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Abstract

This thesis 18 a preliminary account of work carried
out to examine the characteristics of the isospin I = 1 and
I = O channels

Kp » N
and Kp » £%re at primary momenta between
150 and 480 Mev/c.

The experiment used the British National Hydrogen
Bubble Chamber at the Rutherford Laboratory with a Track
Sensitive Target configuration, which provided gamma ray
detection.

Two approaches are adopted to separate these normally
ambiguous.channels. The first is a sEatistical separation of
the kind used by previous workers, the second uses the
gamma ray detection of the Track Sensitive Target to resolve
these two channels directly. The results of the two methods
are compared and are in good agreement. The presence of the

A (1520) 1is clearly demonstrated in the determination of the
branching ratio of K p # AT® to Kp » N . neutrals,as a
function of momentum, and in the angular distribution of
. the Z° in the K p centre of mass system. There is no evidence

for the 5 (1480) resonance.
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CHAPTER ONE

This thesis describes preliminary data on K meson
interactions with hydrogen, using a track sensitive target
inside a bubble chamber containing a hydrogen-neon mixture
for gamma ray detection. The aim of the experiment as a
whole,was to measure cross-sections for all channels
produced by K mesons below 500 Mev/c; the data presented
here is on the channels producing a ﬁ( hyperon and neutrals
for X~ momenta between 150 and 480 Mev/c. In particular
the momentum region 340 to 440 Mev/c,where most of the
statistics aré available, 1s compared with the high statistics
experiments of refs 1.1 and 1.2, and the dominance of the

A.(ISZO) clearly demonstrated. The statistics are 1ow’but
it seemed worthwhile to check the data in a region that had
already been measured and to set up an analysis system for
use with the final.data when assembled.

In Chapter 2 the basic bubble chamber and track
sensitive target are described, together with a brief descrip-
tion of the beamline. Chapters 3 and 4 describe the film |
analysis chaln adopted to provide the data discussed in
later Chapters. Chapter 4 also shows the selections made on
the data to provide a cleaner sample.

_ In Chapter 5,an analysis is shown using the missing
mass sQuared to the point Ao fit and the channel branching
.ratio to Aqﬂf shown as a function of momentum. Ih Chapter 6
a method of maximum likelihood is used,to find the production
angular distributions of the A%” and ‘iqf°channels as a

function of momentum. _ .



Feynman_Diagrams of the s and t channels
for K p interactions

s=channel
K X
Y 3*
P X
2
t-channel

Fig 1-1




Chapter 7 shows these derived angular distributions
compared directly with those obtained from ATr°ana £°r°
constrained fits using the Ao + one seen gamma ray events and
Chapter 8 - presents the conclusions of these'analyses in
a short final chapter. |

Appendices are attached with fuller derivations of
some of the relationships used in the text.

The rest of thils chapter gives some of the background

to what 1s known about the low momentum K p interactions.

1.1 SURVEY OF LOW MOMENTUM K p INTERACTIONS

At low momentum the K p system can be used to form
an intermediate Y* in the s-channel as opposed to the
t-channel (see fig 1.1). However these low momentum K beams
present difficulties and these are described in the
following chapters.

Below 500 Mev/c there have been two high statistics
experiments sﬁudying K p interactions refs 1.1 and 1.2 and
a lower statistics experiment at zero momentum ref 1.3 .
This region is dominated by the A (1520) which decays
predémina.tely into NK and $%°. Other Y* resonances have
been claimed in this region notably the £ (1480) ref 1.4,
however the evidence for these is somewhat slender.

A Y* resonance has a particular isospin ( 0 (A), 1 (Z))
most final state channels are a superposition of these
e.g.

P 1s {173 [I=0>+J-1—_/E[I=1>+ 1/6 [I=2>

The I = 2 state cannot be present since the initial state




Kp can only have I =0 or 1 ( Ig = Ip = 1/2), but any
resoriance Y* structure has to be unfolded from the super-
position of the two isospin states O and 1. The neutral
final states AT® and £7°  are pure isospin I =1 and I =0
states respectively and offer cleaner channels to explore
the excitatibn of Y* reson;nces. However kinematic overlap

(see Chapter 5) presents a difficult problem of separating

these channels. Other workers have resolved them statistically

(a8 in Chapters 5 and 6 )-

1.2 THE TRACK SENSITIVE TARGET CONCEPT

The concepf of the track sensitive target is to detect
gamma rays, so that a fit can be made to these channels
directly. The experimental details are given in Chapter 2.

¢
A + one seen gamma ray

. ()
A s My (%)
This gives a 1C fit to the unseen gamma ray where the

¥ +¥ mass is constrained to be that of a T° .

s°r°» Ay ()
1C fit again with the combination A°+ gamma, ray mass
constrained to be that of the 2°.
With one gamma, the AT should always fit,if this is
the appropiate channel, the £4r° will.only fit if the gamma
is frém the £° decay to A%Y.

°.
A_+ two seen gamma rays




o] )
A TC A ¥ ¥
This is now a 4C fit the gamma + gamma combination

forming a T°.

%7 » N¥v (%)

This gives a 1C fit to both ¢
a) oné gamma combined with the A® constrained to give a £°,
and the other gamma combined with an unseen gamma constrained
to give a ™o,
b) both gammas constrained to give a TT° ,with the missing
gamma combined with the A to give a £°.
At least two gammas are needed to ensure a fit channel.
In this thesis, there were only ehough statistics to use the
Ao + one gamma ray events (see Chapter 7), hence suppressing
the statistics of the £.'-’rr° channel with respect to the Ao'ﬂ'o

channel.



CHAPTER TWO

In this chapter, 6 the basic bubble chamber operatinn
1s outlined, and this is followed by a descriptinn of the
track sensitive target, its specification for this experiment
and the various modifications for low momentum peams, together

with a brief description of the beamline itself.

2.1 THE CHAMBER

Figure 2.1 shows the plan view.of the British National
Hydrogen Bubble Chamber with its surrounding magnet. Its
volume is 150 x 45 x 50 cms. The chamber is photographed
by three cameras positioned 1.4 metres away in the configurat-
ion of an isosceles triangle, which has a base (=height) of
480 + 0.1 mm. The observable volume 1s 300 litres. This basic
chamber was modified to accept the track sensitive target
which forms the basis of this experiment. These modifications
only effect the normal operation of the bubble chamber in a
minor way and will be described in the next section.

The operation of the bubble chamber is complex in detail,
but 1té principle of operation is as follows. |
| The proton synchrotron, NIMROD, gives a timing pulse
30 ms before the beam arrives; this pulse is delayed, to
allow for the tirﬁe of flight of the K beam and used to
trigger various pleces of equipment.

The expansion cycle is initiated at about 15 ms after
the timing pulse. The static pressure Ps of the liquid in the
chamber, which is higher than the vapour pressure Pv, is

decreased rapidly. (Ps in this experiment was 117.4 psia and
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Pv was 76.0 psia).

Ps falls below Pv and the 1liquid is now in its sensitive
state, when charged particles will form tracks of bubbles.
These bubbles form around the ions created in the superheated
liquid by the passage of charged particles.

