types of particle produced, those of the fype and momentum
required are selected by suitable combinations of electric and megnetic

fields,

Pure beams of chargedkaons are among the hardest o produce,

for the following reasons:
i) the ratio of negative kaons to negative pioms produced from
the target with momenta around 10 GeV/C i only of the order

o'll

ii) the mean lifetime of X~ (gbout 12.35 nsec,) is less than that
of T . (26+0% nsee.) so that the K/ ratio decreases with
inereasing distance from the target., &t a distance of L metres
downbeam this ratio will have fallen te a fraction f of its
initial value where

f & exp(~L/140) | (2.1)
The lengths of beam used in this experiment are in the range
160-180 metres; this gives a value for f at the bubble cham~
ver (assuming for the moment that there is no mass separation

in the beam) of about 0.30,

1ii) The number of kaons reaching the bubble chamber should be

as high as possible to make the most efficient use of the
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exposure. The optimum number is about 103 if there sre a
lot more than this, interpretation of the photographs may
becomes difficult, If one requires the pion contamination
to be lesg than 5% this means that no more than 1 pion in

TOO ean be allowed to reach the chamber,

The 02 and U3 beamg

Both these beams (25, 26) can be divided into three stages.
In the first stage the particles are collected from the target and the
firgt momentum snalysis is carried out; the next stage invelves g sep-
aration according to the particle mass and finally, in the last stage,
the momentum is redefined and the particles are spread out in the veri-

ical plane before entering the bubble chamber,

The technique of radio-frequency (RF) separation used in
this experiment requires a very short burst of particles since the RF
cavities are under power for only a few wicroseconds at a time.® To
achieve this the technique of fast-ejection is used in which a fast
kicker magnet, energised by a condenser discharge, deflects the protons
circulating in the main accelerstor ring onto the target. In this way

all 20 bunches of protons (if necessary) can be removed in aboub ZFsec.

Megure 2+1 shows the components used in the two beams, which

are similar in most respects; table 22 lists some of their'parameters.

The bubble chamber slso needs s relatively short burst of particles but
this is of the order of milliseconds, so it is the EF requirement which
is the determining factor,
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TABLE 2,2

BEAM PARAMETERS;

02 (exp.75) U3 {exn,10) |
Primary beam mementum (Gev/c) 21,5 20.6
Target Internal External
Material copper copper
Height {mm) 7 2
Width ! (fmm) 2 1
Length (mm) 100 L EB0
Production angle at target (mrad) 40 0
Max. collimation angles: vertical - g5
(mrad) horizontal - Is |
Solid angle aceeptence (Psr) - 150
Phase space acceptance (Gev/e.psr) 6 -
Relative momentum bite (%) 4 0.25
Length of beam (m.) 180 165.5
Cavity separation (m.) 50 50
RF frequency (FIHZ) 2855 2855
Bean composition (%) X 64.7 X 3.0 45.0
P 2% % 2 50,0
T 1051 <5
5 2.3 £ 0.5 <1
K/all hadrons 84 L4 5190
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¥Where not explicitly stated the following deseription refers to the

U3 beam.

s e r-‘ o

i

£

|

| i)
: The use of an external target in U3 enables the pariicles to

be collected at 00, thus tsking advantage of the strong for—
ward peaking of the secondary particles, The collimators

¢1, @2 define the angular acceptances in the horizontal and
vertical directions respeetively. The lens dystem Q1-Q4 has
two roles; horizontally it focuses the beam at the momentum
slit C4s vertieally, it gives a magnification sufficient to
produece an opening angle of ¥ 1 mrad in the centre of the first

RP cavity.

The bending magnets M1, M2 provide a momentum dispersion in
the horizontal plane which is analysed at the momentum slit
¢4. The guadrupole @5 and the bending magnets M3, M4 cancel
the momentum dispersion of the transmitted beam and make it

parallel in the vertical (mass separation) plane.

ii) RF separation

This technique was developed as an improvement over electro-
static separation following the original idea of Panofsky (27).
The first operation of the two-cavity system in the 02 beam iz
degeribed in reference 28, BEach RF eavity exerts a sinusoid-
8lly time-varying deflecting force on the particles in the
vertical plane. The relative phase of RFl, RFZ can be ad-

justed fo any desired value and is then kept constant by




means of a servoesystem., DParkicles of the same momenbum

but with different masses will take different times to travel

S e i s R S R T

from RF1 {e¢ RF2, a distance of about 50 metres. The differ-
enece in times for kaons and pions at 10 GeV/C is about 0,2 nsec
end this is of the same order as the period of the RF fields,
The separation is achieved in the ideal situvation by giving
the unwanted particles (pions in this case) equal and opposite
deflections in the twe cavities and letting them hit the brass
beam stopper which is centred on the beam axis. The wanted
particles (kaons) have an overall defleetion which enables:

them 4o miss the beam stopper and continue down the beam line,

Quantitatively, the difference in RF phase between the times
of arrival in the second cavity of a pien and a kaen whiech
were together in the first cavity is, in the relativistic

limit, given by:
wL

& = 21)2@2 (mz(rr) - m? (K» (2,2)

where w ig the RF angular frequenecy, L is the ocavity separa—

tion and p is the momentum,

The lens syster Q8-Qll between the cavities has a magnifi-
eation of -1 so that if the relative phase i3 chosen to give
zere net defleetion for piensg, the net deflsctions for kaons
will be:

Al%) -k, sinwt + A sin(wt + &)

i

24, sin (+8) cos (wt + +6) | (2.3)
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The phase wt at which the particles enter RF1 is approximately
random, since the period of the RF {about 0«3 nsee) is much

smaller than the duration of the particle burst (a few psec).

This simple discussion bas neglected the following factors:
a) The cavities have a finite length over which the deflec-
tions are produced, For the present size of cavity (2 or

3 metres) this comrection is small,

b) Because of the acoeptance requirements of the cavity
system, the beam has an angular opéning of I 1 mred in
the vertical plane. This means that the beam stopper
hag to éubtend an angle of T mrad in erder to stqp all

the pions.

From equation (2¢3) it can be seen that the number of kaons

which pass the beam stopper is greatest when

8: (Qﬂwl)ﬁ * n = l,2| 3’ seeevawra (2‘4)

Howewer, because of the cosine factor in (2+3) there will

always be some kaons which hit the beam stopper.

The RF system is designed to satisfy (2¢4) with n = 1; from
(2+2) this fixes the ratio of w/p2. One also wishes to elim-

inste antiprotons from the beam; this can be done provided

T \
2:2132 (mz(F)"mz (H)) = 2nfl , m =0, 1, 2:31-....
(2.5)
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Equations (2+4) and (2+5) are in faet satisfied at the
same RF frequency for moments of 10+32 GeV/C, 10-12 GeV/C

respectively. The latter is the momentum at which the experie
ment is performed; it is not quite the optimal value for kaon
transmigsion but both types of unwanted particle should be

effieiently removed,

Final momentum analysis

This is necessary to reduce the background of muons which
have appeared after the first momentum slit, mainly from the

decays of pions,

Being leptons, they would not cause interactions in the
bubble chamber, but if there are too many of them, the plo~

ture quality will be reduced,

The eollimator G5 immediately behind the beam stopper (BS)
redefines the vertical accepbance which partially reduces

the muon background, The quadrupele doublet Ql2, Q13 prod=— ﬂ
uces horizontal and vertical foei in collimators C6, C7; the
doublet Q14, Q15 images C6 into the centre of 08 which is the
second momentum slit; dispersion at thie slit is provided by
the bending magnets M5, M6. The doublet Q14, Q15 also shapes
the beam in the veritical plane for entry into the chamber;
the vertical magnets VM7, VM8 are used to obtain the ecorrect

entry angle and level at the chamber,
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Tuning
Initial values for the currents in the bending magnets and
quadrupoles are calculated for the required momentum by the program
TRAMP, These currents are varied by small amounts around the starting
values and the beam profile is studied wsing scintillation counters
which are positioned at various places along the beam, e.g. attached
to the collimator jaws., Eventuvally, optimum values for the currents
are obtained and the beam is then "tuned" for that particular momewntum.
The RF pulse is adjuwsted to coinecide with the arrival of the partiele
burst and the parameters of the RF gystem are then optimimed wsing two
counters, one just behind the beam stopper, the other just before the

bubble chamber,

Monitorine during a run

Throughout a run the quality of the beam which enters the

chamber has to be checked at regular intervals.,

The most serious consideration iz pessible contamination
from wnwanted particles, especially hadrons. An estimate of this ecan
be obitained by inspeeting the film for interactioms of certain types.
Using results from other experiments {and from previous rums of the
same experiment, if any) one can caleculate the propertions of ¥ and
i~ interastions at 10 GeV/C vhich give rise to a visible decay of a
neutral strange particle (Vo). These numbers depend on the size of
the chamber; for the 2 metre HBC they are 22%, 7% respectively, for

the volume of the chamber which we scan for intersctions, The observed
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percentage from a sample of film should lie between these values and
from it the X/T1 ratio can be calculated, The possibility of anti-~
proton contamination has been ignored here as it is usually a less

serious problem than that of pion contamination,

Fuarther, a knowledge of the total cross-—gections for X
and /17, combined with the total number of interactions of any sort
observed in the sample enables the average number of hadrons entering
the chamber to be calculated, Comparing this with the aversge number

of tracks observed gives by subtraction the number of muon tracks,

One view of each roll of film exposed irn the run is developed
as soon as possible and scanned for intsractions with and without g
visible V° decay. Also on every tenth frame the number of beam tracks
is counted, This gives & reasonably accurate determination of the conw
tamination but unfortumately it takes about 4-5 hours for the film to
be developed and scarmed, by whick time 2 or % more rolls have been

‘baken.

To enable serious contamination to be quickly detected so
that the beam can be modified as soon as possible, a2 test strip of
about 10~15 frames is ocut from the end of each roll and developed
separately in the experimehtal area, In this way one can get a back-

ground estimate within about 1 hour after the completion of a film,

For still more rapid feedback to the beam control it is
possible to take polaroid photographs (development time about 10

seconds) and to imspect the chamber visually through a porthole,
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EBvery 6-8 hours about 200 frames are taken with the RF
awitched off; if the beam stopper is funeftioning correctly the only

particles reaching the chamber are then muons so that no interactions

shouwld be seen,

Batimates of the background from unwanted particles for

experiments 75 and 10 are given in table 242,

A typieal run of say 200,000 phobographs takes about two

weeks to conplete,
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Bubble Chambers

The bubble chamber deteects high energy charged partioles
in the following way; if a perticle passes through the chamber
ligquid (hydrogen in this experiment) when the latter is in a super-
heated state the ilonisation produced provides a gituation in which
small bubbles can form along its path., The mechanism for bubble
formation is not entirely understoed at present but it is generally
seccepted that local heating in regicms of about 10“6cm radius is
r95ponsiﬁle (29), This heat arises when delta rays - electrons
knocked from their orbits by the Coulomb field of the passing pari-

iele — of about 1 kev lose their ensrgy.

/

When the bubbles have grown to a suitable size (typically
ISOFJ and before they have drifted to¢ far eway from their initial
positions (no more than about 10p), the chamber is illuminated and
photegraphed. Three or four cameras are used so that the different
views they see of the line of bubbles contain’enough information for

the path of the particle in space to be caleoulated.

A magnetic field is applied throughout the chamber; the
trajectory of a particle is then a helix with axis along the field
direction, The curvature of the helix ir related to the momentum of

the particle,

The working temperature of a liguid hydrogen bﬁbble chamber
is about 27°K and the hydrogen is broughi into a superheated state
by a rapid reduction in pressure, After 10-20 mseec pressure condi-

tions are wniferm throughout the chamber and this is arrangsd to
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coincide with the entry of the burst of particles, When the
bubbles have reached the required size (this takes a few msec)
and have been photographed, the pressure is immediately reapplied
to prgvent spontaneous boiling throughout the whole volume, the
bubbles are removed by a clearing field and the chamber is then

ready to begin its next cycle.

Britigh and Cern Chambers

The British 15 metre chamber (30) was built in the early
1960's for use at the proton synchrotrons at CERN and at the Ruther-
ford Laboratory, where it is at the present time. The Cern 2 metre
chamber (31) was built a few years later and replaced the Britisk

chamber when the latter was moved to England.

Some of the parameters of the two chambers which are: rele~

vant to the problems of film analysis are shown in table 2,3,

Both chambers are divided lengthwise inte three sections
for purpoges of illuminstion, which is provided by flash tubes.
Uniformity of illumination throughout each region is achieved by

a three—unit condenser systen.

Each chamber has two opposite vertical windows, one being
used for illumination, the other for photographing. This set-up is
known as streight-through illumination, in contrast te the retro-
active method used in some chambers, in which both light sources and
cameras commupicate with the chamber throuéh the saeme (and only)

vindow.
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TABLE 2.3

BUBBLE CHAMBER PARAMETERS

Iluninated region: length (em)
height {em)
width (em)

W;ndggs: number
length {em)

height (cm)
thickness (cm)
ination: ne. of sources
method
"
geattering angle
Camerag: number

eentral plane demagnification

Film: type

- width (mm)
ne. of frames/fibm
Magmetic field: central value (kgauss)

working temperature { °K)

time delay (msee)

HNHBC

140
50

50

150
50
16

2% 3

CERN HBC

7
56

50

218
7
17

3

straight-through straight~through

dark--field

2
3

1:16

unperforated

35
2500
15.54

27

1.5

dark-field

¢

7
4
1:1%.3

unperforated

50

1500
17.343

26

1,0



- 29 -

The intensity of the light scattered by a bubble falls off
rapidly away from the forward direction, being about one-tenth of its
forward value at an angle of 15° in hydrogen., Thus it is important
to use a small geattering angle to get good contrast between the
bubble image and the background. The British chamber uses a scatter-
ing angle of 2° (52) which is small enough for aberration effects to
be important; this requires the use of monochromatic sources, The
Cern chamber uses an angle of 7° (33) and also has monochromatic

sourees,

The bubbles cen be detected either by observing the soatt-
ered light direetly or by viewing the straight through beam out of
which the bubbles have scattered some light. The former method,
known as dark field illuminatien, is used in both the British and
Cern chambers. The bubbles appear as bright points on a dark back-
ground; however the film as used for analysis is a negative so that

the reverse is then Ifrue,.

The cameras have to be far enough apart to give a stereo-
goopic angle sufficient for the accurate determimation of the part-
jcle trajectories in space, Their axes must also be parallel, other-
wise severe computational difficulties would occur in the reconstruc—

_tion. They must therefore have wide angle lenses in order for each
one to be able to view most of the chémber. The arrangement of the
camerzs in the two chambers with respect to the beam direction is

shown in fig., 2.2.

On the inside of each window there are sets of reference

marks in the form of crosses of various shapes and orientations,




BNHBC
O m

CERN HBC
Zm
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These fidueis) marks define a chamber-based coordinate system te

which the measurements mede on the film are referred, There are

alao pets of reference marks on the camere gates.

% data panel which shows the current roll and frame number

is recorded on the film alongside the chamber image.

. 2!3.20

The demsity of bubbles aleng the path of a particle can
be varied within wide limits by alfering the degree of superheating,
It is an important parameter since it is a function of the veloeity
of the particle, This means that a combination of measurements of
track curvature and bubble density allow (in prineiple) a determina-
tion of the mass of the particle. In practice this is not always
possible since the (empirieal) relation between bubble density and
velocity is of the form (34)

b = 6/4°, (2.6)

vhore 4= ufec and € is a funetion of the thermodynamic properties

of the liquid.

Thus, close to the relativistic limit A= 1, the difference
in bubble denbity forkparticles of different mass is very small and

is not easy to measure experimentally.

The bubble density which all tracks approach in this limit
is known as minimum'ionisation for that particular selt of chamber

conditions. Kaons of momentum 10 Gev/C have A= v/e g‘p.gggs
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so that they represent minimum ionisation te within 1 part in 400¢
Becauge the thermodynemic conditions of the chamber will change
slightly during a run, measured bubble densitles are always com-
pared with the density for a beam track on the same frame, so that

the quantity ¢ in equetion (2.6) is eliminated.

A suiteble bubble density for minimum ionising tracks is
gbout 10-15 per centimetre, The pressure change during the chamber
expansion is chosen te given a valuwe in this range and this in turn
determines the time interval required between the entry of the part-
ieles and the flash, i.e, the time required for the bubbles to grow

{6 photograrhable gize,

During & run the values of the pressure change and the time
delay are checked at regular intervals, The bubble density is checked
by counting the number of bubbles in a known length of track with the
aid of a microscope; this is done for several beam tracks on the test-
strip taken from the end eof each roll (see section 2.2,2 for further

detaila).
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CHAPTER 3

DATA EXTRACTION

Phe following chapters deseribe how the information
recorded on the film is extracied and put into a form ready to be

used for the analysis of the X p strong interaction.

Az mentioned at the end of the last chapter, there are
two main types of information that can be obbained from a track, its

curvature and its bubble density,

In the analysis of the more recent 10 Gev/e X~ exposures
{experiments 12 and 13) the information on both eurvature and bubble
density is retrieved in a single process using a flying-spot device (35)

to scan the frame and receord the position of every bubble,

Before the development of this device to the stage where
it could be used for routine analysis, the operations of curvature and
bubble densliy determination were usually kept separate and this was
the case with experiments T5 and 10. The measurement process deseribed
later in this chapter refers only to the former operation; the informa-
tion from the bubble densities is introduced at a later stage by a vie-
ugl inepection of the film and this will be discussed in the next

chapter.




It is found to be more convenient to make an initisl wvisusl

examinatiop of the film (known as scanning) in which details of the
interactions of interest for analysis are recorded, rether than to

try and cembine this with the measuring eoperation.

The general procedures used in the analysis arve the same in
eaéh of the five eollsborating groups but the exact details vary from
group to group, since they depend on factors like manpower (both physi-
c¢ist and nan—physieist) and the relative amounts of scanning, measuring
and computing time available., Where specific detailes are deseribed

they refer to the methods of the London Group.

After the measurement sbage, the raw data is put through a
sequence of compubter programs; these are described in the later parts

of this chapter,
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_35...

Seanning

Each roll of film is projected at about 10-15 times mag-
nification and examined frame by frame for the types of interaction
which are to be analysed, These scamming projectors need not be of

high precision since no quantitative measurements are made on them.

One of the useful features of hydrogen bubble chambers is
that the target nuclei are single protons; this makes it a lot
gimpler to analyse the interactions then if the target were a more
complex nucleus of protons and neutrons. 4n interaction between a
bean particle and a target proton is seen in the chamber as a beam
track which ends at a certain point, from which begin other tracks
cavsed by the charged particles produced in the interaction. In

general there will be some neutral particles produced as well but

~ these are undetected,

Since the X and the proton have electric charges -1, +1
respectively and since all known charged particles have only a gingle
+ or - charge, it follows that, assuming charge is conserved in the
interaction, there musf be equal numbers of positively charked and

negatively charged particles produced,

Sometimes one of the charged tracks from an interaetion
may decay in the chamber, usually into one charged particle and one

or more neutrals, This is observed as & kink in the trail of bubbles
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at the decay point.

Algo a neutral particle may be seen to deecay inte charged
rarticles (usually twe) within the chamber volume, This appears as
a V-shaped pair of tracks which points back tewards the primary inter-

action in which the neutral particle was produced,

An interaction (usually called an event) is characterised
by & three~digit number known as the topology. The first digit is
the total number of charged tracks (prongs) coming from the event
and can be 0, 2, 4, 6 ..... The second digit is the number of charged
decays (kinks) and the third is the number of neutral decays (Vﬂ's).
These last two digite are usually O or 1, sometimes 2 but rarely
higher, Topologies where the second and thitd digits add up to two
or more, that is where there are two or wore associated neutral or
charged decays, are called rare topologies, If there are ten or more
prongs the topology becomes a four-digit number; this is not very

COomMmoN.,.

The followipg informatien is recorded at the scanning stage,
for each event:

i) r¢ll, frame and event numbsr. The eveni number is used to dis-
tinguish events on the same frame and increases from 1 inrthe
downbeam direction,

ii) topology.
iii)  socan number and scanner's number.
iv) an approximate indiecation of the pbsitionrof the interaction

point in the chamber,
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v) if necessary, a sketch of the event and any special

instructions 4o aid the measurer.

In experiment 75 this information was recorded on scanning
sheets and the whole job of bhook-keeping was done manuslly, In exper-
iment 10 a gemi-automatic system was adopted, the details being recor—

ded on specially designed cards which were later punched.

Baeh film is scanned completely itwice, and then a comparison
scan {the check-gcan) is made in order to resolve the discrepancies
between the first itwo scans, In experiment 75 the second scan was
done by technical assistants and the other twe by physicists; subse-
quently the first two scans were done by the assistants but the check-
scan was 8till carried out mainly by physicists, Two views are used
for each secan,ya different pair for scans 1 and 2, On the.whele
events are only recorded if there are three good views.gvailable,

In experiment 10, where there are four cameras, the film from camera
2 (situated towards the beam entry end of the chamber) is not used in
the analysis, This is the best view to omit since it mees more of
the besm track (whose momentum is lmown anywey) and less of the finsgl
particle tracks which bave to be measured. In principle, all four

views could be used but most measuring devices are set up to take a
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meximume of three, It is doubtful anywey whether the increase in

precision would be worth the extra measuring effort involved.

The eriteria used in scanning the film are summarised in
table 3.1. Events are only recorded if they lieswithin certain
defined regions of the chamber {called fiduecial regions). Charged
and neutral decays have larger fiducial regions., The choice of
region for the primary interactien is = compromise: on the one
hand it is advantegeous to use as large a region as possible,
simply te maximise the amount of data obtained; on the other hand,
the tracks have to be long enough to get an accurate curvature
measurement and alse one does not want to sllow too many of the
neutral strange particles to escape from the chamber before decay-

ing.

Zxeept for the width of region definition in experiment
75, which just requires that an event is visible on cameras 1 and

3, all fiducial region definitions refer to camera 1,
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TABLE 3.1

SCANNTHG AND MEASURING CRITERIA

Experiment 75 Experiment 10
Viewe uvged: sean 1 Te2 1,4
gean 2 1,3 3,1
measuring 1,2,3 1,3,4
Fiducisl regsiong: number 3 2
length definition bright bén&s on fiim fiducial marks
width " event seen in 1,3 " "
length of region 1 (cm) 40,7 88
o - 41,7 39
o L 46 -
Boam track
ninimum length (view 1)(em) 5 fizxed by region definition
(initially 2) (about 15)
maximum angular acceptance lo 1°
s_geamed
region 1 all all except 000
reglon 2 001,201,401 raresl
region 3 rares -
reglon 1 | 200,400,001,201,401* all execept 410,610,810,...
region 2 001,201,401 rared
refion 3 rares %

* The London and Vienna groups also measured and analysed topology 600
**  The London group: alsc measured and analysed topology 60l.
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3.,1.1 Stopping tracks

One important piece of informmtion which iz psssed on
from scanner to measurer concerns stopping tracks., Because the
proton is the only stable hadron, a partiele which stops within the
chamber volume snd does not decay must be a proton., uite often
tracks end in the photograph because the partiele has hit one of
the windows. In this case the end point of the track and the set of
fidueisls on the inside of that window are coplanar so that the rela- .
tive position of the end-point and these fiducials will be practically
the same in all views, Thus to find genuine sfopping tracks the secanner
compares any end-point on the frame with each set of fiduecials, e,g.
by superimposing the views on the geamning projector; an end-point

vwhich does not match up with either set is a stopping point,

The advantage of looking for stopping protons is that there
ig an empirical relation between the range and the initial momentum of
8 given particle; the momentum may therefore be found from a range de-
termination., This is particularly wseful since a stopping proton track
is often too short to get an accurate momentum measurement from its

curvature,

When & stopping track is measured the operator takes the last

bubble as one of the measured points and gives it a special label,

Apart from the interaction of X beam particles with protons,
there are other "events" which vecur in the chamber and give potentiallyw

weeful information.
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%.1.2, Secondary interactiens

Bach hadron produced in a primary interaction has a certain
cross—-gection for undergoing a further collision with another target
proton in the chamber, The probability of an interaction in a length
Z of a track is quNo, where p is the density of liguid hydrogen and
No is the Avogasdre number, For o¢= 50mb s p = 006, Nb = 6'1023,

L = 120cm, this gives a yprobability of about 0+2 for a typical secon-
dary track., An analysis of this secondary interaction may give some
information as to the identity of the sscondary partiele and this, in

turn, may be of some help in analysing the primary interaction,

i) Intersctions of neutral secondaries
Thege leok like 7°'s but have an odd number of prongs,

Unlike V°'as, there can be other neutral particles produced, so
that the line of flight cannot be exactly determined. I+t is
therefore not eesy to be sure of the origin of these secondary

neutral particles and they are ignored.

ii) Interactions of charged secondaries
These appear ag gecondary events on charged tracks from the
primary interaction. If the track concerned is long enough and
.eurved enough for a reasonably accurate momentum determination,
it has not been considered worthwhile to measure the 3econdary
:Lnteraction.= In experiment 75 we did measure if the sagitta of
the track wag judged to be too small (there was no rigid limit).

From the experience gained we decided that only elastic secondary
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seatters would be accepted, Consequently, in experiment 10, we
4id not meassure them if they were obviouwsly non-elastie; we aglse
imposed a sagitta limit of 2mm in the chamber. For a 1 Gev/b
track this corresponds to a length of about 17cm; the probability

of an iﬁteraction before this is about 0«03,

3.1,3, X decays

A knowledge of the number of beam particles which decay in
the chember would enable an independent estimate of the total X flux
to be made. The mean path length of a K befofe decay is pe¥/m, where
T is the nean lifetime, For 7V = 12.35 nsec (2), ¢ = 30cm/hsee and
p/m = 20, this gives a Jength of about 74 metres, i.e. about 1 beam

track in 37 will decay in the chamber,

In about 94+5% of its decays the kaon bresks up into a single
charged particle and one or more neutrals., The angle between the in-
coming and outgoing charged tracks is usually gquite small at high momen-
tum and this makes these decays hard to sea. The 5.5% represents decays
into three charged pions (the so-called tau decay). The three pions
are aslso strongly peaked in the forward direetion but, being all visi-
ble, these decays are easier fo gee than_the single-prong ones, We
give them topology 300 and measure them as if they were normal inter-
actions; this gives a measurement of the beam momentum which ean be
compared with that obtained from the RF separator parameters, A fur-
ther advantage of using tan decays rather than sing1é~prongﬁdeeays is

that they are a characteristic of the X ; any pions in the beam will
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give rise to about twice as many single-preng decays as the same

number of K but will give no three-prong decays.

Apart from these decays there will be s bacﬁground of
apparent odd-prong events., These are recorded at the seanning-stage
in order to obtaln an upper 1limit on their eccurrence., Possible ex-
planations for these anomalies can be divided inte two categories,
depending on whether there is an extra positive or an extra negative

track,

i) extra megative
a) a &ray is produced on one of the tracks very close %o
the apex of the event which is fast enough not fo be

identified as an electron by its ionisstioen,

b) there is a very slow proton which stops in a distance

less than the bubble separation.

ii) extra positive
&) one of the secondary particles may have undergone an inter—
action very close to the primary event. Replaecing the dis=-
tanece of 120cm used in the caleulation in section 3.1.2
ahove by lmm? gives the probability of this oeccurring for
a given irack as about 1/5000,

3.1.4 Electron pairvs

Thease arise from the materialisation of X—rays in the

Goulomb field of a proton, The average intefaction length for thia
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process (called the radiation length) is 8l9em in hydrogen,

The most likely origin in the chamber of an electron pair
is the decay N1°— 2¥ .. Assuming an average visible path length of
120em for the gammas the probability of a given one converting in the
chamber is about 1/7, i.e. the probability of gseeing both gammas from
the decay is only 1/49, while the probability of seeing one is 12/49,
These chances are too small to make it worthwhile measuring (or even

noting) these electron pairs.

The opening angle of an eleetron pair ;s always practically
Zero., A v° which happens to have a small opening angle can appear swmbi-
guouna with an elecetron palr at the scanning stage. To avoid losing
;ny genuine v%'s we measure all apparent eleetron pairs when neither

track can be identified as an electron by ionisation,
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Measuring

Most of the measurements for thie experiment have been
carried out on one or other of the two National Measuring Machines
belonging to the Imperial College group. The optics for these
machines were designed by the Techniceal Optics group at the college
and other parts were made commercially, In addition some of the
peasurements for experiment 75 were dome on a less sophisticated
but not much less accurate machine (called Hauser) which was built

by members of the group.

The process of measuring involves maling aceurate determina-
tions of various points on each of the three views of an event, 4
neasurement is made by bringing the point to be measured inteo eoinci~
dence with s fixed mark on the projection sereen, The operator then
presses a button and the (x, y) coordinates of the point are punched
out in binaryhéoded ectal form on 5-track paper tape. Unless there
are explicit instruetions to the contrary, between 5 and 10 points
sre neasured on each view for each track of the evenbt; in addition
measurements are made of the ipterae%ion point (cglled the production
apex), any other special points (e.g. stopping points or apices of
decays or seébndary interactions), and four particular fidueial nmarks,
The latter relate the measuremenis on the film to positions in the

bubble chamber reference system. This procedure is repeated for the
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other two views of the event. The coperator also sets up on disls
various items of book-keeping information, e,gz, roll, frame and
event number, date, uperator's number snd measurement number {(this
distinguishes different meassurements of the same event), This infore
mation is transferred te the paper tape before measurements begin,
When a set of fiducials, & point, or a track, has been measured an

identifying label is punched sutomatioally by the machine,

On both National Machines the actual measurements are made
by detecting the displacements of fringes in a Moiré fringe systen
produced by two diffraction gratings, one fixed to the machine and
one on the movable stage. The least count corresponds te a displace-
ment on the £ilm of ZP, that is, about 32p and 27w in the British and
Cexn chambers respectively (see table 2,3). The counters which record
the displaecements of the fringes due to movements in the x and y
directions are set to fixed wvalues when the first fiducial on a view
is measured; at the end of the view the operator resets on this
fiducial and compares the readings of the x and y counts with their
initial values., If they disagree by more than about 6 counts the

view is remeasured.

3

Por x-direction displacements the film is moved parallel
te its length; in the y direction it is the projection lenses which
move, The movements are controlled by oll hydraulie rams; the x and
y movements have veloecities prdpeftional tp the components of a sinem
cosine resolver, so that the resultant motion can be controlled by a

gingle foot pedal, The direction of motion is determined by an arrow
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on the projection sereen at the measuring point,

The optical systems of the iwo machines are somewhat diff-
erent (32), One of them (called Bertha) has two screens, one (of
negnification 9) covering the whole frame, on vwhich the operator
looks for the events, and a amaller one (of magnification 30) which
shows the area arecund the point to be measured. The other machine

(Willie) has a single séreen of intermediate magnification,

There can be both random and systematic errors on the meas-
urements from these machines, The rendom error has been determined
(for Bertha) by repsated settings on the same fiducial and has a root-
mean-square value of 4 (on the £ilm) (36). The systematic error was
investigatsd by measuring aboul 30 points on an 8Sem long sceurately |
straight line exyposed on & piece of filﬁ. On revorsing the film and
repeating the measurements any systematic curvature intreduced is
reversed, Comparison of the two sets of measurements indicated an
intreduced sagitta of G.SFQ; with the magnetie fields used in the
present experiment this corresponds to momenta of about 40:?ev/b rag-

pectively in the twe chambers,




In preparing the data for the final analysis the events are
treated independently., The overall aim is to identify the particles
produced (including neutral particles which are not directly observed)
end to obtainAtheir vector momenta, With many events this aim is too

ambitious for a hydrogen bubble chamber alene to achieve,

The process of computation is conventionally divided into several
stages, This is partly because a single complete program would be toe
lerge and alse because there often has to be intervention by a physicist

before the final interpretation of an event can be nmade,

In this experiment the chain of programs developed in C&rn is used.
The programs are THRESH, GRIND, SLICE and SUMX; detailed descriptions of
these can be found in reference 37. Thresh and Grind were run mainly on
the Tmperial College IBM 7090; Slice and Sumx were run on the Cefn ChC 3400,

CDC 6600 respectively.

Before dada is ready for the first stage in this chain it has to
be converted from paper tape to‘magnetic tape., At the same time checks are
made to ensure that the correct numbers of fiducials, points and tracks
have beeh measured on each view and that the labels and the basic boock-keep-
ing information are valid, This was done by programs PING and BIND for
experiments 75 and 10 respectively. At a later stage, when the measuring
machines were conneeted on-line to the group's FDP-6 computer, these checks
were made in real time, This made it worthwhile making some rough checks on
the actuzl measurements since the operator could be asked to repeat an un-—

satisfactory track immediately.
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3,3 Geometric reconstruction

From the meagurements made on each view Thresh (37—39) gl
culates.the direction in space and the curveture of each track. it
agsumes that the tracks are segments of pure helices., This implies
that the magne%ié field is assumed te be constant throughout the
chamber volume (it actually has a maximum variation from ite ecentral
value of a few percent) and that the slowing dowm of the particle due
to multiple Coulomb scattering is neglected. This slowing down is
most merious for slew tracks and it is often necessary fto measure
only part of the way along such a track in ordef for Thresh to be

able te recommtruct it satisfactorily.

The chamber-based frame of reference ig shown in figure 3.1,
which also shows the approximete positions of the four fidueisls measw
ured, as seen from a point in the centre of the camera system., The
Z-axis points towards the cameras and the X~Y plane is the back of

the front glass.

In order to perform the reconstruction of an event in space,
Thresh has to be supplied with data on various features of the chamber,
This data should be constant for all film taken during a single run

and consists of the following items:

i) +the coordinates of the cameras in the chamber reference system;
ii) the refractive indices and thicknesses of each of the optical
media between the cameras and the back glass of the chamber;
iii) coordinates of the Tour measured fiducial marks as seen in each
camera. These are given in the chamber reference system trans-

lated to the intersection of the optic axis with the front glass;
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iv) coefficients used for the correction of lens distortion and
film $ilt in the cameras;
v) some other general constants, for example, allowed tolerances

for measured points and fiducials,

The values of some of these quantities are shown in tables 3.2 and
3,%, The fiducial and camera positions and the distortion corrections
are determined from measurements of all fiduecials (including the cam-
era~-based ones), together with measurements made on a grid of inter-
secting lines placed at various points in the chamber before it is
filled with hydrogen. The final values eof these constants are opti~

mised using the program PYPHON (37).

The first stage in the reconstruetion is to transform the raw
film measurements (x, y) onto the Z = O plane of the chamber coordinate
gystem, This transformation is assumed to be linear and is parametrised
as:

Xi = a) + az Xy + ag ¥y

| (3.1)
Yi = a, + a, Xy +ae ¥y

where i runs over the 3 views., This correets for translation and
streteh of the film and for non-orthogonality of the measuring machine
axea‘; The coefficients a, are determined for each view by a least
squares fit using both the measured fidueial positions and their known
positions from the constants., With four fidueisls measured this gives

8 equations for 6 unknowns,




Fiducial vositions
F1 View 1
" 2
1] 3
F2 L |
L 2
1 3
F3 (1] l
H 2
1t 3
F4 H 1
1" 2 l
i 3

Distortion corrections

view 1 bi » b2
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TABLE 3.2

GECMETRY CONSTANTS

Experiment TH
X Y
1.2476 0.3681
3.7173 1.5997
1.2499 2.8446
64,2678 0.1530
66.7768 1.3873
64,2820 2,6435
28,4909 20,7865
18,8887 15,9782
28.4781 11.2149
28,5223 -9.8256
18,9519 -14,5830
28,5672

~19,4145

(a1l entries

-681 8879
~2172 21948
46295 -9793
-2304 178

763 23501

42707  -13351

-4459 -5198
2157 104350
25801 -91

Bx
X

-22,947
~54,133
~23,029
~22,840
~53.963
~22,890
39.705
8,577

39.714

39.808
8,672
39.778
x 10"6)
=788,99

~2351.72

~46504 .68

509.49
-1368,10
7919.94
14425.79
662.97
~844 .53
1159.26
~1638.80
-489.78

10
T
~15.578
15.498
46.643
~50.771
-19,705
11.414
=10,245
20,833
52,035
~45.432
=14.339
16,786

~14025.95
30799.06

~4701.43
~4148,45
-5947.29

-2187.44
-6947.,05
8946.26
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TABLE 3.3

GEOMETRY AND XINEMATICS CONSTANTS

Experiment 75 Experiment 10
Camers positions(em) X Y % X Y %
view 1 47.9438 24,0003 141.8935 0.030 29.729  243.347
view 2 0.004%  0,0357 141.7864 30.068 =0.254 243,535
view 3 47.9892 -24,0505 141.,7807 0,019 ~30,257 243.284
Genersl congtants Exp, 75 Exp,10
THRESE
Upper tolerance for fiducials (em) 0.2 0.05
“ " " labelled points (em) 1.0 1.0
u " v ordinary points 0.2 0.2
Lower " "‘ " " 0.05 0.05
Stereo ratio 8 8
Film-lens distance (om) 18,6 18.6
GRIND
Bubble density for g = 1 (cm—l) 15,0 14.0
Measurement err;)r on film (ecm) 0.0125 0.,0075
Kumber of S.D.'s used in comparisons 3 ' 3

Minimim errors on space points (cm)
X, Y 0,03 0.03

A 0.1 G.1
Meximum track length {cm) 150.0 160,0
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Provided the final positions of the fidueisls are within the
specified tolerance the transformation (%.1) is applied to all meas-
urementslon the view. If not, the worst fiduecial is disecarded and
the fit is repeated with the number of independent coefficients

reduced to 4 by imposing orthogonality (a5 ==y 8= a3). If one

fidueial is still outside the tolerance the view is unacceptable, If

less than 2 views of an event are asceeptable the event is rejiected.

The next step is to correct for film tilt and lens distortien
in the cameras., To do this, both ¥ and ¥ are multiplied by a fouwrth

order polynomial in X, Y:
2 2 2
L+ bX + by + bXT + byX" + bSYZ + b (X + ¥ (3.2)

where the coefficients bi are usually gquoted as dimensionless para-

meters by removing the appropriate factors of the camera Z-coordinate,
In (3.2) the first order terms correct for film tilt while the higher
orders correct for lens distoriion. Note that rotatienally symmetric

digtertions would correspend to b, = b4 = b5’ a condition which is not

3
realised in practice,

In experiment 10 a further tranzformation was found o be
necessary:

Y = Y+_b712 , (3.3)

As part of the procesas of reconstrueting & track, Thresh asso-
ciates with each measurement a reconstruction line. This is the part

of the ray from that measured point o the camera conecerned which lies
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in the chamber liguid, It is given by the relations

(5.4)
T

B

=
3
+
Q2

vwhere F_, Fy, Gx’ Gy are functions of the apparent position of the

point in‘the Z = 0 plane and can be calculated, If a point is measured
on two views its position in space is defined by the intersection of

the corresponding reconstruction lines, or, since the lines will in
gensral be skew because of errors, by their point of closest approach.
If a point is measured on three views, the three reconstruction lines
can be optimised to glve the best coordimates for the point in space.
This is the procedure followed for particular labelled points in the
event such as the production apex or a stopping point, If the root-
mean-square error on the coordinates obtained is larger than the toler—
ance the fit is repeated with one view less, If no combination of views

is satisfactory the point is ignored.

The sesme procedure cannot be immediately applied to reconsiruct
points on tracks since the same space points are not measured on the
different views., Instead the method of ™near corresponding points" is
used, The reconstruction lines are calculated for every measured point
as before. The meagurements on the view on which the track is most
nearly seen as an orthogonal projection define the space points which
will be reconstructed. A second view is chosen to ensure good stereo-
scopic conditions and the coefficients of the reconstruction lines of

the required space points are determined by interpolatien (sometimes
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extrapdlation) from the known recomstruction lines on this view.
When all points have been reconstructed in this way the first approx-~

imation to a helix is determined, The helix is deseribed'by:

' = g(cos 8~ 1) (3.5)
' = psin® (3.6)
Z' = 90 tanA (3.7)

where for convenience in computation, the coordinate system (X12)'

is obtained from (XYZ) by moving the origin to the starting point

(4, B, C) of the track and rotating through an angle (ﬁ about Z so

that Y' is the tangeit to the track at (A, B, C), 9 is the radius of
the cylinder on which the helix lies, X is the dip angle (measured
from the X'Y' plane) and © is the angular distance {measured in the
X'Y" plane) from the starting point to @ point on the helix.® In this
first approximation @, ¢? are determined from a least squares £it to
the eirele given by (3.5) and (3.6); A is obtained by fitting to the
straight line given by (3.7); the coordinates (4, B, C) of the starting
point are taken from the point reconstruction or, if that was not suce~

ezgful, they are found by the method of corresponding points.

These parameters are wsed as starting values in the final least
squares £it which consists of minimising the sum of squared deviations
of the measurements from the projection of the fitted curve (oé the film
plane), the sum being over all neasurements in all views, The parameters

which ave fitted ave 1/p, A, ¢ , 4 (or B) and €.

These angles ¢ and A are not the same ss those used in Grlnd.
Bquation (3 8) relates the twe pairs of angles.
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1/p is used since it is expected to have a more Gaussian-like
distribution than p, a property which is desirable in a least squares
fit. One of the vertex coordinates has to be fixed since otherwise the
point would be free to move along the track in the fit: in practice C is
usually not as well determined as A, B so it is one of the latter peir
which is fixed (the one which 1s the more sensitive 1o small variations

in the parameters of the track in question).

Normally the fit converges below the required level within two
of three iterations, The error matrix of the fitYed parameters is then
caleulated; these are the so-called intermel errors as they do mot in-
elude uncertainiies such as those due to multiple Coulomb scattering and
therefore represent lower bounds on the true errors., The root mean sguare
of the differsnces between measuréd and fitted points {usually called res—
idusls) is a measure of the goodness of the fit. It has an approximate
Poisson distribution with & modal value of about 8F,for the megguring

machines used in this experiment.

Thresh outputs its results on magnetic tape in the form of binary

records, one per event,

Ki bie £ittd

Using values of the track parameters obtained in Thresh, Grind
(37, 39, 40) imposes equations of conservation of energy and momenfum at

an interaction peint with the aim of allowing resirictions to be placed
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on the possible identities of the particles participating in that ié%rh
action., The energy and momentum of a particle can be deseribed by a suit-
able set of four parameters. The set used by Grind eonsists of the reecipro-
cal of absolute value of the momentum (p), dip and azimuthal angles (7\,¢)
and the mass {m), the first three of vhich correspond to the variables nged
in Thresh. For tracks reconstrueted in Thresh, the value of p is oblained
from the curvature and from a knowledge of the magnetic field (see below),
while the two angles A, Qb are related to those used in Thresh by the re-

Jationst

>\G ut t>\T
@G _ £ A . (3.8)

where ¥ refors to anti-clockwise and clockwise tracks respectively.

At an interaction point there are four constraint equations ex—

pressing energy-momentum conservation, These can be written

S, = LB = P, = 3E = 0 (3.9)
where the sum is over all particles participating in the interaction, the
initial particles (beam and target) comtributing with a negative sign. If
there are less than four unknowns among the parameters of the particles the
i:noxm parameters can be adjusted to give the best solutien and a measure of
the goodness of this fit can be obtained, The criterion for the best solu-
tion is that the quantity

X° = o Ge (3.10)
is & minimum, where C; = my - megf_., m, being the fitted values of the known
parameters and mg being the corresponding unfitted values, ¢~ is the error
matrix of the measured varddbles, that is, Gzi' is the varisnce of m, and

-1 .
@ij is the covarisnce of o, and mj. The
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condition (3.10) is only strictly valid when the variables have Gaussian
digtributions and thiafapproximately true for the variables (1/p, A., 4>).

1f there are N unknown parameters at a vertex the quantity

n o= 4-N (3.11)
is ecalled the number of degrees of freedom of the system. Three cases
may be distinguished:

i) 1 ¢ n £ 4 (or N < 4) In thig case a fit is possible, as explained

above,and one uwsuwally refers to it 8% an n-constraint (or n-C) fit;

i1) n=0 (N =»4) Here there are an equal number of equations and un-

knowns and it is always pessible to obtain a solution (though it may
be unphysieal). However there ls no possibility of estiméting the
goodness of the solution. Although this is not a it but Jjust areal—
culation, it is usually called a zero-constraint fit. In this experi-

ment no interpretationsof events based on such fits have been aecepted.

i1i) n < 0 (N > 4) In this case there are more unknowns than equa~

tions and there is therefore no unique solution. Thig is referred %o

as a no-fit situaition.

Varisbles in Grind are divided into three groups, depending on
the sizes of their variances. Correlations between variables in different
groups are assumed to be negligible.
i) Pixed varisbles Thgse have very small variances, which are assumed
to be zero. The masses of the pariticles usually fall into this class.
This may seem strange since the mass is the one paramster which is

never determined in Thresh, However, if the masses of the oubgoing
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particles were left as unknowns it would only be possible to get

a fit in the case of two— and three~particle fimal states with no
unseen neutral particles., Instead it is possible to take advantage
of the fact that, unlike the other three track varisbles which have
continuous distributions, the masses form a fairly small set of dis-
crete values, (about 16 in all)! Moreover, applying the conservation
of B, Y, Q and I at the strong interaction vertex severely restricts
the number of possible combinations of particles and this number is
further reduced by the knowledge that many of the allowed reactlons
are relatively uncommeon and my be safely negleéted. These proper—
ties make it feasible to attempt to fit, for each event, all pessible
gets of mass assignments, called hypotheses. For each hypothesis the
masses ave then fixed variables, This procedure has the disadvantage
of neglecting the possibility of an unexpected occurrence. However
guch cases, if sufficiently unambiguous with any of the more likely
possibilities, would probably be found in the small residue of events
for which no satisfactory interpretation is found.

