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ABSTRACT

This thesie presents a study of the strange particle
production in ¢r+p interactionsat an incident pion momentum
of 4 Gev/c. The Saclay 81 cms. liquid hydrogen bubble chamber
was exposed to a beam from the CERN proton synchrotron and
70,000 pictures wers obtained. The analysis of those events
with at least one observed strange particle decay is preseanted,
with reference to the non-strange interactions at this energy.

Chapter 1 reviews the background to the experiment. In
Chapter 2 an account is given of the apparatus and processes
used to analyse the events. Chapters 3 and 4 describe the
methods used to analyse the V° and charged V events.
Cross-sections results and a brief discussion of the strange
particle events with four charged secondaries are considered in
Chapter 5. In Chapter 6 all the strange particle reactions
with two charged secondaries are considered in detail and in
Chapter 7 details of the Gottfried and Jackson analysis are
given and the results for two reactions considered.

Finally in Chapter 8, the Buddha meson and the possible

KX decay modes of non-strange mesonic resonances are discussed.
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CHAPTER 1
BACKGROUND TO THx EXPERTMENT

1«1 Introduction

Strange particle production has been studied in & Gev/c
7 p interactions in order to determine the cross sections which

are unknown in this energy region. It was also possible within
the limited statistics, to study the production of resonances
and the possible exchange mechanisms producing quasi~two body
final states, Quasi-two body final states are those with
three or more particles, where one or more resonances are
formed, in such a way that it is possible to consider them as
two-body final states.

It is of interest to compare the results with those

)

found in the # “p interactions at the same energy. The
resonance production is much more copious in the 1r+p

interactions than in the ¢ p interactions. This observation

was not entirely expected. The 7 p system is in a pure isospin
state of I = 3/2, vhile the # p system is a mixed I = 1/2, 3/2
states It is perhaps possible to argue that although this restricts
the number of resonances that can be produced in ﬂ‘+p interactions,
the number of channels is decreased so that the statiatics are
improved.

This work constitutes a small part of the whole 4 Gev/c

ﬂ'+ptexperiment, so that the data relevant to the possible



production mechanisms is considered with some of the other results
obtained in this experiment (2-9).

It wasn found that the quasi~two body final states could
(10)

generally be described by the peripheral model s (one meson
evchange)e. It was a feature of the strange particle production
processes that these were less peripheral than those where
non-strange resonances were produced. In fact the peripheral
process only explains some of the results and some other model
has to be invoked to describe the rest, a possibility is the
statistical model (11, 12). In this thesis only the peripheral

processes are considered,

1.2 Earlier experiments studying strange particle production in

+_ . .
@ p interactions

Although there is a large quantity of published data for
strange particle production in o p interactions over a wide
range of energies (1h), few results have been published for the
production of strange particles in ﬂ?p collisions.

Most of the available results are for incident # momenta
of 1 = 1.5 Gev/c (15), where the only available reaction is

-n—+p - C+K+

which enabled the behaviour at the £T K71 threshold to be studied



and the triangular inequalities

\/ do{r*ps £k7) +./;i11r+p 2 L) > /ng a ps £2%°)
afii : i afd
to be verified,
At higher energies, results are available for only
three experiments at incident #* momenta of 2.08 (16),

(1?7 (18)

2.77 Gev/c; all these experiments

and 3.55
determine the cross-sections for the possible three and
four body final states, but results for resonance production
are presented for the first two energies only.

At 2.08 Gev/c (.16)

the available centre of mass energy
is such that three body final states
7r+p - K+77-+7\

N

'rr+P* A 4

) €19)

can also be discusseds Strong Y} (1385 production was

found in the first of these reactions and strong K* (888) (20
in the others but there was not sufficient data for the exchange
mechanisms for these reacticns to be determined.
Both three and four body final states are possible at

2,77 Gev/o $17) ana it is possible to describe the reactions in
terms of the peripheral model. The reactions

ap+ Kata

1r+p - w+1r+xK°

were dominated by strong Y3 (1385) production, while K*(888)



was copiously produced in the reactions
+
ﬂ+p* £+"0K$
where the exchange mechanism was found to be an equal mixture

of K and K* exchange, in agreement with the results of Smith

et a1. (200,
There was also some evidence for the reaction

o~ N 4 g
$
+ 0,,0
P K1K2
which was observed in tho chsnnel

¢T+p - p~w+KgKg

where 66% of the events lay in the overlap region for the

N*** and the ¢ bands on the Dalitz plot.

1.3 The 4 Gev/c w'p Experiment

This experiment was carried out in collaboration with six
other departments in Aachen, Berlin, Birmingham, Bonn, Hamburg
and Munich.

Altogether 9231 events with two charged secondary
particles, 6655 events with four charged secondaries, and 1063
strange particle events have been analysed and the results
published (2-9),

Nearly all the possible interactions are dominated by



strong resonance formation; in most cases it is possible to
describe these processes by i:he peripheral model.

In the non-strange reactions with two charged secondaries,

o (22)

copious N+t (1238) 21 and @ production was seen; .

and it was possible to determine the exchange mechanisms

operating for the two reactions
r'pep+p’

b ¥ 0

atp e T 4 4°

+
Pw

which were almost pure 4r ande exchange respectively & '7>.
In reactions with four charged secondaries, there were two
important reactions. These Were
1T+p “pat at
and 1r+p <+ p 7r+ 1r+ T 1r°
The first of these was dominated by P and N**F formation,
some 20% of which was by associated production of these two
resonances. 1t was possible to determine that w-exchange was the
responsible mechanism for the reaction
7p = Qo + N
"'1r+ T L pat
and this will be discussed in detail in Chapter 7 (8). The. £°

was also seen associated with N*** productione.



It was also in this reaction that the .e'tr enhancement observed
by Goldhaber (23) was resolved into two distinguishable resonances,

the A1 at 1090 Mev and the Aa

produced preferentially with low momentum transfer to the proton.

at 1310 Mev, both of which were

In the second of these two reactions there was copious N+ ang

w° (24) (26)

production and some @ formation o 0% of the
events were of the channel
1r+p + N‘H + wo
pr+ u#w’wo

but an attempt to determine the exchange mechanisms gave
inconclusive results; this will be discussed in Chapter 7 (8).

There was also gsome B-meson production (25) and the attempt
to determine its spin and parity will be discussed in Chapter 8 (9),
together with the results for the search for the KK decay modes
of some non-strange mesonic resonances,

The strange particles reactions are discussed in detail

in the following chapters. These reactions are dominated by

Yt (1385) and K*(888) production, but there is some evidence
1

for the production of the K* (1400) (6%, 65).

It is also suggested

that the enhancement observed in the qu+‘wo effective mass

distribution in the reaction
'rr+p - k* 1r+k 1r°

for those events where the xn&'effective mass was consistent



with the Y2 (1385), was due to the formation vf & regonance of

Mass 1.88 Gev and width 80 Mev.

1.4t The Experimental Observation of Rescnances

In this section some techniques for observing resonance
production in bubble chamber experiments will be discussed.
Consider (for example) the reaction
1r+p-4 gt
then the effective mass of the kw+ combination is defined by
f;;-= wk'+Ev”2-(ﬁx+5v”2
where (B, B) are the total energy and momentum of a particle;
in a similar manner all other effective masses can be calculated.
In order to study the variation of the differential
cross-section with the effective mass for particular secondary
particle combinations, histograms are made for the number of
events against the effective mass, and any resonance production
is indicated by an enhancement in the differential cross-section
for a particular effective mass value.
The probability per unit time that the above reaction will
take place is given by
W=2w thZQ (E)
y !

where M = matrix element for a transition between the initial

and final states



and @ (E) is the density of states (phase space) factor.
This expression is invariant under Lorentz transformations
and generally M is completely unknown.

1 (11,12) introduced by Permi assumes

The statistical mode
thut M is constant so that the transition rate is determined by
the phase space factor alone.

The statistical significance of any enhancements in the
effective mass distributions is then determined by comparison

with the theoretical distributions calculated using this

statistical model i.e. they are compared with a Lorentz invariant

phase space which is defined 27 as
nAn n
(8 = | T I 2 2y] R b ey
Cn i 1 | d'ay 8 (ag - m3) R RERN
Yoo =1 n=11
where n = total number of final state particles
q = (Ei,'ai) = the four vector defining any particle
Q = (B, D) = the four vector defining the whole final state.

Any significant enhancement can only be interpreted as a
resonance after further analysis, or the observation of a
similar enhancement in another experiment at a different energy.
This effectively removes the possibility of the enhancement being
purely a kinematic effect. It is often possible for the production
of a resonance in a reaction to in€luence the other possible
effective mass distributions. If, for example, in the above

+

reaction, strong Y* (1385) 4 A+ 7 is observed,then this can
1 + .
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result in an enhancement in the high values of the S system.

The influence of one distribution on another can be well
determined by the study of scatter diagrams. For a three body final
state with a1l the final state particles having different masses,

a Dalitz plot (28)

is made by plotting two of the kinetic
energies calculated in the overall centre of mass along the
x and y axes of a cartesian coordinate system. Total energy and
momentum conservation imposes a certain boundary for this plot amd
it can be shown that equal areas on the Dalitz plot correspond
to equal probabilities in Lorentz Invariant Phasc Spaces

This plot can also be made by plotting any two effective
mass combinations along the x and y coordinates which makes
comparison between cxperiments at lifferent energies easier.

It is also possible to apply this method to four-body
(29)

final states where the kinematic limits define an allowed
region which is a right angled isosceles triangle but equal areas
of the diagram no longer represent equal areas in Lorentz

invariant phase space.

1.5 The Quantum Numbers of Resonances

In order to classify and understand the behaviour of the
resonances found, their quantum numbers have to be determined.

The most important quantum numbers are the Spin (J),
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Parity (P), Isospin (I), Charge (Q 3 15.), Hypercharge (Y)
and G-parity (G).
Of these, Q and Y can immediately be found by inspection
of the reaction in which the resonance is produced. The determination
of Q leads to restrictions in the possible values of I, because
if Q = ¥ 1, then
as  Q=1I;+1Y/2 ifY=0 I3=i1sothat1'>,1,
and similarly for other values of Q and Y.
G-parity can only be defined for particles that have § = B = O
i.e. the non-strange mesons and mesonic resonances.

G is defined as

G

(charge independence) x {charge symmetry (c))
or = (-DI¥1
where 1 is the orbital angular momentum of the decay products.

For particles with Q = S = B = O only C-parity (charge
symmetry) is defined and

¢ = (-1t

These identities for G and C-parity are particularly useful

in determining the expected KK decay mode of a rcsonancee As

individual G or C-parities cannot be determined for the K or K,

these quantum numbers are determined for the pairj for positive C, the

neutral K°K° system has to decay through KﬁK: or KZKS and for
0,0
negative C through K1K2.
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The quantum numbers that have been discussed so far can
all be obtained in principle by inspection of the decay of the
resonance through the strong interaction or through consideration
of the whole final state. The determination of the spin and
parity, however, is much more difficult and there are several
approaches all of which are well discussed in the literature (30).

As more resonances have been found it has become essential
to find some scheme whereby all these particles ean be classified.
The most recent generally successful scheme has been that of

(31)

Unitary Symmetry which supposes that a super-strong
interaction is violated by a medium strong interaction so that
singlets, octets and a decuplet of definite spin and parity
(0P =07, 17, ", 3/2%) are formed with the individual members
being defined by Y and Ize

As it has not been possible to classify all particles using
SU3, nor have all the predictions been correct, higher symmetries

are being sought which may be even more successful in classifying

and describing the elementary particles.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

2.1 Introduction

A flow diagram for the experiment is shown in Figure 2.1,

The 81 cms. Saclay Hydrogen Bubble Chamber was exposed to
the 4 Gev/c 77 beam from the C.E.R.N. synchrotron.

70,000 pictures were obtained, which were scanned for all
events., After scanning the events were measured and processed
using the Program chain developed at C.E.R.N. for Bubble Chamber

Film Analysis which will be discussed in Section 2.6.

2.2 The Beam

The experimental arrangement for the 4 Gev/c ' beam is shown
in Figure 2.2,

Circulating protons of 20.14 Gev/c momentum at the rate of
one pulse every two seconds struck an internal Beryllinmtarget of
dimensions 3 x 4 x 38 mms. which was aligned along the pion beam,

The particles at an angle of 121° to the circulating protons
within a solid angle of 5.9 x 10" steradians were accepted by the
first quadropole which formed the entrance of the focussing system.b

The beam passed through a series of bending magnets, and
magnetic quadropoles before arriving at the momentum slit with a
momentum dispersion of 1 Mev/c per centimetre. As the slit was

2 cms. wide the resultant momentum bite was +1 Mev/c.



- 16 =

After passing through more bending magnets and quadropoles
and an electrostatic separator, the beam arrived at the mass slit
with angular spreads of 1.3 and 1.4, milliradians in the horizontal
and vertical planes, which increased to 3 and 4 milliradiens at the
babble chamber entrance.

The mean béam momentum was found from the measurement of many
beam tracks to be 4.0 T 0,03 Gev/c.

The proton and kaon contamination were estimated to be less
than 1% but the muon contamination, due to pions decaying in flight
was uncertain, but from comparison with the & Gev/c # experiment

was known to be less than %.

2+3. The Hydrogen Bubble Chamber

The full description of the design and operation of the Saclay
81 cms. Hydrogen Bubble Chamber can be found in an article(jz)
published by the designing group.

The chamber had dimensions 81 x 40 x 31.5 cn” and a capacity
of 127 litres. It was filled with liquid hydrogen at a pressure of
75 p.Seieg. and a temperature of 27°k.

The magnetic field used had a value of 20.7 t 0.2% kilogauss
at the centre of the chamber, and varied by + 5% near the edge of the
illuminated volume,

The 7" beam entered through a 4 mm. aluminium window and after
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a one second delay, three Xenon Flash Tubes were discharged. These
gave straight through illumination in an illuminated volume 70 cms.
long, 28 cms. wide and 30 cms. deep.

Photographs were taken simultaneously by three cameras 01, 62 and
C3, mounted in such a way that their objectives formed an equilateral
triangle in a plane about one metre from the front glass.

Photographs were on 35 millimetre unperforated film with a
demagnification at the centre of the chamber of about 1011,

Fiducial marks etched on the inside surfaces of the windows were
used as reference points in the chamber., The relative positions of
these points were known to an accuracy of 10 microns.

Figawre 2.3 shows the coordinate system used in all further

discussion,

2.4 Scanning Procedure

Scanning was carried out using the British National tables with
a magnification (x10) so that the projected picture had bubble chamber
dimensions and two views could be projected side by sidee

70,000 pictures were scanned for s&ll events, i.e. 2-prongs,
b-prongs, 6-prongs and strange particle events., A strange particle
event was defined as one which had at least one visible particle decay.

For strange particle events 20,000 piotures were studied in

Smperial College. All events were recorded irrespective of their
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position in the chamber.