.Ps continues to fall for a further 5 ms and the bubbles
formed are allowed to gfow for 1 to 2 ms beforé they are
photographed using electronic flash tubes. The pressure Ps
is then reapplied, which collapses the bubbles and the chamber
is ready for the next cycle.

The factors which are critical to the correct operation
of the syﬁtem include: -

a) If the expansion is not fast enough, the liquid will boil
off the various surfaces raising the pressure above Pv again,
resulting in the sensitive region not being reached.

b) If the reapplication of Ps is too slow, large quantities.
of the liquid will have been boiled off with result of even
slowér recompression as large amounts of vapour have to be
liquified again.

c) If thé flash tubes are fired too soon the resultant picture
will have lost tracks due to insufficient bubble growth and
traéks due to low momentum particles will lack enough bubbles
per centimetre to produce reliable ionisation measurements.

A typical pressure-time curve is shown in fig 2.2.

-The apparent size of the bubbles, determined from their
images is about 250 microns in the chdmber. This large size
is due to the small apertures of the cameras, this produces a

diffraction pattern (the Airy disk) which is the image on the
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photogfaph. The small apertures are required to ensure

adequate focussing over the whole depth of the chamber.

2.2 THE TRACK SENSITIVE TARGET

. The hydrogen bubble chamber is one of the most powerful
tools availdble to the high energy pﬁysicist. Its main
weakness is the long conversion length for gamma rays into
electron-positron pairs(212.5 metres). Bubble chamber
expgriments have been performed with chambers filled with
heavy liquids e.g. propane and freon with conversion lengths
of 1.4 m and .14 m respectively, however the advantage of
having a pure proton target for primary interactions 1s lost.

'To_overcome this problem the track sensitive target
(T.S;T.) was developed. The system is shown schematically in
fig 2.3 and in more detail in fig 2.4.

The T.S.T. 1s,in essence, two bubble chambers one inside
the other and operating simultaneously. The operating temper-
atures'and pressures of the chamber are chosen to make the
hydrbgen in the target volume.and the mixture, in the outer
simultaneously sehsitive. It was because of the different
temperatures of the two. regions that é change 1n_the normal
operation of the bubble ghamber had to be made, sepafate
.cooling loops had to be introduced to maintain the mixture
and the hydrogen target at their optimum operating temperatures
(fouﬁd empifically).'No separate expansion mechanism was
provided for the target. The necessary expanslon was achieved
by'a 1% change in the volume of the target, caused by pressure

vafiations in the mixture being transmitted Sy the flexible
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Perspex walls. The amount of wall deflection required to
aehievé the- volume change, was 500 microns.

The mixture fof this experiment was 78% Neon 22%
Hydrogen by molecular weight. The conversion length for this
mixture was'about 0.40 m. This was not as good as one would
have 1iked, but experimental conditions did not allow higher
doncéntrations of Neon. As outlined in Chapter 1, this is
essentially a/<ﬁ5°experiment and the target dimensiéns have
to be commensurate with the decay length of the A at this
momentum i.e. of the order of 10 cms. The target was eventually
bullt with internal dimensions 135 x 33 x 7.5 cms (approx).
This allows a large section of solid angle for gamma ray
detection and a reasonable volume for primary interactions
and short-lived secondaries, to be visible in the hydrogen
target. .

The optimum operating conditions were found by trial and
error and eventually the temperatures were set at 29.5°K for
the hydrogen target and 29.8°K for the hydrogen-neon mixture.

- This produced fine tracks in the hydrogen and reasonable
but denser tracks in the mixture. The denser tracks in Ne/H

mixfure are due to the higher ionisation loss of particles

in these parts of the chamber.

2.3 BEAM ENTRY INTO THE CHAMBER

. This experiment is investigating the low momentum region
from 0‘- 500 Mev/c K interactions. At these low momenta the
K—.in the beam would decay over the length of the beamline

to the bubble chamber. To overcome this problem, the beam was




HIGWVHD 3HL13IW S-I 404 139UVL w>:_.mzmm Wval

NN . SOOI AR ,/mm&éu//////////// N
. ///VVVY S e L A v
| @@@@@@@@oo@@oo@@@@o@o/n .
13%Ivye P ot
aans (©) m./ : o
@ -3a011S
i > ..H _MOONIM AMINZ W38
m i [—
_ _ Wv3e
] : \\.me WNIONI
uxshvae | el \ e
|/ °fo e Lg%ﬁzﬁz
= AR -~ %.r /
i Nid NOILvI01 : MOONIM zo_h<UOJ MOGNIMY - ) d007 ONIT00d ainon 1394vi | .
_ / / - \ " 3KVA dNND
HIDNASNYYHL 3UNSS3IHd 13NSV9 318VIVIINI Iv3S WNIGNT . 7N UNSS3IHUd VNOIVA 1091dS NOLVYION - 3ATVA ONN
J.. .“
K5 || | S T W . VT S
' i) ¥ — 1 T —
.. - |me .+.|+. |+. |T .+. +Lw|+.Jr ++++++++++
IL. _ F——Ft11 BRI AREE R
_.




14

transported at higher momenta.(abqut 700 Mev/c) and before
the kaons entered the hydrogen target, they were slowed by
ionisation loss in a 30 cm aluminium degrader. However, even
with'?bo Mev/c kaons, there 1is a problem with the bubble
chamber hain magnet. The fringe fleld at the beam entry port
(see fig 2.1), 1s large enough to deflect these kaons away
from the chamber. In this region;éorrection magnet had to be
inserted to counteract this effect. It was positioggd to
allow the incoming kaons to be deflected upwards as the main
magnet deflected them downwards. The field of this magnet
was adjusted until the particles were travelling through the
degrader and into the chamber.

The side effects of the degrader were:-
a) a spread of momentum, which was not too large (Ap = 50
Mev/c); but 1t does mean thét the beam momentum is not too
well-known;
b) a lot of neutrai particles were produced in the degrader -
decayihg or interacting in the chamber - giving a lot of
background. However this did not prove serious in practice
~and it was found that beam contamination was of the order of

10%, mostly muons and pions.

2.4 THE BEAMLINE

- The K19 beamline at the Rutherford laboratory, was used
for this experiment, a schematic dlagram is given in fig 2.5.
The 7 Gev/c protons from the NIMROD proton synchrotron, struck
a cbpper target in which various inte;actions produced kaons

and other particles; these include pions and muons. The




15

o=2

9s S§S

(d3Xx1d)
€EHI

ENTTAVED BT

.omx_u:
"THD .

Pig 2=

1393vL
L]




16

. - 11
number of protons per pulse was of the order of 6 x10 ,

producing on average about 30 kaons at the front of the
degrader in the chamber, and about 10 entering the target.

The secondary emission chamber (S.E.C. in fig 2.5) gave
a Clear idea how well the proton beam was hitting the target
by counting bgckward-going particles. This had the advantage
of checking targetting but did not reduce the beam intensity.