Well measured verisbles These are derived from the varisbles which
were successfully found by Thresh, They are denoted by I, y with
error matrix G_l. The sorrections to the ms made during the fit are
denoted by 4o

Unmeasured va?iables: These arise in two ways, Firstly, Thresh may
not always be able to reconstruct every parameter of the charged
tracks, The most common caée is a failure to reconsiruct the curva-

ture for a very short track; also sometimes the dip angle may not be

obtained if it is large. The second situation concerns missing
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netutral particles, A hypothesis may be attempted with an unseen
neutral particle of specified msss since, provided there are no

other unknown parameters, a 1-C fit is possible.

Thie group of unmeasured variables can contain paramefers which
were reconstructed in Thresh but because of certain checks made by Grind
are considered to be badly measured, Variables in this class are denoted

by w ', their error matrix by (@'ke)'i and the corrections to m'y. by C'k.

Elements of @' referring to genuinely unmessured variables are zero,

ke
This matrix is assumed to be disgenal since correlations between these pare-

meters do not have much meaning,

While on the subject of unseen neutral particles, it is clear that
Grind can never get a it if there are two or more produced in & given &
event and so no such hypotheses are ever tried. Unfortunately at high
energies a large proportion of the interactions fall inte this category
(about two-thirds in this experiment)., This is one of the major deficien-
cies of a hydrogen bubble chamber since there is very little_chance of
seeing the gammas from the decay of the ffo, the most commenly produced
neutral perticle, In order to try énd do some analysig on these no-fit
events the following procedure is adopted, For a multimneutral event up
4o four parameters can be caloulated from the constraint equations, These
are chosen to be the total momentum and energy for the neutral particle
system, which is given the symbol 2% and is subsequently treated on an

equal footing with the other particles.
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The consbtraint equations (3.9) can be written in the form:
f(n+e, n' +e') = 0 v =1, 4V (3.11)

where V is the number of vertices involved in the fit,

The problem is then to find the vectors c, c' such that (3.11)
is satisfied and which minimise

%% = elge + (c‘)TG'c' ' (3.12)

Unfortunately the constraint equations are nof linear functions
of the chosen variables and thig necessiftates an iterative solutien. If,
afterjgteration, the values of ¢, ¢' are e, ¢',the next iteration is per-
formed as follows: f_ is first expanded in a Taylor series about ¢, ¢f,

neglecting second and higher order ferms,
fe(c, o') = t (e, et) + Bei(ci - Ei) + B'ek(c'k - Ek') (3.13)

where: B, = dfé/dci, B

. = dfe/ao'k

ek

Defining a vector x of Lagrangian multipliers,the funetion to be minimised

can be written

X?v= olGe + (c')TGﬁc' + 2xf (3.14)
aubhjeet to
f(e, ¢') = Be + Ble' + r =0 o (%.15)

where v = £(3, &') - Bo - B'a',
Teking partial derivatives of X2 with respect to ¢, ¢', x and
equating to zero for the stationary conditioen gives

T
G’iicj + B ﬁxv = 0 : ) (3016)
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T
L] t 1 - —
G kec ] + (B vk) )Lv h 0 (3017)
fle, ! = : T o .18

(cy o) _Bvici + BCY o+ o o= 0 (3.18)
where i, j = 1,-2, cesse M denote the well measured variables

k, @ =1, 2, ,....n", " " ynmeasured "
V=1, 2y eeees m " " constraint equations.

This iz 2 system of (nc +n', + 5 ) lineor equations with an equal number
of unknowns, ¢, e', x. From (3,16)
¢ = _G“lng (3.19)

Substituting in (3.18) and subtracting tB!, where t is a scalar, gives

-6t x4 BI(1 - $BE)C 4 v = O (3.20)
where Gk"l = e 8T 4 e (pe)T
This gives x = Gx(ﬁﬁ}(l - t8')e' + ) (3.21)

agsuming G, exists (this can be shown).

Substituting in (3.17) gives

e' + (B')TG%r = 0 (3.22)

where K = (B')T

GkB!(l - Q') + @

Thus €' = ,-K"l(B')Ter (3.23)

Then substitution in (3.21) gives x, then into (3.19) gives C,

then into (3,14) glves X2, which completes the iteration. The scalar
parameter t is chosen so that tB'(B')T

Bg™ BT,

has gbout the same magnitude as
fhé'fiﬁél results are insensitive to wide variations in its-actual
value, After cach step the residues of each of the constraint equations

are examined, as are the values of the step size for each track {defined

&5 the sum of the absolute values of the changes in the track variables:
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in that Step). If all these quentities are smaller fthan some specified
limits the fit is considered to have converged. Provided the errors have
been correctly assigned the minimum walue of X2 should be distribubted as
w(i) = (P)FY Y 2 P g) (5.24)
where n is the number of degrees of freedom, Ifs actual value for a
particular fit is a measure of the differences between the fitted and
measured variables of the parameters, To provide a test of the goodness
of the fit the probability of a fit giving a larger value of X2 than that

aetually found is calculated in Grind.

Like Thresh, Grind requires certain items of datz to be supplied,

These are:

i) B&pecification of the hypotheses to be attempted for each type of
event;
ii) detsils of the range-momentum relationship;
iii) values of the magnetic field at a.set of grid points thrgughout
the chambers
iv) information on the labels for the various types of vertices and
tracks given by Thresh;
v) parameters of the beams
vi) convergence criteria;

vii) other general constants;

Values of some of these constants are given in $ables 3,3 and 3.4.

The range-momentum relations are used by Grind to find the momenw
tum of stopping tracks and in "swimming" the track variables from one
point to another on the track. The latter faeility is mecessary to convert

from centre of track variables given by Thresh. and, in multi-vertex events
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TABLE 3.4

KINEMATICS CONSTANTS

Beam censtantsz‘

Reference point coordinates: X
Y
Z

Yomentum (Gev/ec)

Dip angle (mrad)

Azimuthal angle {mrad)

Cy,

o (see toxt for
T

o explanation)

Convergence criteria

Max., no. of consecutive cut-steps
Max, no. of cut-steps in 1 hypothesie
Maximun no, (tight fit)

of iterations (loose fit)

Maximum residual of (tight f£it)
constraint equations (Gev)(loose fit)
Stability eriterion for (tight £it)
track variables (loose fit)
Minimum probability

Mateching facter i

Experiment 75

Experiment 1

~-30
6

-22

I+

1¢6.06 - 0,08
2X6
3148 £ 5
-0, 0004 ,
0.00046

~0,00511

4

50

12

10
0.0005
0.01
0.001
0.02
0.005
0,00001

-830
“'3.5
-24

1+

10,100 = 0,040

3
2

1+

1l
5174 &
0.00052
0.00013

-0, 00171

10
40
20
15
0.001
0.01
0.001
0,02
0,01

0,00001
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where a charged track Jjoins two vertices, to relate the parameters of
this track at these vertices, In all multi-vertex events, fitsat second-
ary verticea are performed first and, if successful, the paremeters of
the commecting tracks are used in the preduction vertex fit as if they
were directly measured quantities, A further fit is carried out using
81l vertices simultaneously to get the final bhest values of the fitted
variables., It can happen that this multi~vertex fit fails in which case

the best values are taken from the primary vertéx fit,

Because of the small curvature of beam tracks it is usually diffi-
cult to measure their moments accurately. For this reason Grind is supp-
lied with average vﬁlues of beam track parameters, obtained by a separate
measurement of a sample of long beam tracks having interactions on them
near the end of the chamber (to execlude any muons from the sample), These
go-called title values are speecified with errors at a particular poeint D
in the chamber and can then be swum from there to the point where the fit
i8 made, For the momentum of the beam the title value is always imposed
but for the dip and azimuthal angles a weighted mean of the title and
nmeasured valugs iz taken provided they are congistent (within three
standerd deviations), The variations of beam angles with position in

the chamber are also specified in the titles by the relations:

A= A, + c'z(zl-zD)

¢ = ¢, * e(Th = ) + 0Ly

ﬁherarjko. 000 are the title values specified at the point D(Xb,Yb,ZD)

(3.25)

and ;D ig the traeck length from the plane X = XD to the measured apex.

¢ GY’ Gz are constants whose values are also given in the title hloeck.

Ll
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Grind normally accepts the binary tape written by Thresh as
its input; it outputs a similar tape whieh now has several records
per event, The firet record is identieal to the Thresh record so that
8 Grind output tape can be used as input to Grind again if necessary.
Then there is a modified geometry record (including the modified wvalues
for the beam track) followed by one record for each successful fit giv-
ing the values of the fitted and unfitted parameters, their error
mtrices, the X°—probability and some other quantities, The finsl
record gives & summary of all attempted fits, both successful apnd un-

successful,

Grind casn also work in a mode called Grind Ehtry which accepts
the input parameters of vertices and %racks from punch eards. This
allows reconstructions from different measurements of the same event
to be merged and is very useful for events in which differemt tracks

have failed on each measurement,

For each successful fit Grind produces a punched card called
a Slice card and a listing containing all quantities which may be
needed in deciding the exact interpretation of an event. For experi-
ment 10 these functions were carried out by a program AUTOGRIND which
reads the Grind binary tape and makes many of the decisions about the
fites automatiecally, thus radqcing the work of the physicist to a minie
mum, This automatie decision-making is controlled by blocks of data in

the same way as in Thresh and Grind, The details of the procedure used




for selecting fits are described in the following chapler.

The Slice cards for the accepted fids are separated by hand
from those for rejected fite and are used as input to the program
Stice (%7) in conjunction with the Grind binary tape., Blice finds
the selected fits on this tape and caleulates many quantities such as
the effeetive masses of groups of particies, angles and momente in beth
the centre of mass and laboratory frames of reference, itransverse and
longitudinal components of momentum snd decay weights for sirange parti-
eles, It writes all this information onto an output tape known as the
' Data Summary Tape (DST)., This stage marks the end of the individual
treatment of events and the analysis of the strong intersction reactions
(which requires in general a large mumber of events of each type) can

begin.

Histograms and scatter plots of interesting quantities on the
DST are made using the program Sumx (37), which also hes the facility
(through CHARM routines) of calculating any additional quantities and
plotting them too. 4n event can be included in, or omitted from, any
desired plot as the result of a test on the value of any of its para-

meters,
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CHAPTER 4

&t high enefgies there may often bhe geveral possidble interpreta-
tions of an event which are consistent with the kinematices. Since only
one of these can be the true one it is important to be able to deecide
which one this is where ever possible. Only hypotheses for K p inter-
actions which conserve B, ¥, I and Q are attempted in Grind, since these
guantun numbers are believed to be sirictly conserved in all strong inter~
actions, This means that additional bawyons (B # 0) or strange rarticles
(S # 0, where strangeness S = Y - B) can usually only be produced in
pairs with egual and epposite values of B or 8. The eross-sections for
such reactions are kmown to be much smaller (by factors of about 400, 30
respectively (20) ) than for reactions with just one strange particle and
one baryon in the final state., For this reasen the production of haryon-
antibaryon pairs is neglected while the production of strange pariicle
pairs is considered only for the rare fopologies in which two or more
strange particle decays are seen, - These topologies are more complex to
interpret and the methods for doing so will not be described here (41).
At a later stage small samples of events of ceriain reactions involving
the production of additional baryons or strange particles have in fact
been isolated as a small backgreund centribution from non-rare evenis on
the DST (20), This is a much more.ecenbmic procedure than attempting fto

fit these uncommon hypetheses for each individual event.

The restrictions described above imply the following, neglecting

reactions with charged sigmas which have moatly not been measured:
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i) negatively charged particles are either pions or kaons (no
antiprotons);

ii) positive particles are plons or protons (no K+);

4ii) where there is an associated K, all negatives are pions;

. 0 _ . .
iv) where there is a A°, 811 positives and negatives are pions,

The reasonableness of these restrietions is shown by the fact

that only for a very few events i# there definite evidence to the contrary.

At high energiss the rest mass of a particle is small compared
with its momentum and if the beam particle is a pion rather than a kaon
it can often happen that the event will still give a fit to a K hypo-
thesis. Estimates of the pion contamination were given in table 2.2,

It was decided that they did not warrant the inclusion of any hypotheses

with incoming pions.

4,1  Event-dependent eriteria

4 pair of error flags are defined for each track of an
event in Thresh and Grind respectively. Normally these flagw are
get to mero but when any anomaly is detected for a track the corres-
ponding flag {ealled an error-word) is set to a value which speci-
fies the source of the difficulty. In general the more serious
the trouble, the higher the error word, Before an event can be
accepted, the eéror words for all ite tracks (except for the beam
for whick title values can be imposed) must be less than certain
chosen values, The conditions vnder which tracks are rejected in

this way are:
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in Thresh

i) if there is a complete failure of the track, either because
there are not enough space points or because there is a bad
eircle it in the first approximation (error word 4005);
ii) if there is a complete failure because less than two views
are available (error word 4008);
or iii) if there is no convergenmce of the helix fit (ewror word 1000)
in Grind
i} 4if the differences between intermal errors (given by Thresh)
and external errovs (calculated empirieally by Grind in terms
of the specified parameter fo) are greater than three stan-
dard deviations, for all three variables (py A, §) of a
single track {error word 100 + 40 + 20 = 160). There is a
larger Grind error word (2@0) denoting Hracks with no momen—
tum measurement., This is permitted provided the track is too

straight and/or gshort to allow such a measurement to be made

aocurately.

For every charged track Grind caleulates the expected ionisa-

tion from the momentum (fittsd value for fits, unfitted valves for no-

fits). Any hypothesis having at least one track whose ionisation is
imconsistent with that actually observed is discarded. In experiment
75 photographic prints were made of all measured events and these were
examined to obtain the required ionisation estimates, In experiment

10 information on a8ll tracks with an ionisation above minimum was
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coded on the scan esrd., This was punched and the information was
processed through the book-keeping programs., At the Grind checking
stage it was available to be used in deciding between competing
hypotheses. By visual inspection of tracks it i1s possible te resolve
relative ionisations of about 1.4 from minimam. Figure 4,1 shows the
relative ionisations for T, K and p as a function of momentum., It
ean be seen that TI and ¥ can be distinguished up to about 0+8 Gev/e

while for 1T and p the limit is about 1+5 Gev/e.

The use of the ienisation generally exhausts the posaible

information that can be obtained from individual events,

Bvent-inde dent criter

To choose among any remaining hypotheses for an event it is
necessary to establish (if possible) a set of eriteria which when
applied to a large sample of events will result in the true hypothesis
being chosen as often as possible, The gemeral basis for doing this
is as follows, Suppose we have two sets of events, correctly assigned
to hypotheses A and B respectively. let (xi) be a vector of variables
each element of which can be a function of any of the parameters of
the fit and let A(xi), B(xi) be the distribution functions over the
¥ector space spanned by (xi) for the events in A and B, Theny given
another event B which has kinematic fits to both hypotheses 4 and B
and for which,ﬁxi) has the value (xe), is it possible to assign the
event to one or other of tﬁe hypotheses and, if 50, with what econfi-

dence can this be done?



1
o
v

£

DA e

Ak P s A

r s

e AN e A A | % o TS

I U P I

NOILVSINOt




- T4 -

Three cases can be distinguished:

i) Alxp)  »  Blxg)

,ii) A(XE) ~ B(XE) (4.1)

iii) Alxg) <« Blzg)

Iﬁ.cases i), iii) one of the hypetheses (A, B respectively)
may be favoured over the other whereas in case ii) no definite prefer-
ence can be shown. The actual divisions between the three cases de-
pend on the level of confidence required in making the assignment of
B to A or B, One should also congider the backings given to the twe
hypotheses for the event B, i.e. the probabilities that events from A,
B would have likelihoods less than or equal to those for the event E.
If both backings are small it may be that B belonzs to neither A nor

B,

A measure of the efficiency for separating events into hypo-
theses 4, B using the variable set (xi) ig given by (1 - I), where I

is the overlap integral of the functions A(xi), B(xi):

S FUCHR TR (4.2)

where A'(xi) - A(xi) /’oh and B'(xi) = B(xi) /()b are normalised to
unity to restrict I to the range (0, 1). (These distribution functions
are non-negative everywhere). For example if A(xi) = 0 whenever

B(Xi) jd 0, i.e. if the functions are orthogonal, it will be possible
to agsign events to A or B with absolute certainty (I=0). At the
other extreme when the functions &', B' are ddentical, no separation
can be achieved using the set (xi) (I =1), Although A', BT are
normalised to 1 in (4.2) it is important to uze their absolute values

(i.e. normalised to their respective crosswsections) in testing for
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conditions (4.1), This will automatically be the case if the
prior information about events in A and B is taken from the experi-

mental data.

The choice of the variable set (x;) fo use for a particular
eriterion is open to the experimenter, A good choice would be one

for which the overlap integral I is as small as possible.

Sometimes a criterlon involves a teat on the parameters of
a single fit (hypothesis 4, say). In this case hypothesis B meana
hypothesis not-A and represents the combined effect of all other
possible interpretations. In practice, criferia usually depend on
sets (xi) which centain only one or two elements, Also the case ii)
in (4.1) is often artificially removed by choosing a certain x,
value: (= Mo say) and forcing events into one or other of the hypow-
theses according to which side of.zxo "they iie, This is obviously
convenient in that ambiguous classes of events do not have to be
retained but for values of Xy near x, the confidence level for
choosing the correet hypothesis may not be very high., A sensible
choice might be to choose (xé) such that A(xO& = B(xc). Then events

are always assigned to the hypothesis with the greater prior piroba-

bility.

The eriteria used in snalysing the present experiment are
summarised in table 4.1.. Entries 1-4 in this table have been dis~
cugsed earlier in the chapter. The first of these strietly comes

into the category of the event-independent criteria described in this

‘gection since it depends on a prior knowledge of relative total cross—
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TABLE 4.1

SELECTION CRITERTA

Oriterion for acceplance

1) multi-baryon or multi-strange

particle final states neglected
2) Thresh error-word for non-beam tracks < 1000
3) Grind " moon oA " LI <160 {except 200)
4) consistency with observed ionisation HeGeSBaTY
4-C fits 1-C fits no-fits
5) X°-probability >1% >55 -
6) if there are corresponding 1-C,4-C fits accept Lemore -
7) wnseen A® or Z° fit - ignore -
8)missing mass squared: N1° - (~0.12,0.10) »0.007
(Gov)” K - (0.10,0:35) >0.40
n - (0.4,1.2)  >1,15
Ao - see 6) >1.56
g) proton lab, momentum:2-prongs none <2.,0 <2.0
(gev/e) A-prongs none <3,0 <%,0
» 6=-prongs nore ©  none none
10) fitted X
laboratery momentum: 2-prongs - 9 2.0 -
4o M - >2,0 -
11) if probability is less
than 1/3 of highest remaining
robability ignore ignore -
12) if s+ill more than 3 interpretations keep 3 highest ambi guous
probabilities ¢clags

The criteria are the same for experiments 75 and 10, Missing mass squared
for no-fits refers to the stated particle plus additional neutral piens.
(a, b) denotes a range of values within which the quantity must lie.
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sections, This corresponds to choosing for (Xi) any reasonably well-
behaved funetion of the it parameters so that the distribution in
(Xi) for the common types of reaction will be everywhere much higher
than for rare reactions with additiomal baryen ox strange particle

peirs,

The remaining criteria 5-12 can be divided into three groups:
5, 6~10 and 11-12, Within these groups the criteria ean be applied
in any order without sltering the overall effect although the order
in the table is the most efficient one to use in practice, Not all
eriteria apply to all evente, e.g., for 4~C fits 7-10 are not appli~

cable while for no-fits 5-7, 10 and 1l are not relevant.

Xz-probabilitx

Thiz iz a measure of the backing given to the hypothesis 4
for the event concerned. If the errors have been assigned correctly
the probability distribution for a pure sample of events should be
flat., If events of some other type B are misfitted to A the Xg values
will tend to be higher and so the:probability distribution will be
peaked towards lower values, Thus by choosing (Xi) = probability and
maeking & cut at a suitable point one can remove & large number of
misfits and not too many genuine omes, The limits chosen are 5% for
1-C or 2-C fits and 1% for 4-C or 3-C fits. This difference merely
reflects the fact that the probability distribution for 1-C miffits

ig not so sharply peaked as that for 4-C misfits. It does not imply
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thet a eprreet 4-C fit iz statistically more reliable than a correet
1-0 fit with the same prebability for, as equation (3.24) shows, the
number of degrees of freedom is taken into account when caleulating
the prqbability. Figure 4.2 shows the probability distéibutions for
fits to the final state pk /T /1", These are mainly 4~C fits but
there will be some 3-C fits in the sample mainly from events where
the slow proton has undergone a sscondary interaction. Fits with
probability less than 1% have already been excluded (the height of
the firet bin in each histogram has been increased in the ratio 5:4
to allew for the reduced bin size). However the onset of the misfit
peak can be seen in the sample from experiment 10; in the experiment
75 sample the distribution is pesked at high probabilities indiea-

ting that ewternal errors have been somewhat overestimated.

6) 4~C fit preferred to corresponding 1-C fit

By the corresponding 1-C fit is meant the hypotheais with
‘the same assignments for the seen particles and an additional h °.
Due to the smell mass of fhe fi® it is fairly easy to get a 1-C mis-
fit to a genuine 4~C event, However this spurious 71° must necessar-
ily have a small laboratory momentum since momentum is approximately
conserved for the seen particles alone., Figure 4,35 shows the e
laboratery momentum (= xi) distritution for accepted 1~C fifs to the
final state K- 1%, Any genmuine 4-C events fitted to this hypothesis

would show up &3 a peak just aboeve zero.

7) Unseen A° or 2.0 neglected.

Reactions involving a neutral strange particle and no other
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misging neutral perticle can be fitted either as 4-C fits when the
particle ﬁecays via & charged mode in the chamber or as 1-C fits when
the decaylie into‘neutrals or happens outside the chamber, The 4~C
fits aré not usually ambiguous with any other hypothesis and form a
pure sémple. The relative numbers in the two classes depend only on
the well-kmown branching ratios.into charged and neutral modes for
the strange particle, with a correction for finite chember size and
for decays very close to the primery interaction point. The number
of genuine 1-C fits can thus be calculated and compared with the num-

ber aetually found,

Tn the case of missing neutral hyperons the numbers of 1-C
fits found are about 20 times higher than expected and so both these
hypotheses can be safely ignored, However the hypothesis with missing
lambda is still retained in Grind to allow the calculation of the

quantities for the corresponding no-fit hypothesis,

8) Missing mess squsre limits

The migsing mass (MM) in an event is defined by the relation:

w? = (%)% - (Zp) (4.3)
whers the sum is over all the seen particles with the iInitial particles
contributing with opposite sign. The missing mass can be interpreted
as the invarisnt mass of the neutral particle system required to satis-
fy energy-momentum conservation. For events with a missing neutral
particle of mass M the square of the missing mass given by (4.3) can
be shown to be approximately Gaussian distributed about M2, assuming
thaet the main errors come from Gaussian errors in the individual mom-

enta p; (43), This seems to be realised in practice. The missing
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mass squared can be negative, for exemple, for a hypothesis which

assigns pion tracks as heavier particles., No-fit events giving a

misfit teo 2 1-C ﬁypothesis with a2 missing neutral may be divided into

two types:

i) " those with the same assignments for all the seen particles

but whieh have some neutral pions missing in addition to M,
The missing mass squared for a system consisting of M and nTi%'s
has a broad distribution with threshold at (M + nmye)> within
errors and a cut~off at high values due to the total energy
available. The sum of such distributions for different values
of n beginsat (M + mﬁe)2 and to_distingﬁish thege no-fits from
the cofresp@nding fits 1t is necessary to be able teo resolve
thie distribution from the Gaussisn centred at M,

ii) those events with a different assignment for the charged tracks
which camnot be distinguished from the correct assignment by
tonisatien, In this case the effeet on the missing mess squared
distribution of M is more complex and may alse contribute as

background in the Gaussian region and below.

The MMS limits for accepting Pits with a missing T°, K° or
nentron were chosen by exgmining the unselected midsing mass squared
distributions (Ii). FMigure 4.4 shows the MMS distributions for selee-
ted events of topologies 200, 400 having one or more neutral pions
missing (i.e. 4-C fits exeluded), Rach histogram shows the accepted
1~C fits (unshaded) and the no-fit events of category i) above (ghaded).

The position of the thresheld for 2 i preduction is indicated; it lies
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within the range acceptable for a single T°, However it is not too
far from the upper limit of 6,10 GeV2 and the number of incorrect

1-C fits accepted is probably small.

9)  Proton lsboratory momentum cut

Avove about 1,5 GeV/0 it is not possible to distinguish
protons from pions by ionisation, However examination of the labora-
tory momentum distributiens for p and Tt in correctly assigned events
shows that there are more high momentum positive pioms than protons,
This is in aecordance with the dominance of peripheral reactions at
high energies which allow only a small momentum te be transferred to
the target preton, In higher multiplicity evenits there can be several
fiT's but no more then one proton so that one might have expectged that
a2 high momentum track would have even more chance of being a pion,
However there is a stronger compengating factor from the dynamics of
the interactions (which become somewhet less peripheral for the high
multiplicities) so that the proton momentum distribution extends to
higher values., Also the number of high momentum pioms falls with in-
ereasing multiplieity., Cuts of 2 Gev/c and 3 Gev/e are used for
2~prongs and 4-prongs but no cut is applied for higher wmaltiplicities.
No cut is applied foyr 4-C fits since these are not usually ambiguous.
Pigure 4.5 shows the Mboratory momentum distribution for the positive
track in events identified as belonging %o the final state nK—TT+. In

the same plot is shown the same distributien for the pK Nl reaction,
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obtained from the 4-C sample and normalised to the contribution ex-
pected from 1-C fits te ;ﬁﬂii_. The relevant part is above 1.5 Gev/e
where thé positive track eammot be identified by ionisation., OFf the
391 nK"TT+ avents in this region only 17 are expected to have come
from misfitted ﬁEGTT"events. Given a choice between 1-C fits te
these two hypotheses the pion eone is fawvoured dby about 5:1 for the
momentum range 1-5 — 2.0 Gev/e, This is not considered sufficient
to disregard the proton hypothesis but at 2 Gev/e, where the cut ig
nade, the plon hypothesis is favoured by about 10:1 and this ratio

goes up fast as the momentum increases,

10) Eikted X laboratory momentum cut

As explained in 7) the expected number of events with a fitted
(i.e. unseen) X° can be estimated from the number of events with K°
seen, The discrepancies between these pairs of numbers are not as
severe ag in the A® case but the number of 1-C fits is still too
high., The major source of misfits can be found by plotting for (xi)
the X° laboratory momentum for the twe cases. Filgure 4.6 shows this

distribution for the pure sample of 4-C events ﬁﬁo

T~ and also for an
initial sample of 1~C fits to the same resetion. The latter is normal—
iged to the former in the region above 2 Gev/b where they agree quite
well but there is a large excess of fitted K°'s in the low momentum
region. Thus 1-C fits with K  momentum below 2 Gev/c are rejected

(for 2=~ and 4~ prongs) but no such out is made for higher multipliei-

ties.
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11) 3:1 probability ratio

If two or more possible fits remain af'ter the applicsation
of eriteria 1-10 and the highest probability of one of these fits is
P then any others with probabilities less than B/3 are rejected,
Since the mazimum probability P is 1, no fit with probability
greater than 34% can be rejected in this way. This is an attempt fo
remove misfits from the tail of the misfit probability distribution.
Suppose we have fits with probabilities ps» Py to hypotheses A, B
for an event. Choesinéj(xi) the pair of variables (pA,pB), the
probability of hypothesis A being correct pnd of hypothesis B being

ineerrect is

A(PA’pB)/B(pA’PB)

which, if we meglect correlations between Pyr Py and use the faet

that A(PA)' B(PB) are flat, reduces to
M(p,)-Ap,) /B(3,).B(ry) = Alpg) /B(p,) (4.4)

Now A(pg), B(p,) are ddstributions of misfit probability so that they
are poaked at low values of their respective arguments, Thus for an
event with p,> 3P, A(p@& will tend to be large and B(p,) will be
small so that the ratio A(pB))'/ B(p,) will be high and hypothesis &

is preferred over B,

12)

Slice acdepts a maximum of 3 hypotheses for a single event.
In the very few cases (only in the higher multiplicities) where move

than 3 fits :emain after epplying all previous criteria, the_3 with
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the highest probabilities are selected. For no-fit events which
have more than 3 possible interpretations there is ne quantitative
way of choosing between them, Instead all particles not definitely
identified are assumed to be pions and the Slice card eorresponding
to this single no-fit hypothesis is selected, "AMBIG" is punched
in a specified field on the card to differentiate such "undecided"

no-fits from the "decided" ones of the same hypothesis,

Secondary fits

These are either strange particle decays or secondary inter-
actions on charged tracks, For neutral atrange particle decays the
line joining the production and decay vertices determines the direc~-
tion of the particle, Only its momentum is then unknown so that a
3-0 associated fit is possible., If this fails a 1~0 unassoclated fit
ig attempted in which the direction is also left as an unknown., To
he accepiable a V° mist give dn aasociated fit to the primary vertex,
If a good unassociated fit is obtained on twe measurements the 7° s
usually digcarded, If a 7° fits to the electron-pair hypothesis the
latter is always accepted provided it is consisfent with the observed
jonisation. The event is recaleulated without the electron pair if

the it was an asgsociated one.

411 other decisions concerning Vo or secendary interaction

£its are mede in accordance with eriteria 1-5 and 11 of table 4.1,
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b For multi-vertex events all decisions regarding the choice of fits
are made on the single vertex fits but the Slice card for the corres-

ponding multi-vertex fit is selected whenever this fit exisis,

If an event has no interpretation which satisfies all the
eriteria, hypotheses can be accepted which slightly bresk one of the

rules, e.g. momentum, probability or missing mass sguared cuts.

Tn conclusion it should be noted that if there is an accepi-
able fit for an event, alternative no-fit interpretations are not
b considered. There is no justification for doing this except that in

K p interactions this would lead to oo many possibilities.




CHAPIER 5

CROSS SEGTIONS

Since the amount of muon background in the heam is not well-
. known it is not possible to determine the overall normalisation f6r cross-

sections by finding the total path length for all beam tracks,

Ag mentioned in Chapter 3 the tau deeay of the K gives a meas-
ure of the totel ¥ path length but the total number of these decays is
not large. This can however be used as & consistency check on the main
method used which is to normalise %o the total K p cross-section using
results from counter experiments. (44). 4 total cross-section of

22.6 £ 0.2 mb 49 used for K p at 10.1 Gev/e.

5.1 Secanning corrections

To normalise to the total cross section value a careful scan
is made for all events (except topology 000) in a restricted fidueial
region, This reglon corresponds to the previcusly defined region 1
for both experiments 75 and 10. Some or all of the film is rescanned
and from the numbers of events seen on either or both scans ithis
posgihle (with some simplifying assumptions) t0o estimate the number
of events which have been mizsed by both scans, Suppose Nl is the
numherrof events of a certain type found only by scanner 1, N2 the
corresponding number for scanner 2 and le the number of such events

found by both scanners., Then the totsl number found by either or
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both seanners is given by:
N o= Ny + N, + N, (5.1)

The sim is to estimate the total number of events of this type

present (NT)' Let'él, 62 be defined by the relations:

8 = le/(mz + 7 ,)
&2 = N12/(N1 + pp)

The denominators in these expressions are the total numbers of events

(5.2)

found by scanners. 2, 1 respectively. Therefore 31 represents the
conditional probability of an event being found by scanner 1 given
that it was found by scanner 2., Assuming that the two scans are inde-
pendent, 31 (ég) ig an estimator of the probability thét an event is
found by scammer 1 (2). The probability that an event will be found

st all is:

A

]

61(1—62) + 62(1-61) + 6182

Substituting for 3-.1, 32 givess

é = N, N (nl + le)(xw2 + le) (5.4)
An estimate for NT is then:

The errors on these quasntities can be found by using the
faet that the probability of scamner 1 finding exactly m events oud
of a total of M found by scanner 2 is given by the binomial distri-
bution:

' m Mot
P(n) = #1/m! (-m)! e," (1-e,) (5.6)
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This distribution has mean Me, and variance Mel(lwel), showing that

A 03 . +
e is an unbiaged estimator of ey with variance el(lmell//m. Thas

var(8,) = o, (1-e,) / (1, + W,

var(s,) = oy(1msy) / (M) + W) (5.7
From (5.3) this gives, by propagation of errors,

var(3) = (1-e,)? var(8,) + (1-e))% var(s,) (5.8)

This treatment of the efficilency problem assumes that there
is a eonstent probability for finding each event in a particular secan,
Because the probability is likely to vary with event topology.these:
corrections are applied separately to each topology. Even so, there
will still be some variation from event to event caused by the obscur~
ing effect of other tracks, poor picture guality, the variation in
angle of outgoing tracks and other gimilar factors., The validity of
this assumption could be checked by making a third sean, since it pre-
dicte that the number of new events found should deerease by a con-
stant factor from one scan to the next., The check-scan, in which
the discrepancies between scans 1 and 2 are resolved, is not an inde-
pendent sean but, if any additional events are seen at this stage,they
are sdded to the sample, The number of such events does give a lower

limit for the number that would have been found on a third scan.

The topology of an event is not a rigidly defined guantity
gince, for example, it is not always possible at the scanning stage
$0 be certain that a 7° is mssociated with a partieular event nor to

be able to differentiate between electron pairs and strange particle
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decays, For calculating scanning éffieiencies the topolegy of the
final interpretation of an event is usea, except for the unmeasured
topologies 410, 610, 810, ...... for which only scanning informatiocn
is a&ailable. For purposes of cross section normalisatien an event
ig seid to be "seen" on a partieular scan if its production apex is
recorded, It does not matter if charged or neutral decays are missed
ag long as the informetion supplied by the two scanners for a given
avent is suffieciently similar to enable one to be sure that it is the

gsme event they have seen,

Table 5.1 shows the scanning efficiencies (with errors) for
the 6799 London events from experiments 75 and 10 used for the cross
gection normalisation. In addition there were two events of unusual
topology, a 301 {definitely not e teu deecay) and a 900, Posgible ex-
planations of such events were mentioned in chapter 3. In experiment
10 the scanning efficiencies were on the whole higher than in experi-
ment 75, mainly due to the better quality of the photegraphs from the
2 metre chamber, Ewven go there are still some events for which the
assumptionuof constant probability of being seen does not hold, as:
ghown by the faect that 27 extra events were found during the check
pcan of experiment 10, whereas the calculated efficiencies predicted

that only 8 events had been missed in both of the first two scans,

'Provided the seanning efficiencies msre close to 1 the simple
minded caleulation ie probably not too unreasonable. However there

are two sitvations in which it is certainly bad:
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TABLE 5.1

SCANNING EFFICIENCIES FOR LONDON DATA

Efficiencies (%) Total number

Topology scan 1 gean 2 overall sé;sxeézé_ggga
000 10,0 12,6 16.2%6,1 497 I11.2 46
001 92,4 % 3.3  66.3%4.9 97.4 T 1.2 97
200 92.3% 0.6 86.3%0.7 98.9 = 0.1 2287
201 94.7% 0.9 91.2%1.2 99.5 T 0.1 619
210 8s.5% 3.6 e.2X4,2 97.8 T 0.8 94
400 ~g7.3% 04 94.8%L0.5 99.86% 0.02 1944
401 9.2 0.9 91.7%1.3 99.68% 0,03 460
410 95.6 % 2,0 ‘sr.aioe  99.2 T 03 177
b Y6-prong 96,8 £ 0.6 92.7%o0.9  99.77% 0.05 916
rare® 95.7 2.5  86.4 L34 99.1 1 0.4 157
others (301,900) - - - __3_
6799
300 (tau)*  64.6 £ 10,0 4.4 184 89,9 T 6.7 _ 54
| 5

* the efficiencies for these topologies are caleculated from the

experiment 75 seample only.
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i) for all events with topology 000 the scanning efficiency is
very low (see table 5.1) as they can be easily obscured by
other beam tracks., In experiment 10 they were not even recor—
ded as they ere, of course, useless for measurement since none
of the final particles is seen, Fortunately one can make an
ascourate estimate of the number of such events in a way which
is not possible with other topologies. Assuming the beasm part-
iole is a X there has to be a neutral strange particle in the
final state for a zero-prong event. In practically all cases
this will be either a KC or a A% (imcluding A° from 2°

decays). In the cases when the strange particle decay is seen

(tepology 001) the scanning efficiency is higher because, al-
though the primary interaction point is just as hard to sse,
when a v° decay is seen which has no apparent origin the
scamner always looks very carefully back along iteszapproxzimate
Line of flight, When theselOGl's are analysed the separation
between_ﬁ0 and ﬂP events is quite clesn and using the known
charged/neutral branching ratics of these particles the numbgr

of 000 events can be estimated.

ii) for elastic scattering there is a serious geanning less for
low momentum trensfers to the target proton and at high emer-
gles this is just vwhere the cross section is highest, Below
shout -t = 0,10 (Gev/b)z there is a systematie loss of evenis,
begiming at agimuthal angles (measured around the beam direc-—

tion) for which the proten is moving towards or away from the
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cameras and extending to all azimuthal angles for values of
-t below 0.06 (Gev/c)2 (corresponding o a proton range of
about Tem), Here -t is the square of the 4-momentum transfer
between the initial and final X or, equally well, between
the target and final protons, defined by
)2

t = (Pl - P2 (5-9)

whers Pye b, are the 4-momenta of the particles concerned,

This loss of events is correeted for in the following way (10).
The fitted elastic events ave divided into regions of t and the azim-
utha%.angular distribution is plotted for each t—region., When there is
a noticeable depletion for some azimuthal angles (which should be iso-
tropically distributed for an unpolarised beam and target as in this
experiment), this is corrected and at the same time the norms) scanning
efficiency correction is applied, also as a function of t., There
gtill remains the very low -~ region where the azmimuthal distribution
js depleted at all mngles, The assumption is made that the sirong
interaction K p elastic differentisl cross section is well-repregented
by an eprnential in t. This 1s in good agreement with the data bet-
woen =t = 0.06 and 1.0 and is theoretically expected to hold down to
-t = 0. This fact is then used to correct for the final source of
unseen elastic events by extrapolating the experimental digtribution

down to this point.
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5,2 Normslisation

Having made all necessary corrections to the observed number of
events the total expected number of interactions in the chosen region
can be calculated, Table 5.2 shows the total (eorrected) number of
events in each topology and the corresponding partial cross section.
The errors on these cross sections are calculated by combining the
arrors on the observed pumbers of events (assumed to be Poisson
distributed) with the uncertainty in the value of the total cross

gection used.

For the normalisation region the numbers of events corres-
ponding to 1lgb of cross section are 1.58, 1.40 for expériments 75, 10
and 2+97 overall., These numbers are not particularly uwseful for
ealculating the cross sections for particular reaction chamnels since,
for some topologies, events were amalysed from larger regions than
that used for nommalisation. Also the relative sizes of these regions
were different in the two chambers. 4 betier way is to use the topol-
ogy cross section snd to find, at any stage of the experiment, the
ratio between the number of evenits of the required reasction to the
total number of the same topology onm the D3T. Further corrections
may be necessary before arriving at the final cross section (see
following chapter). The above method has the advantage that the
numbers of evenis in each topology which fail to get & successful
inter@retdfion sre not required, provided it is reasonable to assume
that these events are nmot biased towards partioular reactions. Fur-
thermore the cross section normalisation and the analysis of reae-

tions are entirely separate operations so thet new data can be added
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TABIE 5,2
average sconnin

Topoloxy exp,75 exp,10 teotal cross section (Fh) ——§§§§§§333§TT%§
000 691 TIT 1408 473 % 17 54,0

| 001 409 414 823 277 £ 10 97.3

[ 200 12684 11719 24403 8206 & 110 88, 0%*
201 2985 2272 5257 1768 + 21 99.7
210 433 42 e 2o 99.3
400 9567  e50 18317 660 fes 99.95
401 2410 1981 4391 1477 T 18 99.6
410 1050 791 1841 619 % 16 99.6

. 600 4641% 2689 8607* 1962 ¥ 38 | 99.8*
601 441 322 £ 15
610 443 323 L 15
800 278 203 ¥ 12
801 29 21.1% 3.9
810 61 44,5 L 5.7
10,00 | 12 8.8 % 2,5
10,01 3 2,25 13
10,10 3 22813
> 10-prong 7 5.1 % 1.9
rare 801 =500 wA30L 0 437240 95.5

35671 51534 67205 22600 * 200

1 event in region 1 (exp.75.+ 0xp.10) = 0,336 ¥ 0,004 Kb
1 v n w1 (exp.75 only) = 0,634 ¥ 0,006 v
1 "« ¢ 1 (exp, 10 only) = 0,717 = 0,006 b

* these entries are for all topologies with 6 oxr more prongs excluding rares
** this efficiency includes the effect of the unseen small angle elastie events,
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) to the DST without necessitating a recalculation of cross sections,
This iz an important point in the case of an experiment like the

present one which continues over several years.

One might have expected & scanming bias similar te that des-
eribed above for elastic scattering in the case of inelastic 200
events with a proton in the final state as these reactions also tend
to have large cross sections when the momentum transferred to the

proton is small, Examination of the relevant azimuthal angular dis-

tributions has shown that there is no serious loss of events in this
way. This disagrees with the claim made by the Argome~Northwes tern
collaboration for the existence of such a scanning loss in their X p
experiments at 4,1 and 5.5 Gev/e (45). The presence or absence of a
real dip at low -t {as opposed to a bias)may have impoertant theoret~

ieal signifieance,

A similar check was made to see if any events recorded as
topology 300 (i.e. tau decays)-ceuld be 400 events with an unseen
proton, Practically all events gave a good 4-C fit to the tau decay
hypothesis mo this was elinminated as a possible source of bias in the

4-prongs,

5.3 Normalisation check using tau decays

If ny is the number of events of a process i observed during

& time when‘ﬂk kaonas are incidenit on a target with NP protons per wmit
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ares, the cross section for the process i is given by

o; = ni/NKNP (5.10)
The number of protons per unit area in a thickness d is
gliven by
P d -
N, LR (5.11)

whers %p is the density of liguid hydregen and No iz the Avogasdro

number,

NK osn be estimated from the number of kaon decays observed
in the same thickness d:of target, assuming an exponential decay law:
eﬂk@ = Nd(pc/m)(rt) (5.12)

vhere e is the scanning efficiensyrfor the decays (of which N, are
seen), t is the mean X~ lifetime and r is the ¥ branching fraction
for the A7 N1~ N° mode. Included in the value of r (actual value
0.056) is & correction for single-prong K decays invelving a T
whose decay involves the production of a pair of elsctrons (Dalitz
pair)., If these electrons have momenta above about 200 Mev/c they

will not be identifiable from pions by ionisation and so will simu~

late tau decays. The corrected value of r is 0.039.

Substituting (5.11) and (5.12) into (5.10) gives:

(rifrt) = (1/ane).(m/pe).(er/ﬂdt) (5.13)

The density of liquid hydrogen is kmown from the thermody-.
pnamic conditions of the chamber or it can be found by measuring the
ranges of p*’s coming from the two-bedy decays of stopping fiteg,
A1l other constants can be found in veference (2) and give the result

(oi/ni) = 0.213(e/N;) mb/évent (5.14)
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The number of tau decays observed in region 1 for the
London sample of experiments 75 and 10 was 54 with a scanning
efficiency of about 90 ¥ 74, Unfortunately no data are available
on the fau decays found by the other groups. This then gives &
value for the total cross section of:

24.7 ¥ 2.5 millivarns

i

Ctot

This is rather high compared with the accepted value of 22.6 = 0.2 mb,
Unless more decays can be used this wmethed will remain rather unsatis-—

factory.
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CHAPIER 6

BIASES TN THE REACTIONS STUDIED

The following reactions are the main ones to be disecussed in
the ensuwing chapters., They are in fact the only reactions of the gen-
eral types K p—>NEN , NK/Al which are fittable, that is which have
at most one unseen neutral particle, N stands for the nucleoen i-spin

doublet (p,n) while K is the kaon doublet (¥°,K ).

Kp —3 gk 71° 1)
pﬁlo ™, K° fitted (unseen) 28)
Ko N~y K° seen 2b)
nE T 3)
& AThT 4}
KRN 5)
Sl A 6)

In addition there are four unfittable reactions in these two
general categories which may be referred to from time to time. They are
listed here for completeness, together with the no-fit "reactioms” into

which they are classed, The K''s in 7) and 10) are assumed to be seen,

Ep—> nk° Nl (in X°29) ' 7)
& N°N°  (in ™ 2°) 8)
“ptR® (mxm At 29) 9)

nk
o TeT® (in K° 2°) 10)
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Tn fubture the pions in these final states will somebimes be denoted by
their charges alone, e.,g. §K + — for reactien 4). Table 6,1 shows the
numbers of fits allocated to reactions 1) - 6) for experiments 75, 10

and 75 + 10. In all there are 5571 events which give unique fits to
these reactions after the criteria have been applied while 562 events

are ambiguous between two hypotheses. In some cases the ambiguity is
‘with a reaction not included in 1) -~ 6) which explains why the numbers

do not balance, There were only 6 fits to these reactions which corres-
ponded to triply ambiguous events, Of these the 3 in reaction 1) are

due to a wrong selection of fits while the % in resciion 4) may be genuine
ambiguities. It can be seen that the eriteria have been fairly efficient
in allocating a wingle hypothesis to each event. What is not clear is
how often the selected hypothesis is the correet one and most of this

chapter is devoted to a discussion of this.

