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PREFACE

In December 1950, a group from the Physics Department of
the University of Manchester under the leadership of J.A. Newth
installed a magnet cloud chamber at the Jungfraujoch Research
Station (3500 m high), in Switzerland, with the aim of studying
V-particles produced by cosmic radiation. In August, 1955, the
control of the experiment passed to CERN, in Geneva. The author
has been a member of the team since June 1953, and has spent fif=-
teen months at the Jungfraujoch engaged in the running of the ap-

paratus.

On the average four people have been working permanently
on the analysis of the photographs which have been used for the

*
study of many different problems, ) Since 1953 the author has

perticipated in six works of the team((l)-(é)) and in an experiment

which is now running., An attempt to obtain information about the

production of strange particles had been made by the author in

.

*) A complete list of the works published by the group is given in

reference (5).
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(31)

collaboration with G.D. James.(l) That work, which consisted of
the analysis of 19 photographs, was done at a time when very little
was known about the production of strange particles, and can be re-
garded as a preliminary phase of the present work. This thesis,
however, is the personal work of the author. 0Of the 72 photo-
graphs analysed, some have been measured with the help of

Dr. A, Zichichi, and 4 have been extensively discussed by the

whole group(4) after having been measured and interpreted bj the
author, The analysis of the 19 events reported in (1) has been
neglected, and they have been remeasured and reanalysed by the

author.
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INTRODUCTION

After the discovery of the V-particles by Rochester and
Butler(T) in 1947, four years were needed to accunulate a minimum
of experimental information which could show, at least vaguely, in
which direction to look for the mechanism of production of thesge
particles, In 1951, Nambu, Nishijima and Yamaguchi(a) made the
brilliant remark that it is difficult to reconcile the long mean
lifetime of the V-particles with their copious production if they
are produced singly in nuclear interactions, and put forward the
idea that V-particles are produced in association., As it will be
seen in Chapter II, the idea was developed in other theoretical

works by Pais, Gell-bann, Nakano and Nishijima,

The first experimental observations of nuclear inter-

[+3)

ctions which produced two associated V-particles were reported by
Lal, Pal and Peters(g) in 1953; the events were found in nuclear
emulsion in a cosmic ray experiment. In the same year, Fowler,
shutt, Thorndike and Whittemore(lo) found in a diffusion cloud

chamber an interaction, produced by a7 “-meson from the cosmotron
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beam, which gave evidence for associated production of a hyperon

with a K-meson. Afterwards, other ecvents were found in cosmiec
: 10 : : 1L

ray experiments: Dahanayake et al.( ) De Benedetti et al.( )

1.3 ; N . : . ;
Thompson ct al.( 3) but it was the secries of experiments made by
o g o RO e T 5
Fowler et al from 1953 to 1955 which definitely established
the existence of associated production of strangze particles. Since
1955 a large amount of information about the production of hyperons
and K-megons at energies not much grecater than threshold energies

has been obtained by scveral groups working with accelerators as,

for instance, thosc quoted in refercnces (14) to (28),

The Aim of the Present Work

The aim of the present work was to obtain information
about the production of hyperons and K-mesons by analysing the
photographs of the Jungfraujoch experiment which show more than
one strange particle. In spite of the fact that properties of
particles and of specific reactions in which particles arc produced
can be better studied with accelerators than with cosmic ray experi-

ments, the reasons which justify this work are the following :

i The average cner of the interactions which produced the
g 8y

V-particles of the Jungfraujoch ecxperiment is sreater than the

(&)
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erergy available with the accelerators that work at present,
and well above the threshold for all the expected production

processes,

Several reactions that are expected to occur have never been
observed in experiments made with accelerators, partly owing
to the comparatively low available energy. Before this

work started it was thought that examples of gsome of them
could exist in the collection of photographs of the Jungfrau-
joch experiment, In fact, the two examples of SU-mesons(4)

were found during the analysis of the events for this thesis.

The Jungfraujoch experiment has 72 photographs which show
more than one strange particle; in 47 of them the lines of
flight of the strange particles are copunctual, Such a num-
ber of events is not negligible at the present stage of our

knowledge of the subject.

No other collection of cloud chamber photographs with a com-
parable number of events obtained in a cosmic ray experiment
has been analysed on the lines presented in this work. In
fact, very few attempts have been made to explain the produc-
tion of all strange particles of a cosmic ray experiment. We

find in the literature only reports of the work of Ballam et
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(35)

L =z
&l g Trilling and Leighton,(BC)Reynolds and Treilrnc?,n,(”7J

and reference (1).

3. Nomenclature

The ncomenclature used in this thesis is that proposed by
— (29) Y ——— I
Amaldi et al, A -particle will represent a hyperon. Al
though in the original definition given by Amaldi et al. a K-meson

is any particle with mass preater than the mass of the TF =meson

and less than the mass of the proton,; in the last years the expres-

sion "K-meson" has been used in the literature to designate speci-
fically the K-mesons with mass about 965 electronic mass. This is
Justified by the fact that no K-meson with masgs significantly dif-
ferent from that has been proved to exist. In the present work
"K-meson'' or "heavy meson" will aesignate 8 particle with mass
about 965 electronic mass, unless some remark is made, The ex-
pression "strange particle" will designate a K-meson or a hyperon,
The anti-particle of a given particle will be indicated by the

symbol of the particle with a bar over it,
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4. Masses

For the purpose of calculations, the following values

*
of masses have been used, )

Particle Mass in MeV/c®
electron @, 5l
iz

A -~meson 105.8
T O—mcson 155.0

T i-meson 1%59.5
Kg-meson 495.4
proton and anti-proton 938, 2
neutron and anti-neutron 9439, 5
/ C-particle 1115.0
E:prarticle 1190.0
= -particle 1321.0

5. Known Hyperons and K-mesons

The existence of the hyperons and K-mesons listed be-
low is firmly established. The decay modes mentioned have been
experimentally observed. More than one sign written weans that

all the specified combinations of sign have been observed.

*) The most recent estimates of the masses of these particles were
given by a special committee organized during the International
Conference on Mesons and Recently Discovered Particles, Padua-
Venice, September 1957,
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There is only experimental evidence but not proof of
the existence of the following particles and corresponding decay

modes ¢

Particles Decay Mode
K T oEe (31)
72
- - o
K, e + T + V (2)

Some _cases of associated production
experimentally observed

The following table gives some casges of associated
production which have been experimentally obscrved. The exig=-
tence of the first six reactions is firmly established, because
all particles involved have been identified and the dynamics of
the Zuootiong verified. In the other cases, observed in cosmic
ray experiments, all strange particles have been identified, but

not all the other particles,
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CHAPTER I

THE EXPERIMENT AND THRE MEASUREMENTS

The Apparatus

The apparatus of the Jungfraujoch experiment consists
fundamentally of a cloud chamber and a magnet . Details of the

et
construction and operation have been fully described by Newth.(Ja)

Initially a cloud chamber of dimensicns 55 em x 55cm
x 15 em was used, but later it was replaced by one measuring

55em x 55¢m x 25cm, with about 16 em illuminated depth.

The magnet is an iron-core type, with copper coils
cooled by air,. The air-cooling has the advantage of allowing a
simpler and cheaper construction than other cooling gystems, but
on the other hand has the disadvantage of making very difficult
the temperature control of the cloud chamber. In order to stabi-
lize the temperature, two water Jackets were installed around the
chamber (Fig. 1.1). The magnetic induction is on an average
5000 gauss, with a power cénsumption of about 30 kW, and is uni.-

form to within t3% in a volume of 60 cm x 60 cm x 30 cm,
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For the illumination, a flash tube 60 cm long is placed
on each side of the chamber. The energy consumption is 4000
joules per tube per discharge. High sensivity recording film
has been used for photography (Ilford 5G91). Stereoscopic photo-
graphs were taken with a camera which has two large-angle lenses
(Leitz Hektor £ = 2.8 em, 1 : 6.3) placed 8.8 cm apart, usecd with

aperture f/9. The mean demagnification is 1/19.

The Experimental Arrangenent

Since the obscrvation made by Armenteros et al.(39)
that V-particles are associated with penetrating showers, in most
cloud chamber experiments designed to the study of such particles
the triggering of the chamber has been madc by & pencetrating
shower counter seclection system, In the Jungfraujoch cxperiment

the sclection system was the following (Fig. 1,1):

a) A block of lead ng 30 em high, was placed above the cloud
chamber at an average distance of 17 em from the useful il-

luminated volume.

b) During part of the time, below this lead block two large pro-
portional counters were placed in parallel, The pulses given

by these counters were discriminated in such a way that only
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pulses corresponding to an ionisation equal to or greater
than four times the minimum ionisation werc acceptled,
During part of the time the two proportional counters were
replaced by eight Geiger-Miller counters in parallel, and
the pulses given by these counters werc accepted only when

three or more counters were triggered (tray A).

¢) Below the cloud chamber a block of lead L2, 10 em high, was
placed, and below this lead four large Geiger-Miiller counters
making two sets of two counters in parallel (trays B and ¢
The cloud chamber was triggerced every time that there was a
coincidence betwecn trays A, B and €. With this selection
system an average of seven photographs per hour were taken,
and 70% of them showed penctrating shower, Details of the
proportional counters and of the selection system have been

deseribed by Buchanan,(4o)(4l)-

Cosmic ray particles were then uscd as projectiles which
produced nuclear interactions in the lead block Ll' Because many
secondary particles produced in these intcractions arc very ener-
getic and many high energy cosmic ray particles go through Ll

without interacting, in order to increase the number of interactions

close to the illuminated volume of the cloud chamber a lead wedge
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W with average thickness 5 cm was put at the top of the chamber.
The run with the lead targets placed at Ll and W corresponds to

a first phase of the experiment,

In a second phase, a copper plate 1.2 c¢m thick was
placed across the middle of the chamber. Many V-particles pro-

duced in this plate have been photographed,

During the sccond phase, the work which the author had
made in collaboration with G.D. James(l) showed that the produc-
tion of V-particles can be better studied when they are produced
in a material of low mass number placed inside the cloud chamber,
As a conscquence, in a third phase of the experiment the copper
plate was replaced by a carbon plate 2.5 cm thick, and the lead

wedge by a carbon wedge geomeirically similar to the first,

Reconstruction of the Geometry of the Event

An optical method was used for the reconstruction, In
the Jungfraujoch experiment the plane of the rhotographic film
is parallel to the front glass of the cloud chamber, i.,e. the
lenses axis arc perpendicular to the front glass and to the film.
A stercoscopic projector was constructed with two lenses similar
to the lenses uscd in the camera, and separated by the same dig-

tance as the two camera lenses (8.8 cm), The two photographs
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are simultancously projccted onto a movable screen placed per-
pendicularly to the lenses axis. The position of a point of

the track in space, given by the interscction of the two images
of the track, is then marked on the sccereen. The points on the
screen ropresent the orthogonal projection of the event on a
plane parallel to the front glass, i.e. gives two coordinates for
every point. A scale which reads for every point the distance

from the screen to the lenses gives a third coordinate.

Two drawings with scale 1 s 1 are then made & the
orthogonal projection on the plane of the screcen and the ortho-
gonal projection on a plane perpcndicular to the first, After
having the two orthogonal projections of the event, the angle
between two lines (as the decay angle of a V-event) or the angles
between two planes can be calculated by the classical methods of
analytical geometry, The displacement of the points due to the
expansion of the chamber is taken into account. With our opti=-
cal system thce position of a point on a track can be determined
with 2n average error of 1 mm x 1 mm x 2 mm. The error in the

: : : 0
decay angle of a V-event is in most cases less than 2°.

Tonisation Estimates

With a cloud chamber immersed in a magnetic field, the

mass of a particle may be determined by the combincd measurements
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of its momentum and its ionisation. For a given electrical
charge the ionisation of a particle is a function of its velo-

city and of the density of the gas of the chamber.

The measurement of ionisation requires the measurement
of the number of ions formed along 1 cm of the path of the
particle. Two techniques have been developed during the past
few years to measure in a magnet cloud chamber the relative
ionisation, i.e. the ratio betwecn the ionisation of a particle
and that of another particle at minimum ionisation: the drop
counting technique (Barker et al.,(42) Fretter et al.,(43)) and
the photometric method (Butterworth(44)). Both methods allow
the measurement of the relative ionisation with an error that is
in most cases less than 20%. This accuracy in the measurement
of ionisation is very high, and only has a meaning when the
momentum of a particle can be measured with corresponding high
accuracy, for instance when a momentum of the order of 1 GeV/c

can be measured within an error of about 5%.

Neither of the two techniques has been used in the

Jungfraujoch experiment, for the following reasons:

a) The use of drop counting would require to stop the experi-
ment (in order to prepare the cloud chamber and the photo-

graphic system for the technique), at a time when the
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experiment was running at high efficiency, and would require
the use of 16 times more recording film than is normally

used (Ncwth(38)).

The use of the photometric method would require the con-
struction of special measuring apperatus, and as the measure-
ment of the ionisation corresponding to one single track re-

iy

quires several hours of work, one physicist would have %o
be permanently displaced to do +this work. Moreover, with the
wide photographic anglec used for the Jungfraujoch cloud
chamber the conditions of photography vary greatly from side

to side of the chamber, This makes neccssary the measure-

ment of reference tracks close to the track of interest,

As will be described below, one of the handicaps of the
Jungfraujoch apparatus is the relatively low accuracy in
momentum measurement: a further coffort would then have to

be made in order to improve the accuracy in momentum measurc-
ment, otherwise the accuracy in ionisation measurement would

be meaningless.

As a consequence of this situation the ionisation of a

particle was never measured in the Jungfraujoch experiment. Tt

was always estimated between two limits, by a visual comparison
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of the structure of the track with the structurc of tracks of
particles supposed to be at minimum ionisation on the same photo-
graph. Tor this comparison a straight track was supposed to be
at minimum ionisation and an electron with momentum between about

30 and 80 McV/c at 1.3 times minimum.

Measurcment of Momentum

Two mcthods have been employed for the measurement of

the curvature of tracks.

a) The photograph was projected on a screen and the curvature
of the track was comparcd with that of standard curves.
This method was only used when the track was long (more than
15 em in space), had small dip (angle between the direction
of the track and a planc parallel to the front of the chamber)

and the quality of the photograph was good,

b) A sccond method was the measurcment of the curvature of the
track image on the film with a travelling microscope, This
hag the great advantage of allowing an accurate measurcment
of curvaturc whatever the dip of the track may be and a bet-
ter judgement of the quality of the individual tracks as far

ag distortions are concerned.
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Due to the fact that the image of the track is the
conical projection of the track on the film, and not its ortho-
gonal projcction, a correction must be applicd to the measurcd
curvature. The magnitude of this correction is a function of
the dip and length of the track and of its position relatively
to the lens axis, This correction was sometimes calculated by
applying an approximate formula due to Barkcr?(45) but when the
dip of the track was large (greater than 30°) or the photograph
showed some particularly interesting feature, a morc claborate
method due to the author was applied. The auvthor's method has
the advantages of determining the correction factor with great
accuracy and of allowing a systematic study of the qualitics of

the track. (Unpublished)

Generally in a cloud chamber immersed in a magnectic
field, thc most important source of crror in momentum measure-
ment is the distortion of the tracks as a consequence of thermal
convection of the gas. This is due to temperaturce gradients in-
side the cloud chamber, which appears essentially becausc the
cooling of the coils is not cqually cfficient in all parts. This
situation is still worse when the coils are air-cooled, as is
the casc with the Jungfraujoch magnet. The distortion of the

track is rclated to the maximum detectable momentum, which is an
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index of the quality of a magnet cloud chamber as a detecting
instrument, In the Jungfraujoch cloud chamber the maximum de-
tectable momentum is 4 GeV/c for a vertical track 25 cm long.
No experiment has ever been made with this cloud chamber to
study the variation of the maximum detectable momentum as a
function of the track length. The pessimistic assumption has
been made that the maximum detectable momentum varies with the
gquare of the track length, It must be emphasized that the
relatively low value of the maximum detectable momentum imposed
the method of analysis of the photographs which is described in

Chapter IV,

Begsides distortion, the other sources of error on
momentum are the scattering of the particle by the gas of the
cloud chamber, the uncertainty in the magnetic induction and
the diffusion of the ions along the trajectory of the particle.
All errors on momentum have been calculated and combined accord-

ing to the method described by Blackett.(46)
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CHAPTER II

SUMMARY OF SOME THECRIES
OF K-MBESONS AND HYPERONS

Introduction

The first attempis to cxplain the production and the
decay of K-mesons and hyperons were made in 1951 by some groups
of Japancse thooreticians.<8)<47) Among these, Nambu, Nishijima
and Yamaguchi descrve great merit for calling attention to the
important problem of rcconciling the abundance of production of
those particles with their long mean lifetimes. As a possible
solution to this problem they suggested that in collisions be-
tween pions and nucleons, or betwecen nucleons and nucleons,
K-mesons could be produced in association, rather than singly,
Paig in 1952,(48) laid emphasis on the idea of associated pro-
duction and began a series of studies on thesec 1ines.(49) In
1953, Ge'1_Mann(50) and, independently, Nakano and Nishijima(sl)
proposed & scheme to systematise the production and decay of
heavy mesons and hyperons. The idecas of Pais, Gell-Mann, and

Nakano and Nishijima, gradually refined with the accumulation of
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experimental results, allowed Gell—Mann(Sg) to formulate a model
of the new unstable particles which has been very successful, A
summary of this model is given below, as well as of the idcas on

i
this subjcect of d'Espagnat and Prcntki,()a) and Sachs.(54)

Goldhaber(55) developed a theory, based on a compound
hypothesis for hyperons and heavy mecsons. The results are the

same as those of the Pais, Gell-Mann and Nishijima model.

