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ABSTRACT

A study of the zero hypercharge boson resonances,
produced in a hydrogen bubble chamber by the collisions of
3.5 Gev/c negative kaons with protons, is presented in this
thesis. Most of the emphasis is on a comparison of the w
and ¢ meson production. |

The consequences of SU(3) and SU(6) are discussed
in‘chapter 1, where the mixing of the @ and ¢ is considered
in some detail. A brief discussion of the single meson
exchange model is also included in this chapter.

Chapters 2,3 and 4 are concerned with the techniques
which were employed to obtain and analyse the bubble chamber
photographs. Total cross sections are presented in chapter 5.
The @°, w° and ¢ © mesons are discussed in chapter 6, and
the remaining non-strange boson resonances observed in the
present experiment, in chapter 7. |

In the final chapter various comparisons with the
predictions of SU(3) are made and the striking differences
between the w and ¢ differential cross sections are

discussed in detail.
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PREFACE

The author joined the High Energy Nuclear Physics
Group at Imperial College in October 1961, and was initially
involved in an experiment designed to search for evidence
for high energy neutron-proton charge exchange scattering
using the Nuclear Emﬁlsion technique.

In QOctober-November 1962 the author assiéted in the
construction and tuning of the CERN M2 beam, and was present
at each of the exposures of the Saclay Hydrogen Bubble
Chamber to X mesons which took place in the interval up until
December 1963. The track following device described in
chapter 2 of this thesis was also developed during this period,
under the direction of Dr. S.J. Goldsack.

The analysis of the 3.5 Gev/c K~ film from the above
exposures was undertaken by a collaboration between the
Universities of Glasgow, Oxford and Birmingham, the Rutherford
High Energy ILaboratory, Harwell, and Imperial College.

The author was responsible for the compilation and
analysis of the data for all the reactions in which the

incident kaons produced three strange particles.



CHAPTER 1

5 L S A Syt o

SYMMETRY THEORIES AND THE ZERO HYPERCHARGE MESONS

1.1 Charge Independénce and the Definition of Hypercharge

Many of the symmetries occuring in low energy nuclear
physics can be accounted for by assuming that the broton
and neutron represent, to a first approximation, two states
of a single particle, the nucleon. The nucleon can therefore
be considered as possessing an édditional guantum number,
the isotopic spin, the third component of which takes on |
the values +% and -4 for the proton and neutron respectively.
The charge independence of nuclear forces can be explained
by assigning an isotopic spin to the pions, and assuming
that the Lagrangian describing the pion-nucleon interaction
is & scalar in isotopic spin space. A further conseguence
of this hypothesis is the trianglé inequality relating the
pion-proton elastic and charge exchange scattering cross
sections.

The charge Q (in units of the proton charge e) carried
by a pion or nucleon is related to the third component of

the isotopic spin 13 as follows,

Q

where B, the baryon number, is zero for the pions and

I; + B/2

one for the nucleons.
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In 1953 Gell-Mann (1) and Nishijima (2) succeeded
in giving a semi-phenomenoclogical explanation of the
strong production ~ weak decay paradox which existed for
the strange particles. They did this by extending the
charge independence concept to include the processes in
which the strange particles are produced, but not those
via which they decay. Once the strange particles have
been“assigned an isotopic spin, it is possible to explain
their observed associated production in terms of the
conservation of this Quantum number. Thg necessary violation
of this conservation law in the decay processes provides
an explanation for their long lifeiimes.

In order that the expression for Q should hold for
both strange and non-strange particlés, it-musf be modified
by the introduction of another quantum number S, the

strangeness, such that
Q= 13 + B/2 + 8/2,

S is different from zero for the strange particles only.
Since both Q and 13 are assumed t0 be conserved in strong
interations, so also is the hypercharge Y,°défined as the

sum of B and S.  may now be written,

Q=1Iy+ Y/2



The boson resonances for which detailed discussion will
be presented in this thesis all have Y, and of course B,

equal to zero.

1.2 Conseguences of SU(2) Invariance for Pions and Nucleons

If the Lagrangian describing the pion-nucleon interaction
ié to be an invariant in isotopic spin space, the pion and
nucleon wave functions in this space must both belong to
irreducible representations of the three-dimensional rotation
- group 3). One such representation is obtained by considering
the action of all unitary, unimodular, two-dimensional matrices,
with complex coefficients, on the two component spinor
describing the nucleon. In other words, the rotation invariance
is equivalent to invariancé under all the linéar transformations
U, with the above properties, which mix the proton and neutron
wave functions.
by ?Uli{\"k

fom}
P,
¥y =inf it =1

det U = 1

By considering the transformation properties of spin
tensors consisting of outer products of the basic spinors,
further irreducible representations of the rotation grdup

may be obtained; these may in turn be associated with the
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various isotopic spin multiplets. Since the pion has three
charge states, the pion wave function is a vector in isotopic
spin space, and transforms by means of the usual three-
dimensional rotation matrices. The wave functions (jk)
provide the basis‘for 8 three-dimensional representation
of the rotation group.

The actual form of the interaction Lagrangian between
pions and nucleons,

Ly = 1ePrgmimy

shows that m transforms in the same way as the product
?YBTkw , and suggests that the pions might be considered,
in some senses at 1east; as bound states of the nucleon-
antinucleon system. It is easy tc show that a vector having
the required transformation properties can be constructed
from the product YV .

Bxpressing V¥ as the sum of two tensors ™ andm

as follows,

J o d L
\Ifi\lf "lni ‘\"ni

. J J or.d, Kk I oaa 3 L E

with Ty = Vgl ~F65 YV and 7" = 804V

then both = and  form irreducible representations of the
group SU(2), with dimensions of 3 and 1 respectively. x

when written as a matrix has the form
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(pP - nn)/2 pn

np -(pp ~ nn)/2
Iinear combinations of the three distinct components of
this tensor possess the same transformation properties as

a three component vector, ®. Any traceless two-dimensional
matrix may be expanded in terms of the matrices‘pk, the
isotopic spin equivalents of the Pauli matrices.

j———j
7Ei = W.Ti

r "] =
.. T/ N 2 (R =, %,)/W2 7°/y2 =t
x,J = 2 4 171720/ , =2 { o
1 i(ﬂl+ i%,)/W2 —ﬂ3ﬁv2 J -72 % /2

From these two expansions of the matrix m it is possible

to see that the product wave functions,

= prn, %° > (pP - nh)/W2 and g« => 1P

have 13 = +1, O and -1 respectively, and are therefore
suitable for describing the pions:

In exactly the same way, the N* (1238) can be
accommodated in a multiplet obtained from the expansion
of the product Yy, the deuteron in a multiplet obtained

from ¢y¢, and so on, for all nuclei and pion-nucleon resonances



Zero hypercharge mesons belong to irreducible representations
for which B = 0, which is equivalent to requiring that there
are as many ¥ 's as ¥ 's in the product. At this stage it

must be observed, however, that the scheme is not complete,
since non-strange particles could equally well be built up

from hyperon-antihyperon pairs.

1.3 The Development of SU(3)

Using the two component nucleon spinor as the
fundamental multiplet, it is impossible to construct wave
funétions describing particles carrying‘strangeness. To do
this it is necessary to introduce at least one additional
"fundamental" particlee The simplest extension of the scheme
described previously was first suggested by Sakata 4).
He propqsed that the basic object should be supplemented
by the addition of the A hyperon,

2
Vi =in,
af
It was then postulated that the strong interactions might
be invariant under those transformations of this basic
multiplet which could be brought about by the application

of unitary, unimodular, three-dimensionalymatrices. All

the pseudoscalar mesons can be assigned, within this scheme,
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to the eight-dimensional representation of the group SU(3)
constructed frém the product WE. The particles belonging

to a multiplet obtained in this way should have the same

masss; consequently, the principle symmetry breaking mechanism
is far stronger then for the SU(2) group discussed in section 2.
In the Sakata model the baryons must be constructed from a
triple product of the form yy¥. ‘it is at this pcint that

the model fails, since the eight and.tenfold multiplets in
which the baryons are observed to occur cannot be constructed
from this product.

Gell-Mann 5) and Ne'eman 6) suggested that the group
SU(Z) could be retained as a possible symmetry under which
the strong interactions are approximately inﬁariant, by
assigning the eight J = 4 baryons to the same representaticn
as that to which the mesons arec assigned in the Sakata model.
Requiring the invariance to be SU(3), and not SU(8), led
them to predict the existence of the eight vector mesons
which were subsequently drscovered experimentélly. This
meant that, for a time at least, the possibility of considering
all the‘partiC1es and resonances as bound states of a single
three component object was abandoned.

7)

Recently, Gell-Mann and Zweig 8) have demonstrated

-that the original Sakata approach can also be retained if
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the interpretation of ¥ is changed. In this new "quark" .-
or "ace" model, ¥ is assumed to have exactly the samél
isotopic spin content as the original "Sskaton " the
difference being that it no longer carries ﬁnit charge
and baryon number. It is possible to construct a product
¥¢¢ having B = 1, which contains both the eight'énd ten-
dimensional representations of SU(3), as long as the
fundamental fields have B = 1/3.

Denoting the quark by

L S

the. ééééhswbelonging to the eight-dimensional irreducible

representation of SU(3) can be constructed as follows,

i . J o1, k
My® = 9y @ 5057 q a

The components of this tensor behave like the components
of an eight-dimensional vector under the transformations
-of SU(3). Mij can be expressed in terms‘of the generators
(X) of SU(3), just asvcij was expressed in terms of the

generators () of SU(2).

M =R, M= Tty wg)
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- St
5, Tz ¥ Ty~ 175
J2 A6 J2 N2
wd 2| Bt 2 T3 e Tg = 17q
1 42 V2 W6 W2
7t4+j_9c5 7t6+ jgc,z __2_7‘:
V2 N2 J6 8

As before, the isotopic spin content can be obtained

immediately by writing M in terms of q and q.

%(zpvit_niﬁch[KO ‘ p!EO p1K1
Mia = n!i! _%(p!5|_2n13!+Af1|) niK!
L ?'K' A"ﬁt —%(p'5'+n'-ﬂ'—2ﬂ'x')_‘

The matrix describing the mesons can then be expressed

paee ——

70 O
-— . ™ 7‘:+ K+
J2 g6
. . WO no
+ .J2 :J6
2
K K° -~ q°
L J6 i
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where the 7 ,K and1m° stand for the familiar pseudoscélar

mesons, and one sees that, apart from the addition of the

term AnO/UG, the leading 2 x 2 matrix is exactly the same

as before.

mesons can be written,

V.j = &2

-~

A——

Wf 2

P _ og

6

In the same way the matrix describing the vector

wherefPS, the octet isoscalar meson, is discussed in more

detail in the next section.

The treatment of the baryons

is similar but slightly more complicated; since they are

built from triple products.

Weight diagrams indicating

the isotopic spin and hypercharge contents of the wvarious

multiplets are presented in Fig. 1.1.

1.4

Experimental Consequences of SU(3).

If the strong interactions are invariant under SU(3),

many cross section relationships can be derived in addition

to these obtained by invoking the charge independence
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hypothesis, but the more approximate nature of this higher
symmetry is expected to give rise to larger discrepencies
when comparisons are made with the experimental cross sections.
The proton and the negative kaon both belong to eight-
dimensional representations of SU(3), consequently, the state
1K p> can be expanded in terms of a Clebsch-Gordan series
involving the irreducible representations contained in the
product 8 & 8. This is analogous to the expansion of 1K p>
in terms of theveigenstates of the tqtal isotopic spin. Final
states involving two particles belonging to Qight or ten-
dimensional representations can similarly be expanded in terms .
of the irreducible representations contained in 8 8, 8 & 10

etc. Considering the reactions

—

- *4
XK +p 2% " +p

¥4t 0
o+ p =N + P

for example, it is obhserved that the cross sections for these
processes can be expressed in terms of the four amplitudes
describing the transition from 8 & 8 to 8 R 109). In this

way one can calculate many relationships between cross sections
for the associated production of decuplet baryon resonances

and octet vector mesons., The case of 8 8 8 -8 8 8 is not

quite so severely restricted, since hoth initial and final
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states can be expanded in terms of the same irreducible
representations; in this case there are 8 independent
amplitudes. Some of the consequences of SU(3) are compared
with the experimental results in chapter 8., The large mass
differences within the multiplets can be compensated, to a
certain extent, by comparing the cross sections at the same
energy above threshold in the centre of mass. This approach
nas been considered in detail in the literaturel®).

By meking assumptions about the way in which SU(3) is

11)

broken, Gell—MannS) and Okubo were able to derive mass

relationships within the multiplets. A list of these has
been given by Zweiglz). One of the most important of these
relationships, as far as the present discussion is concerned,
is the following |

3m (singlet)2 +m (triplet)2 = 4m (doublet)z,
which relates the masses of the bosons belonging to eight~
dimensional representations. This equality is found to be
correct to within a few per-cent for the pseudoscalar mesons,
However, in the case of the vector mesons it predicts an

isoscalar meson mass, m (¢ .) = 927 Mev, when the masses

, 8
of the well established isodoublet (K*(891)) and isovector
(p(76%)) are inserted. Gell-Mann suggested that this

disagreement could be accounted for if another isoscalar
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of approximately the same mass, but belonging to a singlet
representation, existed, which mixed with the octet isoscalar
and caused a mass splitting to occur. Subsequently, another
isoscalar vector meson was observed (¢ (1020)). The mixing

angle can be obhtained, since With ?q and ¢ 8 giver; by

1 ke coshlw> 4 sinAle>

log> = siMlw> - cosh 19>

the angle'.h has to be such that M(@S) = 927, By diagonalising
the mass matrix Sakureil>) and others have shown that A=38°,
i.e, sin \¥f% and cos A= /% , This leads to additional
predictions concerning the relative w and ¢ cross sections

in channels such as

K +p2A+w

K +p=A+0
if, for example, pure K exchange happens to dominate in the
production niechanism14). The experimental results for these
channels are compared in chapter 8. Other effects of fixing
the angle A are to rlimit ‘bhé magnitudes of certain couplings

and to determine the relatives rates of decay into lepton pairs.

1.5 ,. Peripheral Interactions.

In the region above 2 Gev/c incident momentum the
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boson resonances produced in K-proton collisions frequently
exhibit the strong forward collimation characteristic of
peripheral interactions. It is generally considered thati

the forward peaking is a result of production mechanisms in
which mesons are exchanged between the colliding particles.
These exchanged mesons represent single particle intermediate
states in the crossed (t) channel. (The crossed channels

are defined in Fig.l.2.)