The pictures were scanned twice; on the first scan a beanm
count was carried out on every tenth frame., All pictures on which
no beam tracks were seen (due to accelerator failure) and on which
the illumination failed in either half of the chamber were recorded
for cross-section calculations.

A scan card was completed on the first scan for all interesting
events, on which was recorded the event number, event type,
any associated electran pairs, stopping protons or secondary
scatters. An estimate of the bubble density for each track was
recorded and a labelled sketch made for use by the measurer,

The event was classified by a three figure number, e.g. abc

vwhere a = total number of charged secondary tracks

b

total number of observed decaying charged tracks

c

i

total number of observed neutral V decays.
for example,a 41*1 was an event with four charged secondaries,
where one of the positive tracks decayed and there was one visible
neutral V decays

In the second scan only the event number and type were recorded
so that scanning efficiencies could be calculated.

After both scans, a checkscan was carried out to make sure all
events were genuine. Jvents whiéh had to be rejected were those

produced by particles not forming part of the beam, and those where
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a recorded V° was in fact an electron pair, or had a T4 p"«'b ot
decay. The criteria used were as followss~

Off-Beam:- Any event whose beam track made an angle of

10 milliradians or greater with the 7 beam was rejected.

1T+‘f_ptl e’ decay: The decay at rest is characterised by the

unique energy of the y and was easily identified on the scanning
table using the following guide from (Figure 2.4)
Pp = P 8in ©

where Pp = Transverse momentum perpendicular to AB,

p = Momentum of the decay product
@ = Angle of emission with respect to the V* line of flight
now p = 300He
where H = Magnetic field (kilogauss)
@ = radius of curvature (metres)
P'.l‘ = 300H e Sin@ = 300H1

2

for q-r".; p" Pp = 20 Mev/c and for K'e p+ Pq = 234 Mev/c so that if
all events where 1g 10cms. are rejected, all e p* decays at rest
are removed leaving an almost pure sample of K" anag' decays.
Electron-pair criterion:- Any v° which had zero opening angle could be
confused with a fast electron pair.

From Figure 2.5 it can be seen that up to certain momenta of
the secondary tracks the decay could be recognised from bubble density

estimates. These limits corresponded to a proton momentum of 1.5 Gev/c
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and Q.95 Gev/c for protons emitted forwards or backwards in the
centre of mass respectively. To try and detect these events -
where the V° simulated an electron pair all electron pairs which
had a positive track of a momentum 0.95 Gev/c or greater were
selected as VO's,

For K% a*4 all events could be detected by Ionization
up to a momentum of 1.5 Gev/c for one of the pions, so any electron
pairs witha treck of momentum greater than 1.5 Gev/c were selected

O
as V 's,

2.5 Measurement of Events

Measurements were made using three measuring machines, One
was built at Imperial College and has been described by Powell (33?
The other two were British National measuring machines, built
commercially, but with optical systems designed and installed by
the Technical Optics group of Imperiasl College.

The basic design consisted of two horizontal perpendicular
stages with the three films to be measured clamped on the x-stage
and the projection lenses on the y-stage. These stages were moved
by hydraulic rams, whose velocity was determined by the appropriate
component- of a sine-cosine resolver controlled by the measurer.

The relative motion between the stages was measured using the
principle of Moire Fringes with equipment built by Ferranti Ltd.

A diffraction grating was fitted to each stage so that there was a

small angle between them, and the line spacing of both gratings was
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identical and equal to 8 microns. On illuminating the gratings
a band pattern was formed at right angles to the bisector of
this angle, where the band separation was a function of this angi%i

The sinusoidal pattern of light formed by the band pattern was
large enough for four photocells to count, using a binary ascalar,
the passage of the fringes and so the stage displacement.

When the stage moved through one line spacing so the fringe
system moved through one band. Four counts were generated per
cycle so that ome count of the digitiser was equivalent to a
distance of 2 microns on the film (20 microns in the chamber).

For measurement the selected view was illuminated by a mercury
lamp and a magnified (x 30) image thrown on to a ground glass
screen. Interesting points were measured by bringing the central
cross on the screen to the point so that its position was recorded
with respect to the reference system set up by measuring four back
glass fiducials.

All measured points were recorded on 5~hole paper tape as a
pair of octal numbers, together with the labels for the tracks and
all necessary information required fcr the bock-keeping,

The errors in measurement arise mainly from turbulence in the
chamber, multiple coulomb scattering and systematic errors due to the
measuring machine. For the present experiment these have been

described by Ibbotsen.(ih)



2.6 Data Processing

All the data were processed using the series of programs
developed at C,E.R.N. These were REAP, THRESH, GRIND, BAKE, SLICE
and SUMX.

2.6.1 gap 2

REAP is a program written for the Ferranti Mercury computer
which re-orders the data on the measurement tapes and punches the
data on paper tape in a format suitable for conversion to cards
using an IBM O41. The cards are then read on to a magnetic tape
which is used as the input to THRESH.

2.6.2 THRESH (BDéeOmetrical Reconstruction

As a uniform magnetic field is assumed to be acting at right
angles to the front glass all charged particles describe helices.
These are reconstructed by THRESH.

A reference system is first counstructed; this is defined by the
apparent positions (xoyo) of all the measured fiducials on the
ineéide of the fromt glass (z= O plane),

The apparent positions of the fiducials are computed using the
geometrical and optical constants of the chamber. Then from the
measured values of the fiducials (xmym) the transformation coefficients
are calculated using

= ©
xo oc,] + oczxm + Bym

Jo = wy + =g¥, + =¥y



-23 -

where the«i. are determined by least squares for each view.
These values are then used to calculate the apparent positions:
in the z = O plane of all measured points,
The line joining a point in the chamber to the nodal point
of the camera lens system is now constructed for each view, For
a measured point (e.g. the apex) the true point in the chamber is
where two of the reconstruction lines from different views inter-
sect. For tracks corresponding points were obtained by interpolation.
For each track in turn and using two views a first approximate
helix is fitted through all the coordinates and the apex. If the
parameters found were within the specified tolerance, they were
improved by least squares fitting to give the final geometrical
parameters for the helix (Figure 2.6) described by
x:=(2(Cose-1)
y =¢S8in ¢
z'==99 tan «
From this the parameters sent to GRIND for each track were
4 103 *i ¢ 3 and their errors

curvature

fl

where 1/9

A =

i

dip angle

¢ = f = azimuthal angle

2.6.3 GRIND (jb)Kinematical fitting

In GRIND each event is tested by kinematic calculations for
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consistency with all hypotheses appropriatc to its event type.

From the relation

= 300H@
p = momentum of the track
H = magnetic field in kilogauss

(3 = curvature of the track,
the enepgy and momentum of each track is calculated from the
curvatures compiled by THRESH, Corrections for energy loss are
made by transforming the value of the momentum previously calculated
at the centre of the track back to the apex.

At any vertex there are four constraint equations, three for
momentum conservation and one for overall energy conservation. If
there are fewer than four unknown quantities the equations are
overdetermined and the possibility of satisfying all the equations
tests the goodness of the fit., The solution is then calculated by
the method of least squares which, if the variables are normall&
distributed, is equivalent to the solution for which the‘)gnfunction
had a minimum value. |

The X°~function is defined by

I
= & 8 (m, =m, )(G ), < (m~n) 1)
3:1 i=1 mi iJ J mj

m; (is1el) are the fitted variables

mz (i=1+I) are the unfitted variables
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LI mg (j = 1#J) are the variables for the unmeasured quantities.
(Gm-1)ij is the covariance of the elements m,, my of the error
matrix, of which the inverse Gm is called the weighting matrix.

If there are K restraint equations to be satisfied
*hen K-J = n and n is defined as the number of degrees of Freedom.,

Obviously if, for a particular n, a limit on the acceptable
value for X% is set, all badly fitted events are rejected.

A more convenient way of doing this is to set a lower limit
on the value of the probability for'*?. This is independent of n so
that the same limit can be used for all event types. In particular,
for this experiment where the number of events in any channel is small,
overall probability of X plots can be made, which if the input
errors are correct, should be isotropic between O and +1.

The probability of X° is the probability of getting that
X?(kg) or greater and is dgfined by

Pn('1.2>, ‘x:i) = ‘.fn (‘x,z) ax?
o2
° n_ 4 2
where £ ('Xz) d.‘-Lz = (')(,2) z e el d ("(-2)
g We [ (/p
In fitting a strange particle event, GRIND takes three steps.

First the apex of the V is considered and fitted, then the primary
apex is considered and the event fitted from the geometrical quantities

without using the information obtained from the V-fit, This is the



I Single vertex fit. After this the final step is an attempt to make

an overall fit using all available information, starting from
geometrical values and carrying it out in a certain order. This
is the Multivertex fit, |

For events with a V°, fitting is simple and nearly all events
give a multivertex fit. For those with charged V's, the fitting is
much more difficult. At the Vt-vertex only one decay product is
observed and usually the Vt-track is very short so that for Vt-tracks
shorter than 6 cms. a zero degree of freedom fit has to be made
assuming the momentum of the Vi is unmeasured.

This leads to many spurious fits being given and generally
GRIND can not find a multivertex fit.

GRIND produces a library tape which records for every
measurement the geometry, possible hypotheses and the Summary Bank
of GRIND.
2+.6.4 Post-kinematic programs

BAKE (35)

This program has the GRIND library tape as inpute. BAKE
contains subroutines to calculate additional kinematical quantities,
effective masses, potential lengths and weights.

BAKE also makes a tentative interpretation of the event from
examination of the probabilities of X° of the successful fits. A

punched card is produced which suggests the event is to be studied,



- 27 -

rejected or accepted. These cards, one for each successful
measurement of an event are used to guide SLICE,
§EI§§£35)

SLICE is a progrém'which reads the BAKE library tape and
Yy comparison with the list of required events and hypotheses
formed from the SLICE cards, writes a new data summary tape,
containing all information about the event, which is used in SUMX,
—

This is the final program in the series and contains
subroutines which enables the physicist to use the computer to draw
the histograms and two~dimensional plots required.

SUMX is completely guided by the physicist who has to specify
the type of graph wanted, the lowest point to be plotted, the

interval size, the number of intervals, and the locations of the

data on the SLICE library tape.
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CHAPTER 3
INTERPRETATION OF EVENTS WITH ONE OR TWO V°'S.

3.1 The Fiducial Volume

The Fiducial Volume was the selected volume of the chamber
within which the apex of the event had to occur, No decision was
taken on its size until after all the events were measured.

It was obvious that the best possible statistics were
required which meant using the largest possible fiducial volume.

All events that had a beam track of length greater than
about 1 cme and no secondary track shorter than 5 cms., were
measured.

The limits to the fiducial volume were decided after analysing
all the 201 events. No limitations were required in the y and
z directions as the beam was extremely well defined (see Figures 3.1
and 3.2).

The limits in the x-direction were set after making a
distribution of the x-coordinate of the apex (Figure 3.3) for all
events and three plots for the 201 events for the cases:

(1) events which gave an unique fit
(2) ambiguous events

(3) no fit events.

From these plots it was seen that 13% of the ambiguous events

had a x-coordinate of greater than 32cms. which coincided with the
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point wheiéqthere was a large fall off of events in the overall
plot. Frog this the lower limit was set at x{+ 32cms. The upper
limit was‘determined by the minimum length of beam track needed for
an event to be fitted. The @ beam had extremely well defined
mrmentum and angles (Figure 3.4, 3.5 and 3.6) so that the momentum
was set to 4.000 Gev/c in GRIND and no measurement was necessarye.
For a good angles determination 2 - 2,5 cms. of beam track was
required so the upper limit on the x-coordinate was set at

xy - 22cms, giving a large fiducial volume 50 cms., in length.

3.2 Scanning Efficiencies

From the two scans, scanning efficiencies could be estimated.
20,000 pictures had been studied at Imperial College.
These had been scanned in two sets (a and b) of 10,000 pictures
in slightly different ways so a check had to be made to ensure they
were consistent,
The efficiencies of the two scans, the totgl efficiency and

true number of events wre caloulated in the following way:

let N,‘ Ne;l NZ = Nea N12 = &12 = *132

fl

where N1 number of events found in the first scan
Né = N now " "t " second scan
N12= 1] " " " 1 Hhoth scans
N = true number of events.
418598, Were the respective efficiencies and ¢ was the total

efficiency.



Then, the probability of missing an event on the first scan 1 - e1)

1 L " " " 3] 1" 1 sacond | - (1 - e2)
s0 that the probability of finding an event in either scan was

given by

[0}
[}

[1-(1-e)01-e,)]
e = .rilz.[N1 + N, - N12]
NN

N = N1Né

ha

N does not represent the total number of events, because,
for example, all those events which had v°5 with neutral decay
modes, would not have been detected on either scan, Further
corrections have to be made before cross-section can be calculated.

The results are given in Table 1, separately for one v° events,
one Vi events and two V events,

From Pable 1 it can be seen that for events with one v°
the two sets are identical and so can be treated together, and the
same is true for the two V events. For events with one charged V
there appears to be a slight discrepancy between the two sets,
s0 the average of the two total efficiencies has been used,
As was expected the scanning efficiency for the detection of
charged V's is much lower than for v° events; this is because
during scanning a kink in a track can easily be missed, particularly

if the:beam is dense.
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Table 2 shows the numbers and types of the events for

Imperial College and the whole collaboration.

3.3 Use of Ionization in Identification of Tracks

From the Ionization Density estimates made at the scanning
tzble, pions, kaons and protons could be distinguished. In a few
cases gap counting was necessary.

.It is well known that bubble density is proportional to
1/ [32 (57) (where B:ﬁ‘ /E and. D,E are the momentum and energy of the
particle.)up to 1 - 2 Gev/c. Curves for all particles for the
Hydrogen Bubble Chamber are shown in Figure 3.7.

As the chamber conditicns were not known for each photograph,
a corparison had to be made between the track in question and a
minimum ionizing beam track. These estimates could dis@inguish
between minimum, 1.5x minimum, up to 4x minimum; above this
density estimates were impossible,

As Figure 7 shows,a proton and pion can be distinguished up to
a momentum of 1.5 Gev/b; a pion and a kaon up to 0.95 Gev/c
and a proton and a kaon up to 1.5 Gev/c. Because of the good
separation for pions and protons, no vO's were ambiguous between
A's and K°'s. Many of the ambiguous events were due to the
positive track in question having a momentum greater than 0.95 Gev/c

and so compatible with either a pion or a kaon.



Gap counting was generally not very useful in aiding the
identification of strange particle events and it has been discussed
fully by F. Campayne.(js)

3.4 Probability of % distribution for V° events

A total of 178 events with one or two V°'s were measured
and analysed at Imperial College.