Given a sample S of events which purpert te be examples of a

certain reschtion, one may distinguish the following sub-getas

1) the gonuine (good) events (s&).
ii) the misidentified (bad) events (SB)
iii) the ambiguous events which are actually good events (sag).

iV) " " _tf " " # bad u (S AB)

In addition there is the set:
v) the good events which have been excluded from the sample.(Ss)

The complete set eof genuine events of the reaction is given by:

S = S,+SAG+S 1

T G (6.1)

1 .
¢ =5~ (sB + SAB) + Se
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TABIE 6.1

FITS ASSIGNED TO REACTIONS 1) = 6)

Ko lgfz Ko nk "+ PE A= ﬁﬁe-.o g§°+ -
1) 2a)  2b) 3) 4) 5) 6)
topology 200 200 201 200 400 201 201
no. of constraints 1 1 4 1 4 1 1
exp,75: unique 395 202 184 523 1056 519 318
amnbiguous 101 g6 - 10 T 488 9 2

total ne., of fits 494 208 184 533 1544 5528 320
totel no. of events 445.5 250 184 528 1300 52%.5 319

with decay wt. - - 214,07 - - 577.04 361,34

av, decay wt. - - 1.163 - - 1,162 1,133

exp, 10: unique 244 164 81 476 970 220 112
ambiguous 67 70 2 1 282 3 -

totel no, of fits 414% 234 83 477 1255#% 223 112
total no. of events 378.5 199 82 416,5 111l 221.5 112

with decay wt. - - 89.91 - - 237.04 120.4
average decay wt. - - 1.096 - - 1,070  1.075
75 + 10: wnique 739 366 265 G99 20%3 39 430

E ambignous 168 166 2 11 772 12 2

total ne, of fits Q1o* 532 267 1010 2B08* 751 432
totel ne., of events 824 449  B66 1004.5 2420 745 431
with decay wt. - - 303.88 - - 814408 481.7¢

average decay wt, - - 1.143 - - 1,095 1.118

* these totals include 3 tiiply ambiguong fits (i.e. 1 event equiValent.)
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Provided that the actual set S5 is the major contribution to the ideal set

S, one moy write

i
Ny = N(L = /M) (1 = WAB/A) (1 + NGl/N) (6.2)

where Ni ig the number of fits‘in the set Si.

In practice the events in these subsets are net kmown individually
vut the numbers of events in each set may be estimated from relevant dds-
tributions, This means that the true cross section Gﬁ for the precess may
be found since this depends only on the total number of events and not on
any individual event characteristics. The cross seetion ¢ for the ohserved

sample S will in fact have its true value 0& if
(1 = Ny/N)(1 - WAB/W)(2 + NGL/W) = 1 (6.3)

If the corrections to N are small this condition becomes

1
Ny + NAB = Ng | (6.4)
i.e. "bed" events included = "good" events lost., A trivial solution is

NB =NAB =N 1 = O which correspends to the ideal sample ST’ In fact the

&
relation (6.4) is exact as the approximations made in deriving it have
cancelled out. I% is an obvious result and could of course have been

written down immediately,

The various stages at which blases can enter the given sampie S
will be discussed and, where possible, guantitative estimates of NG’ NG;,
NAG, NAB and NB will be mede., If particular reactions are not specified

the estimates can be considered to apply to all relevant reactions equally.
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Unseen events (contributes to Nal)

Some events will always be missing from the sample because
they are never seen at the scanning stage. The large losses in the
000 topology and in elastic scattering are not relevant te the study
of reactions 1) - 10)., TFor other types of event the simple-minded
efficiency ealeulation predicts a very small number of missed events
and it is hard to believe that there are not more events lost than
this, 1Indeed some evidence was presented for this in the last chapter
and it seems likely that a partial third scan would show that ths
assumption of equal visibility for all events of a given topology was
not valid, Further scans of samples of the film might enable the
true oross section to be obtained as the sum of an infinite series along
gimilar lines to the method used by Derenzo and Hildebrandiin their
study of muon decay (46). The form of this series would not be a geo-
metric progression as in the ideal ocase when there im a constant ratlo
between the numbers of new events found on successive scans ﬁut would
be one whose %terms decreased somewhat more slowly than those of the

goometrie series,

If these deficieneies were the mame for all topologies it
would not affect cross sections determined by normalisstion to a
known value, However they are likely to bhe more pronpunced for a
topology like 200 than for, say, 600 and theéy will slso be biased
towapds events with tracks which are either short and slow, strongly
dipping, or very fast and preduced at small angles. The contribution
to the lost evenis NG; will however probably be small compared with

that from other biages,
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Rejected events (contributes to Ngl)

There is always a residue consisting of events which fail
to get acceptable interpretations even after repeated measuremenﬁs.
A breskdown of a sample of 425 such events from the London data of
experiment 75 im shown in table 6.2. If these events are random
samples from their respective topologies ne bias will be introduced
by their absence from the DST and for cross section purposes the
number of such events does not need to be kmown for they have already
been counted in the scamning totals, However certain types of event

may preferentially fall into one eof these rejected categories,

The unmeasurable events consist of those which could not be
meapured because of poor film quality, the obscuring effeet of other
tracks or damage to the film on ome or more views., Also included
are events in which a ° has decayed by the Dalitz pair mode and
only one of the electrons can be distinguished, (If both electrons
can be identified the event can be measured as normal with the two
electron tracks omitted), Dalitz pairs will not oceur for reactions

with no missing fi®1g (e.z. 48 fits),

Events giving zero-constraint fits usually have a secondary
interaction on one of the tracks close to the vertex so that its
momentum is unmeasurable, This group will be biased towards events
with slow tracks as.tﬁese have larger cross sections for secondary
interactions. The repeated failure of a track in the geometric re~
construction happens most frequently for slow and/or dipping tracks.

Thege last two classes probably introduce only a small bias.
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TABLE 6,2

- BREAKDOWN OF UNSUCCESSFUL EVENTS

TOPOLOGY
E 200 201 400 401 ALL
unmeasurable 48 29 50 36 163
zero~constraint fite 31 21 48 14 114
geometry failure 12 17 22 13 64
non-sssociated V° - 27 - 20 47
MMZ negative 13 5 10 1 29
more than 1 baryon
1 3 - 4 8

or atrange particle

105 102 130 88 425
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Tt is often difficult o get an associated Fit for a V° which
ig within a few centimetres of the production apex. Short decay
lengths are more likely to oceur for glow Vo‘s gso this may introduce

a noticeable bias.

The next category in table 6.2 contains events which give a
large negative missing mass squared for all hypotheses compatible
with the observed ionisation, The reason for this is not entirely
understood and it is possible that these events might be bilased
towards particular reactions, _Finally there are a small nuuwber of
events which are positively identified as multibaryon or multis trange

particle final states.

Oprrect hypothesis not attempted (may contribute to NGl and NB)

If the correct hypothesism for an event has not been attempted
in Grind the event may have another acceptable interpretation and be
placed in the sample S, There are several gituations where this
arises:

i) 4z mentioned in chapter 4 fite are not attempted which require
more than one strange particle or baryon in the final state
because the cross sections for these processes are known to be
small, Unlike the sample of such reactions discussed in 6,2
some of these events will nmot be positively i&entifiable and
may therefore be accepted with an alternative interpretation.
‘& background of about 1 event in 30 could be expected frem this

gource f{in all reactions), (NB/N = 3%)
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ii) Section 6,2 mentioned the situations where one or both elec~
trons from & Dalitz pair are identifiable, If both have a
momentum sbove 200 Mev/c they will be indistinguishable from
pions and the event may have another acceptable interpretation.
This bies can contribube to both Ny and K,' since in additien
the hypothesig of the actual reaction will not have been tried,
A reaction involving the production of m neutral piens will
give rise to Dalitz pairs in 1.17 m per cent of the cases,

The probability of having two Dalitz pairs is very small (even

i for m = 10 it is only about 0.6%), Eventswith Delitz pairs

are not likely to give a fit and so will probably be-classed
as no-fita.
(for 1-G fits with missing N°, Ng'/N = 1%)
(for no-fits, Ne/N = 2%, Np/N = 1%)
iii) & very similar situation exists in the case of v°ts which decay

go clese to the production apex that they carmot be resolved

from it at the scamning stage. The event will then be inter-
preted ag having two additional prongs. The momentum balance
is not affected in this wrong interpretation but the energy
balance will be when one tries a sirangeness conserving hypo-
thesis, It seems likely that there will be a small background
from such events in the samples of most reactions. The loss |
of events from the v° reaction is corrected for. (see section
6.7).

iv) No fit is accepted which requives & missing A° or X%, The

number of genuine fits which are rejected in this way can be
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estimated from the numbers of events where the A° is seen,
In experiment 75 there were 82 events of the reaction N+ -
in the 201 topology in a region about double that used for
the 200 topology. Thus, assuming 1/3 of the decays arve ot
seen, and tsking the worst case where all these events fif
the reaction nK +, 20 out of the 528 events of the latter
reaction ebtained in experiment 75 may be expected to be mis-
identified. Thé other lambda reactions will enly contribute
substantially in the no-fit samples, ’
(for reaction. 3, Ny/N = 4%)

v) No hypotheses are tried for the case of pions or antiprotons
in the beam, Bstimates of the background from these particles
were given in table 2.2, Their toial cross sections on protons
at 10 Gev/c are 26,5, 54,0 mb, respectively {44) so that the
contaminations are effectively increased by factors of 1.2 and
2.4 as far as the number of interactions produced is concerned.
The antiproton contamination is expected to be guite small, 4An
independent check of this can be made using the results from
reactions invelving anti~lambda production (11). Reactions
where A° N° A° or A° A° decays are seen are most iikely to
be initiated by K~ but when /° /I° is seen antiprotons could
also be responsible, For E reactions invélving no charged
particles (i.e. no sigmas) the predicted ratios of these events
from visibility arguments is

ﬁﬁf:ﬂ”% NR = 2:1:2

in experiment 75 (these are the numbers of eventsl, Whereas
[ ""\//.——

the obsérved ratioc i 2 : 2 }‘2A. Thus there does not seem to

be any sizeable contribution from antiprotons, Assuming a
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cross section of 1 mb for 5b-——a ﬂf ﬂ? + neutrals, 1 seen event
wowld correspond to a p contamination of 0.,1%. It will also be
rather harder for p interactionms to give fits to K interactions
then for /| since the J and K have a much smaller mass squared
aifference. The chance of an event being caused by a pion depends
on the topology. For events with an associated v° the chance of
¥~ being the beam particle is enhanced by about 3:1 (22%, T9%)
whereas events without v°1s are favoured for pions by a factor
of 1.2 (93%, 78%). Tions may often give fits (even four con=
straint ones) to kaon hypotheses,

(for V° topologies, NB/N = 1%)

(for non=v°> " , Np/N = T%)

Correct hypothesis failed to fit  (contributes to Ny~ and Np)

Sometimes the fit to the genuine hypothesis for an event may
fail, This is noticed most often for 4-C events where the missing
mass squared and missing energy are close to zero (with small errors)
moking the event unacceptable as a no-fit. A sensitive test for the
presence of suéh events is to examine the quantity ﬁP& ~ MB ¢47). The
preagon for the failure to fit may be a small error in the geomstry
econstants., This would be likely to cause more trouble for 4-~C fits
because they are the most highly constrained. If it did ocecur also
for 1-C fits it would be harder to pick out the individual events con-
cerned since they would probably have values of the missing mass and

energy compatible with a no-fit hypothesis.
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Correct hypothesis rejected by criterias (contridutes to N 1, N.)

G''B

The eriteris applied in deciding between various interpreta~

tions of an evendt were listed in table 4, The probability cub-off

i
G

tion for genuine events is flat, The bias due te the inclusion of bad

gives N.* = 1%, 5% respectively for 4~C end 1-C fits if the distribu-
events is hard to estimate, The distribution shown in figure 4,2 for
reaction 4) is the only one for the reactions studied where any peak-
ing is seen at low values Just above the cut~off. However most of

the results presented for this reaction will involve only the experi-
ment 75 sample where the probability distribution looks reagonable,

It does:seem as if there could be substantial impurities in the exper-
iment 10 ssmple wnless there is another explanation for the low prob-

ability pesk.

The eriterion which prefers a 4~C fit over the corresponding
1-C¢ fit may affeet the pair of re;ctions 2b) and 5) and algo reactions
1), 4) and the reactions pK , g + =o respectively, the latter two
not being among the main ones studied here, Figure 4.3 showed the e
laboratory momentum distribution for reaction: 1) and there was seen
to be very little overlap with the 4-C reaction; the same is true for

reactions 2b), 4) and 5) (not shown).

The missing mass squared distributions are shown in figures
6.1 - 6.4 Tor the following pairs of resctions. In each pair both
reactions have the same assignment for the seen particles but the
firgst reaction has & single missing particle while the second has

additional neutral pions, The plot for the first pair has already
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been shown in figure 4.4 for the experiment 75 data. The others

are for the combined data of the two experiments,

Table 6,3 1=C fit no-fit NA Ns/ﬁ
(rig. 4.4) %~ o (1) x2°  (8) 4% 14%
(fig. 6.1) K= o (5) K° - 2% (1) 2% 4%
(fie. 6.2) K - (2a) p-2° (12) 6% 3%
(fig. 6.3) nk + (3) K +2° (9) 9% 16%
(fig. 6.4) Ko+ - (6) o+ - 2°(13) 5% 1A%

(reactions 11 - 13 are defined for the first time here).

A1l the plets have reasonably Gaussian shaped peaks except
for figure 6.3, This is probably due to the inclugion of a large
namber of no-fits because the maximum of the distribution has been
ghifted upwards from the neutron mass squared (0,88 GEVZ) to about
1,02 Gevg. The other distributions all pesk close to the mass squared
for the relevant misseing partiele. The percentage of "bad" events
ineluded can be estimated by reflecting the lower half of the peak
(where the contamination is expected to be small) onto the upper half
and finding the difference between the folded and original distribu-
tiong, The percentage of good evenis lost can be found by ecaleulating
the contribution to the integral of the Gaussian from the region above
the missing mess cut, The values are shown in table 6,3, The assign-
ments Né, NB‘will of course be reversed if one is considering the bias
in the sample of no-fits caused by the events from the fittable
resctions, In this case the valuve of N will become the total of the

no-fit sample,
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Applieation of the proton laboratory momentum cut ean have
caused genuine events to be lost from the final stetes containing
a proton (reactions 1, éa, 5) and also wrong events may have been
assigned to reactions with a neutron in the final state (3, 6). On
the whole, though, most of the events with fits rejected by this cri-
terion are assigned as no~fits. Assuming reaction 2a is typieal of
the first set, the numbers of fits lost can be fbund from the number
of 4=0 fits to the same reaction which have protons of momentum great-
er than 2 Gev/e. In experiment 75 this mumber was 2 out of a total of
184 events. Assuming 1/3 of the K°'s are seen, one expects 2 such
events in the smaller fiducial region which would have been rejected
wrongly by the criterien,

(WM = 1, N = OF). |
The effect of the unseen Eo laboratory momentum cut can be éstimated
in & similar manner. This results in a loss of good evenbts from
reaefion 2a). From a sample of 20 fits to reaction 2&) which had
a X° momentum of less then 2 Gev/b, 16 were reassigned to the no-fit
reactions 8) or 12) while the other four were ambiguous (3 with
reaction 3, 1 with reaction 1) and so the alternative fit was accepted
for each, The 4-~0 reaction 2b) hag 15 events out of 184 with £ mow-
entum below 2 Gev/c se that a similar number is expected to have been

wrongly excluded from 2n) because of the cut.

(Wo/5 = Th, Ny/§ = OF)
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Gorrect hypothesis smbiguous (contributes to Ny.,N, o)

In the case of ambiguous events where one of the hypotheses
is the correct one it may be possible in many cases to determine
the correct_assignneni by comparing the properties of the ambiguous
fits to those of the unique samples of the same reactions., In such
cases one does at least know that there is a bias since both hypo-
theses cannot be dorrect, One common procedure with ambiguous
events is to weight them in proportion to the cross sections for the

two reactions. This means cheosing f in the range (0, 1) such that
Nyg = £(Nyp + Fyg) (6.5)

Npa

(1—f)(1\IAB + NAG)

Where ambiguous events have been plotted with unique events
in this experiment they have been given half-weights since the aross
sections of the competing processes are usually of the same oxder,
This was only intended as a temporary measure to be used until

enough events were obtained to study the sambiguities in more detail,

No ambiguity exists between fits corresponding to different
topologies 86 that in discussing the ambiguities in reactions 1) -~ 6)
there are three categowies to comsider, namely topologies 400, 201
and 200,

i) 400 ambiguities (reaction 4)

As can be seen from table 6.1 there are a substantial number
of Tite to this reaction which are ambiguous, Since this gives a
4-C £it the corresponding 1=C fits bave been rejected if they existed

go that the only possible ambiguity is between different fits to the
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same reactlon. This arises because there are two positive tracks

and two negstive tracks and the tracks of each pair have different
particle assignments (p/ " and X~/ 1™ respectively). Thus iﬁ the
kinematic situation is such thal more than one of the four permuta-
tions gives rise to a fit and if the tracks whose particle assignments
differ are above the limit for identification by lonisation the fits
will be ambiguous. Since this occurs for X /7~ above sbout 750 Mev/c
but for p/'ﬂ+ only above 1.5 Gev/h and since protons preferentially
have quite low momenta, almest all of the ambiguities in this reaction
will be of the X/ fi” type. This is an internal ambiguity so that

the cross seection for the process is wnaffected by the choice of the

weighting facter f.

If 1, 2 dencte the tracks which are ambiguous and MPi' MMi
are the values of the missing momentum and missing mass for the hypo-
thesis 1 then energy conservetion requirements in the two cases lead

te the relation
(s + maK)"lr + (%, + 05 s (mp®, + szi)%
1 ,
- (p21 + m? )%‘ -+ (pg + m2K )T + (Mpg + MM?)% (6&6)

The nmomentun comservation equatiens require that MPi, MPs
must be nearly equal and if fiis are obteined to both hypotheses i, j
the values of EM?, MM? must be compatible with zero {no missing parti-
cle), This occurs when Pyr P, arve approximately equal so that, on a
plot of p; against p, for all fits to reaction 4), the ambiguous

events will be situated cloge to the Py = Py line and above the lines
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Pl = p2 = 750 MQV/CO

ii) 201 (reactions 2b, 5, 6)

_The first of these reactions gives g 4-C fit and has essen-
tially no ambiguities., The {twe ambiguous fits are either due to mis-
takes in applying the criteria or to ambiguity with the 4-C é?ction
A® + - . Reactions 5), 6) do have a few embiguities either with
each other or possibly with A° + - o. Hince the negative track in
these events is always assumed to be a pion, the ambiguity between

5) and 6) is between p and ﬁ+ and can therefore enly ccour for

moments between the identification limit of 1.5 Gev/c and the momentum.

cut at 2 Gev/c.

iii) 200 (reactions 1, 2a, 3)

Thig tepology has more ambiguities than the 201 topology
since there is no restriction on the identity of the negative track,
From table 6.1 one ecan see that the main smbiguity is between 1) and
2a) as one would expect since these differ in the sssigmment of the
negative track. Reaction 3) iz only allowed to be ambiguous with
the others for events whére the positive track has a mementum in the
range 1.5 - 2.0 Gev/c. One might have expected more ambiguities be-
tween 1) and 3) than between 2a) and 3) since the former pair do at
least have a X in common, However it is not clear whether the
slight excess of ambiguities in 1) (101 over 96) is significant in
this respect, For events ambiguous between 1) and 2b) energy conser-

vation gives the relation
2 2 2 2 2 2 2 2
(2 + 02)F 4 (2 4 ) 2 (52 4 w2 0 (B mme.rﬂr (6.7)

vhere 1, 2 refer to the negative and neutral particles which give

rise to the ambiguity,
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Suppose hypothesis i corresponds to reaction 1) and that
its missing mass Mﬁi = N . Then, neglecting the mass differences
within the pion and kaon I-spin multipleis, MMj = My 80 that the
other hypothesis will also give a fit in the centre of its missing
mass distribution, Thus missing mass squared cuts would not have
been very effective in separating these hypotheses which may W why

gsuch a lot remain ambiguous.

6.7 Correct hypothesis unique  (represents the N, part of the sample )

This is hopefully the major contribution to the total sample
available for mest reactions. Having accepted the correet intferpre-
tation for these events it is important to know what biases, if any, -
are present in the values of the fitted parameters of the event and
whether the sample itself is an unbiased one from all events of the

resction,

The title values for the beam track should have large emough
errora for most genuine beam tracks to have an equal chance of fitting.
Histograms 6f the momentum, dip and azimuth for the beam track taken
from & sample of four-constraint fits indicate that this is so (not

shown).

Any bias caused by an error in the knowledge of the magmetic
field wvalue can be detected by a shift of the peak in the unfitied
mass of the fp determined by measuring its decay inte two pions,

This was found to be centred at the accepted mass value (not shown).
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In bubble chamber experiments it i® normal to impose chosen
(external)=errors on the measured quantities at the kinematics stage
becauge the internal errors obtained from the scatter of peints sbout
the fitted trsjectory have statistical fluetuations from one track to
another and also because there are additional factors which are not
taken inte aceount 1n these internal errors. Examples of these fac-
tors are multiple Coulomb scattering, uncertainties in the geomeiry
constants and possible turbulence in the chamber liquid. The reason—
ableness of the imposed errors may be checkad Wy the flatness of the
chi-squared probability distributions, Figure 4.2 shows these for the
reaction pK + - in experiments 75 and 10, The first of these is
fairly typical of all reactions in experiment 75 in that it is peaked
at high values showing that the external errors have been overestima-
ted, The other 4-C reaction 2b) has a very similar distribution while
the 1-0 reactions have an even larger peak at high values, In experi-
ment 10 the distributions fer 4-~C fits are peaked at both ends while
for 1-C fits they are fairly flat with a slight rise at high proba-

bilitiea,

A more sensitive test ls provided by the streteh function for

a variable x defined by
2 2\
s(x) = (xf - xm)/(dxf - dxm) (6.8)

where f, m refer to the fitted and measured (unfitted) values of x,
The stretch funetion should be a2 unit Gaussian if there are no sysiem—
atic errors ( which would shift the mesn) and if the random errors

have been correctly estimated (otherwise the variance would be
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different from unity). Distributions of these gquantities for the
momentum and angles of tracks in a sample of 4-C fits from experiment
75 are shown in references 41 and 42, They are consistent with the

expected behaviour,

Some of the biages present in the sample of accepbed fits due
te the lozg of genuine events (Né) have been discussed in earlier gee=
tions of this chapter. PFor events invelving a seen atrange particle
decay there is an additional bias due to the events of the same reac-
tion in which the decay itskes place outside the chamber. This will
ecause a loss of events where the strange partigle has a high momentum
and therefore more chance of escaping from the chamber hefore decaying.
For neutral strange particles theore is also the possibility of decay
into newtral particles but this does not bias the sample since it ob-
vicously makes no difference if this unobserved decay occurs inside or
outside the chamber, For reactions with no other neuwtral particle
migsing it is still possible to get a 1~C fit and, in principle, the
sun of the two classes should equal the total sample for the reaction.
However.the 1-C fits are much more subject to contamination as has
been indicated above, Alse where there is another neutral particle
missing,-%he event can enly be fitted whern the strange particle decay
is seen, Thus in both cases it is advantageous to correct the samples
for the decays which are lost. This is done by weighiing each ohserved
event by the inverse of the probability of the observed |/ decaying
within the visible rvegion of the chamber. A correction is also applied
for V°'s which are not detected because they are toe near the produe-

tion apex (see section 6.3). A minimum length of Jmm is used for this
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(projected onto the film plane)., It would perbaps have been more
satisfactory to correct also for the events where the v° vas seen

but di@ not give an associated fit because it was too near the apex
(see section 6.2), The necessary cut-off to use could have been found
from the lifetime plot of the strange particles from the successful

avents,

The welght ¥ used is given by
1/ = exp{- Lmin/Lo‘cosA-) - exp(~ Lmax/io) (6.9)

where Imin = the minimum observable length (Bmm), Imax is the potential
length over which the decay could have been seen (i.e., the distance
along the line of flight to the edge of the illuminated region) and
Lo is the length corresponding to a particle with the mean lifetime %
end is given by

Io = /gtpﬁm (6.10)
where @ is the velocity of the particle (¢ = 1), Strietly speaking

the decay weight W should also contain contributions from all pessible

positions of the apex within the fidueial velume. This can be impor-
tant for cases when Imax is very small because (6.9) can then lead

%o & very large weight, This occurs when the distance of the produc-
tion apex from the edge of the visible volume is small compared with
the distance Lo for the particle concerned., An upper limit for the
allowed weight is imposed in Slice but this does not affect the reac-
tions discussed here since there is always a substantial distance be-
tween the end of the fiducial region for the production apex and the

edge of the chamber. The average values ¢f the decay weights im
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eack reaction are shown in figure 6.1, The values for experiment 10
arve in each case less than those for experiment 75, This simply
reflects the faet that the choices of the fiduecial regions mean that
there is a relstively larger volume for observing the decays in the

2 metre chanmber.

For just the same reasons the sample of evenis assigned to
reaction 2a) will be biased towards the fast Eo‘s. An analogous
weight could be calculated for these events but this is probably a
negligible bias compared with the uncertainties already present in
this sample. These uncertainties can be investigated by taking events
from reaction 2b) and refitting them to reaction 2a) by disecarding
the measurements of the V° tracks, This was done for a gample of 23
of the four constraint events with the following results (after apply-

ing the usual eriteria

Unique fits to reactions 2a) 13 events
Ambiguous fits éo reactions 2a), 1) 5w
Unique fits to reaction 1) 3
No acceptable fit 4

25

From the totals for reaction 2b) in tabls 6.1 it can be cal-
culated that the expected number for 2a) is 4%2, Normalising the
above results to this number we get contributiens of 244, 56, 56, T5

for the four categories. The observed numbers for the first two
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categories can be found from table 6.1 and are 366 and 83, The

observed numbers for the other twe categories are unkmown,

. We can then deduce the following for reaction 2&):

Ng/N = 244/449 = 54,3%
NB/N = 122/449 = 27.2%
Ny/N = 56/449 = 12.5%
MV = 21/449 = _6,0%

100,0%

mé/n = 56 + T5/449 = 29,2%

These are to be compared with the estimates obbtained in seetions

6.1 - 6.6 for this reaction, There iz some measure of conzistency
but the earlier estimates seem to be a 1little on the low side espe~
cially when it is realised that they are not all independent. For
example there is a very strong correlation between the Xz—squared
probability and the missing mass squared for 1-C fits as the value of

x2 obtained after the first iteration in Grind can be shown to be

given by (48):
2 2, 2.2
X° = (Mﬂi - mi/dbmi) (6.,11)

where m, is the mass of the missing particle., This is probably a

i
good enough approximation to the fimal value of Rz to preserve moat

of this correlation between Xz and MMZ. An experimentsl verification

¥

of this has been given for the reaction # p—n +.4~— — at 6Gev/e {49).
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There are a few additional points which have some bearing

on the biages present in the data.

- Many quantities like probability, missing mass squared, miss—
ing energy, laboratory momenta and error of the missing mass squared
have been examined both in one and two dimensional plets for the data
from the separate groups and no significant differences have been
found, Up till now all groups have used measuring machines of similar

accuracies.

Distributions of the (X, Y, Z) coordinates of the apices of
accepted events are as expected, namely isotropic in X and approximate-

ly Gaussians in Y and 2 (reflecting the beam profile).

Some events in the final states containing a X will not appear
in the topology 200 because the X has decayed in the chamber. In
rrineiple a weighting could be used to correct for these events but
due to the relatively long lifetime of the X +this weight would be
alvays close to 1. For kaon momenta of above 500 Mev/c the fraction
which decay within a distance of 1 metre is approximately 1/7.5 P and
since most K~ particles have momentas in the range 5 - 10 Gev/c in the

reactions studied this fractiom is only about 1/50.

The chance of an unassociated V° giving an sssoclated fit to
an event in the chamber may be estimated as follows, The v° can be
assumed to have an origin outside the vimible volume and to give an
aséociated fit ;f it passes within a distance of an event apex whiech

is of the order of the measurement accurscy for reconstructed points,

v°'s with no observable origin are seen once in every 7 -~ 8 frames
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whereas the number of events measured per frame is about 2/3. This
gives a probability for a chance zssociation of about 10"5 which is

negligible for reactions with cross sections of greater than 1.4,

" Further selections which are made later to isolate specific
reactions involving rescnance production will in some cases improve

the purity of the samples,
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CHAPTER 7

MASS DISTRIBUTIONS AND RESOLUTION

The most striking features of reasctions 1) -~ 6) involve the K7
and KFli  groups of particles., (Strictly spesking these are K's (5 = -1)
end not K's (8 = +1) but the bar will be omitted when there is no possibility
of confusion). The presence of detailed structure in these systems can
most readily be seen by examining effective mass histégxams. The effeetive

mass M of a gyatem of n particles is defined by the relatioen
2 ' 2 T a)2

This mass ¥ may be considered to be that of the "particle' which is
kinematically equivalent to the group of n particles but in general this has
no direct physical significance. In certain cases however the group of n
particles may have come from the decay of a resonant state with well-defined
mage M and this state may be considered to be a particle in the same sense
as nucleons, kaons and pions, the particles which are directly detected in
the bubble chamber, The.only difference between a resonance like M and the
other particles mentioned is that M has a high enough mass to be able to
decay by the strong interactioﬁ whereas there are no states of lower energy
available for the other particles which have the same quantum numbers for
all the observables which are conserved in s strong interaction. Therefore
these particles are either stable (as in the case of the proton) or decay

via some other type of interaction which requires less quantum numbers to
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be conserved. These other interactions are the electfomagnetic (I-gpin
violating) and the weak (I—spin,strangeness end parity violating). The
very different relative strengths of these interactions are related to the
1ifetimes of fhe particles whose decays they cause. Typlecal times are

10

10—23, 10718 ana 10710 seconds for the strong, electromagnetic and weak

interactions, The distances travelled by a relativistic particle in these
Hmes are about 3.10"13, 3.10-6 and 3 em respectively. Thus weakly decaying
rarticles travel a detectable distance before decaying whereas the others
effectively decay at thelr point of production as far as can be ascertained
experimentally., However there is a difference between the electromagnetic
and strong decays in that the former occur at a relatively large distance
(hundreds of atomic diameters) from their production whereas the strong
decays occur within the range of the strong interaction which produced

the primary event, This means that the decay products of the resonant state
may be affected by other particles produced in the event, that is the siate
does not necessarily decay independently but can be influenced by these
Tinal state interactions., The lifetime of a particle or resonant state is
related by the uncertainty principle to the inverse of the width of its

masg distribution, For a weakly decaying ﬁartiole the width is wmuch smaller
than the error in the mass debtermination and so is never direetly observed.
This is not so for the strongly decaying states which have observed widths
raﬁging from about 10 to a few hundred Mev, For widths much{larger than
this the concept of the state as a particle which is produced and then
decays become rather vague., The mass distribution for the decay of a pure

resonant state is expected to have the following form, usually known az a
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relativistic Breit-Wigner distribution (50, 51)

do = 4o o wo [ () (7.2)

——

2 2 2.2 5 D
aM (Mo-M) +M0FT (M)

where M_ is the mﬂsé??ésonance, rE(M) is its width and rg(m) is the

partial width for the decay mode i defined by

| [qi = fi fﬁr (7.3)
where firis the fraction of all the decays that occur through the mode i,

In (7.2) d{rS(M) is the cross section for the production of a atable particle
of mase ¥ which the resonant cross seotion approsches in the limit of zero
width (i.e. a stable particle). The width [(M) is a function of the mass

and for a two-particle decay can be written in the form (51)

COR I E VAN Y £0L) (7.4)

where q is the momentun of both of the decay predusts in the rest frame of
M, r;, g, are malues at M = Mo and P(M) is only a slowly varying function

of M.

In most cases the dominating part of (7.2) is the denominator of
the second factor which, when M is close to'Mo, may be written

al (G, -0% + Ty (Mo)/e@) (7.5)

It

which gives a Breit-Wigner distribution in ¥ (instead of M?) The width r;

is then the full width of the peak at half the maximum height.

If processes other than the production of the resonance give rise

t0 effective masses in the resonance region there will be a background




- 132 -

umder the Breit-Wigner shape, Under certain circumstances the two ampli-

tudes (resonance and background) may interfere.

At lower energies (ineident momenta around 2-4 Gev/c) the effective
mass digtributions of groups of particles whieh did not contain resonances
were fairly well represented by the prediction of the statistical theory (52).
This assumed that the interaction between hadrons was so strong that a statw-

istical equilibrium was attained among all states compatible with the known

congervation laws. The relative probability of a given final atate waz then
agsumed to be proportional to the phase space available for this state, that

is the matrix elements for all final states were taken to be constant.

Unfortunately this model does not provide a good description of the
nop~resonant parts of the effective mass distributions in the present experim~
ment, While it is still satisfactory in the higher maltipliclties (6~prongs
and above) it gives a very poor description of the backgrownd processes in
the lower multiplicities. In the absence of any better solutior in these
cases the background in a resonance region is estimated by extrapolation of
the observed distribution outside the resonance in a smooth way. This will

be roferred to as a smooth hand-drawn background.

7.1 KI__systems

Figure 7.l shows the effective mass distributions for the
(K7i) system in reactions 1), 2a), 2b) and 3. The purest sample of
events is that for 2b) and two peaks are clearly resolvable at masses

of about 900 and 1400 Mev and with widths of about 50 and 150 Mev
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respectively., The same peaks can be seen in the other three plots
but in 1) and %) the backgrounds are larger and in 2a) the second
peak is not too well resolved. Both these peaks correspord to well
catablished resonant states having been first reported in 1961 and
1965 (5%, 54). They are referred to as the K¥(890) and the K*(1420)
where the numbers are their approximate mass values in Mev, Since
the only other particle present is a nucleon these states are produced
in reactions of the general form

K~ p —> pE* (7.6)

nk#*° | (7.7)

where the K* subsequently decays into a K and & 1 , Reactions of
this type where two initial particles give rise to two final particles
are the simplest to deseribe theoretically and are therefore an obvious
starting point in the study of strong interactions. When one of the
particles is unstable (a8 in the present case) the reaction is usually
ealled quadéi two-boedy. The background under the pesks and in the
other parts of the ¥ 1l mass distribution comes from other competing
processes which lead to the same final states 1) - 3), These pro-
sesses could involve the production of resonances between one of the
other two pairs of particles (NT or NK) or they could lead directly
to the three perticle final state. Examination of the (NK) effective
mass distributions shows no significant production of any resconances
(these would be Y*'s or T§'s if present), Figure 7.2 shoys the
(nk”) mass plot for a small semple of events of reaction %); the
corresponding plots for reactions 1) and 2) afe very similar. The
N mess distributions show peaks duve to the ¥*(1236) in reactions

1) end 3) (charge state = +1) but not in reaction 2) (charge = o).
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If the processes of K¥ and ¥ preoduction in 1) and 3} are assumed
to be independent then they cannot occur simultaneously in one event
since thh involve the pion in the reaction., It therefore follows
+hat the purity of the K¥* samples can be improved by removing events
which lie in the N* peak provided there is not much kinematic overlap
between these two clasges of event, This has been done in figure 7.1
using the mass region 1,12 - 1,34 Gev for excluding N¥* events and is
a further example of the kind of criterion described in chapter 4

where (xi) is now chosen as (M (xn), M(Nfil).

To obtain the best estimates éf the masses and widths of the
two K*'g the combined (K1) mess distribution for reactions 2b) and 3)
wag fitted to the superposition (without interference) of two Brelite
Wigner distributions of the form (7.2) and & smooth hand-drawn back-
ground, These two reactions are used since the momenta of the particles
contributing to the K* are directly measured whereas in the other two
reactions either the X or the /1 is a fitted particle., It should be
noted that these two reactions contain K*'s in different charge states
(ul, 6] respectively).r The mass velues Tor these states are expected
to differ slightly (by a few Mev) due to SU(2)w-violating interactions
which cause mess splitting within the I-spin multipleta. The resuits
of the fit are shown in table 7.1 and figure 7.3 shows the fitted curve
superimposed on the combined histogram; the dotted curve represents
the background contribution, Also shown in the table are the accepted
world average values teken from reference 2. The observed masses are
gseen to be compatible with these values but the observed widths are

greater, especially for the K*(1420), This is because they contain
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TABIE 7.1

FITTED VALUES OF MASSES AND WIDTHS

Hegonance Masg Width World average values Reactions
(Mev) (Mev) M : fitted
k*(890) g3 ¥4 s8f7  xss.6%o0.6 50.1Eo0.8 2p), 3)
g+(1420) 1423 X 21 175 I 57 1409 < 4 96 f7  2v), 3)
x*(1320) 1325 = 6 186 = 15 Not well-known 4), 5)
1535 £ 6 196 16 all %%
L(1800) 1785 £ 12 127 I 43 1775 - 4), 5)
1789 = 8 132 L 28 a1l A

¥ This value is the average of the neutral and negative charge states.

** The reactions used in this fit are given in chapter 8 (gection 8.4.3)
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contributions from the experimental mass regeolution ag well as from
the natural widths of the resonénees. Thisg does in fact mean that
the distribution no longer has a true Breit-Wigner shape since each
masgs value will be a sample of one from a Gaussian distribution
whose width is a measure of the error on that mass value, However it
seems that this effect can be tasken ascecount of to & first approxima-

tion by uwsing a Breit-Wigner distribution of greater width.

So far the mass specira for all decay modes of these two
K¥'s have been examined ezceph forﬁﬁﬁﬁ-—aKoo which oceurs in the
no-fit reaction 7). In & no-fit resction there is no information
avallable about the individual particles which make up the multi-
neutral system ZG. Thus the only effective masses which can be
caloculated are for groups of p&rticles which contain either all or

none of the missing neutrals, In the caze of reaction 7) it is not

pogaible to caleulate the (KGO)JEaSS gincerthere is also a neutron

misging,

The general problem in fitting is as follows, Given a
functicn f(gi, 8) where x iz a set of values of observables for an
event 1 and a denotes a set of unknown parameters describing the
theoretical function £, it is required to find the set,a which give
the best agreoment between f(;i, g) and the experimental data for a
sample of n events., The most general method for deing this is that

of maximum likelihood, The combined probability of observing the
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n sets of data, assuming they are independent, is

[ aadio J =)

£ (

P(x) =

z,, &) dx, (7.8)

The likelihood of the mrameter set g given the observed

values x is defined by

=)

X(E'.r E) = f(E.i! &) (7-9)

where the factor ﬁldgi has been dropped gince it is independent of
a2 and will not therefore affect the maximisation of ! with respect
to 8. It iz offten more convenient to maximise thé logarithm of f
rather than f itself, Since log x is s monotonically increasing
function of x this will also not affeet the estimate é, Also in
practice standard computer programs exist which minimise functions

of several rarameters, MNaximisation of a function is trivially equi~
valent to minimising its negative so that the function which is

actually used is

-tog Ma, ©) = - Ua, ) =~ Llos 2z, a)  (7.10)
1

(Note that now eny function independent of g may be added to L without
affecting the maximum likelihood estimate.) If f(;i, a) is a simple
enough function of the parameters a (it should have no more then a
quadratic dependence on them), the maximum likelihood condition may
sometimes be found by direct differemtiation, This will not be so

if the parameters have restricted ranges and the likelihood function

has a stationary maximum outside the allowed range, In most cases
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direet caleuwlation is not possible and an iterative procedure is

negegsary,

It may be shown that the maximum likelihood estimate g'has
the following properties:
i} it is a sufficient estimator of g provided one exists, that is
the method exhausts all possible information about & which can
be found fron the data Z.

ii) it is an efficient emtimator if there is one, that is the
estimate a iz the most accurate one allowed by the Cramer-Rao
inequality (55).

Farther in the limit N —2 00
1ii) 4t is always an efficient estimator;
and iv) near its meximum it approximates to a multi-Gausgsian distribution
in the parameters a so that confidence limits on a parametfer

can be found from its width with respect to that parameter.

éhe main dissdvantages of the methed are that only one maximum
will be found even when the function may contain seversl comparable
ones,that for small values of n’ it may not be unbiased or efficient
and that there is ﬁo eriterion for deciding on the "goodness™ of the

estimate., Also the maximisation may be rather slow.

Ancther commonly used method for fitting is that of least
squares (this was mentioned in chapter 3 in the discussion of the
kinematics program)., The maximum likelihood method does reduce to
the problem of least squares in the case of Gaussian variables: but
the latter method can be more economic because the data can be grouped

into bins, though of course some information is lost when this is done.
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The x2 method alse has the advantage of enabling confidence limits

to be placed on the it itself as well as on the individusl parameter
values since X2 has a known probability distribution., It thus enables
different hypotheses to be compared, In this commection it could be
used in conjunetion with the maximum likelihood method to compare

solutions to different theoretical functions,

Most of the fits to the data of this experiment have used

the maximum likelihood method,

KN ) systens

Because of the additional pion these are a little more complex
than the (K1) systems gince one has the pessibility of resonance pro-
duetion in two and/or three-body effective mass distributions. If s
resonsnce is observed in a three-particle system it ecould decay into
these three particles directly or it might decay first into two parte
icles, ore of which then undergoes a further decay into two particles,

A sgingle resonance may have decay modes of both these types.