Since very few of the more massive boson resonances
belonging to the higher dimensional representations of SU(3)
have so far been observed andidates, the £° (1250), A2 (1310)
and the recently discovered K* (1400))the‘effect of neglecting
the exchange of these particles is worth considering. More
restrictions nmay be placed on the cross sections using SU(3),
if the only single particle exchange processes which are
important are pseudoscalar and vector meson exchaﬁge. Under
these conditions the cross sections can be calculated explicitl
in terms of the constants 8¢ and 8a assoclated with the F and
D couplings of Gell-Mann 5). The expefimental consequences
of these assumptions, on the behaviour of the differential

cross sections and decay angular distributions, are easily

determined.



To take a specific examplé, in the process
.'K—+p > A 40

the simple Born approximation, using pure K exchange as the
‘dominant production mechanism, predicts a backward peak for
‘the w in the centre of mass system, PFig. 8.4. Experience
with this model has shown that the predicted centre of mass
angular distributions are nearly always less peaked in the
forward direétion than the experimental distributions.
Gottfried and Jackson 15) have pointed out that, before
comparing the results of the single particle exchange model
with experiment, one should attempt to také into account |
the absorption of the low angular momentum partiai waves
resulting from the presence, at high energies, of many competing
inelastic processes. These authors have studied the conse-
quences of a "Distorted Wave Born Approximation", in which
such an attempt is made. The agreement between the calculated
and observed distributionsis almost completely satisfactory
in this model.

In discussing the decay of a vector meson in its .
rest frame, it is convenient to consider the population of
the states described by the spherical harmonics Y1° and
v H 16) '

1 Usually the decay is characterised by two angles
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0, and ¢ . These locate the unit vectbr in the direction of
one of the decay products,in a two body decay, or the normal
to the decay plane, in a three body decay. © 1is a polar
~angle and ¢ an azimuthal angle (cf. Fig. 1.3) in a frame of
reference such that the normal to the production plane (n)
is taken as the y-axis, the incident K~ direction (I)as the
z-axis, and the direction orthogonal to these two (mxI) as
the x-axis. The production plane is defined by the directions
of thé incoming K and outgoing vector meson. Conservation
of parity and ahgular momentum require that pseudoscalar
exchange lead to a population of the state IY%> only, and

+
vector exchange to a population of the lYl"l

> states. This
means that the density matrix pij describing the decayﬂhaspbo =
1 for pure pseudoscalar exchange, and.poO = 0 for pure vector
exchange.

Once the effects of absorption are included it is found
that the density matrix element P oo MaY be considerably
different from unity and yet still be consisfent with pure
pseudoscalar exchange. There is one other important test
which may be applied when pure scalar exchange is suspected.

Since a scalar particle can carry no angular information the

distribution of the angle ¢ should be flat (this is shown
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in a paper by Treiman and Yangl7) - the angle discussed by
these authors is related to the ¢ defined above - Jacksonls),)s
This result implies that P11 should be zero for pure pseudo-
scalar exchange,and is not substantially modified by the
inclusion of absorption. The remaining term which may also
be computed from the experimental distributions is Re P10
Unless there is interference between the various natural
parity exchange processes this term should also be zero. A
non-zero value for Re pio ié observed as a rather curious
correlation between the angles ©and® . It is to be noted that
there are many processes for Whichkthe absorption model predicts
& non vanishing Re Pyy; the determination of this quantity
provides another means of testing the model. These considerations
are taken up agein in chapter 8, where the density matrix
'~ elements for the p,w and ¢ mesons observed in the piesent
experiment, are discussed in detail. |

In the single meson exchange model it is assumed that
the t-channel singularities nearest to the physical region
dominate the scattering amplitude. For high energy proce%%s
involving =,m,K,p and w exchange this is reasonable, since
the nearest singularity in the u-channel usually corresponds

to the nucleon or lightest hyperon and, apart from the question

of branching ratios, unitarity limits the contribution from
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any pole in the direct or s-channel, corresponding to the
formation of an intermediate Y*. ¥When K* is demanded the
approximation becomes less reasonable. Baryon exchange in
the u-channel might alter significantly both the differential
and total cross sections, especially if the associated
coupling\constants are large.
FPinally, in the cases of'no and X° production in the

channels

K™+ p>A+ 1°

K™+ p->A+ X°,
K* exchange is the only allowed single meson exchange process
and yilelds a total cross section which inéreases with energy,
even when absorption is taken into account. This is a
familiar feature of vector exchange calculations. The
experimental cross sections are falling fairly rapidly in
the region from 2.3 - 3.5 Gev/c. A more realistic treatment
is required, which includes the effects of the chénnels that
are opening up as the energy increases. A K-matrix approach

designed to take these into account is being develope&g),

1.6 SU(6) and its Relativistic Extension U(12).

A static theory which includes the effects of spin

has recently been proposed. It considers a basic quark



having six rather than three components

i
p'd
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i

25.

where the symbols indicate that a p' with spin up (7) and

a p! with spin down (*) are considered as two separate

components. Thigs approach was suggested by Radicati and

Gurseyzo)

of the static SU(4) considered by Wigner

and Sakitém(cf. also Zweig

12))
62)

y &s a direct extension

in nuclear physics.

The mesons and baryons are constructed exactly as before in

terms of products such as qiqk and qiqjqk respectively. The

mesons can be very conveniently accommodated in a 35-dimen-

sional representation of SU(6) which has the following SU(3) -

unitary spin-and SU(2)-physical spin - contents

SU(3) Su(2)

Octet Singlet
Octet Triplet
Singlet Triplet
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i.e. the %,mM,K;p,¢,K and i mesons all belong to the same

SU(6) multiplet. In addition there is room for an isoscalar
belonging to a one-dimensiodnal representation, and it has

been suggested that the recently discovered X° £ills just

this position. Two of the most important consequences of

SU(6) are that the F/D coupling ratio discussed by Gell-Mann
is fixed uniquely (thus more cross section relationships),

and furthermore, the w- ¢ mixing angle is completely determined.
The physical w and ¢ can be expressed in terms of the
isoscalar vector meson belonging to the SU(3) octegt (pg)

and the singlet @ﬁ? as follows
Ww> =g 1le,> +/ % 1o o>

o > =44 19> -v% 1pg>,

in complete agreement with the calculations mentioned
previously in connection with the mass splitting.

Since the theory does not include the effects of angular
momentum other than the intrinsic spin carried by the particles,
very few of the cross section relationships unique to SU(6)
are worth considering.

Recently many attempts have been made to generalize
the static SU(6), that is, to make it into a relativistically

covariant theory. Probably the most important of these is
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the U (12) theory of Salam, Delbourgo and Strathdee63), in
which the basic object is a 12 component quark, each of the
p',n' and A' being described by a four component Dirac like
spinor. Invariance under the most general unitary trans-
formations which can be performed on this basic spinor can

be shown to include invariance under both the homogenecus
Lorentz group L, and SU(3). Since in this case the space-time
transformation properties of the basia quark are being
considered it is necessary to ensure that the products, e.g.
qiqk, can be associated with particles of definite mass and
spin also. This requirement is fulfilled if the irreducible
representations obtained from these spinor products obey the
Bargmann~-Wigner equations of motion. ‘Once these equations
'are applied one finds that the spin and unitary sp;n contents
of the low dimension reﬁresentations are exactly the same as
in SU(6). 1In fact it is found that the theory can account

in a very simple fashion for a %5-fold multiplet of mesons
having negative parity and a 56-fold multiplet of baryons
with positive parity. Probably the most important feature

of U (12) is that the various form factors used in cross

section calculations are related.
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Vector Meson Rest Frame
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CHAPER 2

THE BUBELE CHAMBER, BEAM AND MEASURING MACHINES

2.1 Introduction.

' In October 1962 a beam was laid down at the CERN proton
‘synchrotron (CPS) which was capable of providing high momentum
separated kaons; details of the design and construction of
this beam are given in sections 2.2-2.4 below. The Saclay
81 cm. hydrogeh bubble chamber was exposed to 3.5 Gev/c negative
kaons from this beam, and a total of approximately 310,000
useful photographs were obtained, containing, on average, about
10 kaons per picture. The bubble chamber has been described

21) and only a few of its salient

in detail elsewhere
parameters are given here.

| The chamber is 81 cm. in length and has & height of
40 cm. and a depth of 31.6 cm. Three flash tubes are used
to illuminate a volume of approximately 90 litres of the liquid.
The tracks caused by the passagé of ionising particles through
the hydrogen in this illuminated region, are photographed by
means of three cameras arranged on a triangular base 6f side

30.7 cm. situated 97.3 cm; from the front glass window of the

chambaf. The fiducial crosses required for stereo-reconstruction
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are inscribed on the inner surfaces of the front and back
windows. A magnetic field of 20.7 kilogauss is superimposed
on the liquid in the chamber.

The film from the three exposures needed to obtain
- the photographs, was distributed amongst five bubble chamber
film analysis groups working in the United Kingdom. Most of
it was measured on machines of comparable accuracy, enabling
the final data to be combined without the necessity for any
complex weighting procedure. Section 2.5 of this chapter
contains a brief description of these machines, wherecas in
section 2.6 an account is given of a track following device

which was incorporated into one of them.

2,2 Design of the Separated Keon Beam.

Apart from the separation problem, the CERN Ml beam 22)
was not capable of providing kaons of sufficient intensity
for a bubble chember exposure, primarily because of its great
~ length (113 metres). The beam which replaced it, the M2,
provided a fairly pure K-meson beam up to a momentum of 3.5
Gev/c, this being achieved by doubling the separation and
decreasing the o#erwall length to approximately 80 metres.

A single stage beam consisting of two CERN electrostatic

separators and the associated quadrupoles would haVe‘occupied
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a distance of at least 55 metres. Such a single stage
could not have been constructed inside the CPS shielding
wall in the target area., If it had been placed in the
South Hall of the CPS it would have resulted in a beam of
at least 95 metres length. The possibility of constructing
a two stage beam was therefore considered, in which one of
the separators was placed in the target area and the other
in the South Hall. The preliminary design studies showedv
that such a beam would also have considerable advantages,
from the point of view of contamination, over a single stage
beam of the M1 variety 23).

The available space in the target area was still not
sufficient to allow a conventional first stage, consisting
of a guadrupole doublet followed by the separator followed
by a further doublet, +to be included there; consequently,
the second doublet was removed and the separator was oOperated
with a converging beam. (Placing a second doublet outside
the shielding wall would have given rise to an increase of
11 metres in the total length.) This arrangement results
in a slightly decreased separation ratio . - defined as the
spatial separation of the ® and K dimages divided by the

image width - compared to that obtained with a conventional

stage of the same length operated with the same acceptance.
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J. Goldberg 24) demonstrated that if the usual doublet
in front of the separator were replaced by a triplet, it
would be possible to adjust the acceptance and magnificavion
to suit the beam momentum. For a high beam momentum a given
separation ratio (of 2 for example - 1 >2 does not result
in a significant decrease in the number of transmitted
contaminating particles) could bé obtained using a small
vertical acceptance and consequently 1ower magnification,
whereas for a lower momembtum, where the loss of kaons thiough
disintegration becomes more important, larger acceptance and
increased magnification would result in approximately the same

separation ratio and transmission factor.

2.3 Layout of the Beam.

The layout of the beam is shown in Fig. 2.1 and bean
envelopes in the horizontal and vertical planes are shown
in Fig. 2.2. Mass separation occurs in the vertical plane
and momentum -analysis in the horizontal plane. An angle of
8%0 with the circulating proton beam in the synchrotron was
chosen in order that the intensity of kébﬁs at the bubble
chamber would be sufficiently high, with a primary momentum
of 19 Gev/c, to operate with only a fraction of the primary
beam striking the target. If a smaller angle had been used

the virtual target position as seen through the PS fringe



field would have been 2 function of the secondary momentum,

In the horizontal piane quadrupoles Q1 -~ Q3 focus the
beam at Fl where momentum analysis occurs as a result of the
dispersive action of bending magnet BM1. A second horizontal
focus occurs at F3 and is.achieved by meahs of gquadrupole Q4.
Two horizontal focii are necessary bhefore bending magnets BMZ2
and BM3 in order that the dispersion of the latter, which bend
the beam_in the opposite sense to BMl, may be compensated at
the final horizontal image F4. The functions of quadrupoles
Q5, Q6 and Q7, W8 can be seen from Fig. 2.2a. The first vertical
focus occurs at F2, 11 metres beyond Fl on the other side of
the shielding wall., Prom this point to the final focus F4
the beam is of conventional design in the vertical plane as
can be seen from the beam envelope of Fig. 2.2b.

The collimator Cl was used to limit the horizontal and
vertical acceptance of the beam, whilst the mass slits at
MS1 and MSZ2 served to remove the unwanted pions. The last
stage of the beam between MS2 and the bubble chamber consisted
of a bending magnet to remove off-momentum background particles
and a quadrupole to spread the beam vertically before entrance
into the bubble chamber. The only mylar windows in the beam
were situated in the regions of F2 and F4. It was necessary

to have breaks in the vacuum pipe at these positions in order



36,

that the scintillation counters used for tuning could be

ingerted.

2.4 Beam Tuning Procedure.

All images were studied by means of scintillation
counters inserted in the beam before the first mass slit
and on either side of the final mass slit. Vertical images
were examined, either by closing the corresponding mass slit
to 1 mm., and measuring the transmitted intensity as the image
was swept ccross the slit using the separator compensation
magnets CM1-2 or CM3-4 (Fig. 2.1), or by moving a thin
scintillation counter across the stationary image uSing a
suitably placed motor driven carriage. The first horizontal
image could not be examined directly but the second was
studied once by means of a movable counter,

Images were improved by making the following adjustments:
 CM1-2 (or CM3-4, depending on the stage being tuned) was
aitered until the intensity was'reduced by a factor of 20,

- i.e. the image was set off-centre. The quadrupole currents
were then changed until the transmitted intensity went through
a minimum. This corresponded to a condition in which the
image had its smallest dimensions and was located in the

best ﬁosition with respect to the mass slit, which was not

necessarily the centre of the slit., When the size of the
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image - defined as twice the full width at half meximum
intensity - was of the same order of magnitude as had been
expected from the ray tracing, the beam was considered
suitably adjusted. |

Next the separation in the vertical plane was
investigated for the first stage. As soon as the pion and
antiprotord images were visible on the separation curves the
expected kaon image position was calculated. Occasionally
this image showed up.as a shoulder on the pion peak. The
compensation magnats on the first separator were adjusted
until the calculated kaon peak was centred in the first mass
slit and the separétion curve for the second stage was
measured. Usually a fairly prominant kaon peak was found
at this point. After this image had been centred in MS2
- the adjustments of the first stage(were~repeated. In this
way the best operating conditions were found by what was
essentially an iterative procedure.