‘The mixed beam of kaons, pions, muons etc., passed
through a horizontal collimator int6 the first of two quad-
rupoles, the first focuses ig the horizontal plane, the next
in the vertical plane. |

The beam was now comparatively narrow in the horizontal
direction and mildly focussed in the verticald plane sufficient
at least to enter the aperture of the.first bending magnet.
(M119 on fig 2.5) This is the first stage of momentum select-:
ion. Selection of momenta was achieved by the current setting
of the first bending magnet and also the horizontal collimétor
CHZ(;Some momentum selection was also achieved by adjusting
theiquadrupoles, only the values around the central momenta
were focussed on=to CH2. This momentum bite cannot be too
small, otherwise there would be sizeable number of particles
in the beam for further separation.

'-.The beam was now ready for mass separation. This was
done with electrostatic separators (S108 and S101 on fig 2.5).
Electrostatic separators only work effectively below 5 Gev/c,
as for much greater momenta, the velocity'difference between
different types'of particles is insufficient. Thé electric
field was vertical to the beam direction and the deflection

| .
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that the particles experience, depends on théir velocity. As
by this time all particles have approximately the same momenta,
the result of the electrostatic separator was a mass separ-
ation. A particle mass bite was selected by the collimator
cva.

The above formed the basic units of the beamline.
Subsequent stages involved further mass separation and Jjust
before.entering the bubble chamber magnets, a further momentum

selection (M110), as shown in fig 2.5.

2.5 THE EXPOSURE SUMMARY

The momehtum range in the chamber covered in the whole
experiment was about 0 - 500 Mev/c. In the exposure from which
the‘présent data 1is taken, some 433;000 pictures were obtained.
This film was distributed equally between the four collabore
ating laboratories; Birmingham - Durham - University College,
London.'ﬁach laboratory had film covering the whole momentum
range;

3'The data presented in this thesis is the total currently
available at Durham and represents 20% of the total film that

was exposed. A summary of.the run is given in table 2.1

TABLE 2.1 &
BLOCK ROLL NOS. 10008  APPROX NO. APPROX.ENTRY ° APPROX.EXIT
NO. FRAMES K/FRAME MOMENTUM MOMENTUM
1 1-105 229 5 260 0

2 106-126 5k 8.4 315 235
3 127-147 4s 10.1 370 320
Yy 148-168 54 12.3% Los 370
5 169-188 51 8.8 - 4445 - h1o
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CHAPTER THREE

o In this and the following chapter, the film analysis
chain adopted to provide the data discussed later, 1is out-
1ined. in all bubble chamber experiments, there has been .
established a well-defined structure of film anaiysis. This
consists of scanning, measuring, geometric reconstruction
and kinematic fitting to physical hypotheses. The details of
each process are experiment depéndent, although standarad
computer programs exist to handle the reconstruction and
kinematic fitting of events. In the present analysis, the
RHEL prdgrams, GEOMETRY and KINEMATICS were used. The use of
a T.S.T. introduced special requirements in the analysis
chain and'these afe &iscuséed in the next chapter. Since
Durhamﬁ group approach i1s to extract data on all physical
channels of interest in this experiment, the account in these
two chapters 18 not restricted to those channels considered

in detall later.

2.1 SCANNING

Scanning 1s the first‘step of film analysis. It involves
looking at the film for vérious configurations of tracks
which are characteristic of different types of physical
channels. An initial step of this process is first deciding
what to look for. In this T.S.T. experiment gamma rays can
be detected and therefore any channels which can produce
gamﬁa rays are especially important.

At these momenta (0-500 Mev/c), there are six two body

interactions which can be investigated, these'arez
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K p+K p elastic scattering
o
2K n charge exchange (90 Mev/c)

-9§?}r‘
Y o
»£°°
. +‘A°1T°
(the number in () is the threshold X momentum)
In addition there are the three body final states:
K p » 2°/I\°'n""vr“
+.£;(A°1T°Tr°
> & rrre
s £t

3.1.1 KAON DECAYS

As well as interacting;the K~ decays, mostly into/#—SL
and T W°but with a 5.59% branching ratio into the tau decay
mode,Tf"W'“d: This decay has the distinctive signature of
threé pion tracks at the primary vertex. (Ionisation'of the
pion tracks distinguish the tau decay from other three prong
decays.)'This makes it easy to see in scanning.

If one of the tracks fof the tau-decay mode was less
than 1 cm long and dark, the event was noted as probably
being an interaction with an isolated neon atom' (but was
still subsequently‘measured). Throughout this experiment,
there was a small seepage of neon 1nt9 the target and hydrogen
into the outer chamber. Events with foﬁr or more secondaries
were all recorded as neon events. From these events it was

posSible-to estimate the neon contamination of the target.
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The number of neon events, of the order of 1%, indicated
that the contamination was low and that neen interacﬁions

formed a very small background to the experiment.

3.1.2 ELASTIC SCATTERING

ﬁlaétic scatters are copiously produced in this momentum
region and to avoidifiooding the measuring system (the next
stage of the process) with too many events to be handled in
a8 reasonable time, elastic scatters were only scanned for in
a subset of the rolls of film, giving reasonable statistics.
(Approximately 1000 elastic scatters were measured in each

momentum block. )

3.1.3 CHARGED SIGMAS

K p» é:fTT
s £-Twt
Followed by st s TT°, ™% two gammas
' >n T
S anm’”
The charged sigma production can be divided into two categoriéq
those without the possibility of ﬁ gamma ray and those with.
In thellatter, thé only'category is sigma+ production, in
which the sigma+ subséquently decays into a proton and a pi-
zero, the pl-zero in turn decays into two gamma rays.
The length of the sigma before decaying 1s of the order
of 5 mﬁ,:These events are very distinctive. The only significant
decay:mode for the sigma- 1is to pl- and a neutron. The pion

track 1s usually light (in hydrogen) and long. It may pass
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into the neon-hydrogen mixture, where, as explained in
Chapter 2,'1t will form a darker track: Similiarly with the
sigma+ decaying into pi+ and a neutron.

With a siéma+ decaying into a'proton and a pi-zero,
there are two pogsible signatures. The decay track of the
sigma+, (the proton),is now darkish in the hydrogen ( and if
it gets into the neon-hydrogen mixture- black) and is usually
only a few centimetres lbng. The second possible signature
is an aésociated gamma ray. This gamma ray in the form of an
elecffon-positron pair, is from the decay of the pi-zero.

As the pl-zero decays very quickly (0.84 x 10- secs), the
pl-zero decay vertex and the sigmﬁ+ decay vertex, are

virtﬁally identically located in the bubble chamber.

3.1.4 ZERO PRONG INTERACTIONS

These are interactions with an associated Vo.
K‘paKon Konr*v"
» A’ we A° s p ™% two gammas
» £°%w® £°%5s A%+ one gamma

One of the first problems to come to light with the
zero prong interactions, was the large number of K tracks

stopping in the Perspex walls of the T.S.T., with or without
o .
an associated V. . In later analysis, a cut was made on the

data to eliminate possible Perépex interactions producing

o - o

V s in the hydrogen. (V s in the hydrogen-neon mixture were
' o)

ignored.) To eliminate as many unassociated V s as possible,

(o) .
the V had to lie within a circle,radius approximately 10 cms
of the zero prong. As explained in Chépter 1, this experiment
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is prim@rily aimed at the l\o/ £° ambiguity above, the only

difference being the extra gamma ray from the z{odecay. A

careful scan was madé for gamma rays associated with Vo events.
'Figs 3.2 to 3;5 show computer displays of various

categories of actual measured events.