BT

Salam and Polkinghornesc56) and Schwingor( made
theoriecs which in some aspects give results differcent from those
expected in the Pais, Gell-Mann and Nishijima model, As recent

cxperimental facts disagree with these thcories, they will not be

discussed here,

The Gell-Mann model

In what follows we give a summary of the Gell-Mann
model, The word '"meson" will designate only 777 -~ and K-mesons;
thu/u ~mesons will be called muons. The K-mesons and hyperons
have the gencral denomination of "strange" particles and all the
other particles that of ”grdinary” particles. The nucleons and
hyperons will be called "baryons", and their anti-particles

"anti-baryons".
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i) Following Pais, the interactions of the fundamental
particles are classcd as strong (or fast), clectro-
magnetic, and weak (or slow), The strong interactions are
those responsible for nuclear forces and the production of
mesons and hyperons. They cannot occur with muons, c¢lectrons

and neutrinos,

Blectromagnetic interactions are those through which

the photon is linked to &ll charged particles, real or virtual.

The weak interactions are those responsible for /3 -
decay, thc slow decays of hyperons and K-mcsons, the decay of

the muon and the absorption of the muon in matter.

ii) It is postulated that in any interaction or trans-
formation of the fundamental particles the number of
baryons minus the number of anti-baryons (the "haryonic number”)

is kept constant,

=
iii) Pea lee()a) had suggestcd that the principle of charge

[42}

independence, which is believed to hold for pions and
nuclcons, may extend to hyperons and hcavy mesons. Gell-Mann
postulates that for strong interactions the principle of charge

independence holds.
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QX) If charge independence holds for strong interactions,

the immediate consequence is that the strongly inter-

acting particles are divided into charge multiplets, Fach

charge multiplet is characteriscd by an isotopic spin I, common
to all members of the multiplet. Fach member of the multiplet
is characterised by its electrical charge, i.ec. by the third
component I3 of the isotopic spin. The multiplicity of the
multiplet is given by 2I + 1, If the isotopic spin of the
charge multiplet is 0, the multiplet is a singlet formed by only
one particle, for example the /1 O—particle. If the isotopic
spin is %, the multiplet is a doublet, formed by one charged and
one ncutral particle, for example the nucleons and presumably
the = -particle. If the isotopic spin is 1, the multiplet is
a triplet, formed by onc positive, one neutral and one negative
particle, for example the pions. The isotopic spins of the
several multiplets were chosen cempirically, having in mind only
that experimental results must be interpreted, but no correlation
was assumcd "a priori" betwcen the isotopic spin and the spin
angular momentum of a particle® +there are fermion multiplets

with integral I and boson multiplets with half-integral I,

v) Strangeness : We know that for nucleons the relation-

ship between cleetrical charge and the third component

of the isotopic spin iss
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Q = e (13 i :Jé) (l)
and for pions it is:
Q= e I (2)

Expressions (1) and (2) can be combined in a single expression,

valid for all "ordinary" particles:

where SV is the number of nucleons minus the number of anti-

nucleons,

Gell-Mann calls "centre of charge'" of a given multiplet
the arithmetic mean of the charges of the members of the multi-
plet. Expression (%) shows that for the "ordinary" particles

He
the centre of charge of the multiplet is given by 29 or, that
Al 2]
it is given by the number ¥ in units of %. For instance, in

the nucleon doublet (vﬁf‘= +1) the centre of charge is + %j in
the anti-nuclcon doublet (V= -1) it is - 53 in the pion tri-

plet (d7”= 0) it is 0.

Gell-Mann considers the centrc of charge of the nucleon
doublet (‘ordinary" baryons) as thc "normal" centre of charge of

baryon multiplets, and the centre of charge of 7T -mesons as the
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"normal' centre of charge of mesons. He then generalizes
expression (5) in order to have an cxpression of Q as a function
of 13 which is not only valid for pions and nuclecons but also
for K-mcsons and hypsrons, He postulates that Q is a function

. I
not only of 15 anduﬁf, but also of a new quantum number $ (callecd

"strangeness") and has the form:

@

[

o+ 4L D (4)

2

where A is the number of barvons minus the number of anti-

baryons. The number S is zero for "ordinary" particles; and
different from zero for the "strange" particles. A definite

valuc of § is assigned to every multiplet. Table 2,1 lists

the several multiplets and the corresponding values of Qs I and
B It must be cmphasized that these values have been chosen
empirically to fit the experimental results. A detailed justi-

fication of the choice is found in reference (52).

For cvery wultiplet S establishes the relationship be~
tween o and I3' As a characteristic of the multiplet S mea-
surcs the "displacement" of the centre of charge of the multi-
plet relative to the "normal" position of the centrc of charge,

. ; - € . . .
in units of S Apart from this, no physical meaning has been

attributed to the strangeness.

\J
AN

o
N
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TABLE 2.1

Chargc, isotopic spin and strangeness of

fermions and bosons in the Gell - Mann scheme

Q
Multiplet I S Q (13)
-1 0 +1
- -~ - % -2 Q=13 -3
< w e 1 -1 e =1,
Fermions
/) - 0 -1 |a = I,
N - - & 0 Q=:|:3+-12~
K - - % +1 Q=15+%
Bosons
T - - - A 0 |g=1
3
Q is the electrical charge, in units of e, of the
members of the multiplet,. I and S are the isotopic spin and
the strangeness of the multiplet. The last column gives Q
as a function of I,, To each of these multiplets corresponds
the multiplate of the anti-particles, which has equal and

opposite strangeness.
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vi) As Q, 15 and /¥ change sign under charge conjugation,
expression (4) shows that S also changes sign, Then,
the strangeness of a particle is equal and opposite tc the
strangeness of its anti-particle. Then for every multiplet
given in Table 2.1 there is a multiplet of the corresponding

anti-particles.

vii) § is an additive number, The strangeness of a collec-
tion of particles is the algebraic sum of the values of

the strangeness of the particles.

viii) The conservation laws of the threc types of interaction:

In addition to the classical laws of conscervation
(energy, momentum, angular momentum, charge), Gell-Mann, follow-
ing a suggestion of Pais, differentiates between the three types
of interaction in the additional laws of conscrvation that are

obeyed, The additional conservation laws are:

a) Strong interactions : I, IB,u4rand consequently S are conserved.

b) Electromagnetic interactions : Ia,uﬁland consequently S are

conserved,

c) Weak interactions :udf\is conserved,

e e O S e e e e e

The question of conservation of parity - not considered

by Gell-iiann, Pais and Nishijima - is discussed in Scction 5.«
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ix) The law A 8 = 11 for weak interactions :

=
Gell-Mann and Paisy()) having noticed that in the decay

of several hyperons and K-mesons I, variecs by +5 or -4, proposed

g

i - 4=
as general rule for weak interactions, A I

3 = 7R

shows that, in terms of strangencss, this rule is equivalent to :

Expression (4)

A8 = T (5)

d'Espagnat and Prentki's

formalism of the Gell-liann Modecl

=
d'Espagnat and Prentki(JB) succeeded in making a
Lagrangian formalism of the interactions of baryons, K-mesons

and pions in such a way that, as a consequence of the postulated

properties of the Lagrangians three good quantum numbers result

naturally associated to hypothetical sets of particles s

i) 139 the third component of the isotopic spin.
ii)v4ﬂ y the number of baryons minus the number of anti-baryons
which are contained in ecach particle.

iii) U, a new guantum number, which is defined bclow.

In the two spaces which they consider, the ordinary
space and the isotopic spacc, the identification of the known

particles with the hypothetical particles to which IB,LA/‘and
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U belong cen be made in such a way as to fit the properties that

have been experimentally found.

Identification of the particles

a)

In the ordinary space

- In this space the numbermquis the

basis for the clasgification of the particles into three

grouns :

- fermions ¢ particles

= anti=-fermions : particles

-~ hogons ¢ particles

In the isotopic space - For

in the ordinary space, U is

a

(2}

with S =

+1, identified with
N:i/'i’g 93-

withv¢r= =Ly

Ws As E5 Zo

identified with

with A = 0, identified with

7, K, K.

analogy with Whatcﬂprcpresonts

defined in the isotopic space

the number of isofermions minus the number of anti-

isofermions, and it is the basis for the classification of

the particles invo

- isofermions g

- anti-isofermions

- lilsobosons :
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particles with U

particles with U

particles with U

thrcece groups:

]

identified with

+1,

Wi, iy e

identified with

=1,

Wy By 2=,

]

0, identified with
T S 2_3/13 2



Bach particle is then classified twice. For instance,

0 : ; . ;
the A °-particle is fermion and isoboson.

d'Espagnat and Prentki call their formalism "Mathemati-
cal formulation of the Gell-Mann mode¢l", since they concluded

that the strangeness S turns out to be the difference between

U andv?ﬁz
8§ = U=H (6)
and that the conscrvation laws for the three types of interaction

are identical to those of the Gell-Mann model. The conservation

lawg arcs

- Strong interactions $ L 13, Q;¥ and U are conserved.
~ HBlecctromagnetic interactions : 15, Q,u@ﬁand U are conserved,
- VWeak intcractions ¢ Q andl/V\are conserved.,

Since A is conserved in both models, it follows from
(6) that Gell-Mann's rule for weak interaction, AS = i_1, il

equivalent tos

AU = I (7)



4. Sachs! (Clagsification of the Fundamental Particles

In an attempt to correlate the modes of production,
modes of decay and thce interactions of the fundamental particles,
Sachs(54) also proposed to assign to each particle a gquantum
number which he called "attribute!" (represented herc by "a"). No

physical interpretation was given to "a'", but the following pro-

perties of "a" are postulated:

i) A definite value of "a" exists for every fundamental

particle.

ii)  "a¥ is additive, i.e. the value of "a" for any collection
of particles is the algebraic sum of the valuc of "a" of

all the particles.
iii) Transitions having Aa = 0 are very fast,

iv) Transitions having AHa = 11 are slow, of the order of the

observed decay rates of the fundamental particles.

v) Transitions having |ZAal > 1 are so slow as to be unobserved,

In addition to the five postulates, Sachs assumes the
validity of the usual conservation laws, including the conserva-

tion of 4 (the baryonic number),.

Isotopic spin : In assigning isotopic spin to the several

particles he found necessary, in order to fit the experimental

5363



results, to follow the suggestion of Nishijima and Gell-Mann
that there need not be a direct conncction between the isotopic
spin and the spin angular momentum of a particle; that is to
say, he assumes that fermions and bosons can both have integral
or semi-integral isotopic spin, He postulates the following

"odd-even" rule which connects "a" with I (and not with 13) §

"Permions have half-integral isotopic spin when "a®
is even, and integral isotopic spin when "a' is
odd, The converse holds for bosons,"

In addition he assumes the normal relationship between

charge and I i.e. thas

3')

Q =e I for integral T

and @ = e (I 1) for half-integral I.

The values of "a" and I which Sachs assigns to the

several particles are listed in Table 2.2, We sece that

i) the values of I are exactly the values which Nishijima and

Gell-Mann had proposed;

ii) with the exception of the electron, the neutrino and the
muon, for every particle the value of "a'" is equal and op-

posite to the value of the strangeness proposed by Gell-Mann,
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TABLE 2.2

Values of I,v4f, U , 5 and "a" for the

various particles

Particle 1 U /4 S = U=g” tahl = -8
N v +1 +1 0 0
/ 0 0 +1 -1 +1
=3 1 0 +1 " +1
= - ml w1 -8 +2
7 o 0 0 0 0
K 4+ +1 0 +1 -1
N % 1 1 0 0
A 0 0 =3 +1 wl
g 1 0 -1 +1 -1
e % +1 -1 +2 -2
i« & -1 0 -1 +1

AR 0 0 0 -k
" 0 0 0 s
v 0 0 0 -4

M 0 0 0 +h
CH 0 0 0 +%
v 0 0 0 e
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If it were not for the elcetron, the ncutrino and the muon,
Sachs model would be exactly the Gell-Mann model, But when
those three particles are considered the following differences

arise between the two models :

i) Wherecas Gell-Mann proposes S = 0 for thesec three particles,
Sachs proposes a = -% for the positon, the positiv?/ééumeson
and the neutrino, and a = +% for the negaton, the negative

14tameson and the anti-neutrino.

ii) As a consequence of the values of "a" for electron, neutrino
and muon, the allowed decay modecs of charged K-mesons are
more restrictive in the Sachs model than in the Gell-Mann
model, For instance, in the Gell-Mann model the decay of

the K+2 can be

cither K/’; , = MYy

or K;,z-—bfu+ +V;
since in both ﬂﬂ S} = 1; in the Sachs model only the second
io allowed, because in only the sccond is fzS a} = 1; in the

first }Zlaf = O

Sachs showed that if the proposcd rules for the attribute

and the isotopic spin hold, by examining the decay modes of the
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charged K-mesons the two following conclusions arise
i) The anti-neutrino must exist.
ii) The Fermi (b@ta—decay) coupling is a characteristic of the

neutrino, and in that sense is not "universal".

As a final remark it is interesting to point out that
Sachs model does not explain the very small probability of the

pion beta decay as long as the pion is assumed to have a =0,

The @Question of Conscrvation of Parity

Since the Gell-Mann model was formulatced, a further
development took place, arising from the study of the decays of
the 7T and O-mesons, It was shown by Lec and Yang(59) that the
evidence for conservation of parity in weak interactions was not
good., They suggested experiments to test parity conservation in
weak interactions, An cxperiment made by Wu et al.(60) proved
that parity is not censcrved in/g -decay, and an experiment made
by varwin et al.(6l) proved that it is not conserved in the re-

actions ¢
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At present there is no evidence for violation of parity

conservation in strong interactions. It is taken as a further

difference between strong and weak interactions that parity is

conserved in the former and is not conserved in the latter.
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CHAPTER ITI

DYNAMICS OF SOME REACTIONS IN WHICH
HYPERONS AND K —MESONS ARE FRODUCED

Introduction

The dynamics of reactions in which strange particles are
produced are in general easily studied in accelerator experiments,
because the direction and energy of the primary of the interaction
are well known. The situation is very different in cosmic ray
experiments, The primary of the interaction in most of the casc:
is not known, its direction and energy being never directly known.
The only way of studying the production process is to start from
the dynamical measurcments made on the observed particles and try
to recconstruct the reactions in which the V—particles could have
beun nroduced. An example of this method of work was given by

(13)

Thompson et al,

In this chapter we shall study in detail the dynamical
characteristics of some reactions in which hyperons and K-mesons

are produced. The results will be applied to the interpretation
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7+ p > A° + °

or K" +p=>2 " +7mt | cte.

In cosmic ray experiments the target N is in general
8 nucleon contained in a complex nucleus (carbon, iron, copper,
lead, ctc.) and therefore possessecs some Fermi encrgy. The
dynamical analysis of the recactions will take into account the
Fermi energy of the nucleon, in order to allow us to understand
what effects the Fermi momentum of the nucleon has on the dynami-
cal characteristics of the produced strange particles. General
formulae will be deduced including the Fermi momentum and the
formulae corresponding to a free nucleon will be decduccd as parti-

cular cases of the gencral ones.

In the laboratory system of reference (L.S,), let p be
he momenturi of the incident particle A
EN the kinetic energy of the nucleon (Fermi cnergy), and
Py the corresponding momentum;
P the vector sum of p and Py
(0 AN The angle between p and Py (i.e. angle between the direction
of the incident particle and that of the moving nucleon);
Py the momentum of the hyperon;

pB the momentum of particlc B;
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QOY the angle between Py and P;
q)B the angle between Py and P,

The centre of mass of the system will move in the L.S. along the

direction of P, with velocity

B il
’Kg o T and ¥ = (1 - /23 2) ®

2 2 5 2 2\F
(my + 27)% + (my + py)

In the centre of mass system of reference (C.M.S.), let Q* be the
angle of emission of the hyperon, i.e. the angle between the line
of flight of the hyperon and the direction of P;

p* the momentum of the hyperon, and of particle B;

* 2 *2 & * 2 2\E
By = (nf +p )% By = (o + p°)?

Figure 3.1 shows the quantities used to describe the rcaction in

the two frames of reference,

We have then :
r 74
z

Py = | Y (13 E, + p cos © )" + (p sin 9 )

1
=1
o
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REACTION A + N —Y + B

\

Direchon \
of .5-= -F')- + -5. \

Momenta and
angles in L.S.

Direction
of P

Momenta and

angles in C.M.S.

Figure 3.1



il

* . * * *
tg({JY — P sin @ " tg(ﬁ}f P 8in © (2)

3 ' % ",
(BIE; + p* cos @*) (ﬂ?EB - P cos Q*)

For a given set of values of py and VJAN’ only two of
S ;
the six quantities p, Py ijs Pps © end 7. must be known in order to
determine completely the dynamics of the interaction in the L.S.
and in the C.#.8. (the masses of the particles are supposed to be

known),

Particular Cases of Py and GQAN

For a given value of the momentum p of the incident

particle, the values to be expected for PY’(PY’ P and.?% will

B

be studied in the following particular cases 3

case a) Py = 0 (Frec nucleon) ; _
) v o ¥ P
case b) : p,. non-zero and = 180
N AN T Py J
casc ¢) ¢ Py non-2ero and QQAN = 0° } g
' l
i
. " s , _ on® P
case d) ¢ py non-zero and 90AN = 90 e

Py

As the V-particles which are studied in this work were
produced in copper, carbon and lead, we have chosen for the

Fermi cnergy of the nucleon the maximum valuc E. = 25 MeV (see

N
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. (62) . ;
Rossi ), which corresponds to Py = 218 Muv/c. This value

will give the maximum influence of the Fermi cnergy of the

nucleon on the dynamics,

. Particuler Reactions of the Type A + N —> ¥ + B

We have considered, for the purpcse of analysing the

photographs, the following two-body reactions :

T+N8-—> A°+x (1)
W+8— £ +K (11)
K+8— A% 41 (111)
K+ N> £ 477 (1v)

For the four reactions cach of the cases a), b), c) and
d) for Py and HOAN.was studied, and diagrams rclating Py and QDYW
Py and ng were plotted. These diagrams are Figures I to 24 of
Appendix I. Figurcs 1 to 8 show the variation of %%o as a func-
tion of p/ﬂo’ and of ng as a function of Py for curves of constant

*
p and curves of constant @ . Figures 9 to 16 show the variation
of 9% as a function of pé. and -of %’K as a function of Py also for
*

curves of constant p and constant © . Figures 17 to 20 show the

behaviour of the A °-particle in reaction (IIT) and Figures 21 to

5363



e 47 -

24 that of the £ -particle in reaction (1v). The recasons why
the curves have been calculated for the /1Oaparticle and also

for the £ -particle are given below.