To check that the analysis and input errors were correct
Pn(X?) distributions are given for the V°, single vertex and
multivertex fits in Figure 3.8, 3.9, 3.10, 3.11. As the statistics
are poor, X? distributions are not given for the different
hypotheses separately but they are consistent with the theoretical
normalised curves.,

Figures 3;8, 3.9 show the Pn(X?) distributions for the N and
K° Vv° fits respectively. These plots are for all 202, 201,
and 401 events. If the analysis and errors are correct then
these distributions should be flat between O and +1; however, Figure
3.8 shows there is a considerable excess of events between +0.7
and +1.0 for the A fit. This effect is much more apparent
for the A than the K°,

The ratio of » toK° production is roughly 3:2 so that a
comparison was made between normalised plots of Ih(%?) for
and . ° (Figure 3.12). These plots are identical between +0.5

and +1.0 but a depletiecn of A's than K°%s with O(Pn('y.z)g+0.5
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is ohserved. This indicates that the departure from an isotropic
distribution is a feature of both the£ © and  fits and requires
a general explanation.

There are two possible explanations for an excess of highly
osrobable fits.

If the input apex errors are too large then too many very
probable fits are obtained which will result in some excess,
This could be so here as the apex errors were chosen to be t 0,017

cms, in the x and y directions and + 0,70 in the & direction, from
the distribution of the apex errors for primary vertices; as it is

much easier to get a good measurement for the v° apex than for a
primary vertex or Vi vertex, a smaller error would have been
preferable,

The other explanation which could lead to highly probable
events being favoured is that because half the events were
measured twice with both measurements giving accceptable fits,a
choice had to be made and the measurement which gave the best
multivertex fit was taken, Invariably this led to the best
F; (x°) being taken for the V° fit,

These two effects are both present and qualitatively explain
the observed features of the plot.

Figures 3.10, 3.11 give the Py (¥°) distribution for the

single vertex and multivertex fits for the uniquely fitted 201's



only. As expected these are in good agreement with an isotropic
distribution confirming that the input errors and analysis are

correct,

2+5 Scanning Biases for v° events

The criterion used to distinguish v®'s from electron pairs
was given in Section 2.4.

Figures 3.13, 3.14 show the Cos® distributions for the proton
and positive pion in the A and K° rest frames respectively, If
there was no systematic loss of events due to the configuration of
the Vo. these distributions should be isotropic, This is
essentially true for both the A and K° distributions

Other biases were due to the loss of events where the V°
decays within a few millimetres of the apex. The minimum
distinguishable distance was set at 2 mms. for the calculation of
potential weights and no evidence has been found for loss of events
at a length greater than this,

As a further check on the interpretation of the V° the
lifetime was calculated from

N=N exp -Im/pc-t} (1)

where N = Number of undecayed Vs
No= Total number of V°'s

L = Distance travelled before decay
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M = Mass of the V°
p = Momentum of the V°
T = Lifetime of the V°

c=3x 100 crus/sec:2

Figures 3.15, 3.16 show the distribution for ILnN! versus
(L/p)e N' was the number of events decaying within a certain
value of I/p and is directly related to N. The great disadvantage
of this type of plot is that it is momentum dependent and can give
no real insight into the loss of events. The values of the
lifetimes obtained were

T, =23k o200 x 10" gees.

0 =0.92 % 30, x 107 secs.
(39)

T K

which are in agreement with the known values
Apart from the scanning biases, corrections had to be made
for the neutral decay modes of the V° and other biases which will

be discussed in Chapter 5.

3,6 The Analysis of 201 events

The possible channels giving events of the type 201 were

ap Ko /e° )
7p 3 Kan @ © (2)
'rr+p T W o (3)
Tp 4 T +K:7x /5 ° (&)
7p - pr TKSK® (5)

1
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+ 0

afpm K K, (6)
ﬂ*plﬁ K+pK: T 7

atp K" 'n'+K:n ((8)
After the VO had been identified the bubble density of
the two positive tracks and the probability of‘3£2 of the multivertex
fit were considered. If the momentum of the track was such that
no track could definitely be identifjed as a k" or a proton then
the probability of‘x2 for the possible multivertex fits was
examined, Any fit with a Pn(1c2) £ 1% was rejected; if several
fits had acceptable probabilities of 1.2, then those that had a
Pn(xza less than an eighth of the most probably fit were
rejected.
Using this critcrion only 2% of the assignments were
incorrect; this had been determined from a detailed examination
of the analysis of the 2-prong events in the 4 Gev/c e 7 p
(40)

exXperiment where no comparison of probability 1.2 had been
made in the analysis.

Table 3 shows the total number of 201, 202 and 401 events
found in cach channel by Imperial College and the whole
collaboratione.

For each channel the missing mass squared given by

. & N . 2 - <4 2
)€ = (L5, -5, ) = (P, = D:)
fvis in i fﬁis in



was plotted as an ideogram (Figure 3.17 and 3.22).

-l a

These

plots should peak at the missing mass squared for the unobserved

neutral particle in a particular hypothesis. These values are

0.02 Gev2 for the @°
0,247 Gev® for the K°
0.88 Gev® for the n
1,243 Gev® for the A
142  Gev® for the £ °.

From fhese ideograms it can be seen that the analysis
of the 201 events was correct, as the peaks of the distributions
are consistent with the required hypothesis.

These distributions were also used to determine the
contamination in these fitted éhannels due to channels where
more than one neutral pérticle (and so unfittable) was

produced. In all cases the contamination was very small

3,7 Analysis of 202 and 401 events

The analysis of two prong events with two v°'s or four
prong events with one V° was carried out in exactly the same
way as described in the last section.

As there are so few events of these types no probability

of %2 gistributions are given, but they are flat.
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The possible channels for everts of the type 202 were
a¥p e ot 7r+K: IS A 1
r'p + wt 7r+K2 /8% w°
+ +
TP = pIr K1 1
1r+p - D 1r+K‘1)K2 '
w'p 4 7t 'n'+K:K:n. o 5
-Table 3 shows the number of events found in each channel.

2
OKO 3
4

As these are so few 202 events, no missing mass squared distributions
are given but these were consistent with the chosen hypothesis.

The possible 401 channels were

atp+ #tat ot x° 1
atp s pa at 'H‘-K:K_O

+ + + =40
wrpa+a x w KKn

- 4 -
1r+p 4 p a7 7 KK°
4 e
-n'+p ap at KK 7°

o2k at 2 TAA

O U F WwWN

rpa kot ot Ve 2 7

and about 50% of the events proceeded by reaction (6).
Agein, as statistics are poor, no missing mass squared

distributions are given but they are consisten., with the

chosen hypothesis.



EVENT
TYPE

201(a)
201(b)
201
Lo

(o]
Total IV

202
+
2V:n(V”V°)

Total 2V

210(a)
210(b)
Total 210
410(a)
410(b)
‘Total 410

¥
Total IV

- 43

TABLE 1

SCANNING EFFICIENCIES

7% 75 68 90.7
62 62 56 90.4
138 137 124 90.49
13 13 12 92.33
151 152 136 90.69

14 14 13 93%.3
18 16 15 93.75
32 20 28 93,32

36 29 27 93,02
25 2k 20 83

61 53 b7 88.68
35  3H 26 76,47
16 13 1 8L, 66
51 by 37 78.74
112 100 8 84,02

°*
89.5
90.4
89484
92.33
90.09

933
8343
87.49

7k .94
80

77.05
74.28
68.78
72456
75.02

e %

99.05
9913
99.02
99.43
99.1

99.47
98.96
99.15

98.3
96.7
97.4
93.95
95.24
9ka18
96,02

83.8
68.6

15245
14,08

16645

15,08
19.2
29

30
68.79
45.77
18.9
6477
1333
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TABLE 2
Total Number % % % %
of Events Immeasurable Curiousity No Fit Good Fit
I.C. 317 8 b 13 76
MUNICH 358 8 3 17 7>
HAMBURG 120 10 15 20 55
A CHEN 268 5 7 18 70
1,063 7.8% 743% 1% 69.5%
TABLE 3

201 K+7r+’)\ /€ Kt P 'zr+w+K°V£,° P‘IF+K:K; K+pK: K+pK:’a'° K+ar+K:n
I.C. 17 30 30 14 6 8 7
MUNICH 20 32 2k 7 7 5 9
HAMBURG 4 6 2 2 2 3 2
AACHEN 17 17 9 12 b 3 3
Total 58 85 6 3 19 19 21
202 w*«r‘“m‘; ar*«r*M{%P pwr+Kf]’Kf1’ prxr+K?lK:7r° 7r+'zr+K:Kfl’n 401 K'atataa
1.C. 5 1 3 1 0 I.Ce 5
MUNICH 3 1 3 1 2 Mu. 2
HAMBURG 2 0 0 ~ 0 ~0 Hae 1
AACHEN 3 20 4 ~ 0 ~0 Aae 5
Total ;‘3- -2- T(; ; -2. 1;
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CHAPT:R 4

INTERPRETATION OF EVENTS WITH ONE OR TWO CHARGED V'S

4.1 Introduction

139 events with one or more charged V's were measured and
analysed at Imperial College. Table 2 of Chapter 3 gives the
relevant statistics.

These events were much harder to mezsure and analyse than
events with neutral V's; to try and simplify the analysis, each
reasonable measurement of an event with a short V: track (up to
6 cms.) was computed twice through GRIND. Once, the measured
momentum of the Vi track was assumed correct and so a one degree
of freedom fit ocould be obtained for the V. This was not necessarily
correct, so for the second computation, this momentum was assumed
to be unmeasured and a zero degree of freedom fit for the V
resulted, which led to many spurious single vertex fits for the
evente

In all cases, if the one degree of freedom fit was compatible
with the zero degree of freedom fit then it was used for all

analysis.

4.2 Probability ofX° distributions

Only overall distributions for all charged V events are shown

as the number of the individual types are small.



Figures 4.1, 4.3, and 4,3 show the probability o£X2
distributions for the V fit, the single vertex and the gultivertex
fits respectively.

In Figuré 4.1 the large number of events for which
ol 9:3 (1%) €0.1 are all those for which a zero degree of freedom
fit had to be selected; apart from this, the distribution is
isotropic.

If this distribution is compared to those for the neutral
V fits (Figures 3.8 and 3.9) it can be seen that there is no
preponderance of highly probabls events. This indicates that
the explanations given in Section 3.4 are correct as neither of
the two effects are present in the charged V events.

The distributions for the single and multivertex fits are
both flat indicating that the interpretation of the events was
correct.

The poor statistics can be explained generally by the fact
that only those events which gave a unique fit have been used
in these distributions. As nearly 50% of the =vents of the type
210 were ambiguous after analysis, and it was extremely rare to
get a multivertex fit calculated in GRIND for these events, only
a smwall percentage of the Vi events appear in these distributions,

+
4,5 Scanning Losses for V_events

The scanning losses were estimated using the techniques
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discussed in SBection 3,5.

Figures b4, 4,5, and 4.6 show the Cos ecdistributi§ns for
the decay of the V.

The decay anguléf distribution for the proton in the®* rest frame .
is shown in ?igufe 4,4, I there was no loss of e#ents due to the
production angle'of the proton, this distribution should be
isotropic. There is a loss of events for +O.45(.Cosof,g+ 1.0, but
it is hard to believe that there is a systematic scanning bias up to
such a large angle. A more realistic estimate obtained from
examination of Figures 4.7 - 4,10 (this will be discussed later)
suggests a loss of events up to a production angle of 5°— 10° in
the laboratorye.

The decay angular distributions for the decays £tag 4 n,
Kia;;: +V and K;o;ft +a° are given in Figures 4.5 and 4.6, (only
one distribution is given for the K decays). These distributions are
essentially isotropic indicating that there is little scanning bias |
for these decayse In Figure 4.6 it is difficult to explain the peak
for - 0.8 €Cos* ##g- O.4, but it is probably due to poor statistics
and to the inaccurate calculation of this angle in BAKE, as
frequently this velue was calculated from the quantities found in a
zero degree of freedom V fit which was not necessarily accurate.

From these decay angular distributions the scanning bies due

to the decay configuration of the charged V can be estimated, This
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estimate, however, is momentum dependant and tskes no account of
any other factors wiiich could contribute to the overall bias. One
method which attempted to determine the overall bias with momentum
indepandence was by the analysis of the distribution of the angle X
Adefined as follows:

N - - -
= 3 i

1P, x 2! Ip xPNi

v v
*
laboratory momentum of the V

s’ 4
n

where v

rge
I

N labnratory momentum of the observed decay product

(S

= Z- direction of the coordinate system.

The first term in this expression defined a vector lying in the
x - y plane, while the second defines the normal to the decay planc;
therefore the angle between these two vectors shows any bias due to
dip, orientation or small angle decays.

If there were no scanning biases X should be isotropic for all
values of o (the laboratory production angle of the seen decay
product)s Figures 4,7 - 4,10 show distributions of X for the following
ranges of O:

0%z 9g 6° Figure 4.7
6°% o¢19° Figurg 4.8
10°%¢ ¢20° Flgur; 4.9
20%¢ 04180° Figure 4,10

Although the statistics are poor it can be seen that for



9 2 6%, the distributions are nearly isotropic indicating
negligible biases. For v{6° (Figure 4.7) the data shows a significant
bias for these production angles. This bias is mainly due to the
TV 3 ¢ +7° decay mode which was seen in Figure 4.4.to be biased.
It was realised from this emination that corrections had to

be made for only one decay mode,£.+4 P +1r°, for o€ 6°,

L,) Lifetime plots for charged V's

The lifetime plots were calculated by the method given in
Section 3.5 only for the decay modes with enough events to give
significant distributions, These were e Ap 4% and £¥an +u *.
Figures 4.11 and 4.12 show the distributions for In N' against
(I/p) which led to the following values for the lifetimes.

(0.9 % 20%) x 10—10 secs

(1.30 ¥ 20%) x 107 secs

T(tta p +7°)

t (@t an+ah)

which are consistent with the known values,\ -)

4,5 The Analysis of the event types 210, 220 and 211.

The possible channels for these events were

o> Kt/ g° (210, 211) event types (1)
atp « K'p §° (210, 211) event types (2)
ap + o k° (210, 210) event types (3)
atpa ot (220, 210) event types (&)

1r+p » hxh° (220, 210) event types (5)



Some other channels were possible for 2171 events, these

were the following:
7r+p -» K+’)Tt)\11’°
w+P‘* Kok % ©
a'p 4 5%

Obviously, because of the poor statistics, very few events of
these channels were found and they have not been used in any
distributions.

The analysis of these events was carried out in a similar
mannexr to the events with neutral V's, but as stated before the
analysis was more difficult. This resulted in a very high percentage
of the events remaining ambiguous after analysis of the bubvole::.
densi’ies and the probability 0f%Z. Table 4.1 siows the number <
of events in each channel,

Figures 4.13, 4.1% and 4.15 show the ideograms for the missing
mass squared for the channels, (2), (3) and (5). These are only for
the 210 events and because of the difficulty of measuring the short
Vt track which resulted in large errors on the missing mass squared,
they are not very good. Figures 4.13 and 4.14 showing the
distributionsfor the £ channels indicate that there must be some
conteminatior due to events with more than one neutral particle
being fitted as these hypotheses. The distribution for reaction
(2) is shown in figure 4.15 which, although broad, is consistent

with that hypothesis.
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Contamination in these channels due to the production of
more than one neutral particle will be discussed in Chapter 5.