Separation curves for the second stage are shown in
Pig. 2.3. Also shown is a curve obtained with a Cerenkov
counter placed behind the second mass slit in coincidence
with the scintillation counters. This counter was arranged

so that it only responded to the pions,and therefore the
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difference between the two separation curves clearly indicates
the presence of the kaons. Unfortunately, the high pressure
gas Cerenkov counter uséd to obtain this curve developed a
serious leak before the start of the exposure, resulting in
the impossibility of counting directly the number of contami-
nating particles entering the chamber. A facility whereby
such information could be recorded on each photographic

frame had been provided, and subsequent'analysis showed that
it would have been invaluable in providing a means of reducing
the amount of almost pure pion film which was actually
measured.

2.5 General Description of the Imperial College Measuring

Machines.

The purpose of a measuring machine of the type used
in bubble chamber physics is to provide accurate measurements
of points on bubble chamber film relativé to an origin such
as a fiducial czoss. The co-ordinates of these points are
usually recorded by means of Moire fringe digitizers. On
the main Imperial College machines these are attached to the
stage on which the film is mounted -x motion, and the carriage
carrying the projection lenses -y motion. Co-ordinates are
punched as binary coded octal numbers on paper tapé, along

with other information necessary to identify the item heing
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measured,

To make Tull use of the small - two imcron - bit size
of the digitizers, optical arrangements are provided in
order that the region surrounding the point to be measured
may be examined in detail. The machines have either a high
magnification screen on which the film may be studied visually,
or a special line scanning system such as a Sambatron.

The Sambatron consists of an eight sided glass prism
mounted in ffont of a photo-multiplier onto which a magnified
image of a small area of the film is projected. The priem
is set up so that it may be rotated about two orthogonal
axes as shown in Fig. 2.4. A mechanical coupling ensures
thét the axis AA' is always parallel to the direction of motion
of the projected image. A rotation of the prism about this
axis_causes the image to move in the direction shown in the
’;diégram. By placing a narrow slit between the photo-multiplier
and the prism and rotating the latter at a frequency f
(revs/sec), it is possible to scan the image in the direction
perpendicular to AA' at a frequency 8f (c/sec). As can be
seen from the diagram, the bevelled edges of the prism are
blackened in order to provide well defined limits to the
scans from the adjacent faces. The form of the signal from

the photo-multiplier, as displayed on an oscilloscope, is
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shown in Fig. 2.5a. The rounded pulse between the two
rectangular ;dark' pulses represents a slightly off-centre
track, A fiducial pulse, obtained by reflecting light from

a silvered strip on the block (Fig. 2.4), is used to indicate
the moment at which a prism face is parallel to the film plane.
With this orientation of the prism, light reaching the photo-
multipiier originates from a ?oint on the optic axis. The
inverse of this pulse is combined with the 'track' signal from
the photo-multiplier, Pig. 2.5b. A track is regarded as centred
when the track pulse straddles the fiducial pulse which there-

fore serves to mark the zero-error position.

?.6 Automatic Track Following.

To meintain a track in the zero—error position as the
projected image is moved in a direction parallel to the track
an additional servo-loop has been introduced. This makes it
possible to punch out the co—ordinétes of points along the
track with the image in motion.

Two gate pulses are generated, the first of which, the
‘early gate', is switched off by the fiducial pulse at the
same timeyas the second, the 'late gate', is switched on.

The two gates are of equal length and together provide a signal

of about the same duration as an average track pulse Fig. 2.5c.
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Each of these gates is 'ANDED' with the track pulse and the
resultant signals are fed into opposite sides of = difference
amplifier. The integrated output of this amplifier is fed
via a phase advance network and sine~cosine resolver to the
Servos controliing the motion of the film stage and lens
carriage. The outpuf is arranged so that when a track is
centred no net signal is supplied to the servos. If the
image is off-centre a signal is provided which corrects the
deviation and returns the system to the central position.

In practice it was impossible to completely damp out
the oscillations which occurred about the zero-error positon;
this has resulted in slightly increased track measurement
errors., Fig. 2.6 shows histograms of these measurement
errors ( ois defined in chapter 3) for two machines, one
with and one without track following. Before making a comg--
ariéon it must be remarked that the machine without track
following was inherently capeble of slightly greater accuracy.
The factor gained in speed using this system was considered

more important than the slight loss of accuracy.



TABLE 1

M2 Beam Parameters

Angle made with circulating proton beam
Length to first mass slit
Length to second mass slit

Length to bubble chamber

- Target

1 x4 x 25 mm. at 0° Aluminiuvm

Solid Angle at 3.5 Gev/c
Oy = 1.54 mrad.
oy = 8.80 mrad.

(%]

1

i} -4
4 Gy Qg = 0.55 x- 10 sterad.
Momentum Bite %f =% iq
Separation between 3.5 Gev/c K~ and =~

8 = 0.134 mrad. at 55 kv/cm

S =F8 = 2.37 mm. at mass slit 1.

= 2,65 mm. at mass slit 2.

Intensities at 3.5 Gev/c (at chamber)

3000 7, 30 P, 8 K~ per 101 protons at 19.4

42.

8.5°
39.2m
T7.1m
87.0m

(80% eff.)

Gev/c
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CHAPTER 3

THE DATA PROCESSING SYSTEM

3.1 Introduction.

This chapter is concerned with the techniques used
to scan for, measure and compute events in the 41,000
stereoscopic triplets analysed by the Imperial Coliege
group., The rest of the film was treasted in a similar
manner by the other groups in'the collaboration. The
scanning, measuring and book-keeping are'discussed in
section 3.2 below. In sections 3.3-3.5 the geometrical
reconstruction and kinematic fitting programmes are
‘described, whilst sections 3.6 and 3.7 are concerned
with the post-~fitting analysis programmes.

2.2 Scanning, Measuring and Book-keeping.

During each of the two scans of the entire film, two
views of the chamver were examined for all events in which
one or more decays were visible. The events were classed
according to the total number bf charged secondary tracks
present; Nc, the number of secondary tracks .which decayed,
ND, and the number of associated neutral particle decays,

N These three numbers were combined to form a single

v .
three digit code number (Nc Np NV) which provided a complete
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description of the event. Events involving two or

more decays were recorded no matter where they occurred

in the chamber. For the commoner events involving a single
decay a restricted fiducial volume was chosen in order to
exclude events exhibiting short tracks. The information
recorded during the scans was used to prepare library lists
of events and to compute the scanmming losses which had tb
be allowed for in the cross section calculations. All beam
track T~ dedays were also noted.

The frame, event and code numbers for each interactinn
were recorded on a speciél scanning card. Space was provided
on this card for a rough sketch of the event, and any
additional measurement instructions necessary for the recording
of stopping points etc., The only criteria used during
scanning to remove events involving non-strange particle
decays were the following: stopped positive pions were
identified by their characteristic 1 cm. muon tracks,and
‘electron—positrbn pairs were identified by slow but minimum
ionising tracks on zero opening angle neutral decays.

The measurements were made on the machines descfibed
in the last chapter. The measurers were supplied with the
scanning cards and instructed to measure each interaction

in a pre-arranged sequence for Ziducials, tracks and apices.
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A Ferranti Mercury computer was thaa used to transfer
the data from its paper tape format to cards. . These were
loaded onto magnetic tape via an IBM 1401 computer for
input to an IBM 7090 computér;

3.3 The Geometry Programme.

The main function of the geometrical reconstruction
programme is to provide an estimate, with errors, of the
vector momentum for each of the charged particles involved
in a bubble chamber interaction. Before this is possible
the parameters describing the trajectdry oflthe particle
‘in space must be found, using the measurements made on each
of the conical projections of the trajectory available on
film. To a first approximation the trajectory may be taken
as part of a helix, the axis of which is parallel to the
direction of the maghetic field in the chamber. Once the‘
parameters specifying the helix have been found, it is
possible to obtain the momentum and direction of the track
by performing a least squares fit to a helix of variable
curvature. This alloss for the slowing down‘of the particle
in the chamber liquid resulting from the energy loss brought
about by Coulomb interacfions.

The programme which was used to carry out ﬁhis

geometrical reconstruction was written at the Rutherford
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Laboratory by J.W.Burren and J. Sparrow 25).

omme  pmmme  pmmme  tmEm s T et e e o

Fach film measurement is used, together with the known
positions of the camera lenses, to define a ray in the chamber
liquid. These rays are employed to obtain approximate space
co-ordinates along the trajectory. Once these space points
have been determined for all three views the first approxi-
mation helix fit takes place.

In a suitable framé of reference the equation of the

helix may be written,

X =04+ p cos O
y=8+p sin o
7z =% + potan An.

The x-y projection is a circle of radius p and centre( a , g8 )
These parameters are determined by the method of least squares
using the (x,y) co-ordinates of the space points mentioned
above. As soon as @,B3 and p are known & is calculated for
each spatial co-ordinate and tan N is found from the linear

dependence of z on O, again by means of a least squares fit.

o e et maem gmms e gmm -——— T auss  mee  Gmms  pmw eSS  mme e mam  Gmew

To take the slowing down into account two mass
dependent terms Cx (0) and Cy (6) are included in the

equations for x and y respectively. The computation of
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these terms is discussed in detail in the Lawrence Radiation
Laboratory Memorandum by F.T. Solmitz 27). The final least
gsquares fit is made to a projection of the modified helix on a
nominal film plane. The quantity,iidi, which is rendered a
minimum in the least squares fit is the sum of the squares of
the deviations from the projection of the helix of the N
reprojected ray co-ordinates (xf, yf).

The output of the programme consists of the momentum and
two angles defining the direction of the track with respect to
a left handed co-ordinate system, oriented such that the x-y
plane is parallel to the front window. The angles are A\, the
dip with respect to this plane, and ¢, an azimuthal angle
measured with respect to the x-axis. These quantities and their
associated errors are produced for each track using three mass

assignments, as proton, kaon and pion.

3.4 EBrrors on Track Variables.

The reason for making the final helix fit on a nominal
film plane is intimately associated with the determination of
the errors on p, tan A and ¢ . The errors on the track variables
are obtained directly from the quantity |

2 1 ‘
or= = ( 2 d3)pina
by means of the usual propagation formulae (this quantity also

provides a measure of the goodness of the final fit).
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It is because this quantity is so closely related to the
errors on the co-ordinate pairs actually measured that
this particular treatment is used. The magnitude ofop
is go&erned by the extent of turbulence and Coulomb scattering
in the chamber ligquid and by the accuracy of the measuring
machine. |
| In order to.overcome the difficulty associated with
the statistical fluctuations of Sy (which might lead to bad
chi squaeres in the kinematic fitting progreamme), it was
allocated a standard value Ops To decide on a suitable

value for O the distribution of ¢ for a large number of

p
measured tracks was examined, cf. Fig,2.6, andof was .set
equal to the mode of this distribution. As a result O, Was
taken as 8u in the programme, but whenever <§]was larger
than 12u the track was regarded as badly measured and the
internally calculated value was used. There is one slightly
unpleasant aspect to this appfoach. In general the value

of o, , the error introduced by the measuring machine, is a
fuﬁction of the total number of rays used in the final fit
(om o N”%). This means that Sy is also dependent on this
number, and, strictly speaking, the magnitude of Op is not
entirely a matter of statistics. 1In practice the value of

N usually ranges between about 15 and 30 giving ~25% variation

in om, and the procedure of using a single value for qfis
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probably more or less justified. The errors due to Coulomb
scattering were computed after the final fit and added to
those calculated from Op There are several other sources
of both random and systematic errors but most of these are
negligible compared with the errors di‘scus'se'd above., A
detailed analysis of these errors for the Saclay Hydrogen

28)

bubble chamber has recently been given by J. Badier 7.

3.5 The Kinematic Fitting Programme.

The four conservation laws for a given interaction

vertex can be written, using the variables p,N and ¢ ,

3 prL = E:LL( Ci) p; cos ¢ cos A =0
3 pyi = %( ci) p;, sin ¢ cos N =0
2 pZi = 21( ci) p; sin & =0

3 E, =2(c.):Jp?+m? =.O

i1 1 ¥i i i
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where cg = +1 (-1) for an outgoing (incoming) track at

the vertex and m; is the masé of the i-th track. The
summation is over all tracks at the vertex. These constraint
'équations, together with the values of p, M and ¢ obtained
by the geometry programme, are used to determine any of the
variables which are unmeasured. For example, if a vertex
ihvolves a neutral particle then the vector momentum of

the particle can be found using three of the conditions

given above. Although three of the constraints will then

be satisfied exactly, the fourth will not, due to the
measurement errors on the charged tracks. To obtain improved
values of all the track variables, the method of least squares
is used to adjust the variables in such a way that all four
equations are satisfied, subject to the X2 being a minimum,

where X2 is defined by

2 _ m X m
=2 (x5 - x3) Gij (xj - x.)