3.1.5 SCANNING PROCEDURE

_ A fiducial area was defined for the film from camera
2. Each hydrogen track was examined until it :-
. a) left the hydrogen target (entered the Perspex walls
and méybe subsequently the neon-hydrogen mixture)
b) left the fiducial area |
c) interacted or decayed.
" For (a) and (b) the track was ignored. For (c) the flow
chart fig 3.1 was followed, resulting in interactions and

tau decay modes being recorded.

3.2 SCANNING EFFICIENCIES

To evaluate scan efficiencies the film was double-
scanned. (Some was triple-scanned). By compariéon of the
number.of events which are common to both first and second
scahg (1/2), the number seen in the first scan only (1 Z)
and the second scan only (4 2), the overall efficiency of -
scanning can be found:

If p = probabllity of observing an event on scan 1

(WY

P = probability of observing an event on scan 2

N

N = actual no. of events on the film

C

N = no. of events seen only on scan 1

[
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N = no. of events seen only on scan 2
2
N 2= no. of events seen on both scans
1
then

N=Npaq
1 012

N=Npaq
2 021

N =Npp
12 012

whereq =1 - p and the scans are taken to be independent.
i i
This gives

1 12

N=(N +N )(N +N )
0 1 12 2 12
N
12

The total efficlency of the. two scans combined is

E=N +N +N
o 1 2 12
N
0

Given in table 3.1 are various probdbilities and over-
all scanning efficlencies for various classes of events, on
a sdmple from all momentum blocks. It must be emphasized that
these efficiencies do not represent the total losses for any

channel but Just give an indication of the losses due to

scanning.
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TABLE 3.1 (ref 3.1)
CLASS OF EVENT NO. OF NO. OF NO. OF p p E

1/2 12 1 7 ' 20

SIGMAS _ 642 158 153 .81 .80 .96
(o]

\'A 510 183 178 LT LT7h L93

TAU DECAYS 264 58 . 41 .87 .82 .97

3.2 MEASURING CONSIDERATIONS

The programs,(described in the next chapter) which
process the measured events, reqonstruct them from the film
plane of the camera and transform them into chamber space.
The sfandard measuring system used in Durham,employs image
pPlane digitizers, giving_an accuracy of about 100 microns
in ihe plane of the projected image of the film on the table.
With a magnification factor of about 15, this transforms to
approximately 7 microns in the film plane.

_The transformation from image to film plane can be
done analytically, and to demonstrate the number §f consider-
aﬁions-involved,(this 1s detalled below), in practice a poly-
nomial of order 5 was used.

To transform the image produced by the projector back
to the film plane, requires a very general approach to allow
for all kinds of rotations and distortions of the image due
to .1lens aberrations and the angled positions of the projectors.

Starting in the image plane, the following transform-
ations are needed;

a) Change of origin of the co-ordinate system in the x,y

plane (image plahe)
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o
X*= x - X
o
y*t=y - vy
b) a rotation fhrough the angle @ to align co-ordinate
systems (seg fig 3.6a)
.x*)= R(O)[x - x0>
o
y* y-vy
c) a_rotation to allow for the projector tilt, see fig 3.6b.
With the pfojection system ﬁsed in this experiment, all
tilts weré in the y,z plane. This means in the projected
image plane y 1s replaced by
y*¥*= y cos )\
In general, if there is a tilt in the X,z plane of L, then
the expression becomes:
x* = R(O)[1 0 0 \jcos(L) 0 sin(L)\ | x - xo\.
y* 0 cos) sin> 0 1 0 y - yo
0 : 0 -sink cosx -sin(L) 0 cos(L) z !
.The-zzdgpendence is now included because the next transform-
atién 1s the magnification M matrix, which is z dependent.
Tﬁe next D transformation is to allow for various lens
diqﬁortions glving: _
f x*ﬂ.¥ R(G).D.M(x,y,z).R(x).R(L) X = xo
oy y-y
\ 0 z
There 1s now one final rotation T and translation, to
get ‘the film plane transformed to the co-ordinate system of

the fiducial marks of the chamber, recorded on the film,

giving the overall expression as:



(a)

— FILM PLANE
PROJECTED WITHOUT DISTORTION

Fi -6

(v)

. ACTUAL IMAGE PLANE

| M
X,V



. - o, T
x**\ = R(T). [R(®).D.M(x,y,2) .R(XN).R(L) [x - x | -|x }
£
yr* Yy -y y
_ f
o - z | O

' :This produces in general a polynomiallin each co-ord-~
inate of the type:
x*#é K + Ax + By + Cx2 + Dy2 + Exy + higher order terms,
with K,A,B,C,D,E, etc. as constants having different values

for each co-ordinate. The constants were determined’using
a least squares fit to measurements of the images of 20
fiducials on each view. |

.To ensure that this transformation was constant, i.e.
the on-line system was measuring the.co-ordinate system
(defined by fiducial marks on the surfaces in the chamber)
correctly, the whole projector system had to be rigidly
fixed and tests built 1nt6-the system to check that the
projectors had not moved?-This was achieved by measuring the
disténces between varioué fiducial marks on each view. If
these distances were.not within tolerance, the system was
stopped until the proJectors were back in line agailn.

The>measurements were stored on a disk of an 1130 IBM
computér. These were then transferred to the main processing
chain. The transformation of these measurements into a form
acceptable to the main processing programs (i.é. the film
plane co-ordinates of each point measured) is achieved by
programs called REAP and TRANS. It is here that the third
order polynomial transformation is used on the data. The
ma;n programs of the process;ng chain are described in the

next chapter.
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CHAPTER FOUR

In this chapter the chain of processing programs 1s
described briefly and the changes required by the T.S.T.,
and the_gamma ray measurements discussed. This is followed

by a discussion of event selection for subsequent analysis.

Q.l THE PROCESSING PROGRAMS

Having measured the events,the next step was geometrical
reconstruction; this was achleved with a standard RHEL
program éalled GEOMETRY. For a full description of this
proéram-see ref 4.1. The modifications due to the T.S.T.
configuration had to allow for the three media in the chamber
(hydrogen, Perspex and the hydrogen-neon mixture) and the
bremsstrahlung radiation of the electrons in the hydrogen-
neoﬁ mixtqre.

The three media in the chamber were corrected for by
optical calibration programs (MONGOOSE ref 4.2) suitably
modified and three separate range-momentum tables were
constructed to allow for energy loss (swimming) of particles
along their tracks through all three media. To indicate
that a track was being measured into the hydrogen-neon mixture
the last point in the hydrogen was measured twice. (Hence the
figure.Z on the computer displays of events shown in chapter
3). Apart from this the two sections of the track were
measured in the normal way.

" Some modifications were necessary for utilising
measurements on electron=-positron ﬁairs (i.e. gamma rays).