1t is important to notice that, in all the figures of
Appendix I, @* represents the angle of emission of the hyperon
in the C.M.S. For instance, if a /] °-particle and a K-meson
are produced according to reaction (I), %20 and p,qo will deter-
mine in Figure 1 a point which corresponds to one fixed value of
p and one fixed value of 9*. Then, 9OK and Py will determine in
Figure 2 a point which corresponds to the same values of p and Q*

of the case of the /) -particle.

Relationship Between QQY and Py in

the Extremc Relativishic Limit

Let us assume that a hyperon is produced in a collision
of a particle A (incident particle) with a particle N (target
particle) which does not need to be at rest. It is important
to know the relationship between the angle of emission and the
momentum of the hyperon in the L.S. when the energy of the inci-
dent particle becomes very large. As we shall see this relation-
ship is important because it represents the limit of the possi-

bility for the hyperon to be produced in any cendothermic reaction

in which particle N is target,
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In the following we shall assume that particle N is a

nucleon, although for the reasoning this is not necessary.,

shall also assume that only the encrgy of the incident particle

becomes infinitely large, but that the energy of the target N

remains finite,

The total momentum available in the 1i.8.

2
P2 I

+ ps + 2ppN cos

~t

ig

AN

and the momentum of particle B can be written

Conservation of energy gives

b/

2 2 2
(mA + p°) + (mN +

Solving these equations for cos 99

l-(m2

p == 02, we conclude :

T ; -
113_;i£f90Y“ (CO°(PYxT by L

<
Let us define o

2l

é = (m§ % pﬁ)
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Py

3

- ZPpY cos 90Y

i
=]

) =

Y

2
+ Py

Py

cOos

L 1

9.8 5.8

2 2
(mY I pY) <t (mB t pB)

and passing to the limit when

o

=

2 2,2
) = (my + py) + py cos Yan

AN

(4
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Then cxpression (4) can be written s

-

oj

2 2 <
(cos‘PY) = ?L (mY + pY) o (6)
Nl

Expression (4) or (6) is the relationship between the momentum
and the angle of emission of the hyperon in the L.S. for very
high valucs of the momentum of the incident particle (extreme
relativistic limit, E.R.L.). It is interesting to note that

this relationship depends neither on the nature of the incident

particle A nor on the nature of particle B which was produced

with the hyperon. For a given mass of the hyperon it depends

on the mass, momentum and direction of the target particle.

In the particular case of a free nucleon,

N
Fo
. 2 2
and (cos{PYgo= E; (mY + pY) ~ my | (61)
o

Maximum Angle of Emission
of the Hyperon in the E.R.L.

The derivative of expression (6) rclative to Py is :
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( 2 2
d(COS pY)C)D - -é_ 3 'IE (1 i .I:TLY‘,)
dp yz p5 pZ
Y P ¥ =¥

BEquatihg this cxpression to zero and solving for pY we obtain

This is the wvalue of Py which corresponds to the maximum allowed
angle of emission of the hyperon in the L.S, in the E.R.L. To
obtain the value of the maximum angle of emission in the E.R.L.,
(ﬂDYgJ nax? V¢ must substitute this value of py in (6), and we

obtain:

G |
4
I MO
™
e}
|
i
2ol

(8)

S —

Oﬂ =
|
B

7. Minimum Momentum of the Hyperon in the E.R,L.

Expression (6) gives us a way of determining the minimum
allowed momentum of the hyperon in the E.R.L., which corresponds
to the hyperon emitted at 180° in the C.M.S. and at 0° in the

L.S. Making cos(HDYzﬁ =+ 1 in (6) and solving the resulting
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Table 3.l

Values of é.for different casecs

Cage i?AN I o
(Degreoes) (MeV)
a s 938.2
b 180 11824
c 0 145.2
d 90 963% .2

Values of the paramecter é for several directions of the

moving nucleon, assuming Fermi momentum equal to 218 McV/c.
Note that in cases a, ¢ and d,é is loss than the mass of any
hyperon, and in case b it is less than the mass of the £ -
and of the = ~hyperon but greater than the mass of the A "

axbicle. In all cases it is greater than the masses of the
K~meson and 77 -meson, and only in casc ¢ it is less than the
mass of the proton.
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value 0f<§ for a freec nucleon and for the three directions of the

nucleon's IFermi momentum.

To show the influence of the mass of the particle which
is produced in the B.R.L., curves representing equation (6) for
constant values of é arc given in Figurcs 3.2 and 3.3. The
curves were calculated under the assumption that the target
particle is a nuclzon, Figure 3.2 gives the E,.R.L. for /] O-,

é:and-zf—part101957 K- and 77 -mesons and proton for cases a
and b of the Fermi momentum. Pigure 3.5 gives the E,R.L. for

the same particles for cases ¢ and 4 of the Fermi momentum.

It is important to notice the limitations in minimum
momentum and in maximum angle of cmission which exist for hyperons
in the E.R.L. To stress these limitations, which can be seen
from Figures 3.2 and 3.3, the valucs of the minimum momentum and
maximum angle of emission in the E,R.L. are listed in Table 3,2

for /TO~, Z - and = -particles, K- and 77 -mesons and proton.
In the E.R.L. there is no limitation for the angle of

emission of the K~ or the 77 -meson, and the proton is only limited

in cases a and c.
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The Influence of the Fermi Energy of the Nyclcon

For a given particle, the maximum angle of emission and
the minimum momentum in the E.R.L. are functions of the parameter
é . Equations (8) and (9) show that, when the mass of the

and cos (%) are positive;

Particle is greater than,cg9 (p) % T

min
in the E.R.L. the particle does not reach 90O and is always emit-
ted forwards in the 1.8S. When the mass of the particle is less

and cos ()

is emitted backwards in the L.S. This fact is well illustrated

than 5,9 (p) become negative, and the particle

min o2 max
by combining the values quoted in Tables %.1 and 3.2, For in-

0 . . .
stance, the /] “-particle, which has mass 1115 MeV/c7 has (99Ygamax

0 @i . i .
and 60° in cases a, ¢ and 4, in which 5 is less

equal to 5?0, 42
than the mass; but the,/qo—particle is emitted at 180° in the
L.S. in case b because then 5 is greater than the mass, Because
the mass of the < -particle (1190 MeV/c) and that of the = -
particle (1321 MeV/c) are greater than 5 in any of the four cases
of the Fermi momentum, these hyperons can never be emitted backe
wards in the L.S3. in the E.R.L, In ne circumstances can a

Z -hyperon be emitted at an angle greater than 850 Her & — =
hyperon be emitied at an angle greater than 640 in the E.R.L. of

the collision of any particle with a nuclcon,
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10. Endothermic and Exothcrmic Rcactions

Therce are fundamental diffcrcenecs in the 21llowed
ranges of the angle of vumission and momentum of a hyperon, ac-
cording tu whether it was produced in an e¢ndethermic or exo-

thermic reaction.

i) Endothormic reaction

in an endothermic rcaction, ag fcr instance

M

7+ N - /40 + K or + K

at threshold the C.M.S. has already somc velocity in the L.S.
and the hypceron is emitted forward in the 11,8, at an angle of

@]

e, Wthen the cnergy of the primary incrcascs, the velocity of

the C.M.S. in the L.S. increascs, but the velocity of the hyperon
in the C.M.S. also incrcascs, For a given valuc of the enecrgy
of the primary therc is a minimum valuc of the momentum of the
. : ' * o :
hyperon, corrcsponding to 8 = 1807, a maximum valuc of the
. * o . ;
momentun, corrcsponding to 8 = 07, and a maximum allowed angle
of emissgion in the L.S. Vlhen the energy of the primary incrcases
the maxinum angle of cmigsion is shiftced to higher values and the

ninimun mementun to lower values, and they tend te the values

given by the L, R.L,
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The E.R,L. for a particle, corresponding to given

1,
I

conditions of a target particle N, rcpresents the limit of the
possibility for the narticle to be produced in any endothermic

reaction in which the target is particle N in the same condi-

tions,

The curves of Figurc 3.2 corresponding to nuclcon at
rest (casc a), divide the planc "angle of cmission-momentum"

into two regions: the first, between the curve, the axis of
momentum and cventually the axis of angle of cmission, in which
the particle can bo produccd in an cndothermic reaction in which

the target is a nucleon at rest, The sccond, in which the

particle can never be produced in an cndothermic reaction whoere

the target is a nuclcon at rest, The curves of E.R.L. have
identical mecaning for cases b, ¢ and d of the nucleon's Fermi
momentumn, Pigures 1 to 16 of Appcndix I show clearly the divi-
sion of the planc (90, p) into an allowed and a forbidden region
for /1% and éi ~particles and K-mesons produced in collisions in
which » nucleon is target. Cascs &, by, ¢ and d for the same
particle show how striking is the influcnee of the Fermi enecrgy
of the nuclcon in the limitation between the allowed and the

forbidden region.



It is also important to note how the comparatively
small differences in the masses of the several hyperons make the
limits between allowed and forbidden region so different for
themn, In fact, the differences in the dynamical characteristics
of the hyperons do not occur only at very high encrgics but also
at cnergies not much above the threshold for two=body reactions,.
It is very illustrative to comparc, for instance, casecs b) of
rcactions (I) and (II), represcnted in Figurcs 3 and 11 of Ap-
pendix I; alrcady for a 77 -mcson of momentum 2 GeV/c the /TO—
and the & - hyperons have very different dynamical characteristics.
It was, in fact, due to the diffcrences which arise from small
mass differences that we deceidcd to make diagrams for /1O~particle

and for.é ~-particle separatcly.

ii) Exothermic rcaction

- U G R G e s e e e e G ey e

An cxothermic rcaction can occur with zcro kinetic
encrgy of the two initial particles, a situation in which the
C.M.S. coincides with the L.S. Consequently the sccondarics of
the interaction can be emitted at any angle in the L.S. This is
the case, for example, of the,/lo7 and = -particles produced in

the reactions:

K+8—=>A°+77 (111)

K+ N->Z +77 (IVv)
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and «f the /1O—particlc produccd in the rcactioms
E+ N> 4+ ¥ (V)

The E.R.L. for the cmission of a particle is the same
if the particle is produccd in an cendothermic or in an exothormic

rcaction (for thc samc mass and vector momentum of the target

particle), Neverthelcss it does not represent the same physical
limitations in the two types of rcaction. In an cxothermic rc-

action at low encrgics the E.R.L. is not a boundary between al-
lowed and forbidden anglcs of cmission or momenta of the particle
in the L.S5., and thcerefore it has not the samc interest as it has
in the casce of cndothermic reactions. At high cnergics where
the mass difference between sccondary and primary particles is
small comparcd with their total cnergy, the difference between
cxothermic and endothermic rcactions becomes unimportant. The
E.R.L. then has the samc significance as a boundary for both

types of reaction.

The difference between cndothermic and exothermic re-
actions is important in the production of low encrgy particles,.
Let us consider, for example, the /WO—particle producecd in re-
actions in which the target particle is a frec nuclcon. The

E.R.L. determines that in any cndothermic reaction occurred with

(7}
N

O
AN



11,

a free nucleon as target, the /] O—particle cannot be emitted in
the L.3. at an anglc greater than 570 cr with momentum less than
195 MGV/C. But in any exothermic rcaction, as for instance (III)
or (V), therec is always some chergy range of the primary of the
interacticon in which the /ﬁdvparticlu can bc cmitted at any

angle or with any low momentum in the L.S.

These properties arce shown in FPigures 17 to 24 of
Appendix I, wherc the dynamics of rcactions (III) and (IV) are
given in detail, It is intercsting to comparc the relative
position of the E.R.L. in Figures 17 to 24, which correspond to
two exothermic rcactions, with its rclative position in Figures

1 to 16, which correspond to two endothermic reactions,

K-mecsons Produced in Two-Body Reactions

If we accept the conscrvation of strangeness in strong
interactions, in a two~body rcaction a K-meson can only be pro-
duced associated with a hyperon. rcactions (I) and (I1) are
precisely the only two-body recactions that can produce K-mesons.
The characteristics of K-mesons produccd in (I) and (II) are
given in dectail in Figurcs 1 to 16 of Appendix I, and in Figures

5.2 angd 3.3.
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have been deduced in the casc of two-body are also valid in the

case of n-body reactions.
Let us assumc, for example, the interactions

p+p-—=>A°+K +p (vI)

What is the maximum momentum that the /1O—particle can have at

a given angle in the L.S., for a given momentum of the incident
proton ? Problecms of this type arise not only in the interpreda-
tion of data of experiments already performed, but also in the
planning of experimcnts. These limitations occur because the
momenta of all secondaries are bound by consecrvation of encrgy

and momentum,

In order to calculate the limitations of momentum in
the L,S. of a particle produccd in a particular recaction with a
particular ecncrgy of the primary, we must know the value of the
maximum allowed momentum of that particle in the C.M.S. and the
conditions for this maximum to occur, This maximum value and
the conditions for it to occur will be deduced by using a method

developed by the author,
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13. Condition for the Maximum Momentum of
a Secondary in the C.M.S.

Let us essume that, in a collision of a particle A

with a nucleon, n particlcs arc produced:

A+N—7B+C+ ... + UM (10)
Call Mys Mpy wee 5 M the masses of B, C, ... 4 M
and Pys Pos «vv 5 D their momcnta in the C.M.S. What is the
distribution of the momenta Pis Pos vev 5 Py when one of then,

Py for instance, is a maximum, for a given encrgy of the incident

particle A 7

For a given encrgy of the incident particle A, the

total energy E in the C.M.S. is a constant such as:

L L
2 2

2 2 2 2 2
(mi 4 pl) + (m2 + p2) + oo+ (m0 +p7) =B (11)

There is an infinity of sets Pys Pos «ve 5 P, which

sabisly equation (11). When Py is a maximum, Pos p3, SERTRE I

have the same direction and are opposite to Py

Py + Pz + eou + D =Py =0 (12)
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For a given value of E, when Py is a maximum, the

following quantity is a minimum:

X
2 iR z
£ (pg, § i pn) = (m2 + pz) + ...+ (S o+

o)~

; 2 2
= E - (ml + pl)

As T (pz, s &l B pn) is a function of Pos «ee 5 Do
which are bound by condition (12), its minimum can be found
by the method of the Lagrangian multipliers. Lot us multiply

the left hand side of (12) by constant,k and construct the

(4]

function:

o
5

2 Z 2 é
F (Bys ore s Bp) = (0B + B2 + ... % (a2 ¢ pD)

+ A (p2 ...+ p - pl)

Then we know that the system of cquationss

L

A M
L =0 o p, (m; + P5) + )\ = 0
2 2 2
L
-1
& =0 or b, (m© + pi) T = 0
Pn
Ps + ... + P, - pl =
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has ag solution the values of e which correspond to
st sy P

n

the minimum of f (pz, aus pq). Solving the equations for

Pos cve 5 D we find:

n

2
Py = P
2 M., + m3 + ... + mn i
---------------------------- (14)
m
p,. = = p
n m, + mj5 + .t omy il

Conclusion

ihen Py is maximum, the momentum of any other particle
ig a fraction of Py equal to the ratio of the mass of that
particle to the sum of the masses of all particles except that

corresponding to Py

Lxpressions (14) can be written in a different way.

We haves
P Pas
m, =+ ml + - T - Ei - /? 2 5,2
2 4 n 2
) %y

B
+
=]
+
+
=]
i
it
B
=
N
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i.e. when one particle has maximum momentum, the other particles

have egual /,G{

Lxample

Let us assume that in reacticen (VI) the incident proton
has momentum 5 Gev/c and the target proton is at rest, and ask
what are the momenta of the sccondaries in the L.S. when the

o} ’ : w :
momentum of the /] -particle is maximum in the L.S.

The C.M.S, will move in ‘the L.S. withf/3= 0.830 and
H’= 170 The total energy of the two protons in the C.M.S.
is B = 3,36 GeV. Calling Rﬂ* the maximum momentum of the‘/1o-
particle in the C.M,S., and pk* and pp* the correcsponding momenta

of the K-meson and secondary proton, we have, according to (14):

* By * 493 * " i

T ey P T 495 4 938 B 1344 PA
m

¥* * % *
EY a -_.........P 8 - —-——-9—28.._.._ = (
PP Ly +m, PA T 493 + 938 Py 3,658 PA

The conscrvation of cnergy givess
< 4 3

2 ®Dy " 2 %27 2 *2 .z

(my + by 7)o+ (mK + Dy )+ (mp + Py ) = 3,36
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Using the numerical values and solving the cquations
assuming that in the C.M,S. the A Ouparticle is emitted at 0°

and the K-meson and the proton at 1800, we obtain:

In_the C.M.S5. - in_the L.S.
* ™
(0 )ma}c = 1,10 GeV/e (1;,1)mmC 4.29 GeV/e
W .
e s 1" vy o 3]
Py = 0.3%8 Py = 0.24
p: = 0.72 Py = 0O.47 ©

the three particles being emitted forwards in the L.S.

In this example we can calculate, for instance, that
. ; 0 ; .
the maximum momentum which the ~] -particle can have when emit-

ted at an angle of 25° in the L.S. is 2.60 GeV/e.

The example shows that in spite of the fact that scme
of the primary cnergy is used to create particles, a sccondary
particle can have a momentum of the same order of magnitude as

the momentum of the primary of the interaction.