Figure 7.4 shows the (K7TW) mass distributions for reactions
4), 5) end their sum. As in the {KTTfi%ﬁo peaks are clearly seen but
here their mass values are roughly 1300 and 1800 Mev, Their widths
are about 150 and 100 Mev respectively but are more difficult to
estimate by eye because the background under the peaks is larger than
that in the (X n')" distributions. The shaded histograms contain the

events for which the sQuare of the four-momsntum transfer from the



-us- FiG.7.4

T T T + T 17T
Kp—epK ri'™ AT 10 GeVic
N*** EXCLUDED
943 EVENTS

60+

@ Il< 06 Gev® -
- 711 EVENTS

)

K p—epR i AT 10 GoVie
E76 EVENTS

g
&
s

L B u]-: 06 G@\J2
£79 EVENTS

b)

!
MUMBER OF fEVENTS/ 40 MeV

W
7 T T T T J T
l _ Yy p[i{‘;‘?T+TT; (N ExCLUDED)
e DT |
120y 1518 EVENTS,
1320 ,
l - ! Bt <06 Gev? -

S0 EVENTS

¢)

3y
10 2.6 30 40

(K10 )Y EFFE MASS , GeV




- 144 -

initial target proton to the final proton {or equivalently from the
initial X~ beam particle to the final (K77 ) system) is less than
0.6 (Gev/c)z. Figure 7.5 shows the ssme plot for reaction 6) and &
gtriking difference can immediately be seen for there are no sharp
peaks in fhe dietribution {the significance of the double paaked curve
drawn above this histogram will be explained 1ater). The small number
of events in this reaction is not because it id:analysed using only
part of the data. In fact the fiducial velumes used for this reaction
are exactly the same as for reaction 5) sinee both come from the 201
topology. Also both 5) and 6) contain a x° so that the proportions

of events lost due to unobserved decays will also be about the same in

the two cases,

As in the NKTT reactions we choose to eliminate events in
the region of any élear regonance involving the proton and one or more
of the other three particles, The rt;ass distribution of the (p+)} system
in reasctien 4) shows a strong sighal from N*T1(1236) (see figure 7.6)
There is also some evidence for resonances in the mass region 1.4 - 1.8
Gov of the (p+ =) mass spectrum in the same reaction bub these will
of ten be associated with events where M(p+) is in the N¥'¥(1236) region
and so will be automatically excluded once the latter is removed.
Figure 7.7 shows the two dimensiomal plot of M(p+) againat M(X™ + )
for reaction 4}, It can be seen that most of the ¥ events correspond
to (X ﬂfi) magsses which are above the region of the two observed peaks.
(1.3 -~ 1.8 Gev)., Finally there is no sign of any Y* resonances in
any of the mass distributions (&7), (pK'+) or (K ™-). Figure 7.8

: *
ghows the first of these and the positions of some of the known Y0



CKp—spKT PO
AT 10 GeV/e

120 N*** EXCLUDED
i l; 1790 |%| < (0.6 G@Vz
40F y | 711 EVENTS -

B | a) -
201 LJL

Oﬂ 1 | | ! | ! L |

K p—nKn'm™
|t| <06 Gev?’
202 EVENTS

b}

40/~

20 30

(14 e v \ CCE MAQS  MaV




A®9 © SSVYIN TJAILDILL4T (Lud)
0% 0¢ 0¢ : Ol

=]

! I | gy 4

FIG. 1.6

-
N

- 146 -

o
B
O
Ny

NGS@OE.Q >y P2
" . SLN3A3 766 . || -

=y
w

o
w0 |
SW 0% [ SLINIAZ H0 ¥3EWON

/A9 Ol LV uu ) de—d y N\

_— [

i i ke



~ 147 -

.
- . . e - * . ..
o e * .
N '] . .
B LT - L + L .
-y L4 - . * .
‘. - “ b » . .
e 2 s - . . s M
P L v - Rl
o P o P . LI .
- . . .
e o ® » . . . .
.y . .
* - a = . * *
2_5—' e T . . B e »
. av . - + . *
- .- " - - L] . -
+ - . .
L, L - - . -
. . .
. - .
L] L - L d -
- .
-
B . .
e L . . . .
- - . - . . .
.. -4 e .e . + . .
s . - . .
™ . . + - . a . .
. . o o . . . s
. e . e .
* e LA ! -
o - e L - -
> T~ e . . L3 . .
QJ Tesm -y . . . .
* e s fm - * .
o - + . . .
20 . - L T . . .
—
. 4 sese se ™ . L] . - .
- ey DI .
. . ) . . . .
m * ¥y - - - [ ] -t
. L 4 s . [ . . . . -
m e . .. . + .
< LRI T ) L] * LY .
* oy . . hd
z L Il ‘e . aw X} L4 e L4 '
+ e * . L . - - L] .
. v 0 va m . . B - - - - T T
. - a . - . N - ‘e o [N}
u_ L} * .. * . . .
u_ . L] . " . .
. " * L] L . L - L] L .
LLI r . . - s + .
" te s . v ™ . . .
s e .
- L4 » . & S8 L L) -
~ . - . e av
- LX) - . . L . ] -
1 . . . .
. - . . ‘e -~ .
c LR - L] . - +* - * -
A ) + 1 5.__ g L3 L4 e L] E] LI
. 3 L) -
C .- L] ‘. LI IS
] - .- - a ¢ axe . . aw . . .
+ - 3 ' - » [ . . - A
x ud LI} * . r -
L - - o L] LI I I} L - . - .
. » . .= - - . *
L] . L] ‘. L] e & - -
tee - D 4 s 4 taes [ N e e
wa w A% 4 e BTy T 1 ¥ ) \J . v [RERL!
L] AP WA o M was w e ¥ LT a * b L I ) - * ar v 0
- * ¥ ame -0 - e » - » an . & 4 . " % . a
. LR, Yy L R ) . . & LI . . .
- (] L a2 s Bestr v oa v . e LN . v .. ] -
. o« o . - [ IR R v v . . .
- “ o 4o - - . » LA LI E Y] LA ]
- - (X L] L] - -* *
ae 4 - * " L] - . - »
A LI car g - P R - . -
o .. ¥ . .« . .. . .
- . - . . L] . L4
- - .
. L . -
. .
107 |q ; ..
*
N*
* I " .
. - 1 ! !
pti') EFF MASS, GeV




L1 L ‘ 1

L

I ‘AT ‘ld GeVlc o

40

S
=
v
o
~
—
O
\
=
5
—
: i

994 EVENTS

—

VT,

(L

Wlllllf///////

,;{f////

uneatlff)

Y/

777 ‘
/////

0
(pK™) EFF. MASS, GeV

i T 0

30



- 149 -

and Y; resonances are indicated by the arrows. The shaded part is
for events with momentum transfers (to the pkK~ system) less than

0.6 (Gev/'c)2 which might be expected to enhsnce any resonant signal
that was present. The next two figures (7.9 and 7.10) show the Chew-
Low plots for reactions 4) and 5), that is plots of the (K il ) mass
ageinst the momentum transfer to the (K/iT) system. (Actually the
original Chew-Low plots used mess squared rather than mass (56)_)
These plots show that the peaks at 1.3 and 1.8 Gev are produced peri-
pherally, that is with predominantly very small values for the momen-
tum trensfer t. {(Since the value of + is always negative in the physi-
cal regions of all the processes studied, the symbol t will be used
from now on to refer to the sbsolute value of the momentum transfer,
unless stated otherwise.) The peaks do not seen to be produced any
more peripherally than the background ag can be seen from the mass
regions below 1,3 Gev and between 1,5 and 1.6 Gev. There is however
a general tendency for the peripherality to decrease as the (KT 7 )
megs incresses., The effeet of selecting events with t leas than

0.6 (Gev/c)z can be seen to remove very few events from the peak
regions, These cuts do however pemove quite a substantial number of
events from the (X HFT) mass reglon above 2 Gev and so help to reduce

the overall peak/background ratio.

*
The lower of the two pesks will be referred to as K (1320)
although it is unlikely to be due to a single resonance, A peak in

this mass region was first reported by Almeida et al. in 1965 (57).
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Since then many experiments have found peaks at different mass
values in the range 1.2 -~ 1.4 Gev and there may well be two or more
resonances in this region., However it should be noited that some

experiments have been explained without the need for any resonance

(e.e. (58) ).

The higher of the two peaks was observed for the first time
in the present experiment and was called the L-meson (9). This was
perhaps an tnwise choice as this name had previously been used gen—
erically for all the lighter particles like the pion and the muon (59)
and, more lmportaently, the‘symhol L has now been reserved for meson
resonances with I = 3/2, should any ever be discovered (2). {(The
resonance observed here will be shown to have I = 1/2 -~ gee chapter
8). Since the first report of the Le-meson, peake in the same mase
region have been seen in several other experiments; the available data
ia consistent with there being no more than one resomance in the peak,
In the last year a vefy high statistices experiment analysed by one
of the Berkele& groups has given a non-resonant interpretation for
the L(60), However their peak is a lot broader and flatter than the
ones in figure 7.3 which certainly helps in such an interpretation.
The latest data from the 10 Gev/ec X~ experiment has about 6000 events
in reasction 4) and about 1650 in resction 5), that is increases of
factors of about 4% and 3 respectively over that shown in figure 7.3,

The IL~pesk secems Just about as sharp as before.

3 Both the K*(1320) and the L are produced in reactions of the

genersl form (7.6) but, unlike the K*(890) and K*(1420} they do not
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appear to be produced at all in reactions like (7.7). The combined
distribution from reactions 5) and 6) is fitted to & sum of two
Breit~Wigner distributions and a smooth hand-drawn background. The
general shape of this background is suggested by Deek-type calculaw-
tions {61) (see later). Since the K*(1320) pesk is probably not due
to a single resonance the fit to a Breit-Wigner is net very meaning-
ful, However it does at least provide a parametrisation of the data.
The results of the fit are shown in table 7.1 and the fitted distri-
bution is shown in figure 7.1ll. The shaded evente in this distribution
correspond to the small dotted curve sitting on the horizontal axis

of the plot at about 1400 Mev, This curve represents the contribution
from the known K7 decay modes of the K#(1420) (mainly K#(890)

but some %p). This contribution is calculated from the K*(1420)-sKii
decay observed in reactions 1) and 2) assuming equal branching ratios
into XMW and XUN (tne most recent compilation gives wvalues in the
ratio 1.11 b 0.19 {(2) . Only 32 events are removed by this correction.
The K*(1420) signal is relatively small in reactions 4) and 5) com-
paved with reactions 1) and 2) since the totel cross sections for 4)
and 5) are substantially higher, but in some experiments a separate
poak due to the K*(1420) has been resolved in the (K /771 } mass dis-
tribution, Since the K*(1420) is also produced with a neutron in
reaction 3) there should also be a signal from its (KA /) decay mode
in reaction 6), In figure 7.5 the small pesk near 1400 Mev is conw
simstent with the signal expected from the E*(1420) as shown by the

anall dotied curve,



o
il

" oSN H43
0
!

1
%
A

L1

]

T ._..Smé |

. _,.__.N>mo@ov_”__
- 9RO 0} IV
| o oy de—
(@3aMOX3 , N) By d—dy

PN 07 / SINTAT 50 ¥IBWNN




- 155 ~

One might expect the two resonamces (if that is what they
are) observed in reactions 4) and 5) to be seen also in the (KA W)
mass gpectra for reactions 8) and 12). Reaction 8) containg a diff-
erent décay mode (K oo) but 12} simply corresponds to events of reac-
tion 5) where the K® has not been seen to decay, Assuming that the z°
in these reactions represents ( A° M%) in 8) and (X% 7°) in 12) the
effective masses of the (K 717 ) systems can be calculated., These
no-fit reactions will certainly econtzin some contributions from fimal
states where %° includes additional neutral piong so there ig likely
to be a larger background in thése distributions than in those for
the. fitted chamnels, Figure 7,12 shows the distributieon for the sum
of reactions 8) and 12). A clear peak is seen in the 1300 Mev region
and there is some indication of a peak near 1800 Mev., The background

under these peaks is relatively large as expected.

As mentioned esrlier in connection with the no-fit reaction
7) it is not possible to calewlate the (K 1T ) effective masses in
no-fit channela which also have a missing neutron since the contri-
butions of this neutron and the missing mesons to 2° cannot be separm
ated, This applies also to reactions 9) and 10). However since we
gee no important structure in the (K° + =) mags distribution of
reaction 6) it is wnlikely that the corresponding distributions for

reactions 9) and lO) would be any meore interesting.

In order to see whether the X¥*(1320) and L(lBOO) decay directly
into three particles {K A7) or via intermediate two-body states one

can replot the distributions including only events where the mass of
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pair of particles in the (K77 ) system lies in the region of an
observed two-body resonance, The most likely candidates for these
two-body resonances are K*(890) and ¥K*(1420), both of which are
present in the (K7 ) mass distributions for reactions 4) and 5) (see
figures T.13 =~ 7.15) and /0(760) which ig a 717 resonance and is
also produced in 4) and 5) (figures 7.16 and 7.17). It should be
noted that reaction 5) containe contributions from both K*  and x*°
(890 snd 1420), Figure 7.18 shows plots of the (K 77T ) mass distri-
butions for samples of reactions 4) and 5) with the requirement that
K*(890) or /0(769) are present. The mass regions used for making
these selections are shown in Table 7.2. An inspection of these
plots suggests that the K*(1320) is observed in ?ﬂ and E*(890) 7T
decay modes in both reactions. The signals from the L are much vwesker
" especially in the KM modes of reaction 5), However it must be em-

phasised that the selection of two-body resonances wing mags bands

includes some non-resonant background and execludes resonance avenis
in the tails of the Breit-Wigner distributions. More precise regults
on the observed decay modes will be obitained by a quantitative analysis

of ‘the K*(1320) and L(1800) mass vegions (see chapter 8).

T.4  HMags resolution

As mentioned in section T.2 the fitted widths of the K*(890)
end XK*(1420) resonances are larger than the accepted values for the

astural widths of these states due to the broadening imtroduced by
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TABLE 7.2

MASS LIMITS USED FOR SELECTING, QR REMOVING WELL-KNOWN RESONANCES

Resonence 58 ran Gev)
nett(1236) 1.12 - 1,34
k*(890) 0.82 - 0,96

E K*(1420) 1.3 =~ 1.5
/f 0,62 - 0.88 .
£° 1,15 = 1.35
n° 0.5 = 0.6
' , 0.75 - 0.81

TABLE 7.3

MASS LIMITS USED FOR STUDYING PARTICULAR RESONANCES

K*(890) 0.82 - 0,96
K*(1420) 1.3 = 1.5

| #(1520) 1,00 = 1.55 wide limits (used for
1.(1800) 1.6 - 2.2 Dalitz plot analysis)

* The resonance to background ratios for these samples have not been
caloulated, contrary to the statement made in the text,
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the experimental errors. In order to estimate the real widths of
any newly discovered resonances it is obviously important to know
the sizes of these experimental uncertainties and what effect they

will have on the observed width of a resonance,

The most direct way of finding the error on an effective mess
value is to caleulate it by error propagation from the Imown errors on
the track parameters, assuming that these have been correctly estimated.

The expression for a two-body effective nass M12 is
L]

2

2 2 2 .
Mi2 o= (E1+E2) - (_lﬁga) = m1+m2 + QEIEE - 2p1p2 0036;12 (7.11)

This gives

2 2 2 N2 2
Mm‘”‘iz = (B, 9 - pyeos 81,)% apy + (Elﬂz“ Py cos 812) dpy
22 2 2
+ Py P, 9in 912 6912 (7.12)
where 6912 iz the angle between the partiecles 1 and 2, The mass res-
olution for 4-prong 4-0 fits was ealculated to be zbout 10 Mev, and

for 4-prong 1-C fits about 17 Mev (at a mass of about 1.4 Gev).

A more empirical approazch iz to geleot a reaction in vhich a
particle is produced which has a width which is negligible (or at
lesst small) compared with the mass resolution. The observed peak
ghoyld then approximate to a Gaussian whose width is the mass resol-
ution. This method suffers from the drawback that the resolution
itself is a function of the mass and also depends on whether tﬁe
particles concerned in the mass combination are all observed or whether
one i8 a fitted particle, Thus the use of a known narrow peak to
detérmine the resolution gives a result which ls only really appiie-
able to a mass combination with the same approximate Q~value (nssum-

ing it to have come from the decsy of a resonance) and with the same
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nunber of constraints in the fit, Figure 7.19 shows the production
of the W° meson in the (+ —o) effective mass distribution of the

reaction.

Kp—>s K + -0 (7.13)
The W° has a natural width of only 12,7 Mev which is not guite negli-
gible compared to the experimental resolution but is the smallest of
sll strong interaction decay widths, The resolution derived from
the observed width of the w® peak in this reaction is consistent
with that obtained by direct caleulation, In 4-C fits the narrowest
regonance produced is the K*(BQO) which has a natural width of 50 Mev,
From the observed width of 58 £ 7 Mev for this resonance in reactions
2b) and 3) combined one might expect a resolution of about 30 Mev in
two-prong events if the approximation quoted by Ficenec et al. (67)

ia correct

Fov = [ + (am)? (7.14)

where [, is the observed width and I", is the naturel width,

For (+ -) mass distributions an estimate of the resolution
could be obtained by taking the two pion tracks from observed K° decays,
adding them to the tracks at the primary vertex and refitting to the
new hypothesis which will now be strangensss non-conserving. The
width of the (+ -) effective mass distribution for the iracks which
were taken from the x° decay will give a measure of the resolution to
be expected in such a distribution, A similar method can be used for

(p#) mass distribution by treating A° decays in an analogous way.
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To improve the mass resolution in a given plot it is per-
nissible to use only particularly well-memsured events, Foxr events
of reacfion 4) where the proton stops in the chamber and so has its
momentum determined accurately the (K M) mass, whichfjust the miss-
ing mass to the proton in the reaction, is reduced to about 8 Mev.
However such a selection may bias the sample towards certain types

of process,

Possibility of other resonances

Tn view of the large number of non-strange meson resonances
reported in various bubble chamber experiments and in the Cern Nissing
Mass and Boson spectrometer experiments, end because of the success
a0 Tar of SU(3) in classifying particle states into miltiplets con-
taining both strange and non-sirange members, it would not be surpris-
ing to finimany move Y = -1 kaonic resonances in the (K/) or (K7TTi )

gsystens,

An exemination of the plots shown in this chapter shows a few
peaks which may become significant when more data is available,

1) in reaction 1) (figure 7.1) there is quite a large peak just
below the K*(890). This is almost certainly due to ; bias in
the assignment of these events but the exact explanation is not
known at present. It is unlikely to be a (K7) resonant state

because it is not seen in the four-constraint reaction 2b).




- 169 ~

ii) in figure 7.3 there is a slight hump between the K¥(890) and
E*{(1420) peaks centred at about 1140 Mev. A very similar peak
was mépor;ed by Cremmell et al, in a K n experiment at 3.9 Gev/c
(63).

Provided the toital number of events in the sample isa large
the number n which fall into a certain bin of a histogram will be
apyroximately Poisson distributed, that is its variance will be
equal to n, If n1 is the number of events expected in that bin for
the null hypothesis, the variate (nl ~n) / [n may be taken to be

normally distributed,

Using the dotted background in figure 7.3 as the null hypo-
thesis the significance of the 1140 peak is about 4 standard deviations
in the centre bin and about 5 standard deviations if 3, 5 or 7 binms
are used. This is the same level of significance as the peak repor—
ted in the Brookhaven experiment (63)., However from the fitted curve
in figure 7.3 it can be seen that quite & large contributien to this
peak comes from the tails of the K*(890) and K?{1420) and compared
with this curve the significance of the centre peak is only about 207,
#4180 no pesk is observed in this mass region in reactions 1) or 2a)
but the mass resolutiom is certainly poorer in these reactions which
might smear out the effect of & peak. The most recent data (includ-
ing results from most of experiment 12 as well as from 75 and 10)
shows slight bumps of about 2 ¢ significance in reactions 1) and 3)
but these are centred at sbout 1200 Mev, Thus there seems to be no
evidence at present for a (k #) resonance in this mass region at

16 Gev/c.
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In connection with the significance of sﬁch peaks it is
interesting to note that, using an estimate for the total number of
effective mass histograms published, it has been calculsted that the
numbers of 3{ 4 and 5 standar£:$faétuations which should be observed
in one year are about 1000, 25, 0.25 respeotively (64). Thus even a
4 v effect, which has a probability of less than 1 in 104 of being
exceeded by chance may not in itself auggest the existence of z res-
onant peak., For comparison the significances of éggj%;?i420) peaka:
in figure 7.3 are about 34 and 10 standard deviations respsetively,
each caleulated for 5 bins,

iii) Although there is a slight excess of events around 2 Gev in
figure 7.3 this is not very sigﬁificant and no evidence is
seen in this experiment (even with the inereased data) for
any (K7) resonance above the X*(1420).

iy) There is no evidence for any peaks in the (R A7) mass distri-
butions except for those already mentioned., This is true for

both the original and the new data.

7.6 Splitting of the K*(1420)

Great inteﬁ?t has been aroused over the last few years follow-
wing the discovery of a splitting in the mess peak of the A2 meson in
the Cern Missing Mass Spectrometer experiment (65). This splitting
was reconfirmed: by the same group using a different experimental
arrangement {the so-called Boscn Spectrometer) and hag also been geen

{ in bubble chamber data {66)., Apart from the obvious explanation of
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two resonances in the same mass region (these would have to be

interfering to fit the data but this is not unlikely since they

could have the same spineparity) the suggestion was put forward

that one‘might be seeing the effects of a new kind of 3-matrix sing-
wlarity, namely a double pole or dipole (67). If this is the case
one might expeet a similar splitting in other members of the ot nonet,
in particular the ¥*(1420), Figure 7.3 does show a dip in the ecentral
bin of the K*(1420) peak and this dip is contributed to by boih the
reactions 2b) and 3), as can be seen from figure T.1. However the
significance of this dip is only about 1 standard deviation,

Stronger dips can be seen in thé K*(1420) regioﬁ for reactions 1) and
2a) in figure 7.l but these are two bins (80 Mev) lower than the
corresponding dips in reactions 2b) and 3}, In the latest data even
these dips have completely disappeared. Thus there is no evidsence
for s splitting of the K*(1420), a conclusion also reached by Davis

et al. (68) whose mess digtribution also has a dip at the centre of

the ¥*{1420) peak.

As mentioned earlier, processes containing two bodies (part-
jcles or resonances) in both the initial and final states are the
easiest.to treat theoretically., For this reason it is important to
be able to seleet samples of events froﬁ the observed resctions in
order to isolate sub-reactions of the form (7.6) and (7.7), where the
k¥ refers to any one of the four resonances 890, 1420, 1320 and 1800,

This is done by teking a slice of the effective mass distribution
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containing the resonance in qguestion, The choice of mass limits

to use neceamsitates a compromige belween including enough events to
make the gnalysis statistieally meaningful and taking a narrow slice
to improve the resonance to background ratio, which will be largest
at the centre of the peak assuming the background is reasonably
smooth, There will always be background events included in the slice
‘ and resonant events lost from the tails of the Breii-Wigner distribu-
tion. The cross section for a sub-process involving resonmance prod-
netion is not affected =inee it can be found from the area of the
fitted Breit-Wigner distribution. Table 7.3 shows the mass regions
ugsed for selecting the samples for further study., Alse given are the
velues of Nél, NB where the notation is that introeduced in chapter 4

to deseribe the purity of samples of events,

As mentioned in chapter 1 there are two complementary aspects
in the study of high energy strong interacition processes., One is the
eluecidation of the guwantum numbers of the observed resonant states and
the other is a determination of their production mechanisms, Since
the quantum numbers of the K*(890) and K*(1420) are mostly well-estab-
lished the main emphasis will be on their production. For the K*(1320)
(sometimes called the @ peak) and the K*(1800) (or L peak) the situa-
tion is suffieiently unknown to make the determination of the guwantum
numbers an important task whereas the study of the production mechan-

igms for these states is still at an early siage,
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CHAPTER 8

DETERMINATION OF QUANTUM NUMEERS

Baryon number and hypercharge (B, ¥)

In strong interactions these two additive quantum numbers
appear to be strictly conserved, The obgerved decays of the four
rogonances discussed in the last chapter must occur by a strong
interaction because of their relatively large widths and so they

all have

B = 0 (i.e. they are mesons)

‘and Y = -1 {or alternmatively S = -1 since S =Y -3B)

Isotopic spin  (I1)

The concept of isotopic epin or J-spin was originslly intro-
duced to describe the similarvity (except for charge) of the proton
and the neutron.(69). Nowadays many groups of particles having sim-
jlar properties and differing only in their charges arse known and
each of these groups constitutes an I-spin multiplet. The negning-
fulness of this grouping lies in the fact that the strong interaction
ig believed to be invariant umder SU(2), the lie group of rotations
in I-spin space, that is to éay, the I-spin quantum number is con=-

served in strong interactions, The breaking of the su(2) degeneracy
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of the mass spectrum is then ascribed to the electromagnetic inter-
setion which is obviously not I-spin invariant since its strength

depands very much on the charges of the particles involved.

The charge and hypercharge of all known hadrons are related
to the third component of the isotopic spin by the Gell-Mann-Nishijima

relation (70)
Q = I+ Y/2 (8.1)

Since Q is always integral and Y = -1 for X's, I3 must be
half-integral., The possible values of 13 for a state with total
T-spin T are I, I =1, eeeessy =(I = 1), ~I. Thus for states with
Y = -1 (K*'as) the possible values for I are 1/2, 3/2, 5/2, .....
Pions have Y = O so that I could be 0, 1, 2 ..... and nucleons have

Y = +1 which gives 1/2, 3/2, 5/2 veue.. a8 possible I-épin values,

Since the only particles which have ever been obaerved in

these three multiplets are (K°, X ), (7it, 1%, ") and (p, n) respec—

tively it is firnly established that

(k) = 1/2, I(71) = 1 and I(¥) = 1/2

The possidle values of total I-spin for the following states

KT 1 I=1/2o0r3/2

ENN s I=1/2,3/2 0r5/2

KN H T=0o0r1l
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The X p system (which is the initial state used in the
present expariment) is a mixture of the states with I = 0 and I =1
and can be decomposed into these states using SU(2) Clebsch~Gordan

coaefficients as follows:

(1/2, -1/25 1/2, + 1/2)
(1/ [®{(x,0) + (0, 0)) (8.2)

where the pairs of numbers correspond to (I, IB) values, The I =1

(X7 p)

i

and I = O parts of the initial (X p) state may be considered inde-

pendently since they are orthogonal. Consider the general reaction
Kp —> KN (8.3)

The following table shows the possibtle I-spin structures of
the final state in this reaction which are consistent with l-spin
conservation, (I3 is just en additive quantum number since {8.1)

relates it to two other additive quantum numbers).

PABIE 8
T I T(x*) IB(K*) (w) IS(N)
1 0 1/2 or 3/2 T 1/2 T
0 0 1/2 i 1/2 Yy

There are three things to note from this table:
1) the value I = 5/2 listed earlier as a possibility for e (xiww)
system does not appear. This is obvious since a‘final state
consisting of such a state and a nucleon could oniy have g total

I-spin of 2 or 3 whereas the initial state has components with
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I=0andl, Thus an I = 5/2 state cannot be produced in a
reaction like (8.3) by an I-gpin conserving interaction. _
I{k*) = 3/2 occurs only for the case when the intiasl state has
I =1, This part of the initial state may be decomposed in

the following way in ferms of an I = 3/2 E* and & nucleeons.

(1, 0) = (1/V2) {(3/2, + 1/2; 1/2, = 1/2) - (3/2,-1/2; 1/2,+1/2)}

]

i

(1/ {3) {(05 15y m) = (K53 15, D)) (8.4)

This gives the following relation between the cross sections

fer these processes

(Kp = nK*g[gl .1
C(Kp == %5 ) (8.5)

This relation holds not only for the total eross-seetions for
these reactions but for their differential cross sections into
any particular part of phase space, down to the level at which
the effects of the electromagnetic mass splitting within the
nultiplets become important,

I(K*) = 1/2 can be formed with & nucleon both from the I % 0
end I = 1 components of the initial state. Fér each of these
states one can formelly write down similar decompositions to
(8.4), However since both these states (0, 0), (1,70) lead to
the same set of final states they will in general interfere and
no rélation corresponding to (8.5) will hold for K*1 /2 (see
however section 8.2.3 for derivatieﬁ of such relations using

additional‘aasumytions).




- 177 -

8.2.2 Relatiors between decay gmplitudes

One can derive a further class of I-spin relations by exam-
ining the decays of each of the K* gtates., Table 8,2 shows all

possible decay modes of the type K7ii or KNil for both I = 3/2 and

I=1/2K%'g,
IABLE 8,2
I I Q Xi knn
. 1o D -
3h2  +3/2 +1 K o+ 2+ 0, K ++
1/2,3/2  +1/2 0 X ok + K’ 4+ -, K %o, x° oo

(1) (3) (6) (99 (10)
(1) (2) (4) (5) (8)

1/2,3/2 -1/2 =1 K 0% K +- K =0, K 00
3/2  5/2 -2 K - K -0, K -~

Notice that the bottom half of the table is obtained exactly from the

top half by the transfermation 13'"*9 - I Only the two nmiddle

e
lines of the table correspond to the reactions so far discussed; the
top and bottom rows are included for completeness and will be referred
to later. The nunbers between the middle lines correspond to the reac-
tions in which the various charge states are seen. All reactions

from 1) -~ 10) occur showing that all possibilities were written down

earlier in the list of reactions to be studied.

The various decay modes for a given (I, 13) state shown
in table 8.2 may be related using Clebach«Gordan coefficients. Where

there is only one possible decay mode the relations are trivial.
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For the Iy = 2 1/2 (R7) states one can derive the rela-
tions shown in table 8.3, For the case of 3~body decays it is only
possible in general %o derive triangular inequalities between the
various rates but if the decey occurs via two consecutive two-body
decays one cen obtaiﬁ equalities of the kind shown in table 8,3 for
each of the two~body decays, DPossible intermediate states for such
cascade decays of higher K*'s are K*(830) /1 , ¥*(1420) T and
KP(TGO). The relative rates for the first of the tweo sequentisl
decays into one of these three intermedinte states are given by table
8.3 with K replaced by K*{890) or X*(1420), or 1 replaced by p as
necessary. (This assumes I = 1/2 for these two E¥'s and I = 1 for}p )
The rates for the second step in the overall decay can again be obiain-
ed from table 8.3 with the sdditional infofmation that the charge
atetes of the‘f) have only a single decay mode each (f’i **9'7{i Oy
f?o-~9 + =), The relative contributions of these decay modes to
the six (K /IF ) final states are shown in tables 8.4 and 8,5 where K*
stands for either the (890) or the (1420) resonance., The pairs of
pariicles shown in brackets are those which form the two~body resonance
in the intermediate stage of decay. The third particle in such a situ~
ation is often called the bachelor particle. For the K*A  decays
there are 8 entries in the table for the six possidle final states
since one final state in each group contains two possible intermediate

K* gtates,

In the case of decay into three particles without the
assumption of an intermediate two-bédy state the amplitudes for decay
into one of the three possible charge states (for either Iy = + 1/2

or - 1/2) can be expressed in tewms of two independent amplitudes,
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BBIATIVE X7 DECAY RATRS

I Ratio T(E*) = 1/2 1(g*) = 3/2
. KO
+ 1/2 e 1/2 2
X+
- 1/2 Lo 1/2 2
x° - ,
TABLE 8.4
RELATIVE K* /i DECAY RATES (k* = 890 or 1420)
Iy = + 1/2 (®° ~)+ 1 (X o)+ t (K +)o (&% o)o
I=1/2 4 2 2 1
1=3/2 2 1 4 2
Iye ~1/2 (" +)- ¢+ (R°o0)= : (R® =)o : (X o)o
LI =1/2 4 2 2 1
I= 3/2 2 1 4 2
TABIE 8.5
RELAT DECAY RATES
Iy =+ 1/2 K+ -) : XK(+0) : &° (oo0)
I=1/2 1 2 0
I =3/2 2 1 )
%: -1/2 K (+~) : EA ~-0): K (oo0)
I=1/2 1 2 )
I=3/2 2 1 0
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This is true for any value of the total I-spin of the (K77 ) system
and implies that the three amplitudes satisfy a linear relation, from
which a triangle inequality can be derived. For example, for a (x7m )
gyaten in the atate (l/?, - 1/2) one may write:

L&+ )=/ B e, + /6

Ax(K 0 0) = ~(1/ 3} T, (8.6)

45(K° = 0) = 1/ [3)
where the two independent amplitudes To' Tl correspond to the situge
tions where the ( ﬁJT) sub-system is in g state of total I~spin 0, 1
respectively, One could equally well choose asrthe independent ampli-
tudes those for which the (K/T) system had definite I-spin but this is

usually not so convenient as the symmetry preperties of the amplitudes

are not 2o obvious, The amplitudes (8.6) satisfy the relation
Az = -—Al + %/‘/‘2- (8c7)

from which the following triangle inequality can be derived between

the three cross sections:

For the case of a (K7 ) system in a state (3/2, - 1/2) the

corresponding relation is
oy~ oy

The inequelities (8,8) and (8.9) hold for the general

¢ 0y ¢ 205+ Oy (8.9)

differential cross sections for the reactions. If the amplitudes

(8.6) are integrated over all phase space the coﬁtribution of the
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interference ternm between To and Tl in the first amplitude vanishes
because it is antisymmefric under interchange of the two plons, This
gives the following eguality between the total eross sections for these
final states:

N, = N1/2 - m3/4 (8.10)

where an additional factor of twe is ineluded to take aceount of the
faet that there are two identieal particles in the second reaetion,
For I = 3/2 the corresponding relation is

¥, = N3/2 - N1/4 (8,11)

These reactions may not be much use as a test of I-spin becauvse the
gecond final state correspends to a no-fit channel, However, if the
I-spin of the (K 71 )} system is known in some other way, (8.10) or
(8,11) can be used to caleulate the total cross section for the (K~ oo)
mode in terms of those for the other two modes in the case of a direct
decay into (R A7), Relations (8,6) - (8,11) hold also if the decay
proceeds via a two-body intermediate state (e.z. ¥*¥(890)7) but in such
cases those derived earlier in tables (8.4) and (8.5) arve stronger
gince they hold for the differential cross sections,not just for the

total cross sections,

8.2.% Relations between production amplitudes requiring asgumptions about

In section 8.2.1 we wrobte down the possible states of total
I~spin for the initial state (X p) and the final state (K*N), In the
cage where only one value of I-gpin was common to the two states we

were able to derive relation 8.5 but a2 similar relation could not be
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derived when two I-spin values were shared because of the possibility
of interference, We could have reached exacily the same concluslions
by taking either of the other two pairings of the four external part-
icles as is shown by the following table in which k denotes the

(unkmown) I-spin of the K*,

TABLE 8,6
(1) Iy I (£)
(£"p) 0, 1 k%4 (K*N)
(3ir) 0, 1 x i (K7K*)
(kW) 0,1 k%% (p &%)

(Note that in the second and third cases the pairs consis$
of one ingoing and one outgoing particle.) Teble 8,6 is particwlarly
trivial in the present case since % out of the 4 external particles
have the ssme I-spin {one-half) so that the values of I, I, are the
game for all 3 cases, This will not be so, for example, in ip— XN

where the corresponding table is {x = I~spin of X):

TABLE 8,7
(i) I, I (£)
(Fi7p)  1/2,3/2 x4 (xx)
(piv) 0,1 =xz-1,x (77X
(7w 1/2,3/2 xT% (» X)

' However the mumber of I~apin values common to (i) and (f) will

be the same whichever of the 3 ocases is used, as can be seen by substi-

tuting particular values for X.
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Although we have dome nothing more yet than mske a formal
expansion of I-spin amplitudes in 3 different ways, the 3 cases are
obviously analogous to the deseription of a two body into two body

reaction using the Mandelstem invariant variables s, t and u (71),

defined by
2 2
k 8= (p, +pp)° = (p, + py)
2 . 2
t = (Pa - PC) = (Pb - Pd) (8-12)
2 2
u = (pa Pd) = (P-b - Pc)

2N

(/\ y/\
8= channel t-channel u~chammel

To give dynamical signifiecance teo tables 8.6 and 8,7 one
can interpret the common values of I-spin in the three ecases as being
those of the states which are exchanged in the &, + and u channels
respectively, For certain ranges of the variables s, %, u the dyna—
mical description of the reaction using one of the 3 chanmels may be
particularly simple in the sense that only a few sets of quantum num-

bers (&t most) are exchanged.
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These regions are:
1) for the s-channel, the low energy reglon (about 0.5 = 2 Gev/e);
i4) * v 4= ® | high energy forward scattering;

iii) n 1 e n , " " backward t R

Previously we could not derive relations between cross
sections for processes where two possible values of total I-spin
could be exchanged., If we know (or assume) that only states with s
gingle value of I-spin contribute to the exchange in a particular
reaction we are then abie to derive relstions analogous to (8.5).
Such relations are necessarily weaker sinee they depend on knowledge
of {or assumptions about) the production mechanism. They are probably
most useful for investigating the exchanged I-spin when the I-gpins of
the external particles are all knmown but they can be used for finding
an unknown external I-spin if one has sound knowledge of the production

mechanism,

For the reactions studied here the relevant channel is
the t~channel since the K* and the final nucleon are mainly produced
peripherally with respect to the beam and target particles (in that

order).

We get for the production of K*1/2’ assuming either pure

"I =0 or pure 1 =Jl exchangs,

J(nK*o ?) = 0 ( I = 0 exchange) (8.1%)
0—-(;{{*‘5‘/2) 4 (I=1 " )

As before those relations hold for the differential eross

sections, neglecting electromagnetic mass splitting effects.
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Toats for T-spin of observed resonances

1t is not possible to determine the experimental value of

the ratie
o{nk*®)
» = o) (5.14)

for any of the four K* resonances observed because there 1is no way
of caleulating the contributions to the numerator from the no-fit
chamnels 7), 9) and 10). However it can be seen that corresponding
pairs of decay modes in table 8,2 tramsform into one another under
13-—-9 - 13 and this means that any relation derived for p will
also hold for individual pairs of degaylmodes. In particuler the

ratios that can be tested are

o = Bt pon x%(890) and K*(1420) (8.15)
1 (x° -)
and - p, = -L—-)-(Ki + “) for K*(1320) and L(1800) (8.,16)
K 4 = :

Experimental values for these ratios using total cross sections are
shown in table 8,7. The use of the total cross section to test rele-
tions which hold géherally for the differential cross section may not
give very precise tests since a lot of information will have been lost
in the integration. However such a test does use all events in the
reaction which compensates a little by reducing the statisticsl errors.
The experimental values presented here are calculated from effective
mass plots, using double the usual Poisson errors o take account of

gystenmatic errors due to the estimation of the background., Better
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TAELE 8.7

" BXPREIMENTAL PRODUCTION RATES:

K* ___(890) (1420) (1320) (1800)

observed value of pp 0¥ B, 0.6 £0.2 1L.4Z04 00%0.1 0.17%0.2

expected vaslues:

1(x*)= 372 1 1 1 1
(I = 1 exchange) I(K¥)=:1/2 4 4 4 4
(1=0 " ) Ig*)=1/2 0 0 0 0
TABLE 8.8
DECAY RATES INTO (K T1 )
(x° -) (X~ o)
(observed) K*{ 890) 1 0.6 £ 0.1
x*(1420) 1 0.7 £ 0.3
(expected) I = 3/2 1 2

I=1/2 1 0.5
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values will be obtained later by more quantitative methods, For
channels with a X° the distributions corrected for decay weight have
been used and en additional factor of 2,91 is used to correct for the

long~lived Kg component and the neutral decays of the Ki (ref. 2).

From the observed values of Pys P the feollowing deductions
can he mades:
i) the small value of p, for both £*(1320) and L(1800) strongly

ruleg out the assignment I 3/2 for these states (relation 8.5).

They must therefore have I 1/2 in which cese (8,13) suaggests

i

that they are produced entirely by I = 0 exchange. Figure 7.5
(see chapter 7) shows the two relevant distributions. The curve
drawn sbove the lewer histogram shows the signal expected if the
pesks hed I = 3/2. The absence of such pesks is by far the mos?
conclusive evidence for the assignment I = 1/2 in both cases.
11) for the K*(890) I = 3/2 seems unlikely but for K*(1420) the value
of p; is compatible with 1 which means that T = 3/2 cannot be
miled out on these grounds alome, Of course pfddoes not imply
that I = 3/2 gince &1l values from O to 4 are possible for an
I-spin one-half resonance produced by both I = O and I = 1 ex~
changos, Assuming the I-spin is 1/2, the values of p, suggest
that the larger contribution to the produetion of both these

regonances is from I = O exchange,

Tests for I-spin using the decays of the resonances may be
pade using those final states in tables 8.% - 8,5 which occur in

fitted channels, The‘experimental numbers are shown in tsbles
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8,8 =~ 8,10 and have been normelised to the four-consiraint reaction

in each case. Table 8,8 strongly suggests I = 1/2 for K*(890) and
K*(1420) which is the accepted assigument for these two well known
resonances, In table 8.9 the E*(1320) —3> K*(800)/T decay mode
gives good agreement with I = 1/2, The K*(890)7 and K*(1420)70
decay modes for the i(laoo) also seem consistent with I = 1/2 exeept
that there sppears to be more K* (890) than K*°(890), This is pert-
icularly noticeable when plots of (X7 ) masses are made for different
slices of the (K% ~) mass distribution. Below 1700 Mev both charge
states of the K*(890) are observed although the (K° -) peak is
narrower because of the smaller experimental resolution when both
particles are observed. Above 1700 Mev (i.e, in the L-region and
beyond) the 890 pesk in (K~ o) has virtually disappeared., For a

(k% ~) system in a pure I = 1/2 state the amplitude is purely anti-
symmetric on exchange of the two pions., This cannot therefore ex-
plain the observed behaviour whieh requires the presence of an I = 3/?
amplitude. Such a contribution may possibly come from one or more of

the processes which constitute the background.

A departure of both the (2% o)~ and (¥° -)o rates from their
expected valuee relative to (K +)- in such a way that they remain
equal is compatible with a pure I = 1/2 amplitude ss it could be
explained by interference between two modes leading to the same final
state., This does not appear to be happening for either the K*(1320)
or the L(1800), at least at the level of these initial approximate
calewlations, (It should be noted that in the original paper on
the L-meson (9) the theoretical predictions for the K*(890)}7T decay
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TABIE 8.9

DECAY RATES INTO X¥

(E_4)= (2° o)= (x° o
(observed) K*(1320) —= K* (890)7 1 0.6 0.1 0.7%0a
1(1800) — K* (890)T 1 0.3 % 0.2 0.7%0.3
L(1e00) — E*(1420)7 1 - 0.3 L 0.2
(expected) I=73/2 1 0.5 2
I=1/2 1 0.5 0.5
TABIE 8,10

DECAY RATES INTO KQ

(s =) K- o)

(observed)  E*(1320) | 1 1.0 ¥ 0.2
1.(1800) 1 1.1 ¥ 0.4
(expected) I=3/2 1 0.5

I=1/2 1 2
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rate ratio

(k" +) = plus (x° o)-
&° -)o

were incorrectly given as 4 and 1 for I = 1/2, 3/2, From table 8.4

or 8,9 it can be seen that the correct values are 3 and 0.75 respec~

tively).

For the K‘P" decays of the X*(1320) and the L(1800) there
appears to be an anomaly because the observed values seenm %o be in-
consistent with the expectation for I = 1/2, (They are actually con-
sistent with I = 3/2 but since we have already shown this assigmment
to be unacceptable it can be safely ignored from now on.) A ratio
of about 1:1 between the two (KP) decay modes in the Qmregion
(1200 - 1400 Nev) has also been observed in a K'p experiment at
9 Gev/e (72). (The decay of = strangeness + 1 K* has exacily the
game feabures as an § = =1 system with all particles changed fo
antiparticles,) Two explanations were suggested for this effeect,

The first involved interference between X*{890) and p from the com~
peting decay modes since some parts of phase space are populated by
both these decays. However Bowler (73) has since shown that the
expected ratio is 2:1 irrespective of the relative phases and magni=-
tudes of the two decay amplitudes, The other possibility is that an
I=0 &7 rosonance (€) is partly responsible for the (+ -) peaks
it eannot of course contribute to the (o -) peak which has no I = 0
component and this might explain the obgerved ratic. Alithough there
is as yet no absolutely conclusive evidence for the exiatence of such

s resonance in the Po region, many experiments have postulated one
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in order to explain certain snomalies, notably the asymmetry in the
decay of the Po. Also several analyses of the s-—wave (T*71™) phese
shift using the reaction N1 p =3 it 7in find a value near 90° in
the mgﬁ.on of 720 Mev which suggests there might be a resonance there
(2)., If so, its width would be well over 100 Mev, In the Veneziano
model (74) an I = O, JP = 0 77 resomance would correspond to the
first daughter of the y.:;and is expected to occur at about the same
mess. Tn this comnection it is interesting to note that an applica=
tion of the four-point Veneziane model to the decay Q= K + -
correctly predicts the observed 1l:1 ratio (75). This model would
also predict a similar econtribution to the same decay of the L(1800)

which might then explain the observed "PK" ratio of 1.1 b 0.4,

If a wide €° resonance is contributing to the (+ -) peak
for (K~ + -) systems in the Q-reglon one might expect the apparent
Po peak to differ in mass or width from that seen in corresponding
(k% ~ o) systems, Such an effect was seen in the § Gev/e X' experi-
ment (72), where the (M,[") values for the p peak were (720, 180) and
(760, 80) in the two cases. These values are to be compared with the
sceepted values of (765, 125), bearing in mind the fact that produc-
tion of plon pairs with masses in the upper half of these pesks is
restricted by the available phase space, Figure 8,1 shows the rele-
vant distribution for the Qwregion (1260 ~ 1370 Mev) using the most
recent data of the present experiment. The distributions peak et
T34, T42 Mev respectively but this difference is probably not very
significant, However the (+ -) peak does seem to be wider in spite
of the fact that the experimental résolution for M{+ -) is smaller

than for M{- o).
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The best place to loock for a direct signal from the Eo is
in the (o o) decay mode since the p coupling to this channel van-

ishes, Unfortunately such a decay necessarily implies a no-fit sit-

wation in a hydrogen bubble chamber experiment which iz one of the rea-

sons why the existence of the resonance has been hard to confim oxr

' refute, The mass of the 7° combination in no-fit events of the type

“pK"ZG veaks at about 650 Mev but has a long tail extending to about

2.5 Gev. In fact only about 40% of these events have z° masses below
900 Mev so it seems reagonable to assume that a large proportion of
these are 7T°7T° events, The third plet in figure 8.1 shows the z?
mass distribution for events with M(K 2°) in the region of the
*(1320), There is some evidence for a peak at about 655 Mev, that
is, lower than the‘P mass, which could possibly explain the slight
decresse in mass observed in the (+ -) distribution for the (K™ + -)
gystem. The size of this peak, when combined with the expected ratio
of 2 for the (+ ~)/(o o) decay rate ratio of £° and subtracted from
the obgerved (+ -) distribution, gives a very approximate value of
1.9 £ 0.6 for the gemine (yK) ratio in the charge states X°(- o)

and X (+ =),

Spin and_parity (%)

Every elementary particle has a well-defined spin and parity
and in all intersetions angular momentum is believed to be conserved,
Parity conservation holds for strong interactions., The "stable!

particles (i.e. those stable against a strong decay) which are
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directly detected in the bubble chamber have J° = 0~ (mesons) or
1/2% (baryons), with the single exception of the {2 which probably
has & = 3/2%., Actually the spins have only been directly measured
for the pion (neutral and positive states only) and the nucleon; the
spin assignments for the other sfable particles have been deduced |
from their decays into pions and nucleons, assuming that angular
momentum conservation holds in these weak processes., It is interest-
ing to note that Selleri has proposed a different allocation of spins
to the strange particles, namely J(K) = 1/2, J(A) =1, ()= 1} and
J(Z)=3/2F (76). Their decays can then be explained by assuming
that 2 AJ = 1/2 selection rule operates, This puts J and I on a
gimilar footing since the corresponding rule for I is known to hold
approximately in such decays, It also has the advantage of suvtomati~
cally incorporating the AS = 1 rule which has an independent exist-
ence in the usual scheme. At first sight these assignments would seem
to beiEompatible with SU(3) symmetry in which multiplets contain
rarticles with the sane JP. Héwever apin dependent forces could
account for the SU(3) breaking since in Selleri's scheme the hyper-
charge, which is usually considered to be responsible for the su(3)
breaking (77), is related to the spin by the foliowing relations:
Y = -2(J - 1) for the baryon octet '
. | (8.17)
YT = =27 for the meson octets
Leaving aside this intriguing possibility, which awalts direct experi-
mental test, one can obtain some restrictions on the possible values
of JP for resdnanees which deecay {either directly or in two or more

steps) into KW or XNMT ,
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8.,3.1 £ i system

One can build up higher spin states from iwo pseudoscalar
(JP = @_) particles by combining them in a gtate of relative orbital
angular momentunm I (1=0,1, 2, vesse)e Strictly speaking this
is only valid non-relativistically since the spin and orbital parts
of an gngular momentum camnnot be separated in a Lorentz invariant way.
However the results obtained can always be rigorously proved without

recourse to this separation.