¥ g i
L,6 The Analysis of 410, 41 1, 427 0 events

There are so many posSsible reactions for these events that
+

only those with&™ production will be considered here, with the

exception of the channel

(1

which was also Been as a 401 event type.

+ + + + ~
Tp-s Kaaoaa

The interpretation of these events was much simpler than
for the 2 prongs with a charged V. Generally, the outgoing
tracks were of comparatively low momentum so that examination of
the bubble density usually removed ambiguities.

+
The possible € channels are as follows:

1r+p ) £iK+'IT+1T;
wtp e Zi.K+1r+':r;7r°
¥ Ei1r+1r+1r;K°
Table 4.2 gives the number of events in each channel.,
The missing mass sgquared ideogr.zs for +thuse channels are
shown in Figures 4.16, 4.17 and 4,18, and indicate that these

channels have little contamination from events which really

have more than one neutral particle produced.
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4,7 Ambiguous Events

Ambiguous events arose mainly for one of the two following
reasons.
At this primary momentum it is impossible to separate
physically the A\'s from the €°15, so that about 80% of the
events which fitted the hypotheses
ﬁ?p - Kt
m*p - K'72°
were ambiguous,
For want of a better method the events were allocated
according to the fit with the highest probability of’¥.Z.
The other ambiguity that could arise due to confusion between
A ana £° production, is between the channels
ﬂjpl* kg
n*p-4 Kt ag®
vhere a very slow T is produceds Figure 3.18 shows the missing
mass squared ideogram for the first of these channels; this peaks
at the m° mass squared and the only tail in the distribution is at
the upper end which is due to the inclusion of events which
really have more than one p produced, This, therefore, indicates
that there is no ambiguity between these two channels,
The x/&f ambiguity also affects the following channels
1T+p - 1r+1r+K°)\/E°

7pa Km0
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where the same arguments have been used and the same conclusions
reached. e
The other major ambiguity was due to some track of momentum
greater than 0,9.Gev/c which was ambiguous between a K' and amr’.
This mainly affected the 2-prong events where the ambiguities were
mainly between the following channels
1#p - K*h*mmp
'n*pd P } (=)
ﬂ*p«o- T k°
+ 4t O } (b)
Tp » - K7
The ambiguities of type (a) were resolved by allocating the
events to the hypothesis with the highest probability of1L2. This
was thought to be reasonable as these ambiguous events were only a
small fraction of the total number in each channel,
The ambiguities of type (b) were more difficult to resol¥ee
As these were of the type 210, thé‘errors of measurement were very
large giving an unrealistic missing mass squared, which could not be
used in the analysis of the event. This, therefore, increased the
number of ambiguous events, Although the proportion of ambiguous
to unique events was large, these events were also allocated to the
hypothesis with the higher probability of'!-2 as no better method could

be found., If these events were not included, the distributions for

these channels would be meaningless because of the poor statistics.



Therefore, throughout the rest of this thesis, all results
are presented with these ambiguous events included, but these events

are not used in the distributions given in Chapters 3 and 4.



- 63 -

TABLE 4.1
210 %Y e zta'® knA/z KK
I.C. 9 8 | 14 5 L
Munich 20 22 11 6 2
Hamburg L 8 1. 4 L
Machen 15 13 14 10 4
Total 48 51 ho. 25 pry
220 ol SR S R B A I 1 N ORI PNV
I.C. 0 0 3 1 0]
Munich 2 3 L 6 2
Hamburg 0 0 1 (o} 1
Aachen 0 0 0 ? 0
Total ; ; g ~ ; ;
TABLE 4.2
10 gkt gkt St k° SR SR AR
I.C. 10 9 b 2 1 3
Munich 19 12 2 2 3 2
Hamburg 4 1 1 0 1 0
Aachen 11 5 2 1 1 0
Total w27 9 5 6 5
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CHAPTIR 5

CROSS SECTIONS FOR STRANGE PARTICLE PRODUCTION

5¢1 The Determination of the Weights

A1l possible corrections have to be made to the cross-sections
before they are finally computede The corrections forscanning
loss and particle decays were discussed in the last two chapters;
as well as these, cor:ections lLiave to be made for neutral (and
so unseen) decay modes of the strunge particles and for those
particles which leave the chamber before decaying.

For all particle decays, the weight is determined; this
is the inverse of the probability of detecting that particular
event.

The weight is defined by

W = 1
-in/pce  -Lm/pct
e -e :
vhere m = mass of the particle (Gev)
p = momentum of the particle (Gev/c)
v = lifetime of the particle (secs.)
c = 3x 1010 cms/'sec2
1 = imposed lower limit on the distance between

the decay vertex and the production apex.

L = potential length.
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The two important factore in this expression are 1l and
L. 1 is set in BAKE to be 0.2 cms when projected in the x -~ ¥
plane; i.e. all strange particles which decay within this
distance of the apex are rejected, A small correctiun is made
for these events which is generally only significant for'ﬁi
decays. A correction of 10% has been made for these events;

The potential length is calculated in BAKE for all particle
decays. It is defined as follows: suppose that the V has been
moved along the direction of its line of flight until one of the
secondary tracks intersected the boundary of the illuminated
volume, at the shortest track length alloweds The distance between
the two apices is then called the potential length. The minimum
track length was set at 5 cms in BAKE as no momcntum determination
was possible for shorter tracks.

The weight, therefore, gives the correction factor for
those events which had a strange particle decay outside the
illuminated volume,

The average weights were found to be 1.2 for K° decays, 1.1.
for )\ decays and negligible for & * decays.

These values have been used in all calculations.

5.2 Correction V° events

There are two other corrections to be wade for these events

in addition to the weight calculated in the previous section,
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First, a correction has to be made for the scanning 1035;
This was determined in Section 3.2 and is 1/99 for 201 events and
1/99.5 for 202 and 401 events.

The second correction is for the neutral decay modes of the
vO1s,

The two major decay modes of the A\ are A% p + & and
A 4N+ 7° with branching ratios of 67% and 31% respectively,
so that roughly two thirds of the A decays are detected.
Therefore a correction factor of 3/2 accounts for the neutral
decay mode.

For K°!'s there are two possibilities., Either it decays as
KZ which is never detected, or it decays as a K: whose decay
modes are K= #7 4+ &  and K°

1 1

ratios of 69% and 22 % respectively.

+ #°% + #° with branching

Therefore the total probability of observing a K° as a
K: is given by
(provability of observing as K:) x (probability of detecting the KE]))
=(3x%) =4
so that for events wnere one K° is produced a correction factor
of 3 is required.
For events with K°K° pairs the following corrections are
required. The K°K° pair can be produced as a K°k°, K%K° or K°K°

171 T2h2 T e

pair. A correction always has to be made for the K;KZ pair.



As approximately two thirds of the K: decays are detected,

the probabilitiies of observing the K:Kﬁ pair are as follows. If
both K:'s are seen to decay, the zvent is clasified as a 202 and
the prcbability of seeing this is (§ x $) = 4/9. If, howeve:,

only one K? decay is seen, the event is identified as a 201 ard the
probability of seeing this is 2 x (2/9) = 4/9; the factor of two

js included as either K: decay cen be detected. The probability

of not observing either K: decay is (3 x 3) = 1/9.
Therefore the correction factor for K:Kg pairs seen as 202

events is 5/4; also from the observed number of K?K: pairs in the
202 cvents, the expected number of KgK? pairs ‘u the 207 events
can be estimated.

The K:Kg pairs are only detected in the 201 events as only
the K? decay is seen. As the expected number of KﬁK? pairs in
the 201 events is lmown the number of events with K:K; pairs
cen be estimated; a correction factor of 3/2 then accounts for
the unseen K:K; pairs.

+
5.3 Corrections for V~ events

Several corrections are necessary for events with these
decays. The correction for the scanning loss was determined
in Section 3.2 to be 1/97.4 for 201 events and 1/94 for 410 events.

+
For all £ ~ decays a 10% correction had to be made for all
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those decays occurring within 0.2 cms of the apex. An additional
correction was necessary for the eta P+ © decay mode to
account for the loss of small angle decays. From the analysis
of the angle X this loss was estimated in Section 4.2, to occur
for all decay angles of 6” or less. A 15% correction accounted
for these events.

In determining the c¢ross-sections for the reactions

+ + 4

mTp = &L °

k
+ ot 4 o4 O
Tp-y 2 99T K
+ + + =0
wp= awa LK

+
the few 211 and 411 events observed with a %~ decay and a

K: have not been used, but these are included in the corr~ction
factor of 3/2 applied to the 210 and 410 events.,
A1l events with an observed K+ decay have not been used
in the determination of the cross-gections as they would give a
biassed sample, For channels which were common to both the
201 and 210 event types
Cee | ﬂﬁp - K+W'+K
w*p < KOpK0
the 210 events have inot been used to determine the crosé-sections.

Theme are included in the correction factor applied to the 201

events for the neutral decay mode of the v°,
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Selt Cross-Section Determination

The results from all four groupn, Asahen, Hamburg, Tmperial
College and Munich are used in the cross-section calculations. As
it was not possible to determine the scanning biasses and
corrections for the German groups, the corrections determined at
Imperial College have been applied to the data, This may be a source
of error as it is very unlikely that the scanning efficiency was the
same for all groups; however, as the corrections are usually small,
the effect on the calculated cross-sections should be negligible.

The cross-section is defined as

N
g =

eAlnB
where N = number of events
¢ = density of liquid hydrogen = 0.0625 gm/cc

Ao= Avogadro's Number = 6,03 x 1023 mols/gm mol

1 = length of fiducial volume at the mean z position
n = total number of frames scanned
B = average number of beam tracks per picture.

Using the total number of events for each group given in
Table 2 of Chapter 3 and the following values of 1nB
Imperial College 1 = Sk cms. 1nB = 9.828 x 106 cms.e
Aachen 1 = % cms. 1nB = 7,023 x 106 CrS.

Hamburg 1 = 45 cmse 1nB = 4.834 x 106 CmS.

Muni.ch 1 % 60 cms. 1nB ® 10,383 x 106 cmse
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the total cross-sections for each group were determined end
are given in Table 5.1,

The figures for the Munich data are approximate, as the
values for 1 and 1B are unknown. They were estimateda by assigning
*he average total cross—section for the Aachen and Imperial College
giroups to the Munich results and so determining ldﬁ, which was
used to calculate all the other cross-sections, This introduces
an error of approximately 10% in all further calculations.

The cross-sections for the 4=prong £ * events and the
2~prong events are shown in Table 5.1,

As the number of events in any channel witﬁ more than one
neutral is unknown, no cross-sections for these channels ccn be
determined. In Table 2 of Chapter 3 it was seen that about 17%
of all events were of this type, so that the cross-section for all
multi-neutral events is approximately 149 ub.

It can also be seen from Table 5.1 that the Hamburg results
are in disagreement with those obtained for the other groups. It
appears that the cross~sections for the Hamburg results are
consistently too low. The reason for this discrepancy is unkmown,
but it introduces another error into the cross-section calculations
so that it is only reasonable to quote these values with &

large percentage error estimated to be ¥ 30,
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In most casee this error is sufficient to include the
error arising from including events with more than one neutral
particle in the fitted channels. There was, however, considerable
contamination in the following channels
ﬂjb - ZL+K+W(°
and 'ﬂ*p-a s *o KO
The missing mass squared ideograns for these channels were
given in Figures 4.13 and 4.14 respectively. It was estimated
that perhaps the contamination was as iwch as 20%, but the statistics
are poor as only Imperial College events are included in these
plots.
Therefore a larger error (40%) is quoted on the cross-sections
for these channels,
The resonance production cross-sections are shown in Table 5.2
This demonstrates that Y; (1385) and K* (888) are the resonances
predominantly produced. From experiments at lower energies(16’17'18)
this was expected, altiough the relative production rates of
these resonances in some reactions are quite different at this high

energy. These reactions are discussed in detail in the next

Chapter.

5.5 Strange particle production in 4 Gev/c nfp & i p Interactions

In the « p experiment at the same incident pion momentum,

722 strange particle events were analysed. This gave a total
(1)

cross-section of 2.52 ¥ 0;25 mb
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Small amounts of Y3 (1385) and K* (833) prod'ucfcio# .we_re
seen, but there was no copious production of these resonances
which vas the feature of the 7T+p strenge particle interactions,.
However, in the # p interactions the quasi-two body reacticn

rTp ‘Y; (1385) + K* (8@8)
is significantly produced while it is not seen at all in the
7r+p interactions.

In both experiments the baryon tends to be peaked backwards
in the centre of mass system indicating that the peripheral

model can explain jiost of the reactions.

5.6 The 4-prong strange particle reactions

The statistics for most of these reactions are very poor.
In the main reaction
ttpe L ete” Ll events
there is sone Qo and X*° (888) production. The cross-sections
for the reactions
T +p + & K
T T
7 - z+'7+K*°

L7r+7r-

were estimated to be 12'ub and 14 pdb respectively.
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In the only other significant reaction
7pa £t Ta © 27 events
there is perhaps a little w° production but all other
distributions agree with the phase space predictions.
In all i.t 4-prong events, the L's tend to be produced
in the backward direction, though this is not so strong as in

the two prong events. This is consistent with what one would

expect as the interaction becomes less peripheral.
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TABLE 5.1

CROSS-SECTIONS

Reaction Total (ub) I.C. (ub) Aa. (pb) Ha.(pb) lMu.(pb)
ntp o+ K'WAE 7h 76 107 36 85
a'p @ KntAn® 117 134 107 55 135
n'p + ntntkCA/z° 112 166 82 65 129
' p 4 prn KK 94 118 167 25 73
n'p 4 pr'KIKy 37 5k 55 20 19
np - pn+K:K: 28 26 50 0 25
n'p - K px® 50 59 54 Lo 47
T p A K+ch1’1t° 56 78 41 60 Ll
n'p + K'n'Kin 62 68 41 40 83
ntp 2 Ik* 45 28 66 25 59
n'p & Tk nC " 51 26 62 53 58
x'p » 2w 'K° " 56 46 90 9 L6
Tt+p O L 22 11 ? o] 59
1t+p s Tkt 45 34 51 27 60
ntp @ EK Tt Tn® 28 30 23 6 38
n'p =+ 2t ntnK® 9 13 9 7 6
a'p o K'n'nte” 5 6 IA o 6
Tt+p & K'ntx's™n® 6 3 L 6 9
n'p » ntn ntok® 5 13 o) "0 6
ntp « K'nta'na/2° 18 26 ? 9 ?
Multineutral events 149 114 175 135 155
Total 1049 1027 1169 810 1098

. +
all cross sections have - 30% error

+
* cross-section error of - 40%
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TABLE 5.2

RESONANCE CROSS-SECTIONS

+ _+
1r+p-bK oA

7r+p sk oty 7°

+ + _+ o
T p=a w NS

7r+p 3 137:r+K1 >

+ +

7 p- K pK

atpa €14

0,,0
K
o}

+.,0

1r+p - £.+K-|';r o

rip+ £

+ +
T

Resonance Cross-sectiog
Y;‘” (1385) 22 ub
Y:‘""" (1385) 41 ub

Yot T (1385) + 2° 12 ub
T (1385) + K** (888) <8 ub

K** (888) 65 ub
k** (838) + ¥57(1385) <15 b
g+ Nt (1238) ¢l b
A+ K'x° 13 Wb
K* (888) 17 wb
K* (1400) 8 wp’
K* (888) 6 b’
K* (888) 1

e" 12 ub
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CHAPTER 6

DISCUSSION OF 2-PRONG STRANGE PARTICLE REACTIONS

In this chapter the 2-prong strange particle reactions
-are discussed. As the statistics are poor, only the rescnance
production is considered and the results obtained discussed with
reference to work at lower incident «  momentum.