14. Nuclcon-Nuclcon Collisions

Because the number of barycns must be conserved, the

nucleon-nucleon collisions which produce hyperons and/or K-mesons
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arc all n~body reactions and ondothermic. The two following

remarks must be made,

i) Scction 13 shows that very fast or very slow hyperons
and K-mesons can be produced in nucleon-nucleon col-
lisions, The condition for any of them to have maximum cnergy

in the C.M.S. is given by expressions (14).

ii) By examining the way in which formula (6) was dcduced
it becomes clear that the relation between momentum and

anglc of emission of a particle in the E.R.L. is a characteristic
of the particle (for a fixecd condition of the nuclcon's Fermi
momentum) . That relation does not depend on the type of inter-
action in which the particle was produced, nor on whether it was
a two-body or n-body reaction. Figures 3.2 and 3,3 are valid
also when the particles arc produced in a nucleon-nuclcon col-
lision, As nucleon-nuclecon rcactions which produce hyperons
and/or K-mesons are endothermic, the¢ remark which was madc about
the meaning of the E,R.L. for two-body recactions (Section 10) is
alsc valid for them. That is to say, the E.R.L. rcpresents the
absolute limit of momentum and angle of emigsion of particles pro=-
duced in nucleon-nuclcon collisions., For instance, a gf-hyperon

produced in any nucleon-nucleon collisions can never be emitted in

5363
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the L.S. at an angle grcater than 830 nor can it have momentum

less than 9 MeV/c,

These rcmarks apply, for example, to the reactions s
N+ N=-—=-Y+K+0N
N+N->K+K+N+DN

N+ N-—=+K+X+ N

N+ N—=Y+Y+N+DN

15, Threshold Energics

Table 3.3 gives the threshold cnergies of several

rcactions.
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TABLE 3.3

Thresholds for scveral rcactions

Kinetic encrgy,
RBReaection L Bey

niziion Gass &
T +8—=— A +X 0.76 0.58
T + 8= £ +K 0.89 0.68
N +§N=—> A° + K+ 0 L.57 1,10
N +N=> & +K+ 0N 1.78 1.30
o+ N + K+ N 1.3%6 1.06
N +N-> K +K+N+N 2,49 1.84
T+ 0= = + K+ XK 220 L 3
N + N=—> = +K+K+0XN 3.5 2.82
7+ 8= A% + A° + ¥ 4.72 3,76
T +N—=>& + Z +0 5,22 4.30
N +8N=—=>4° 4+ A° + 8 +7¥ 7510 . 5,63
H + N2 + % +0+N 7,18 1 6.20

The tablc gives the values of the minimum kinetic
cnergy of the incident particle in the L.S. needed for the
reaction to ocecur, The values given in thc second column
were calculated on the assumption of a cellision with a
frce nucleon, thosc in the third column on the assumption
of case b of the nuclcon's Fermi momentum,
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CHAPTER IV

THE _EXPERIMENTAL DATA

l. Yield of the Jungfraujoch Lxperiment

The events analysed in this work were sclected from
among 120,000 photecgraphs obtained during more than five years!
running of the experiment. As was mentioned in Section 2 of
Chapter I, they corrcspond to three different phases of the ex-
periment, In the first phase, the V-particles were produced in
the lead block Ll placed above the cloud chamber and in a lead
wedge W placed at the top of the cloud chamber. In the second
phase, a copper platc was put across the middle of the cloud
chamber, and in the third phasc a carbon wedge and a carbon plate
were put in place of the lecad wedge and copper plate (Figure 1.1).
Of ccurse, during the seccond and the third phase, V-particles con-
tinued to be produced above the cloud chamber, The numbers of
neutral and charged V-particles observed during the three phages
of the experiment are given in Table Aillig There is a total of 72
photographs which show more than cne strange particle. However,

in 25 of these events the lincs of flight are not copunctual with
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a nuclcer interaction; thercfore cnly 47 "associated cvents™

are listed in Table 4.1.

Sclection of the Bvents

For the present thesis only the 72 photographs which
show more than onc strange particle were congidered. The first
work donec was to select, among them, those in which the strange
particles came from a péint in the target where a nuclear inter-
action occurred, For this purpose, the spatial rolation of the
interaction and of the strange particles was reconstructced by
using the stercoscopic reprojection mcthod described in Chapter I.
In this way, using the tracks emerging from the interaction, the
position of the intcraction in the target was determined; . and,
in a similar way the lines of flight of the strange particles
were determined, When these lines of flight were consistent
with passing through the interaction within the cxperimental
errors, the strange particles werc classcd as "geometrically as-
sociatced™ or "copunctual', When this condition was not satisficd
the strange particles werc classcd as "geometrically non-associated”

or "mon-copunctual',

The asscociation of necutral V-particles, one with ancther,

was considered cstablished when the individual decay-events werc

5363



Yicld of the Jungfraujoch experiment

=y QR

Table 4.1

: ? Photographs ‘ e -
| Origin of the | Neutral ' Charged | with 2 or 3 JTTesp &
: | o , ) i . total number
: event V-decays 'V-decays | "copunctual of -
‘ ! | @trange photographs
' . i particles : g
|
Above the : "
cloud chamber | 1411 133 55 120,000
i
Copper plate | 51 3 8 35,135
Carbon plate
or wedge 28 i 4 : 4 18,877
- | ;
| Totals 1490 | 160 A7 120,000

Numbcrs of ncutral V-decays, charged V-decays and cascs
of two or three "copunctual" strange particles observed during the
three phases of the Jungfraujoch experiment,
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TABLE 4.3

Frcquencics of the various cases of

non-associated V-events

+
VY from | v° from V™ from
above plate above
0
V"™ from above 12 - -
v° from plate 5 0 -
4
V™ from above 4 1 0]
+
V" from plate 2 0] 1

Cases of two strange particles which appear on the

same photograph and aro geometrically non-associated, The

columns indicate the origin of onc
indicato+thc origin of the other,

decay, V-

5363

strange particle, the rows
VO stands for neutral V-
stands for charged V-dccay,
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long lived neutral K-meson which decays with a mecan lifetime of

~J 10:'8 scc.*)

(16)

{scc, for instance, Lande et al.,(64) Chinowsky
gt 8l ., Fitch et al.,(25)); its deccay schemes are not well
established, but it does certainly dececay into three particles.
It is not yet proved whether the long lived neutral K-meson can
decay into two particles. Due to this fact and the long mecan

lifetime of this particle relatively to that of the @g-meson, all

P : 0
neutral K-mesons of our analysis were supposcd to be Ql—mesons.

To summarize, it was assumed that among the analysed
events there are only two types of neutral V-particles : 1 .

o}
hyperons and Gl—mesons.

A /\0—particle can be identified either by mecasuring
the Q-value of the decay process; or by a heavily ioniging proton,
A Qi—moson can be identified only by measuring the Q-value. It
is well known that a measured Q-value of a 1% or a @iuparticle
can only be rceliable if the momenta of the two decay products can
be very accuratcly measured, within about 5% error, In ordexr to
measure in a magnet cloud chamber a momenfum of 1 GeV/c with an
error of 5%, the maximum detectable momentum of the cloud chamber

must be 21 GeV/e, and to measure with the samc accuracy a momentum

=meson pro-

N o

*
) The long lived neutral K-mes?g %s presumably the ©
posed by Gell-Mann and Pais, 2
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of" 2 GoV/c the maximum detcctable momentum must be 42 GeV/e, It
will be emphasized later that the strange particles considercd in
this work arc fast, the majority with momenta of several GoV/c.
As the meximum detectable momentum of the Jungfraujoch cloud
chamber is only 4 GeV/c, the @Q-value of most of the events cannot
be measured, Only in two or three cases could this measurement

be made.

The classification of the Vo-particles into 1%~ and

Qi-particlus was then made in the following ways

i) When the positive sccondary was slow (momentum less than
450 MeV/c), if its momentum and ionisation were consistent

with those of a proton and not consistent with those of a
light mcson the Vonparticle was considercd a /10—particle.
If its momentum and ionisation werc consistent with those of
a light meson and not consistent with those of a proton, the
Vo~particle was considered a @gumeson.

ii) In a few cases the /1O—particle was cxcluded because the
product of the sine of the decay angle by the momentum of
the negative decay product, with at least one standard error,

was greater than 118 MeV/c (Astbury(GG)).
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iv)
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When the negative deecay product showed well measurablce
curvature, its momentum was measured. Then the momentum
of the positive decay product was calculated from the decay

: . : ; ’ O
angle and momentum of the negative, both assuming a A °- and

O : F
a @1wdccuy. The results werce comparcd with the observed
ionisation, If thc positive was consistent with a proton

: ) - 0 :
and not consistent with a light meson, the V -particle was
; : o - ey ;
considered a 1 " -hyperon. If the positive was consistent
with a light meson, and not consistent with a proton, the

le] ; : o
V -particle was considered a anmcson.

As theV’-cvents were coplanar with the interaction, the line
of Tlight of the Vo-partiole was drawn from the origin of the
intcraction to the apex of the Vouuvent. The decay angle
and the angles between the line of flight and the charged
sccondaries were measurcd, and with thesc angles an analysis
of the cvent based on the o and € parameters of Podolanski
and Armcnturos(67) was made. The (« , € ) analysis was made
twice: once agsuming that the Vo—partiolo was a /10~hypcron,
then assuming that it was a Qinmeson. The calculated momen-
tun of the positive sccondary was combined with the observed
ionisation. Again, if the positive scecondary was consistent

with a proton and not consistent with a light mcson,  the



O ; i 0 .
V' -particle was considercd o A -hyperon, and if conversely,

6]

the Vomparticle was considered a Gl

neson,
Whenever it was possible to apply more than onc of the
described criteria to the same cvent, this was done.

hen it was not possible to exclude the A% or the

Go—decay, both possibilities were assumed for the Vo-particlc.

These cascs appear in Tables 4.4, 4.5 and 4,8 as /1O~ and Qo—decays.

Analysis of the Charged V-particles

The momentum of the primary particle of our charged
V-events could not in general be directly measurcd. When the
momentum of the charged secondary could not be megasured, a lowcr
limit to its value, equal to the corrcsponding maximum detectable
momentum, was cstablished. The dccay angle was always measured,
The icnisations of the primary and of the charged sccondary were

estimated,

The measurements which could be made are usually not
encugh to decide whether a charged V-particle is a K-meson or
a hyperon. For this rcason, cach charged V-particle was
analysed on the assumption that it is a K-meson and also on the

assumption that it is a hyperon.
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Vhen assuming that the V-particle is a K-meson, the
momentum of the K-meson could only be determined on the
assumptions of the two-body decay modes Koo = T s g
and K/”E m%'/ﬁ + . The momentum of the K-meson could not be

determined on the assumptions of three-body decay modes,

When assuming that the charged V-particle is a hyperon,
i ~ o i ) i . = + 0]
the three following dccay modes were considered s > = T R,

+
g

= 0+ T and T T —= A% &+ 777,

t14

In all cases the momentum of the primary was obtained
from the momentum of the secondary and the decay angle by using
the curves calculated by H.S. White(68). The ionisation of the

primary was sometimes used to fix a lower limit to its momentum.

Identification of the non-decaying K-mesons

Three cvents were found in which a non-decaying K+—
meson is associated with another strange particle, The three
K-mesons were identified from momentum and ionisation. In a
magnet cloud chamber it is difficult to identify a K*-meson
which does not decay; due to uncertainties attached to ionisa-
tion estimates the track of a supposed K -meson could in fact

be the track of a proton, However, the identification of the
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Onc cvent which showed one negative Vepoarticle and
two ncutrel Ke-mesons was considercd separately. The measure-

ments made on this cvent arce given in Tables 4.10 and 4,11,



EST/85H " SIs

Takle 4.4

¥easurements of the eventa of the type
neutral V~particle plusg neutral Y-~particle

Vo v Mini~
Event Momentum {GeV/c) Momentum {GeV/c) ¢ Ly m;m '72, lfg %5 Origin
and identity and identity {Deg. (6eV) {{Degrees) |(Degrees) (Degrees)
e o° A° o°
se¢ 75 |o.67%0,12 2.,00%0.20 | 15%2 ojo| 2.4 | 4810 31%10 a3t g
SH 1756 0.59‘-‘3:23 0.51%0,05 | 27%2 5|21 2 29%g s2t1z 702 7 [P - o
5 1183 o.?cjg:fg ) 0.835%0.05 ] 41%1 Ljo] 3 g0t1z 33t g 64¥10 |p - ca
F 901 o.sz_’jg:ﬁ L.agto,o7 [ 10te sli] s sot1s 43%10 132 5
TE 1018 0.69‘_‘3:83 1.as?o.10 | 24%2 2|2t 3,3 | et 4 40t 5 583 [P~ cu
TS 200 |¢.47%0,07 0.26%0.02 | 6781 Jola| 0.6 | s0f 4 622 4 88 6 Jp .
NI 42 2.70%0,20 5.102’8:?{8 8t 2o 12 26% 5 sot 2 86t 5
TF 1561 1.08%0,06 27020 20 N ast i (31 605 | e4s | éites | 28%20 | - cu
VB 536 1.40%0.07 2557090 stiplal s | et | eota | sste [pag
s 913 a.3019:32 2.30%0.15 { 1022 4 Jo[14.5 | 2010 | astie | 626 |y - ¢
TF 221 | 6.44%0.04 1307052 2st2l6|0] & | avtiz | et o | sefiz
MJ 29 |3.00:4.00 4.701‘3:‘;3 2.35%0.35 | 152205100 11 | 55t s | eets | o4ets
0C 31 |0.86:2,30[1.8442.30 3.3?fg:§’§ 35fzlalo| 19 ol 5 108 5 10t 5
0C 56 |1,60:5.06(2.4025.00 3.55+4.30 | 10%2(6|0] 13 10%10 sodic 85t 5
RE 336 |1.11%0.05|0.98d0.03 4.00:5.00 | 2922 [1l0] 9 agt g ssl13 19%11
RT 851 | 3 2,00 = 2.00 = 1,50 s¥alz2la2} 7 13% 5 30t 5 43t 2
SH 232 [1.25:4.20(3,70%c.50 4.30%0.40 | 7¥2l40n] 10 14 5 sot 2 89t 5
SX 162 1.251’3:%? 1.22%0,05 1.60%0.10 | z2¥3falo| 5 2ot g s4t10 nt g
8% 414 |2.5036.40 s.soﬂ:gg L.32%0,10 | 10t |3]2] 10 55%16 74t10 40%11
TC 1226{0.90:6.50 (4, 60:6.60 4.0085,00 | 4% alo] 13 66%20 a4¥24 zi¥e1
NU 11 |0.97:1.99(1.48:2,04|0.7151,421.39:3.45 | sislefo] 4% 2 10% 5 113 5
P 161 | 4,80 2067 9.96712013.1004,50 4.30:5.50 | 10%2bolo] 40 | 1085 | ests | ast s
+
BE 1066|1,20+12.40 [5,00410.003,47%0.28) 2,75%0.25 | 16%215 o] T3%14 gat1z 18%15
Ry 451 2.48%0.15 0,73%0.20| = 2.00] = 2,00 17%2ls5 o T 43t 5 72t 6 33t g
SF 1841 = 2.00] > 2.00{ 2 2,00 » z.00| ofgi7lo] 25 - - -
5 1209 - - - - ~o0fjof 5 - - 29124
TF 611 | = 2.00| =3 2.00 = 4,00 »4.00| 2¥alzio) 15 - - -
TK 809 1.201'8:28 1.44%0.20{1.44%0.0| 1.80%0,20 | 17%5 (5 | 5 46%15 64713 nte¢ w-c
1 1204 1.esfg:§g 5.4of3:§3 0,702,500 2.1552.65 | 4f1f2 0] 6 sofiz 8zl g 18t 6

The firgti twe ocolumns give the momentum and identity of one of the Vowparticlas. When the value
of the momentum is written in the column headed "/A°“and nothing is written in the column headed “8° %,
the ¥°-particle was ldentified as & A°~hyperon. (Example, VO of event 36 75.) When the value of
the momentum is written in the column hoaded “9°” and nothing is written in the column headed " the
¥O-particle was identifiod as & @%ueson with the criteria described %n the text. {Example, Vg of
event KJ 42.)(J When values of the momenium appesr in both columna, the Voeparticle could not be Lden-
tified as a A~ or as a &%particle and was anzlysed under both hypothesis. The third and fourth
columns give the momentum and identity of the other VOuparticla, ¢ is the mngle between the lines
of flight of the twe VO-particles. Ny is the number of fast charged parsicies associated with the
interaction which produced the two ¥%-particles. ny is ihe number of heavily ionising particles as-
sociated with the interaction, E is the lower limit of the visible energy ¢f the interaction. V’w
and Y7 &re the angles that each plane of decay makes with the plene containing the lines of flight of
the two V%-particles., Z¢ is the angle bstween the planes of decay of the iwo ¥o-particles. In the
column headed "Origin™, ? stands for plate, W for wedge, Cu for copper and § for carbon, and when
nothlng is written the event was produced in lead. Photograph 89 1209 shows bad .distoriions and no
meagurement can be made apart from the cmes which are queted.
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TABLE 4.6

Measurementls of the events of the type

neutral V-particle plus charged V-particle

- Angles between planes -

Bvent }6 y;v %B,cv Origin
(Degrees) (Degrees) (Degrees)

RC 941 45 5 7 os T g va Ty

RG 425 6 F o o5 1 oog 26 L 1g

RE 829 20 To1y 38 & 17 01T o6

83 388 69 = 2 52 2 70 % 2

ST 101 30 T3 83 I 5 sa Ty

ST 496 w0t oe i1t g 55 5 g P - Cu

SU 908 61 % 5 ity 6o X 4

52 984 2o I 10 - -

T8 249 ol 30 5 og 50 16 P - Cu

TE 286 g b on Ioo 41 0

M@ is the angle between the decay plane of the
Voo particle and the plane determined by the two lines of
fiight. Yev is the angle batween the decay plane of the charged
Veparticle and the plane determined by the two lines of flight.
0yev 18 the angle between the two decay planes. In the column
headed "Origin" the convention used in Table 4.4 was followed.
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CHAPTER ¥V

BVENTS WHICH DO HOT CONLIUT
gF Dwo IDENTINTED E-MESONS

1. Introduction

The events presented in Tables 4.4. to 4.11. will be
divided intc two groups: one containing all cases in which the
strange particles are not iwo ildentified K-mesons; they will be
analysed in this chapter. A second group contains only the
events in which both particles are identified K-mesons; they

%1ll be analysed in the next chaptler.

We shall analyse separately the events that show two
neutral Veparticles and those that show one neutral and one
charged Ve.particle. At the end of the chapter we shall comment
briefly on the events wnich show three neutral V-particles, on
those that show one neutral V.particle and one non-decaying Kt

meson, and on evendt RG 31,

There are 29 events which szhow two neutral V-particles.