These modifications were in line with those normally used in
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heavy liquid.bubble chambers. In geometric reconstruction.,
use was made of the slowing down corrections for particles.
For hadrons, this allowed for the ionisation loss. For elect-
rons,bremsstrahlung is an important extra reason for energy
loss;'_' |

As a preliminary to more elaborate reconstruction
methods for gamma ray momentum and angles, a gamms checking
procedure was incorporated into the program. This was initially
established to determine which vertex the gamma ray pointed
to, but. finally included other checks.

.First the e+ e- tracks were swum'toxphe vertex(i.e.

reconstructed taking into account energy logéi\gpd a check
was ﬁade on the compatibility of dip and azimuth ;ﬁg$e§xof
the two tracks- here some e+ e- pairs falled and the gaﬁ;;ﬂ\“~
ray was deleted from the event record.

: 'Second1y the e+ e~ moméntum vectors were vectorially
sdded to define a gamma direction and momentum. This direct-
ion was then compared with that obtained from the line
Joining the productibn:apd materiélisation vertices of the
‘gamma.. Ip-the case of tw0'poséib1e production points the
correct one waé taken as that for which the two directions
agreed best. The quantity X(=sum of differences of angles
squared,divided by sum of differences of errors squared -

a pséudo;chis sqﬁared) was used &s a quantitative measure

of agreement and it was émpirically'décided that if X > 20.0,
the'measured.gamma ray was unlikely to be really aésociated
with the presumed origin. The_final.direction of the gamma

was taken as a weighted mean of the two above estimates.
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For the kinematic fitting of hypotheses to physical
channels, the RHEL program KINEMATICS was used. This is
described in refs 4.3 and 4.4 . This program did not require
extensive modifications due to6 the T.S.T. arrangement
because GEOMETRY provided all momenta and angles in the
hydrogen target for the tracks.(Except for electron-pbsitron
pairs, where it provided the gamma ray track, see above).
Therefére the tracks can be considered to be those of a

conventional hydrogen bubble chamber experiment.

4, 2 BOOKEEPING AND DATA SUMMARY TAPES

The bookeeping for this experiment was achieved by a
system called MASTERLIST. This consists of a large set of
files containing an entry for each event found in scanning.
Each gntry consists of 20 parts giving frame and number of
event in the.framé, a status word indicating what stage
of ﬁrocessing had been reached with this event,énd the fitted
hypotheses. This entry is a summary of the event and was used
to control the writing of the Data Summéry Tape. (see below)

Haﬁing scanned, measured, reconstructed and fitted the
events to some physical channels, the next stage was to look
at.ﬁhem again and reconsider them in the light of the
measurements and the physical channels, if any, that have
been fitted. This stage is known as Judging. Only certain
classes of events were Judged, others were consldered accept-
able, 1f they had fitted only one physical channel and it was
cLear-that no further information would be gained. An example

of - this category were the unambigious K"p-)z-‘n' * interactions.
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o .
All V events were however Jjudged, irrespective of their

status after the first measurement.
During Jjudging,a further detalled scan was made for
gamma rays in connection with those events which fitted the

| possible gamma ray producing channels (see section 3.1).
Any events found at this stage with associated gamma rays ,
were put back into the remeasure chaln. Likewise all events
considered to be improperly fitted and all events which fail
to reconstruct,were also put into this chain?

Those events considered to be satisfactory were given
a status word on the MASTERLIST which sets the event as
completely processed. In order to facllitate the analysis of
the events in terms of physics, 1t was necessary to form a
Data Summary Tape (D.S.T.).The control of this process was
dpne by MASTERLIST, which only allowed the accepted (by
Judéing) fitted hypotheées for each event to be written on
to the D.S.T: The data used in this thesis was from the first
measure. As can be seen in Chapter 7 fhere are very low
statistics in‘A°+ f channels. This is partly due to the large
fraction‘of assqciated gamma events in the remeasure chain.

The variable length record for each event on the D.S.T.
cohtaihs: the X, ¥, z-co-ordinates for all vertices, unfitted
(GEOMETRY) and fitted (KINEMATICS) values of the momentum,
dip angle, and azimuth angle for each track, together with

each track length, and at the end of each record a summary

of the information on MASTERLIST. (see Appendix for sample
D.S.T. record) The D.S.T. records were processed using a

program which incorporated HYBRID (see ref 4.5 for flow chart

* e e edt 60X M D gl Kasnh o sl ok ek
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and HYBRID facilities).

The basic structure of HYBRID was extended and incorpor-
ated features for easy handling of the D.S.T. record outlined
above. The run cards selected up to 6 hypotheses from
KINEMATICS fitting and stored a summary of each 1n specified
locétions. Similiarly particular tracks (selected by masscode)
were ;pécified and loaded into the HYBRID p-vectors, the
default was fitted track variables, measured variables were
loaded, if subroutine GOBACK was called in the user subroutines.
In addition,centre of track or vertex quantities were selected
by run cards.
| Also incorporated were various subroutines which extended
the HYBRID ﬁgcilities. These included a statistics package,
which gave the moments of a distribution of variables, a
facility for concgtenation of D.S.T.'s with different run
cards for each, and the option to produce GRAPHICS (see ref 4,6)
plots in addition to the normal HYBRID plots. This last
facility has produced most of the plots for this thesis.

All minimising procedures used subsequently used
MINUIT (see ref 4.7).

4.3 D.S.T. EVENT SELECTION

After the events have been written on to a D.S.T,1t 1is
1m§ortant to select a sample which will be clear of the more
obvious biases . The remarks in this section are confined to
the K p» A’ + neutrals channels as these are to be considered
in more deteil in the following chapters. The data discussed

. ()
below comes from the kinematic fit of the A s constrained to
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have 1ts momentum vector pointing to the end of the K track
- (poiﬁt fit, normally a 3 constraint fit). Fig 4.1 shows the
distribution of momenta of the K beam track at the interaction
vertex for all K p » A’ + neutrals channels. The total number
of events in this plot is 2000. It can be seen that there is
a.vefy large spike at zero momentum and similiarly in fig 4.2
a large spike close to zero momentum ; the.Aomomentum
distribution. This is unlikely to occur in practice because
a very low momentum A’  has. such a low mean free path for
decay that it will look like a two prong event in the
chamber, and therefore would not be in the datasets under
discussion. _

The ;{tfit probability distribution is shown in fig 4.3
and fhe z co-ordinate distribution of the interaction vertices
in fig L. 4 In the prdbability diétribution, which should be -
flat, there is _a large spike in the bin 0.0 to 0.01, indic-
ating that events have been included which ao not belong to
thelv + ﬁeutrals chanhels. A probability cut was made at 0.01,