6.1 The reaction 7 p-= K' ai a®

Eighty~five 201 events were identified as belonging to

the reaction
atp+ K 7° (1)
which gave a cross-section of 117 pbt 30%.

This reaction was dominated by strong Y:;"' (1385) = art
production as shown in Figure 6.1 which shows the effective
mass distribution for the ' combination, compared with a
phase space normalised to all events outside the Y:"|+region
(1.34 = 1.44 Gev)e About 42% of the events were of the channel

oo ¥ (1385) + K+ o0 (2)
Yot
corresponding to a cross-section of 41 pb.

The Y,"i+ (1385) is produced in a peripheral process, as is
shown by the strong backward peaking of the centre of mass angular
distribution (Figure 6.2)

(2-9)

It is a feature of the pion interactions that quasi-two



body interactions formed a large fraction of the peripheral

processes, so that it was expected that there should be

significant production of the chanmel,

atpa T+ (1385) + K* (888) (3)
[ 4
At aT K"+ w©

which would be described by the diagram in Figure 6.3.

The scatter diagram for the mrt and kY #° effective

masses
and Y*
lines.
Figure

events

is shown in Figure 6.4 where the K* (0.84 - 0.96 Gev)
(134 - 1.44 Gev) regions are indicated by the dotted
The projection for the K" 7#° effective mass is shown in
6.5, the shaded area representing the distribution for

with the Mt effective mass lying in the Y,’;+ (1385) region.

It is obvious that very little K* (888) is produced in this

reaction and that it is not preferentially produced in association

with the Y;+ £1385), From Figure 6.4, the cross-section for

Reaction (3) was estimated to be { 8 ub, so the data was

insufficient for a Gottfried-Jackson analysis

(45-51)

to be used

to determine the exchange mechanisme

A1l the other effective mass distributions for this channel

are in

for the W

agreement with those predicted by phase space except that

*7° combination. Figure 6.6 shows this distribution

compared with a phase space normalised to all events.

A

small enhancement i& observed in the mass region
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(1.84 - 1.92 Gev), which, in itself, is not significant. If,
however, the distribution is recrawn (Figure 6.7) for those events
where the N effective mass lies in the Y:+ (1385) region, then
the enhancement becomes a two standard deviation effect. Nearly
all the background has been removed and if the distribution is
compared with a phase space normalised to the events outside
this region then there are 3 events above phase space and the
cross-seccion for the reaction
W*p A Y 4 T
st (1385) + o
was estimated to be 12 ube The centre of mass angular distribution
for this enhancement is shown in Figure 6.8, but as there are
50 few events it is impossible to say whether it is produced by
a peripheral interaction.
The following values are obtained for the quantum numbers
of this enhancement.
T** s 147 (1385) + 7 °
* +

Nt

M (¥**) = 1.884 Gev P (¥**) = 80 Mev.

Q=B=+1 S = -1 o a 13 =41 and I % 1
This implies that J % 3/2 with the parity completely

undetermined,

The only other evidence for a particle in this mass region
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decaying in this way was presented by Belyokov et al (62)

who studied the interaction of 7-8 Gev/c # ~ in propane; an
enhancement was observed in the ideogram for the effective mass
of the N @ # combination for stars with two outgoing tracks.
When the Am effective mass distribution was drawn for these
events it was found to peak strongly at the Y* (1385) mass.
This implied a Y; (1385) + 7 decay mode and the mass of this
Y** was estimated to be 1770 100 Mev.

It is possible to consider that although the two estimated
masses for this Y** are vastly different, both enhancements are
really due to the same resonance.

There is some further tentative evidence for this resonance
in 6 Gev/c K p interactions but the d.ta is only partially
analysed (63). The preliminary results for the channel

Kp=2ratata o o°
shew an enhancement in the effective mass of the N n*qr
combination at a mass of 1.85 Gev and with a width of about 100 Mev.
Unfortunately this distribution has not been replotted for those
events where the N #  effective mass lies in the Y:+ (1385) region.

The centre ¢f mass production angular distribution for the
A 4 Kt, # Y and #° are shown in Figurcs 6.9 - 6.12 respectively.
These distributions show that the peripheral model can only

explain some features of this reaction.



- 86 -

6.2 The reacticon 7r+p + g aT ke

The reaction
+ + 4. .0
mp S ar, wy NK (1)
can be identified in the 201 and 202 events in three different

ways with a total cross-section of 112 ub t 30%s-

T+ ot at A &®) N\ detected in 201 events (2)
atp > w+'w+K3 () Kz detccted in 201 events (3)
a'p 4w KGN both A K] detected in 202events (4)

It is difficult to separatc reaction (1) from the almost

identical reaction
7r+p + o Koz,

Contamination due to this reaction can be removed from
channels (3) and (4) as it was possible to fit for the £ ° directly.
In reaction (2), however, this was not possible and the
contamination was estimated to be < 15%.

As there were 43 cvents belonging to reaction (2) the
contamination is about four events and so is negligible. 69
events altogether of reaction (1) were identified and have been used
in all distributions.

The scatter diagram of the 7 K and 7 I\ ecffective
masses is shown.in Figure 6.13 with the K* (0.84 - 0.96 Gev) and
Y; (1.32 - 1.44) regions indicated by the dotted lines, The

projections from this plot are shown in Figures 6.14 and 6.15 for
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+
b

area in Figure 6.15 shows the distribution obtained for those

the K° 7} and )ﬂr; effective masses respectively. The shaded

events where the K° 7. effective mass lay in the K* (888) region.

b
Strong K*(888) production is observed and the centre of mase
angular distribution for the K* (Figure 6.16) shows that, as
expected, the K* is produced perivheraily. The cross—-section Yor
the process
s K*(888) + 4 =1

N a

K® + w;
was estimated to be 65 pb.

There appears to be little or nc ¥* (1385) production and

t]
so the cross-section for the reaction
+
»
7 p= K* (888) + Y. (1385)
Yo + T4 +
KT o+ Wb A+ wa

is very low £ 15 ube.

b

All other effective mass distributions are well described by
phase space. The centre of mass angular distributions for the A,
K°® and 7 are shown in Figures 6.17, 6.18 and 6.19 respectively.
Reaction (1) has been reported in detail by Yamanoto et al (7
at an incident 4 momentum of 2.77 Gev/c. At this energy the
reaction was dominated by strong Y; (1385) production; i.ec. by

the process

+

rtp - o4 (1385) + K° «+ Ty
v +
A+ ﬂ’a
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with a cross-section of approximately 32 ub.
This result is in complete disagreement with that obtained
in the present experiment where K*(888) production is predominant.

(18)

At 3,55 Gev/c incident @' momentum , a detailed
analysis of this reaction is not available but it is thought
that both s (1385) and K*(888) were observed as there was some
evidence for the associated production of these two resonances.

This suggests that the dominance of K*(888) production over

¥* (1385) is gradual with increasing energy.

63 The reaction 7 p p¢T+K°-K°

Forty-five events of the type 201 and 202 were found to
proceed by the reaction
'1r+p - p1r+K°'K°

with a cross-section of 9% ub ¥ o309,

This reaction sould be detected in two different channels

+ +,.0,,0
TPAPT R o2 (1)
7p+ p7 KIK] (2)

Thirty-five 201 events and ten 202 events were found in
channels (1) and (2) with cross-sections of 37 ub and 28 pb
respectively.

As the statistics are not sufficient to treat these two

channels separately, the distributions for channels (1) and (2)



will be plotted on the samc graplie In all canes the shaded arcas
represent events of channel (2).

There appears to be little or no resonance production in
this channel., The scatter diagram for M(p1r+) against M(XK°K°)
is given in Figure 6.20., The dotted lines indicate the N*'7
region (1.12 - 1.32 Gev). There is some Nett production but
there are no significant enhancements in the K°K° effective masse
The projections for these effective masses are shown in
Figures 6.21 and 6.22 respectively compared with phase spaces
normalised to all events,

For the K°K° distribution there appears to be complete
disagreement with the theoretical distribution for reaction (1)
which is difficult to explain. In particular there is little or
no g - KgKg production which is in complete contradiction to the
results published at 2.77 Gev/c incident o' momentum 7
where 66% of the events of channel (1) were of the reaction

7T+p*1\r+++¢'
pﬂ'+ +k:K§
and the cross-section was estimated to be 8.5 wbe At 4 Gev/c
incident @ momentum, the upper limit on the cross-section is
€ 1.5 pb.

All other effective mass distributions are essentially

consistent with phase space. The centre of mass production angles
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for the #t, proton and K° arc ohown in Figuros 6.23, 6.24 and

6.25 respectively.

+ 0
6.4 The reaction #'p - £Ywr %"

98 events were identified as the reaction
7T+p- £,+7TK
which was observed in the two channels

7 » £ T O L9 events 210, 211 event types &)

7p » £ K*7° 51 events 210 cvent types only (2)

with cross-sections of 56 uh ¥ 4oy ana 51 ub ¥ Log respectively.

The Dalitz plots for the two reactions are shown in
Figure 6.26 and 6.27 respectively; the K* (888) region (0.84 -
0.96 Gev) is indicated by the dotted lines. The projections for
the K7 effective masses are shown in Figures 6.28 and 6.29
respectively, and these distributions are compared with phase spaces
normalised to all events outside the K* region.

In both channels there is some K* (888) production which is,

as expected, stronger in channel (1). The cross-section for the

reaction
'l;‘.p-b (,-__+ + K*
4
o 4+ + ©
K'g or K 4«

was estimated to be 253 pbe For the study of K* production it

is reasonable to treat both reactions together. The centre of mass
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production angles for the >:,+, k% and o T of remction (1) are
shown in Figures 6.30, 6.32 and 6.33 respectively and those for
the £, K¥ and #° from reaction (2) in Figures 6.31, 6.34% and
6e35

In both cases these distributions show that these reactions
are mainly peripheral, so that K* production can be described by
the diagram in Figure 6.36 where both K and K* exchange are
possible.

As the background under theK* peak is very low (& 20%)
all events in the K* peak have been used in an attempt to determine
the ratio of K to K* exchange by a Gottfried and Jackson analysis.

At lower energies this ratio was found to be 50% (17, 20).

Consider the upper vertex in Figure 6.36; for K* exchange

. t o ot + K* 4k + L
(angular momentum) Parity 0" + 1" A 17+ hu,09

‘where L. is the orbital angular momentum; parity conservation
requires I to have negative parity so that L = 1 is the lowest
state allowed by angular momentum conservation. Now Lz =0
along the chosen axis of quantization (the direction of the
incident ¥ in the K* centre of mass) so that the X* is forced

to be in a |1,¥ 1) spin state. This means that the spin state

o+
is described by the spherical Harmonie ‘Y;” 2 and so the Cos £
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distribution is proportional to Sin?ik similarly it can be shown

that for K exchange the spin state is described by | ¥

|2 and
80 the Cos @ distribution will be proportional to COBZGL

Cos € and ¢ are shown in Figures 6.38 and 6,39
respectivelys The vectors required to define these angles are

shown in Figure 6437 and are defined in the K* centrec of mass.

Then Cos @ and Cos g are defined by

-l -3 -+ - -5 -
Cos @ =p .+ e D Cosgd=(p + xplelp_xp )
Tin 7 out Tin PP T oy
+ ol lp + x . x
v Tin bed For out. ‘p Tin pp‘ ‘pp p'”'ou.i:’

Although the statistics are poor it has been attempted to
fit these distributions to the theoretical expressions for Cos o
and £ given in Section 7.2. The fitting was done using the
method of least squares although the validity of this method is in
dqubt when dealing with such a small number of events.

Figures 6438 and 6439 show the experimental and theoretical
distributions for Cos © and g. The values of"l2 obtained for
the fits to these distributions were 15 for the Cos @ distribution
(7 degrees of freedom) and 15 for the ¢ distribution (10 degrees of
freedom). These values correspond to low probabilities of'X.Z and
either indicate a genuine divergence from Gottfried and Jackson's

theory or confirm that least squares fitting to such a small number

of events is unrealistice.
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Nevertheless, the following valuco fur tho olomcutia of
the density matrix for a spin one particle were obtained (these
are discussed in more detail in Chapter 7).

@ oo = 0:271 £ 0,188 @, . = 0.193 T 0.119

This leaves 910 as the only undetermined parameter. It
was not possible to calculate the real part of Q,‘Q as the data
necessary for finding the expectation value { Sin 28Cos g >
was unavailable.

From the above values it is not pnssible to make any
definite estimate of the ratio of pseudoscalar to vector exchange.
All that can be said is that neither of these exchange

mechanisms is predominant over the other as for pseudoscalar
exchange (3 00 should be the only non-zero matrix element, i.e.
(JOO~1 W®_q = 0; while for vector exchange @, = O and Q1O~ 1.

This means that at this energy which is considerably higher
than any other at which this reaction was studied (17), this
reaction still proceeds by a mixture of K and K* exchange, where
the ratic of K to K* exchange is undetermined,

The only other interesting feature in this reaction is seen
in channel (1)

1r"'p - {" K
In the dalitz plot shown in Figure 6.26, the distribution

of the points shows a very definite structure, as they appear to
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fall into two XK° ' effective mass regi-ns. Ono region is
due to K* (888) production but the other seems to be centred
around a K® @' effective mass a little below 1.4 Gev.

This is seen more clearly in the projection (Figure 6.28)
which is compared with a phase space normalised to all events
outside the K* (888). A second enhancemznt is seen in the region
1¢2 = 1.48 Gev.