From a knowledge of angular momentum wave functions one can

essily show that an orbital angular momentum ? contributes a factor
I _
(~) to the overall parity of the system., Thus the spin and parity

of a (KIi) system with orbital angular momentum I is given by:

- - {
(0", 4L ,0) =—> JI=1[;PF=() (8.18)
Only one-half of all possible JP vilues for a bogon system are gener-

ated in this way nemely 07, 17, ot

s 3 5 eeseess This sequence is
) called the natural parity series. The complementary sequence o, 1+,
5", %%, ...... is called the wnnatural parity series and states with

these JP values camnot decay into two pseudoscalar particies,

N : }
8,3,2 XN __systems

Yron the result of the last section any two of the three
particles must be in a relative state of natural parity. Teking the
natural parity series term by term and adding the third particle in an

orbital momentum state L relative to the first pair gives the following
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posgibilities:
(0", L, 00)—> J=IL;P= (P *1 (8.19)
) itel O—t 1+' 2—' 5+, LE RN N
(17, I, ) —= JT=1;P=+,if L=0 (8.20)
il.e. 1+

—y J=n¥1, 1;pP=(F 12140 (8.22)
ie. (27, 17, 00), (3%, 25, 1), ...
Similarly (2%,1,07) giwes 27, (3%, 27, 1%), (47, 37, 27, 17, 07), ...
Rearranging these seguences in order of increasing J one has
o=, 1%, 17, 2%, 27, 3%, 57, ..... and it is clear that for any spin

greater than zero states of both parities occur. Only o is absent

so thet such a decay is forbidden for a O state.

J~ determinations of the ghgerved resonances

The two (KJi) resonances observed (890 and 1420) must belong
to the natural parity series since they decay into two peseudoscalars.,
The spin-parity of the K*(890) has been well-established as 1~ since
the first suggestion of this assignment in 1962 (78)., TFor the K*(1420)
the assignment JP = 2% is preferred although 3“ has not yet been com-—
pletely ruled out (79). Sufficient data to make s useful addition
to the spin-parity information on the 1420 have only recently becone
available in the present experiment and an analysis has not yet been

carried out,
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The spin-parity assignments of the two (K77 ) resonances
(1320-:and 1800) are not so well-known and it is mainly with a deter-
mination of these that the rest of this chapter will deal. " (ne
method used is to analyse the distribution of evenis on the Dalitz
plot (80) of the (K7N } system as a function of the mass of that
system, This has been done by fitting the theoretical Dalitz plot
densities for various spin-parity values (up 4o J = 3) using the
meximue likelihood method. The assignment 6+ has not been itried
since we have seen that this is forbidden for a (K717 ) resonance.
The trensition matrix elements used in the theoretical smplitudes:
were expressed uging the tensor formalism of Zemach (81); the
exact wxpressions used for these matrix elements are given in ref-
erence 82 and ave fully relativistic. The decay modes consgidered
were K*(890)11 , Xp and airect (K77 ) for both rescmances, and in
addition K*(1420)7 for the L-meson, The background under the res-

onances was assumed to have contributions from the same components.

The need for all these components was demongtrated by a pre~
liminary first-approximation fit in which spin-parity was not con-
gidered, The two~body decays were described by Breit-Wigner bands
on the Dalitz plot with isotropic angular distributions and possible
interferences were negleoted, The Dalitz plots for succeagive
100 Mev slices of (KTi7i ) mass were analysed by maximum likelihood
and the contributions of each mode-found are plotted against the
(R7ilT) mass in figures 8.2 and 8.3 (for reactions 4) and 5) respec—
tively). It can be seen that each of the modes considered shows

peaks near 1300 Mev and 1800 Mev in at least one of the reactions,
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For the main fits wide limits are used for both resonances
(see table 7.2) so es to include substsntial aemounts of the neigh-
bouring background regions., This enables the background contribu~-
tions to be better determined than they would be if narrow regions
had been chosen. As in the plots shown earlier a t—cut is applied
at 0,6 (Gev/c)2 end events in the N*"Y(1236) region are removed in
reaction 4). Megures 8,4 and 8,5 show the Dalitz plots for rather
narrower regions around the observed peaks, Each plot is of

Mz(fr?i } against MZ(K m)° and includes events from both reactions.

The logarithm of the likelihood function used in the Tits
is given hy:

(4)
i + (4 —> 5) (8,22)

log d
J]f a;("‘)dm dwde

where: di(j) =rf 25 ll'tzgs (3%, My Wys ei)! 2 gres (m, )

LT, 8, b) = &

b . ‘
bed 2 _bad
+ f bk,j ‘Mk:_z (mi, Wy, ei) ij (mi) (8.23)
k
o
= dmdude

d(i) is the Dalitz plot density distribution, m is the (BT ) mass

and w, e are the energies of the two pions in the (K 77) rest

gystem; j = 4,5 refers to the reactions 4), 5) and 1 rums over the
reg bgd

events in these reactions. l'ij. ’ Mk;j are the matrix elements for

the decay component k in reaction J for resonance and background res—

pectively. F oo, P8 deseoribe the (K77 ) energy dependence of

the resonance and background components and are related to the

‘production process, Finally, Byt bkj are the parameters to be fitted.
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Some of the akj are related for a given I-spin of the whole

system, The I-spins of both resonances were asgumed to be one-

half except that the assignment gF =2 was also tried for the L-meson
assuming I = 3/2. The results of these fits are shown in tables 8.11
snd 8,12 for the K*(1320) and L(1800) respectively, The values of

the likelihood function were actually negative and an arbitrary
number has been added to give the values shown., As mentioned in the

last chapter this does not affect the meximum likelihood condition.

The JP assignments giving the largest likelihoods are l+ for
both resonances, However for the L-meson, the likelihoods for
7 = 27 and 3 are hardly less and must be considered as possible
values., It can be seen that the analysis has achieved a geparation
between the natural and unnatural series of spin-parity agsignments
but that assignments within these series are not much geparated from
each other., This merely reflects the fact that the Dalitz plot dis—
tribution tends to have a similar gemeral form for JP values in the
sgre series (82) (except J = 0), For example, distributions along
K*(890) bands vanish.at the centre for 7 = 0" and at the ends for
I =1 or 2. The observed distributions do not appesr Yo vamish
either at the centre or at the ends and are mofe in agreement with
a F of 17 or 2°. The unmatural parity series is preferred for both
K*(1320) and L(1800), The single fit with I = 3/2, 3 = 2" for the
L has & low likelihood. This confirms in a more quentitative way
the preference for I(L) = 1/2 obtained above from a congideration

of relative decay rates,

o test the goodness of the fit a chi-gguared test was carr-

jed out ﬁsing the results of the 4two fits which gave the highest
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Jikelihood wvalues. The binning of the events used for the test was
varied randomly and a mean value of Xz wae found; this was done
because the number of evente per bin was not always large enough to

make the Xz—test reliable for a given choice of bins. ¥For the

¥*(1320) 17 solution the average value of X° was 85 ¥ 8 for 47

degrees of freedom which corresponds to a probability of 0.1% for

é a more extreme result. For the I-meson (also the 1+ solution) the

. sverage X? was 39 t 5 for 28 degrees of freedom which gives a T%

probability, The small probability in the former case may be partly

; due to the descript:ion of the [(KNWiT) mass spectrum in terms of a
gingle Breit-Wigner distribution when in fact there may be more

than one resonsnce present.

! ’ The conclusions from the above analysis are that both peaks
have spin greater than zero and unnatural spin-parity. The £it also
gives the contributions of the verious decay modes considered. These
will be ghown in the next section when other decay modes have been

discussgead,

8,4 Search for additional decay modes

So far we have only discussed (X 77) decay modes for the
k*(890) and K*(1420) and (K Ji/1 ) modes for the other two resonances,
These states may have other decay modes and a determination of the
relative contributions of the various modes for a certain resonance
, provides one of the importent sources of information on its proper—

ties, To be able to do this it is necessary to search for all
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possible decay modes arising from the production of the resonsance
in a particular reaction. In the present case the reactions are
quasi two-body ones where the only other particle in the final state
is a nucleon., The observation {er absence) of other decay modes
mey also give additional information on the quantum numbers of the
state, A search for decay modes arising from different produetion
reactions may also give indications of the possible gquantum numbers

but is not relevant for finding the decay branching ratios.

If the decays are strangeness conserving they will lead to
final states of the form (X + mA ), possibly in more than one step
due to resonance formation at an intermediate stage. The maximum
numbers of pions allowed by energy conservation are 2, 6, 5 and 9
for resonances near 890, 1420, 1320 and 1800 Mev respectively.
Although they may be allowed by eneréy congiderations, decays into
a large number of final particles are likely to be suppressed since
the phase space distribution for a system containing all particles
in the final state except one rises only slowly from its zero value
at threshold, For the L-meson there is also the possibility of a
decay into (KKK + m7i ) where m can be O, 1 or 2. Rediative decay

modes have not been considered,

8.4.1, X*(890)

An upper limit for the only possible mode (other tham KNI )
can be obbdained from the number of events observed in the 890 Mev

region of the (K/7/ ) mass distributions, In the latest data
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(experiments 75, 10 and 12) the mass region 860 - 920 Mev of the

(K™ + ~) distribution contains 6 events; no events are seen in the
game regions of the (x° - o) or (K- o o) mass distributions., These
numbers as they stand do not sétisfy either of the relations (8.8)
or (8.9) which are expected to hold for pure I = 1/2 or I = 3/2
amplitudes which suggests that both may be precent. Consistency
with both relations can best be achieved (within errors and neglec~
ting interference) if 2 of the 6 events are from the 1= 1/2 part of
the amplitude, bearing in mind the fact that the nunber of events in
(K° - o) has to be multiplied by about 2.4 to correct for both the
unseen K° déeays (a factor of 3) and the slightly larger mean fid-
ucial volume for these events (a factor of 0.8), This gives an
upper limit of 0.4 pb (at the 95% confidence level) for k*"(890)
production with subsequent decay into (K iT). Using the total
cross section of 92 % 9 yb for the same reaction with (K7) decay

one obtains,

K*(890) =~ KT
K*7(890) —3 all modes

< 0.,4%, with 95% confidence
(8.24)
For the neutral K* only one of the three charge states
(Ko + =) is accessible to study and no events are seen in the
k*(890) mess region, Assuming that all three charge states have
equal weight the upper limit (95% confidence) for the (g W7T)° decay
is about 4 pb, whersags the eross—section for (KTT)o decay is
58 %10 Fh' Thug the upper limit on the branching ratio is neﬁ as

restrictive as that obtained in (8.24)., The only previously
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reported experimental value of R is an upper limit of 0.2% (83).

“The (K??ﬁ') decay is stroﬁgly suppressed by phase space and by the
p-wave centrifugal barrier, Among theoretical estimates (84), Sweig
has obtained a ratic of 0,002% using p-meson dominance and SU(3)

couplings.

8.4.2 K*(1420)

We have already used the known (K 7777 ) branching ratio teo
subtract the (unresolved) contribution of the K¥ (1420) from the
(K7 )" mass distributions (see fig., 7.11), Also the small peak
in the region of 1400 Mev seen in the neutral (K° + -) nass combina-
tion of reaction 6) (gee fig, 7.5) wag previously stated to be consis-
tent with the known decay rates of the K*(1420). Other decay modes
of this resonance are likely to be seen better in neutral charge
states since in the negative charge states we know there may be a
contribution from the nearby ¥*(1320), The results of a search for
deeays into (XK + m7i ) for values of m up to 6 sre shown in teble
8,13, The search in the higher multiplicity events used the combined
data of experiments 75, 10 and 12, For a final state consisting of K
and m pions there are (m + 1) possible charge states and when the
total charge is zerc only one of these charge states corresponds to
e fitted channel, To correet for the unfittable channels it is
assumed that all charge states have equal cross-gsections, It would

perhaps have been more reasonable to weight each charge state by an
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TABIE 8,13

DECAY MODES OF X*(1420)

2 " g%+ - 1uIs 30 L 5 43 % 13
5 " B+ 4 - <1 <2.5 < 3.6
4 75, 10, 12 K%+ 4 = = <1 <1.6 < 2.3
" E 4+ % & == <1 <0.8 <1l.,1
6 ow EC 4 b <1 €2,8 <4,0
3 75, 10 K <17 <6 <11

375, 10, 12 KmrLo <5 2 <4
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'I-spin coefficient (85) before assuming equality but the approxima-

tion used is probebly fairly reasonable bearing in mind the other un-

cortainties present.

The quoted values for the (K7 ) and (K77 ) branching ratios
are consistent with the accepted values given in reference 2, The
statistics do not justify a separation of the (K77 ) mode into con-
tributiong from K*(890)W' and KP. The other two modes reporied in
ref. 2 for the K*(1420) are Kw® and Kq°. Since both the w® and
qao decays involve at least one neutral particle they will never be
obgerved in a fitted channel for the overall neutral charge state,
The upper limits quoted in table 8.13 for these two rades are obtain-

ed from the negative charge state (to be discussed in the following

section). As expected no evidence for the production of ¥*(1320) or

L(1800) was found in the neutral charge states examined.

K#{1320) and I{1800

Figure 8.6 shows the combined (M) nass distribution for
reactions 1), 2a) and 2b), There is no trace of any peaking near
1320 or 1800 Mev, The most likely cause of this suppression is
apgular momentum conservation which forbids a (K?T) decay for a gtate
with unnatural spin-parity. This is consistent with the Dalitz plot

analysis which gave a preference for unnatural JP'mh both cases,

The results of a search for other modes are given in table
8.14. A1l decays into (X + n /1) for values of m up to 6 are consid-
ered except that there are no¥ data at present available for events

with 8 charged prongs. Where there are two-body decay modes
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TABLE 8,14

Threshold 7 Ne. of events observed
} n Data used  Decay mode (Mov) k*(1320)  1(1800)
1 75 Ko, X° - 635 <12 <12
| 2 " K 4.y E° = 0 770 gsee tables 8,11 & 8,12
" " K 00
| " 75,10 K0 1745 - <5
3 75,10,12 K+ =0 910 55 ¥ 50 100 ¥ 30
K o° 1045 <5 64
) Kw® 1280 55230  32% 20
x*°(890) /a" 1655 - <12
K*-(S‘E‘O)/oo " - <15
%% w = 910 <3 <15
K*-(BQO)/aO 1655 - <5
K° -8 0 910 <15 <15
(4) x*~(890)0° 1440 (:L°--> reutrals) - <13
4 K+ + == 1050 <1 <10
4 =0 <1 <7
,) K*"(age)qf‘ 1440 (mg»d:arged) - <2
k% (890)w’ 1670 - <5
3 K#+t=-=0 © 1185 <l <3
K x° 1455 - <3
o N 1185 <1 <1
6 Ko+ +=m -0 1325 - <1
3

No details available at present for the mass spectra (K™+ - o o) and (k% ~-00)




- 214 -

involving intermediate resonance production estimates are given of
their contributions. In no~fit channels resonance combinations
cannot be selected unless the nissing neutral system (Z o) is wholly
within or wholly without the combination required. A particular no-
fit channel will in general contsin contributions to (X + m# ) final
states for various values of m depending on the number of neutral
pions present, Since it is not possidle to separate the contribu-
tions of these various final states it is assumed that the nigsing
neutral system contains the minimum number of neutral particles,
From the (m + 1) possible charge states of the form (K + m ) this
leaves just 3 for each value of m (greater than 2) whore one can

search for decays.

The only positive evidence for other decay modes is inte
the charge state (X~ + - o)., This mass distridbution is shown in
figure 8,7 with events in the N*;;“regien removed, Thore appears
to be a signifieant peak near 1800 Mev., Vhen events with t less than
0,6 (Gev/c_)2 are selected the higher mass part of the distribution is
preduced a great deal and the peak,which is only slightly reduced; is
thereby much morve significant (about four standard deviations).
This behaviour is very similar to that of the L-meson peak seen
in the (K77 ) channels and thus it seems reasonable to suppose that

we have observed a new decay mode of the L,

Tn the (+ - o) mass distribution of the same reaction we
have already mentioned the existence of a peak due to the w?® when
discussing the mass resolution (see figure 7.19), Figure 8.8 shows
the (K~ + ~ o) mass distribution for events where the mass of the

(+ - o) system lies in the w° region, As well as a clear pesk
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near 1800 Mev there also seems to be a peak around 1300 Mev which
could possibly be due to the K*(1320), It should be noted that
figure 8.7 contains data from experiments 75 and 10, which is approx-
imately double the sample used for figure 8.6 for this particular
reaction, The estimstes quoted in table 8.14 are obtained from a
much larger sample and show that there is & significant amount of
I~decay into (K~ + - o) which is not via w® while the peak for the

K*(1320) is consistent with being entirely associated with «°,

We expeet contributions to the (K + 37 ) mass spectra arising
from the decay mode K*(1420)77 of the L, where the K*(1420) subse-
quently deeays into (X717 ), rather than via %he (X7 ) decay node
whieh was involved in the Dalitz plot analysis, From the fitted
branching ratio one can caleulate the expected numbers of events fer
each of the four (K + 377 ) charge states, By adding an extra
I = 1/2 X* decay to the decay'rates glven in table 8.4 and neglecting

interferences one obtains:

(" +=0) t (k%4 ==) 1 (B =00): (K 00 0)

e

i

1z

8:6:1 (8.25)
For the first thred.of these four charpe states the expected numbers
of events (after correction for v° visibility and fiducial volume
differences) are:
54 140,153 10, 128
whereas the observed numbers (cuo events having been removed) are:
14 ¥ %0, <15, <15
Thus the 1800 Mev peak is consistent with being the sum of the K w®
docay mode and part of the K¥(1420) 7 decay mode, (From the (K °)
mass spectrum one can also obtain a rough upper limit of about 10% on
the K*(1420) branching ratio into Kcuo, as mentioned in the previous

gection),
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If the peaks in figure 8.8 really represent the decays of the
Q and the I then they necessarily have I = 1/2 since the w°® has
zero I-spin. The angle }& between the perpendiculai to the w° decay
plane and the outgoing K~ (measured in the K w® rest frame) serves
as an snalyser of the spin-parity of the (£"w°) system. Figure 8.8
shows the distribution of cos Y/ for events with M(K'w°) between 1.7
and 1.9 Gev. If this peak is really due to the L-meson the background
geems guite swall, A spin-parity of 0~ would give a coszyf distriby~
tion while 17, 2%, ...... would give a sinz'y“ one. The chi-squared
probabilities for these two hypotheses (c032 and sinZI are 0,04% and
0.1% respectively whereas the observed distributdon is consistent with
isotropy (probability = 98%), Thus this tends to support the previous
conclusion that L has spin greater than zero and unnatural parity.
Also shown in figure 8.8 is the distribution of the cosine of the
Jaockson angle 6 (see chapter 9 for the definition of this angle).
Although this distribution depends on the production mechanism the
non-isotropy suggests that the spin is non-zero. In this comnection
i$ should have been mentioned earlier that the Dalitz plot distribu-
tion is independent of the production mechanism, that iz, independent

of the polarisation of the resonance.

The following observations concerning the possible quantum
numbers of the K*(1320) and L(1800) can be made from a consideration
of the decay modes investigated (see table 8.15)

1) All modes except those involving TT or p imply I = 1/2 (if seen).
ii) Decays into K:LO and ¥KX° are not expected for the same reason
as KT is not expected, that is, becauée both 10 and X° are

believed to be pseudoscalars.
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iii) Decays which have a small Q-value (that is, for which the
decaying state is only just above threshold) are likely to

have the smallest allowable orbital angular momentum because
decays with higher values of L will be suppressed by the centri-
fugal barrier. For the K*(1%20) the decey modes %F and Xu'®

hgve Q~values of about 60, 41 Mev respectively. Assuming they
are in a relative S-wave this means that 7 = 1% for the ¥*(1320).
Similarly for the L(1800) the decay mode K£® (Q = 40 Mev) would
imply JP(L) =2,

The final results for the K*(1320) and L(1800) branching ratios
are shown in table 8.15, The cross sections shéwn are those obtained
from the Dalitz plet analysis with additional contributions from the
(KTTTT) decay of the K*{1420) and from the (kw®) decay mode, To
obtain an independent estimate of the total cross sections the combined
(X + mfi)” mass distribution (m = 1, 2, 3) from reactions 1), 2), 4),
5), 8) and 12) together with p(K~ + - o) and p(K° + - =) is fitted to
the sum of fourrBreit—Wigner distributions and a smooth background,

The masses and widths of the K*(890) and K*(1420) are fixed at the
yalues obtained earlier from the fit to the sum of reactions 2b) and
3) (see chapter 7). The distribution and the fitted curve are shown
in figure 8J0 in which the K*(1420) peak is not resolved because of
its relatively small cross section, The fitted values for the masses
and widths of the K¥(1320) and 1(1800) are shown in table 7.1 together
with the values obtained earlier (with which they are consistent).
Since all reactions in which the @ and L peaks are seen are included
in figure 8,9 the areas under the Breit-Wigner distributions repre-

sent their total production cross sections. The values obtained are

513 ¥ T0pb and 169 : 34 pb which are to be compared with those ob-

tained from the sum of the individual branching raties, namely

575 I Fb and 165 % 39 o respectively. The two sets of values
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TABLE 8,15
DECAY MODES OF k*(1320) D L(1800)
g*(2320) {1800
Decay mode (pb) % (ﬂb) %
K77 (direct) 127543  2Ls 48 T 20 29 13
Kp et  aris 19 % 14 12%9
K*(890) 17 322 %55 56 %12 58 T 15 55 L 12
- x* (1420)7 - - 52 % 25 19 £ 15
| K’ 7%3 1% 0.5 sty 5%3
TOTAL 575 £ 72 100 165 ¥ 39 100
(xB°)* 102 5t
KT <1 <1 <7 <1
K%O < 2 < 0.3 <3 <2
'mf - - <2 <l
K¢° - - <8 <5
K*{890) 'LO - - <1 <1
K*(890)w" - - <2 <1
l K* (‘7890)/90 - - <4 <3
[ xe° - - <5 <3

% This contribution (if it exists) is already included in the Kp
decay rate (see section 8.3)
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are consistent, especially in view of the fact that the single Breit-

Wigner fit to the Q-peak is not too satisfactory.

su{3) guantum numbers

Since the discovery of the 0 hyperon (86) gave the first
conclusive evidence that SU(3) was an spproximate symmetry éf the
strong interactions it has been natural to try and aesiegn the known
resonant states to SU(3) multiplets. Although the basic irreducible
representation of SU(3) is a multiplet of three (triplet) the multie
plets found to occur in nature for meson systems are either singlets:

(1) or oectets (8).

Agsuming that the SU(3)~breaking interaction transforms like
hypercharge, the Gell-Mann-Okubo (GMO) mass formula (77, 87) can be
derived for the states iﬁ an irreducible representation. This assunp-
tion is based on the experimentsl observation that particles in the
seme T-spin maltiplet (that is with the same hypercherge) have almost
equal magses whereas there are relatively large mass splittings be=-
tween states with different hypercharge. TFor meson octets the GMO
relation leads to the sum rule:

aP®) = () « () (8.26)
where K, , T xefer to the members of the O  octet or to the corres-
ponding members of other octets, In gengral (8.26) is not always sﬁt—
isfied because it often happens that SU(3) singlets and octets with

the same spin-parity occur in the same mass region, This then allows
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the possibility of mixing between the singlet state and the I =1 = 0
octet state since these have identiecal sets of quantum numbers, Mix-
ing will occur if their mass separation is less than or of the order
of the typical mass splitiing within an octet (200 - 400 Mev). In
this case the physically o@?rved states (w;(i) are linear combinations
of the singlet and octet states (S0, Io) and are uwsually expressed in
terms of & mixing angle 6.

W = Socosa + 1081n9

¢

(8.27)

-Sosine + Ioeose

The quark hypothesis, which assigne fractional internal quan-—
tum numbers (B, Q, Y) to the three states of the basic triplet, was
introduced to explain the occurrence of singlets and octets and the
ebsence of other multiplets (3, 89), This idea was extended further
to imply that hadrons are bouﬁ& states of real quarks (90) and there
have been many experiments which have atiempted to observe isolated
quafks (see chapter 1), The three gquark states are usually labelled
(p, n, \) as they have the same I-spin structure as the particles
proton, neutron and lsmbda respectively. Their values of B, Q and Y
are given by:

p(+ 1/3, + 2/3, + 1/3)
q4(By Q, Y) = n(+ 1/3, - 1/3, + 1/3) (8.28)
N+ 1/3, - /3, - 2/3)
Given I, only two of (B, Q, Y) are in fact independent since the
Gell-Mann~-Nishijima relation (8.1) is satisfied, The meson states
ave assumed o be bound states of a quark-antiquark (gq) system and

higher spin states are obtained by the excitation of orbital anguler
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momentum between the two quarks., There may also be radial excita-
tions but these are not considered here. The sets of (qq) states
obviously give\rise to a nonet strueture which, with SU(3)= invari-
ant interactions, is reducible to an octet and a singlet

(3 ® 3=8 ® 1). The absence of other possible represenﬁations
10, ﬁ and 27 is explained by the fact that they would require bound
gtates of the form (qq3a). These so-called exotic states are assumed

to be suppressed relative to the (qd) states.

A novnet may be described in spectroscopic notation by the

symbol 28 + ILJ where I represents the orbital angular momentum
(S, B, D, F, G, evevss), J i the total spin and S is the fotal Pauli
spin (quarks have intrinsic spins of one-half}. Since a, q bhave

opposite intrinsic parities the overall perity is given by
p o= (IPF? (8.29)

The charge conjugation (¢) parity for the neutral non-gtrange
(NNS) members of the multiplet is:

¢ = (HF*FS - (8.30)

g0 that the G-parity (91) is:
¢ = o) =(FTE! (8.51)

The average nonet mass is expected to increase with L so that
the statés of lowest mass should correspond to L = 0, for which there
are just two nomets, 18, and 75, , with 7€ - 0™ * and 17 respect-.

ively., These correspond to the psendosealar and vector meson nonets
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which were quite well established as SU(3) multiplets before the
gquark model was proposed, For higher values of L there are always
just four nonets since parallel quark spins (8 = 1) lead to

F=1% 1, L (triplet state) while antiparallel quark spins (s =0)
lead only to J = L (singlet state). Table 8,16 shows the (qq) spec-
trum for values of L up to 4, From this it can be seen that O ~
(special case) and all states with P = -C = (—)J are absent, Such
gtates are called exotics of the second kind to distinguish them
from the exotic states mentioned above, No states are known which
have these "forbidden" JPC sssignments ﬁhich is additional support
for the (qi) model. The other well-established nonet is the temsor
nonet (JPc = 2t7), This could be sssigned to either 3?2 or 3F2

but the former is more likely since it is expected to be lower in

mnass.

We have seen earlier that 3% = 1% (axial vector) is the pre-
ferred aseigument for the K*(1320) peak while 2  (pseudotensor) seems
likely for the L(1800), although the latter could be 3% (or even
higher in the unnatural parity series)., From table 8,16 it can be
seen that for each value of L (greater than zero) there are two
wmatural parity nonets with the same spin (J = L) but with opposite
C-parity for their NNS members, As usual the pairs of I =7 =0
astates in each nonet can be mixings of the pure octet and pure
singlet states, However these states (and the I =1, Y =0 gtates)
will be well-defined for each nonet separately since they have
different G-parity. This is not so for the K¥* states because they

are not eigenstates of G and there can therefore be mixing between
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TABLE 8,16

QUARK-ANTIQUARK BOUND STATES:

L TRLPLET SINGIET
% _ 1

6 5 - S
i- - - o~ *
3 3 3

L Py P 7% lPl
S gt ot + 1t
3 NG 3
Dy 7D, By 'p,

2
A SR o~ *
3 3 3 3

3 7, Ry F, 1F5
it | gt ot 5+ =
o] 3 3 1

. G ¢ o, 6,
S i P

2
notation: S+ 1L3
i~

J
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the states K,, KB which belong to the nonets whose NNS members

have € = ¥ 1. Since the difference in mass beiween such nonets is
expected to be small one might expect that this mixing would be
guite éubstantial and that this would complicate the study of these
K*'s., However there is a difference between this kind of mixing
and the singlet~octet mixing which éuggests that the KA - KB mixing
may be fairly small. In the su(3) scheme one can define, by analogy
with the G-parity for I-spin, two other parities Gu, Gv connected
vith U~spin and V-spin respectively (92)., These spins are assoclated
with the other two SU(2) subgroups of SU(3) which will be denoted
SU(Z)u_aﬁd su(z)v. In particular the mu1t1p1e£s with ¥ = 0, 1 are

v and (K7, v,%, K') whore

G [¢] - o [c] y
(Vo » Vq ) = %(?g [;5) (IO, Il) (here Xg denotes (8.32)
a state with total X-spin of i and third component j) The Gparity

is given by:

ey o= o) (8.33)

In the SU(3)-symmetric limit all thxee parities G, Gu and Gv
are conserved so that, for example, the charged KA’ KB states, which
are eigenstates of Gv with opposite eigenvalues (£ 1) do not mix,
This is in contrast to singlet-octet mixing which persists even in
the SU(3) limit because the two I = Y = O states share the same
(relevent) quantum numbers. Thus in the real world where SU(3) is
broken one might still expeci that the X, - KB mixing is small where-
as one has no reasony in the su(3) scheme alone for expecting any

5

particular smount of singlet-octet mizing. For (unmixed) kaon
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states belonging to octets with definite C-parity one can derive
relations between various decay modes on the agsumption of Gv-parity
conservation {93) that is, assuming invariance under the su(2)v sub-
group of SU(3), This is clearly a weaker assumption than assuming
full SU(3) invariance since, although it follows from the latter, it
obviously does not itself imply SU(3) invariance, Nevertheless some
useful relations may be very easily obtained.

In the decay

K§~ —> KX 4 Vg (8.34)

the conservation of Gv-parity requires that Vg ia Vz or Vi according

ag 010203 is even or odd, Gf}@z, 33 being the C-parities of the nonets
to which the states K, K% and vg bolong. This follows from the fact
that the kaon states have Gv = -Gl, -02 while Vﬁ, V;

respectively. (Strietly spesking we should only refer to the

have Gv = ¥ 03

¢-parity of the NNS members of a nonet but we can define the Cwparity

£ a ponet to mean just this.)

If octet-singlet mixing is neglected, use of (8.32) leads to
the relation

R () —> K 1) =1 or yb

R (&% —) X% 1))

(8.35)

for clgzﬂj = odd, even respectively, This relation involves the
total rates for the decay mode indicated, that is, there is an addi-
tional factor of three in the denominator %o inelude the two modes

- L0
B L
may be neglected for the O nonet, since IL, 111 are almost pure

and K5° Iz (see table 8,3), In practice octet-singlet mixing

cctet and singlet states respectively, but not for the vector or

tengor nonets. In any case, one can use (8.27) to write
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v° = 3w sinf  + Cpcosﬂ - ﬁlg)

fl

0
v?L =4 [5wsind + 3¢ cos 8 + Ig) (8,36)
Sz = .w cese - 45 sin@

The singlet and octet have the same C-parity so that So and
Vo have the sane Gv gince both are V-zpin singlets (s is of course a
ginglet in both I-spin and V-spin 80 that its indices can refer to
either). Thus in the decay leading to the state V, (010203 odd)
we got immediately the following relation between overall decay
rates:

*
KZI

* * 2 2
1 Ky 2 Ky We=1: cos 8 : sin“§ (8.37)

In the cage where 010203 is even there are also contributions
from the decay into the su(3) singlet state Se, that is, the final
state may be written as aevo + aoso, where 8y, 8, are the relative

proportions of Vo, SSO.

(ag + ai = 1) In this case we get:
2&0 28
R x 0 a2 —e 2
K,I,¢ Kz(P KM = 9:{cosf - Bg ginf )%: (sinb «+ ag cosB )= (8.38)

As & consistency check, putting a 0 = 0 and O = 0 in these

1ast two relations, we recover the two cases of (8.35).

If full SU(3) invariance is assumed from the start all possible
decays into a given pair of multiplets are related., The relative
rates given in table 8.17 are obtained from the tables of su(3)
Olebsch~Gordan coefficients given in reference 94, The relevant cage
here is the product of twe octets which has the following decomposition

into irreducible representations:
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TABLE 8,17

' *
DECAY RATES FOR Ky —> 8, + 8 ASSUMING su(3) SYMMETRY

DECAY MODE 010203 =+ 1 01C2 3 2= - L
8 & (even) (0ad)
ﬁ K (1)), o/20 W * /s b °
| K, (s Beos B,/ [20 + Lsin Oy | 2 1/4 o ? eos” B
K, by Jsin B,/ (20 + Teos B4 ° 1/4 | ° sin® B,
(17), K of20 |} ° a o 2

sz K; ;Hcosez/ [20 + Ksin@a' 2 /4 M ? cos” 82
W, K; -‘Hsinez/ [26 + Rcos 92‘ 2 /4 ? sin® 82

Notation:

Subseripts 2, 3 denote the two final multiplets; 1 denotes the
multiplet containing the decaying K* state, H, M are the octet-octet amp-
litudes in the two cages (‘310203 =% 1 and X, L are the octet~singlet amp-
1itudes corresponding to the sU(3) singlet states (8 0)2, (so)3 respectively.
The mixing angles between these two singlets and the corresponding occtets

are 0, B4 I, denotes the I=1, Y =0 octet triplet state.

The relative amounts of singlet and octet contributions in the

€ 005 = +1 case are given in terms of the notation used in (8.38) by:

WK 3 = - (s8/58)

or the same with L replacing K for the other octetw-singlet pairing.
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8 ® 8 =21 & 10 I o8 @ 80 1 (8.39)

The appearance of 8 and 8' on the right hand side implies two
distinet couplipgs between an octet and a pair of octets. For meson
gystems these correspond to the cases in which 010263 is even or odd
respectively. The upper and lower halves of table 8,17 each coniain
information derived earlier using only S’U(2)v invariance, The exten—
sion to full SU(3) invariance relates the top half of the table to
the bottom half, which is conveniently measured by the ratio between
the K;(Il)3 and (Ii)zK; decay rates (2, 3 demote the two final octets).
If octets 2 and 3 are the same then the two halves of the table are

jdentieal and SU(%) gives no extra relations.

The relative ratea in fahle 8,17 have been calculated assuming
constent matrix elements for the decays, that is, only the Clebsch~Gor—
dan coefficients have been considered. In praciice this will not be
correct becsuse of SU(3) breaking interactions. These may be taken
account of to first order by using the physical mass values to ecal-
culate a phase space factor of the fom pzl + 1, where p is the mom=-

entum of each of the decay products in the rest frame of the resonance

and is given by:

2 2 2y
P = }\%(mlv oy m3)/2ml (8.40)
where the function )uis defined by:

Nz, ¥y 2) = (x-y~ 2)? - 4yz (8.41)

The mixing angles used have been caleulated from the most

recent world average values for particle masses (2). Relations (8.26)
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and (8.27) 1ead to the following expression for O :

w2(¢P) - (1)

2
ta,n B = (8042)
- (1) -1 ()
where MZ(IO) is obtained from the GNO formula
5 al(x") - mz(:rl)
H(1) = — e (8.43) |

As is customary for mesons, mass squared values have been used
in the calculation though this cannot be rigorously juatified (95).
This procedure does at least seen consistent with the fact that in
relativietic field theories the squared masgs has the same status for
boson fields as does the mass in the case of fermion fields (96).
However the original motivation for using M2 was to improve the.agreew
ment with the GMO mass formula in the case of the peeudoscdlar nonet,
Since then the vector and tensor octets have been found to violate the
GMO formula gquite strongly and it is now customary to attribute even
the small violation in the O octet to - R’ mixzing. Thus the
ariginal reason is no longer pregent and it is an open question
whether M, M2 or any other power of M should be used (97). This
gquestion is open to experimental test and the decay rates of higher

resonances is one situstion in which such a test may be possible.

The values of the mixing angles cobtained are:
for the 0~ nonet : 10°39!
17 s 39%T (8,44)
+ #

2 : 33%!

-

The varistion of these angles as a function of the power of the mass

used in their determination is discussed in reference 97. The wector
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and tensor nonet mixing angles are fairly insensitive to the power
used but the pseudoscalar angle varies gquite rapidly. For a linear
nass relation the angles are 2359301, 369581 and 31°42' respectively.
The fact that the angle for the O nonet is higher in this case
whereas the other two angles have decreased is because in the former
case it is the lower mass particle (q)) which is assumed %o be mainly
octet, This is a matural assumption since the n, very nearly satis-
fies the GMO formula, In the other two nonets there is clearly a
large mixing effect and there is no particular reason within the SU(3)
framework for preferring an angle of 0 to one of (T/2 -6), However
there are reasons outside st(3) for preferring fhe smaller angle.

The most general mass Lagrangian for & meson aonet contains four terms
whose relative contributions are in general unknown (98), To first
order in mass splitting the nonet contains four distinet mase vaelues
(e.g. ps K*, 9, ¢) which is just enough to determine the four cooffi~
cients in the Lagrangian, If some theoretical ansatz is made which
jgnores one term (or more) in the Lagrengian, the use of the four
physical mass values will allow one (or more) sum rules to be obtained,
Schwinger deduced the following sum rule for the vector meson nonet

from a field-theoretic starting peint (99).

(¢ - plo-p) = $@-p$+u=25) (8.45)

where the symbols represent mass gsquared values, This relation is
well satisfied for the vector nonet and also for the corresponding
particles in the tensor nenet. (It is not satisfied for the 0 nonet).
Okubo also gave an ansatz in which two of the terms in the general

mass Lagrangien were omitted (100). This leads %o the two sum rules
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w (8.46)

?
pr ¢

Again these are well satisfied for the vector and tensor nonets. They

2K ‘ (8.47)

correspond to a mixing angle given by:

tan § = 1/ [T | (8.48)
which gives 6= 35018'. Thie makes it more reasonable to choose
qp and fl a3 the states with the larger octet contribution since this
leads to the mixing angles given in (8.44) which are fairly close to
Okubo's "ideal" valus. Perhaps more importantly, the same mixing
angle (8.48) can be derived from su(6) symmetry, whereas Okubo did

not base his ansaiz on any sound theoretical foundations.

The decay rates available experimentally for testing the rela-
tions derived above in the case of the x*(1320) and L(1800) are shown
in table 8,18, The C-parities of the final nonets are well-known

(see table 8.,16) so that the tests allow in principle a determination

1!
belongs. Decays inte two pseudescalars are not included in the table

of ¢., the C-parity of the nonet to which the resonance in question
gince it is likely that they are forbidden by the umnatural gpin-parity
of the parent. All possible modes of the types 17+ 0 and 17 + 1 are
considered although some have their threshold above the mass of the K¥
(indicated by dashes in the table). This is true for all modes of the
form 2% + 0", except for the ¥#(1420) 7 decay of the L{1800), so that
these decays can give no information on 01. The values of 1 used for
ealculating.the phase space factors are f= 0 (s-wave) for the E*(1320)
-y 17 + 0" decays (assuming gF = 1% for the 1320), {= 1 (p-wave)

for the L —> 1+ O decays and | = 1'for the L—> 17+ 1
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TABLE 8,18
COMPARISON OF CORRECTED DECAY RATES WITH su(z)v AND S0(3) PREDICTIONS
M Obrerved B.S5. Corrected Predicted rates Conclugions
rate (#) factor rate Gy =+1 0 = -1
- + | + )
01 Kp 21 -4 0,216 g7 < 18 1 9 C. = +1
ineonsistent
K¢ - - - - - o, = -1
consistent
Kw 1% 0.5 0.187 5%3 0.41 0.41
—— T + +
i 6~ 12 O, 160 = 1 X
10 K*/ 5 350 34 9 —'2:0.61'10.2
K¥*q, - - - - - K*q
. K* q,l - - - - -
HO0)
071" Kp 129 0.608 20 %15 1 9 6, =1
bo’ch_ consistent
K¢ otas 0,271 oin 0.59 0.59  within errors
Kw 5t35 o518 9ts 0.41 04 2 _o4%o.4
ooxi %4tz oms 48 iy 1 9 G = +1
ihconsigtent
K¥q, oto.3 0.220 ot 0,97 0.97 €1 =-1
consistent
K*rﬂ - - - - -
1717 K*p 0%1.2 c.0% 0Z13 9 1 0p =21
beth consistent
Krg - - - - -
K9 ot o.6 0,071 os 0.41 0.41
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decays (assuming JP = 27 for the L), The observed rates are guoted

as percentages of the total decay rate; the rmtes after correction for
sU(3) breaking are guoted ;n.an arbitrary scale. For the 013233 = +1
paSe whére there are complications due to coupling to the 8U(%)

ginglet state (see relation 8.38) the predicted rates in table 8.18
have been caleulated on the sssumption that (aO/aB) ig zero. That this
is not unreasonable can be seen from the fact that combining the qul
and K;w rates in (8,38) leads to a relation whiech is independent of

the mixing angle, namely:

* * * 2
Ko, (K2 ¢ + ng) =9 : 1+ (2ag/a8) | (8.49)
Assuming for the moment that 610203 = +1, the experimental

. rated in table 8,18 require (ae/aa) to be not too large and are con-
gistent with it being zero, PFurthermore, the conclusions drawn from
table 8.18 would not be changed if this ratio was left as & free

parameter,

From the comparisen between observed and predicted rates it
can be geen that ¢ = -1 is strongly preferred for the nomets to which
the ¥*(1520) and the L(1800) belong. In the former case it is the
KP[KH ratio which is the vital one; in the case of the L the sensitive
ratio is K*TI/K*q). Thus the preferred nonet essigmments for these

two gtates are:
3¢ - 1t " for the K*(1320)
FC - 27~ for the 1(1800)

Since two nonets with J° = 1 and two with & = 2~ are expected

in the quark model, it is important to congider the possibility that
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the observed mass peaks contain both these states., Figure 8,11

shows the (K7 /7T) mass distribution plotted in narrower bins

(10 Mev wide). This might be expected to show some evidence of
fine(sfructure in the peak regions if there were really two reson-
ances present. In the Q region there does appear to be some tendency
tow;;ds two peaks centred at about 1285 and 1335 Mev, especially in
the (K~ + ~) contribtution where the mass resolution is expected bo

be better (shaded events). These peaks are not very significant and
represent deviations from a smooth background of only about 3, 2
standard deviations respectively., The most recent data containing
the results of experiments 75, 10 and 12 shows somewhat better evid-
ence for separated peaks at 1290, 1380 and 1460 Mev, However these are
seen only in the (K¥° - o) spectrum, whereas the traces of structure
in (K" + =) have been smoothed out by the new data, indicating that
they were not statistically gignificant, Thus the only cenclusion
from the present experiment alone is that there is no discernible

structure in the § peak.

Structure has however been reported in some other experiments.
The LRL group of Goldhaber first reported a separation of the expected
K*{1420) signal from the rest of the @ peak in the 4.6 Gev/ec experi-
ment (110). .Since then several other experiments have resolved the
g#*(1420) (101, 102b, 109, 111) but since its cross-section is lmown
to deersase at high energy compared to that of the rest of the Q
peak, its non-resolution in such experiments is not a serious problem,
especially in view of the fact that its contribution can be czleulated

from the (NKT) final states, Apart from the ¥*(1420) a splitting
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of the Q peak has been reported in the K'P experiments at 5, 9 and

10 Gev/c (111, 114, 115) but nmo significant splitting is seen in
other exzperiments, including the one with the most data at present

(116). The ﬁositions of some of the reported peaks are indicated

above the himtogram in figure 8.11.

. If there zre two resonmances in the Qwregion it is likely that
they both have JP = 1" since all experiments favour this ageignment.
Assuning no interference one might expect relative branching ratios
which were intermediate between the predictions for € = ¥ 1 nonet
_ members, The observed K}Mkb ratio for the Q peak, which seemed more

consistent with a ¢ = - 1 assignment, would be reduced if some of
.the Kp mode was in fact KB®., This pomsibility was discussed in

the last chapter as an explanation of the discrepancy in the su(2)-
predicted branching ratios of the Ep mode, However such a change
would make worse the already poor agreement with the §§1§lr predicted

decay ratio K?/K*(890)ﬁ’ (see table 8.18).