The z co-ordinate distribution has large peaks at the
extreme ends. These are due to interactions in the Perspex
walls of the T.S.T.,which as can be seen,copiously produce
ﬁ( events which have to be excluded because the target in this
case 1s not pure hydrogen. The ends 6f this distribution are
not sharp due to errors of measurements, which in GEOMETRY

reconstruction produce errors in z. The z cut used in this

a.na.l_&sis was to take events lying between 19.84% 2z < 26.8 cms.
This effectively excludes 0.5 cms of T.S.T. at each Perspex

interface.
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The results of these cuts are shown in figs 4.5 to 4.8.
Fig 4.5 shows that the large spike at zero K momentum has
been g}eatly decreased and in fig 4.6 the very low momentum
A° 8 have been removed. The probability distribution, fig 4.7,
is now reasonably flat, though there is still an excess below
0.05. The z distribution is shown in fig 4.8,

Fig 4.5 still shows a spike at zero momentum and a
subsiduary peak at 120 Mev/c. Events below 150 Mev/c¢ were
simulated by a Monte-Carlo program generating Gaussian
distributions of momenta at the centfe of track and these
produced highly asymmetric distributions of momenta at the
vertex; events were elther at zero momentum or in a peak
around 120 Mev/c. |

Such skew distributions at the vertex would lead to
non-Gaussian errors on the missing mass squared which 1s
used in Chapter 5 and 6, and hence invalidate the analysis
carried out there. Heﬁce the events below 150 Mev/c have
been excluded from the analysis. They are predominately
due to interactions of K mesons .at rest.

Of the original 2000 events, 1560 had a K~ momentum
above 150 Mev/c, after the probability and z cuts, 1057
events were used in the subsequent analyses.-

At this low momentum KO/A° ambiguity was mainly
resolved by Jjudging the events and the remaining ambiguities,
some 20 events, were left in the analyses which follow as

0
/\ _events .
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CHAPTER FIVE

The main aim of this experiment, as described in
Chapter 1 is to separate the A’m°and £°7° channels as a function
of momentum and determine their differentialjcross-sections.
As pointed out in Chapter 3, the A™r® and £%® channels have an
identical appearance in a hydrogen bubble chamber - that
of a single V° pointing to a K track ending in the chamber.
With the T.S.T. there is the chance of gamma rays material-
ising, which adds information to resolve the ambiguity,
however if there 1s only one gamma ray and it comes from the
pi-zero of the £ r°channel a constrained kinematic fit is
not possible. This combined with the low statistics of the

N°¥ and A>¥ events available at the present time / does not
allow full use of the data from gamma detection and the
analyses which follow, use only the point VO fits to A° events.
In Chapter 7, the A®f events available will be used as a
consistency check on the results obtained from the two methods
that are described in this and the next Chapter.

One possible starting point for separating the two
channels without using gamma informationlwas to accept all
events which kinematically fit the K p» A°T°channel as
genuinely belonging to that channel. However, there is
considérable overlap between the kinematic regions belonging
to the A°T° and £%r°channels, leading to erroneous separation
of these channels by this method. (see below) As has been done
in refs 5.1 and 5.2 only the information from the 3> constraint
fits of Az pointed to the K track endings, is used in the

analyses presented in this and the next Chapter. A maximum
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likelihood function identical to thai used in ref 5.2 is used
in Chapter 6, dbut in this Chapter a8 sSimpler approach is
adopted based on the missing mass squared (MMSQ) to the A .

5.1 SEPARATING THE A’w®AND £°r® CHANNELS

The missing mass squared is defined as follows:
. 2
MMSQ =(q; - q,)

where q is the four-vector obtained by adding that of the

i
incident K to that of the target proton,
and q, 1s the four-vector of the AN

With no measurement errors, the components of the
spectrum of MMSQ are shown in fig 5.1 where the unit for MMSQ
is the mass of the pi=-zero équaréd (m%_.). The relative heights
of thé, components in the figure are arbitrary and are not

intended to convey any information.

For the K p? I\b‘rr‘:the'missing mass squared is that of

2
T

S-'functio_n at 1.0. In the case of the K p» éerr")the products

the unseen 7° mass squared - which in units of m e fOorms a
are ANxT° where the combination of »m® gives the value of MMSQ.
As, in.the rest system of the io, the gamma ray direction
relative to the 7°forms an isotropic distribution, this
provides a range of MMSQ in the form of a flat topped distrib-
ution, whose limits are imposed by the centre of mass energy
whiéh is available . |

‘The Aof( the radiative interaction) and the Arer®aist -
ributions are included for the sake of completeness. As the
mass of the gamma ray is zero the MMSQ for the K p» A% forms

a S-function at zero and the K p» Am¥’channel has a lower
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limit of #mi& , the upper limit agdin being given by the
energy available In the present analysis, the shape has
been calculated from three body phase space. Tripp et. al.
(ref 5.3) has shown that this distribution has some small
deviation from phase sﬁace in this momentum region, but on the
present'statistids the effect of this would be negligible.
_ Experimenta}ly the missiné mass.squared.distribution

'13 nétlin this idealised form (see fig 5.2) due to errors of
measurement ‘on all the tracks. These errors approximately
Gaussian shaped missihg mass squared distributions for K~
momenta above 150 Mev/c (see Chapter 4). If the error on the
missing mass squared (EMMSQ) is known fér each event, then

it 1s.poasib1e to convolute this error into the theoretical
" distribution and, by fitting to minimise the X 5, determine
the fractions of all channels in the total K p» A° +neutrals.

5.2 ERROR ON THE MISSING MASS SQUARED

_ 'The error EMMSQ on MMSQ is obtained from the expression
h .2 2 2
MMSQ = My + mp +2EKmp + m,
~2EyE, -2mE, +2pgp, cOS e
where the subscripts p,K, A denote proton, kaon and Ao »

and m,E,p,é? are mass,total energy, momentum and argle

between the vectors Ekand EA .

EMMSQ has to be found in terms of the errors of measur-
ements and fitting which are available . The full expressions

are given in Appendix A. The result is derived from @
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EMMSQ = ) MMSQ E(l/p,<)pK ¢ E(;dK) +)MMSQ E(ta.nm
)E

2 Py sec?h,

+ 2 E(1/p)p2 + o E(#a) + L E(tandy)
R 1M . P S, secZh,

where E(l/p),E(yd ) and E(tan) ) are the errors on reciprocal
momentum, azimuth angle and tan(dip angle) respectively.

The errors E(l/pK) and E(1/p, ) are at the interaction
vertgx of the X and the processing programs give the errors
at the centre of track. As the /v track 1s neutral E(l/pA)c=
E(1/p, )v_but for the K~ track the centre of track error
E(l/px)c has to be swum to the vertex. The expression used

to do this was ¢ n+1

E(llpK)V = . [ ch/pKV} E(l/pK)c

where n 1s from the approximate power law which relates
the range of a track to its momentum.

R = const. pn
The value of n was taken as 3.6.

Thrqughout this development correlation between the
errors.on the tracks is assumed to be zero and to first
order, this is reasomable- However there is a correlation
between the azimuth at the vertex and the centre of track

momentum of the K track. This has been folded into the

E(I/pK) error in the following way @

EMMSQ = ‘z____q E(1/p,)p2  + JMMS E(1/p,)p>
= PxPx }79-3‘@‘ K/'Pk ¥
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In order that the folding in of each error over the
wholerMMSQ distribution should be valid, EMMSQ, determined
for each event, must bear no correlation to the MMSQ.