Recently the existence of a second K* has been reported
by two groups; the first studied the reaction

Kp=+p7 K
at an incident K momentum of 3.5 Gev/c (64). A peak was observed
in the 7 K° effective mass distribution, besides the K* (888),
at a mass of 1.4t Gev and a width of 160 Mev. The ratio of
K* (888), K* (1400) and background production was estimated to be
0.59: 0.22: 0.18,

Further evidence for this K* (1400) was obtained by

studying the reactions
Tp4 AT K 191 events
T pa wx 160 events
at an incident 7 momenta of 3.9 and 4.2 Gev/c (65). A
pimilar peak was observed in the = K effective mass distribution
with 68 events in the region 1.35 - 1.51 Gev where phase space

predicts only 32-36 events. This enhancement probably has I = %
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because it is not observed in other channels where the production
of an I = 3/2 K* (1400) would be fawoured.

This enhancement was not observed in # p interactions.
at & Gev/c because of the poor statistics (1).

In the present experiment, although the statistics are very
poor compared with the two experiments quoted here, it is perhaps
possible to interpret this enhancement as further evidence for the
existence of the K* (1400). This would give .a cross-section of
8 uwb for the reaction

1r+p -5l if" + K* (1400)
Qkoﬂ_+
which leads to the following values for the ratios of the
cross-sections.
K* (888) : K* (1400): background
0.30 0.4 0456

These are in agreement for the ratio of K* (888) to K* (1400)
production but the background seems to be much larger. This
could possibly be explained by the contamination present in this

channel due to events with many neutrals.
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CHAFTER 7

EXCHANGE MECHANISMS

7.1 Introduction

The peripheral model was first suggested by Goebel (41

(10)

and Chew and Low to study the scattering of unstable

particles (esg w-irscattering); to do this, the one-particle
exchange contribution had to be isolated by extrapolation of the

production data from the physical region of 42 (the four momentum

transfer) to the point in the unphysical regionb2 = -mix.

This extrapolation was difficult to do experimentally, but the
implication that this pole influenced the physical region for

small values ofzsz was the basis for the one-pion-exchange

modeis proposed by Drell (42) (43) and

()

y Salzman and Salzman
Ferrari and Selleri
In an attempt to account for the rapid decrease in

production erogs-section with increasingtlz, Ferrari and Selleri
introduced empirical form factors which accounted for all the
disagreement between the peripheral model and the experimental
deta; while this was comparatively successful for one=-pion
exchange, for vector meson exchange these form factors had to
have such a stronga2 dependence that the peripheral nature of
the interaction was lost. Recently Gottfried and Jackson (45)

(46)

have applied the absorptive model to explain the differences
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between theory and experiment without using such form factors.

7.2 Gottfried snd Jackson Analysis (100 7 ~92)

This analysis has been developed to determine the exchange
mechanisms responsible for quasi-two body interactions at high
energies., As the analysis is carried out in terms of decay
angular correlations, one of the resomances produced must decay
through a parity conserving process (e.g. the strong interaction).

The choice of the cartesian coordinate reference system is
arbitrary, but for peripheral interactions there is one which
emphasises the exchanged system. For this, the z-axis is chosen
along the direction of the incident pion as seen from the unstable
particle's rest system. The y-axis is chosen along the direction
of the normal to the production plane, so that the x-axis lies in
the production plane.

The decay angles G.and g are then defined with respect to
this system as shown in Figure 7.22., It can easily be shown (49)
that g is equivalent to the Treiman ~Yang angle (53) and it is
generally defined so that # = o in the production plane.

It is possible to describe the spin population of a
resonance by a hermitean density matrix @ om’ where m and m'
are magnetic quantum numbers relative to the specified z-axis.

Parity conservation in the production process reduces the
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number of independent elements of this matrix and using the
Trace condition that Tr ¢ = 1 enables the matrix to be defined as

follows for a resonance with spin J = 1,

e =1 =[?11 Q10 ?1,.'.1
P10 %00 @10
| G1-1 =€10 C1q

where ?OO =1 = 2911 and Q,” e 11 are real.

The predicted angular -distributions in terms of ©, ¢

and e mm.' for a spin one particle decaying to give two spinless

(47)

bosons is then
w(e, #£) ( Cos®0 Sin® Sin®g Cos®

. =11%7 GOO os +Q49 me-Q,]’_,] in~@ Cos™g
-féRe(J,]o Sin 26 Cos £) ceee’)

This expression is directly proportional to do
df d(Cose )

so that if it is integrated over g (0O - 2;) the following result -

is obtained

dg o« (1-Pu) +(Rg = 1) CosZe eea(2)

d(Cose)
while integration over Cose (+1 = -1) gives

%ﬁ [+ (1 + 291’_1) - Ll"\),]’_,] COSZ¢ .'I.(B)

To determine Re @,,, the expectation value of {Sin 29 Cos £ )

is calculated from

2.‘4'71 .
(sin 20 Cos-£)= { | W(g, #) Sin 20 Cos 4 d £ a (Cosd )
'6_'{1 W(e, £) d(Cose) d #

&g Cosé
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which gives Re@ ., = _=5¢ Sin 2 Cos £> (5%

For Pseudoscalar lte%g.' 7y K) meson exchange only @ j, will
be different from zerc, but for vector (e.g. Q1 ¥y g, k*) meson
exchange only 91 1 and 91'_1 are nbn—vanishing.

The expected values of the matrix elements are either
zero or one unless absorptive effects arc included when the
matrix elements deviate from these values with increasingl)a.

In a similar manner it is possible to describe a baryonic

(J = 3) resonance which decays into a boson and a baryon with

>
J = 1 by the following density wmatrix.
2 -
33 QO3 Q3.0 3,23
e - P31 €1 1944 031
Q3.1 1R @14 R31

|“1033 €3 "B O

where Q34 - _3 and @, _, are real and @, = 2 - @330
The decay engular distribution is then given by (47)
2

W(0, #) « (O3 Sinte + @41 (3 + Cos@) - 2 Re@ 5 Sin"e
3
Cos2f-2 Re(331 Sin28 Cos g)

3

this expression after integration over g4 and Cos® respectively,

with the same limits as before, gives

* 3 e 33 Sinzg + e 11 (1 + 3 00829 ) lio..(ll')

do
d(Cose )
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dgw (1+L4 Rop, )-8 Re CosZ #  evee(5)
= 317 "2 Q3,49
¥ G

and Re @ 39 is determined from the expectation value
£8in268 Cos g ) using
Re @ 54 =-2é’§ ¢ Sin 26Cos £ 5 .
'For pseudoscalar exchange Q 33 Re @ 3q? ReQ 391 should be
zero, 50 that Cos® will be proportional to (1 + 3 Cos® 8 )
and 911 = 005.
For o~ exchangze, Sakurai and Stodolsky (55) predict values
for these parameters using the e- photon analogy; the predicted

valucs are Q33 = %, Re @ 3,21 =J§._.‘ and Re @ 39 = o.

o (8)

7.3 The reaction a'p N e

In 2072 events of the type

+ + 4+ -
TpaApwW W T
Pap7T, T

corresponding to a cross-section of 3.09 millibarns, strong
- N*** and 0° producticn was observed (Figures 7.1 and 7.2.)
In Figure 7.4 the effective mass distribution for the

'n:.:; m combination is shown for those events wherc the effective
mass of the p':r; combination lay in the N+t region which was
defined to be 1,12 = 1.32 Gev. From this it was estimated that
20% of the events of this type proceeded by the reaction.
ot °

+ 9 easa(1)

Ltpvr: L) ot

b

7r+p-vN
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The cross-saction for this quasi-two body process"
was 0.6 millibarns ¥ 30%. This error was sufficient to
account for the effects of the large widths of these résonanceu.

The scatter diagram in Figure 7.3 for m(pﬂ;) against
Mthmr) is only for events for which O 2(p/p ﬂ:) < 6.3 Gev2.
This shows that reaction (1) is produced at 1ow‘four momentum
transfer and can be described by the peripheral diagram in
Figure 7.7. If both p w; combinations satisfied this criterion
only the one with the lowest value of A2 was used.

The projections from this plot are shown in Figures 7.8
and 7.9. In Figure 7.8 the effective mass distribution for
P w; is shown for the w; a effective mass lying in the ¢°
region (0.66 - 0.86 Gev). Figure 7.9 shows the n; n effective
mass distribution for the p ﬂ; effective mass lying in the
N+t region. The background is negligible so that these events
(423) will be used in the analysis of the decay angular
distributions.

The vectors which are required to define the decay angular
distributions for'Q° - n% w are shown in Figure 7.5; all these
vectors are determined in the Qo centre«.of mass.

Then Cos@ and Cos # are defined by the expressions:

- - - - - -»
Cos = + . + Cos g = + x o X +
e P o P o g=(p . Ppin) pP:'m P "Tb)
+ . + + +
P vab. !pﬂmxppm Pp, TP 4t
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The distribution for Cos © and g are given in Figures ?.10 and
7+11 respectively with g = O in the production plane.

The asymmetric decay of the ?o with respect to the
incoming pion (i.e. in Com @) is well known (56) 1na d<‘>es.
not prevent the determination ofeoO provided that the s-wave
(I = 0) amplitude which causes the interference is assumed to
be small; also on fitting the symmetric theoretical curve to
the experimental distribution, the contribution due to the
interference term is cancelled out.

The curves in Figures 7.10 end 7,11 show the results of
least squares fitting of equation (2) and (3) respectively to
the experimental data. From these and the mean value of
< Sin 2 8Cos g ) , the following values for the matrix elements
were obtained for &° (p/p :r;) £ 0.3 Geve:

Qpo = 0+77 % 0,045 @, = ~0.044 £ Q,035; Re@ = ~0.062 = 0,025

These values are consistent with pure #- exchange if absorptive
effects are taken into consideration, (This will be discussed in
Section 7.5).

In Figure 7.6 the vectors which define the decay angles for
e pﬂ: are given; all the vectors are determined in the
N*** rest frame.

Cos @ and Cos £ are then defined by

Y
Cos @ = Bp - ¥y Cos fmui(p XP +)o(p + xp)
i

n Pin Tin in P

‘ppin * Pyl 'p ”:Lnl ‘p in TP l
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The experimental distributions'for Cos8 and 4 are sﬁown
in Figures 7.12 and 7.13, with £ = 0 in the production plané.
.A slight asymmetry is evident in Cos® , but this has not prevented
the experimental data being fitted,by“the theoretical éxpressions.
The curves shown in theséitwo Pi?FE?QS were obtained from least
squares fitting of equatioggﬂ(h)_and (5) respectively to the
experimental data; the following values for the matrix elements
were obtained: '

@35 = 0.077 = 0,028; Reg 5 , = 0.011 % 0.03 Re@ 5y = =0.013

% 0.028

These values confirm that this reaction proceeds by pure #- exchange.

It has been suggested by Goldhaber et al. (57

working at
an incident ﬂ* momentum of 3.15 Gev/c that therc were strong
correlations between the decay angles of the eo and N***, This
is not possible if this reaction proceeds entirely by -~ exchange
as there is then no means of transmitting angular information
between the vertices. Goldhaber explained the effect in his

data by concluding that it was not possible to isolate the pure
one pion exchange process.

In the present experiment these possible correlations were

examined by making a scatter diagram of Cos ¢ + from the decay
T
b

of the p © against Cos Gp for the N*'T., Figures 7.1% and 7.15 and
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7.16 show the normalised projected distributions for Cos € , for

T

various reginns of Cos Gp-; these regions werc chosen to be
the same as those given by Goldhabez".‘ Similar distributions

for Cos® ' for intervals of Cos @ are given in Figures 7.17,

P ary

b
718 and 7.19.
If there were no correlationsbetween these angles then the
distribution of Cos @ + should be independent of the interval
T

chosen for Cos ep s a.ndbsimilarly the distribution of Cos Qp

should hav. the same shape regerdless of the intervel of

Cos 9ﬂ_+.
b

From these distributions it can be seen that Cos 6+

does not depend on Cos ei’ as Figures 7.14%, 7.15 and 7.16 are
similer. This, however, does not seem to be true for Cos Qp,

where the distribution in Figurc 7.18 (~0.45 ¢ Cos GT-é\( 0.kt)

is isotropic while the others have approximately Coseep behaviour.
This correlation is much weaker than that observed by
Goldhaber and it can probably be explained by the effecct of

the background or absorptive effects.
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(8)

7.t The Reaction 7 p = N*'T 4 °

Strong N** ang ° production was obgervod in 2290 events
of the type
ﬂ*p-# p n; w; T np
produced with a cross-section of 3.43 millibarns.
Figures 7.20 and 7.21 show the projections for the
effective masses of the p ¢ and o' & & combinations from the

scatter diagram Figure 8.1 It can be seen that about 10% of

the events proceed by the reaction

+ o et o
mTpN + 11 (1)
7 owtd e
PUy b

corresponding to a cross-section of 3.35 mb + 30%,

In order to get a pure sample of events of this reaction,
only those events for which G (p/p 'n‘;) £ 0.6 Gev® were selected.
This implied that the reaction was peripheral in nature and could
be described by the diagram given in Figure 7.23 where the identity
of the exchanged particle had to be established.

Figure 7.26 shows the scatter diagram for cvents satisfying
this criterion and nearly all the background has been removed.

The projection for the effective mass of the h;iﬂr a
combination for p‘ﬁz in the N*** region is shown in Figurc 7.27

and the similar projection for the p W; effective mass for the
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wi x w° effective mass lying in the wb region (0.74% - 0,84 Gev)
is shown in Figure 7.28. A pure sample of reaction (1) has been
obtained in this way so these 240 events will be used in the
analysis of the decay angular distributions.

The vectors required to define the decay angles of the wo
ere shown in Figure 7.24, all of which are defined in the W
rest system.

For the decay of a resonance into three similar particles
Cos®@ has to be defined differently; as the wo decays through a
parity conserving process, it is valid to select the normal to
the decay plane and define @ as the angle between this plane and
the incoming w*, where all vectors are defined in the wo centre
of mass-.

Cos @ and Cos £ are defined by

~ - - 5 ~
Cos@ =p + . n Cos 4 =(p + xp. Jlelp X n)
Tin Tin  Pin  Pin
‘p + a P + =xp P xn
Tin : Tin pin! Pin !
where ﬁ = ; b 4 5
ﬁf w
‘p 5 XDP !
ST T

and the experimental distributions for Cos® and g are given in

Figures 7.29 and 7,30 respectively,
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The curves represent tha resulte vblalned from the least
squares fitting of the theoretical expressions to the experimental
data; the theoretical expressions used were the same as those
discussed in the previous section. The values of the matrix
elements obtained were:

Poo = 047 = 0.05; @ 1,1 = 0126 % 0.045; Re @ ,, = =0.103 ¥ 0.026.

Similarly in Figure 7.25 the vectors needed to determine
Cos @ and Cos £ are shown; all are defined in the N*** centre of
mass.