‘he results of the measurements made on them are given in 1 > 4,
The results of Tl surements m rr them are ziven in Table

o



Table 5.1 gives a survey of the 29 events, classed according to
the position of the interaction in which they were produced and

e A . o o : s e O )
the ddentity of the V -particles. In this table K% and wAfe

. C y g L0 _ O
mearn that the particle was identified as a K -meson or as aJf) -
hyperon respectively, according to the criteria described in

. . - s D . .
section % of chapter IV; "W ! means that the particle could not

be ddentified.

As a consequence ¢f the mean lifetines of the A~
hyperon and Qg—meson, the probability for these particles to
decay in the iliuminated volune of the cloud chamber is much
greater when they are produced in the plates than when they are
produced above bthe cloud chamber, Due to this fact we shall

consider separately the events produced in one and in the other

region.

2. dvents in whicin twe neutbral V-particles

were vproduced in the plates.

i} he reaction m ~ 4+ p - AN

From the six events produced in the plates, two are
.0 e . - 0 0 [,
of the type K~ + % and four of the type /N + K~ : B5¥ 1756
Th 1183 and TH 1018, produced in copper and Th 200 produced in

carbon. Let us ewxamine whether these four events could have

[l



TABLE 5.1

Origins and freguencies of the 29 events which show two

1

"gcopunctual®™ neutral V-particles

Origin k% k% {A° K% | A° A° ] VO % | vOA° | v v° | Totals |
Above the
illuminated volume 2 2 1 9 0 9 23
Plates 2 4 0 0 0 0 6
To tals 4 6 1 9 0 9 29

The table gives the frequencies of the several types of events,

classed according to the identifigation of the particles. K° means that t
VO-particle was identified as a Ko—meson and A® means that the VOuparticl
was identified as a A°-hyperon, according to the criteria described in se
tion 3 of chapter IV; V© means that the particle could not be identified.
The majority of the events with origin above the illuminated volume of the
cloud chamber were produced in the lead block Ll; few of them were produc
in the wedges.

Tote that in the six events produced in the plates all the vO-
particles were identified.



Plate 1

EVENT TH 1018 - A and B arc the dccay products of the

/]Owhyporon, ¢ and D those of the °-meson. The two Vo=
particles werc precduced in a nuclear interaction in the

copper plate. The event is described in the text, E and

F are the decay products of a third Vo—particle (non-idontified)

which is not associatcd with the first two.
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been produccd in the simplest reaction which leads to the

: : ol . ; ; G
creation of a /1 =hyperon associatcd with a K '-mcson, namely:

T+ p > A + x° (1)

This rcaction wasg studicd in detail in chapter III
and its dynamics are represented in diagrems 1 to 8 of
Appendix I, In cach c¢vent, from the measured momenta p Ao
and Py and angle ¢ betwcen the lincs of flight, we can
calculate the angles of emission‘on andﬁPKo in the L.S., on
the scveral assumptions about the nucleon's Fermi momentum,
The valucs of P,qo’ %%O, Pyo and‘f’Ko of the four cvents,
comparcd with diagrams 1 to 8 of Appendix I show that three
of the cvents fit the dynamics of rcaction (1l): SN 1756 and
TD 1183 with casc d of the nucleon's Fermi momentum, TH 1018
with casec c. The elcments of the dynamics in the L.S. and in

the C.M,S. arc given in Table 5.3,

ii) Probability of sceing the decays of the ~1° and

% ESE D IR NN G NI e W e S R A G S e e A e W S ST e e e SR o S S S K S G e

the e2particles produced in rcaction (1).

If the probability of secing the decays of both the
A°- and the Qo—particles produced according to reaction (1)
is known, then thce cbserved number of pairs ( /10, @0) produced

in that recaction will indicate how many have been produced.
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TABLE 5.2

Calculated limits of the probability
to observe in the Jungfraujoch cloud chamber the
decays of the Pd?tlcl&o prﬂducad 1n the interaction
7o+ p > A

x Events produced in Events prcduced in
e P the lead block Lp- the plates -
(Degrecs) (GeV/c) Uppexr limits Lower limits
A° o° /40 + g° /10 0° /P+ o°
L 6 0.2 0.009 35 38 13
0 1+1.5 14 0 0 26 1. 2
1.5%3 24 0 0 £l 25 5
il S (9. 0.005 35 36 14
90
1 = 3 13 15 0.6 21 18 B i)
i 2.l 1 2.4 0.05 ) 25 13
1L = 3 1.8 22 0,5 30 21 6

The probabilities are given as percentages of the
number of interactions produced. For OVLﬂtS produced 1n
the lead block Ly the columns headed A° , 8° and A°
give regpectively the upper llmlts of the probabllltlas to
observc the decays of only the A -particle, only the B
particle, and of both particles. For events produced in
the plates, thu*flgurcs are the lower limits of thogo pPro-
babilities. @ 1s the angle of emission of the A1 <particle
in the C.M.8., p is the momentum of the incident 77 -meson.
In this calculation the nuclcon was assumed at rest In the
calculation of the probabilities the decay of the @1~particle
into two 7T -mesons was not taken into account,
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It is impossible to make the exact calculation of
that probability in a cosmic-ray experiment, because many
elements which would have to be well-known are not, such as
the exact energy and direction of the primary 77 -meson, the
angle of cmission of the /\O— or Qo—particle in the C.M.S.,
the point of the target where the interaction occurred (the
masses and the mean lifetimes of the particles are supposed
to be known). Nevertheless, by making rcasonable assumptions
about the primary momentum and about the angle of emission of
the particles in the C.M.S., limits of that probability can
be calculated. The geometrical uncertainties are greater
when the interaction cccurs outside the cloud chamber than

when it occurs inside,

Due to the large thickness of the lead block Ll
placed above the cloud chamber (Fig. 1.1), only an upper
limit of the probability for both the A°C. and the @o-particles
to decay in the illuminated volume of the chamber can be calcu-
lated, corresponding to interactions which cccurred at the
bottom of the block. When the interactions cccur in the plate

in the middle of the chamber, on the contrary, a lower limit

of that probability can be calculated. Table 5.2 gives the

result of the calculation for several energies of the T7 -meson
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and several angles of emission in the C,M.S., assuming collision
with a free nucleon and primary direction making the angle not
greater than BOO to the vertical. The table lists for events

produced in the block L, the upper limit of the probabilities

1
to see only the /1O—docay, only the Go-dec&y and both decays;
for events produced in the plate the upper limit of those prol
babilities are given, The calculation was not carried out

for 7T -mesons of momentum greater than 3 Gev/o, because the

TT -meson has to be a secondary of an interaction and the aver-

age energy of such T -mesons is expeccted to be between 1 and 2

GeV (Camerini et al. (69)).

iii) The CERN-Jungfraujoch_group_expcriment_on

T - ] o e o oo e o e e e e e e

o S - s T G T St S S o — - o o St

The CERN-Jungfraujoch group (6) made a comparative
study of the single neutral V-particles produced in the copper
and carbon plates. The numbers of ~1°- and Qo—particles pro-
duced in those plates and observed to decay in the chamber were
determined, and then, correcting for the probability of obser-
vation, the numbers of /1°- and e°-particles produced in those
materials were calculated. The results are reproduced in
Table 5.4, where the corresponding numbers of observed single

charged V-particles are also quoted. The number produced was
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obtained by dividing the number cbserved by the probability of
observation. The probability of observation was calculated
for every particular Vo—particle taking into account the
measurcd momentum, the mean lifetime, the position of the decay
point and of the line of flight in the cloud chamber, The
mean lifetimes used were 3,0 x lOﬁlO sec for the /4O~particle

and 1,0 x thlO sec for the Go-particle.

The data of Table 5.4 show that the "measured" pro-
bability of observation of the decay of a single A% op 8°-
particle produced in the plate is ~/ 50%, It is important to
notice the agreement of the "measured" value of v 50% with
the calculated lower limit of that probability reported in
Table 5.2, This indicates that the calculated lower limit of
the probability to see both decays, of the A°- and of the 0°-
particles produced in reaction (1), as quoted in Table 5.2, is

very recalistic.

iv) Evcnts produced_in_the plates_according

o — ——— f— —— o - S Y i T S

Lo _reaction Il

- . g -

Let us compare the obscrved number of events produced
in the plates according to reaction (1) with the expected number

if all the A °- and the Qo—particles had been produced according
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TABLE 5,

Summary of V-cvents from copper and carbon
obtained by the CERN-Jungfraujoch group

Copper | Carbon Totals
A% 9 1 Total| A° | 6° | Total
Particlecs observed 27 | 26 5% 10 18 28 81
Particles produced 54 | 54 108 19 39 58 166
(10) | @0) | (30)
|
Observed Charged V-particles 3 | 4 7
! L

5363

The numbers of particles produced in cach
materials werc obtained by dividing thc numbers
observed by the probability of observation, as
described in the text, The numbers in paren=
thesis relative to carbon correspond to events
produced in the plate only; the others corres-
pond to events produced in the plate and in the
wodge.
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to that reaction. Table 5.2 shows that for values of the
momentum of the 77 -mecson between about 1 to 3 Q%l, the lower
limit to the probability of sceing the decays of both the /10-
and the Go—particles produced according to reaction (1) varies
very little with the angular distribution of the particles in
the ¢.M.S.; we can take that lower limit as 5% for all values

*
of @ ,

Table 5.4 shows that there are 54 /1O= and 54 =g
particles produced in the copper plate; if we assume that all
of them arc produced according to reaction (1) we should
observe 3 or more pairs ( /10, e° ) from copper fitting the
dynamics of that reaction. The same table shows that there
are 10 /1O~particlos and 20 Qo—particlcs produced in the carbon
plate; on the same assumption we should expect 1 or more pairs
(A°, 8% ) from carbon fitting the dynamics of reaction (1).
The observed numbers are 3 pairs from copper and none from

carbon.

With such figures it is not very surprising that we
do not see any pair from carbon, because of the poor statistics.
In any casec, we should expect to observe morc events produced
according to reaction (1) in copper than in carbon, because

secondary 7T -mesons are easier produced in copper than in carbon,
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The statistics are very poor, and in experiments
e i, S i . o} )
like this we cannot calculate exactly how many pairs (A ~, 6°)
have been produced in copper or carbon according to rcaction (1).

But, if we now take into account also the two following facts :

a) according to Eisler et al.(la) the decays ofn 30%
of the /Wonhyperons and ofzx:lE% of the Qo—mesons arc not seen

because of the decay modes : /1 ©wn 4+ T° ang 9; > T+ Tro;

b) as we shall see in the next chapter, therc is
evidence for some cof the /1O—hyperons originated from copperto

be produced in some process of conversion of strange particles ;

we conclude that the numbers of events from the copper plate
that are observed are cvidence that reaction (1) occurs fre-

quently in copper, produced by secondary 77 -mcsons.,

Events in which two neutral V-particles were

produced above the ecloud chamber,

v e e - - - — ——— ——

Table 5.1 shows that among the events produced above
the illuminated volume cof the cloud chamber, there are 11 events
in which one of the two Vo—partioles was identificd as a K°-

meson, and 9 in which neither of the Vo—particles could be
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identified, The 20 events were analysed in order to find out
whether rcaction (1) could account for their production, The
measured momenta of the two Vo~particles and the angle ﬁ be~
tween the lines of flight allowed an analysis based on diagrams
1 to 8 of Appendix I, in the same way as described in Seetion

2 1) for the events produced in the plates, The conclusion was
that only event SG 75 fits the dynamics of reaction (1), with
case ¢ of the nucleon's Fermi momentum. The other 19 events do
not fit the dynamics of this reaction. The clements of the

dynamics of reaction (1) for event SG 75 are listed in Table Do

There is an important characteristic of the dynamics
of reaction (1) which must be cmphasized at this point. When
the angle ¢ between the lines of flight is small, less than, say,
400, one of the two Vo-particles is slow : taking into account the
Fermi energy either the /1O-hyperon has momentum less than 900
MoV/c, or the Ko-meson has momentum less than 450 MeV/c. This

can easily be seen from diagrams 1 to 8 of Appendix I,

The measurements that are reported in Table 4.4 show
that in cur events the angle ﬁ is in general small, but both
the Vo—particles are fast. The nucleon's Fermi momentum does

not help; in diagrams 3 to 8 the extreme conditions for each

5363



- 101 -

of the cases b, ¢ and d of the nucleon's Fermi momentum were

taken into account.

At first it might scem surprising that 3 out of 4
events procduced in the plates fit the dynamics of reaction (1),
and out of 20 produced above the illuminated volume of the
cloud chamber only one does. The calculatcd probability of
seeing both the decays of the A °~ and the Qowparticlos, given
in Table 5.2, show that we should expect to sec very few decays
of both the particles when they are produced in the lead block

L This probability is dircct consequence of the dynamics

1

of the recaction (1). When the reaction occurs in the lead

block Ll’ the /1 °~ and the Qo-decays are seen only when they
are emitted at small angles in the L.S. As was alrcady pointed
out, in this case one of the Vo—particles is slow. Therefore,

it has very high probability of decaying before reaching the
illuminated volume of the cloud chamber.

ii) Scattering of the Vo-particles

e e S e S A T R SR e e -

The existence of hyperfragments shows that the e
particle interacts strongly with nucleons. We must expect that

z40—particles are frequently scattered by nucleons. This point

5363



- Lrwue -

will bc emphasized in Chapter VIII, when the spectrum of

the /10~hyperons will be discussed, We could think that the
19 events produced in Ll and which do neot follow the dynamics
of reaction (1) were produced according to that rcaction and
then the scattering of one or both Vo—particles changed the
original values of momenta and angles. This hypothesis is
completely ruled out, because as was pointed out in i) the
general reason why the events do not follow the dynamics of
reaction (1) is that the VO-particles arc too fast for the
observed angles ﬁ. This cannot be explained by scattering,
since scattering should producc exacfly the opposite cffects,
i.e.; should slow down the particles and give at lcast random
angle distribution,.but not systematic collimation of the lines

of flight.

iii) Other possible production reaction

2 e e has e R e i S e i o S SR oy A R

The following processes can account for the production
of the 19 cvents originated above the illuminated volume of the

cloud chamber which do not fit the dynamics of rcaction (1).
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a) Each of the two Vo-particles could have been
produced in separate clementary interacticns which occurred
inside thec same nucleus (in a cascade process). In this case
the association of the two Vo—particles in the same photograph

is casual.

The auther devecloped several statistical arguments
in order to calculate how many of the events correspond to
casual association; in all of them so many assumptions have
to be made that no reliable result can be obtained, It is
worth menticning only the following : if we assume that in
the vast majority of the elcmentary interactions no more than
2 ncutral V-particles are produced, then very few of the 19
events arc cases of casual association. Otherwisc we would
conclude that in 50% or morc of the times in which two neutral
V-particles are produced in an interaction inside a nucleus,
there is a second interaction inside the same nucleus which

also produces two other VO-particles.
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b) The rcactions :

B+ A s 89+ 5 (2)
N + N —> KO+‘K_-O+N+N (3)
TN —> K +K° 41 (4)
T+ N => N° + K © 4 a7 (5)

We shall see in the next chapters that there is
evidence that rcactions (2), (3) and (4) occur often in our
experiment. Ccnsidering that at the cnergy of ¢ GeV the double
and triple production of 77 =mesons occur about as often as
single production, we should expect reaction (5) to compete

scriously with rcaction (1) at high energics.

The cascs of onc neutral V-particle

associated with onc charged V-particle

The measurements madc on these events arc rcported
in Tables 4.5 and 4.6, Out of the 10 observcd cases, 8 werc
produccd above the cloud chamber, 2 in thc copper plate (SL 496
and TB 249) 2nd none in carbon. With the cxcoption of cvent
SL 496 in which the charged V-particle is a K-meson, probably
a Kﬂygwmeson, the other nine charged V-particles listed in

Table 4.5 cannot be identified,.
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Let us examine rcaction (7).

Steinberger's groups(l9) and Glaser's group(2o)(21)
show that when é-i—particlcs arc produced in T -meson-nuclecon
collisions according to reaction (7) the £ t-particle is
emitted predominantly forwards in the C.M.S. In the notation
used in diagrams of Appendix I, the t—particle is emitted
in the C.M.S. at angle Q*<'Pv 60°, Diagrams 9 to 16 of Appen-
dix I show that the K-mecson which is associated with the & t—
particle is then emitted in the L.S. at an angle between 50O
and A 1200. When a €%-meson is emitted from the plate at such
an angle, the probability of sceing its decay is nearly zero.
In fact, among the obscrved decays of all strange particles

produced in the copper and carbon plates there is not one single

dccay of a 0"-meson or charged K-meson above the plate.

We analysed the difficulty of detecting reactions (6)
and (7) when they occur in the plate. When the rcactions occur
above the illuminated volume of the c¢loud chamber the probability

of sceing the decays of the particles is still smaller,
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i Analysis_of _the cvents in

B e s —— o —— o .

As our charged V-particles cannot be identified, cach
event has to be analysed twice. First, assuming that the charged
V-particle. is a K-meson with the momenta quoted in Table 4.5 and
trying to fit interaction (6) by using diagrams 1 to 8 of Appen-
dix I. secondly, assuming that the charged V-particle is a
E:—hyporon with the momenta given in Table 4.5 and trying to £it
reaction (7) by comparing the values of momenta and angle ¢ with
diagrams 9 to 16 of Appcndix I. The conclusion is that only
event SL 101 could have been produced according to reaction (6),
in casge ¢ of the nucleon's Fermi momentum, and events SU 908 and
SZ 984 could have been produced according to reaction (7), in

case ¢ of the nucleon's Fermi momentunm.

The simplest rcaction of a 77 -meson with a nucleon does
not explain, then, the production of the majority of these events.
We cannot prove that the two particles of event SL 101 were pro-
duced according to reaction (6) nor that the particles of events
SU 908 ond SZ 984 werc produced according to reaction (7); we can
only say that the measurements made on the threec cvents are not
inconsistent with the dynamics of reactions (6) and (7); the
measurciients made on the other seven events listed in Table 4.5

arc inconsistent with the dynamics of thosc two reactions.
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Due to uncertainties in the identification of a
charged V-particle and to the impossibility of calculating
the probability for a charged V-particle to decay in the
illuminated volume of the eloud chamber, these events are
not so useful as the ecvents that show two necutral V-particles.
If rcaction (1) occurs frequently in heavy nuclei, produced
by secondary 77 -mesons, we should cxpect reactions (6) and (7)
also to occur frequently, but in our experiment we have no

direct evidence for this.