It can be seen in fig 5.3 that this is a reasonable assump-
tion.

The same must hold for the probabllity of seeing each
event if the observed distribution of MMSQ 18 to exhibit
the true physical ratios of channel intensities. From the
point of view of lifetime effects,the probability of obser-

vation is

Prob = exp( -1,/d;) - exp( '1pot/d1)

where d1 is the mean decay length for a Aowith momentum P, -
The first term in the expression 1s the probability

that the A" will live long enough to give a visible gap

between K and V°, and the second is the probability that

it will leave the fiducial volume. The value of 1, was taken

to be 0.2 cms because in the length distribution of the Acs

there is evidence of losses below this length (see fig 5.4),

0
1 is calculated as the length traversed by the A to the

pot
edge of the fiducial volume. This is a cylinder of diameter
22.0 cms with the end faces on the walls of the T.S.T. a

criterion setup at the scanning'stage to eliminate wrongly
assoclated VOs (i.e. a V° which might point to a O-prong

K track but actually is produced elsewhere in the chamber,
see section 3.1.4). Fig 5.5 shows the distribution of prob-
ability of observation vs MMSQ and shows no apparent corre-

lation.

This can be understood by considering fig 5.6. The
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mean decay length 1is plotted as a function of MMSQ for

various cos Q¥ (6* 1s the centre of mass angle of the Ao).
The effect of the minimum length cutoff-of 0.2 cms is to
discriminate against events'with values of MMSQ in the range
1.6 » 4,0 m.‘zro for a very small interval of cos §* from -1.0

to -0.995. This has a negligible effect on the probability

of observation. At all other angles the mean decay length

does not change by more than 10% over the whole range of MMSQ
and hénce there is no apparent correlation between probability

of observation and MMSQ.

5.3 CHANNEL BRANCHING RATIOS

Fig 5.2 shows the MMSQ distribution for K momenta
from. 340 » 440 Mev/c i.e. a wide momentum interval around
the A(1520) resonance excitation. The solid line is the
result of the fit and the dashed line is the actual data. It
can be seen that the Tﬁ’peak is too large in the fit compared
with the dﬁta, but that on eithet 'side the agreement is
reasonable. Scaling the values of EMMSQ (the error for each
event ﬁultiplied by a constant factor ) made the fit worse.

A search was then made for a sub-class of events which
miéht givé an anomalous MMSQ.distribution in the reglon of
the 1T°peak. After many attempts a class of events was found
with a shift to higher values of MMSQ, this distribution is
shown in fig 5.7. This subclass of events had the character-
istic that the proton from the'Aodecay stopped in the Perspex
walig of the T.S.T. In these circumstances the processing

program GEOMETRY took the measurement of the proton momentum
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from range and the endpoint of the track was taken to be
the midpoint of 1its path through the Perspex walls. This
procedure at first sight looks reasonable and would be
adequate if,on average,the protons did stop half way through
the Perspex. However as the protons from Ao s in general
have low momentum the average endpoint is much closer to the
inside face of the T.S.T. wall. Therefore this procedure
introduces a bias in the proton momentum which in turn
effects the A’ momentum and hence blases the MMSQ.
"To overcome this bias in this sub-class of events, the

A? momentum wes recalculated from the measured angles.**
As can be seen in fig 5.8, this puts theTropeak in the correct
position, however the T° peak is much broader. To calculate
the new EMMSQ for these events, the original EMMSQ (outlined
above) was retained as the relative error on each event and
then each error was scaled by 1.96, the result of this is
shown in fig 5.8 . For this particular class of events the
original biéssed distribution had a Q(lof 26.4 for 14 degrees
of freedom, and the X for fig 5.8 was 13.15 for 15 degrees
of freedom, Therefore it was concluded that the procedure
adopted (re-calculating MMSQ and scaling the kinematic values
of EMMSQ) was adequate.

_ It was found also that the rest of the events had an
improved 1(L if the EMMSQ for each event was scaled by 1.12.
This fit is shown in fig 5.9

¥¥ Tnls class of events are now being reprocessed as 2C fits

i.e. the proton momentum is set unmeasured.
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The total sample with biases removed,is shown in
fig 5.10. The X 'for this fit is 30.5 with 17 degrees of
freedom which gives a confidence level of about 5% This
high 7( results from two effects ¢
a) values of MMSQ out to -2.75 mloare retained for the fit.
Their number 1s in exeess of what would be expected from
errors of measurement. Béing in a region where the expected
number is small, a few events add enormously to the ?CL.
b) There is a dip in the distribution at 3.5 m+, which
contributes a large amount to the 7(1. This dip occurs in one
bin, and considering the width of the T7T° peak,is very unlikely
to be a real physical effect. The minimum length cutoff effect
shown in fig 5.6 is both too small and too wide to explain
this dip. It 1s considered, therefore, to be a low probability
stafistical fluctuation.From the fit shown in fig 5.10, the
channel branching ratios were found to be 31.4% A°T®,
1.9% A°¥% ,4.2% Nrfrind 62.5% £°'n'°(see belo@.

The MMSQ distributions were then fitfed for different
K~ momentum bins and the channel branching ratios calculated
for each. The results are shown in fig 5.11 and table 5.1
for the Kp » I'7° branching ratio. This clearly shows the

/\(1520),_discussed in Chapter 1, which predominately decays

to $°w°at a K momentum of 390 Mev/c. Also shown,are the

]
branching ratios determined by Tripp et. al. ref 5.2 . The
agreement is good with the suggestion of the present data
beiﬁgﬁsomewhat lower by 10%, which in view of the statistics
can hardly be considered a significant difference.

From table 5.1 it can be seen that the 7 ~values for
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TABLE 5.1
Momentum 3{1 No. of No. 1q Branching Ratio
Mev/c degrees plot | f terror

150 -260 3.86 7 81 | 471 LOTH
260-310 22.5 11 131 .513 .051
310-340  9.27 9 119 482 062
340 -360 4.93 9 94 Lu6 087
360 -380 11.53 10 130 .379 .055
380 -400 24.8 13 146 .203  .047
4ou-420  11.04 13 183 .296 .04€
420-440 .51 9 99 343 066
4ho-480 | 6.44 7 T4 .283 .0T71

most fits are good. For two of the nine momentum bins how-
ever the influence of the negative values of MMSQ and the

- dip at 3.5 mio can be seen to be severe. The fall in the
branching ratio at 4404480 Mev/c may be due to a tail effect
in the momentum distribution of the incldent kaons. This
momeﬁtum region 1s the extreme upper end of the momentum
distribution and events might be in this region‘due to errors
of measurement but have true momenta at lower values, where
the branching ratio is small.