X ij 2 d

here x, is the i-th track variable and (G}.__EJ.)"1 is the
error matrix associated with the track variables. The
constraint equations are automatically taken into account

if the expression

_ T .
M ‘i%i(xi xi) Gij (xj xj) + 2 % apfy(x)
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is minimized, where f3 (A= l,Q", 4N) are the constraint
conditions and the a, are Lagrange multipliers. (N = no. of
vertices.) The programme written fo perform this kinematic
fitting is due to A.G. Wilson 297,
For the majority of the interactions to bhe "fitted"

the masses associated with the tracks are unknown. This
means that for each topological specification (see page 62)
‘several possible hypotheses allowed by the conservation laws
for charge, strangeness eté.,,must be tésted. The masses are
assigned to the charged (and perhaps neutral) tracks in an
event by a special hypothesis assigning programme 30), which. .
takes into account all possible permutations in cases of
ambiguity.

| Once the masses are assigned the fitting programme is
entered, and it proceeds to determine whether the energy-
momentum conservation laws can be satisfied for this assignment
If the iterative procedure used to seek the minimum of the

2 together with the

function M converges, the final value of X
adjusted values of the track variables are stored, and a "fit"
is registered. In general each interaction fits several
hypotheses and additional information must be used to decide
which is the correct hypothesis. The methods used to make

these final decisions are discussed in chapter 4.
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The distribution of X°

, when plotted for a large number
of events, will depend on the number of constraint equations
which are used in finding starting values for unmeasured
variables. If all the constraint equations are used to find
such variables then no adjustment is possible (0- comnstraint

2

case) and X° has no meaning. If three are used up in a single

2

vertex fit then X% should have a distribution corresponding

to a single degree of freedom, and so on. The actual

2, for a given number of degrees of freedom,

distribution of X
depends critically on the errors assigned to the track variables
by the geometry‘programme, as well as on which variables afe
used in the fitting process. The programme under discussion
mekes use of the values of 1/p, tan A and¢ determined at the
centre of each track. These variables are chosen since they

are closely related to the quantities measured and are there-
fore more likely to have normally distributed errors. Before
the fitting commences the vertex variables are obtained by a
swimming procedure using the known range-momentum relation

for each track. This procedure, together with the justification
for using centre-of-track variables, is discussed in the
kinematics programme report 29).

If the errors assigned to the variables for a given

2

event are too large, the corresponding X° for the correct
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hypothesis will tend to be too small, and vice versa.
Overestimation of the errors results in X2 distributions
which are biased toward low values. Apart from this, over-
estimation also allows more .fits to incorrect hypotheses.
Underestimation, on the other hand, leads to larger X2 and
thence to a loss of genuine fits if an upper limit on the

allowed value of X2

is employed. The experimental X2 plots
are discussed in Chapter 4.

Several other gquantities are computed by the kinematics
programme to enable bias investigations to be undertaken.
For all vertices involving a missing neutral particle the
mass associated with this particle is. calculated using the
fourth constraint equation. Distributions of these "missing

2

masses" are given later. The X" together with the number of

degrees of freedom are used to compute a X2 31).

probability
This gquantity can be used to decide on the goodness of a
given fit without feference to the number of degrees of freedom
involved. Finally, a "normalised stretch" is evaluated for

each track variable

m

Si =

Wi

m
< 8(xy - i)6(xi - xy) %,
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Plots of Si should have a gaussion distribution about O
with a standard error of 1. The usefulness of this quantity

-in seeking systematic errors is considered in the next chapter.

3.6 The Statistics Programme.

The Statistics programme (written by J.M. Scarr) has
two main functions. The first of these is to calculate
quantities of physical interest from the fitted results.
These consist of :

a) Effective masses for groups of particles.

b) Centre of mass momenta and angles for individual
particles and resonances.

c) The invariant momentum transfer corresponding to

diagrams involving meson exchange.

a) Baryon polarization angles.

e) Resonance decay angles.

) Angles required for density matrix analysis (ef. section
1.5).

The second principal function is to provide histograms
and two-dimensional plots of these quantities. For the
effective mass histograms Lorentg invariant phase space curves
' 52) are superimposed, and kinematvic boundafies are provided

on both Dalitz and Triangle plots. Plots may also be
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generated using varioué selection criteria, enabling associated
production of resonances and effects of reflections to be
investigated. All one-dimensional plots may be produced under
various weight conditions, whereby the individﬁal‘events are
weighted according to the nature and position of their decay
products.

A special version of the programme is availahle which
allows information to be obtained from unfitted events. In
this version the mass and momentum of the missing neutral are
calculated from the geometrical values of the momenta for
the charged tracks. This track is then treated in exactly
the same way as a normal track and allows effective masses
involving, for example, multiple neutrals to be studied.

3,7 Maximum Likelihood and the determination of Density
Matrix Parameters. '

The Meximun Likelihood Method 27)

For the case to be considered below the problem to be
solved is the following; given a set of N events each
characterised by Jj physical quantities xj, what is the best
set of M parameters a, (k =1,"'", M) in the function f (ak: X)=

f (&1) 62,°",aM:x) which describe the experimental distribution?

For the i-th event, the probability of obtaining the values
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xgi) is proportional to

= e oxl1)

The joint probability for the N events is therefore given by,

Pam P = 1 £ (ay xD))
MLTRE ST e I
The best estimates of the parameters a, are obtained by
searching for the maximum of this function (usually denoted L
'(qk)). Furthermore, if N is sufficiently large (good statistics)
the function can be shown to have a single maximum.
In practice numerical methods were used t0 search for
these solutions, using two programmes written at the Lawrence
Radiation Laboratory by PF. Grard 54) and W.E. Humphrey 35).

These programmes seek the maximum of the logarithm of the

likelihood function

W=1nl (c,k).

The'decay distribution of a Vector'meson in terms of
the éngles 6 and ¢ (cf. chapter 1), has been shown by Jackson
et al 36) to be related to the elements of its density
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matrix p'ij as follows,

2 2 - .2
w(e,0) = 75{-[(3 oo €98 © + pq 81N O - py_q SIN O COS 29

- /2 Re p1g sin 26 cos ¢]

where trace p (= 2p11 + poo) is normalised to unity. The
experimentally determined values of 6 and ¢ for events occuring
in the region of a given resonance (usually with a momentum
transfer cut-off) were employed to find the values of p oo,
P10 P11 and the Re P10 thus leaving only Im P10 undetermined.
In this case the log likelihood function is

N

W=3s 1InW (6., 0.)
i=1 it
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CHAPTER 4

BIASES AND BACKGROUND

4.1 The General Approach to Event Classification.

All events which failed to pass through either the
tape~to~card conversion programme or the geometry programme
were remeasured. At the beginning of the experiment very
little was known about the sensitivity of the programmes to
the cut-offs imposed on errors. In particular, the influence
of large track errors on the extent to which an event would
fit, or fail to fit, given hypotheses, was completely unknown.
As a result these cut-offs were set high, and a large number
of seemingly badly measured events were passed to the fitting
programme. In practice it was found that the track errors,
cp, could be two to three times the standard @ITOT,0 o, without
resulting in multiplé fits. ZExperience showed which of the
events possessing a geometrical reconstruction needed remeasure-
ment, and these could be returned to fhe measuring machines
before the kinematics output was examined. The advisability
of remeasuring events after the kinematics stage is more
questionable, but any event with multiple fits, for which few

fits could be rejected using the criteria discussed below,

were remeasured. Remeasurement was stopped when 95% of the
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events were considered to have satisfactory geoﬁetry output.

Events in the common topologies were tested against
every conceivable hypothesis invdlving an incoming kaon or
pion. This was necessary because hardly any information was
available concerhing associated production in K and =« inter-
actions at high energies. As it turned out, only about a
quarter of the total number tried were useful.

For a hypothesis to be selected for consideration the

X2

probability had to be greater than 0.05., The event was

then examined on a scanning table and visual agreement required
between calculated and observed track ionizations. An event

was classed as unambiguous, if one hypothesis had a X2 |
probability five times greater than all the others. The
remaining events were classified as either multineutral, if
this was indicated by the missing mass, orbambiguous when
there were several acceptable multivertex fits.

These criteria, when applied to the rare topologies,
resulted in almost every event being classed as ambiguous,
with the exception of the 002's., The selection of rare events
was carried out on the basis of missing mass studies, after
certain fits had been rejected as unlikely on the grounds of

various "a priori probability" considerations. These criteria,

which were different for each channel, are discussed in the
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chapter concerned with cross sections. The danger of using

2

the X~ as the only selection criterion has recently been

stressed by F.T. Solmitz >1).

4.2 Estimation of the Pion Background.

In experiments at high energies, events caused by
plons can very easily simulate those caused by kaons. For
this reason the pion contamination in the beam was estimated
by comparing the kaon and pion crosé section equivalents.
The kaon micro-barn equifalent was calculated from the number
of T decays seen in scanning and yielded a result of
0.36 + 0.05 ub/event. Por the pions, the equivalent was
determined from unique fits to pion hypotheses in certain
rather prominent channels. In three of the channels chosen,
two neutral decays, a A and K° were observed, and the
production missing mass was such as to exclude the possibility
of the event being kaon induced; In the fourth, a charged
3 and K° were seen in a reaction involving no unseen neutral
particles. Cross sections for « -proton interactionsyat
3,5 Gev/c were found by interpolation, using the published
lresults at 2.4, 3, 4 and 4.65 Gev/c. These cross sections
could probably be in error by as much as 25%. The results

are presented in the table below.
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Topology  Channel Nops. Np o(ub)  pbe n:K
002 - 2°/AK” 8 L3 115 2.5 0.1L
002 3%/AK%(m®) 17 90 220 2.1 0.15
202 29%/0K Ot~ 6 52 150 4.0 0. 09
211 zix;xi 21 75 120 1.6 0.22

The weighted mean for the /K ratio is 0.15. Investigation

of other strange particle croés sections in =%- proton inter-
actions leads to the conclusion that the expected contamination
from such sources is+very small. The most important reactions,
when analysing the 3 K§ Kgx+ channels, are ﬂ_p'9EiK§nIﬂpﬂp.
Although no data has been presented for the upper limits to

the cross sections for these reactions, it is observed that the

R

+
similar final states 3 Kfr™ have cross sections in this

momentum region which are less than 5 K b.

4,3 Biases in the Lambda Hyperon Events.

Several checks were made for biases in all channels.

The X°

distributions were compared with their theoretical
counterparts and found to be in excellent agreement. Missing
mass distributions for most channels, especially those involving

neutral K's and charged 3 's, indicated 1little, if any, serious
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contamination of one final state by another. The stretch
functions were plotted and, with one exception (cf. section
4.4), showed no evidence for systematic or badly estimated

Errors.

From now on the discussion will be restricted to those
events of 201 topology for which the neutral decay was
classified as aA . The main réason for this is that mahy
of the reactions involving gero-hypercharge mesons considered
in later chapters, have a A and several pions in the final
state. The firml& established boson resonances which might

be found in the 201's are listed below, in order of increasing

mass.

n° —> wtrTxO, mtxTy

p® ——> 1ty

w® — 1%, xthT, mtn Ty
x° — wtx ™, xtnTy ﬂowong
¢° > O p w )

A1° — w28 p %)

B° —>  wt"x %O w x°)

£° > TR
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In addition, phase space alldws several of these resonances
to be produced in association with neutral pions. Some of
the resonances decay into two kaons, and can therefore occur
in the AXTK™ reaction. These events presént an additional
separation problem in an already complex situation.

' The X° distributions for the unambiguous events in
the Ax it “n° class (I.C. only) are presented in Fig. 4.1.
The upper distribution is for the 3- constraint A fits, where
the A line of flight is fixed by the position of the production
apex. The lower X2 plot is for the 1l- constraint production
fits. These are 1l- constraint because the fit is performed
after the vector momentum of the A has heen determined, leaving
only the 7° momentum unknown. The final selection of these
events was based on a two vertex fit for which the X2
distribution (not presented) was also satisfactory.

To test for a possible loss of events in which A's decay
close to production, a plot of In N versus L/p was drawn up,
Fig. 4.2, where N represents the total number of A's present
at a given proper time v, for which the length L, divided
by the momentum p, is a measure. Fron thié graph the true
number at T= 0 may be obtained by extrapolation and shows

that there is a loss of about 8%. A two-dimensional plot

of I versus p was examined, and demonstrated that the losc
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was not noticeably momentum dependent; it represented a
depletion in the range of I from 0 to 5 mms.

Fig. 4.3 is a Gaussian ideogram of the A mass,calculated
as discussed in section 3.6,and gives some idea of the
experimental resolution which can be expected in several of

the fiﬁal states.

4.4 Missing Mass Considerations.

The 3,453 201 events for which the neutral decay fitted
as a A afe included in the distributions discussed below.

A study of a sub-set of 661 of these events showed that only
4.4% of the VO's which fitted as A's were subsequently
classified, on the basis of ionization, as K°'s.

By congidering the missing mass2 distribution alone it
was possible to divide the events into several categories.
Pig. 4.4 shows clearly the sharp peak around zero caused
by the Ax"x~ and 3°x*x” events, a broad hump spreading from

2

-0.02 to 0.08 Gev™ with which the.Am+ n 7% events may be

associated and a continuum starting at 0.08 Gev2 which is

© and Ax™x” (m°) events.

attributable to the 3°x*nx
At first sight it would appear that the A/ %x™n™
events are ambiguous with aox*n x° events. This is not so,

however, for two reasons: (i) the missing momentum in the
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former events is seldom greater than 200 Mev/c,r(ii) the
error on the missing mass2 for these events is considerably
smaller than for the single x° evenfs, A triple selection
of missing mass® (-0.01 to 0.01 Gev®) error (<0.02 Gev®)
and missing momentum (<0.2 Gev) was used to extract 95%

of the A/ O%x*r~ events. The percentage was found by varying
the limits and studying the manner in which events were
selected or rejected.. After these events had been removed
(shaded in Pig. 4.4), 2ll the remaining events in the regiom
from -0.02 to 0.08 Gev2 were considered as belonging to the
Aﬂ+n_x°’class. The number and nature of these events was

in good agreement with the fitted results. Events above 0.08

2 were regarded as multineutrals. Fig. 4.5 shows the

Gev
error distributions for these classes, and indicates
schematically the regions in which they occur on an error
versus missing mass plot.

Before considering the final problem, that of separating
the A%z~ and 3% x~ reactions, it is worth noting that the
AxtrT (%), antKT(K®), antxT(n®)s ax R T(X°), channels all give
rise to missing masses in the‘continuum and are virtually

inseparable from the multineutral events. Both the reactions

5% Txx® and AX% "x° probably give rise to small (~5%)
contemination in the Ax'n xC events.



T1.

SeparatingAﬂ+x' from 3°xtn” presented a more formidable
problem. Several curious features were found to be associated
with the 406 events selected as either 3° or Ax™x~. The
missing momentum distribution for these events, Fig. 4.6
shows three peaks. The péak close to zero can be understood
from the following considerations, For an event involving

no missing particle the expressions,

Py = Pin = Pout
2 . 2 2
Mm - (Ein -2 Eout) - Pm

do not provide the best estimates of the quantities‘Pm the
missing momentum and Mm the missing mass 38). Taking the
track errors into account it can be shown that, if the
momentum errors dominate, the best estimate for the momentum

is given by

Pn = fp © f APy

and for the mass by

*2 2 5 2y .2
My o= oMy o+ 5 (2 -BY) APy

where B, is the velocity of the ith particle andap; its
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momentum error. The summation is over all the tracks at
the production apex. In the programmes Pi and Mi are
calculated, and the experimental distributions for these
quantities show the familiar shifts to positive and negative
values respectively. |

| An average momentum error of 10 Mev/c produces a shift
of + 20 Mev/c from zero in the missing momentum, which
demonstrates that thé first peak on the momentum plot is
due to the Ax'x~ events. The peak around 80 Mev/c is caused
by the Z%%*x~ events (50% of 5° decays give rise to (invariant)
transverse momenta >64 Mev/c). This leaves only the inter-
mediate peak to explain.