Cos 8 and Cos ¢ are then defined by:

9 »
Cos® =p . P Cos f=(p. xp +)elp + x D)
Pin P pin Tin Tin Y
P * P l x + + x
[Ppyy ~ P Pp KRt lp”in ppt

and the experimental distributions for Cos & and g are given in
Figures 7.31 and 7.32, with g = O in the production plane. The
curves represent the least squares fit of the theoretical
digstributionsto the data, and the values for the matrix elements
obtained were:

@53 = 0+15 ¥ o.04; Re Q5 4 = 0.035 ¥ 0.046; Re @5 = ~0.048 ¥ 0.038.
These two sets of results for the «® and N+t decay are

difficult to interpret, as they cannot easily be explained by a

single exchange mechanisme
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For this reaction, only certain rorticles can be exchanged.
| From considering G-~parity conservation at the pion vertex in
Figure 7.23, only . particles with positive G-parity can be
exchanged. This forbids my " oor w’ exchange while allowing
e- exchange.

If this reaction proceeded predominantly by Q ~exchange then
the values expected for the wo matrix elements are G)OO and
Ree 10 almost equal to zero and @ 1-1 almost one; whereas for
the N*'" vertex the matrix elements should have the following
values for @ -exchange (55):-
€33 = 030 Re Q54

The experimental data does not agree with these expected

= 0.22; Re @ 3q = 0.

values,

That these predicted values are correct for @ —exchange has
been confirmed in the amalysis of the following reaction at
L Gev/c (7):

zf"p -» 11'0 N+t
bpsr*

The angular distributions showed that the data was
consistent with a M1 transition at the N@ N* vertex using the
Sakurai and Stodolsky theory (55). This reaction was then analysed

using the Gottfried-Jackson analysis and Cos 8 and # calculated for
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the N+ decay, from which values of che matrix sleuents were
obtained consistent with those quoted above.

It is therefore concluded that the reaction a'p-y N*™* 4 4°
cannot be explained by e -exchange alone, unless absorptive
effects drastically modify the results. The effect of absorption

will be discussed in the next section.

7.5 The Effect of Absorption on the Peripherzl Model

Although the peripheral model can generally explain the
decay angular distributions in terms of one or two exchange
mechanisms, it is unable to cxplain the four momentum transfer
distributions.,

These distributions are more strongly peaked towards low
valucs oflx2 than those predicted by the unadorned peripheral
model and generally have angular spreads that are mostly
independent of the nature of the exchanged particle. The
absorption model was introduced by Gottfried, Jackson and

(u51 50"52)

Svensson to try and explain these discrepancies.

Any quasi-two body process accounts for only a small
fraction of all the open channels that contribute to the total
inelastic cross-section; it is possible to consider this process
in a similar way to elastic diffraction scattering ("“shadow"

scattering) which arises from the existence of a strongly absorbing

region of finite extent. Intuitively it seems reasonable to expect
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quasi-two body processes to occur at large impact parsmeters,
while more complicated un-correlated final states are produced
at large values of & 2 and so act as a large absorbing region.
These many body channels would therefore reduce the contributicons
to the reaction amplitude from the low partial waves to below

the values expected frou the simple peripheral model while
ieaving the contributions due to the higher partial waves
unchanged. This would result in lower values for the reaction
cross-sections and modified angular distributions and decay

correlations.

(51) (52)

Jackson and Svensson have applied the absorption

model to the reactions:

Natt

T p + @ ° w-erchange (1

o+
apamtt 4y 0

¢ —exchange (2)

for the results obtained at 4 Gev/c incident pion momentum.

The suppression of the low partial waves was determined using a
high energy form of the distorted wave Born approximation for

(45) with the spins of the particles explicitly

potential scattering
included.

The four momentum transfer distributions, between the proton
and the N*++, for these two reactions are shown in Figures 7.33

and 7.34 respectively.

The experimental results are compared with theoretical curves
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calculated assuming the absorption model. Therc is good
agrecement between the theory and experiment for reaction (1),
but in reaction (2) there is marked disagreement. In this case,
if a form factor is included which is only a slowly varying
function of :ﬁz, the model can be made to agree with the
experimental data.

The absorption model predicts that as 02 increases, the
values oi the matrix elements should depart significantly from
those predicted for the simple peripheral model. Therefore, the
study of the experimental O e dependence of these matrix elements
can deterinine whether the absorption model is to be preferred over
the peripheral model with form factors which predicts matrix
elements independent of O 2.

(51

Jackson has calculated *the variations for ?mm" with
a 2 for reaction (1). These theoretical curves arc compared
with the experimental values which are averaged over all 62 and
plotted at the average value of Az observed. (Figures 7.35 and
7.36). The agreement is extremely good for this reaction.

(52)

Svensson has, in a similar manner, applied the
absorption model to reaction (2), where the results are not as
convincing. The comparisons between the theory and the experimental

data are shown in Figures 7.37 and 7.38; +the experimental points

have been determined for different & e intervals,
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It is obvious that the simple peripheral model (shoWﬁ'by
the dotted lines) does not fit the experimental results, but
it is debatable whether the absorption model (the solid lines)
explains the results any better.

If it is thought that this reaction can be explained by
¢ -exchange "wing the absorption model, then this is the first
reaction in which the suppression of the low partial waves gives
values for*@nmf very different from those predicted by the
peripheral model.

It is concluded that the absorption model explains the
results of reaction (1) very well, but that it cannot convincingly

explain the data of reaction (2) in terms of @ ~exchange elone.
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CHAPTER 8

KK DECAY MODES OF SOME NON-STRANGE MESONIC RESONANCES

8.1 Introduction

Many of the recently discovered mesonic resonances (e.g. fo,
B, A1, AZ) could be expected to have KK decay modes for certain
quantum number assignments, In some cases where the gpin and
parity are unknown, the observation of a KK decay mode can
reduce the number of possible spin and parity assignments.

Goldhaber Iee and Yang (58) have determined the allowed
KK modes with zero strangeness, for different valucs of the
charge, I-spin and G-parity.

There are eight possible states:=-

o _0
Q=I,=1 KX; Kk¥
3
Q= Iy = -1 k% KK
G0 -0 0O - -
Q=1I;=0 KK; KK; K'K"; KK

An- general state, for a particular value of Q, can be
formed from these by superposition of the relevant states. If
G-parity is now included, the actual eigenstates for S = O can
be calculated for particular values of Q, I and G. These can be
written in terms of KJ and K3 instead of K° and K so that the

eigenstates for the observed decay modes will be as follows:
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Q = 13 I G cigenstate of *he otserved decay modes
1 1T 3 (D) - 1@k kD T X))
-1 1T -3 ((KSK‘) + i(KgK") - (K—KS) i i(K‘Kg))

0 1 -1 FEEED - @K+ G+ KD
0 1 +1 3 @) + xH) - i(K?Kg) + i(KgKS))
0 0 -1 2e@®E)+ KD+ i(K?Kg) - i(Kgxg))
0 0 +1  3eE*®) - KK - (K?K?) - (KgKg))

From this table it can be seen that for an I = 1 resonance, if

it had a KK decay mode, then it should be detected in the
+

K—K:'and KK~ modes, and the neutral component would be seen
as KK, for G(2 G) = + 1 or K:KJ for C(= G = -1).

For an I = O resonance, the only observable decay modes

are X', KﬁK; and K?Kg and the relative production of K+K7:K$K$

or K+K—:K:K§ depends on the C-parity of the resonance.

8.2 The Buddha Mecson

The existence of an wy resonance at a nass of 1.215 Gev has

(25) |

been reported in the rcactions
+ +
- - 4+ -0
WP DPUTUAT
but except for its I-spin and G-parity, the gquantum numbers are
uncertain,.
The predominant decay mode is

B 4w+

e
T T
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which demands that I =1 and G = +1.

Attempts (9, 59) have been made to determine the spin and
parity, but no definite assignments have been mades The
experimental data suggests that JP = 1" but the 27 and KK decay
modes expected of an I = 1, JF% = 17* particle have not been
seen. If, however, J‘PG = 17" then the 27 and KK decay modes
are forbidden for both strong and electromsgnetic decays, while
a JP = ot assignment is forbvidden for a particle with an‘wr
decay mode.

In this experiment an attempt has been made to determine
.J'F0 for the Buddha from the analysis of the decay angular
correlations of the w° from the decay of the Buddha. Estimates

are also given for the étz‘éngfh of the 27 and KK decay modes.

8.3 The Reaction '"'+P"PB+ (9)

The wu-+ decay mode of.the Buddha was studied in the reaction

at 4 Gev/c..

+ B
e + 4+ = 0. - o
7fp-)pf;ra1r /A AR ’

b
which was dominated by N*'t

and ‘mo production as can be seen
in the scatter diagram Figyre 8.1.: This also shows that about
10% of the events proceed by the channel

a¥pa T4 0L e D

which was discussed:-in detail in Section 7.lte .. ..



The mﬂ* decay mode of the B* should be apparent in the
effective mase distribution of the (# a # #°) combination with
the condition that at least one of the & # 7 effective masses
lies in the wo region (0,74 -~ 0.84 Gev)s This distribution is
shown in Figure 8.2 where a weak enhancement is observed at the
Buddha mass. If both w*w?wp effective masses lay in the w°
region only one point has been plotted.

In order to remove as much background as possible, all events
which were of channel (1) were removed. This was done by
replotting Figure 8.2 with the additiocnal restriction that both
p 7 effective masses lay outside the N*'* region (1.12 - 1.32 Gev).
The resulting distribution is given in Figure 8.3 and the B-meson
is notv- seen quite strongly, though there is still a large
background. It was not possible to reduce the background any
further by selecting events with low four momentum transfer to
the proton. Figure 8.3 is compared with a phase space normalised
to all events outside the Buddha region (1.16 - 1.36 Gev) and
from this the cross-section for the reaction

w*p-a P BT
‘ﬂz + o = w%ﬂrwo
was estimated to be 0.09 millibarns = 20%
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8.4t The Determination of the Spin and Parity of the Buddha

Although the background is so high (~1:1 with BY production)
an attempt was made to determine the spin and parity.

Different spin and parity assignments for the Buddha
influenced the decay angular distributions of the ° in the
following ways.

Consider the decay

B 40+ 71';

then conservation of total angular momentum and parity demands

that

angular momentum conservation ‘ J Jz> [1, 1D +]0,0> + IL,LZ>
(-1) (1) (=nF

-1k

Larity conservation P

B

Py

where | L, LZ> is the orbital angular momentums.

]

Now L, = O along the chosen direction of quantization (in this
case the ° line of flight), so that if the Buddha had parity

Pp = (=1)Y which gives possible 7 assignments of 17, 2 etc
then L = Jo Consider JP = 1 for example; this then restricts
the possible spin states for the wo to be 11 ¥ 1> with respect to
its line of flight, as the Clebsch-Gordon coefficient for the
coupling of two .1, O> states is zero.

Similar arguments  can be used for a JP = 0 assignment for
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the Buddha, which results in the o  being in a spin state
|1, 0 with respect to its line of flight.

For parity assignments Py = (_1)J+ﬂ’ Seee I assignments of
1%, 27 etc., no unique spin states can be specified for the wa,
so that it is not possible to exclude these possible spin and
parity assignments in the following analysis.

The decay angular distribution of the wo was studied using
the angle B; B is defined as the angle between the normal to the
wo decay plane and the wo line of flight (i.e. the direction of
w;), where all vectors are defined in the «  centre of mass.
Then Cos g is defined as

Cos B = 3ﬁ+ . (ﬁﬁo xp )

a mw

lpﬂ:! 'PWO X pﬁ*'

For PB = (-‘I)J assignments Cos f§ would be characterized by the
spin spherical harmonic of the }1, ¥ 1> state, i.e. by
byl 2
¥,

|Y812 Coszﬁ .

« Sin°p ; for J° = 0", Cos P will be characterized by

Cos B has been calculated for the three regions of the a7 ©
effective masses which are shown in Figure 8.3; these regions are
- ‘0 - 0
(8) 0.96 < Mz r o) <1.16 Gev; (B) 1,16 < M(a' 7 7 o )< 1236 Gev

-0
(the Buddha rcgion), (C) 1.36< M (o) € 1.56 Gev.
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The distributions for Coe B ars shown in Figures 8.4, 8.5
and 8,6 for regions A, B and C. In Figure 8.5 the distribution
for a normalised background is also given {the shaded area).

This was determined by estimating the background under the Buddha
from Figure 8.3 and then normalising the average of the
distributions A and C to this number of events.

The decay angular distribution for the Buddha region (B)
with the background subtracted is shown in Figure 8.7 and it is
compared to a SinEB distribution. The agreement between the curve
and the distribution is not good, so that the only assignment
that can be excluded is J° = 0" as this distribution does not
have a CosEB dependence.

The uncertain background prevents any definite conclusion
being reached, but perhaps the B-meson has JP =1, This would

(59)

obtained from the

(60)

be in agreement with Carmony's results

analysis of the data using Halpern plots

that JF = 1%

, but the possibility
cannot be excluded. If the Buddha has JP== 1", then

it would be expected to have significant 2 and KK decay modes.

8¢5 The Search for the Decay Mode B = 2ur
(%)

To find the 2 decay mode
+
for the (& ) combinations respectively were made (Figures 8.8

+ the effective mass distributions

and 8,9) for the following reactions at 4 Gev/c incident pion
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momentum.
Apapaa (1278 events)
TD=> DT (440 events)

These distributions are compared with Lorentz invariant
phase spaces normalised to all events outside the ei region
respectively.

No significant enhancements can be seen in the Buddha region.
This meant that an upper limit could be calculated for the
B;q'n;no decay mode., It was estimated that an enhancement of
25 events over phase space could be detected, and as the width

+
of the Buddhe was known, the ratic for B - 77> could be

+

+ +
B =« qT~r@o

+ + 0
calculated using the known cross-sections for B » oo . This

gave
LA
B 3w 4o
i <
E = 7w’
This means that the 2 # decay mode is very weak, which is
evidence against the spin parity assignment of JP = 1 for the
Buddha proposed in the last section, and favours the o° = 17

assignment,

8.6 The Search for the KK decay mode of the B-meson

It has already been shown that the known quantummnumbers or

the Buddha are I = 1 and G = +1, and referring to Section 8.1 it
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- o
can be seen that the obmerved KK decay modes would be B=+ K K1,

B K'K” and B K K.

If in this case, as strong KK decay mode was observed then
this would strengthen the F o= assignment proposed in Secti-n 8.k
for the spin and parity; however, if only a weak KK decay mode
is seen, then this would suggest that the Buddha's spin and parity
are probably JP = 1"

The following reactions are those in which this decay mode

could be observed.

Tp K"'pK::ﬂ'O 20 events &D)
Tp - K+W‘+K;5 27 cvents (2)
Fp= p 1?K;k§ 35 events (3

The effective mass distribution of the KK combinations for
these three recactions is shown in Figure 8410 and the shaded arca
represents the cvents from channel (3).