Comments on the other events

i) Cases of three neutral V-particles

R e e i b e - S i — o ——

By combining two by two the three momenta and angles
reported in Table 4.8, in order to seec whether some combination
agrees with the dynamics of reaction (1) we conclude that no
combination is consistent with this reaction, As we have only
two events of this type and they present no special fecatures, we
shall try not to make any further analysis of then. The number
of events is very small and we should expect two or three casual
associations of this type. We cannot decide whether or not they
are cases of casual association or examples of "multiple pro-
duction" of strange particles, as reported by Tsai-Chu and Max

(70)

Morand.
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ii) Events_of_the_type Vo-particle

Therc are threc such cvents, reported in Table 4.7.
Event BN 1534 is extremely important and will be described at
length in the ncxt chapter, The other two events present no

special intecrest.

e e e e e T i e i s S s S . o

The result of the measurcments made on this cvent
are reported in Tables 4.10 and 4,11, Neither of the @O-mesons
with the V -particle satisfies the dynamics of reaction (7),
under the hypothesis that the V -particle is a -3 “~hyperon.
It is remarkable that the three strange particles are associated
with a shower of very high energy, certainly more than 40 GeV,
containing 10 other fast particles. Table 4.10 shows that the
V -particle has momentum > 2.6 GeV/e if it is a hyperon, and
one of the 6°-mesons has momontum (8.4?%:2) GeV/e.,  This
measurement in itself shows that the quality of the photograph
is cxtremely good. It might be that the cvent is a casec of
associated production of a = ~-particle (strangencss -2) with
two Goumosons, similar to the event reported by Sorrels et al.(EB)

but we cannot prove it.
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Plate 2

EVENT RQ 31 -~ A is a ncgative charged V-particle, B its

charged sccondary; C, D and E, F arc the decay products of
s} ; i
two K -mesons., The three strange particles are associated

with a shower with visible energy greater than 40 GeV.

A
AN
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Conclusions

The following conclusions arise from the analysis

presented in this chapter,

1, Reazction (1) occurs frecquently in the copper
plate, produced by secondary 77 -mesons originated in the plate,

probhably in the same nucleus where the reaction occurs,

2. The majority of the observed events which consist
cf two copunctual strange particles (neutral + ncutral or

neutral + charged) originated in the lead block Ll are not pro-

duced in a two-body 7T -meson-nuclcon interaction. The Fermi
cnergy of the nucleon was taken into account. These events

are produced in some other processes in which the strange par-
ticles are produced with high energy and with the lincs of
flight collimated, These processes could be, for example,
reactions (2) to (5) and the corrcsponding rcactions in which
the /lo-particle and the XK°-meson arc replaced by charged

hyperons and K-mesons respectively.

3., It is reasonable to assume that the same types
of interactions occur in the lead block Ll and in the copper
plate, But due to lifetimes and cencrgiecs of the Vo-particles

at production, the pairs (1 °, %) produced in rcaction (1) are
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predominantly seen when the reaction occurs in copper plate.
On the contrary, the pairs (VO, VO) produced in other reactions
are predominantly seen when they are produced in the lead

block L when produced in the copper plate they escape through

15
the bottom of the cloud chamber,
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CHAPTER VI

EVENTS WHICH CONSIST
OF TWO IDENTIFIED K-MESONS

1. Introduction

In the Gell-Mann model of the fundamental particlcs
there are two doublets of K-mesons: one, characterised by
strangeness S = +1, is formed by the positive and a neutral
K-ncson; the other is the doublet consisting of the anti-
particlcs of thosc K-mesons, namely the negative K-meson and the

anti-neutral K-meson, and consequently has strangeness S5 = =1.

In all the other models of the fundamental particles
there is a similar division of the K-mesons into two groups. In
the Sachs model, for instance; there is a class of K-mesons with
attribute a = =1, formed by the positive and a neutral K-meson;
and a sccond class, with attribute a = +1, formed by the negative

and ancther ncutral K-meson,

If we accept conscrvation of strangeness in strong

interacticns there are two ways to prove whether K-mesons with
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strangencss -1 exist : 1) one way is to observe cxperimentally
the absorpticn of a necutral K-meson by a particle with strange-
ness zero, to produce a particle which is known to have strange-
ness -1; 2) the other way is to observe the associated production
of a necutral K-meson with either another neutral K-meson or with

a positive K-moson,

Therefore, to test the classification of the K-mesons
in the acceptable models of the fundamental particles it is
extremely important to observe cxperimentally the following cases

of associated production:

o) o] : + . -
two K -mesons, a K -mczon with a K -meson, a XK' with a X -
9 7
meson, in the three cascs without the production of other strange

particles if the reaction is produced by “ordinary" particlcs.

Three events interpreted ag sssociated production of a
K- with a K -mcson have been found in nuclear cmulsion cxperiments,
and onc event interpretcd as associated production of two R -
mesons was found in o diffusion cloud chamber. Among the thrce

(9)

events found in emulsion, in one, reported by Lal ot al., and
; ) ) : . (71) + =

in a sccond, rcported by Friedlander et al., o K= and 2 K -
meson encrge from a star together with many other particles,

Those authors assumc that both K-mesons have been produccd in the

samc clemcntary ccllision, and do not discuss the possibility of
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them being produced in different interactions inside the same n
nucleus, In the third cxample, found by Cccarclli et al.,(72)
the KT~ and the K -mesons arc produced in a simple interaction,

without any other charged particle. The event interpreted as

associated production of two K°-mesons was found by Fowler et al§7j)

in a hydrogen diffusion cloud chamber attached to the Bevatrons
from an interaction produced by a 4.3 GeV 77 -mcson colliding
with a proton emerge a Qi-muson, a7 T -megon and a proton,
Momentum and cncergy balance shows that another K -mcson was pro=

duced and escaped detection.

In this chapter we shall study in detail two events ob-
tained in the Jungfraujoch cxperiment, which give strong support
to the idea that there arce twe classes of K-mesons. One event
shows the associated production of two Kowmesons, the other shows
the associated production of a K°- with a K+=moson. The three

o} .
K" -mesons are all seen to decay.

Events Obscrvced in the Jungfraujoch Experiment

During the systematic analysis of the events reported
in this thesis, 6 events werce found in which two "copunctual"
strange particles arec identificd as K-mesons. In 4 of these

events both Kemosons arec ncutral, in the other 2 one is neutral
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and the other is positively charged. Although the mecasurcments
nade on thesc cvents are given in Tables 4.4, 4.5 and 4.7, the
rcsults of the most rclevant measurcments arc repecated in this

chapter in Table 6.1.

It might be that besides thesc 6 cvents there are others
which show two ncutral K-mcsons, among the events of Table 4.4 in

which at least one of the Vu-particles could not be identified.

It is worthwhile to point out that the positions of
the origins of these 6 cvents alsc show how important is the
study of the events produced inside the cloud chamber, Only
cvent NJ 42 was produced outside the cleoud chamber; the other
five were produced inside: event VB 913 in the carbon wedge and

the other four in the plates.

There is a remarkable difference in importance between
cvents NJ 42, SL 496, TF 1561 and VB 913 on onc side, and events
SN 1534 and VB 53%6 on the other, As is shown in Table 6,1, from
the interactions which produce the K-mesons of the first 4 cvents
several other charged particlces also emerge. In cxperiments
like this it is impossible to find statistical argumcnts which
prove that both K-mescns in any of thesc 4 events were produced
in the same elcmentory act. (This remark also applies to the
(9)(71)

events found in nuclear crnulsions in which thc pairs
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, K )-mcsons are associatcd with stars of many prongs.) How-

(K
cver, in cvents VB 536 and SN 153%4 the simplicity of the inter-
action is such that the probability of the two K-mesons being

produced in one clementary act is very large.

We shall then describe in detail cnly cvents VB 536 and
SN 1534, It must be emphagized that the analysis of the two
events can be remarkably well done, becausc, besides the simpli-
city of the interaction, the photographs arc of good quality and
in both cases the interaction occurs in the middle of the plate
and in the middle of the illuminated depth of the cloud chamber
(see plates 3 and 4). The two events have been reported by

(4)

Ccoper ot al,

Event VB 5%6

This cvent shows two ncutral V-particles and a single
slow proton coming from an interaction in the carbon plate. The
interaction is produced by a neutral particle, presumably a
neutron, Plate 3 is a photograph of the event: A, B, C and D
are the four charged decay products of the Vo—particles, P is the

proton,

The line of flight of the proton mcets the intersection

of the two decay planes of the Vo~particlcs at a point in the
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Plate 3

Carbon Plate

/ \
g 4 3 \ \
A% / v \\ \
B
/ \ y
v Y P
C D
EVENT VB 536 « A, B and C, D arc the decay products of the

0 ; . . .
two K - mesons, P is the proton., The event is extensively discussed

in the text.
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TABLE 6.2

Mcasurcments made on cvent VB 536

a) Tracks
(1) (2) (3) (4) (5) (6)
! ; s Calculated
AR 87 o Ionization | Length Momentum Momertum
(IO) (cm) (M@V/c) (MOV/C)
A i < 2 8.0 - 530 540% 40
B : < 2 0 | ¥ 410 930% 50
o £ < 2 12.5 | »1300 1450%150
D i < 2 13.0 | >1400 1160%150
P + 3 to 6 11.5 1 -
(i
b) Angles
(7) (8) | (9) (10)
Tracks Angle (7) Tracks Angle ()
A B 33.0% 1 ¢ 18.5% 1
a0 T it
Vg & Lo.;+ 2 Tog 0 7.o+
Vig B 12.5: o Vep 11.5%
Vaz Vop Bk 1
Planc (AB)  Plane (CD) 55 2
+
Plane (VAB VCD) Planc (AB) 72; 3
Plane (VAB VCD) Plane (CD) 20=- 2
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(caption)

The ionisation densities given in column (3)
are visuel cstimates. The lower limits to the momenta
of perticles A, B, C and D given in column (5) arc the
valucs of maximum dctcctable momentum corresponding to
the track lengths given in column (4); they were calcu-
lated as deseribed in the text. Vap and Vgp stand for
linc of flight of Vg and Vgpy respectively, The dircctions
of these lines of flight have been obtaincd on the assump-
tion that the VP-particles come froem an interaction in the
graphitc platc located by track P and the planes of the two
V-decays. The momenta in cclumn (6) have becn calculated
“using the angles given in the table and assuming that the

9] . )
two V'=-particles arc Qi-mesons.
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carbon plate, This point was considered as the point of inter-
action, The lines of flight of the two Vo—particlos are the
lines that join the point of interaction to the apexes of the

Vo-decays.

The ncasurements made on this event arc given in
Table 6.2, The limits to the ionisation densitics given in
column (3) were established with visual cstimatcs nadc indepen-
dently by five observers. None of the four tracks from the
neutral V-events show a measurable curvature, The lower limits
to the momenta of the four particles A, B, C and D, given in
colunn (5) are the maximum detectable momenta corrcsponding to
the track lengths given in column (4). As cxplained in Chapter
I, in the Jungfraujoch clcud chamber the mexinum detcctable
momentun is 4 GeV/e for a vertical track 25 om long, and thc as-
sunpticn is made that it varies with the square of the track
length for lengths less than 25 em and is constant for longer

tracks.,
Track P is certainly the track of a proton. Fortunatcly

the moncntun cf this particle is in the range of the curve monmen-
p g

tum versus ionisation in which a proton is c¢asily identified.
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i) Analysis of the Vo-particlc which
decays into A and B (V9g)

This Vo—particle cannot be a /ﬂo-hyperon, because the
product of the momentum of the negative sccondary (P.) by the sine
of the deeay angle (YY) is greater than 118 MeV/e (sce Astbury(66)),
As the track of particle B is shorter than the track of particle
A, the lower limit to the momentum of B is less than the lower
limit to the momentum of A, If we assumc that particle B is the
negative sccondary, we have P_sin(ff> 217 MeV/e.,  If we make the
pessinistic assumption that the momentum of particle B is only

half the moaximum detcetable momentum, the value of P sin 99 is

o)
AB

/1O—particle. However, there is also the following rcason why

only groater than 108 McV/c, allowing interpretation of V as a

(0]
VA B

Table 6.2 allow an analysis of VZB based on the (X , € ) para-

meters of Pcdolanski and Armcnteros.(6z) If we assume that VKB

0 ; ; - .
is & 7 -particle, this analysis shows that the maximum value of

cannot be a /qo—particle: the angles given in column (8) of

the monentunm of the proton sccondary is only 350 MoV/c. A proton

with such a2 momentum has icnisation equal to five times the mini-

rmum ionisation, This valuc is inconsistent with the observed
o ; O 0
ionisation of tracks A and B, Therefore, V cannot be a /] -

AB

. o
hyperon, It is thercforc a K -mncson.
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It would be of great value to know whether this neutral
K-meson is a Qi—mgsan, which decays into two charged 7T -mcsons
with a Q-value of (214i5) MeV, Unfortunately, as tracks A and B
show n¢ measurablc curvature, only lower limits to the Q(77 , 77 )-
value can bhe calculated, 'If the momenta of particles A and B
are taken to be equal to the apprepriate maximum detectable momen-
tum the lower limit to the Q(77, 77)-valuc is 106 MeV. If we make
the pessimistic assumption that the mementa of both particles are,
in fact, only half the maximum detcctable momentum, that lower

limit bocomes 37 MeV.

g 4 o
If we assume that VAB is & Gl-meson, the momenta of

particles A and B can be calculated from the angles given in
column (8) of Table 6.2 with an (X, €) analysis. The rcsults
arc given in column (6) of that table. The corresponding momen-
1 -meson, is
(1400i70) MeV/c. On this assumption its time of flight is

tum of VKB, under tho assumption that it is a @°
1.5 % 107 ape.

ii) Analysis of the V'-particle which
decays into C and D (VgD

This Vo—particlc cannct be a /10-hypcron, because
P_sin HP > 390 MoV/c. If, again, we make the pessinistic as-

sumption that the momenta of partiecles C and D are only half the
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maximum detcctable momentum, the valuc of R_sin‘%)is greater

than 195 ¥McV/c.

Again we cannot decide whether the Vo—particle is a
Qi-mescn, because we cannot calculate the Q(Tr ,77*)-value of the
decay. Assuming that the momenta of particles C and D are the
maximum detectable momenta given in column (5) of Table 6.2, the
Q(1r, 7 )-value of the decay is 236 MeV. Under the pessimistic
assumption that the momenta of both particles are only half those

meximun detcctable momenta, the lower limit to the Q(77,77)-value

is T7 MeV.

o O "
If we assume that VCD is a Ql-meson, the momenta of

particles C and D calculated from the (%, €) parameters, using

the values of angles given in column (10) of Table 6.2 are quoted

0
CD

) MGV/C. On this assumpticn its time of flight is

in column (6) of that table. The corrcsponding momentum of V

+3%20
~180

0.4 x 1640 gee.

ig (2550

iii) Final rcmarks

Both Vo—particlos are K%-mesons. The lower limits to

o}
AB

possible that both are deccays of Qi—mosons, but it is alsoc pos-

the Q(77, 7 )-valucs of the decays of V,. and ng shew that it is

sible that they are "anomalous decays'. It is worth emphasizing
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that the times of flight of both Vo-particles obtained on the

; O ; :
assumption that they arc anmcsons are consistent with the mean

lifetime of the @i—mcson (o1 x 10-10 scc, )., This fact does not

give any dircct evidence for identifying the K°-mesons as 05 -

1

mesons, We can only say that if the K°-mesons had a long mean
lifetime, for instance AJlO—B scc,, the probability of observing

both tc decay would be extremcly small,

Event SN 1534

In this event a neutral V-particle and a non-decaying

K-meson are the only visible products of a nuclear interaction in

the copper plate, The primary of the interaction is again neutral,

presumably a neutron. Plate 4 is a photograph of the cvent :

A and B are the charged secondarices of the neutral V-particle,

¢ is the K ~meson. Track C meets the planc of the VO—decay at
a point inside the copper plate. This point lics very close to

the continuation of track B.

The mecasurements made on this event are given in Table

B35

i) Analysis of the V'-particle

The resultes of the measurcments which are given in

Table 6.3 show that particle A, the positive sccondary of the
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Copper Plate

EVENT SN 1534 - A and B arc the decay products of the £ - Meson ,

; o . 7 + i i .
C is the K - meson. D is another K - meson, which stops in the

plate and gives risc to the charged secondary E.
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Vo-partiolc, has mass between 220 and 430 electronic masses.

Particle A is then a light meson, Consequently, the Vo-particlu
canriot bc a /1o-hypuron. It is a neutral K-meson.
Track B shows no curvature. Only a lower limit can be

given to the momentum of particle B, cqual to the maximum detect-
able momcntum corresponding to tho adequate track length, Due

to this fact, only a lower limit to the Q(77 , 77 )-value of the
decay can be calculated. This lower limit is 225 MeV if we as-
sume that the momentum of particle B is the maximum detectable
momcntum, If the momentum of particle B is taken to be half the
maximum detecctable momentum, the lower limit to the Q(77,77)-value
of the decay is 106 MeV. There is then consistency with the

Q=-value of the decay of the Qo-mcson. The Ko-meson cannot be a

1

7’O-moson, becausc for this particle the Q(77,77)-value can never

be greatcr than 80 MeV,

If we assume that the KC-meson is a Qi=moson, the momen-
tum of particle B, calculated from the mcasured momentum of
particlc A and the Decay anglc of the Vo-cvent is (1050%40) MeV/ec.

The corrcsponding momentum of the VD-particla, under the assump-

tion that it is a @;—mcson is (1090%50) MeV/c.  With thesc values
it is found that the line of flight of the Qi—mcson meets track C

in a point inside the copper plate. The time of flight of the
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Vo-particle, on thc assumption that it is a Qg—meson, is
1.6 = 10-10 scc.; (This value is not in contradiction with the

mean lifetime of the @§~meson).

ii) The identification of the K'-meson

It is well known that it is difficult to identify a
positive K-mcson in a magnet cloud chamber when the K-meson doces
not dccay. The reason is that duec to uncertainties attached to
visual cstimates of ionisation, the track of a supposed K+—mcson
could in fact he the track of a proton. However, two peculiari-
tics make the identification of particle C as a K*-mcson extremecly

rcliable.