On a scatter plot of missing masézversus missing momentum2

it was noticed that a clustering of events occurred along
the line P> = - M2, and that this clustering was most intense
in the region of P, associated with the second peak. The
| events in the three bhands centred on the peaks were investigated
separately. A missing mass to the two pions was calculated
and plotted for the events in each group; FPig. 4.7. As
expected both the A and 2% can be distinguished on these plots,
but for the events associated with the intermediate values |

of P, a considerable displacement towards low mass values

is observed. This effect can be explained if a systematic
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error of =20 Mev/c occurred in tﬂe estimated beam momentum
for these events. This also explains the clustering along
Pﬁ = - Mﬁ since Pm is more sensitive than Em (the missing
Energy) to an error in the beam momentum.

The division between An'x~ and 5%z~ was made by
selecting events from bands on the momentum plot and using
a variable cut-off on the 'Ay' mass. This resulted in 246
Axtx” and 160 3™~ being selected with estimated contami-
nations of less than 10% in both cases.

The events with the wrongly assigned beam momentum were
found to belong mainly to the second of the bubble chamber
exposures. As a final check on this error the beam momentum
stretch function was plotted,Fig. 4.8, for unambiguous events
involving no neutral particles. The systematic error is
apparent from this distribution. An error of 20 Mev/c (this
corresponded to a single standard deviation) is not serious
enough to result in a loss of fits, and certainly does not
’give rise to excessive shifts in effective masses. The

extent to which stretch functions provide important information

concerning the beam momentum can hardly be over emphasized.
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CHAPTER 5
TOTAL CROSS SECTIONS

5.1 Detection Efficiency

The correct method for adjusting angular distributions,
to take into account the losses due to scanning, measuring
and finite chamber gize, has recently been considered by
Fr.T. Solmit237). The alternative of using individual weights
for the events leads to a slight loss of information, but
is the only practical procedure in view of the complexity
of strange particle events.

For the K° and A events the following expressioﬁ was
used for the weights w,

1/w = exp (-1/(per/m) - exp (L,/(per/m))
where T, p and m are the mean life, momentum and mass of
the V° and ¢ is the velocity of light lp is the lower
limit on the decay length at which a V° can be distinguishgd
from normal production tracks and Lp is the potential length
for the decay, defined as the distance along the V°
direction from the production point td the edge of the
fiducial volume.

For the charged 3's, empirical expressions, based
on a careful study of a sample of observed decays, were

derived by J.G. Loken39). These expressions, which were
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different for the 37 and § and were depéndent on the
momentum, were included in the Statistics programme by
J.M. Scarr.

The average welights for the various strange particle

decays were found to be

A 1.15

K° 1.10 (4 body events only)
st 1.56

37 1.25

These weights were used to correct the associated
production cross sections given in section 5.4.

502 Cross section Calculations

The cross section for a channel where N events are
observed is given by

o = (1/ApHL)N cm?

A : Avogadro's number,6.025 x 1023
PH: Density of hydrogen under operating conditions,

6.25 x 10" 2gm/cm’

)

Total track length of kaons involved.
The cross'section determination depends on a knowledge of
the total number of kaons entering the chamber and 1,

the length of the fiducial volume. The number of decaying
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kaons is given by

Ny = £ N, (1-exp [-1/(pct/m) ])
- in which © is the mean life, m the mass and p the momentum
of the kaon and c is the velocity of light. f is a factor
which allows for the loss of beam track through interaction
(£=0.98).

Since the exponent in this expression is very small

N

p may be approximated by

Np = £ Nol/(pcm/m)
and L=fN]1=Np, (per /m)
The total number of decays is obtained from the observed
number of v decays, Ni. Only 5.8%0.3% of the K~ decays

involve 3 charged particles, therefore,
Ny = N;/(0.058%0,003)= (17.3%0.9) N
Defining the micro-barn equivalent p, such that
c = uN
gives‘the cross section in micro-barns, then
b = 207 /40 ¥ (pez /m)

= 2090/N.p uwbarns/event with p in Gev/c
For the Imperial College film, No= 233 in a 42cm.
fidﬁcial volume. This gives, with p = 3.46 Gev/c
B o= 2.6%0.6uvarns/event
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5.3 Single Strange Particle Channels.

The cross sections for these channels are listed in
Table 2, together with the observed and corrected numbers

of events involved. The corrections applied were as follows

i) Addition of 5% to allow for scanning loss;
ii) a weighting factor as given in section 5.1;
iii) a factor of ~3 in the K° channels to allow for
the Kg(SO%) and neutral Ki(lS.B%) decays;
iv) a factor of ~3/2 in the A channels to allow for the

A>nn®(31.6%) decays.

In some cases an additional correction has been made
to allow for the events which were ambiguous after the

ionization and X2

probability criteria discussed in section
4,1 had been applied. In most channels the losses and
contaminations are expected to be less than 10%.

One notable feature is the high cross section for the
production of multineutrals in theA- 201 topology. A

possible explanation is given in chapter 6.

5.4 Associated Production Channels.

A1l the reactions to be considered in this section
involve two kaons in the final state. An additional

complication arises, in the cross section calculations,
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when two neutral kaons are produced. A system consisting

of such kaons is in general a mixture of two components of

40)

opposite C-parity When the production mechanism results

in a statistical mixture of these two components being
present in equal proportions (i.e. when K°K° is produced),
50% of the decays occur via KgKg, 25% via KgKg and the

remaining 25% via KSKS. The relative rates of decay of a

0 0

Ki into xtx” and x%x° are in the ratio 2:1, which means that

only 2/3 of the KiKg decay of the K°K° system is seen as

0 O

trx”, and (X°) = K:(L)e TR

0,0y o o)
KC(K ). (Here,}KC = K> =

1KS contribution 4/9 ( = 2/3 x 2/3)

is seen in the chamber as KgKg; another 4/9 ( = 2 x 2/3 x 1/3)

or a Kg decay.) Of the K

simulates the KiKg component by decaying Kg(KO). If
N K°%° pairs are produced they will be observed in the
chamber as follows:

Ny =

o 2 N
le = X +-3-X§

Ol Ol
HE i

Nll is the no. of events with two visible K° decays N12

is the no. of events with a single visible K° decay. For

egual amounts of the C = +1 and C = -1 components we have

_ 4
Nijp =4Nyjy=g0¥
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If this relationship is not satisfied for a given
channel, one of the components must occur with greater
frequency than the other. This can happen if a neutral,
zero hypercharge resonance is being produced, which undergoes
a C-parity conserving (strong) decay into two K°'s. For
a 0 = -1 resonance only decay into KgKg is allowed and any
excess of N,, over 4N11 would reflect the presence of such
& resonance. |

In fact, in all the X°K° processes observed in the
present experiment this inequality occurs, and abundant
production of the C = -1, ¢ mesbn is apparent from the KK
effective mass distributions (cf. chapter 6).

If in addition to N K°K° pairs, N' examples of ¢
meson production occur, the relationship between Nll and
le becomes, _

Ny, = 4Ny + 5N

In Table 3 the observed numbers of KiKi and Ki(KO)

are presented for the reactions involving A or 2 hyperoné.

N and le are calculated from these numbers using the

11
weights for the 4, K° and 3 given in section 5.1 and the

branching ratio for the A decay. Column 5 contains the N!

defined above, apart from a factor of 3/2. The final column

0

lists the ¢ K

Kg) cross sections calculated from N' x pbe.



These cross sections are in excellent agreement with the
cross sections given in chapter 6.

The total cross sections are presented in Table 4.
For the K°T° reactions these are obtained by multiplying
(9 Nll + N') into the micro-barn equivalent. The selection
criteria for the associated production events are given in
Table 5.
(N.B. reactions involving toth incoming pions and kaons

are included in this table in the ambiguity and contamination

columns) .
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TABLE 2
Channel N(Observed) N(Corrected) Cross Section (mb)
Xop7~ 339 1191 0.875£0. 049
EOopn x° L72 1554 1.1200. 064
Enxtxs L7h 1542 1.157%0. 065
Ropmfﬂ?ﬂf , 108 117 0. 21610, 021
Ropr xtx x° L3 | 47 0. 08920, 014
Eonnt " xt 18 21 0. 053£0. 010
AR 236 407 0. 280%0, 030
AR ®° 1107 1916 1.382£0. 063
AT (anC ) 1510 2588  2.180%0.110
Attt wT 142 218 0. 1.63£0. 013
ArtT o wraw® 210 359 0. 25;5%0. 015
AxtxTxtaT(nn®) 112 195 ~ 0.135%0,01Y
3° xte” 170 29 0. 212%0, 026
59 mta mtR” 67 118 0. 079%0. 009
3t 5" 69 107 0.1441%0. 012
3* o x® 368 597 © 0.847%0.018
DA Sr ' 200 318 0, 1620, 012
3t oTntaTn® 285 438 0. 25020, 012
=t 13 22 0. 011%0, 003
37wt 217 318 0.183%0. 013
37 wtRTwt 188 257 0, 140£0, 006
37wt Tt © 243 300 0. 186£0, 005
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TABLE 3
0.0
No. of No. of o(o-K K5 )
Chammel Z oo Wy Ny Nopedlgy ;1 2
K9 X
171 1(K) H
A K°%° 1, 56 16.8 106.2  39.0  17.5
3k K" 22 6.y 42,0 164 7.l

*x°Kox” 16 3.8  27.4h 12,2 5.5

s k%% %x
B 27 3.0 37.5 254  1l.l

5

s°/n x%°x° 8 47 5.4  89.3  67.7  B0.L
2

5 K K 2
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TABLE 4

Channel N(Observed) N(Corrected) Cross Section (mb)

A K°K° 68 212 0. 063%0, 021
A KK 57 98 0. 065£0. 0153
- 3%x°&° 27 82 0.025%0. 008
3Kk 30 56 0.036%0. 01l
5t K° 5 26 0. 008%0, 006
5 kK 11 Ll 0. 013%0. 008
2%/a x°K°x° 50 150 0. 0450, 009
5%/n kYK 2° 58 100 0. 067£0, 0Ll
2°/6 KEOx 9 52 0.01620. 008
3°/n kK% 18 108 0.031%0. 012
A 1 5 0. 0010, 002
5 R8O x° 3 12 0. 004 £0. 00l
5 PR Ox” 18 53 0. 016%0. 006
5 KRR o7 65 0. 020%0. 007
s KRR 1l 22 0. 013£0. 006

3R %t 12 15 0. 009%0. 005
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TABLE 5

Selection Criteria for Associated Production Events

Final Missing Mass
Limits Ambiguity - Contamination - Loss
State Lower Upper
AKSKS 1.100  1.130  Missing mass limits imposed in
002's begauge of background
from K%K nx".
171
ARSKS 0.447  0.547  Missing mass limits (cf. Fig. 5.1)
‘ introduced to reduce contamination
from AK%% °x° and zoKiKg. Loss < 10%
zoKiKi 1.175 1.205  AKK well separated from Z°KK in
: 00%3's but not in 002's, cf.
section 4.4.
zoKiKg - 0.547- ~ 0.650 Missing mass limits introduced
- after 'Ky' mass plot for 3°K'K
examined. Loss <20%
ARKYK T -0.100  0.100  Separation of 3° and AK'K]

acecomplished as for 3°/Axtx™.
No. of AKK fits (55) agrees well
with no. selected using this
method (57)

5 %xtx~ -0.100 0.100 Both the3° and AKTK™ events were
' very ambiguoys_with 1-C fits of
type ASx, AK'x x~ etec.
1l example of °k%k%n identified.
KKRN - - 5 possible Kiﬁi ﬁnlon basis of
t

missing mass. er 3KN final
states impossible to identify
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TABLE 5 contd.

Selection Criteria for Associated Production Events

Final Missing Mass
- Limits Ambiguity - Contamination - Loss
State Lower Upper
5°/AK3K3R® - - - 3 fits to AKSKIx®. A single 003
had a missiné %ass consistent
with 3°KJK{m
3 °/AKTKox® 0.650 - No 5-body AKKx xfits obtained in
401's ang gog's. Assume none in
002's. 2"K;{K, contamination <20%
0,0,% ¥ ‘ . o <0

S K'K7® - - Many 202's fitted both ZKK® and

A AKKn -separation %mp?isible.
Slight ambiguity (20%) with
Z%/AKBW+W ﬂgu .

ZOK+K_WO -0.140 0.280 Kin. Programme gave manyopseudo

: fits, with momentum of WO'<O.
-mainly misinterpreted Z™an and
AK'®m  events o

T = .

57KTK° - - Pew fits obtained._Apout 30%
ambiguous with 3Ix*K®. 210 events
not used.

¥ )

2 K K% - - 15 fits, some_of which were
classified as ZKlKéﬂ on basis of
ionization

0,0 + R . o

3 KlKlﬂ -~ - No ambiguity with 8 events

involving incoming kaons or pions
t 0,0 F ¥

p Klew 0.450 - All KX decay fits rejected as
NvI/p plot 1000 x_too steep.
No ambiguity with & events. Miss-
ing mass (Pig. 5.2, shows clean
KO peak

SK'K T - - Events ambiguous with 1-C fits to

commoner hypotheses. All 4-C fits
accepted. Occasionally ionization
favoured 2K hypothesis
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CHAPTER 6

PRODUCTION OF THE p°,0° AND ¢° MESONS

6.1 Introduction. -

The charge and hypercharge of the K - proton system
are both zero. From the conservation of these quantum
numbers the po,wo and @0 mesons can only be produced in

~association with the following :

pK nk°
pKOn™~ nk"xt
A0 3°/n 5t
z°k° g k"
g%kt n” = Kot

" Additional x°'s and xtx~ pairs can be added if allowed by
the available phase space,
A few»general points need to be made about the
distributions presénted in this chapter and chapter 7.
1) = the resonance cross sections were obtained using a
| maximum likelihood method to fit Breit-Wigner + phase

space distributions to the effective mass histograms,
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except in the ¢ meson channels where the cross sections
were obtained by counting; |

2) the phase space curves presented on the plots are
normalised to the fraction of events which do not
involve the resonance under consideration;

3) the angular distributions have been weighted to
allow for 1osses, these being most important in the
centre of mass gystem (C.M.S.) angular distributions;

4) all masses are gquoted in natural units (i.e. h and ¢

are taken equal to unity).