In figure 8,11 there is no evidence for any fine structure
in the L regieﬁ, nor has any been reported in the other experiments
which observe & peak in the same mass region. The assignment C = - 1
is preferred for the L because of the large ¥*(890) 7 /K*(SgO)q;&
decay rate ratio, The ;P/K*(SQG)N ratio is again smaller than 1,
the value required by SU(3) symmetry, although it has a large error.
Better agreement with sU(3) would be obtained if the K*(890)ﬂ rate
had been somewhat overestimated and this would, at the same fime,
reduce the K*TV /K?TL ratio.l But even with the largest decrease of

¥*7T consistent with maintaining the gny*F ratio compatible with
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1 (about a factor of 4 change) the C = -1 assignment will still

be strongly favoured.

'Thugéin spite of the possibility of there being more than
Ene state present in the Q peak (as shown by other experiments, but
admittedly at different energies), the Q peak observed in the pres-
ent experiment does not seem to have & strong contribution from K#*
states belonging to C = + 1 nonets. The L peak is also consistent

with no contribution from ¢ = + 1 states,

Posgible existence of highexr multiplets

1f the X*(1320) and L(1800) are members of su{3) nonets,
one might expeect to find the non-girange states required to complete
these nonets in roughly the same mass region. The 0", 1 and oF
nonets seem to be satisfactorily assigned, the only slight worries
being the split Ez and the BE-meson at 1422 Mev. For the latter,
spin~-parity 0~ is preferred and it therefore has no place in an
already complete 0" nonet. However it is possible that E could be
sccommodated in the first radial excitation of the 0 nonet, although
one would not have expected such a gtate to have guite such a low
mass (118)., This leaves three of the four L =1 nonets to be accoun—
tod for. The situation here has changed very little since the survey

by Dalitz at the Philadelphia Conference in 1968 (118).

After a period when each was out of favour ag & resonant

state the A1(1070) and B{1235) seem now to be well-established
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(they have I = i, G = i respectively). 1t is the favoured spin-
parity assignment in both cases so that they are good candidates
for the 1* ~ and 1* * nonets, For the I = 1 member of the 0% *
nonei thg5 SE962) seems & reasonable choice; this state is possibly
also responsible for the (KK) enhancement seen at 1016 Mev, just

above the XK threshold.

The most likely mass for the 1% *k* state (we are assuming
here that E*(1335) ig assigned to 1t T) is about 1240 Mev, This is
congistent with the mass of the C-meson, first seen several years:
age in Eb annihilations at rest and recently confirmed (119), and
also with the (K M IT) peaks with masses of 1230 % 15, 1260 % 10 Mev
obeerved in X+p interaciions (111, 114)., The scalar K* state may
 have a mass of about 1100 NMev., There have been somewhat contradiet-
ory claims for the production of a {KR) resonance in this region
(see chapter 7 and references 63, 120), However perbaps the best
evidence comes from a gK?T) phase shift analysis carried out using
data from the reaction Kep > K7 %', which is knows to oceceur
by pion exchange. This predicts a rather wide resonance at 1100-

1200 Mev (121),

The situation is not so good in the case of the Y = I = 0
states. The D(1285), which ia mainly seen decaying intoe (KKA) in
5@ anmihilations and has € = € = + 1, is fairly well-established and
hag & favoured spin-parity of 1+. There is also the pew H-meson at
1000 Mev reported by Goldbaber (122) at the 1969 Iund Conference

which has G = C = - 1 and could have J° = 1%, There is no good

1

evidence for any other 1* states with I = 0 although it is just
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possible that the B-meson might be one since some experiments

favour this assignment, I = O states tend to be a little harder to
observe sinde they occur only in 13 = O gtates which also coutain
contributions from I = 1 resonances, Also states with unnatural
gpin-parity and positive G-parity are forbidden to decay into either
2 or 3 pions, Thus the nost likely decays would be 4W or KK and
this too makes such states more difficult to study. For the ot
I-spin zere states there is ome good candidate, the s*(1060), '"The
sigua (or Eé) T resonance for which many indications exist but
for which there is ne abscolutely coﬁclusive evidence hag & mass
which has been variously estimated as anything from 300 to 800 Mev.
With the other assignments for the 0* nonet this could not be the
reméining I = O state because the following inequality, derived from

(8.26) would not be satisfied:

i k* ¢ 3¢ +p (8.50)
4

N

(The symbols refer to the squares of the masses and w is assumed

to be the lighter of the two singlet states). The lower and upper
limts in (8.50) if €° is used ave 774 and 1036 Mev compared with the
K* mass of about 1100 Mev, If anything, the K* mass would seem %o

be abevé 1100 Hev rather than belew (121), More simply, £° is not
scceptable because S*(1068) is below the mass of the pure octet

T = 0 state as given by the GMO formula (1142 Mev) and thus the

other I = O state must lie above this, There is still one possibility
for this state, namely anienhancement seen in three experiments, two

in M(47 ) at 1410 Mev (123) and one in M(KsKs) at 1440 Nev {124),
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The KsKs decay requires the state %o have natural spin-parity and
¢ =+ 1 while®d i would imply G = + 1, that is, if these are diff-
erent decay modes of the same atate it has I = 0, Spin-parity 0+

is preferred over 1 and 2% by Bettini et al,

The possible states belonging to the L = 0 and L =1 (qq)
nonets are shown in table 8,19. All the well-established resonances
pelow 1520 Mev are included, as sre many of the not so certain ones.
The only reported states which do not appear are the 80(700), a8
mentioned above, three exotic states (two with I = 3/2, ¥ = 1and
one with I =2, ¥ = 0) for which the evidence is not very convincing
1a view of the fact that there are as yet no well-established exotics

(125), and finally the 4; 4 (1175).

The gitustion in the case of the L = 2 (qgq) states is some=
what more speculative. For the I = 1 states there are two complement—
ary sources of date, bubble chamber experiments and the Cern nissing
mass spectrometer experiments. The latter reported four states
(R1-R4) in the mess region 1600-1900 Mev which are seen in the negative
charge state so that they must have I =1 (or 2). Unfortunately the
G-parities of these states cannot be determined. DBubble chamber
experiments have also reported several states in this region but one
of the difficulties here is that they are often obgerved in the
neutral charge state which means that the I-gpin cannot be found
although the,G-parity cen. Thus it is sometimes hard to match up
the results of the two types of experiment, Spin-parity determina-
tions from decay distributions are difficult for all experimentis and

have not often been attempted,
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TABLE 8,19
gossmmassmmmms FORL =148 L =2 (gq) NONETS

L=1
I §e = gt 1+ ot i
% £*(1409) B c(1243) x*(3200) £*(1335)
1 Az(.laoo) Al(lOTO) $(962) B(1235)
0 £(1264) p(1288) 5(1062) H(991)
0 £1(1514) B(1422) 47 (1438) ?

T, =2
1 8 = 3T 2" 1o N
¥ x*(1720)7 L(1786) x*(1852) x*(1660)
1 pyy(1663) p(1714) p(1830) 7, (1634)
0 P(1650) $(1750) ?
0 ¢, (1830)
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Only one of the four L

|

2 ponets has € = + 1 (JFC =27 1)
and a good candidate for its I =1 state is JTA(1640) (also ealled
A3) which bag ¢ = - 1 and a preferred spin;parity of 27, The
jﬁ(lGGO) or g-meson is a 271  state and therefore has matural
spin-parity. Bose statistics considerations require it to have

0dd apin and negative parity. Crennell et al., (126) prefer JP =3
from the observed 77 scattering angle distribution so 1t seems
likely to belong to the 3 ~ nonet., The .1 or 5.(15:30) has G =+ 1
but could have I = o or 1, If it has I =1 it eould correspond to
the R4 peak at 1820 Mev, 1In this case it would'have 0 =-1and

we might reasonably assume it to belong to the 1~ ~ nonet since
there seems to be a tendency for the MMS set-up to observe only
natural parity states, For example the P(l") and A2(2+) are seen
but the Al(I+) and B(1¥) are not, This could possibly be comnected
with the fact that the MMS does not observe Iresonances at very low
t—~yalues and sfates of unnatural parity tend to be produced at
gmaller t-values than natural parity ones. A bubble chamber experi-
ment studies all t~values in an unbiased way, except for pesgible
scanning biases at yery small §, The best candidate for the
remaining I = 1 state is the P(l’?l@), which could however be the
47  decay of the g-meson although their masses seem to be quite
well aeparated\(17l4 * 7, 1663 ¥ 11 Mev respectively). In the

1l Gev/c experiment two enhancements are seen in the 4 i spectrum,
a narrow one in voﬁ' at 1630 Mev and a broad one in_yifﬂ at

1700 Mev (127). It seems likely that the first of these is a decay

of the g while the other may be a different state, the (171@),
$
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which has the correct G-parity for filling the remaining gap in

the I = 1 states.

In the case of the K* states we first assigm 1(1800) to the

2~ = nonet on the basis of the present experiment. The 5 Gev/c KV
experiment report a K*(1660) which seems to have a definite K*(1420)7
decay mode (111). Since the threshold for such a decay is a% about
1560 Mev we would expect this to be an s-wave decay whieh would mean
that K*(1660) could be assigned to the 2~ * nonet. There is a slight
worry here since the same experiment has some indication 8f a X
deeay, seen in coﬁﬁructive interference with N*++. If thig is genuine
it would imply natural parity, that is, presumably F = 2" vith a
p-wave K*(1420)F decay. The same group alse report a peak af

1850 Mev which they do not claim as definite evidence for a new
_resonance because it is very ¢lose to the maximum of phase space at
that energy. However this ceineideé in mass with a 3 stendard devier
tion peak at 1852 T 8 tev reported in a Missing Mass Spectrometer
run using e K beam (128). The same spectrun shows a K*(1420) peak
but has no sign of the X*(1320) or L(1800) possibly for the reasons
mentioned earlier, Thus this peak may correspond to a natural parity
state and to mrintain rough agreement with the GMC mass formula the
assignment L T 7 geems more satisfactory than 3" 7. The only other
slight indication of & E* state in the mass reglon 1500-2000ifev is
that a compilation of data made by French (64) showed a peak at

about 1730 Mev from K%p experiments above 7 @ev/c and a peak at

1700 Mev from K p experiments of all momenta, Therefore we could
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very tentatively enter a K¥(1720) in the 3~ " nonet.

As for the L = 1 nonets the experimental situation is
worse for the I = O members, Thers is s @(1650) with G = -1
which probably hes I = 0 and a  (§,(1830), also with ¢ = = 1. The
latter eould have I = O or 1 although there would be no place in the
L = 2 nonets farf& ~ 1 possibility. Both are likely to have unnat-
ural parity, since they are not seen in the (7)) mass spectrum
which has beén well studied in this region, and thus they are candi-~
dates for the 2~ ~ nonet. Because the neutral g-meson peak has a
higher mass (1680 Mev) than the charged peak (1640 Mev) it has been
suggested (64) that there might be an I = O resonance at about 1750 Nev
but there has been no confirmation of this. It would have G=0C=+1

and thus could possibly be assigned to the 27 * nonet.

The assignments for the L = 2 nonets are shown in table 8,19,
The only reported states in the mass range 1520 = 1800 Mev which
have not been accommodated are the Fl(1540), the R, and Ry MHS peaks
(although R, could correspond to the_?(l?l@))anﬁ the KK peak repor-

ted by Fremch et al. (129) which could be the same as K.
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8,6 Tegts of assizaments to higher multiplets

8,6.1 Partisl decay rates

Having assigned the K*(1320) and L(1800) to nonets in the
(da) nodel one can compare their partial decay rates with those of
other states in the same nonet., Similar calculations have been
carried out before for 1+ and 2~ nonets (130, 151) but these have
been somewhat superceded by subsequent experimental information.
The full expression for the partial width of a two-body meson dacay
may be written {132):

o P2 X2 A

'
r.. = N. G, =
i ﬁ2 -p2 + X2

(8.51)

where I is the reduced matrix element squared

G is a Clebsch-Gordan coefficient

(p/ME) is the two-body phase space factor (p being the centre-
of-mass momentum and M the mass of the decaying state)
and the last factor represents the angular momentum barrier, X being

the inverse interazctien radius.

For a set of decays related by SU(3) it is usually assumed
that N is constant., A discussion of this and the many other assump-
+ions inherent in the use of (8.51) is given in reference 132, In
moét applications the value of X is found %o be large compared with
p and it is customary to get it equal to infinity. The partial

widths ave then proportional to G(p°r * L/w?),
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The comparison of partial widths is made between the
x*(1320) and L(1800) and the I = 1 members of the same octets, as
previously‘assigned. As a check on the assigmments of the two K¥
gtates ﬁo ¢ = -1 octets another comparison is made on the assumption
that they belong instead to C = +1 octets, I = O states are not
considered because of the complications introduced by mixing and
also because the experimental evidence concerning then is poorer
than that for the I = 1 states, Table 8.20 shovws the predictions
for decays of the types 1'—317 + 07, 2717 + 07 and 2—>2" + 07,
The (lebsch-Gordan coefficients are taken from reference 1333 the
choice of Symmetric or antisymmetric couplings (denoted by D, F in
the table) depends on whether the product of the C-parities of the
three cctets concerned is even or odd respectively. For the decays
involving I = O states the G2 column conkains an additional factor
of 1/3, corvesponding the approximate value of sin23 « A rough
measure of the compatibility between the ohaserved and predicted
partial widthe is obdained by dividing their difference by the sum
of their errors. This number is shown in the last column of the table
and we can regard the values greater than 2 as being unacceptable
while those less than 1,2 seem consistent. There is however one
additional factor which has not been considered. For the I = 1 decays
which invelve D-type (symmetric) coupling there can be contributions
to the same decay modes from singlet-octet coupling as well as from
octet-octet coupling., This could be taken account of by introdueing
additional parsmeters but this is probably not worthwhile here. Such

contributions must be particularly importent in the decay B—&71 since
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TABIE 8,20 a
COMPARISON OF T = 1 AND I = & PARTIAL DECAY RATES
Type of fiﬂ Partial widths(Mev)
¢ Decay mode coupling 6~ [ n2 Experiment : Predicted X
e 17007 |
+ A Tl F 2/3 0 0.203 95 I35 input - i
+ Q —>K*(890)T F /4 © 0,195 110 = 24 5413 20
- B h D 1/15 0 0,230 102 L 20 input -
- Q > K*(890)T D o/20 0 0.195 110 %24 390 T80 2.7
i
+ 1, (1640)— PR F 2/3 1 0.0935 <26 input -
+ L—>K*(890) 7 b /4 1 0.090- 46 t 16 <9 2,3
- 9(1710)—-———>w°7? D /15 1 0.102 1727 input -
- L——Kk*(B90)T D 9/20 1 0.090 46 = 16 98 £ 40 0.9
2':_—;22++ 0
+ 71, (1640)— £°7 D /15 0 0.114 23 %13 input -
4 L——E*{(1420) 7 D 9/20 0 0,099 25 %19 135 £ 75 1.2
- p(1710)— 4,70 P /5 0 0.117 27 =13 input -
- L—>3 K*(1420) R F /4 0 0,099 25 =19 gfa4 0.7
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the assumption of only octet coupling predicts a partial width of

390 Mev for the corresponding X* state, which is much greater than
one would expect, The strongest conclusions come therefore from the
P~type couplings and these indicate in all 3 cades definite preferen-

ces for the assignment C = -1 to the K*(1320) and the L(1800).

8.6,2. Mags splitting

Following the success of SU(3) as a description of hadron
states the group SU(6), which contains as sub-groips su(3) (for inter-
nal symmetry) and SU(2) (for intrinsic spin J), was suggested as a
possible symmeiry of the hadron spectrum (134). This extension was
analogous to Wigner's desecription of the nucleon-nucleon system in
terms of SU(4) at an energy where contributions from strange particle:

effects were negligible (135).

In the quark model, the low-lying (qq) states posaess SU{(6)
symmetry (o the extent that the motions of the individual quarks
may be treated non-relativistically). The validity of the static
approximation may be justified by the large masses that quarks must
have (if they exist) for them not to have been easily obsexved at
ourrent accelerator energies. Whether the (gq) model or SU(6) (or
neither) is generally true for the whole meson specirum is a matter

for experimental test,
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The I = O states correspond in SU(6) to irreducible multi-
plets with dimensienality 3% and 1, obtained from the product:

6 @8 = 35061 (8.52)
The SU(6) singlet is the SU(3) singlet of the 180 nonet, Higher
elusters in the (qq) model contain in general %6(2L + 1) states and
moy be described in terms of the representations of the group
u(6) g U(6) ® 0(3) (136), whereas in su(6) the higher memon states
ave usually assigned %o the multiplets 189 or 405 (137, 138). One
disgdvantage of these higher sU(6) meltiplets is the presence of

exotic states, none of which have been established experimentally.

Mass splitting between (qq) nonets having the same value of
L is caused by the presence of non-central but sU(3) symmetric forces,
There are several possibilities for guch forees, any or all of which
may contribute in a given situation,
a) Spin-orbit force

This is analogous %o the Russell-Saunders (ng) coupling between

electrons which is one of the contributions to fine structure in
atomic spectra (139); it gives rise to a mass econtribution of the
form:

et a? (35 + 1) -1+ 1) - 5(s + 1)) (8.53)
This gives the following contributions (in units of aa) to the four

nonets in a given I-cluster:

3 .3 .‘: ol — PR R T, .
A A (L +1) : 0 (8.54)

Thus the Qwo L = J nonets have splittings which are independent of L
while the states with J = L = 1 ocour on either side of the L =J

pair and move ferther away as I, increases.
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b) Spin-gpin foree
This corresponds to the j-j coupling in atomiec spectra (139).
It contributes a term

-
v° 8(S + 1) (8.55)
that is, 2b2 for tiiplet states and zero for singlet states,

¢} Tengor force

This gives the following contributions to an IL-cluster

31, . O . O, +1 L L+1

Le1d Wt ot T+ 5 ¢l iRCY

*:0

(8.56)
Thus the two L = J nonets again have I~independent mass eontributions
whereas those with J = L ¥ 1 nave relative splittings which approach

%+ (from below and above respectively) as L increases.

The predictions for the aplittings due to these three types
of force are shown in table 8,21 for the ten assigned nonets, The
relevant nonet mass to use iwm that of the I = 1 state, which is alse

shown in the table,

For the L = O nonets the spin-spin coupling must be the dom-
inant cause of the large masgs splitting since both gpin-orbit and
tensor forces would predict lso to lie above 381. For the L = 1

cluster, spin-orbit splitting predicts equal mass separations for

the states 3P2, 1Pl} 3 1?

observed separabions ave 0,165, 0,380 and 0.220 Gev which is quite

P 3P0 (in order of deoreasing mass), The
" good agreement compared with the tensor fard¢e which would predict
3Po to have the highest mass. The 5.8 forces do not seem important
in this case either. (Beeause of the splitiing of the Az it is net

elear what mass value should be used for the 2+ state, If a value

of 1,32 were used in place of 1,30 the value
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TABLE 8,21

MASS SPLITTING WITHIN ASSIGNED (qq) NONETS:

L Nonet w(p) L8 7 8.8 (x¥*—p)
0 75,07 0.585 -1 -1 2 0.211
s 07 0.019 0 0 0 0,227
1 7p,2™ 1.6% 1 1/5 2 0.296
e 1" 1.145 -1 -1 2 0,400
Ip,, 0" 0,925 -2 2 2 0.285
p, 1% 1.525 0 0 0 0.257
2 31)3 ,3‘;“.“’ 2,766 2 2/7 2 0.192
’p;,27" 2,938 -1 A2 0.261
S 3,349 =3 1 2 0,081
p ,2~* 2,670 0 0 o 0.086
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of the first difference quoted above would be increased to 0.244).

For the L = 2 nonets spin-orbit splitting does not seem to
be so doﬁinant. Instead 6f predicted separations of 2:1:2 the obser-
ved values are 0,006 : =0,268 : -0,411, A tensor foree gives better
agreement for the triplet state where the experimental separations of
0.58%, 0,096 are to be compared with the expected ratio of 5:2, The
'singlet state is too low in mass but this could be explained by the
presence of a spin-epin term with the same g#ign as in the L = 0 case,
in contrast to the speculation of Zweig (140). Greenberg (141) has
discussed the possibility of obtaining agreemenf with a suitable mix-
ture of spin-orbit and tensor forces and considers that this ean be

achieved within errors.

The splitting within a nonet due to 5U(3)-breaking inter-
actions can be explained most simply in the quark model by assuming
the A~quark to have a larger mass (by an amount d) than the p and n
quarks, which are kept equal in mass to pregerve the SU(2)I gymmetry.
Each Arquark which ig eontained in the quark structure of a state is
assumed to contribute an amount & to iis mass, weighted by the cogffm
jcient of its contribution to the siate, Because the I1=0,Y=20
states ean mix, the masses of the physieally observed states will be
functions of both d and the mixing angle, The best test ¢f the above
assumption is therefore to use the I = 1 and I = + states, for which
the following relation exiéts between the squares'of the masges:

8 = B -y (8.57)
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The values of d2 for each of the 10 nonets are shovm in table 8.56
and it can be seen that the above relation is quite well satisfied
in most cases, especially when it is considered that the mass values
are not Enown very accurately for the higher multiplets.

One particularly simple form of nonet, of ten known as an
su(6) nonet, is that proposed by Okubo (87)zn{¢hich was discussed
earlier. (It should be noted that the term "ideal”, which is gsome-
times used for such 2 nomet, is used by Dalitz (118) to refer to a
rather more general type of nonet, namely one satiafying the Schwinger
relation). The Okubo ansatz is equivalent in the quark model to having
equa) masses for the octet and singlet states which make up the nonet.
In this cage the physical singlet states consist of only non-gtrange
and strange quarks and this implies that states containing only strange
or only non-strange quarks respactively cannot couple to the singlet
states via a one-quark trangition. The resulting mass relations

,9 =

$ + w= K*
are well-gatisfied for the vector and tensor nonets. This is congis=
tent with the observations that ((1020) and £'(1514) decay mainly
into strange particles whereas £(1264) does not. Unfortunately it is
not easy to test these relations very easily in the case of the higher
nonets because the assignment of the I = 0 states is not always possible
and, even where it has been done, is probably the most suspect part of
the whole scheme. However, as was noticed also by Niizeki (131), the
2™ ~ nonet does appear to satisfy the two mass relations fairly well,

the values of the two sides being (in mass squared):
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2.9

2.7T2

6.40

it

and 6.07

Regoe trajectory agsignments

If the Regge hypothesis (142) is valid for the strong inter-
éetion scattering amplitude the spins of the particles and resonant
states are expected to be smooth functions of their masses (143).

The dependence of J on M may be represented on a Chew-Frautschi plot
(144) by smooth curves known as Regge trajectories. Unlike the situa-
tion in potentiel scattering where the Regge hypothesis originated,
the strong interaction trojectories appear to be approximately linear,
For mesons linearity is better satisfied if mass squared values are
used; this can be justified by the same arguments given earlier in the
case of mass formulae. The Regge concept is perticularly useful in a
crossing symmetric situation since the trajectory function which joine
the various particles, when extfapolated to the negative mass region,
should alsc describe the particle system which is exchanged in the
t-channel (or u~chammel in the case of baryon trajectories). The
particles which lie on a particular trazjectory shere the same internal
quantun numbers but have spins which differ by units of twe, In the
case of baryons there sre a large number of states with well-established
spin-parity and these are found to lie on linear trajectories with
slopes of about lGev—Q. For mesons there have been relatively few
conclusive JP determinations mainly because the technique of phase~

ahift analysis used for baryons is net &pglicablé.(at least not in such
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a simple way) to meson systems, As a result there have been few
Regge recurrences established for mesons, However the description

of t-chaﬁnel processes in terms of Regge trajectory exchange has
showm yhat the hypothesis of linear trajectories is not inconaistent
with experiment. States belonging to L = 2 nonets could be the

first Regge recurrences of corresponding atates in L = 0 nonets.
Actuaiiy only states in the 3  and 2~ ¥ 1 = 2 nonets can be
recurrences since the 2 and 1~ T correspond to nonsense states

for the L = 0 (qq) system (145). Por the first recurrences on
trajectories belonging to these lagt two nonets ﬁe would have to go
to at least L = 3 (éE) atates and these have not been dealt with
here, Instead we can make use of the hypothesis of exchange degen~
eracy (146) which assumes that the same trejectory function deseribes
pairs of trajectories sharing the same internal guantum nunbers
except for having opposite values of ¢, P and signature (the signa-
ture of a meson trajectory is I according to whether it joins states
with even or odd spin values). This then implies that states in the
unnatural spin-parity nonetz 3LL, 1LL each constitute a single degen~
erate trajectory. For the natural parity states the situation is
not uniquely defined as there are two trajectories for each signature
end therefore two ways of combining the four trajectories in order to
achieve exchange degeneracy, It seems natural to assume that it is
peirs within the same nonets which become degenerate (147). This is
supported by the fact that il the other choice is made the combined

trajectory would be forced to have & negative slope when passing
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through some integral spin values, a condition which is not allowed
if the trajectory is to give rise to physical resonances at such

values,

Exchenge degeneracy arises in a natural way for mesons
when they assumed to consist of a (qq) pair (or if they are assumed
to be bound states of a baryon-sntibaryon system as suggested by
Fermi and Yang (148), 'The difference between a pair of trajectories
with opposite signature arises from the presence of a space—exzchange
potential, In the (d;) model such a potential corresponds to the
exchange of two guarks (or two antiquarks) in the u-channel and this
is expected to be weak compared to the direet potential because of

the large quark mass,

The assigning of higher meson resonances to Regge traject-
ories has been disoussed before by several authors (147, 149). Many
of these discussions have been highly speeulative since they have
allogated states té tra jectories even when there are ne indications
a8 to their spin-parities; this is particularly trus of the peaks

found in the missing mass spectrometer expsriments.

4 linear Regge trajectory is usually specified by its slope
and its intercept at HZ = 0, These parameters have been calculated
for the assigned states, assuming exchange degeneracy when necessary
due to the lack of two states on a single trajectory. The results
are shown in table 8,22 for the I =% and I = 1 siates éeparately.
It csn be seen that there is very good agreement between the slopes

for corresponding T =+%and I =1 trajectories., The intercepts
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for the K¥ trajectories are lower in every case but this is simply
s reflection of the fmet that, for a given nonet, the K* states
have mass squared values which exceed those of the T = 1 states by

about 0.200 Geve. For the L and lLL cages we have three

L+ 1
points which should lie on the same trajectoxy if the assumpbion of
exchenge degeneracy is valid, The lower part of table 8,22 shows the
slopes ocalewlated for each pair of particles (the pair 1-3 is the same
as that given in the top half of the table)., In each case the 1-2
slope ig less than the 2~-3 slope which means that the trajectory 1-3
is in each case higher than the partner of opposite signatures (to
the extent that the linearity of the trajectories is a valid approxi-
mation). The small slopes found for the two nonets where exchange
degeneracy had to be assumed may be partly due to the same effect

but net entirely since their slopes are less even than the calculated
1~2 slopes for the other nonets. The direction of separstion is not
correlated with the signatures since two nonet sequences (ELL -1

and lLL) have their positive signature trajectories higher while the
other two have the negative sigmature ones higher. Nor is there any
connection between natural or unnatural parity and the signature of

the higher trajectory.

Although exchenge degeneracy is not satinfied exactly the
pairs of trajectories from each nonet sequence are fairly cleanly
separated from each other, This can be seen from table 8,23 which
shows the intercepts for each of the gixteen trajectories. (Where

only one state exists on a trajectory the slope used is the mean of
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the slopes for the better determined cages). In both the I =%
and I = 1 cases the trajectories occur in the order (starting with
. ) . 3 1 b 3 .
the highest or leading trajectory) Ly . 1 Lynand. Ly, . q» With
gome slight overlapping between the middle pair. Thus the hypo-
theasis of exchange degeneracy doeg geen to be approximately satis-—
fied,
TABIE 8,22
REGGE TRAJECTORY PARAMETERS
3 3 3
I"L + 1 LL LL -1 1LL
T ==
310133 0093 0061 0-45 0.80
interceépt 0.26 0.07 ~(,55 0,20
I=1
slope 0.92 0.56 0.41 0.75
intercept 0.46 0.%6 ~0,38 ~0,01
Agsuming sxchanre degenerany
1

I=%

" 2""'3 1003 - - 1.03

" 1_3 0.95 - bt 0080
I =1
slope 1-2 0.91 0,56 0.41 0.66

woo2.3 0,95 - - 0.87

" 1-3 0.92 - hand G-75
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TABIE 8.23
INTERCEPTS OF THE (qq) MESON TRAJECTORIES

Nonet Signature =% I=1

L,y - 0.26 0.46
+ 0.15 0.45
L, + 0,20 ~0.01
- 0,43 0. 14
’Ly - -0.34 0.04
+ -0.78 0.47
L _ + ~1.05 -0.78

- -1.98 -1,81
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CHAPTER 9

GENERAL BEFAVIOQUR OF REACTIONS AT HIGH ENERGY

Having established the quantum numbersof the XK¥ resonances ebserved
in 10 Gev/e K p interactions the second impertant probvlem ean be tackled,

namely that of explaining the dynamics of the production process in each

of the four cases.

The following are the quasi two-body reactions which will be

digscussed:

Kp —> pK 2)
tk*(1320) b)
pL~(1800) c)
pk*"(890) | a)
pk*(1420) e)
nk*°(890) £)
ax*®(1420) g)
§* (1236)K° n)
vyt (1385) 1" i)

Of these b)ég) are those which are being studied in detail here;
the other three reactions will be referred to from time to time by way of

comparigon.
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The experimental information available for a quasi two-body
reaction in which a spinless meson hits an unpolarised nucleon target and
in which the polarisation of the final state pucleon is undetected, may
be divided into 3 categories:

i} total cross section for the reaction;

ii} production angular dgistribution;

iii) decay angular distribution, when one of the particles decays.,

2.1 Total scattering cross sections

Before discussing total eross sections for individual
reactions it will be useful to mention briefly the behaviour of the
totel scattering cross section for a pair of hadrons, that is, the
velue summed over all possible reactions, In the low energy region
(up to about 2 Gev/c incident momentum) this quantity is dominated
by a series of peaks due to direct-channel resonances, provided the
g-ghannel gquantum nuﬁbers are nonwexotic, Above this momentum the
effect of these resonances dies away and all cross sections fall
slowly, some more slowly than others, up to about EOGev/c. This
behaviour.,sgemed to be congistent with the theorem, first proved
by Pomeraﬁshuk (150) from dispersion relations and later by other
authors from different initial assumptions (151), which requires
equal total cross sections for the scattering of a particle and its
antiﬁartiele on & given target particle in the limit of infinite
energy (this is called the esymptotic 1imit). The differences

between particle and antiparticle cross gections did seem to be
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monotonically decreasing functions of momentum for the pairs

+ o+ - ut
ffﬂp, K p and pp, PP (Actuslly the asympbotic equality of /I P
cross-gections follows from the weaker assumption of I-spin inde-

pendence (152) ). However measurements of % v, K p and pp total

cross sections up to 65 Gev/c at the Serpukhov proton synchrotron (153)

have shown that although the E@ cross section continues to fall the a
cross sections for 7 and X flatten off and appear to become con-

gtant, As yet no measurements have been made with positive beam part-
iecles so the behaviour of the particle-antiparticle cross—-section
difference is not known, To maintain consistency with the Pomeranchuk
theorenm it seems as if the ﬁ+p and K+p croas seétions will have to

increase from their values at 30 Gev/c.

Total crosg-gaction for ;ndivgdual reactions

The general behaviours of the total cross section for a
particular reaction as a function of increasing energy is that it rises
from zero at threshold, reaches a maximum and then falls off monotoni-
cally, If the threshold is low enough and if the s-channel quantunm
mmmbers are non-exotic there may.be dominant resonant peaks super-
imposed on the otherwise gmooth energy dependence in the region below
2 Gev/c ineident momentum, Indeed it is just the presence of resonances
in the more important reactions at this energy which gives rise to the

peaks in the total cross sections,
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For some reactions the high-energy cross section falls
off very slowly {at a similar rate ag do the total cross sections)
while for others it falls off very much faster. It is clear that at
least some of the partial cross seetions must fall off faster than
the total secattering cross sections in order %o accommodate the new
channels which are continually opening up and which are observed to

have non-zero cross sectionas,

In the region above its maximum the total cross section for

a reaction is reasonably well described by an expression of the form:

¢ = ¥(p/po)” " (9.1)
where X and n are constants for a partiecular reaction, p is the inei-
dent laboratory momentum and po is & universal sealing factor which
may be conveniently taken as 1 Gev/e (154). For quasi %wo-body
reactions it has been found that there is & fairly clean separation
into four groups according to the value of the exponent n in (9.1),
From the reactions which fall into each group it is clear that there
is a correlation between the grouping and the values of B, Y which

are exchanged between the initial and final particles:

I) n=0,2 : exchange of B=0, ¥Y=0
II) n=1.6 n " B=0, ¥Y=0
III) n =20 " " B=0, T=1
IV) n = 3-4 3 " " B=1, ¥ <1

To-these ons may add a fifth category which corresponds to the exchange

of an exotic set of quantum numbers:
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¥) n =10 : exchange of an exotic (B, 1) pair (155)

(These values of n are average values for the reactions in each class).

In the high-energy region all quasi two-body reactions are
strongly'peripheral. Where B = O is exchanged it is the momentum
transfer t between initial and final mesons (or between initial and
final baryons) which takes on only small values., This corresponds to
a simple description in terms of twchannel exchanges. (It is assumed
here that we are congidering s meson-baryon interaction but there is
no essential difference invelved for reactions with incoming baryons
or sntibaryons), When the exchanged system has B = 1 then the momen-
tum transfer u from initisl meson to fimal barydn (or vice versa)
will be dominaently small, Thus each gquasi two-body reaction at high
energy can be cleanly geparated into two reactions, corresponding to
the forwsrd and backward peaks, The forward peak reaction will
contribute to type I, II, III or V whereas the backward peak will
belong to IV or V, The division into just these particular classes
ig to a ceriain extent arbitrary. In principle each combination of
exchanged quentum numbers ghould constitute s type whereas the
baryon exchange and exotic exchange reactions have each been grduped
ag a single type. & more detailed study of such resctions might
enable subdiviaions to be made according to the values of n, for

example into strange and non-strange baryon exchange reactions.

The six reactions which are being ptudied in detail are all
of the general form:

Fp — pk* or axx® (9.2)
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Tn the t-channel these correspond to non-strange meson
exchange, that is types I or II; in the u~channel they correspond
to type V since a baryon of positive strangeness would need o be
exchanged. So far we have not distinguished between. categories 1
and II, both of which involvé B =0, Y= 0 exchange, Reactions in
clase I are_“disttnguished by having all their exchanged internal
guantum numbers zero (or positive for multiplicative ones like
G—parity). This set of guantum numbers is often referred to as the
set of quantum numbers of the vacuum, The above condition is a
necessary but not a sufficient one for a reaction to belong to I
because class II also contains reactions with the vacuum gquantum
numbers exchanged, This class also contains the other reactions with
I =0, Y =0 exchanged, for example, those where the exchanged I-gpin
or charge is non-zero or where the exchanged G-parity is negative.
Figures 9.1 and 9.2 show the log=log plots of ¢ against p for
reactions £), d), ), g) and h), If (9.1) holds these should be
gtraight lines of slope -n. The lines in figure 9.1 are actually
drewn for n = 2 whereas in figure 9.2 they are obtained by fitting to

the expression (9.1) using data above sev/c.

Table 9.1 shows the values of the exponent n for reactions
a) - i). In,all cases it is the forward peak (t~channel exchange)
which is being considered., The quasi two-body reactions account
{ag far as is ¥nown) for enly about 19% of the total cross section at
10 Gev/c so that even if we had & gsueccessful deseription of them we

would still not have a complete understanding of the K p system,
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TABLE 9.1

TOTAL CROSS SECTIONS FOR TWQ-BODY REACTIONS

Final state ( f"b) exponent n (1 = 4n) expected o0)  Type
a) X~ 5200 £ 140 0.36 £ 0,01 0,82 1.0 I
b)  pk*T(1320) 575 % 72 ~0.3 0.85 1,0 I
¢)  pL”(1790) 165 ¥ 79 small ~1.0 1.0 I

ﬁ a) px*(890) g2 L g 2,00 0,24 0.0 0.46 II

o) pk*"(1420) 58 £ 10 1,98 £ 0.37  0.01 0.46 II
£)  nxx°(890) 54 < 13 2.3 Lo.4 0.5 ~0,01 T
g) nx*°(1420) (R 0.4 Yo 0.2 0,01 1T
n) mxt(1236)%” 35 L4 1.6 Y o.4 0,2 0.46 =
1) v (ses) AT 1234 2,7 %

0.2 ~0.35 0.26 TII

TOTAL 4269
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However the relative simplicity of these reactions conpared with
the higher multiplicity channels makes them a reasonable starting

point.

On the basis of exchanged gquantum numbers, reactions f),
g) which involve non-zero charge exchange and 1) which involves non-
zero I-spin exchangs would be allocated to type 11, which is consis-
tent with the observed exponent of about 2. Reaction i)} requires
strange meson exchange and has a slightly higher exponent, consis-
tent with that found for type III reactions, Reactions 8) - &)
could belong to either of the first iwo categories from exchanged
quantum number considerations alone, However the values of n suggest
that &) — ¢) are type I whereas d), e) are type II. This means that
the K*(890) and K*(1420) reactions in both charge states are all of
the same type which is consistent with the apparent similarity of

these four reactions.

Sinece type I reactions have the pmallest values of n they
will become the dominant two~body reactions at a sufficiently high
enercy. That this is already the case at 10 Gev/c can be seen from
the cross-sections given in table 9.1, Of the 19.0% two~body contri-
bution to the total cross-section, about 17.5% comes from reactions
a) - ¢). BEven if the elastic scattering contribution is excluded the
corresponding percentages of %,% and 1,5 still show the same effect,
It can also be seen that the contributions from type II end type III
resctions are progressively less, Upper limits for cross sections of
typical type IV and V processes are 0.6 ub for = k" (11) end 0.3 ph

for backward elastic scattering (10).
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The above classifiecation can be given a simple-minded
interpretation based on the exchange of Regge trajectories. The
differentisl cross-section for a two~body process is given by:

& _ L1 5 (o
G5 = ool |7

(9.3)
where T is the relativistically inveriant scattering amplitude and k
is the initial centre-of-mass momentum. At high energies the Regge

exchange smplitude has the asymptotic form (156):

. (%)
)i

2s, 6) = FB() (o/s, + o(s™) (9.4)

where the sum is over all trajectories which can be exchanged in the
process, Bi(t) incorporates the residue and signature functions for
the ith trajectory and 8 i3 an arbitrary scaling constant. The
last term represents the contribution from the background integral
in the Sommerfeld-Watson transform. At high energies the dominant
contribution will come from the trajectory with the largest o«L(t)
(bpson trajectories are real functions to a good approximation)
provided this trajectory has o(t) > ~% in the physical region. ir
a linear trajectory function

A1) = ollo) + oL't (9.5)

is assumed then (9.3%) becomes

%i: #ié? (s/80)° «(0) bt (9.6)
where b = 2! 1n(s/sa) (9.7)

and some constants have been incorporated in the function B(t).

i
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Since B ig only a slowly varying function of t we may, to a reason-
able approximation, treat it as constant when integrating over t-to

obtain the total cross section. Naking use of the (exact)'relation

rs? = m,p (9.8)

where m, is the target mass this then gives:

e 3 (w02 O =2 (n) a2 (o)

where again B(t) has been modified by the inclusion of any required
congtant factors, At high energy the last factor in (9.9) can be

expanded in inverse powers of p and gives

(/2240 = 14 (o) (me® 4w m) @)+ OGR) (9.10)

vhere m, is the mass of the beam particle., Sinece from (9.7) we can
see thaf b is only a slowly varying function of 8 (compared with
s “(O)) we obbtain the result (9.1) if we make the identification
n = 2~ 2x(0) (9.11)
Thus the exponent n may be interpreted in terms of the intercept of
the leading Regge trajectory. The effect on the value of n due fo
some of the approximations made in deriving this result are:
i)} The eantributiens of lower trajectories will mean that the
observed value of n will be larger than that predicted by (9.11);
3i) Due to the slow s—dependence in the factor b the observed value
of n will again tend to be larger than expecteds
iii) The effeet on n of the kinematic approximation (9.10) depends
on the sign of o/(0). If this is positive as it will be in
general for the leading trajectories in meson exchange reactions,

the value of n will again be slightly larger than given by (9.11).
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Thus there has been a general tendency to underestinate
n so that we might expect the experimental values to be somewhat
higher than expected from the leading trajectory intercepts. In
principlé one could calculate the effect of the above contributions
on the value of n but this is probably not justified in such a simple-
minded tresatment. One would then also have to consider corrections

due to non-asymptotic behaviour of a single Regge term,

The values for the intercepts calculated from the experi-
mental values of n are shown in table 9.1, Also shown are the inter—
cepts expected which are taken (except for reactions a — o) from
table 8,23, Alfhough the production mechanioms have not yet been
discusged it will be shoﬁn later that reactions d4), e) occur mainly
by w'-exchange while f), g) are mainly 7l -exchange. Reactions n), i)
cannot oceur by pseudoscalar exchange because this would require the
coupling of three paeudoscalars at one vertex which as we have seen
pvefore is forbidden, Theyare therefore expected to ocour by non-
strange and strange vector exchanges respectively. This is consistent
with anslyses of these reactions st other energies, For reactions
d) - i) the values of o(0) predicted from the exponent n are all
lower than the known trajectery intercept (as expected) by amounts
which range from 0.2 to 0.6, However bearing in mind the approxima-
tions involved this may be considered to be reasonable qualitative
agreement, Baryon trajectories are known (from Chew-Frautschi plots)
to have negative intercepts; this is consistent with type IV reactions
where the observed exponents of 3.0 - 3.5 correspend to intercepts of

0.5 to ~0.75. As for the type V processes, since no exotic states
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are known we have no idea of what their trajectory functions would

ve like, If they have similar slopes to the other trajectories then
the firet realisations of sueh particles would have to be at very
high messeés in order to give rough agreement with an exponent of lo.
However it is likely that some mechanism other than single trajectory
exchange would be more important, for example simultanocus exchange
of two or more particles or, in the Regge picture, the exchange of

J~plane cuts.

Again we have left type I reactions to the end of the dis-
cussion, This is because we are not so clear abogt the underlying
mechanism for these reactions. If an exchanged trajectory is responsible
it seems to have an intercept of approximately 1. This is im fact
the meximum intercept allowed for a trajeciory because of the bound,
first proved by Froissart (157) wsing unitarity and the Mandelstan
representation and later by Martin (158) from quantum field theory
sxioms that the total cross section cannot grow faster than (lns)2
in the ssymptetic limit. A trajectory with an intercept greater than
1 would clearly violate this bound. The existence: of a trajectory
which exactly satlafles the Froissart bound was first suggested dy
" Chew and Frautschi (144) in ordex to explain the apparent constancy
of total cross sections at high energies as ghown by the experimental
data then available. The trajectory is usually referred 4o as the
Pomeranchuk trajectory (or P@meron) beeause of its obvious comnection
with the Pomeranchuk theorem, To satisfy the latter it must have

positive signature; it also has zero for all its additive internal
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guantum numbers and +1 for all ite multiplicative cones so that it
is often oalled the vacuum trajectory sinece it possesses the vacuum
guantum numbers, The first thysical particle on this trajectery would

be expected to have JPC = 2++

and both the £(1264) and £'(1518) mesons
have been suggested as possibilities for this state., The létter is
more consistent with the slope of about 0.47 obtained from measure-~
ments of p-p elastic scattering up to 65 Gev/e (159). However it is
probably more likely that the f and f' belong on a more normal type
of meson trajectory consistent with their assignments in the ot
nonet, The small slope of the Pomeron, iogether with the absence of
any nearby trajectory with which it could be approzimately exchange
degenerate may mean that it is not in fact s Regge trajectory at all

but the effect of some other type of J-plane singularity. This point

will be discussed in more detail later,

9,3 Production angular distribution

This is often called aimply the differential cross-section
(DCS) although it is strietly the DCS integrated over all relevant
kinematie variables except the ¢entre of mass scatiering angle 8 .
It iz setually more useful at high energies to use the Nandelatam

variable t which is related to 9 by:

t = (pa - pc)g = ma2 + mg - EEaEc + Zkk'eosf (9.12)

where Ea’ Ec are the energies of particles a, ¢ and k, k' are the

centre of mass momenta in the initial and final atates., This leads
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to the expresaion:

2 2 2 2 2 2
2st = 2s(n_ + mc) -{s +m, - mb) (s +m - md) +

+ cos B n\ (s, m., m ) ?(f(s 2) (9.13)

c’ ']
where the function A was defined earlier (soe relation 8.41), The
value of & can be found from the known beam momentum using the rela-

tion
2 2 2 2
5 = mg 4m ¥ 20, (ma +p Y% (9.14)

and its value corresponding to the central value of p in the present

“experiment is 20.13 éevz.