Firstly, particle ¢ has a momentum of only (220%15)
McV/c, which is in the range of momentum in which the differcnce
between thc ionisation of a proton and that of a K-meson is very
large, A proton with such a momentum has ionisation Between 9.5
and 11.5 times the minimum ionisation, which is completcly out of
the range 3 to 6 times the minimum ionisation estimated for
particle C. This range was confirmed independently by four

other observers, besides the author,

Secondly, event SN 1534 shows a sccond K+-moson (particle

D) which stops in the platc and gives rise to only one charged
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secondary (particle E), producing a characteristic S-cvent. The
measured momentum of particle E is (188X12) McV/c.  Correccting
for the cnergy loss in the platec, we conclude that this particle

was cmitted from the decay point of particle D with a momentum

of (204t%2) MUV/G, if B is assumed to be Q/M -megson, or with a

+19
=15

W
decay is probably that of a Kﬁ?-meson (p = 205 MGV/C), but could

momentum of (207 77) McV/c if it is assumed to be a 7T -meson. The
*

also be the decay of a Eaz—moson (p = 236 MOV/G). By comparing

the measurements made on tracks C and D, which are given in

Table 6.3, we conclude that if particle D is a K-meson, particle

C is also a K-meson,

The Production Reactions

As pointed out in Scction 1 of this chapter, the im-
portance of the two events which have been described depends on
the rcactions in which the strange particles were produced., It
will be cagsicr to discuss at the same time the production reactions

of the two cvents.

Assuming that strangeness is conscrved in strong inter-
actions, therc arc three processes in which two K-mesons may

arise from a nuclear interaction.
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A) PFirst process : The first process is that in which

cach K-meson has strangcness +1 and is produced as-
R : o} 2’ . :
sociated with a /1 = or a -hyperon, both of which have strange-
ness =l, in a cascadc proccss inside the nucleus. In this case
the K-mcsons are produced in scparate clementary intcractions.

Let us examine first the associated production with /4O-hyperons.

The primary particle of the interaction of cvent VB 536
in precsumably a ncoutron. The neutron can initiate a cescade
process by colliding with eithcr a ncutron or o proton of the
carbon nucleus. The only cascadc which could give rise to only

the two K°-mosons and the proton is the following s

initial collision : =n +n—=>7T  +n + p (1)
(T + p=> 1% + &° (2)
secondary collisions ( 5 5
(n+n=>1° 4+ 5 +n (3)

The primary particle of the intcraction of cvent SN 1534
is also presumably a neutron. The only two cascades which could

have been rcsponsible for the event arc the following

initial collision ; n+ N=>77 + 7 +n+1n  (4)
- ¢ g x"
"+ p =" (2)
secondary collisions ( 5 o 5
G+ n=+ A" + K (5)
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or
initial collision ¢ n +p-= T + 10 +n (6)
7 o+ n=>A% 4 k" (5)
sccondary collisions 5 &
n+n-=/1"+X +n (3)

The K°- and the K+wmusons would be the only particles which have
been observed; all the other sccondarics would cscape detcction,
Any other initial process diffcrent from (4) and (6) would lcad

: ; - : +
to the creation of more charged particles besides the K -meson.

Using the mecasurements made on the cvents and the known
dynamics of rcactions (2, 5) (which have been studied in Chapter
III), it is possible to estimate the probability of detecting any
of the hypothetical /WO-particles produced with the 4 K-mesons,
In every casc this probability turns out to be greater than 90%.
Making allowance for possible decays of the type A% s qy 4+ 77°
and for nuclear scattering of the /\o—particlcs, this probability
may be slightly but not greatly reduced. This high probability
of detection is primarily duce to thc fact that the two inter-
actions occur very close to the sensitive volume of the cloud

chamber,

Exactly the same argument applics if the processes oc=-

cur with a éfomparticlu produced in place of thc /1O~particlc.

I
N

[#2
AN
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The very short mean lifcetime of the §~O-particle means that the

probability of detection of the /1O-particles is unchanged.

The high probability of detecting either A°= or é;o"
hyperons makes interprctation of the two events in terms of the

rcactions listcd above extremely small,

If associated production of the K-mesons with charged
g ~hyperons had occurrcd, cither the track of the Efmparticlc,

or the track of its charged dccay product, would have been seen,

We can therefore exclude the first process as an

explanation of the events.

B) Sccond process : The second process in which two

K-mesons may arise from a nuclear interaction is the

following : both K-mesons with strangencss +1 are produced as-
; A ol s o@D : )

sociated with a = =~ or a = -particle, which havc strangeness

-2,

The production of a = T-particle is excluded because
either its track or the track of its chargcd sccondary would have

been secn,

; — 0 . ' .
The production of = “-particles in thec rcactions :
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(vB 536) n+p=>="4+%k°+k%+p (7)

(s¥ 1534) n + p—> =% + K° + k" + n (8)

O-particlo would decay

bl

should account for our cvents. The

. o} ; : o}
into a /1 -particle and a 77 -mcson.

However, as the dccay of a E:O-particle was never
obscrved, we cannot claim that these two rcactions occurred. To
clain that reactions (7) and (8) occurred is the semc as to clainm
that we have the first two observations of a.E:oﬂparticlo. As
there is no evidence for the dccay of a.E:O—particlc in ecither

of thc two cvents, we shall exclude the second process.

Wil Third process ¢ The third, and most plausible inter=-

pretation is that the events show the production of
pairs of K-mesons in clementary interactions. As the intcr-
acting particles arc "ordinary" particles, with strangeness equal
to zoro, the two K-mesons of cach event must have cqual and op=-
posite strangencss, i.c¢. one is a "particle" and the other is an
"anti-particle"., In cvent VB 536 onc of the K°-mesons belong to
the doublet with strangeness S = +1, and the other to the doublct
of the anti-particles, with strangeness 5 = =1, In event 3N 1534
the K+»neson belongs to the doublet of the particles, and the o

neson to the doublet of the anti-particles.
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The simplest rcactions whichcould have occurrcd to

producc the cvents arce

ovent VB 536

I

n+p-= K + X +n o+ P (9)
K’

cvent SN 1534 +n +n (10)

I

o pr K

In fact, cvent VB 536 shows, above the plate, two fast
particles travelling ncar the vertical dircction, If we assume
that the dircction of the ncutron which produccd rcaction (9) is
not very different from vertical, the transversc momentun of the
two K°~mcsons and the proton do not balancc, and we then have to
assunc that at lecast onc more particle was produccd. Assuming
that rcaction (9) occurrcd, if we makc no assumption about the
dircction of the incident ncutron it is possible to calculate a
lower limit to the cncrgy of this particle: 1t is 5.7 GeV, T
we assumnc that this incident ncutron is associated with the two
fast particles at thce top of the cloud chamber, then the dynamics
of rcaction (9) is determined, and thc cncrgy of the primary is

unigucly determinced as 7.3 GeV,

Becausce in event SN 1534 no other particlce is secn be-
sidcs the two K-mesons, only a lower limit can be set to the
cnergy of the incident ncutron which could have produced rcaction

(8); it is 3.8 GeV.
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6. Conclusion

Due to the simplicity of the two interactions which
have becen deseribed, the best interpretation for cvent VB 536
is that it shows the associated production of two ncutral K-
mesonsg; ‘the best interpretation for cvent SN 1534 is that it
shews the associated production of a ncutral with a positive

K-mescon, If we now considcr:
a) the conservation laws which hold in the Gell-Mann model;

b) that thc particles which produccd the interactions have

S'tI'f:ll’lgOl’lGS 3 ZeTo;

we conclude that the two ovents are strong cevidence for the

cxisteonce of an anti-neutral K-meson,

Ag far as the author knows, thesc arc the first
cxamplcs that have been obscrved of (K°, X°) and (K*, ¥°) pairs
produccd in simple intercctions in which the K-mcsons have both

been directly identified.
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CHAPTER VII

EVIDENCE FROM SINGLE V- -PARTICLES

1, Numbers of /1°- and Qo-particlcs produccd
in ¢carbon, copper and lead.

Let us call N(QO) and N(/TO) rcespectively the numbers
of %~ and /1O—particlcs produccd in one experiment during the
same running timc. It was discovercd by Blumenfeld ct al.(14)
and confirmed by Blumcnfold(15) that the ratio %%%;% is grcater
for porticles produccd in carbon than for pearticles produced in
lcad, The samc result was also found by the CERN-Jungfraujoch

groupg(lG) which found

Carbon

N(g° S—
NP opper

o
Table 7.1 gives the valucs of the ratio %%%3% for

Hh e 2 1

carbon and lcad obtained by Blumcnfeld, for carbon and copper

obtained by the CERN-Jungfroujoch group and for lcecad found by
=S

Gaythor(T)). Thesc values will be comparcd in scction 4 of

this chapter,
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To cxplain their result, Blumenfeld et al. suggestcd
that inside the nucleus where the strange particles are pro-

duced the following rcaction should occur with great frequency:

£ + > A% + W (1)

The rcaction is allowed by conscrvation of strangeness,
- : 2 ol : 0
Thengéf ~hyperons produccd in associlaticn with € -mcsons would
be absorbed inside the nucleus wherc they are produccd and
: 0 " ;
"gconverted" into A “-particles. Because the lead nucleus con-
tainsg morc nuclcons than the carbon ncuelus, thc absorption
would occur morc often in lead then in carbon. As a conscquence,
o o} -
for the same number of © -mesons, morc /1 -particles would come
out from lead than from carbon. The absorption of £ -particles

%)

has becen confirmed by several cexperiments made with emulsions,
To explain the positive cxcess of K-mesons the CERN-

Jungfraujoch group(z) suggested that the cross scctions of the

reactions of the type:

T+ N> Y0 4 gh° (23
N+N§= Y% 4 x7° 4w (3)
T+ K% & K° 4N (4)
N+ N= KH° + K90 4+ N+ N (5)

vary differcntly with cnergy, such that rcactions (2) and (3)

*) Some oxperiments were reported et the International Con-
ference on Mcsons and Recently Discovercd Particles,
Padua-Venice, Scptember (1957).
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predominate at low energies, but at cnergics of scveral GeV
rcactions (4) and (5) become rather rapidly morc important.
We shall come back to this point in scction 7 of the next

chapter,

0
To explain why the ratio %%%5% ig greater in carbon

than in copper the same group suggested that:

2) in fact rcactions (4) and (5) should occur very frequently,

and then there arc many anti-K-mesons produccd;

b) not only £ -particles are absorbed nccording to rcaction
(1), but also anti-K-mcsons arc ebsorbed in rcactions of

the types:

K"+ 0> A%+ T (6)
° + N> 1%+ (7)
wherce strangencss is congerved, Reactions (1), (6) and

= . 4]

(7) would then explain why, for the samc number of 67~
; 40 . .

particles there arc more -] =particles coming out from

copper than from carbdon,
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Normalisation of the numbers of events
producced in carbon and copper.

To have a better idea about the processcs of production
_ o (6| ; .
of /1 "=~ and 6 -particlcs in carbon and copper, we should normalise
the numbecrs of cvents in terms of a good physical quantity. But,
unfortunately, *this normalisation can only be cxactly donc if we
have a clear picture of the degrec of interdependence of the

nucleong inside the same nucleus.

Let us try two normalisations bascd on two almost

opposite pictures of the nucleus, namely:

a) A normalisation in terms of interaction length.
This is cquivalent to the assumption that the nucleus is very
"opaguc" and that the primary interaction of an incoming particle

takes place precdominantly at the periphery of thc nucleus.

. . : 2 ; "
b) A normelisation in terms of g/em”, In this limit
the behaviour of a eingle nucleon is independent of the presence
of the others; the nucleus is very "transparent'" and the primary

interzection can occeur with nuclcons situated inside the nucleus.

The density of copper is 8.9 g/cm5 and the interaction
length in copper is 105 g/cm2. About 35,000 photographs werec

taken with the copper plate 1.25 em thick inside the cloud
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chambor, The density of the graphite uscd to make our plate

o o i L " , . o 2

ig 2 g/cm . The interaction length in carbon is 65 g/cm

About 19,000 photographs werce taken with the grephite plate

2.5 en thick in the cloud chamber, The normalisation in terms
of intcraction length corresponds to the multiplication of the

nunbcr of cvents produced in carbon by the factor:

1,25.% 8.8 65 ( 35000 ., ,
105 2.5 x 2 19000 - °°

The ncrmalisation in terms of g/om2 corrcsponds to the multi-
plicotion of the number of cvents produced in coarbon by the

factor:

1.25 x 8, y 35000 _
245 % 2 19000  ~

Teking into account the figures quotcd in Table 5.4,
the normaliscd numbersg of /IO- and @Onparticlos arc given in

the follewing table,

‘ In t§rms of In tcrm% of
intecraction length g/om

Cu C Cu C
A% 5y 24 54 40
6% 54 48 54 80
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The normalisations which we made arc two cxtremes;
the corrcet normalisation must be between the two. Ncocvertheless,
the following effect appecars from the figures which we obtained:
from carbon to copper there is an incrcasc in the number of
/1C»hypcrons and a deecrease in the number of Qo-mcsons. The
deercasc in the number of ©“-mesons whon the normalisation is

made in terms of g/cma had been found also by Blumenfeld.

The interactiong produccd by sccondary =I1CSONS
and the bias in the obscrvation of @Y -mesons,

Let us now assume that rcactions of the type (2),
produccd by sccondary J -mcsons insidc the nucleus where the
1T -ncson originated, occur more frcquently in hceavy nuclei than
in light nuclei. Ve shall sce that on this assumption the
differcnce in the angles of cemission of the A%~ and Go—partim
cles in the L.S. would be cenough te account in grcat extent for
the diffcerence in the ratios %%%;% obtained in copper,; lecad

and carbon.

The two-body rcactions producced by sccondary 4 -mcsons

: ; : 0 o )
which give risc to /1 "= and © -particles ares
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T~ +p=21°4+0° (a)
TH g =A% ¢ gt ()
T~ +p-> 8% 4 @° (c)
T+ n> &° ¢+ ¢* (a)
TE+n> £ 460 (e)

The dynamics of these reactions were studied in

detail in chapter III.

It was shown by Bisler et al.(lg) and by Brown et
l.(209 21) that when reactions (a) and (b) occur at encrgies not
much above the threshold the /1O—hyperon is emitted predominantly

*
backwards in the C.M.S. In our notation, © > 1200. Diagrams
. 0 + &)

1 to 8 of Appendix I show that the 1 -hyperon and the K ~ or © -
meson are emitted in the L.S. at angles less than AO When the

reaction occurs in the plate the geometrical bias for the observa-

tion of the decays of the A°- or the Qo—particle is then small,

The same authors show that when reactions (c¢), (d) and

(*)

*
in the C.M.S., i.c. © <<60°. Diagrams 9, 11, 13 and 15 of

(e) occur‘ﬂu;é'—particle is emitted predominantly forwards

(*) Brown et al, had orjginally reported that in the case of
the 50-—3_351;;1:101(, 0" is large and in the case of the & *-
narticle @ is small, At the Padua-Venice Conference,
September 1957, those authors did not maintain this pre-
liminary result, which was based on small numbers of ovents,
and which is in contradiction of charge independence in the
production processcs.
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Appendix I show that in this case the & O-particle is emitted
in the L.S. at small angle. Due to the short mecan lifetime of
the égo—particle, the /4O—particle originated from its decay is
also cmitted in the L.S. at small angle. Diagrams 10, 12, 14
and 16 show that, on the contrary, the 0°- and the K+—mcson

are emitted in the L.S. at an angle gencrally between about 60°
and 1200; at this angle the decay of the 0°-meson is not seen,

even when it is produced in the plate.

The conclusion is then the following: the geometrical
bias for the observation of the /1O—hyperon produccd in reactions
(a), (b), (¢) and (d) is small; the gcometrical bias for the
observation of the ©%-meson is only small when it is produced
in rcaction (a), but is very large when it is produced in reactions
(¢) and (e). As rcactions (a), (b), (c¢), (d), and (e) should
occur more often in heavy than in light nuclei, the geometrical
bias tends to make the ratio %%%;% smaller in heavy nuclei than
in light, This bias would then be enough to explain in grcat
extent the results of each of the threce experiments listed in
Table 7.1 when considered individually. We shall see in the
next section that when the three cxperiments are considered to-

gether the geometrical bias is not enough to explain the results.
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4. Conclusions

The conclusions that arise from the threc last sections

ares

i) The increase of the absolute (normalised) number of
1 hyperons from carbon to copper {(or to lcad) could be caused
by
a) reactions (a), (b), (¢) and (&) producecd by
secondary 77 -mcsons inside the nucleus where the
Tr -mesons werce produced; we cxpeet these rcactions

to occur morc often in copper than in carbon.

b) conversion procecsses of other strange particles

with strangencss -1, such as:

- (0]

E  +N= A + N (1]

K + N> A% +77 (8)

ii) The decrecasc of the absolute (normalised) number of
6%-mesons from carbon to copper could result from absorption

proccsses such ag:

¢ v w = A% T Lt )

or from charge cxchange scattering:

°® +p=> K" +n (9)
¥ +n> K +p (10)
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iii) The results of the cxperiments listed in Table 7.1

can be analysecd in two ways:

o
First - the ratiocs %%%3% for light and hecavy

material obtained in the same experiment can be

compared.

40
Second - the ratios ﬁ 30 for the samc material
obtained in two different experiments can be

compared,

Let us start with the first comparison, i.e. consider
cach experiment independent from the others. The difference
in the ratios %%%g%- in carbon and copper, and in carbon and
lead could then be explained by what was written in scction 3;
in & hcavy material morc secondary 7T -mesons are produced, more
often rcactions (z2), (b), (¢), (d) and (e) occur, and the bias

against the observation of the 6°-mesons produced in some of

0
those rcecactions would make the ratio g ﬁo less in heavy than
in light materials.
Let us make now the sccond comparison, e notice
N(e®)

that for thce same material the ratio ig greater in

N(A®)

cosmic ray than in the machine experiment.
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The 77 -mesons of Blumenfeld's experiment have an
energy of only 2.0 GeV. This encrgy is not cnough to produce
as mgny scecondary 7/ -mesong with cnergy greater than 1 GeV as
in cosmic ray experiments, Therefore, in cosmic ray experiments
rcactions (a), (b), (¢), (d) and (e¢), produced by secondary =
mesons occur more frequently than in Blumenfeld's experiment,

; : ; : 0
As there is bias against the obscrvation of © ~-mecsons produced

N(e®

N(A©

in cosmic ray cxperiments than in the machinc cxperiment. The

in some of those rcactions, the ratio should be less

experimental results show the opposite.