6.2 Prdduction in association with a A Hyperon.

— g Gnt mmm e —

The Dalitz plots for the three body final states
Antrénd AKK, Pig. 6.1, show étrong production of the p°
and ¢° resonancés. A cieaﬁ separation of the pO is made
difficult by the presence of a strong competing Y;+ (1385)
in the Ax'x~ chanmnel. 1In the AKK reaction there is no
evidence for the production of N¥* (#AK) or}E*yGw\K) resonances
The:E* (1820) reported by Smith et al. 41) at 2.6 Gev/c does
not appear to be produced strongly at 3.5 Gev/e 42). The
effective mass plots, Fig. 6.2, show that the w® and o ° are

both fairly free of background. The production cress
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sections for all three feactions are listed below.

Résonande Final State Cross section-(ub)
p° ARt 78415
w® ' At x° 95+15
¢° AKng 19+ 5
0° ARYK™ 18+ 5

A1l losses have been taken into account when calculating
these cross sections. The total cross section for @o
production is greater than the sum of the two contributions
given above since the ¢° is believed to decay into xtn™x°
also. The branching ratio into this channel is difficult

*r"x® effective mass distribution but

to determine from the =
is probably % of the total KX contribution.

The production angular distributions in the centre
of mass are shown in Fig. 6.3. These distributions seem to

indicate that the production mechanisms in the w® and

@o channels are considerably different. This point is
taken up again in chapter 8. The resonance decay angles ©
and ¢ (cf. Pig. 6.4), for the low momentum transfer events,
have been used to obtain the following set of density

matrix elements :



95.

Effective  ,2cut-off.

Pag . Pq_
Res. o< Range (Gev)2 00 1-1 R 10

o + e +
o 066-0.86 0.8 0.18%0.12 -0.13%0.11 -0.09%0.08
w® 0.74-0.80 0.7 0.28%0.14 0.15%0.10 -0.08%0.07
o ° 1.01-1.03 0.7  0.39%0.10  0.07%0.09 -0.01%0.03

Vector exchange appears, at first sight, to be the dominant
production mechanism in all of the channels. As mentioned
in chapter 1, consideration of the effect of absorption can
modify this conclusion (ef. chapter 8).

Pig. 6.5 shows the 6 and ¢ distridbutions for the po and
wé events produced in the backward direction in the centre
of mass. Baryon exchange has been taken as the production
mechanism for the calculation of these angles. There are
too few‘gvents for useful density matrix eléments to be
presented.

Finally, the polarization of the.A(Eh) has been
examined for the backward and forward events in each of the
channels. Distributions foﬁ the cosine of the anglee',
which the decay proton in the A centre of mass makes with
respect to the normal to the production plane, are given in

Fig. 6.6. The product aPp, given by
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N

P, = 3/N 3
1

’
' cos ei

is presented on each graph. o is the A decay asymmetry
parameter (-0,62%0.07). All the values of B, are small
and are probably consistent with zero. There is no corre-
lation, in any éhannel, between the decay of the A and the

decay of the vector meson.

The xtx~ effective mass distribution,Fig. 6.7a, in

© channel shows slight evidence for p° production.

the Axtrn™x
A prominent ¢ © is produced in the AKTK % ® reaction, however,
as can be seen from the XK'k~ mass plot of Fig. 6.7b. No

© can be presented because two

information concerning Aw’n
neutral pions are involved in this final state. Similarly
the @o decay into‘KgKg cannot be studied, but it is to be

noted that there are sufficient multineutral AKg events in

the 002's to account for this decay mode

Channel Cross section (ub)
Ap©=® 60¥10
Ao Ox® 24710
The KgKg decay of the ¢ has been taken into account in the

cross section presented above.
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The following upper limits can be placed on the
production of the ° and ¢° in association with a Yl*o (1385)

at 3.5 Gev/c.

o (¥,7°(1385)p°) < 15ub o (¥, °(1385)9°) < 6ub

The ntn~ and n'x n° effective mass plots for the

+ - + - - 4+ =0 . .
channels AxTx"n%n” and Ax*xx*a"x® are shown in Fig. 6.8;

both the po and «° are strongly produced. A single example
of AKYK n*™x™ has been identified but no events compatible
with AKOKgﬂfn_ have been observed. The cross sections are

1
as follows :

Channel  Cross section (ub)

At 108220
Ae®xt 18534
Ao Ontn™ <3

Neither the po nor the w° are produced peripherally.
A detailed investigation of these channels, which will not
be reported here, indicates that the Yl* (1385) is also
copiously produced. It is conceivable, though somewhat
difficult to prove, that both the p® and the w® are entirely

*
associated with the ¥, to form the following final states,
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Yl*i' (1385) xt p° and Yl*i' (1385) =t

If this is true it is possible to explain the large
cross section for multineutrals in the A-201 topology,
if the states
' - -+
*4+ 0 *0 _+ - *0_0 *0 _0
Yl Ry p+, Yl ® P Yl O po, and Yl % w®
are produced equally strongly. The events belonging to

the class An'n~ (nx°'s) do show a strong (if slightly shifted)

(o] +

p° in the n'mn~ effective mass distribution,Pig. 6.8.
The amount of Y ©° (1520) decaying intoAx'x™ in these
channels, is consistent with that seen in the 3% decay modes

discussed later in this chapter.

6.3 Production in association with a 3 Hyperon.

Fig. 6.9 shows the n'x~ and XK'k~ masses in the 3%tm~

and 3°KYK~ final states. Also shown for comparison, is the
+ + -
K°K~ effective mass distribution for the 3 K'K° chamnmels.
No enhancement is seen in this distribution, in marked contrast

to the strong ¢° produced in association with the 2%, Results

cannot be given for the unfittable 3°wC final state, but the

0

table below contains the p andg? cross sections in the other

two states.
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Channel  Cross section (ub)

5°%0° 55%19
5%° 18t 5

The cross section for 5%° is about half that for.A@o,
. a feature observed by Connolly et al.43) at 2.23 Gev/c. 1In
3%x*x~, the absence of strong Y production makes the p°
casier to extract than in theAr x case, and the effective
mass plot is noticeably less affected'by background. The
C.M.S. angular distributions (not presented) are similar to
those for Apo and .mf. No detailed analysis of the density
matrix elements could be undertaken because of the small

number of events.

Strong po,wo and ¢° production occurs in the final
states involving charged 2's as can be seen from the effective.
mass plots of Fig. 6.10. Within the available statistics,
the c¢cross sections for the production of w® andcpo are the

same in the channel involving the 31~ combination as in

2.

that involving ® xt, and for this reason the z~ reactions
are combined together in the table below. The Z+ﬂ_p° and

Z_ﬂ+po cross section are kept separate for & reason which
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will become apparent below.

Resonance Pinal State Cross section (ub)

p° st xte” 88+26
p° st wt 64+19
w® sE Pt O 139435
9° 2 xTKOKO 1547
9° 3E R K™ 10+3

- The first question that arises as far as these sfates
are concerned is, does the extra ® resonate with either the
2 or the vector meson ﬁo reduce the final state to one
involving two bodies, predominantly? The answer to this
appears to be no. Dalitz plots for the Eﬂpo and Swa’
channels are shown in Fig. 6.11. The vertical band on the
Zﬂpo plot at about 1.7 Gev2 shows that at least part of the
3*x"p° state originates from 3tAZ2. The production of the A
meson is taken up again in chapter 7. The Ix combinations
on both plots show slight evidemce for Y. (1520) production.

- Examination of these Dalitz plots alone does not establish
the existence of Y: - vector meson production, since the
background may contain strong Y:+_non—reéonating pion or

kaon combinations.
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In order to demonstrate that there is associated'Yz
(1520) - vector meson production, background—subtraéted
effective mass plots for the 2x combihations are presented
in Fig. G;ié. The subtraction has been made in such a way
that 80% of ahy associated production remains in the selected
band. The 3x effective mass distributions are presented for
the ano and meobchannels only, the errors generated by the
subtraction process being so large in the Snw’ case as to
rehder the final distribution meaningless. The cross sections
were obtained directly from triangle plots. These are not

shown here as they provide very little additional informaticn

in these very complex final states.

Channel Cross section (ub) Channel Cross section (b
¥, (1520)p° 6416 - ¥, (1405)p° 12+ 8

Y (1520)0° 16+ 8 Y, (1405)0° <8

Y. (1520) ° 16+ 6 Y, (1405)¢° T+ 4

The Y:(1520)—2iw: branching ratio has been taken as 39+5%.
Prom the cross sections above it can be séen that the p° and
w® are not produced preferentially in association with a YZ,
The C.M.S. angular distributions for thepo,wo and @O

are shown in Fig. 6.13, with only the p mesons in the ZA
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events removed. A forward peak-is in evidence in all three
angular distributions, but only the po and «° show signs of

an additional backward peak (cf. section 6.1).

R I L

-+

The effective mass distribution for the = =« combinations

+ -
in the ¥ atxtx"x® final state, Fig. 6.14, shows little, if
any, po production. A limit of about 17ub can be placed on

+_.
the cross section for 3 w'tn%p°.

6.4 Production in KN and ®K channels.

Most of the channels involving KN and additionalvpions
are dominated by the production of the K* and N* resonances.

The detailed analysis of these channels has heen reported

elsewhere 44). For completeness the n'm~ mass spectrum in
Eonntrn~ and the n'x x° spectrum in KprxTxx® are presented

in Fig. 6.14. The cross sections for Konpo and Kopw‘wo are

230450ub and 56+15ub respectively. The 400 topology, in
which the K~ stateé<are to be found, has not been measured
by the collaboration.

No po or w° production is obgerved in the XK states

at 3.5 Gev/c.



| Gev‘2

M(ATT“)2

7.0

G.0

50+
40—
3.0~

'2.0-5

K'p—ATF T
238 Events

M (W*Trf

2.0
2
)4

103.



104.

p—AKK

- KT

1.10 Events

50~

30

25



Number of events

W
O

N
e

K p—ATT T

P

K
238 Events

- =346 Gev[c |

*S0i



Number of events

50

40

30

20

10

K'p ——~A1T+'rr'-rr° |

Py-=346 Gevic

1107 Events

g0l




K'p—AKK

40 o R
_& PK'=3.46 GeVch
§ 64 KK Events
v 30F 57 KK Events
(o] .
0 |
a
c 20
£

' L/q“] 1l n ““ﬂ .
iy g™ N

| 1.0 1.2 1.4 1.6 1.8
Fig. 6.2¢ | M(KK) Gev

‘L0l



Number of events

oV
o -

- 5 30r

- - ] 30r . 7

Kp—Ap K'p—Aw | Kp—Ad
O.66<M2_n§0.86 | 1.01< M2K<1.O3

20 - _ 201 .

10} - i 10} -

\J_‘ﬁ | |
-1.0 00  +10 -0 00 +10 -10 00 +10

Cos ©p o Cos‘e:, - Cos ©%

Fig. 6.3 CM.S. Angular distributions

801



" Number of events

20F

A ¢°
10 (| -
___Ip N
| 1
-1 0] +1
Cos ©p
20r |
A w°
10— ~
T
:
-1 0 +1
201 . -
| Ad
S
7-'.1 0]
Cos ©,

+1

109.

A ¢’
] o
'\N—
]
|
o} ™2
e
- : o 520
A w
= o
L | o
|
b |
- . 120
Ao
_—\\\ 110
0] e
| 4’# | |

Fig.64 Decay angular distributions (Cos e™>0)



Fig.8.5 Decay

20 .
| APO
10 -
- 1 |
3 -1 0 +1
®
S Cos ©p
q) .
5
|
o
£ 20 -
Zz A ©°
10+ -
' S S|
. |
-1 O
Cos ©,

(Cos ©<0)

110.

120

Ap°
—10

A S

| /2

e
., 9%
FEacii
™2

9o,

angular distributions



Number'.‘of events

- 20r p° Forward A -'
| *Py=-03202 | |«P\=00:0.4
10+ L\_ B - 410
L - !
-1 @) o+ - e} +1
Cos ©° Cos &
20r ’ Forward 7  «°Backward 720
A Py=-0.3£0.2 APy =-0.2:03 |
10— | 1 E 410
N |
1 o o
-1 o) +1 -1 0 +1
Cos @ | " Cos @ -
20 4) Forward A
APy\=-0.3:03
|
10F
V\\
|
-1 ) +1
Cos &'

: N .
- @° Backward 720

Fig.66 Lambda Polarizations



112..

1107 Events

)]
O
I

80 o - Kp ?-ATF\‘TT'T1T°
o o PK-=3.46 Gev/c

Number of events
N .
O
1

n
O
|

| 1 l |
0.3 0.7 11 1.5
“M(TTHTT) . Gev

Kp—=AK'K TT°
20T -
PK-=3.46 Gev/c
()]
T - 34 Events
3 10 -
‘c
> £ Intle o |
| 1.0 1.2 14

1l
Q@

&

N

M(K'K™) Gev



No. of combinations

B
Q

o
e

No. of combinations

- Number of events

0
O

N
0

13.
K p—=ATTTT
150 Events

100

50}

100

50

04 - 06 o8 10 . 12
M(TTTT)  Gev
K'p—AT T
210 Events

04 06 08 10 1.2

M(TTTTT)  Gev

K p—AT T (nTT)
1623 Events

04 - 06 0.8 1.0 1.2
M(TTYT)  Gev |



Number of events

w
O
I

N
O
I

101

K'p—= 1T
IDP<"=:3.41€3 Gev/c
170 Events

1,

14.

10

Number of events

)
O

0.4 08 1.2 1.6
M(TTTT) Gev
K p—=K'K
] Py~ =3.46 Gevic
30 Events

10 1.2 1.4 1.6
M(K'K) Gev

t 30
107 K p—=K'K
5 16 Events
s N
1.0 15

+ 0 :
Fig. 6.0 M(KK) Gev

No. of events




| Number of combinations
)
®)
|

- O
I

1

l |

L

Kp —s T
PK- =3.46 Gev/c
200 ST Events
198 ST Events

0.2

Fig.6.10a

04

06 08
M ()

1.0 1.2 14 1.6
Gev “

*Sil



1001 B
Kp—STTmmmT
P -=3.46 Gevlc
2 80— K + -
.g., 285 ST Events
: 242 ST Events
0 60 B
£ 0
o)
O
kS
40
o
Q
Q
£
J
Z 20
(. ] ] | I - }

04 06 08 10 .12 14 16
Fig. 610b M(TT T )  Gev

‘9



)] w
o . O
I !