The value of -t is restricted to the range ("tmin' "tmax)
whose extreme values correspond to direct forward and backward scatt-
ering (cos 8 = *1). vValues of t s for the reactions studied are
shown in table 9,2, They are calculated using central mass values

gso that for resonances of finite width it is possible to have values

which lie outside the above range,

The forward peaks of two-body reactions at high energies can
be well represented (within present experimental errors) by the
relation

der bt
& = se (9.15)

where &, b are constants for a particular reaction. The parameter b
is usually referred to as the slope of the DOS since it is the grad-
ient of the straight line obtained when (9.15) is displayed with a
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TABIE 9,2

Final gtate t

Umin
(Gev®)

&) Pk 0.

b)  pK* (1320) 0.01

¢) pL(1790) 0.03

a) upk*(890) 0,004

e) pk* (1420) 0.007
£) nk*°(890) 0,004
g) nE*°(1420) 0.007
n) wet(1236)K -

i) Y;*(lsss)iw“ -

uud

(Gev

0,06
0.0
0,0
0.1
0.05
0.0
0,0
0.0

0.1

g

Slope velues b (Gev_z)
ty = 0.4 ty = 0.6
q7%02 13%o0a
75506 7.5% 0.5
6.1%*0.8 6.1%05
5.0t 1.4 5.7% 0.6
4.6%1,0 4.9%0.7
2.1%1.0 45106
6.5 1.0 6.4 7%0.8
5.9%0.8 5.8%0.5

- 4,25 3,1

Since all values of t given in the table are negative, the sign has

been omitted for eonvenience,
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logarithmic scale for the cross-section., Figure 9.3 shows such
plots for the nine reactions a) - 1). (The significance of the curves
drewn on some of these plote is not relevant here.) The independent

variable is actually %! whieh ig related to % by

£ =t . -t (9,16)

Since all possible values of t for the reactions gtudied are megative
we will (as before) often refer to t or £ as being positive quantities
in the discussion but in formulee the correct definition will be adhered
%0. TFrom figure 9.3 one can see that the behaviour (9.15) seems to be
satisfied out to values of %' of about 0.8 (Gev/c)g, but that beyond
thie the DCS bends upwards. Pigure 9.4 shows the small +* region

for the same reactions d), o) and i) where the cross section appears
to decrease strongly mear ' = O. Tt i@ here that the usefulness of
using t' rather than t as the independent variasble can be seen, If %
hed been used the vanishing of the cross-section at t = tmin required
on kinemstic grounds alone would have masked the fact that three of

the reactions shovw a non-kinemstical dip at amall t-values,

The values of the slopes are also ghown in table 9.2, calecu-
lated from an initial t' value ti (chosen to exclude the dips at low
t', when present) to each of fwo final values ), both chosen well
below the points at which the cross gections begin to bend upwards.

The two sets of values are compativle.
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As can be seen from (9.6) the simple Regge trajectory
exchange amplitude leads %o a relation of the form (9.l5) if the
slow t-dependence in the redsidue function is neglected, The value
of the slope b is predicted to increase with energy like 1n &, while
the rate of increase depends on the slope of the deminating trajectory
(o'). This behaviour is not as universally true as was the total
cross—section behaviour. In the case of elsatic scattering, for
which the available data is most extensive, it is the same trajectory
(the Pomeron) which is expected to dominate at high energies. Although
the ln 8 behavieur is fairly well gatiafied in all cases, the traject-
ory slepe obtained from different reactions is not the same. Por pp
seattering the most recent measurements extend to 70 Gev/c (159) and
give a value for of' of 0.47; the slopes of the thp and K p elastic
differential cross sections are approximately independent of s which
implies o' =0 (160); Kfp elsatic scattering leads to a trajectory
slope of 0.9; finally, for 3@ scgttering the slope b actually de&reases
with incressing s {161) which corresponds %o & negative (unphysical)

gslope for the trajectory.

For inelsstic reactions there is also no universal behaviour.
Table 9.5 shows the slopes for the resctions studied as well as those
for the corresponding K+p reactions, The more accurately determined
elastic slopes are shown for comparison, while the reactions involving
the L(1800) have not been included because of the lack of data from
other experiments. There seems to be a tendency for the slepe of
pK*"(890) to increase with emergy whereas thet for pk* (890) ie

approximately constant. This is the reverse situation to that
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TABLE 9.3
SIOPES OF DIFFERENTIAL GROSS SEOTTONS AS A FUNCTION
OF INGIDENT MOMENTUM FOR Kﬁp REACTIONS

Kp X"p g (1320)  pR*(890) k¥ (1420) nk*%(890) nk*°(1420)
4.1 Gev/e 7.62 = 0.51 - 4.0 £ 0.3 - 3.6 & 0.3 -
4.6 - - 4.2 L 0.5 - - -
5.5 7.52 £ 0,50 - 4.6 £ 0,2 - 3.3 £ 0.3 -
6 - - 4.8 %05 3.4%0.6 - -
7.2 7.00 = 0,65 - - - - -
7.3 - w85 - - - -
9 7.28 £ 0.61 - - - - -
10 7112 0.25 7.5 0.5 57206 4.9 0.7 4.5 %0.6 6.4%0.8
11.9 6.93 < 0,32 - - - - -
12.6 - 12 - - - -
15,9 6.05 £ 0.40 - - - - -
ttp K &xt(1320) ket (890) _L.xi (3 420) .
5 Gev/e  4.19 = 0.34 - 3.6%0.4 -

3.5 4,26 £ 0,32 . 3.2%o,5 2.88%0.33
443 4,69 % 0.41 - - -
5 5.15 £ 0,54 8.7 = 1.2 42611 4.5 F L6
6.8 5,20 £ 0.50 - - -
9 - - 3.34%0.29 3.0 20,26
9.8 5,88 £ 0,26 - - -
10 - - 3.7%0,5 15704
12,7 - o5  4.8%1.0 -
12,8 6.17 £ 0.22 - - -
14,8 6,35 = 0429 - - -
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whieh cccurs in the corresponding elastic processes. For the other
inelastic reactions there are not enough slope values available to
give a significant picture of the energy variation., The slopes for

pE*E(1320) have been taken from references 101-117; those for K*(890)

and XK*{1420) are reported in references 162~185. There will be some
point te point discrepsncies in these values arising from the use of

different ranges of t in the calculations of different experiments.

9.4 Behaviour of slopes as a function of mass

As mentioned briefly in chapter 7, resonance production at
lower energies (2 - 4 Gev/e) is characterised by being much more
peripheral than the hackground processes, Thus, for example, a
Chew-Low plot (m2 against t) gives a very clear indication of reson-

ance production since events in the resonance mass region will be

clustered near the low %t part of the kinematic boundary. At high
energies such behaviour does mot occur in most reactions, Instead

the type of behaviour illustrated by (9.15) may be a relevant des-
eription not only for the quasi-two-body resonance production but
also‘for the background processes, In the latter case t has a gen—
eralised definition as the momentum transfer squared from an #nitial
particle to a group of final particles which do not necessarily form
& resonsnce. This behaviour is particularly well iZ3lustrated by
figure 9.5 in which the slope has been caleulated as a function of the
mass of the (KA} and (X7T7T)” systems. The bin sizes have been

chesen so that the vertical error bars remain approximately constant,
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The lmeck of structurve in the slope when there is clear structure in
the mass distributions is a striking feature of the data. In.the

(x ﬂiTj case the slops slowly decreases with inereasing mass

whereas for (K1) it seems to be fairly constant., Similar behaviour

in some N'p reactions is reported in reference 14.

These foatures of the data are outside the simple Regge
trajectory exchange picture discussed in the earlier sections, since
this only applies to quasi two-body reactions, They result in one
practieal advantage, namely that in ciloulating the slopes (at

least for reactions b-e) it is not necessary to subtract the effect

of the background.

9.5 Deeay sngular distributions

These constitutethe third source of ékperimental infommation
available for the investigation of production mechanisms, If a
particle with spin is produced which subsequently decays into two or
more particles its decay angular distribution depends on its spin
value and on the orientation of its spin in the production process,
Mhug if ite spin is known the production process may be investigated.
In the case of a resonance decaying into three particles it can be
shown that the information on the angular distribution which is
contained in the Balifz plot is actuslly independent of the production

process, This is why we were able to use the Dalitz plot distribubion
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to determine the spins of the K*(1320) and L{1800) states (see

chapter 8),

There are no Teatures connected with decay distributions
that can be digcussed in a universal way, as was possible for the
total and differential eross sections, and further consideration of

them will be left to the next chapler,
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CHAPTER 10

MODEL INDEPENDENT TNVESTIGATION OF PRODUCTION MECHANISHS

The main aim of hadronsphysies is to develop a theory of sirong

interactions which will give a good description of the available data
and sllow predictions to be made which can then be tested experimentally.
At the present time the lack of a sound basis for such a theory has res-
ulted in a gulf between theory and experiment, There have been some
spectacular advances towards such a theoretical degcription (such as the
success of the unitary symmetry approach) put all too often it is diffi-
cult to caleulate direct experimental quantities without making additional
sssumptions, Until a more satisfactory theory is developed (assuming it
will be) the recourse has ugually besen into phenomenelogy which, at its
best, approximates to a kind of theory but, at ibs weakest, is little
more than data assimilation and ordering. (This latter process 1s an
important stage in the classi@al description of the seientific method
but it is only an early onme in the sequence observation~assinilation-

theory~-prediction. )

Certein general properties derivable from fairly rigorous theo-
retical ideas gre expected to hold for the strong interaction scattering
amplitude and & preposed phenomenological model should not vielate too
many_of them (if it violates none of them and is sucdessful then we
presumably have & tenable theory), The medels themselves may be suggested

by theories in other branches of physies (for example optical models)
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or they may sometimes be obtained by non-rigorous extensions of rigomous
theoretical ideas in strong interaction physics (for example the deriva-

tion of the onme particle exchange amplitude from field theory).

The amplitude should satisfy analyticity and unitarity and should
be cressing symmetric. These properties can be rigorously derived from
quantum field theory for certain gimple scattering processes (for example
pion-nucleon scattering) but they are assutied to be generally true whether
or not such a rigorous derivation exists. There are further restrictions
on the structure of seattering amplitudes which come from conservation
laws and gymmetry arguments: Lorentz invariance implies that they are
Poincaré scalars; the conservation of internal gquantum numbaers suggests
that they are SU(Z) scalars and, at least in an approximate sense, su(3)
sealars. They may also possess a higher internal symmetry for which several
possibilities have been suggested, for example SU(6), 0(4,2), 3(6,6),'5(12).
Attempts to combine these higher internal symmetries with Poincaré invari-
ance to provide & complete relativistic deseription of the amplitude seemed
promising at one time (around 1965) but serious difficultieg hive been subw

sequently encountered (186),

The rest of this chapter will be deveted to a discussion of those
features of the reactions which are independent of the details of particu-

lar phenomenclogical models.

The peripherality of high energy reactions suggesis that the under—
lying mechanism is the exchange of a system with zero baryon number between

the two incoming particles., Thus it im likely to be ugeful to parametrise
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a reaction & + b —> ¢ # d in the t-channel, where it takes the
form:

a+8 — 6 — b+d (10.1)
The bars denote antiparticles and e represents the exchanged system.
Since the particles may heve non-zero spins a description is desired
which will include spin in a genersl way. Such a description, and one
which is well suited for high energy reactions, is the helicity amplitude
formalism developed by Jacob and Wick (187)., The helicity Ai of a particle
4 is defined as the projection of its spin along its direetion of metion
and the scattering amplitude from an initial state with helicities Aa, Ao
to a final state with helicities Bﬁu 3\1 is ealled & twchannel helieity
amplitude. (This will be denoted Fia, ae where the subseripts will be

understood to refer to the helicities of the particles concerned. )

10,1 Zhe 8 Dengi: trd

A pure spin stete of one of the final particles (e say)
igs defined as & linear superposition of eigenstates (?m, where m
denotes the magﬁetic guantum number referred to some fixed quant-
isation axis,
J

% = Z_J. %m (Pm | (10.2)

B

In genersl such pure states will not be epcwumtered exXperie~
mentally, For exemple, in the type of reacticn being studied here,
the inifial state (in the s-channel) contaings a mixture of pure
statéa corresponding to the possible spin states of 8, b while the

final state contains contributions from all pessible spin ptates
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of the fourth particle d, since the polarisation of d is not
detected‘. Thus the state of ¢ is in general & mixed state in
which the pure state 1, occurs with probability p;, that is the
expectation value of some operator Q is

d
(@ = m,nZ;—J (% Psola)o, (20.3)

If ene writes /omn :,Zi I’iana‘:z (10.4)

then @ = gn/m Qun = Tr (fca) (10.5)

The matrix /0 is ealled the spin density matrix for the
particular mixed spin atate of the partiele e, It is a square
natrix of order (27 + 1) whose elements are the relative populations
of the verious magnetic substates, From (16.4) its diagomal ele-

ments are given by

pom = % 7 lenl ® (10.6)

and are therefore positive. Further,

'J.‘r/) = %pi %faml 2 = } (10.7)

from which it follows that the diagensal elements must satisfy the
inequality

0 ¢ Pum € 1 (10.8)
From (10.4) it alse follows that the density matrix is Hermitian
since

/Omn* = /Onm (10.9)
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A general square matrix of order (27 + 1) with complex elements
requires 2(27 + 1)2 real parameters to defime it. Hermiticity
reduces the number of independent pervameters by half, to (2T + 1)2,
while the trace condition on the {now purely real) diagenal ele-

nents further reduces it by 1 to 4J(J + 1).

The Hermiticity of f) implies that it can be diagonalised
by a unitéry transformation U, If }i (i = 1, 27 + 1) are the
eigenvalues (nothing to do with the helicity A mentioned earlier)

it follows that
Z /! e .
7 \i = 1 (10.10)

gince the trace is invariant under U, That perticular state of ¢
which is a mixture of the (27 + 1) substates “yg with probability

. s b3 i
Ai has for ite demsity matrix ( : )i LA

*), which is Just (/amn).
Thus the elgenvalues caen be interpreted as probabilities which means
they must satisfy (10,8) and p is therefore a positive semi-definite
matrix., This fact, together with the other bagic properties of the

density matrix, can provide useful relations which should be satis-

fied by the experimental matrix elements,

The conditions imposed by positivity on a general n X n

matrix M are expressible in several equivalent ways,

i) the eigenvelues )1 must satiefy

93.> o (20,11)

ii) since the characteristic equation of M ean be written

=i

O T T 2F ee # ()P

(10.12)
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2

Mo, M

- 265 -~

. 2 A
where e, = G i,

2.
02 = i#:j D\i %' a8 B4 r ey (10l13)

aud finally o, = .Al Ay eveenes Ay
4%t 18 clear that necessary and sufficient conditions for
positivity are

ey » O (10.14)
another equivalent requirement is that the determinants of
the n square sub-matrices of M, sach containing the element:
Mqq and of order 1, 2, ..... n respectively, should be greater
than or equal to zero.

Which of these expressions of the positivity condition is

the bedt depends on the particulsr purpese in hand, for example
whether one is interested in deriving general relations for an
arbitrary matrix or whether one wanis to examine the numerical

vaelues of the elements for ome particular exparimental mairix.

Oase ii) provides a meat description of the positivity

conditions for a gemeral matrix since the coefficients e; ean be
exyresged as functioms of the traces of M and its highex powers
3, caes ™ ag follows:

Firstly, o = T (10.15)

Then,using the identity

G M. InZer2,Zs M N (20.16)

we get

o, - p(wra® + (om0)° ) (10.17)
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Using analogous identities obtained by expanding Tr¥

to higher powers one can derive the relations

o5 = (1/6) (207 = FECTeM + (Tit)® ) (10.18)
o, = (1/24) (w6raet + erowran + 3(zah? -
_ erad(man)? + (z)®) (10.19)
5 4

= (1/120) (24Tr¥° - 30TTM TrH - oAt + 20mrr (Tri)? +

o 15(2e02) st - 107eM2(Tete)” 4 (22)” ) (10.20)

Higher coefficients are not required for spins of upite 2,
which is mll that we will be concerned with here, For a matrix
with unit trace relations 10,15 - 10,20 sinplify considerably and

the positivity conditions for a gpin density matrix ean then be

writtens
- Tr,oz +1 3 0O (10.21)
m-f - 31‘1*/02 +1 3 0 (10.22)
..6Trlo4 + a‘rr,o3 + 3('&(02)2 - swr/oz +1 3 O (10.23)

24%,05 - 30’1‘rf>4 + 2@&!:-/03(-%/02 + 1) + 15(Tep 2 |
- 10 Trfz +1 » O (10,24)
For spin J only the first 27 relations are relevant., Since
= Trf the condition ¢, » 0 is trivially satisfied for & demsity

matrix and hes been omitied,

The result (10.21) can also be derived simply from the
fact that the eigenvalues lie in (@, 1). zi A(L = Ad) is a sum

of non-negative terms, so that

PIPN P IN s, Trp? <1 (10.21)

t

The maximum value of 1 oceurs when all of the éigenvalues are zero

except for one, that i it corresponds to a pure siate. Because
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of the condition Tr [) = 1 it can be seen that the minimum vslue

of Trf)a occurs vhen all r/\i are equal o (27 + l)_l. In this case

1 1
2 .
Tr p° = 2;* (r+1)°% = ZF+1 (10.25)
10.21 and 10.25 together lesd to the inequality
ded ¢ mep? ¢ 1 (10.26)
27+ 1 ° /0 A .

(23 + 1) is the maximun possible mumber of indepemdent
gpin amplitudes required to describe the gtate of a particle with
spin J. If, in a particular gituation, the spin state of the
particle can be described by at most ¥ inaepemient amplitudes (N is
necessarily no bigger than 2J + 1) it can be shown that Tr /02 » ¥°¢
(188). This is an extension of the Eberhard-Good theorem (189).

Thus we have finaglly

I 2 .
wex(§, 375 1) ¢ Trp <1 (10.27)

In the case of a particle ¢ produced in the two-body
resction ab — c¢d the maxrimum number of independent spin states
available for ¢ is K?JH:,» 3.)(2.1,n +1)(23, + 1) which is equal to 4
when a is a spin zero meson and b, & are nucleons, Thus for

J e ¥ 2 not all the spin states can be independent.

For J = 1, we have

-%--é"l‘r/oe ¢

while for J = 2, we have

1
1 or 0 €cy¢3 (10.28)

Suf

é'Tr/oa €1 or O <e é% (10.29)
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If the production reaction ab ~? cd 1is8 parity-conserv-
ing there are further restrictions on fgmn‘ So far all the deri-
ved properties of the dengity matrix are valid for any quantisa-
tion axis but to discuss the implications of parity eonservatiion
it is necessary to choose a particular axis for the quantisation

of the angular momentum components, One natural choice for a two—

body reaction would be to take =2 perpendicular to the production i

plane, With such a cholce parity conservation implies that alter- :

nate elements of o are zero (190). However a better choice for
high energy reactions dominated by t-channel exchanges is the
Jackson frame in which the z-axis for particle ¢ is the direction
of particle a as seen in the rest frame of ¢. This is the saume
divection (but in the opposite sonse) as the momentum carried by
the exchanged system e. In this frame it can be shown (191) that

the density matrix elements must satisfy the relations:

/omn = (‘)m“n

This condition relates one element to the element which it trans-

P et o (10.30)

forms into on reflection through the centre of the matrix, Since
Hermitieity relates an element to ita reflection in the leading
disgenal, the combination of Hermitieity and parity conservation
(in a quasi two~body prouess) divides the elements into 3 classes:
i) the leadinz diagonal elements are real and there is gymuetry
about the centre, The npumber of independent parameters
required to fix this set of elements 18 J (bosons) or J = %
(fermions), where this also takes aéeount of the trace

condition.
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ii) the non-leading diagomal elements are related in pairs by

both Hermiticity and parity conservaiion since for these
elements the operations of refleetion through the centre and re-

fileetion in the leading diagonal are equivalent. Thus they are

either purely real (bosons) or purely imaginary (fermions), the
difference coming from the value of (m - n) in (10.30). The
number of independent parameters in this set is J (for bosons,
neglecting P, which appears alse on the leading diagonal)

or J + + (for fermions),

iii) all other elements are related in groups of 4 by Hermiticity

and parify ecnservetion but are in gemeral complex se that
each group is specified by 2 real parameters, The number of

independent parameters is 2J2(besons) or 2J° - 4+ (fermions).

Thus the total number of independent parameters for a

apin J bogon is

T+ 428 =233 + 1)
of which J(J + 2) appeai in real parts of elements and Jz appear
only in imaginary parts, This distinetion is relevant since in an
experiment with unpolarised initial particles a, b and where the
pblarisation of the other final particle 4 is not detected, the
decay angular distribution Jf ¢ depends only on the real parts of
Pan’ (This is true when the quantisation axis lies in the produc-
tion plane, as is the case for the Jackson frame,) Table 10,1 shows
the forms of the density matrix for the cases J = 1, 2 when the
requirements of parity conservations and Hermitieity have been
imposed, The trace conditions have not been explicitly introduced;

it is straight forward to incorporate them when comparisons are
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TARIE 10,1
GENERAL FORM OF THE SPIN DENSITY MATRICES ANTE APPLICATIO

oF MITICITY AND PARITY CONSERVATIO )

P11 P10 Pi1a
p = P16 Poo PO

Pi-1 “Po P11

Spin 2 P20  Pa1 Po P P2
P P P P Pad

p = Py P Po PE B

P2t Pr Po P Fal

Poz FP2r Poy Py P
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made with the experimental data.

In the case of bosons (integral J) the requirements of
parity conservation make it possible to fectorise the characteristic
equation (which is of order 2J + 1 in N ) into a pai® of equations
of oxrder J, J + 1 res=peetive1;. H)The characteristic equation ie

det( p -~ AI) =0 (10.51)
where T is the unit matrix of order 2J + 1, By making suitable
linear combinations of rows and columns det fﬁ?ocan be reduced to the
form (192):

l"‘ BI = 0 (20.32)
where X is T x J, D s (J + 1)x(J + 1), ¢ = 0 and B contains un-
modified elemenis from /0 . The characteristic equation is then
reduced to the pair of equations

det(A - AI) = 0, det(D - AI) =0 (10.33)
where the unit matrices have the necessary dimensionality. The
particular cases of interest in the present experiment are J = 1
for K#(890) and K*(1320) and J = 2 for K*(1420) and L(1800). The
reduced forms (10.32) for these two cases are shown in table 10.2.
The above decomposition is partieularly useful in these two cases
gsince it reduces the characteristic equations to fairly nanegeshle
forms {no worse than cubics). The positivity conditions can then
be expressed as:

K, ¥ O (10.34)
where, for J=1,

det (A - AI)= ~A+1k

2 (10.35)
det (D =~ AL) = ="+l - kg
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TABLE 10,2

REDUCED FORMS OF THE DETERMINANT OF THE SPIN DENSITY

Spin 1
P11+ P11
o
0
Spin 2
Poo ™ Pooo
Pt Poi
0
0
0

$10

Poo

~2910

Po1 * Po1

Prat $ra

0
0

0

P11
$15

Pi1 ~ Fia

Foo  Fou1

Fio Fia

Poo P10
210 i~ f1a
2020 PortF2-1

Po.2
P21
325
m S g P |

o2 * Pouz
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and, for J = 2,

det {A - NI) = ..>\2 kN -k,

3 2 (10.36)
Cdet (D~ DNI)= =X +k3’/\ —k4,\+k5

10,1.1 Experimental tests for gpin 1

The most extensive data on density matrix elements in the
present experiment is for the production of x*(890) in both the nega-
tive and neutral charge states. The number of independent elements
which sre measurable from the decay angular disfributians alone is
three in this case, the usual choice being f’oo’ 101 -1 and Re/olo.
These are shown as functions of % in figuve 10.1. The bin siges
have been chosen to give approximately the same numbers of events

\ in each bin, so that they necessarily become wider at large t-values

due to the decrease in the differential cross geation., The curvea

drawn in the figures are not relevant o the present discussion,

From table 10.1 and condition (10.28) it can easily be
shown that the condition ¢, » 0, together with the Eberhard-Good theo-

ren, leads to the inequality

L2 2 2 i
0 < 3(Poo-3)" +8|P10|" + 4Py _y ¢ 3 (10.37)
This restricts the experimental points to lie on or within an ¢llip-
soid in the three dimensional space ( £ o0 l /Dml /?1 1 ) whose centre

is at (3, 0, 0) and whose semi-axes are 2/3, 1/ fg and 1/['5 TOSDac-

tively. The Zlower limit in (10,37) gives no restrictions since the
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middle expression is positive definite., This is Just a consequence
of the previously mentioned fact that, for the preduction ef a spin
1 resonance in the type of reaction studied here, the maximum number

of independent spin smplitudes (three) can be present,

Ths condition 03 7 0 leads to the inequality

(P11 Pro2)l Paol La1 = Pre1? = 2 P1o| °) » 0 (10.3)

From table 1@10._1) it can be seen that the condition 1:5:1 z 0
implies that the first factor in (10,38) is non-negative, which

allows one to replace (10.38) by the two conditions

Proa > FH P =1 (10.39)

and P"g - /)00 + 2/000/,>1_1+ 4 [/omlz <0 (10.40)

where the irace condition has been used to eliminate /911' These
inequalities vestrict the experimental points to lie ingide a

iolu@e bounded by a plane (10.39) and a cone (10,40). This volume
is known as the positivity domain‘carresponding to the positivity
condition (10.38)., The intersections of the cons with planes per-

pendicular to the three azes /31__1 .

/OmI and FW are respectively
ellipses (all with eccentricity # [3), hyperbolae (all with asymp-
totes po =0y Lo =1=2 Py ) and parabolae (all with direct-
rix P1-1= 1). This can be readily seen by keeping the relevant
element constant and comparing the form of (10.40) with the conic

gection

ax® + by2 +2hxy + e =0 (10.41)
which is an ellipse, parabola or hyperbgla according as &b h2 is

greater than, equal to, or less than zero, Typical examples of
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these sections are shown in figure 10,2 for the particular

cases
1) Py =02

i) |1010’ = 0.1

ii%) /;00 = 0.5

It is a general property of the conditions cy > 0O that the higher
the value of i {up to the maximum of 2J + 1) the more restrictive
is the condition, Thus, in this case, the contour Oy = 0 lies
everywhere within the contour e, = 0, It is a;se interesting to
note that these twe contours meet at the singular points of the

¢y contour, namely where the come (10,40) and the plane (10.39)
intersect. (They do not always intersect, as in example iii)
above, in which case the ¢, and e, contours do not meet.) More
particularly, the requirement that there nust be at least one
point where the positivity conditions can be gatisfied leads to
the followlng restrictions on the elements 301__&|and V91Gl (for

/909, there are no such restrictions since all values from QO to 1

allow a solution).

From the 62 condition,

Pra € YV [B = 057
(10.42)
and I/alol £ ]\/J’g‘ = 0.4—08

while, from the 03 condition, we have the more stringent reguire—~

ments (as expected)

< & £ 0.500
f1-1 (10.43)

and l/olol ¢ 1/[8 = 0.354
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To show that & point lies within the positivity domain it is
only neceassary to show that it lies within any one of the three sec-
tions of the domain corresponding to the fixing of one of the three
elements /01_1, ljﬂld, fo o’ However because of experimental errors
the fixing of the third element will not be precise and the contour
obtained will have sn associsted uncertainty. Instead of showing a
contour drawn with errors we show two of the three sections so that
the error on each matrix element appears at least once on a plotted
point. The sections chosen correspond to cases i) and ii) abeve.
Whereas fhe elements /)oo' fol—l ave directly obtainable from the
angular distribution, in the case of l /Olelwa can get only a lower
1imit since the distribution ylelds only the real part (see appemiix).
From (10.37) and 10.40) it can be meen that the replacement of | /010‘
by Re f)lo leads to ar;\iogous but weaker positivirty conditions which
have to be satisfied by the three observed parameters /000, /)1__1
and Re /010. Figures 10.3% and 10.4 show the comparisons with
the experimental results for the final siates pk*” (890) and
nk*°(890), In most cases the experimental points lie within
the positivity domain., The exceptions are the t-range 0,1 & 0,2
for K*" and the t-range belew 0.2 for x*°% for which the points
are about twe standard Vdevia'tions outside the demain., They do
however lie within the less restrictive domain correspending 0
the condition 02 Yy 0., The reason for the discrepancy is not clear.
Apart from the possibility of a statistical fluetuation it could be

due to background events in the samples which then may no longer be
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representative of a pure spin 1 state., However auch an explana-

tion seems unlikely for K¥ since the effect occurs in an isolated

bin of f; also the bgékgrouna is smaller here than forv g*° (see
figure 7.1). Were the spin of the K*{(890) not so clearly established
these results might have indicated that the spin was different from
1. However this possibility is discounted. For the k*(1320), for
which spin 1 is suggested but not well established, it would be

useful to repeat the above tests., At the present time the necessary

dengity matrix elements have not been caleulated, It should be

noted that because the positivity conditions ave non-linear func-
'tions of the nmatrix elements it is only valid to test them on
gamples of events sharing the same values of kinematic quantities.

This should hold reasonably well for the bins used hesre,

Somewhat similar comparisons with positivity conditions
have been made before by de Baere et al, (193) for the production
of X*(890) and §*(1236) in 5 Gev/c xtp interactions, However they
took for comparison the ggojeefions of the positivity domain on

planes perpeniicular to the three axes rather than the gections

of the domain corresponding to the actual experimental values. This
means that the positivity requirements are not tested to the fullest

possible extent.

10.1.2 Ezrerimental tests for spin 2

Eerly results from the yresent experiment for the density
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{

watrix elements of K*(1420) gave the following values, averaged

over all t values (see appendix),

TABLE lO,ﬁ
x*~(2420) k*°(1420)
+ +
0.16 ¥ 0,07 -0.39 £ 0.08
f1-1
+ +

Elements f’mn with m or n greater than 1 vere found to be small,
Tn this case the spin 2 positivity conditions obtained from table
10,2 and relhtion (10.36) reduce to the same form as those for
gpin 1. Figure 10,5 shows the comparisons with the relevant
gections of the positivity domain. TFor 1*%(1420) there seems %o
be & violation of this conditioen by about tﬁo standard deviations
(note that since £ 1-1 is negative in this case, the plane 10.39
intersects the elliptic section 10,40). The experimental poinmt
does however lie within the domain corresponding to the condition

¢, 2> 0.

2

Density matrix elements have yet to be caleulated for
the L(1800), for which spin 2 is preferred (see chapter 8), Tests

of the positivity conditions might help to confirm this wvalue,
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although their wsefulness will be lessened by the lsrge background

in the I, region,

Kinimal regquirements for exchanges

The helicity amplitude de 8o has the following partial-wave

L

expansion (187):

o0
J J
Foa,aclts x) = JE; ;?bd,ac (t) d)D:(x) (10,44)

¥here fJ denotes the I;ar‘bial—wave helicity amplitudes, x is the
cosine of the scattering angle in the t~chanmel centre of mass
system, A=8 — ¢, N eb - dand ’x\mmmax(l’;\,l, |?3!).
Parity conservetion in the production precess a + b—>c+ d ean
be shown to lead to the requiremen'h (assuming the exchange of

definite quantum numbers)

J J
fbd, a-c - U G U fbcl, ac (10.45)

e being the exchenged system, where O i = ¥ 1 sccording as the parte

iele i has natural or umnatural spin-parity, that is, for besons,

O .

g
, = B(-) 1 (10.46)

In the present experiment (’J’a = =1 and the helicity of & can only
be zero because it has mero spin., It therefore follows from (10.45)
that all amplituvdes with ¢ = O vanish when Up = Ug = + 1, so that,

(194):
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i
(o]

Poo (10.47)
Re Do = O (10.48)

By splitting the helieity amplitudes into contributions
from natural and unnatural parity exchanges and using the faet that a
gingle t-channel exchange implies egual phases for all the helieity
amplitudes, it can be shown that (195):

0,

for s gingle exchange with Oy = o

(Re poy & (V2 R, )%= (Pum T (D, (P, 2 ()

bl ¢
(10.49)

Furthermere, for the case m = n, ome can derive the follow-
ing inequality, valid (in the high energy limit) for any number of
exchanges with the game O‘e 3

x° =1 ¢ Am ~ n ¢ 1 (10.50)
fum

x2+l

where the upper limit is a result of parity comservation., If (10,50)

is satisfied the relevant value of e iz given by:

sign (/Dm R R AS (10.51)

In the resctions being discussed here the particles b and
d are hetﬁjﬁ&ggleons which means that the t-channel exchanges have
to have & definite G-parity. There are four distinct cases to con-
gider, specified by the values of ¢ and FC for the exchanged

system (196) :
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TABLE 10
T (ec), forbidden amplitudes
-1 +1 ;\'b = ’/\ d Al—‘bype
-1 ._1 A £ Aa Ji=type
+1 +1 none /o-type
+1 -1 all exotie~type*

(* thie is an example of an exotic atate of the second kind as

mentioned in chapter 8, section 5) .

With these additional restrictions on the allowed helieity
anplitudes, further relations are obtainable:

for either a single /] ~type or a single Ai-type exchange,
(10.49) is now valid with (7, = ¥ 1 respectively, in sddition to
its validity with 5; = + 1 in the situation without G-parity
iestrictiens (both T and A, have (0 =~ 1), Furthermore, for

e
any number of fI-type exchanges

| Re/om e = g"c(‘---)’a Re/‘omn (10.52)
while; for any number ef Al—type

1§

2 .
Repy . n oc(-)“(zzi" Re /om, n¢o (10.53)

For the particular case m = n, these last two relations correspond
to the extremes of the inequality (10.50). Substitution of either

(10.52) or (10.53) in the sum rule (10.49) leads to the simple
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relation
(Re/omn)z = /) mmfnn (10.54)

Relations (10.47) - (10.54) can give important information
on the exchanges which contribute to the production of the four EK*
resonanees., It should be remembered that they are independent of
the assumptions of particular models for the processes. They are
of most use when violated since comsistency, if it oceurs, ecan in
general also be simulated by some more complex combination of

exchanges.

Experimental tests for spin 1

In this case, (10.47) - (10,54) give the following

relations:fer any number of exchanges with [,r\‘e = (Ut

i

0 (10.47)"

f@@

Re Py = O {10.48)"
for & single exchange with o‘e =40, ¢

2(Re /’10)2 = f’oo( P11~ f’1~1) (20.49)*
(with 0, = = 17 (10.49) is trivially satisfied since it conteins

a factor (1 + 0 0’0) on both gides)

for any nwﬁber of exchanges with the same re:

2 1
=l o L ¢ (10.50)
x4+ 1 fu
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where
sign ( /)1_1) = 0, 0%, (10.51)"

Then, from the G-parity restrictions:

for any number of /i-type exchanges:

f1-1 7 ~0c P11 (10.52)"
foo = U poo (10.52)"
Re /DI.G = o‘cRef)lo (10.52)11l

and for any number of Al—type exchanges:

2.
K
2
X +

1 :
fr-1= " 0‘:( 3) /011 (10.53 )¢

(this relation does not hold for /o np WheD B = 0)

It is interesting to note the close similarity between (10.49)*
and the positivity condition (10.40)., It can be seen that they can
only be mutually satisfied when Im /010 = 0, This result seems to
imply that if & single Ug =+ 07, exchange is responsible for the
production of a spin 1 boson then Im /010 = 0, or alternatively,

that such an exchange cannot be the sole contributor to the produc~

tion mechanismi

In this case we have O'G = + 1 and the following conclu-

gions can be drswn from the relations given in the previous section:
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(10.48)":

(10.49) " :
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for ¥*°(890) production at all t' values there must be
some O, = -1 exchange present because of the large
value of />oo‘ The same is true for ¥K* (890) produc-

tiom in the low %' region (less then 0.1)

for ¥*°(890), Re/plo is non-zero which agein indicates
the presence of 0#& = -1 exchange contributions., For
k*(890) thie element seems to be significently less
than mero in the %' range 0.1 - 0.2 which leads %o a

gimiler conclusion for this range,

from figures 10,3 and 10.4 it can be seen that the
experimental points all lie at least one stendard
devietion away from the contours which suggests that
the datatz:%not gonsiatent with the dominance of &

single (7, = +1, exchange.

(10.50)", (10.52)", (10.53)": these three relations can all be

tested by showing the distribution of Volull/cpll as

o function of ' (see figure 10.6). The dotted lines
show the limits of the inequality and these alse corres-
pond to the equalities (10.52)" and (10.53)' respectively.
At high energy the quantity (x2 - Lﬁtz + 1) increases
very quickly from its value of zero at t = tmin to &

value close to 1 which makes the ineguality (10.50)¢ =

very restrictivé one, However it 4lsoc means that, even

with a factor of ten reduction in the experimental errors,
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it is not going to be poseible to differentiate among

the three relations 10.50, 10.52 and 10,53, except possibly
at ' < 0,01, The data points all lie below the predic-
tions of the three relations but are all within one stan~
dard deviation except for the t'-range 0.2 — 0.3 for o,
This may imdicate that there are exchanges with both

aé = +1 and -1 contributing in this range.

(10.51)': where (10.50)' is satisfied, the situation is consistent

with only U, = +1 exchenges, Since /01_1 is positive.
(10,52)" and (10.52)''' have no content for o, = +l.

To sumarise we have shown that for K*°(890) production there
must be some U; = -1 exchange contributions but we have not demon-
strated either the presence or the absence of (¢, = +1 exchanges,
Por K*~(890) there is evidence from three different relations thet
some a; = -1 exchange is present in the first three bins of t! and

there are alsc indications of a 0; = +1 contributiocn.

This information may usefully be combined with that obtained
for the I-spin of the exchanges in section 8.2.4, namely thati
k*"(890) had a large contribution from I = O exchange. x*°(890)
can of course only be produced by I = 1 exchange. Thus x*%(890)
production seems to be dominated by an exchange with I = 1, 0y = -1,
for which the most likely candidete would be the pien, with posesibly
soﬁe contribution from I = Q, g = +1, which could be /o ot Az

exchange. For K¥ (890) we have not conclusively shown whether the
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dominant I = O contribution has aé = +1 or -1, However the
gimplest situation (that requiring only a single exchange of each

type) would be a dominant I = 0, ¢ = +1 contribution (e.ge w or

exchange) and a less important I = 1, 0 = -1 exchange which would

again presumsbly be the pion, since I = 1 exchanges must necessarily

contribute to both K*° and K*‘ production if they are present in

3 either.
1 10,2.3 Implications for K*(1320) production

In this case we have 0; = =1 and we obtain mostly the
same relations as for K*(890) but with the opposite implications

for O if they are satisfied. In addition (10.52)1* and (10.52)'!

now have some content but they lead only to the earlier results
(10.47)" and (10.48)* so that they contribute ne additional informa-

tion,

The only result available at present on the density matrix
of K*(1320) is that /”oo is approximately equal to 1. This implies
that there must be a large contributien from 0; = +1 exchange,
Since it was shown before that this state was produced entirely by
I = O exchange the best candidates for the exchanged system among
the kmown particles are & and f. However the Pomeron alse has
these quantum mumbers and it could also be exchanged in K*(1320)

preduction,
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10.2.4 ZExperimental tests for spin 2

In this case (10,47) - (10.54) lead to the following

relations, in addition to those obtained for spin 1 which are

also velid here:

for any number of exchanges with 0 e = o !

Re/a20 = 0

for a single exchange with 0’9 = 4 o'c:

2(Re (020)2 = /ﬂoe( f22' +f2-2)

for a gingle exchange with O“e = L o

c
+

(Re p gy Ref’z-l)z =(p= 2.0

for any number of exchanges with the =same 0"3:

2
-1 P22 ¢ 1

X+ 1
with sign ([)2_2) = “ae ("

Then, from G-parity restrictions:

for any number of /i~type exchanges
/D 22 T O /9 22
Re /020 = 5~cRe /0 20

Be o1 = = 04" pau

and, for any number eof Al—tzme exchanges,

, = & ﬁ_:..l
Pe-2 = O | 2 "] fe2

(10.48) 1"

(10.49)1

(10.49) 1

(10.50) "

(10.51)"

from (10.52)

(10.53)
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10.2.5 Implications for E*(1420) production

For this case we have a; = 41 and from the limited

amount of information available at present on the matrix elements

i for K*(1420) we can draw the following conclusions:

(10.47)': both charge states require the presence of some 0; = =1

exchange. ' ?

(10.49)': frem figure 10,5 it can be seem that the points are about

% two standard deviations away from the comtours, i.e, the |

data are incompatbible with a single ‘0; = +1 exchange. )

(10.51)': the values of |p)_jl/ py) ave +0.46  0.44 for X*” and
2.00 ¥ 0,31 for ¥*°, The former value suggests the
presence of both 07, = +1 and -1 exchanges. However,
although the value for K*° is inconsistent with a value
of about 1, as implied by (10.51)%, it is cousiderably
larger than this, which for a pure spin state, would
indicate a violation of parity consarvation, The effect
of background may be partly the reason for this discrep-

ancy.

In the case of the Lemeson, for which 0y = -1, we obtain
the same relations as for £*(1420) but with the opposite implications

for O“eo
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A11 these relations still await a comparison with experi-

ment but, by anslogy with E*(1320), it is expected that £ oo will

.
-
4
4
I

also be quite large for the L, which would imply & dominant contri-

pution frem I = 0, O . = +1 exchanges.

(After the work of this chapber was completed it was found that
relations (10,17) -~ (10,24) have in fact been previously obtained

by Minnaert (197) and that (10.43) has been quoted by Daboul (198).)
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CHAPTER 11

PRODUCTIO CHANTSH FOR NATURAL SPIN-PARITY STAIRS

Ag ghown at the end of the lzst chapbter, the four K* resonances
obperved in this experiment fall clearly into two pairs as regards their
production and deeay characteristics, This chapter is concerned with
models which attempt to describe the production of the twe states with
natural épinsparity, ¥*(890) and ¥*(1420), in more detail than was possible
with the model-independent discussions of the last chapter, In that case
we dealt exclusively with the decays of the resonances becsuse these are
1argely determined by the spin-parity of the exchanged syatem and do not
depend very much on other properties of that system. The differential
eross sections, however, are very much more sensitive to these other
properties and to obtain predictions for them it is necessary to make
assumptions about the exchanged system, that is, to establish & medel of

seome kind,

In terms of a partial-wave description of the reactions, their
peripherality implies the dominance of high partial waves; in a classical
scattering pleture it corresponds to large values of the impact parameter;
and in S-matrix theory it is interpreted as the dominance in the inter-
setion of that singularity (in the t-channel in the present cagse) which is
closest to the physical region. All these are equivalent ways of looking

at the same experimental result.
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As Tar back zs 1955 Yukawa {199) suggested that the shori-
range strong forces hetween nucleons could be explained in terms of the
exchange of particles of non-zero mass, the then undiscovered mesons.
This was analogous to the descriptien of the electromagnetic forece in
terms of the exchange of photons, the only differeunce being that the
finite range implies mediation by a massive particle., Since the range
of such an interaction varies inversely with the mass of the rexchanged
gystem, it follows that the dominant exchange in any particular situation
will be that of the lightest system compatible with the guantum number
requirements, Since the pion is by far the lightest of the hadrons it
is reasonable to expect it to be the dominant exchange in strong inter-

action processes when this is allowzable,

Iz the late fifties these ideas were pat on & more quantitative
footing by Goebel (200) and Chew and Low (56), who ecalculated the Feynman
disgram involving the exchange of a pion according to the rules of quantum
electrodynamics, Their emphasis was on the use of pionw-exchenge reactions
as a possible means of studying the otherwise inaccessible pion-pion inter-
action, by extrapelating the observed cross-section ocut of the physical
region to the pion pole where it would then describe on-shell pion-pion
gscattering, However it was realised that, gince the pion pole was very
close to the physical region at high energies, such a mechanism might

be a reasonable approximation for such reactions (201, 202),

A11 exchange models have a matrix element whose general form ig

the product of three functions, two of which deseribe the couplings
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betwsen the exchanged system and the initial and final pairs of particles
in the t-chamnel and the thixd the contribution of the virtual exchanged
system, For example the one-pion exchange (OFTE) matrix element for the

process a + b—>» ¢ + d has the form:

1
2 _
T o= vanc(sc, t)(mﬁ - 1) Vora (sd, t) (11.1)

where (m%— - t)*l is the pion propagator and the other two factors are the

vertex functions. The latter depend on the squares of the effective magses
of the groups of final particles ¢, d regpectively and on the square of the
momentun transferred between the vertices, If ¢, d are stable particles

8, =M, 8; =my, if ¢ (for example) is a resonance, then s  will have a

Breit-Wigner distribution.

The sdmplest model one can adopt is the pole ppmroximation of ONE,
3n which the vertex functions are set equal to their on-gshell values, that
ig, t is replaced by m% . This assuaption is probably too naive fer this
model to be of any use as it stands, though an adaptation of it is mentiomed

later,

11.1 Born~term models

This section deals with a class of models which share one
underlying feature. The vertex factors are calculated in lowest
order perturbétion theory according to the Feymman rules using the

known spin-parities of the final particles ¢ and d, In the case
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of one-pion exchange and when particle g is a pseudoscalar, the

meson vertex function has the form

J
a (t) ©

Tore (0 = 525 v, (ar) (11.2)
ac 7

where ac(t) is the momentun of & in the rest frame of ¢ and
vaife(mﬂ?) ias the product of a coupling constant and a spin function,
The baryon vertex function can be obtained in a similar way but is

a 1ittle more complex, In the case of pien exchange the coupling
_constants arve usually known, at the nucleon vertex from NN scatter—
ing and at the meson vertex from the width of the decay c—a + o,
agguming ¢ is sufficiently elagtic to give an observable decay iate
this, ite formation, channel. This means that the differential croas

geetion for pion-exchange is exactly caleulable in this simple Bern

torm model (BIM).