Therefore, in ordecr to compensate the effect described
above and to make the ratio %%%3% greater in the cosmic ray
than in the machine cxperiment, there must be processes in which
6°- or aﬁ;mesons arce produced more often in the cosmic ray experi-
ments than in the machine experiment. The most likely explana-

tion is the following:

The encrgy of 2.0 GeV of 777 -mesons is not much above
the threshold for the production of (K K)-pairs according to the

reactions

T+ N> K+XK+N (4)
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Many cosmic ray particles are well above the threshold

of recaction (4) and thc threshold of the rceactions

N+N=> K+K+DN+N (5)

Rcaction (4) occurs more frequently in the cosmic ray cxperiments
than in the machine cxperiment, and rcaction (5) does not occur
at all in the latter. These reactions could explain the above
ratios, This explanation has still stronger support in the
results obtained with carbon; as the carbon nucleus is light,

there is less probability of sccondary interactions than in the

copper or lead nuclecus. The observed difference in the ratio
N(e?
1% for carbon has to lie in a difference in the primary

interactions which occur in cosmic ray and the machine eoxperi-

ment,

2 p 20
The large difference in the ratios e, obtained in

N{A
cosmic ray and machine experiments suggests that the frequency
of production of pairs of (K K)-mesons is comparable with the

frequency of pairs (Y K).
The feollowing points must be cmphasizeds

first = Reactions (7) or (10) can be important only
if reactions (4) and/or (5) in which @° arc produced, are

important.
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second -~ Reaction (1) could justify in part the

fact that very fQW'éf-hyperons arc scen from the plates,

This is shown in Table 5.4.
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CHAPTER VIII

DISCUSSION

Introduction

The production of strangce particles in a complex

nuclecus is due to threc different proccsses:

Process 1 - The strange particles can be produced
in the collision of the primary particle which enters the

nucleus, 1i,e., in the primary collision.

This process lecads to the crcation of cither a (Y K)-
pair or a (K i)-pair. The simplest rcactions corresponding

to process 1 are:

T+ N> Y +K (13
N+N=> Y+K+0N (2)
T+ N-=> K+K+0N (3)
N+N-=> K+K+DN+DN (4)
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The following particular cases of rcaction (1) will bc important

in the discussions presented in this chapter:

T +p= "%+ @° (1a)
7T +58+> A° + k' (1b)
T +8=> & +6° (1c)
7T +8> & + K (1d)

Process 2 =~ The strange particles can be created in
interactions produccd by sccondary particles of the primary

collision.

We know that the most numerous of thesc secondaries
in cosmic ray cxperiments arce T -mesons with encrgy of about
1 to 2 GeV, The crecation of (Y K)-pairs according to reactions

(1) must be predominant in this process.
Process 3 - The strange particles can be produced by
convergion of other strange particles which were created in pro-

cesses 1 or 2,

The following reactions should occur:
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£ +8» A% + N (5)
@ aN> A% T (6)
K-+ N=> A% +77 (7)
° +p> kt +n (8)
56 +n=> K +p (9)

In a cosmic ray experiment it is impossible to separate
the frequency of occurrence of each of the three proccsses. But
we shall see that there is a series of experimental facts that
collected together give good cvidence that, at cosmic ray energies,

the crecation of (X E)—pairs is as important as the creation of

(Y K)=pairs, The experimental facts are the following :
1 - The number of pairs (A1° 8°) produced in the copper plate,
2 = The observation of the production of pairs (K+ KO) and

®° K°).

o
3 =« The ratio § 20 for carbon, copper and lead.

4 =~ The spcecetrum cof the 6°-meson.

5 = The spectrum of thc/4o-hyperon.

6 - Thc positive cxcess of K-mesons.

7 = The high encrgy of the strange particles and the collimation

of their lincs of flight in most of the 47 "double" events

analysed in this work.
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The number of pairs (/10 90) produced

in the copper plate.

The analysis of the pairs (A © 6°), which was presented
in chapter V, gave the following information: sccondary 7/ -mesons
produccd in heavy nuclei frequently interact with nucleons, in-
side the nuclei where the 77 -mesons originated, to produce (Y K)-
pairs., This result was also obtained by Boldt et al.(BO) who

showed that this is true in the case of iron.

The expcrimental observation of the production

of pairs of (X' X°)- and (¥° X°)-mesons.

In chapter VI two events which show the production of

(k* X°)- and (k° K°)-pairs were described. Reaction (4) is the

Four other events listed in chapter VI are very likely
to be further examples of production of (K Eﬁ)—pairs. It is
also worth mentioning that in more than half of our cvents which
show two neutral V-particles one of the Vo-particles was identi-
ficd as a K -meson. In many of these events the other Vo-particle
could not be identified. This can be seen from Tables 4.4 and
Hlarils It is then likely that among our events there are more
examples of association of two Ko-mesons, besides the six events

reported in chapter VI.
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o}
The ratio g.i for carbon, copper and lcad.
(15)

The discussion of the experiments of Blumenfeld y

(75)

Gayther and the CERN-Jungfraujoch group, presentecd in chapter

VII, showed the followings:

A) - if cach experiment is considered individually,
o
the ratios ﬂ i found in each experiment can be satisfactorily

explained bys
: ; ; 0l ~0o
i) frequent production of pairs (] € ) by
secondary -mesons in heavy nuclei;

ii) bias against the obsorvation of the @°-

meson when produced in such pairs.

0
B) - A comparison of the ratios g‘go for the same

material, especially carbon, obtained in machine and in cosmic
ray experiments, give strong evidence that the production of

pairs of (X K)—mesons is important at cosmic ray energies,

0 ; ; :
The spectrum of the © -mesons in cosmic ray experiments.

Jeniss Y wng Gaythert (30 Tound hat THe QIPfersrtTaL
momentum spectrum of the Go-particles produced in lead has a
maximum at about 850 MeV/c. Recently the CERN-Jungfraujoch

(6)

group confirmed that result: the momentum spectrum of
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0%-mesons produced in copper and carbon show that the number
of such particles produced with momentum less than 700 MeV/c
is only about 10% of the total number of ©°-mesons originating

from the copper and carbon targets.

o) . .
The momentum spectrum of the © -mesons found in cosmic

ray experiments is in agreement with the following facts:

a) the 6°-mesons which are produced in rcactions (1),
i.e. in the pairs (¥ GO), when emitted forwards in the C.M.S.
arc emitted at small angles in the L.S. and are fagt in the L,S.
(sec diagrams 1 to 16 of Appendix I). There is no geometrical

bias against the observation of such fast Qoumesons.

b) the 6°-mesons which are produced in reactions (1),
when emitted backwards in the C.M.S., are glow in the L.S., but
are emitted at large angle in the L.S. Therefore, there is
strong geometrical bias against the observation of such glow

o)
@ -mesons.,

The occurrcnce of reactions (6), (8) and (9) in
"Process 3" is consistent with the non-occurrence of slow GO-

(%)

mesons,

e

(*) It must be kept in mind that the decay of a 6°-meson appears
in a cloud chamber as the decay of a 8 -meson; when one of
them appears isolated, we cannot distinguish one from the
other,
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We have no information about the 0°- and 6°-mesons
produccd in rcactioms (2), (3) and (4). But we can say that:
cither the slow ones are emitted predominantly at large angle
in the L.S., in the samc way as those produced in rcactions

(1); or 6°- and ©°-mesons produced in reactions (2), (3) and

(4) are prcdominantly fast in the L.S.

The spectrum of the A °-particles in
cosmic ray cxperiments,

(37

Reynolds and Treciman were the first to point out
that there is a vory large number of slow /1O-particlos produced
in cosmic ray experiments. The author, in collaboration with
G.D. James(l), determined the differential momentum spectrum of
/4O-particlcs produced in lecad. They found that it corresponds
to a power law with exponent v -2 in the momentum range ~ 0,25
GeV/c tors 5 GeV/e. The same authors calculated the differen-
tial momentum spectrum using the data reported by Gayther and
Butler(76) relative to /1O-particles momenta fromAs 0,25 GeV/c
torv 1,2 GeV/e, and found agrcement with the spcotrum obtained
with the data of the Jungfraujoch cxperiment. Recently the
CERN-Jungfraujoch group(6) determined the differential momentum
spectrum of /1O-particles produced in copper and carbon and

found agrecment with the previous results.
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All thosc mcasurcments show, without any doubt, that
the number of /40-particlcs produced in nuclei incrcases when
the cncrgy dcecreases, and that there is a large number of A
particles which emerge from nuclei with momenta of the order of
300 MuV/c (kinctic encrgy s 40 McV). However, cvidence for
the large number of /1O-particles with still less cnergy is given
by the c¢xistence of a large number of hyper-fragments, produced

by Z1°-particles bound in nuclei.

. o . - e

The large numbers of slow /1 -particles is difficult to
explain only in terms of production in 77 -mecson-nuclcon or nucleon
nuclcon collision, without any additional process. The reason is

the followings

Reactions (1) and (2) arc both endothermic, As discussc
in Chapter III (pages 52 and 63) the E.R.L. rcprcsents the limit
of the possibility for the A1° to be produccd in those reactions,
The minimum momentum of the /1O—hyperon given in Figures 3.2 and
3 B (or Table 5.2), arc thc absolute minimum of the momentum of
A1 °-hyperons produced in rcactions (1) and (2); only in case b
of thc nuclcon's Fermi momentum is this minimum as low as 65 MeV/c
This is also true if 77 -mesons arc added to the right-hand side

of cquations (1) and (2).

5363



- I5T =

Only two mecchanisms can explain the large number of

0
slow /1 =hypcrons,

a) Scattering of the ~1°-particlc by nuclcons inside the nuclcus
where it is produccd, This mcchanism had been suggested in
the work which the author had made in collaboration with

G.D. Jamus(l).

b) Very slow /1O—hypurons can be producced in the reactionss:

£+ N> A 4+ W (5)
53 + N = A% T (6)
K-+ N> A% +7T (7)

Rcaction (5) to produce slow O—hyporons had been

suggcsted by Reynolds.CYT)

The dynamics of rcactions (6) and (7) arc rcpresented
in detail in Figures 17 to 20 of Appendix I, The diagrams show
clearly that when slow K -mcson or Eﬁ;meson intcract with a
nuclcon toe producc a /1O—particlo, the /1O-particlo can also bc

slow. Rcactions (6) and (7) arc both cxothermic; somc of

their characteristics have been emphasized in Chapter IIT,
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7. The positive exccess of K-mcsons

It is well known that thorc is an cxcess of the posi-
tive over the negative charged K-mesons, obscrved in cosmic ray
cxperiments with cloud chambers and with nuclear emulsions, and
in experiments made at the Bevatron with nuclecar cmulsions. The
G-stack groups(78) give a ratio of 10 :1 for the number of posi-

(79)

tive to number of negative, Chupp ¢t al. give 100 : 1, and
the CERN - Jungfraujoch group (2) gives 3.4 ¢ 1 as an average of

all cosmic ray cxperiments with magnet cloud chambers.

If rcactions (1b) and (1d) occur oftecn in hcavy nuclei,
produced by'ﬂ'—mesons, inside the nucleus where fhe"ﬂr—mesons are
produccd, they account in grecat extent for the positive cxcess of
K-mesons. The rcason is that most of thosc 77 -mesons have encrgy
well above the threshold energy of rcactions (1b) and (1d).  Duec
to conscrvation of strangeness, in rcactions (1b) and (1d), only

positive K-mesons can be produced, the negative can not,

Besson et al.(23) madc¢ an cxperiment to study the pro-
duction of K-mcsons in nuclcar cmulsions by 4.3 GeV 77 -mecsons of
the Bevatron, They conclude that: a) the majority of the K -
mesons were produced in primery interactions of the type of re-

action (%), produccd by the incident 77 -mcsons; b) the majority
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ot ) ; : .
of the K -mcsons were not produced in the primary intceraction,
but were produced associated with a hyperon, in an interaction

of a sccondary T/ -meson (i.e. reactions (1b) and (1d) ).

As had been suggested by the CERN-Jungfraujoch group,
the largc occurrence of rcactions (3) and (4) at cosmic ray

encrgics contribute to the positive excess of K-mesons.

The high cncecrgy of the Jungfraujoch "doublc" events

It has been mentioned in Chapter V, but it is important
to cmphasizc again at this point, that the cvents which have been
analyscd in this thesis, which show two ncutral V-particles, or
one ncutral and one charged V-particle, arc in gencral fast and
collimated (sce Tables 4.4 to 4.11). The high cnergy of both
the V-particles of cach cvent is not consistent with them being
producced in rcaction (1), but is consistent with them being pro-

duced according to rcactions (2), (3) or (4).
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CHAPTER IX

CONCLUSIONS

The conclugions of this work can be summarizced in the

following way:

1) The work shows strong cvidence for the cxistence of
an antimKo—mcson, as had been precdicted by Pais, Gell-Mann and
Nishijima, As far as the author knows, the two events pre-
sented in chapter VI, showing the production of (X, K)-mcson
pairs, arc the only two cascs of this kind which have been

reported up to this time.

2) The process:

T+ N> Y+ K (1)
is well established from machince experiments using frec 77T -
mesons, This thesis provides strong cvidence that sccondary
T -mesons produced inside a hcavy nuclcus frequently produce
reaction (1) in intcractions with furthcr nucleons in the same

nuclcus,
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The difference in the frequence of this reaction
observed with cvents produccd inside and outside the cloud

chamber is due to bias in observation.

5) It is known that strange particles produccd in a
nuclcus may convert, in furthcer intcractions in the nucleus of
production, into strange particlcs with the same strangencss;

as for instance in the proccsscss

+ N (2)

+ T (3)

In a hecavy nucleus, rcaction (1) produccd by secondary
T ~mesons in the nucleus where the 77 -meson was produccd, and
rcactions (2) and (3) arc cortainly of importancc, The pro-
blem is too complex to allow a quantitative evaluation of the
number of pairs (Y K) and (X K) produccd in primary intcractions
compared to the number of pairs (Y K) produccd by scocondary 77 -
mcsens, or to allow an cstimate of the frequency of the con-
version proccsses (2) and (3). Nevertheless, the two follow-

ing conclusions arise:
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L) A large frequency of rcaction (1), produccd by

sceondary /! -ncsons 1s cnough to account in grcat extent for

the following experimental facts:

a) the positive excess of K-mesons;

O
b) the ratio %%%F%-in copper, lead and carbon in each

of thc threc cxperiments listed in Table T.1;
¢c) the gpecctrum of the Qo-mcson;

d) the speetrum of the,/]o—hyperon above ~s 40 MeV;
the cxplanation of this spectrum below 40 McV in terms of
rcaction (1) only would rcquirc that A “-hyperons with kinetic
cnergy of that order has large probability of being scattercd

insidc the nuclcus wherc it was preoduced.

A large frequency of rcaction (1) does not account
for the facts:

o

¢) the ratios for thce same material are grecatcer

N
(A
in cosmic ray c¢xpcerimcents than in the machine cexperiment;

f) the high cncrgy of the strange particles and
collimation of their lines of flight in the Jungfraujoch “double!

cvents,
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B) Frequent production of pairs of (K K)-mesons at cos-

mic ray cecncrgies has

i) - it
a), b), ¢) and d) if

also frequent;

ii) -~ it

4) One of the

as conscquencess

completes the explanations of facts

we assume that rcactions (2) and (3) are

accounts for facts e) and f).

rnogt important conclusiong of this work is

to show that reactions lcading to pairs of (K K)-mesons are, at

cosmic ray encrgics,

to the production of

of comparable importance to those leading

(Y K)=-pairs.

5) The dctailed study of the dynamicg of some reactions

in which Ke-mesons and hyperons arc produced, and the diagrams

prcscntud'in Appendix I proved to be useful in the analysis of

cosmic ray experiments.
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APPENDIX I

DIAGRAMS RELATIVE TO THE REACTIONS
7+ B> Y + K AND K+ N=>Y +77

The diagrams that follow represent the dynamical
‘quantitics, in the C.M.5. and in the L.S., rclative to the

following rcactions:

TN A%+ K (1) Figurcs 1 to 8
T+ 8> Z +K (2) b 9 to 16
K+ N= A+ (%) " 17 to 20
K+ N> & +77 (4) n 21 to 24

The dynamics of these rcactions werc studied in
detail in chapter III, Bach rcaction was considered four
times, corresponding to the four cascs a, b, ¢ and d of the

nuclcon's Formi momcntum, as deseribed in chapter IIT.

It is important to notice that in the diagrams
rclative to the hyperons and also in thosc rclative to the K-

mesons, the dotted lincs arc curves of constant angle of
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cmission of the hyperon in the C.M.5., © . The full lines
arc curves of constant momentum of the incident particle in
the L.8, (77 -meson in reactions (1) and (2), k-mcson in

rcactions (3) and (4) ).

In all diagrams thc vertical axis rcprescnts the
angle of emission of the particle and the horizontal axis
represents its momentum, in the L.S. For the calculations

the following valucs of the masscs have been usecd:

C2
T -mcson 139.5
K-mcson 493%.4 &
nucleon 938.2 U
AP aparticle 1115.0 i
S -particle 1190.0 L
* % %
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AFPPENDIX II

ABSENCE OF ANGULAR CORRELATION BETWEEN PLANES

As was cxplaincd in chapter IV, the angle between
the plancs of the two V-dccays and the anglcs botween these
two plancs and the plane determined by the twe lines of £light
were measured for cach event, The results arc given in Tables
4.4 to 4,11, Although it is a negative result, it is worth
mentioning that scveral combinations werc tricd with these

anglcs but no corrclation was found,
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