Number of events

O
l

K'p—=1m KK

PK-=3.46 Gevlc‘

4 45 KK Events
26 KK Events

Do

Fig.6.10c¢c

1.0 1.2 1.4 1.6
M (K R) Gev_

L1l



1.0 15 20 25 1.0 15 20 25
Fig. 6.11 M (T 90) Gev? MIT @) Gev®

°8



119.

1.9

'n'z) Gev

13

Fig.6.12

° - ql’l_.—.cllol. — ﬂ/m : “ _
o L o : ;
I+ -|bl||.“ +l¢.. "
E A 1 . "
*l e ' a © _ .:_n :
2 ———tyad — . : :
— - N “ —
# — e~ _ :
o. — * a "
X _||T||. " — 1.....2. v ﬂ..lL —
. oz A ==
p _ ;
49 E
. — ™M _
l l l hl | | X
@) O @) O @) O @) @)
o - .ﬂ. QN - 'Y

Punoubyopg aA0gD $3USAS JO ON punoubong sA0GD S3USAS 4O 'ON

1.5 17
M(="



6)
O

Number of selected events
N
O

L
e

N
O

K-p — Tl'@o
0.66< M2.|T<O.8§_

0.0
.
Cos @F

Fig. 6.13

+1.0

60

40

20

- -10

Kp—=1T u)o_j
QO76<M 31T<O'82

h

0.0

Cos 6’:,

C.M.S. Angular distributions

+1.0

- 1
Kp—=1¢

1.01<Mg<103 |
8F . | -

[1 (1

-1.0 0.0

*®
Cos @1,

+1.0

-0zl



No. of combinations

Number of évents

60

30

30

20

10

No. of combinations

- s 2 e o o 121,
K p—Z2TTTTT

B 528 Events
14 L | — o
0.3 05 M(TTTm) 0.9 11 Gev
K'p—KnTT 1T
474 Events
r-_‘l,
| 1 | % |
03 05 M(mT) 09 11 Gev
20 _
K p—KpTTrmmT
41 Events
10
n,lfr“: ~ tl | } 1)
05 M) 11 Gev

Fig. 6.4



122.

CHAPTER 7

+ -
PRODUCTION OF THE p~ AND OTHER RESONANCES

7.1  Introduction.

The charged g mesons can be produced in association

with the following Q=+1, Y=0 systems:

F;KO nKk-

* —o T
I’K T nk "«
+ 0 = -

3 2 /Aﬂ 2

g°k” 7 "k°

+ +
2Ok 7 "K'~

Many of these channels are already multineutral and
the addition of a single neutral pion renders them all

multineutral.

[}

No charged p production is observéd in the ¥ channels,

©, shows signs of p ,Fig. 7.5;

and only one K° channel, K px =
the cross section is 280i70ub. No information is available
concerning p production in states involving a K .

In the last two sections of this chapter theno,Xo,fo

and A2  resonances are discussed.
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7.2 Charged p Production in association with a A Hyperon.

The xtx® and 7~ x° effective mass distributions for the
Axt7"x° final state, Fig. 7.1, seem consistent with cross
sections of zero for the Ax'p~ and AxpT channels. The
Yl*(1385) is produced strongly in this final state, parti-
cularly in the positive charge state, The three Ax versus
«x triangle plots (not shown) have been examined in detail,
and, though consistent with little, if any, p+ and po
production, do seem to show evidence for a certain amount
of'p“, which occurs entirely in association with the Y1*+(1385),
Fig. 7.2 shows the background subtracted histogram for the
AxT effective mass oombinatibns occurring in the p~ region
on the triangle plot. This distribution shows conclusively
that Y1*+(l385)p- ﬁroduction does occur, even though the p~
does not show up very well on the total x " x° mass plot. The

Yl*p production is summarized in the following table.

Channel Cross section (ub)

¥, T(1385)p7 53417
¥, °(1385)p° < 15
Yl*-(1385)p+ < 15




124.

The existence of Y1*+p" and non-existence of Yl*opO
and Yl*-p+ suggests a possible peripheral production mechanism
for the former. The C.M.S. angular distribution of the p}
Fig. 7.3, shows that it is strongly peaked in the forward
direction. The p density matrix elements have been found
for the forward events from the 6 and ¢ distributions,Fig. 7.4.

The values obtained by maximum likelihood are,
Poo = 0.37+0.10 Pi_3 = 0.08+0.09 Re plo ==0.13+0.07

for the events with cos e* greater than 0.7 and mass ranges,
ArT1.36-1.40 Gev, x x° 0.66-0.86 Gev.

The cross sections presented above show the same
tendencies as those reported at 3.0 Gev/c 45). Not much

else has been published for these states.

o e o b g S o o

The multineutral final states Ap n n° are expected to
have quite large cross sections, as discussed in the last

chapter. An upper limit of a few micro~barns can be placed

+_
on the cross sections for Ap xtrtx y &s can be seen from the

combined x*7° and x7%° mass distributions of Fig. 7.5, for

Q

the Axtr"xtx"x° events.
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T.3 Charged p Production in association with a 3§ Hyperon.

Fig. 7.6 shows the xiﬂo mass distributions for the
3" x® and 37xTx® final states. The p resonance occurs in
both cases, in channels which also show strong Y:(1520)'& (1405)
production. Cross sections for the charged p production are
presented below. The neutral p considered in the last chapter

is included for comparison.

Resonance Pinal State Cross section (ub)
o 5 x° 152420
0° 2% 55+19
pF R S 42411

The momentum tr ansfer scatter plots,Pig. 7.7, show
the odnsiderably more peripheral nature of thep” (and to a
certaiﬁ extent p°) production as compared with the p+. The
cluster of events at low momentum trénsfer (A2<IO.6) were
used to obtain the following set of density matrix elements
describing the decay of thep  (mass range 0.66-0.86 Gev),
Poo = 0.1740.09 9 5 = 0.17+0.08 »Repy gy = 0.01+0.04

The 6 and ¢ distributions are shown in Fig. T.4.



These distributions, and the density matrix elements
calculated from them, again seem indicative of mainly vector

exchange.

—_— T mr=Ta TR

=
The = +

| + -
~x° mass distributions in thez"ﬂ+ﬂ-ﬂfﬂ° reactions
are presented in Fig. 7.8. No z"p+ﬂ+ﬂ—,3+pfxfﬂ' or 2 gTxtx*

production is observed.

7.4 Production of the np‘and x° Resonances.

Theno is observed in three final states, as can be
seen by consulting the ﬂ+x7x°_effective mass distributions
already presented for theu?. After allowing for the neutral

decay modes (~70%) the following cross sections are obtained.

Reaction Cross section (ub)
; A'qo 26+11

Ax R n° 51+18

4 - ‘

"% n° 100423

The C.M.S. angular distribution,Pig. 7.9,for the 337 's
observed in the Zmn state, shows considerable forward peaking.

Too few m's are observed in the other states for the
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presentation of C.M.S, distributions to be useful.

x° Production.

- e e oy o

The X° has only been observed in association with the
A hyperon., A search for evidence of X° production in other
chennels has been made, but no enhencements have been found.

-+

- 0
T~ R

The 5t effective mass distribution for the Ax‘xn™x
state, Fig. 7.10, shows the presence of two x°'s (both of

-+

which decay into x'x™°). The 'missing mass to the A' in

the A-201 events (Fig. 7.11) indicates that there are 21+5

2"+ neutrals of various types.

Xx%'s which decay into =«
Pig. 7.12 shows the same missing mass distribution for all
multineutral A-201 events, defined as those evepts with an
overall missing mass of more than 2V a. Thié shows, fairly
convincingly,‘fhat there are 16X°'s with such a missing mess.
In the table presented below the ofuer SXO'S are assumed

to decay vie the x x "y mode reported by Connolly et a1.46)_
and Kalbfleisch et al 47).

The missing mass for the 21 events was investigated
further. Pig. 7.13 shows this mass distribution for all
A-201 events in the X° region (0.94-0.98 Gev.). From this
plot it is estimated that there are 12 neutral 7 decays

present in the sample. The background either side of the
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- X° has been examined and does not show an 1 peak. Assuming

that these 12n°'s all represent x° decay products there are

4 events left unaccounted for. These events which also have
a high missing mass afe most likely of thewowono type where

the n° decays into x™xx®. The total X° cross section is

40+20pb assuming a 25% decay rate into all neutrals.

- Decay Mode Rate (fraction)
xRN o 0.06%0,07
T 0.40%0.30
s 0.16%0.16
x+x - neutrals 0.13%0.2
neutrals 0.25

Within the very poor statistics these results are in
agreement with those already published for the decay of an

PG_ o=t meson. Most of the X°'s are produced

isoscalar J
with a low momentum transfer (<0.8 Gevg).

7.5 Other Zero Hypercharge Boson Resonance Production.

As shown in chapter 6, there is good evidence for

+ -
2 A2

effective mass plot,Fig. 7.13,for the 3*x™x*n™ channel gives

production. The peak at 1310 Mev/c? in ‘the S
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a cross section for 31A2” of 25+8ub. The number of events
in this peak is in good agreement with the number seen in
the A2 band on the pr‘Dalitz plot. These and other
considerations show that the decay is entirely into p%x”.

No 37A2% is seen, even though the C.M.S. production
angular distribution for the A2~ (Pig. 7.15) is consistent
with a non-peripheral production mechanism. The ZOA2° state
involves two unseen neutrals and cannot be measured. The
statistics are too poor for any information concerning the
production mechanism or spin of the A2~ to be given. There
is no evidence for the production of the A1™ in the 3tx x¥x™

final state.

—_— e — e — —

The x+ﬂ— effective mass for the Aﬂ+ﬂ— state presented
on page 105 shows a slight enhancement in the high mass

region. If this can be attributed to the f° meson first

48)

seen by Selove and Hagopian , the cross section for Af°

production is about 50+16ub. The mass plot of Fig. 6.10a
shows a small peak around 1.25Gev, giving a cross section

+—
of 153 ub for the 3 x*f° reaction.

Other Enhancements.

— e e e — - v— m— -

Returhing to the effective mass plot of Fig. 7.1l2
for the A-201 multineutrals,it is to be noted that there
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is a small deviation from background in the region of the
B°(1215) resonance first obsérved by Abolins et al 49).
The upper limit for possible B° production is estimated
to be about 20ub. VNo Bi is geen in the states involving
wowi combinations.
Fig. 7.16 shows the combined KKx effective mass
distribution for 15 AKKx and 3K¥r final states observed
in the present experiment. A slight enhancement (~2 standard
deviations) is seen at about 1520 Mev. It is mainly associated
with the AKTK x° events, Which may be strongly contaminated,
The x*x¥,x™x", etc.; distributions of Fig.,7.1¢7show

no enhancements.
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CEAPTER 8

SUMMARY AND COMPARISONS WITH THEORY

8.1 Resonance Parameters.

The small cross sections for the production of boson
resonances, other than K*'s, in high energy K - proton
interactions, preclude any detailed study of their intrinsic
properties. For most of the non-strange boson resonances
only a confirmation of the isotopic spin quantum number is
possible. |

Considefing first the resonances for which least
information is available from the present experiment, the
n°,x°,£° and A27, all that can be said is that the first
three are only seen in neutral states, in agreement with -
the I=0 assignment, and the last is only seen in the
negative state which certainly exclﬁdes I=0. Evidence from
other sources now seems firmly in favour of I=1 for the
A2 meson. The G-parities of the £ and A2” are obviously
+1 and -1 respectively from the observed decays fox n~
and A2>p%%”. From G=C(-—l)I the C—paritieé of the £f° and
neutral A2 are both positive.

The p.meson 1s observed in the positive, negative

and neutral charge states. Since no evidence for p++ or
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p”" is found in the =Tzt

and =« mass distributions, the
I=1 assignment is highly favoured. The large observed
widths are consistent with a strong deday into two pions,
from which the G-parity is necessarily +1 and the C-parity
of the neutral state -1. An I=1 two pion resonance must
have odd J and negative parity. All that can be inferred
about the spin is that, from the observed decay correlations,
d=0 is ruled out. Many groups haVe now shown that J=1 is
most likely, by studying these correlations in situations
where the predominant production mechanism is pion exXchange.
Less can be said about the w meson. 1I=0 is consistent

* andw . The width, though

with the non-appearance of w

obviously small, is consistent with the rather poor

experimental resolution in most channels., Assuming I and

G are conserved in the decay (the first assumption is

supported by the small, ~20%, decay into all neutrals),

then G:diand C=-1. Nothing can be said concerning the spin,

other than that J=0 again seems t0 be ruled out‘by the decay

angular distributions (cf. section 8.3). 3F= 17 is now

well established for the w®, cf.Stevenson et a1.50),
Finally, for the ¢ meson strong support for the I=0

assignment comes from the first observation of this

resonance in the AK®x and SXTx final states. Strongqr>KgKg
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and k'K~ decays are observed in both cases. The KiKO
effective mass distributions for the ziK'T'K0 and combined
AR EOx* final states, Figs. 6.9 and 7.15, show no evidence
for an enhancement around 1.02 Gev. Only a C=-1 resonance
can decay into KiKg. The G-parity is therefore negative

from G=C(-1)I. Since P and C are equivalent for the K°K°

o
1

(KiKg+K+K_) ratio is about 0.5 in all channels, this being

system P=-1 and the spin J is odd. The observed K Kg:
the only evidence from the present experiment that the
spin is unity. (cf. Connolly et a1.51) and Schlein et a1.52).)
The meah masses and widths observed in those channels
most free of background are given in Table 6. Also included
are the various quantum numbers. Those for which confirmatory
|

evidence is available from the 3.5 Gev/c experiment are

underlined.