A small cnhancement is seen above the phase space in the
regicn 1.2l = 1.36 Gev, which is perhaps duc to the KK decay mode
of the B-meson.

The only other mesonic resonances whose KK decay modes could
contribute to an enhancement in this region are the fj)and A2.

The £ (M = 1.253 Gev) has quantum numbers I = 0, Q = O,

JP = 2% and C = +1 so that its KK decay modes would be observed as

Q

4 and £+ XK'K™, thie means that it cannot contribute to

fc{ﬁ K;K



- 149 -

this enhanccment, but would be seen in the K;ki)effoctive mass

distribution for the reaction
ufp -+ p n}K;k:

which was discussed in Section 6.3 where no evidence for this

decay mode was Seen.

The contribution to this enhancement due to the KK decay
mode of the A2 is more difficult to determine; the search for
this decay mode is discussed in the next scection so that it is
sufficient to mention that as the A2 is only produced in the
reaction

7DD+ A,
with preferentially low four momentum transfer to the proton, it
is unlikely to be produced in reactions (1) - (3), so that this
enhancement is probably not due to A2 production.

It is concluded that all of this enhancement can be
attributed to the B-meson.

Therefore B = KK
2k %

AN

B = wmwr
This value is consistent with a spin and parity JP = 17 for
the B~meson, which was also preferred by the observation of the
weak B+ 27 decay mode,
The result suggested for the spin and parity of the B-meson

from the search for the 2# and KK decay modes is therefore in
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contradiction to that obtained from the analysis of the decay
angular distribution of the w® However, as was stated in
Section 8.4 this form of analysis could not definitely distinguish
between J° = 1- and & = 1F assignments for the B-meson.

This leads to the conclusion that when all available
evidence is considered, it is most likely that the Buddha has

spin and parity JP =1,

8.7 The Obscrvation of the Decay Mode A < KK

The existence of an I =1, G = =1 pw resonance (AE) with

a mass of 1.310 Gev has been reportcd by several groups @, 23, 61).

Therefore if this resonance had a KK decay mode, this would be
Yo - © 0
expected to be observed as A2'+ KK, A2 - K% or A2 -+ K1K1.
(61)

Chung et al. at an incident @ momentum of 3.77 Gev/c
observed an enhancement at a KK effective mass of 1.3 Gev in the
following reactions.
- _ ©
Tp=K pK1
q’r-p > K;)K:n
from which it was estimated that A, - KK

2 30%

Aaaaen'
The observation of this dcocay mode enabled the spin and parity

assignment of JP = 2% for the A2 to be determined.
In the present experiment the A2 was observed in the reaction

(2)

+ + 4 -
FP*PT T A
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with a cross-section of 0.24 millibarns, the'jqr decay mode
was also seen,

The KK decay mode was locked for in the reaction

mp~ K+PK1° 31 events

The effective mass distribution of the h+K$
combination is shown in Figure 8.11 and it is compared with a
phase space normalised to the events outside the A2 region
(1.22 = 1.42 Gev). Although the statistics are poor, it can be
possulated that the enhancement in the rcgion 1.32 - 1.40 Gev
is due to the A, K'K7

As further evidence that this enhancement is due to the

decay modes

decay of the A2, the ccntre of mass production angle of the
proton is shown in Figure 8.12. The proton is prefercntially
produced backwards so that this reaction is mainly produced with
low four momentum transfer to the incoming proton. This implies
that the events attributed to the A2 decay are also produced at
low four momentum transfer, which is consistent with the results
for the A2- Qr decay mode.

Therefore, if this enhancement is due only to the decay of
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the A2 s then

+., 0
A.~+ KK
2 1 v

»

J\} 6/’0

A2~" eqr
This value is much lower than that reported by Chung et 1. .

but can be explained by the poor statistics.
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Figure 2.1
Figure 2.2

Figure 243

Figure 2.4
Figure 25
Figures 3.1,

3-2 and 303

Figures 3.k,
3.5 and 3.6

Figure 3.7

Figures 3.8 and
3«9
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FIGURE CAPTIONS

Flow diagram for the analysis of strange
particle events.

The layout of the 4 Gev/c a beam; Q represents
a magnetic quadropole and BM a bending magnet.
Schematic diagram of the 82 cms. Hydrogen
Bubbile Chamber with the camera positions and
céordinate system,

A diagram ho illustrate the guantities which
define the 7~ = p+ + o criterion.

A diagram showing the helix reconstructed in
THRESH with its parametera.

show the y, B8 and x-coordinates for the apex

of the Imperial College strange particle eééﬁts'
respectively. In Figure 3.2 the linits of thév
Fiducial volume are indicated.

show distributions for the fltted beam momentum,
dip angle and azimnthal angle respectively for
Imperial College events.

Ionization curves for some elementary particles
in liquid Hydrogen.

show the probability of (X2) distributions for

all \ and K° V-fits.



Figures 3%.10
and 3.11

Figure 3.12

Figures 3%.13
and 4.4

Figures 3.15
and 3.16

Figures 3.17,
3.18 and 3.19

Figures 3.20,
3.21 and 3.22

Figures 4.1,
L,2 and 4.3

Figures 44,4
and 4 05

-w+p-b K tx°
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show the probability of (“)La) distributions for

the single and multivertex fits of the unambiguous

201 events,

The normalised distributions for the probability
of (%2) of all h and K° V-fits.

show the distributiins for the cosine of the
production angle of the proton and 7" in the

» and K° centre of masses.

show the lifetimes plots for the N\ and Ko;
logeN' plotted a_ainst L/p.

show ideograms for the missing mass squared

for the reactions 1r+p - K+pK° 77'0,

7F+P - K+"+)'\ »° and 1|_+p a P'H"+K:K°
respectivelye.

show ideograms for the missing mass squared for
the reactions ar+p ] ’.T+‘;'r+7\ 110(7\ seen);
an and a*p - at ot A K° (K2 seen).
show the Probability of ('xa) distributions for

+
all V fits, 210 and 410 single vertex and
210 and 410 Multivertex fits respectively.
show the distributions for th.¢ cosine of the

+

proton or s production angle in the L' centre

of mass for the decays S FREN p + 7° and

¥ ¥
£%4 77 +n,
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+
Figure 4.6 The distribution for the cosine of the u~
+ +
or s production angle in the K centre of
+ + + +

mass for the decays K - p~ +VJ 3 K 4 7~ + 7°,

Figures 4.7, show the distributions of the angle X for decays
Ll's8, 4.9 and o o o o o o
4,10 with 0L 0 6,66 L1107, 1046 20,

20°K @ £ 180° respectively.
Figures 4.11 show the Lifetime plots for the decay modes
and 4,12 . o + +
g =2p+ 7 and L +n+ 7 .

Figures 4.13, show the ideograms of the missing mass squared

o1t and 4.15
for the reactions 'zr+p » &%t #°, mp A P

and 7 p= K'pk® (210 cvents only) respectively.

Figures 4.16, show the ideograms of the missing mass squared for

L,17 and 4.18

+ + -
. S+ 4 et 4+ O
the reactions 7' p» LK w¥a", w'pa LK 7T T @

t ot a K° respectivelye.

and 7r+p - i_.t T

Figure 6.1 The W' effective mass distribution for the
reaction 1r+p » 5t 7t A,

Figure 6.2 The Yf (1385) centre of mass production angle.

Figure 6.3 Peripheral diagram for the reaction 7p -+ K*(888)
+ ¥2%(1385).

Figure 6.4 The scatter diagram of the A7 and k¥ »°
effective masses,

Figure 6.5 The K¥ #° effective mass distribution. The shaded

area represcnts those events for which Mr+ lies

in the Y;+(1385).
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Figure 6.6 show the A ' +° cffective mass distributions
and 607 -
for all events and for those where »7 lies in

the Y; (1385).

Figurc 6.8 The centre of mass production angle for Y**.

Figures 6.9, show the distributions for the cosine of the centre
6010, 6-11 and + + °
6.12 of mass production angle for the A , K', & and «

respectively for the reaction ‘ﬁ+p > K+'ﬁ+'k aC.

Figure 6.13 The scatter diagram of the sy and K° /.72

offective masses for the reaction 'p - o ot Ak,

Figures 6.4 show the cffective mass distributions for the

and 6.15 o + +
K", and i, combinations (shaded for those

cvents where Koqr; lies in the K*),

Figurcs 6.16,  show the cosine of the centre of mass production
6.17, 6.18 and o .
6.19. angle for the K*, A , K- and & respectively

. - + 4. .0
for the reaction 7 p+ a @ A\K’.

Figure 6.20 The scatter diagram for the p 7 and K%K effective
masses in the reaction w*p > p KRS

Figures 6.21 show the effective mass distributions for the
and 6,22

p-w+ and Koﬁocombinations.

Figures 6.23, show the cosine of the centre of mass production
6.24 and 6.25 + o
angle for the # , p and K~ respectively in the

reaction ﬂﬁb 4P 7 K°K°.



Figures 6.26
and 6.27

Figures 6.28
Figures 6.30
and 6.31

Figures 6.32
and 6-3”"

Figures 6.33

Figure 6.36

Figure 6.37

Figures 638

figufes ;7.:1 '

and 702

F“isui‘e, 703
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show the scatter diagrams for the Kn and In
effective niasses for the reactions Tt+p < 'ntg®
and n*P » o'K*C. |

show the Kn effective mass distributions for
the reactions n”'p + 2 n*k° and Tt"'p + Tt RO,
show the cosine of the centre of mass production
sngle for the £ * in the reactions w'p.4 Z¥n'k°
and n+p -5 E*K* z°.

show the cosine of the centre of mass production
angle for the K2 in the reactions = +p-) £ Fn *g©
and 1t+p~) £ ¥kt °.

show the cosine of the centre of mass production
angle for the m ¢ in the reactions np-y 2w *g°
and n+p-o £ n O,

The peripheral diagram for the reaction Tp = N
'i‘l;xé"\'\.rec‘:tﬁrs‘ :éeciuired to ‘d'efiﬁe .(-':65 o o.nd Corz #
s.li.av;v}the“dis_tr‘il?uti.ons fof Cbs ) and g for K"' -
produt:tién in t};ie' reaction 1t+p 2 oV 4 K.

show t;.hé 1;n+ and 7 x " gffeétive mass distﬁ{butions
for ch§ réaction‘ n‘Fp - p atata”,

Scatter dlag'ram for the p n:an'& n;n"éff‘é*éﬁiive
magses for A% (p/pn?) € 0.3 Gev?. | *
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Figure 7.4 The distribution for the n;-n'." effaotive mass

for those events where 1.16 £ M(pﬂ;) £ 1,36 Gev.

Figure 7.5 show diagrams giving the vectors used to define

and 7.6 ° + -
Cos © and Cos ¢ for the decays e - T, % and
N*H') P“’-;c

Figure 7.7 The peripheral diagram for the reaction
1t+p~§ N*++ +e 0.

Figure 7.8 show the projections from Figure 7.3 for the

and 7.9 + + -
pm, effective masses for which 0.66< M ( " )
¢ 0.86 and the ngn- effective masses for which
1.16 < M(p ) & 1.36.

Figures 7.10 show the distributions for Cos © for the decays

V.12 P2 - TT;"- and N*** o pTT; comvared with the

theoretical expression.

Figures 7.11 show the distributions for g for the decays
and 7013 ° + - —+ +
e IR and N*' "' p n, compared with the

theoretical expression,

Figures 7.14, show the distributions for Cos © n; for the
7.15 and 7.16
three intervals of Cos ©Op; + O.4 L Cos 6p€ + 1.0;

- 0.4 £ Cos Gp+ 0.lt; - 1,04 Cos 6p &~ Ok,

Figures 7.17, show the distributions for Cos 9p for the three
7.18 and 7.19 _
intervals of Cos © n;. - 1.0 Cos & n;& - O.k;

-0k Cos 0 _+& +0.4; +0.4g Cos Q.+ &
b

L+ 1.0,
b\



- 169 -

. + - _0 . .
Tigures 7.20 show the pn and 2t w7 10 effoctive mass
and 7.21 5 4 o
distributions for the reaction n p -2@nt T T T,
Figure 7.22 The cartesian coordinate system defining Cos O ard 4.
. . . . + s G
Figure 7.23 The peripheral diagram for the reaction T p - T

Figures 7.2k show diagrams giving the vectors required to
énd 7.25

al

. o - F
define Cos O and Cos g for the decoays B T

h"T,
and N*"F . n;.

Figure 7.26 The scatter diagram for the » *: and n:; n” n°

effective masses for &,2 (»/p n;);{sO.G Geve.

Figures 7.27 show the projections from Figuse 7.26 for the

and 7.28 .

p T <08

P n; effective mass where O, 74 ¢ M( =
Gev and the r: 1" 10 effective mass where
1.6 € M(p n'a’) £ 1.36.

Figures 7.29 show the distributions of Cos 8 for the decays
and 7.31 ) + _~ 0 XS
w = T, T and N*" = p n; compared. with

the theoretical expressions.

Figures 7.30 show the distributions of £ for the decays

and 7.32 +

b

the theoretical expressionse.

) - .
w s ot n” 1% ang ¥, sl W; compared with

Figures 7.33 show the distributions of the four momentum

and 7.3h4 st o

transfcr for the reaction n+p~b N + {:: and

ape Tt L 0.



Figures 7.35
and 7.36

Figures 7.37
and 7.38

Figure 8.1

Figures 8.2
and 803

Figures 8.4,
8.5 and 8.6

Figure 807

Figures 8.8
and 8.9

Figure 8.10
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show the variations of the matrix elements

of the Q © and N*** respectively with A° for
the reaction 1;+p - Nett ande °,

show the variations of the matrix elements of
the ©° and N*™ respectively with &2 for the

reaction n+p & N"‘H + faJ o'

+
b

. . + + 4+ =~ _o0
effective masses for the recaction np®wpn n n n

The scatter diagram for the p n; and nfn "n°

+ _+
T n
show the a’p

for events with at least one uo and for those with

n” n° effective mass distributions

both w®

and N**F production respectively.

show the distributions of Cos e for the events
in regions A, B and C in Figure 8.3. The shaded

area in B represents the distribution for a normalised
background.

The Cos @ distribution for the Buddha compared with

a Sin2 @ distribution.

show the distributions for the g 1.1; © effective

mass for the reactions 1;+p-9 P 1;+ 1;0 and

" Pwp T 2° compared with a phase space
normalised to all events outside the ei region.

The KK effective mass distributions for the three

reactions n+p-q pK+Kg no, 1:+p + k¥ 1:+K2n and



Figure 8.11

Figure 8.12
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0,0,
12t

those events from the last reaction.

n+b-4 b KK the shadod area represonts

The K+K: effective mass distributions for the

reactions 1t+p-q Kprﬁ; the phase space

normalised to events outside the A, region.

2
The cosine of the centre of mass production angle

of the proton for the reescticn ﬁt*p-4 V*ng;
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