For some reactions pion-exchange is either forbidden or ie
lnown from the observed density matrix not to be an important con-
tributor (e.g. the pK* (890) channel), In such cases the most
1likely exchanged particles would be the vector mesons and, because
of their larger mass, the BIM predicts a less-peaked t-distribution

than for pion-exchange reactions.

Comparison of the BIM with experimental data available at
the time (mestly in the 1 - 3 Gev/c range) gave poor agreement in

geveral respecté:

i) +the absolute value of the cross-—section in the forward direc—

tion wes too high, typically by a faeter of about two., The peaking
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of the cross-section at smﬁll angles for the pion-exchange reactions
was not strong enough, while the vector exchange reactions, for
which 1esé peaking is predieted, were found to be at least as peri~
pheral, so that the agreement here was even worse, Furthermore, at
a certain value of t the BTM ecrogs-section begins to increase and
diverges like -t as -t —> o because of the factor ac(t) in (11.2)
or corresponiing factors for the vector exchange dlagram (we are

assuming that Jc y 1 a8 is the case for the reactions being studied)s

i1) 4if & partial wave deconposition 1s made it is found that the

lower amplitudes (s and p waves) violate the uniterity bound:

&5 < -ﬁg (G +%) (11.3)

4ii) the BTN amplitude behaves like &% ot nigh energy so that,
except for Je = 0, the cross section is asymptetically unbounded .
Thig is bad enough for the reactions where pion exchange is forbldden
bat, ﬁhen both pion and vector exchanges can gocur, it predicts that
it will be the latter which will dominate at & gufficiently high
energy, in contradiction with the expected dominance of the lightest

possible exchange.

As far as reactions at 10 Gev/e are concerned, whether
they be pion~- oI vector-exchange dominated, the simple BIM will

not give a satisfactory deseription.
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11.1.1 Born term meodel with form factors

 As a possible improvement over the BTM it was sugpested
that the reasom for failures i) and ii) above might lie in the
neglect of higher order corrections in the derivation of the one
particle exchange amplitude (202). There certeinly will be some
such renormalisation effects associated both with the vertices and
the propagator but they are not necessarily the only reasons for the
discrepancy with experiment, They may be interpweted (at lesst in
the cage of the verticeé) ag the result of a finite interaction
region rather than a point interaction, These higher order correc-
tions cannoet be caleulated and one can only represent their effects
by introducing arbitrary functions of + known as form factors, The
introduction of sueh form factorz can of course always be made to
give agreement with the data., However the maximum extent to which
the vertex form factors can vary with t and still retain physical
signifieancé is governed by the electromegnetic form factors of
the particle concerned., Quite reasonable egreement was obiained
for some pion-exchange reactlons in the 1-5 Gev/c region (203) but
for vechor exchanges it was found that the necessary form factors
had a structure corresponding to the exchange of a system with a
masgwof about 2m.- , considerably less than that of the vector mesons
ané inconsistent with knowledge of the electromagnetic structure
of the mucleon, Thus whet might be regarded as the esgential part
of the BIM amplitude, thé propagator, has had its t—dependegca

gwamped by the t-dependence of the form factor; in Sw-matrix terms,
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the form factor hae & pole which is nearer the physical region than
the vector meson pole., These features make the BIM model with form
fsctors very implausible for vector exchange reactions, except
possibly as a means of perametrising the data, Bven for pion ex-~
change reactions the model ie not likely to explain data at 10 gev/c.
For example, it was not even possible te obtain simultaneous agree-~
ment for both the forward peak asnd the total cross gsection of the
pion-exchange reaction K'p —> K*(890) K*(1236) at 1.96 and 3 gev/e

{204) using any one of several gsuggested form factor functions,.

There are further discrepancies of a less drastie kind
between the observed demsity matrix elements and the predictions
of the BIM either with or without a form factor modification (the
introduction of the form factor does not alter the dengity matrix
predietians). For_piennexchange BTM requires ?909 = 1, while for
Yeotor exchange it predicts oo = 0 pa1 £ 0 (in geweral), all
other independent elements being zero in each case, BExperimentally
these relations are approximately but nét exactly satisfied, indi-

cating the need for some other exchange eontribution,

The failure of the low partial waves in the BTN to satisfly
the unitarity restriction is closely connected with the existence

in the momentum region above about 1,5 Gev/c of reactions involving
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meny particles in the final state. Qualitatively one would expect

§
b
g

such mere complex reactions to eccur preferentially at small impact
pargmetérs, thet is in central rather than peripheral collisions,
or in low partial waves, Becsuse of unitarity the two-bedy ampli~

tude in these partial waves will be suppresced, This effect was

A T B A el O e AT T A s T e

firet suggested by Dar et al. (205) who, however, used a sharp cub-

! eff in the partial waves which gives rise to minima in the differ—

ential cross-section, analogous to optical diffractien from a

sharply defined object. Although auch behaviour may be seen in

some NN processes, most reactions can be understood better in terms

of & more diffuse diffraecting region,.

The most common approach for iptroducing these mo-called
ahsorption corrections into the BTM iz to use the distorted~wave
Born approximation (DWB&) in the form discussed by Sopkovieh (206)

s 20 A0
for the reactien pp—> A /. In the DWBA the wave functions are

approximated by those of an optical model potential whose imaginary i
part simulates the absorptive effect of the competing channels. o
&t high energy the eikonal approximation allows the absorption to

be expressed directly in terms of elastic scattering paranéters.

This leads to the follewing matrix element for the jth partial wavet

M';i - (sgf)% Bgi (s‘ii)’1r (11.4)

where BJ ig the ummodified BTM expression and i, f denote the initial
apd finsl states. The quentities Sii’ ng are the S-matrix elements

for the initial and final chapnnels and represent the effects of
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absorption, They are assumed to be dlagonal, that is only

elagtic rescattering corrections are considered. Helicity

indices heve been dropped from (11.4) mince at high energy the
known hadron-hadron elastic scattering amplitudes are helicity
preserving and diffractive. This is shown by the fact that the
forward elastic seattering amplitude satisfies the optical thecrem

Chot = 4L T, (s, % = 0) (11.5)

indieating that its real part is consistent with zero.

In the derivation of (11.4) it is assumed that (207):

a) the absorption is the same in the initial and fimal states
b) +the range of the interaction causing the trangition i —» £ is
much less than the ranges of the absorptive interactions

i34 and f— £, This is certainly not well satisfied for

pion exchange reactions.

The matrix elements Sii and Sff are usually parsmetrised as

follows (208):

s = 1- Cexp (- Y5 - %)2) (11.6)
where ¢ = (,/4T® (11.7)
and Y = (20%0)7% (11.8)

b iz the slepe of the differential cross-section, (Tel the total
crosg-~section and q the centre of mass system mbmentum,fer the

particular elastic process concerned. The parameters Gi, Xi for
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the initial state are obtainable from the elagtic socattering data
of the experiment, At 10 Gev/c they have the values C; = 0.6,

Xi = 0.016. For the final state when one or both particles are
anstable there is no'direet information available on the elastie
scattering, From the fact that the stable particles and the reson-
ances oceupy an equivaleat position in most theoretical frameworks
we would not expect the final sfate parame ters to vary wildly from
those of aecessib%e elagtic scattering reactiona, which at high
energy bave wvaluss of C in the rangs 0.7 - 1.0, On the vhele it
turns out that the results are not especially sensitive te these
absorption parameters. From (11.4) and (11.6) it can be seen that
a value of 1.0 for Ci or Gf (or bath) leads 1o complete absorption
of the lowest partial wave (j = % in the meson-mucleon case), It
is customary to choose Cf = 1,0 in order te achieve this¢ such a
choice was necessary to obiain agreement in the intermediate enmergy
range where the model was first applied. TWor X} a common choice
is 0,75 Xi; when the final particles have larger masses than the
initial ones, Y} will be incressed because of the smaller value of
q in (11.8). Thus the above assumption for X} implies a larger
slope for the final state elastic seattoring, For ¥*(890) produc-
tion in the present experiment it corresponds te b = 10,7 while
for K*(1420) production the value is about 13.2, The uncerfainty
present in the knowledge of these parameters is expected to assimi~
late any errors which may accrus from the invalldity of the assunp-

tion b) above in the case of pion-exchange reactions,
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Once the absorption parameters have been fixed it is possi-

ble to calculate the one pion exchange amplitude with absorption
(0 BA) exactly since the necessary coupling constants are known,

These are chogen as follows:

2
for the X*(890)K T vertex, f.ﬁ = 0.75
2
for the X*(1420)KT vertex, g = 0.65
AR
. @ - 14 P
for the Il NN vertex, i = e

The first two values come from the known decay widths of 50 Mev,
47 Mev respectively, while the last value is obtained from /i¥

seattering data,

The existence of competing channels and the consequent reduc-—
tion in the lower partial waves has seveial effects on the predictions
of the simple BIM: 1%t reduces the total cross-section, it collimates
the angular distribution to a further extent, and it modifies the
decay distributions since it effectively involves multiple exchanges.
Ail these features are such as to allow a better description of the

date and in the intermediate energy region (2 -~ 4 gev/c incident

momentum) the model gives satisfactory results for both psfydo—

sealar and vector exchanges.
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K p —> nk*°(890)

The prediction of OJIBA for the differential cross-section of
' dott
this reaction is shﬂWﬁAig part (a) of figurve 11.1 (this curve was also
shown earlier in figure 9.3, page 282), The crosa-section predicted by

the medel is actuslly toeo large by a factor of 4 end the curve shown has

been normalised to the total cwross-section for the reaction, Apart frem
this important discrepancy the shape is quite well predicted out as far

as t = 1.0, except‘ﬁossibly near t = 0,6 where there seems to be an abrupt
fall in the experimental cross-section and for ithe most forward point which
is about twice the predicted size (of course, without ﬁhe normalisation this
point would give the best sgreenent but in that case all the others would
be badly deseribed). The predictiems for the apin density mstrix elements
are shown as the dobted curves in part (a) of figure 10.1 (page 304). 1%
can he seen that the deviations from the simple BTM prediections of 1, 0, O
respeetively for the three elements are well reproduced (ineluding their
variation with %) by the absorptive corrections. The observed and predicted
values averaged over the t-range (e, 0,3) are shown in the table 11,1, The
experimental value af‘ygg does not vary much with energy {see table 11.2
which shows values averaged over the t-interval © - 0.2). This suggests
that there is not much change in the underlying mechanism for this reaction
over the range 2 = 10 Gev/c. In particular it weans that there is no eign
of a contribution frem‘y@exchange at the higher engrgies. This justifies

’
the consideration of only pion exchange as & contributor to this reaction.
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TABLE 11.1

SPLIL DENSITY MATRIX EIEMENTS FOR K*°(890)

Experiment QNNEA prediction
poo 0.60 £ 0.09 0.68
pia 0.16 £ 0.04 0.08
N
TABLE 11.2

Poo FOR K*°(890) AND X*(890) AT DIFFERENT INGIDENT MOMENTA

Momentum Poo £O° k*°(890) .PP—‘.! for K* (890)  Reference
1.33 0.62 ¥ 0.05 - 62a
2,64 0.68 £ 0.07 0.54 ¥ 0.03 164
3,0 - 0.34 L 0,08 166
4.1 0.57 £ 0,08 0.27 X 0.08 169
4.6 0.63 £ 0.10 - 171
5.5 0.63 £ 0,12 - 169

6 - 0.22 £ 0,08 172
10.1 0.60 £ 0,09 0.17 £ 0,07 13
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K p —3 nk*°(1420)

The predictions of O/EA for the differential cross-section of
this reaction is shown in figure 9.3 (page 282). In this case the curve
shown has not been normalised and gives a faiwrly good deseription of the

data out to t = 1.0.

For the reactions X p—> pk* (890), pkK* (1420) we have already
geen that there is evidence for a contributien from I = 0, naturdl parity
exchange, Assuming this is veetor exchange we have @ and d> as the two
candidates but, since 4) has a much weaker coupling to nucleons than dees
%, its contribution will be neglected, Any I = 1 exchange which contri-
butes to g*° preduction must, because of I-spin conservation, also contri~
bute to K*~ production with an amplitude one-half of that in the charge
exchange reaction, Thus there is an exactly known contribution from pion
exchange in the K*~ pemctions., BHowever, it is not possible to determine
the coupling constants of w at the £*(890) vertex since this vertex cannot
appear in an ohservable decay because %the K*(890) is below the Xw threshold.
For K*(1420) it is pessible to determine the required coupling cons tant
from its decay into Xe but the partisl width for this deecay is not accurate-
1y known, At the nucleon vertex the w coupling constant is alse net well=-
known since there is no possibility of carrying out 6N septtering, In
order to calculate the vector-exchange amplitude in the OFEA nodel only
the product of the vector coupling constants is required but since there
are two possible couplings ef\fhe vector meson at the nucleen veriex, the

tensor (Pauli) coupling Gy and the vector (Dirac) coupling G, there ave
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two unknown parameters invelved, There are two possible procedures to
follow: 7
i) best values of the two parameters may be determined by a fit to the
data
ii) the vector coupling constants may be expressed in termes of the known
poeudoscalar ones by using the predictions of a higher symmeiry in
which both veector and pseudoscédlar meéons are contained within the

game multipleb.

The first of these two methods i8 adepted here, The two parameters are
chosen to be the following dimensionless functions #f the coupling con-
stants (207):
¥ = g +a7) (11.9)
2gG

0 = 267 (11.10)

g&
where g, G were defined above for pseudoscalar exchange and £ is the

ecoupling of @ to K*K.

K p —> pk*”(890)

For this reaction three maximum likelihood fits were carried oub
to determine the pair of perameters (3, f ). The best values found were
approximately:

a) wsing differential cross section data only: (0.2, 0.2)
b) " density matriz elements * 5 (0.4, 0.0)

) " hoth sets of data together : (0.4, 0.2)
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Fits were also carried out with the absorpiion parameter st
the meost arbitrarily chosen of the four, set equal to 0,005 (nalf of its

previous value). There was no appreciable difference in the resulis

obtained,

Figure 11,2 shows the differential cross section (DCS) predicted
by each of these sets of values. It can he seen that fit a), which uses
only the data in this distributionm, is very poor and, from inspection
alone, seems hardly better than the other two fits, The results for the
donsity matrix elements from the three fits are shown in table 11.%., In
part b) of figure 10,1 (page 304) the dotted curves are those obtained
using the combined data, that is fit ¢). (For the record, the dotted
curve in part b) of figure 11.) and the curve in figure 9.3, page 282,
also correspond to this fit)., The agreement is better than that obtained
for the DCS, consistent with the comment made at the siart of this chapter
that at least the main features of the density matrix elements are determined
by the exchange causing the transition 1—> f. Certain features present in
the data for PW and Re/ﬂ 10 8Ol to be reproduced but /91_1 is not well

explained.

The value of p .o for K*(890) productien shows a considerable
variation with energy, in contrast to the situation for x*° (see table 11.2),
There is a steady fall-off with increasing energy which may be interpreted

ag an inerease in the vector exchange contribution,

In the Born term mede%Feither with or without form factors there

is no interference between the contributions from pseudoscalar and vector
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Table 11.5

Comparison of density matrix clements for reaction {2) with absorption
caloulabions for different velues of (&, n)

4] , 0.0 —~ 0,10 0.10 ~ 0,20 0,20 — 0.30 0.30 — 0.60
(eV/e) . !
Pon BXP THEOR EXP THEOR EXP THEOR FXP THECR

0.55%) 0.33™ 0.22%) 0,13
Ay
- 0.27 O.ﬁhb) 0.05 O‘qéb) 0.13 O’OYb) 0.12 0,050
* 0,08 £ 0,07 + 0,07 + 0,07
0.360) 0.11%) 0.,06°) 0.03°
0.07) 0.21%) 0.30°/ 0.30%
0. 34 b) 0.6 b)Y 0.23 b) 0,36 b)
P11 |+ 0mos | 0% Hlx 006 0.437" 1 +0.09 046 s 0.08] O
{ 0.22°) 0,&10) 0.450) 0.1:2°)
0. T - 0.10% ~ 0,057
\ - 0,015 b)Y ||~ 0,11 b~ 0.07 _ b) 0.025 _ b)
fery o lix 0405 - 0,087 117 %05 |7 0%l 0L0n 0.02 s+ 0,07 00t
L 0.13%) - 0.04%) - 0.02% - o,
L .
i Hl |

(6: n)
! (& n)
| _0) (&, m

i

i

1

(0.2, 0.,2) from fit to dc/dt

(0,4, 0.0} from fit to o . (t)

(0.4, 0,2) from fit to do/at end £ [t

\
/
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exchanges (204). This is no longer true when abgorption is introduced

and the interfersnce between 1 and @ exchanges in K*(890) praduetion

leads %o somewhat different predictions for the DCS and for /900 in the

low t region where the two amplitudes have comparable magnitudes, Both
these quantities will have larger values if there is constructive iater-
ference than if the interference is destructive, For K*  production,

these two cases correspond to ¥>O;§<O respectively, For K*+(890) produc-
tion in K+p reactions the reverse is tiue since the vector exchange anpli~
tude in this charge conjugate reaction changes sign under the C-parity
operation whefgas the pion exchange amplitude does not. In the intermediate
energy range the difference in the absorption parameters for the X" and X~
resctions results in a larger cross-section for K*+(899) production in the
small t region, Thus if there is comstructive interference for K*1(890) the
effects of interferenge and absorption enhance one another, while in the
opposite case the} tend to cancel oﬁt. This allows the sign of the inter-
ference to be eamily determined and experiments with £~ at 2.64 Gev/e (210)
and 3.0 Gev/c (166a, 208) and with K™ at 3,0 Gev/e (177a, 208) all agreed
with the choice § > 0, that is, constructive inmterference for K* and
destructive for K*+. (It should be noted that in references 208 and 210
the relative sign change between k¥t and X¥*” has been omitted and the

conclusions of these papers should therefore be reversed for the K* case.)

At high energles, because of the increasing contribution from
vestor exchange (a8 shown by the steady decrease in /009) the region where
interference is appreciable shifts to smaller 4t values. BEven when there

is construetive interfefance the DCS tumms over near t = O because the
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w-exchange contribution, necessitating as it does spin-flip at the baryon

vertex, must venish at t = O due to angular mementum conservation. Also

there is no longer any difference between K*" and I*” caused by the 4iff-
erence in absorption parameters and within the present experimental
errors it is therefere difficult to distinguish between the twe pessible
signs for ? « The most'sensitive place to look for such a distinction
ig in the value of /000 at small t, where there is a substantial differ—
ence remaining even at 16 Gev/e (211). In this experiment the value of
P for the turangs 0 - 0.1 is 0.27 X 0.08. At 10 Gev/c K there is a
reported value of 0.01 ¥ 0,07 (184), Thie is averaged over the whole
t-range but because the cross-section is highest at small t values much
of the contributien must come from this region (and‘/’oo ghould never

bo negative). This therefore seems more consistent witk ¥ > 0, im

agreement with the lower energy results.

If the absorption model is to have any physical meaning for vec-
tor exchange, the vector coupling constants determined by fitting data at
different enmergies must really be comstant, Figuare 11.3 shows the values of {
(¥ ' 7, ) determined for K* (890) production as a function of the incident
momentum. It can be seen that, far from being constant, they both show a
strong variation with energy which can be approximated by (’ﬁab)-l‘ Thus
the OTEA model for vector exchange does hot seem at all satisfactory over
this energy range. It is at high energy that it is worse since in the
intermediate energy renge it did at least give reasonable fits to the bes

Wwith the rélevant values of the coupling parameters, It is olear that
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the main inadequacy of the model, namely the divergent behaviour of the
vector exchange cross-section at high energy, is simply being incorperated
by an artificial reduction in the coupling “"constants" f s N, e This can

achieve some compatibility with the total cross seotion (though not one

with any physical significance) but the t—dependence cannot be explained
in this wey and at high energies the preseription used does not even serve
as a useful means of parametrising the data. The fit a), which was the

vest (1) fit to the DCS datae alone, is equivalent to assuming a very gmall

veector exchange contribution as can be seen from the unacceptable predic-
tions it'gives for the density matrix elements (table 11.3). This is
clearly just the best way in which the parameters can be varied so as to
reduce the large vector exchange ecrogs—gection and the £it iteelf is

physically meaningless.

T4 i interesting to compare the velues of § , 1|, obtained experi-
mentally with the predictions for these quantities which are given by a
higher symmetry scheme such as sU(6). Since we have not made any quantita-
tive determination eof the 9-exchange contribution we can only compare quan-
tities which depend only on s~exchange. (However the fact that the p-ex-
change contribution is small is consistent with su(6).) In the low %

" 1imit the predictions of relativistiec su(6) for the W-couplings are (212):
0.15 (11.11)

B2y -1

2y - = -1 : (11.12)

1

From the results of fit ¢) above, we have the velues 0.33 and 0.6 for these
quantities, The first of these is in reasonable agreement with the predic-

tion but the second, although agreeing in magnitude, differs in sign. This
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sign is determined by the jnterference between pion and vector exchange

and a negative value is not favoured experimentslly, a8 we saw earlisr,

In this comnection, the analysis of x*"(890) production at 4.1 and 5.5 Gev/c
(169) is interesting. The su(6) couplings are introduced from the start
and the sgreement with experiment ig claimed és evidence for their validity.
However it seems probable that the predictions with the opposite sign for
would give at least as good agreement. Unfortunately these predictions

sre not shown,

K-p ——>pE*(1420)

The DCS for this reaction has been ealculated for three combina-
tions of pion and vector exchange and the results are shown in figure 9,3
(page 282). The curve marked 1b corresponds to the seme values of (% ' 7. )
that were used in the combined fit e) for K*¥ (890) production and gives
very bad agreement with the data. Curve la)hes an increased amount of
veetor exchange while curve 2 is for vector exchange only. These two
appear to give better agreement for the shape of the DCS but the nornalisa-

tion is badly predicted,
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11.,1.3 Absorption and form factors

The main trouble with the Bern term model with empirical

form faetors discussed in section 11.1.1 was that in the vector

exchange situation the form factors required had to vary more
strongly with t than was reasonable. Since absorptive effects
provide a natural way to sharpen the production angular distribu-

tion, it is possible that less dragtic form factors, which musy

be presert at some level, could usefully be introduced. They
would reduce the amount of absorption required to fit the DUS and
thus the density matrix elements would have values somewhal closer

to the simple BTM predictiens.

The inelusion of form factors and absorption to describe
resctions in the intermediate energy range Was found to give reason-
able agreement (213) although in no case ceuld it be said that the
data actually required the presence of the form factor, This is
of course in the energy region where the absorption model works

quite well,ceven for vector exchange.

At 10 Gev/c the introduction of a t-dependent form factor
will not improve the description of either the J[j-exchange reactions,
where the t-dependence is already quite well described, or the
vector exchange resctions, where the discrepancy is toc large to

be saved by a form factor of no more than the allowable strength.
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11.1.4 Criticism of Born term models

P Tl A e B e

The inclusion of ebsorption in the BTN anplitude according

to the Sopkovich formula (11.‘) does seem to go part of the way
towards achieving better asgreement with experiment and probably
contains some physical truth, With this in nind several authors
have attempted to derive it in a more rigorous way. Approaches via
Sematrix theory have been made by Ball and Frazer (214) and Omnes
(215), The former retained a more general result with the aid of
agsumptions which are plausible for pion exchsnge but not at all

go for vector exchange. They did not require to make the assumption

that the absorptive interactions were of ghorter range than the
primary interaction described by the Born term, an gasunption

which is certainly net true for pion-exchange reactions, The failure to
derive (11;4D for vector exchanges seems consistent with the failure

of the model at high energy for such reactions, A4lthough such deriva-
tions are based on principles which are believed to be more relevant
for strong interactions than potentiel scattering, they do invelve
assumptions of their own and it is difficult to see exactly what atatus
the Sopkovich formula has, It is probably only strictly valid fer
high partial waves. In spite of its usefulness in reducing the con-
tiributions of the lower partial waves below the unitarity bound it
does not itself satisfy unitarity exaetly since, for example, only
elastic interactions are comsidered for the absorbing processes.

Two ways in which it could be upitarised are provided by the K-matrix
(216) or N/D (217) methods, The latter is more suited to the treat- '

ment of bound state problems and becomes very complex at high energy
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when there are many open channels, tut it has been discussed for the
absorption situstion (218). The K-matrix method has been applied
to K+p resctions at 3 Gev/c (219). Using only the four final
states Kfp, K*N, KN* and K*N* the DCS cannot be sharpened suffi-
ciently te give agreenent with experiment and the elastic channel
has a much too large imaginary amplitude, Inclusion of other
channels can improve the collimation but only at the expense of

making the elastic amplitude still bigger.

In conclusion, the modifiecations of the simple Born term
model have mostly only attempted to improve the deficiencies i} and
11) mentioned earlier, namely the strong wnitarity violation in the
low partisl waves and thé jnconsistent behaviour of the DCS at
large enough t values when particles with spin are produced {not
exchanged). But pone have attempted to deal with the violent
behaviour which is predicted when the model is applied to the
exchange of particles with spin at high energy. No finite sum of

guch exchanges is likely to give any better agreement.

Regpeised models

Soon after it was shown that form factors were net able
to improve much on the results of the Born term model for vector
exchange reactions, it was suggesfed (220) thet if the exchanged
systen were a Regge trajectory instead of a single elemeniary

particle, the high energy SJ catastrephe present in all Born term
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amplitudes (J > 1) could be removed. In the single Regge traject-

2 (%) =2

ory exchange model the DCS behaves like S at high energy

(see equations 9,3 and 9.4), compared with the 5?0 = 2 pehaviour

of the BTN, Although o(t) is equal to J at t = m° this point is
’not in the physical region, Unlike the case of an elementary
particle which correspends to a fixed pole in the angular momentum
plane, the Regge trajectory moves with t and, since it has a positive
slope and an intercept at t = O of no more than ome (157), it follows
that in the scattering region (which always corresponds te negative
t in the reactions being studied here), the largeat power of s that

can be present is so, that ig a constant,

This s‘i(t) behaviour of the single Regge exchange ampli~-
tude at high energy implies that the irajectory with the largest
«(t) will be the dominant one in the scattering at that value of t.
This is only strietly true when the iwo externsl particles at each
vertex have equal masses, that is for elastie seattering (or to a
good approximation) charge exchange scattering, ¥For the reaction
a + b—>3c¢ + d with arbitrary masses, the t-channel centre of mass

systen scattering angle is given by:

~2t(s - 2 - md) + (t+mk - u)(t + my - m3)
M, mi- ) (s, n2, 15) (11.13)

cos Bt =

where .the fugction A has been defined earlier.

In the pairwise equal mass situation m, =M, By = By,



- 352 -

]
??(t, ms, mi) = t(t - 4m§) ete., 5o that

2 2 2
2(s - m, - mb) + %

(t - 41112)%(1? - 4m§)"}

cos-Bt = (11.14)

In the limit t— 0 these expressions for cos Bt reduce to
1 and s/'2111.am.b respectively and only in the latter case is the ssymp-
totic appreximation for P, (cos 8 17) valid in the limit s—>o00., It
ig this approximation which leads %o the s“(t)behafiourffef the
Regse exchenge smplitude, In the unequal mess case for finite s
there ig a region around the forward direction where the necessary
approximation is invalid, In the case of spinless particles analy-
ticity at t = O requires the existence of a family of daughter traject-
ories with intercepts which are successively one unit below that of
the original marent trajestory (221). For the case of particles with
spin it is convenient to define reduced helicit& amplitudes'? given

by

Fra, s = nd, ac / (sin%@filw(cos %etsw

(11.15)

where Aw= & - ¢, F’= b - d are the helicity changes at the twe

vertices. Then one may write

+ .
foa, ac - T-b-d, ac = F (t) Culs, t) (11.16)

where K, (t) are functions involving the kinematical singularities
and have been given explicitly by Wang (222), and C4 (s, t) are
analytie functiens except for possible dynamical singularities.

One may carry out the usual Reggeisation process for C te obtain
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¢, (s, 8) = Yy () 8 <X (e) (11.17)

where M = max ( P , [l ) and  §(t) is the signature factor.

Thus for small t the power of the asymptotic s-deperdénce has bheen
reduced by ¥ but for large t the additional Sm dependence noeded to
regain the Sdﬁt)behaviour ig provided by the half-angle faectors in
(11.15). The functions Xfl(t) are smooth functions of t but may
contain functions of «(t) (223), When these functions are zero they

give rise to zeros in the helicity amplitudes.

An anslysis of the production of ¥*{890) in both its charged
and neutral states in terms of the exchange of Regge trajectories has
been carried out, PFull details are given in reference 224, Contri-
butions from other J-plane singularities (e.g. cuts or fized poles)
have been neglected, Unfortumately the number of trajectories whiech
can be exchenged in these reaciions is guite large, due to the lack
of quantum number restrictions. Exchanges of both G~-parity are
allowed as are those of both natural and ynnatural spin-parity.
Furthermore, for K* (890) beth I = 0 and I = 1 exchanges are possible.
Siz trajetories are considered, three with I =0 (P, ?', &) which
can.contribute only to XK*  production, and three with I =1
(.o 9y A,) which can contribute to both reactions, Of these six

only the pion has unnatural gpin-parity. The irajectory functions
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for p and A2 are well-known from analyses of the reactions

mp—2 Hon, q?n regpectively where they are the only known
trajectories which can contribute. {(Since no well-ssitablished Regge
recurrences exist the meson trajectory functions cannot be determinsd
from the Chew-Frautschi plet,) The P and p' trajedtories are also
well-known from Regge pole fits to elagtic scattering reactions.
Indeed these were specifically jntroduced in order to understand

the behaviour of elastic scattering. No parbicles are known which
lie on elther of these trajectories and it is possible that they
represent the effect of something other than a Regge trasjectory.
However for the time being they will be retained since no better
parametrisation is available. The Pomeron trajectory P is not
expected to contribute strongly to K* production since the cross-
gection for this reaction decreases quite rapidly with increasing
emergy. Axse in the SU3 sympetric limit it cannot couple to a KK*
gystem, This is borne out by the small contribution cbtained in the

£it. The contribation of P' is alse megligible.

The remaining two trajectories ( /i and #) are assumed %o
be linear but since they are less well-known their slopes and inter—
cepts are left to be determined in the fit, In addition to these
pgrameters.the contribution of each trajectory contains a sealing
factor S, and the function ¥(%) which is assumed to be constant.
However, allowing Sg to vary from trajectory to trajectory effect-

ively allows the residues to have a strong t~dependence,

An analysis of the type described here would be meaningless

if applied only to dafa at a gingle energy. For this reason data
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for ¥*~ and K*° production at 4.1 and 5,5 Gev/c (169) have been
used as well as data from K*+(890),productian in K+p reactions at
3, 3.5 and 5 Gev/c (177b, 180). The K*' amplitude involves the
same trajectory contributions as E*" but with a relative change of

sign between those having € = + 1 and those with C = - 1.

The resulis from the fit for the differential cross-sections
at 10 Gev/c are shown as the solid curves in figure 11.1, The curves
have been normalised to the total reaetion cross-sections and it can
be meen that the shapes are well reproduced by the medel, In partic-
ular the agreement is much better for K* than the OPEA predictien
(dotted curve), TFor K¥°(890) the two models give practically identi-
cal results, remembering that the OFEA prediction was not normalised

but divided instead by a somewhat arbitrary figure of 4.

The predictions for the density mairix elements are shown
as the solid curves in figure 10,1 (page 304). Again the agreement
iswwm@hem@tmmwsﬁerwinme%wofﬁﬂ It is
difficult to say whether the extent of the observed agreement is o
be expected simply as a result of the flexibility allewed in the fit
by the large number of undetermined parameters (twenty-two in all),
However the minimum value of chi-squared obtained (232) is not at
all small which suggests that one is doing more than just arbitrary
ourve fitting, Hopefully then, the approximate consistency betwesn
the fit and the 10 Gev/c data is physically significant, at least

in its mzin features,
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The amplitudes which contribute to the two reactions are
as follows, For K*  production the @ non-spin-flip amplitude is
the dominant one out to % = 0.7 except in the very forward direetion
where the pion non-flip amplitude dominates. The impertance of
pion exchange in this region compared with the higher lying w traj-
ectory can be understood from (11.17). Because of the symmetry prop-
erties of helicity states under the parity transformation, natural
parity exchanges couple to the K* helicity states it only, whereas
unnatural parity exchanges allow A = 0 as well (225), Thus the
pion trajectory can asymptotically dominate in the very forward

region if it is the leading trajectory of unnatural parity.

In E*° production the pion non~f1ip amplitude gives the
dominant contribution at all t values, Thke p contributidn is small
while A2 exchange only contributes substantially beyond ¥ = 0.4,

The dominance of the pion trajectory even away from the forward
direction in this reaction is not so eagily unﬁerateed.' The unimport-
ance of p-exchange (in both reactions) is consistent with the small

coupling constants predicted by su(6).

ar e18

There have been many other models proposed from time to

time to explain various features of high energy reactions,
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A form factor approach somewhat different from the one
discussed earlier has been proposed by Durr snd Pilkuhn (226)., The
divergence of the BTM matrix element (11.2) at high ~t values when
particles with apin are’produced iz not preéent if the naive pole
approximation mentioned at the very beginning of the chapter is
used. The latter is a bad deseription -at lew t values zo they
sugeest the addition of a form factor., Wolf (227) has analysed
several pion-exchenge reactions with this mnodel over a wide range
of energy and finds geod agreement, This: model has not yet been

applied to the k*°(890) or E*®(1420) production reactions.

Seversl approaches have been made Yo combine the Regge
and absorption approaches since they tend to describe quite well
the s and t dependences respectively of the seattering amplitude,
It is not very clear if any absorption effects are included auto~
motically in the Reggeised exchange amplitude, Van Hove has shown
that the Regge amplitude is obtained in the limit of an infinite
sum of single particle exchanges spaced along a linear rising
trajectory at intervals of two in spinfmﬁThe inclugion of absorp-
tive effects is equivalent to the inclusion of contributions from

the exchanges of branch cuts in the angular momentum plane.

The amplitude first written down by Veneziane for the
i —3 1 w reaction (229) has led %o many intersting developments
' and has provided for the first time a method for desoribing the
behaviour of multi-bedy reactions. Its relevance to the two-body
reactions discussed here is that in limit when the (KT) combina~

tion forms a K*(890) or K*(1420) the Veneziano amplitude reduces
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to single Regge exchange., At the present time the formulation of
the Veneziano model is such that only a single trajedbory can be
intluded to describe this gingle Regge limit so that no improvement

in the deseription of the K¥ production reactions will be obtained

by using it.
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CHAPTER 12

PRODUGTION MECHANISM FOR UNNATERAL SPIN-PARITY STATES

This chapter presents a very brief discussion of the present
state of knowledge concerning the production mechaniems of the twe states

of unnatural spin-pavity observed in this experiment, x*(1%20) and L(1800),

. The earliest meson resonances to be discovered were those which were
eventually assigned to the 1" and ot nonets, that is they had natural spin-
parity. As the previous chapter showed there has been considerable progress
in the understanding of the production of such states. In contrast it is
only fairly recently that the mechanisms involved in the production of the
1ess well-established unnatural patity meson states have been gtudied and

most of the results so far are only qualitative,

For a long time there was controversy as to whether the pesks
observed in, for example, the (R TR ) mass spectra were really resonant
states or whether they were merely "kinematic" effects. Deck (61) proposed
a non-resonant explanation of the peaks involving the exchange of & pion
at the top vertex of a peripheral graph:followed by diffraction scattering
of this virtusl pion at the baryon vertex, In the intermediate momentum
range this mechanism wae able to give a fairly satisfactory description of
the (K7W ) mass distribution but at high ensrgy this is no louger a tenable

explanation since it is net able to repmoduce the sharpness of the observed
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peaks, This is shown in figure 12.1 which shows the mass distribubion
predicted by the Deck process (dotted curves). In a Reggeised model the
Deck graph is a double Regge graph where the exchanges are a pion and a
Pomeron., The realisation that there is at least a partisl duality involved
in the description of such systems as either resonsnces or background effects

has to a large extent made such questions less vital (230).

As discussed in chapter 10 the productien of the ¥*(1320) and
1{1800) states seems to ocour exclusively by the exchange of a systenm with
natural spin-parity and zero I-3pin. Since these reactions also have cross—
sections which are approximately constant in emergy it is very likely that
they are produced by the exchange of the Pomeron trajectory. 3By analogy
with high energy elastic scattering which has a purely imaginary amplitude
characteristic of optical diffraction, reactions like those invoiving
g*(13520) and L{1800) are often referred %o as inelastic diffraction processes.
Becouse the Pomeron trajectory seems to be rather different from other meson
trajectoriea (it has a much smaller slope and no physical states are known
to lie on it) its exact nature is unknown and it may represent the effeot

of some mere complex J-plane singularity.

Horrison (231) has shown that for all reactions which seem to be

of the Pomeron exchange type the following selection rule is satisfied

AP = (=) ag _ (12.1)

where the delta-symbols represent the changes in parity and spin that oceur

at ome vertex. For pseudoscalar-meson-baryon scattering this means that
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states of unnﬁtural spin-parity appear to be diffractively produced but
states of natural spin-parity de not, This is consistent with the absence
of Pomeron exchaﬁge in ¥*(890) and X*{1420) production. The above empirical
rule should appear naturally in a theory for the production mechanism of
these reactions, at least for the cases in which its validity has been
demonstrated even if the simple form (12,1) does not hold in general, Some

progress towards such a description hag been made by Carlitz et al. (232)

As discussed in chapter 8 the possibility of there being more than
one ¥* state in the Q region has been suggested. One might well expect that
the K* states which belong to the 17 and 17~ nonets in the quark model
classification would lie in this mass region, These two K¥ states have
jdentical guantum numbers since they are not eigenstates of C, the quantum
number which distinguishes the two nonets, This gives rise to the possibility
of mixing but reasons were given earlier why this might only be small, due
to the fagt that it is sero in the limit of SU(3) symmetry. Quite independ-
ently of the mixing the proximity of two states with the same spin and parity
ellows interference to occur. As shown firet by Goldhaber (233) and later
by Fogli et al, (234) the assumption of various values for the relative phase
angle between the two production amplitudes gives very different predictions
for the positions of the peaks in the mass distribution, If this phase
angle varies with energy this might provide an explanation of the variation
in the pumber and position of the peaks in the (x ) spectrum.reported by
different experiments. If such a desecription is velid a comparison of the
obgerved mass spectra with those predieted by the simple phase~difference

model might enable the variation of the phase angle with energy to be
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determined. At present this is difficult as there are not enough exyperi-

ments with the nocessary low mass resolution and high statistics.

The ebvious explanation of the two preduction mechanisms involved
here is that the K* state with € = + 1 would be produced by Pomeron exchange
and would therefore have a constant asymptotic eross-section, while the
atate with ¢ = — 1 would be produced by the exchange of a meson with C = - 1
and I = ¢ (for example we). This explanation assumes thet the couplings at
the meson vertex are (at least approximately) SU(3) invariant so that one
may apply the conservation of C-parity., This explanation is in contradiection
with the preference of C = - 1 for the nonet to which the K*(13%20) belongs
obtained in chapter 8 from a consideratien of relative decay retes, The
even more favoured assigmment of C = - L for the L-mesen obtained in an
analogous way (though using other decay modes) is also hard to racdncile

with its constant crossg-sectioen.

There is certainly a long way to go before such processes are undere
stood as well as those which involve the exchanges of reputable meson tra ject-
ories, No mention has been made here of the many attempts that have been
made to undersiand these inelastic diffractive processes in fterms of médels

of the opticsl type, in particular the coherent droplet model (235).
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CHAPTER 13

CONCIUSIONS AND FUTURE PROSPECTS

The four resetions whose analysis has formed the main part of
the work in this thesis are typical examples of the hadron scattering
processes which have been extensively studied at svailable accelerator
energies during the lastten years, that is,ever since the discovery of

the existence of excited states of meson systems,

The production of the two natural spin-parity states, K*(890)
and K¥(1420), is described by the exchange of a mesonic system in the
t-channel, once the energy is sufficiently high for the effect 6f s~channel
resonances to have become negligible, The exact detalls of the production
mechaniem for such reaections are still under discussion.but, in a phenomeno-
logic way, we believe we undersitand them., This cannot be claimed for the
other two processes studied (those involving the mroduction of the K*(1320)
and L(1800) states) which are diffractive in charaseter. We really under—
stand very little about such reactions and it is therefore foitunate that
they appear to repreaent an inereasing properiion of the total two-body
reactions ag the energy is raised, due to their approximately constant
cross-gections., One must not however forget that the quasi two-bedy pro-
cesges themselves only Torm & relatively small part of the total scattering

cross-gection and that the study of multi-bedy final states is alseo vital



: - 265 -
(.. 365

fbr the understanding of hadronic systems, BSuch studies are at present

only in their early stages,

The éurrenﬁ complexity of strongly interacting systems is vexry
suggestive of some simpler underlying sub-structure and if this turns out
to be correct, the extension of present experiments into the new "high
energy" region up to 500 Gev/e may well provide evidence for this structurs.

These energies should become available in the not toe distant future.

It would be satisfying to suppose that this mew inerease in
available energy will lead to an understanding of the various interactions
of the present "elementary" particles., But we have only our past experience
88 a guide and this hope may well prove unfounded. Certainly the diffrae-
tive type of process seems to have an essentially smooth behaviour in most
physical variables (for example the absence of spin dependence and the
constant ovoss-section) which does not seem likely to lead to the discovery

of deeper structures

It is now nearly forty years since the strong nuclear force began
to be a prime object of study in physics. Involving as it does the inter-
asctions of matter at the most basic level yet investigated it underlies
{at least in a conceptusl if not in a direet prdctical way) all other
processes which teke place in the physieal world and must therefore be
regarded ag one of the most basic fields of ressarch, Yet during this
time nething of the most fundamental significance has emerged by way of a
theoretical understanding of these phenomena, compared for example with
the advances made in the peried 1900 ~ 1930 (quantum theory, special rela-

tivity and quantum meghanics) which revalutien%ﬂsed almoat all previous
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physical concepts, This is in spite of the fact that probably more
experimental and theoretical effort has beon expended in this time in the
field of particle physics than the twfal of all previous work in the whoele

of physics,

Hopefully future experiments will uncover hew and unexpected
features of the particle intersctions and will lead in turn te a more
complete understending of them. If not we shall have all been wasting

our tvime,
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APFENDIX

Determination of spin density matrix elements

The spin density matrix elements in this experiment have been
ealeulated (where accessible) from the decay angular distributions of the
resonant states concerned, using the method of maximum likelihood. The
polar and azimuthal decay angles i ’ (D are defined in the Gotifried-Jackson
frame of reference (see chapter 10 for a definition of this frame). For a
two-body decay the direction of sither of the two (eppoaitely direc't;ed)
decay products serves as an analyser, whereas for a three~body decay the

relevant vector is the normal to the decay plans.

For the decay of = 3F = 1 state into two or three pseudoseslar

(07) particles, the sngular distribution is given by (191):

W,(cos i, @) = 1%;‘"( Poo cos?8 + P11 sin®f - fl—lsng cos2gp- 2

- F:'_Re/Dlo gin 26 cosd) (A.1)

with the trace condition /o 00 + 2 ,o 17 1,

When this ie integrated over ¢ or £ it leads to the following
gingle angle distributions, each of which depends on only one independent

matriz element:

Ul(éesB) =% (foe 09529 + /011 35-’-‘29 ) (4.2)

1
w(¢) =27 (1= 2p) co8 2¢) , (4.3)
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A distribution invelving only the third independent element

Re Pio oo be obtained by integrating over &in28 cosc.

For the decay of a J’P = 2¥ gtate into two pseudoscalars:

15 1 _
Wa(eosﬂ ,4’) = 1671’{3/900(00323 - 3)2 + 4/011 a:'uxz@ 00528 +/022 sin49
2 2, &
-2¢o0s ¢ sinQB[Re Pl gin“f + fé Re/olo (cos“ @ - 3)]
2 2 2, =
—-2cos 2(ein . [2{)1_1 cos“f - ﬁ Reﬁzo {cos“f =~ 3)]
+2Re/32__1 cos 3¢ sin28 ain29 + /02__2 cosd sin49} (1.4)

g with the trace condition /9-00 + 2/;11 + 2/022 = 1,

The corresponding single angle distributions are:

1 1
ﬂz(eosg ) = _éz [3P°° (0052@ - ?)2 + 4/;11 gin>0 00825 + poz aintg (4.5)
-
W(P) =27 {1 * Pos ees4q§} (4.6)

If the produciion of the o* state is assumed to occcur by the
exchange of spins no higher than ons, only the matrix elements fe o? /'711
and /01_1 in (A.4) are non-zero, This results in a considerable simplifi-

cation of the expression,.
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"Phose who have handled seiences have been
either men of experiment or men of dogmas, The men
of experiment are like the ant; they onrly colleet
and use; the reasoners resemble spiders, who make
cobwebs out of their own substance, But the bee
takes o middle eourse; it gathers its material from
the flowers of the garden and of the field, but
transforms and digests it by a power of its own,
Therefore from a closer and purer league between
these two faculties, the experimental and the ration-
al (such as has never yet been made), much may be
hoped”.

g FRANCIS BACON, Novum Organum (1620},







	0538_001
	0538_076
	0539_001
	0539_077
	0539_147
	0539_222