8.2 Bnergy Dependence of Cross sections.

The cross sections for ApOFAwP andl\wo are plotted as

functions of the incoming K momentum in Fig. 8.1 and the
1\n° and AX° cross sectionms in Fig. 8.2. (Results taken from

. references 53 to 55.) Above 2.5 Gev/c all the cross sections
fall fairly rapidiy with increasing centre of mass energy

and seem likely to be less than 10-20pb above 6.0 Gev/c.
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Fig. 8.3 shows the manner in which the differential
cross sections for the Aw’ and”Amo states change as the K
momentum increases from 2.24 to 3.5 Gev/c. The very different
behaviour of these two cross sections is discussed in

section 8.4.

\

8.3 The SU(3) Cross section Relationships.

i. Pseudoscalar Meson Production.

There are very few useful relationships for the two
pseudoscalar resonances, the no and X?.> Nothing can be said
about X° production as there is no information available
concerning the cross sections for its production in K'n
and ® n interactions. The only equalities which result

from SU(3) for the octet mesons are

o (X p=2"x") o (K p-8°K°)

o(x p-3K") o (K n-2"K°)

Invariance under SU(3) provides several triangle inequalities

in addition to those obtained from charge independence, none
of which involve 1° production. To obtain relationships which
can be verified easily it is necessary to make two assumptions:
a) that single meson exchange dominates, b) that only the
mesons belonging to the eight—diménsional representations

need be considered in these exchange processes. Parity
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conservation places an additional restriction on the nature

of the exchanged meson, requiring that it bélong to the

vector meson octet only. In this approximation, the equality
o (x p-A°k°) = §o (Kp-2"n°)

is expected to be obeyed to the same extent that the cross

sections for 3 7nt,m X* production in K7p interactioﬁs, and

s Kt production in x p interactions, are zero (exclusion of

double charge exchénge). The latter cross sections are all

less than 15ub above 3 Gev/c but are certainly not zero.

On the other hand the‘Ko,Ao and'nQAo cCross gsections are not

much larger, being 31¥14ub (3 Gev/c) and 26%¥11ub (3.5 Gev/c)

respectively.. Within the errors the equality is satisfied

in the 3-3.5 Gev/c region.

ii Vector Meson Production.

Considering first the production cf vector mesons in
association with baryons belonging to the eight-dimensional
representations, three triangle inequalities can be checked.
The cross sections which are related via triangle inequalities,
together with the ekperimental results at 3-4 Gev/c are as

follows

Jo(KTp-2p") t+ yo(Kp-x™X'T) : WJolip-z7K T)
=> v (42%11) : ¢ (8%2) :4 (30%15)
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WO (K p-3%p7) ¢+ Wo (X p-pK °) : Jo (% p-pp7)

=> o (152220) : .y (790%50) : 4 (450%80)

Jo (K°p 2+p-) : Lo (B p-3%°) : wo (X p~-3"ph)
=> f(152120) :y (220%176) : .« (42%11)

The last inequality is, of course, a direct consequence of -
charge 1ndependence. Although no allowance has been made

for the diffeﬂent Q values (cf. Meshkov et al. 105 all are
observed to be{obeyed. The only test that a triangle inequality
really providegiis that if one of the cross section involved

is large, thenyﬁt least one of the remaining two must also

be large. \ \

The assumpﬁion that vector and pseudoscalar meson
.exchange prov1delthe main production mechanism requires that

*+ 4

2K %and = p-z "K' should all have zero

i

K p-3 phg” td
'L
|

SeCthA in the 3i-4 Gev/c reglon, indicating that either mesons

b

cross sectlon. {galn, these reactions do not have zero cross

bPlonging to hlgLer dimensional representations or baryons
/;are being exchanged, or that the general approach is incorrect.

o
. The same assumpt¢on leads to
A . : ‘

40 (Kp-2%°) = o(K'p-3%p7),
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which is satisfied within the errdrs. However, since the
E-p+ cross section is not exactly zero the single K or K*
exchange model cannot give a complete description of the Zp
production.

If the K p-Ap ;Aw and A¢ channels are dominated by
K exchange the cross sections are related as follows 14):

2

op) : oc(hw) : c{A9p) =1 : 3 sin"r: 3 cos27\

’\= 1/3

and cos2x= 2/3, and, even allowing for the different Q values

where )\ in the w-¢ mixing angle. From SU(6) we have sin

of these reactions, the K- exchange hypothesis does noﬁ seem
valid as o (Ap) is considerably smaller than either o(Ap) or
o(Aw). Apart from this there is slight evidence for vector .
exchange in the p and w channels from the Treiman-Yang angular
distributions.

Similar remarks concerning thep,w and ¢ production can
be made for the Y:(1405) and YZ(lSZO) channels under the
K- exchange hypothesis. In both cases the large cross sections
for p-production seen to rule out this possibility, as is to
be expected, since in these reactions a comparison is being
made rather close to threshold.

When the vector meson - decuplet baryon resonance channels

are examined under the hypothesis of SU(3) invariance, the
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most important equalities obtained are the following,

-— K -— *
o(Kp-Y,p*) = o (EpE K') =
- %% - %
= o(Xp-Y; K Y = %0 (x p~N3/2+).

As has recently hbeen emphasized by Meshkov 56)

, & study of
these reactions is of particular interest, since the corres-
ponding equalities involving pseudoscalar mesons are only
obeyed in two pairs in the low energy region (<4 Gev/c).
Unfortunately, it turns out that the first three reactions
have cross sections which are consistent with zero on present
statistics, and the fourth is a multineutral channel. 1In
the same way, the one useful triangle inequality between
c(Kfp-YI+p“), c:(K—p—N;;g*_) and o(ﬁ—pnN;;g—) cannot be
checked as the third cross section is unmeasurable.

Chargé independence relates the Y; cross sections,
but since the triangle inequality depends on a knowledge of
4 O(K_p—Yl*opo), and the error involved here (due to
K_p—Y:(l405)D° with Yf-quo) is very large, no useful comparison
can be made.

The assumption of single meson exchange yields several
additional relationships most of which do not appear to be

very well satisfied below 4 Gev/c.
* * — K -
e.g. o(K+p_N3;;K °) =3 o (Kp-¥y p)-
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8.4  Exchange Mechanisms and the Absorption Model.

A comparison of the differential cross sections for

w and ¢ production in the Aw and Ap channels indicateé
considerable differences in the production mechanisms for
these two resonances. The most important difference in
the C.M.S. production angular distributions is observed in
the backward hemisphere where a strong peak is seen for the
w but not for theo. If this peak can be attributed to a
singularity in the scattering amplitude, the most interesting
problem is to determine in which of the diréct,or crossed
channels this singularity occurs.

. The existence of aVYZ of mass 2.6 - 2.8 Gev could give
rise to an angular distribution of the form exhibited by
the », Two questions arise if this is the true origin of the
backward peak; why does the resonance not show up in other
channels - particularly the Ap channel, and is there any
evidence from the total,‘elastic and charge exchange K -proton
scattering cross sections for structure in the region of
3.5 Gev/c incident K momenta? The measurements of the elastic
and charge exchange cross sections are rather poor in this

region and no conclusions, one way or the other, can be drawn
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from them. The total cross section, cf. W.F. Baker et al.57),
may show slight evidence for structure in the region 3.0 -
4.0 Gev/c. If the production of an intermediate Y: is the
cause of the backward w peak a furthgr difficulty arises.
In the C.M.S. the decay of the Y should be symmetric with
respect to the plane’perpendicular to the direction of the
incoming kaon, unless there is interference with some other
production process. The experimental distribution is almost
symmetric at 3.5 Gev/c and would appear to indicate little
if any o production via other mechanisms, in marked contrast
to the p and ¢ mesons.

The alternative solution to this problem, a singularity
in the U channel, seems to provide a more reasohable explanation,
The backward peak in the w distribution might be accounted for
in terms of proton exchange in this channel, Fig. 1.2. Detailed
tests of this hypothesis will have to'await theoretical
predictions for the decay correlations and fer better statistics
than are available from the present experiment. On the basis
of this model smaller backward peaks are expecfed in the o
distributions as well, but the background problem in the A/Sp

channels make any definite conclusions concerning such peaks

rather difficult.
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Once the backward events have been subtracted, the

total cross section for w production (~50ub) is much closer

to the value expected, on the basis of SU(3),from the ¢

cross section using the K-exchange hypothesis. If K-exchange

is the only mechanism giving rise to the forward events the

0 distributions are expected to show cosine squared behavidur,
or equivalently,‘the value of Poo in each case is expected

to be unity. The experimental values, p (w) = 0.2 and

Poo {(¢) = 0.4 would therefore appear to exclude this possibility

Furthermore, the C.M.S. differential cross sections, given
py8)

2 2
- L & G
%%2 B 4m_- m_ P & Ix T

v “pTinc

% [(mp—mA)2+A2] [(mv—mk)2+A2] [(mv+mk)2+A2]
2 + A2)2

(m,

are not peaked in the forward direction, cf. Fig. 8.4.

mp,mA,mv,mk are the masses of the proton, lambda, vector

meson and kaon, g and G are the coupling constants at the

upper and lower vertices and Pinc is the incident kaon

momentum in the laboratory.
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Using the Goldhaber form factor65),

2 2

P (%) =A% - m 2 /A% + A%, withp/mg~1.5

gives better agreement, but leaves unexplained the low values
Of‘)oo' This form factor is actually very unsatisfactory
since the value of A necessary to\obtain a reasonable fit

is smaller than the kaon mass, and represents a singularity
which is closer to the physical region than the pole due

to the kaon propagator. The_procedure of locating most of

the A°

dependence in the form factor has little if any
physical significance. |

A much better explanation of the strong fofward peaking
is provided by the absorption model of Gottfried and Jackson.
Fach partial wave in the expansion of the scattering amplitude

is multiplied by two expressions of the form,

i’y L2
e21 J =1 - ge™Yd

where J is the total angular momentum, and C and y are

related to the constants characteristic of the diffraction
scattering of the incoming or outgoing particles. TFor small
values of J these expressions are also small (C~l), and serve
to damp out the contributions from the low j partial waves.
The values of C and ¥ which were used to obtain the absorption

model curves of Pig. 8.4 for pure K-exchange were,
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incoming KX and p Cl = 0.64 Y1 0.042

outgoing w/p and A Cr = 1.0 Yo = 3/4Y1

The ¢ meson C.M.S., distribution is well fitted by the
absorption model curve, whereas for the(urmeson the fit is
not so satisfactory. The total cross sections obtained using
%EKN/4ﬂ=,4.459),'g§KK/4W = 1.5 and gﬁKK/4w = 0.7 are too low
compared with experimental cross section obtained from the

forward events.

Chammel  Opopuarg(XPt:) O (abs. model)o4)

A w 50%12 16.1
Ao 37810 29.8 Wb,

The dependence of the Poo pérameter on the momentum
transfer(Az)is shown in Pig. 8.5. The most important
consequence of the high mass of the exchanged particle, when
the absorption is taken into account, is the decrease in the
value of Poo from the value unity expected for pure pseudo-
scalar exchange; This parameter is also found to decrease
as the mass of thé produced vector mesoh decreases, beihg
~0.4 at the<p mass and ~0.2 at the w mass. The predicted
values of p;_; and Re pq, are close to gzero.

Fig. 8.5 shows the Treiman-Yang angular distributions
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for the w and ¢ events from the combined results of the

3.5 Gev/c and 3 Gev/ceo)

exposures. There is some evidence
for structure in the w distribution which seems to indicate
the presence of a small smount of vector exchange. Because
of the uncertainties associated with the vector and tensor
coupling constants for the,ANK* vertex no attempt was made
to determine the precise amount of K* exchange necessary to
produce the observed distributions. However, the addition
of vector exchange (assuming GT = 0) was found to result in
the desired increases in both p,_; and the total cross
section .

We conclude therefore that fhe absorption model, on
the basis of pure K-exchange, appears to provide a satis-

factory account of the ¢gA production, and with the addition

of some K* exchange the @\ events produced in the forward

direction can also be accounted for. K-exchange also provides

satisfactory production angular distributions and decay
correlations for the channel Y1*+(1385)p_. The’absorption
model curve - normalized to the total cross section - is
shown in Fig. 7.3. The coupling constant product necessary
to give the correct cross section is

ngK Gi*leNK /()2 = 0.5%0.2
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8.5 Future Investigations.

Both the major theoretical contributions of recent
years, the SU(3) symmetry scheme and the modified single
meson exchange model, have only been tested thoroughly in
K+-proton and7t+-proton interactions. The réstrictions
imposed by charge and stfangeness conservation, on reactions
involving incident kKt or =¥ mesons, severely limit the number
of open channels, which, as.a result, frequently have cross
sections an order of magnitude 1argér than similar channels
in K~ and ®~ interactions. In K- proton interactions the
only real tests of the single meson exchange model have been
in the X (890), N; /(1238) end Y, ¥(1385) channels where
favourable conditiois prevail as far‘as the exchanged mesons
are concerned. In mdst of the channels where a mixture of
K and K* exchange is allowed, the decay angular distributions
show little deviation from isotropy, and the statistics are
frequently too poor for it to be certain whether the ©
distribution shows more cosine squared than sine squared
behaviour or vice versa. |

There are many advantages of working in the 3-4 Gev/c
region in K -proton interactions. Many channels show signs
of being peripheral, and there is a strong possibility of

being able to describe production processes in terms of &
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small number of exchanged particles in crossed channels.
Unitarity restricts any contributions from intermediate

Y*'s in the S channel, a fact which is reflected in the
small size of humps in the elastic and charge exchange cross
sections in the region above 2 Gev/c. Above 4 Gev/c many

of the most interesting channels have cross sections which
show signs of becoming vanishingly small.

A further K -proton exposure at 3.5 Gev/c would be
extremely useful. A pure K~ beam providing 15 kaons/pulse
directed into either the British National or Cern Hydrogen
Bubble chambers would supply, in a matter of 100,000
photographs, as much information as has been obtained from
the present experiment. A reasonable exposure, of say
1,000,000 photographs, would enable a much more detailed
study of the K* production to be made and would probably
allow useful theoretical comparisons in the p,w and ¢
- channels. Even on the basis of the very poor statistics
available from the present exposure, the C.M.S. angular
distributions show that there are basic differences in the

production mechanisms in these channels.
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TABLE 6
Resonance Mass(Mev) Width(Mev) 1° JFe
n° 550%5 < 20 o” o™
%° 960%5 < 26 0 + o "t
£° 1250%30 120 o* o Tt
A2 131520 100 1 X o T
o 76020 11,0 1= 1 =
W’ 78510 < 30 0= 1 =
9° 1019%1 Ik 2 0= 1 =
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