Other channels included in the fits, K p » Ay and
K"p*aﬁfﬂﬁﬁﬁ, are restrictad to an upper limit of 2% and 25%
respectively (refs 5.3 and 5.4) of the total K p » A’ #neutrals.
With the statistics of this éxperiment,these channel
branching ratios are not significantly greater than back-

ground} '
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It is of interest that while the channel ratios given
here are obtained by special treatment of part of the data,
they are very close in value to thosé obtained in the first
attempt to fit the data before any selections were made. The
confidence levels of the fitted distributions were bad
initially, but the branching ratios are somewhat insensitive

to the selection and treatment of the data.
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CHAPTER SIX

In Chapter 5,the channel branching ratlos for A
were found from the missing mass squared distribution as
a function of K momentum. From table 5.1 it can be seen
that the number of events per momentum bin are insufficient
to determipe the angular distributions as a function of
momentum. To find the angular distributions, therefore a
maximum likelihood approach was adopted and is described
in this chapter. It is possible to get an average angular
distribution in a momentum bin 340 to 440 Mev/c from the
missing mass squared distribution fits and this is shown as
a comparison with the maximum likellhood results. The
analysis described here is a repeat of that given in ref 6.1.
It 1s somewhat elaborate for the present statistics but has

been prepared for use when the final data becomes available .

6.1 THE LIKELIHOOD FUNCTION

The data was divided into the same momentum bins ﬁsed
in Chapter 5 and the data was fitted in each bin independ-
ently to determine the angular distributions and polarisations
of the Am® and £°r® channels. |

Each eveht is completely defined by the following
three quantities which form a kinematic set.

i) MMSQ, the missing mass squared of the unseen
neutrals as defined in Chapter 5.

11) cos ©,* , the cosine of the angle between the A°
and the K~ in the K p centre of mass system, see fig 6.1la

111) cos b , where
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i .cosb=p. (KXxAK)
[( K x A~ )]

and K, A are the beam and A°directions in the centre of mass
and p is a unit vector in the protpn direction in the /\o
rest frame.

The likelihood for each event 1s written aé follows ¢

£(MMSQ, ,cos 8%, cos bi) = £ ok £ oo ok £ 00+ £70merr®
The expressions for each of these likelihoods is described
below. To account for the finite resolution of the MMSQ a

Gaussian function was used.

G(MMSQ, MMSQ*) = 1 exp(- (MMSQ - MMsQ*)?
J2m EMMSQ 2(2MMsQ) 2

This can be Justified by the fits of Chapter 5 which require
Gaussian errors. For convenience as in Chapter 5 units of
2
m .o were used.
a) SA.-"O
O
‘The likelihood that the event belongs to the A L

channel is defined by
1) the angular distributions for production and decay
dN = I( 1 + « B ,cos b )
d{cos 8*)d(cos b)

where B, 1s the A’ polarisation which is itself a function
of cos OF, and = = 0,645 1is the A° decay asymmetry parameter.
f 2
11) the Gaussian probability function centred at one m e
fre.G( 1 ,MMSQ¥)
where f, o is the fraction of A'1v® in the total channel.

The angular. distribution and polarisation distribution
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have been parameterised in the form of Legendre polynomials,

giving ¢

G g8 ( 1 ,MMSQ*)Z [A)Py(cos 6%) +xcos b sin O By P (cos 8,%]
eqn. 6.1

Using. sin GA*P{(cos 6¥) = Pl,l(cos 6¥) for IB, ensures the

physical requirement that B,= 0 for Q¥ = 0%nd 180°.

b) £.0.0

For the K p » £°™ channel the £ °direction is unknown.
Only the A’is observed. The angle x between the £°direction
and its A° decay product can be calculated from the value
of MMSQ (see fig 6.1b). The 5°an still be anywhere in a cone
sround the A’direction at an angle x to the A’ direction
(see fig 6.2: ). In thié momentum region tha angle is small
(max = 15°) but 1t is taken into account below.

If the £°direction was known the likelihood of the £°r®
events could be written in a similiar form to eqn 6.1.
Howevér the terms have to be modified to- allow for the
unseen £° .

Expressing the intensity in terms of Legendre polynomials

I= dN = £ Cq P.(cos @*)
alc'osefi 1 15 £

®

the following identity is used to transform to the measured
L ,0

angle of the A

: =+1 .
P,(cos §*) = 4 m£ Y m (6 E) Y, (9,\*,}!{)
£ ’ l,-m

+ m=-1

;Zfl i1s the unknown azimuth angle of the A°round the £° see
fig 6.2.
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Integrating over ¢ vives

~Oa *) = 5 3 S ¥
Pl(“o"ef ) Pl(co. x) Pl(cos Ad)

therefore
dN = 2 C, P (cos x) P_(cos 9/\*)
d(cosei*i 1 1 1

A ful'lher derivation 1s given in Appendix B.

The polarisation of the Z? can still only be measured
through the amount transferred to the A°, using the full
angular distribution including cos b ¢

dN =I( 1 +4& B, cos b) eqn 6.2
d(‘cose;)d(cos b)

In the rest system of the 2°%(see fig 6.3%b), the polar-

isation is along the direction of the A° :

E = B, cos @** B,
(B, ]
Where P, the polarisation of the £ °1s along the normal
to the K £°plane. Thé polarisation of the A°is measured
with respect to the K_Ao plane. The component of polarisation

of the A" in the direction of this normal is given by :

B, = - B, cos G** sin(x** - x) sin¢
(see fig 5.3a)

where x** is the angle between the 5 and the A’ in the rest
frame of the 50. Using the invariance of transverse momentum
to a Lorentz transformation,

P: sin x = P:* sin x*#

o]
where P: and Px* are the A" momenta in the centre of mass
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[o] . .
and the rest system of the Z respectively. Also from
geometry (see fig 6.3a)

cos O** = sin x** sin8* sin g
sin B,

Hence the polarisation term in eqn 6.2 above can be written

in terms of Rz H _
2 2
IR, = IB, :ig Ga* sin ¢ P*“sin x(P*cos x - P**cos x**)
ei p**z
Working in the rest frame of the £° ,

P**2 = m2 _ m2 2

5 -
llmz

P* cos x is the Lorentz transformed component of P*¥*,along
the direction of the Zo, from the £ rest system to the

centre of mass system i.e.

P* cos x = E,P** cos'x** + Pg ( mi + P**z)l/z

mg my
where E{_ and P.15 are the centre of mass energy and momentum
respectiveiy of the £°. Bearing in mind that in this energy
range P, < 0.3 Gev/c making E./mg approximately unity and
P** ig 0.074 Gev/c,

P* cos x => P** cos x** + P; m,

mg
Hence
IP, = -4m m,P, B, IR, sin 0 sin’# sin’
AT - m £ A iS n 8 nﬁ-‘- sin X
(mg - m,z\)2 sin G* eqan 6.3

In a similiar manner to that for the A’m® channel, IP; is
expanded as @
IR, = sinOf ZlD

1 P{(cos 62*)
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The final relation on substituting into egqn 6.3,
expressing cosO;_*'-in terms of cos GA* and integrating over ¢
as was done for I above, ylelds, for the full distribution :

dN =2 C 1P (cosé )Pl(cos x) *
d(cos_b;*)d(cos' b) 1

2 / ¢
* B
2T« M sin 8F sin x% DlPl(cos & )Pl(cos x)

1{(1.+ 1)
where

M= -Qgtmﬁ P‘- PA

(mzi - m2 )2
The 1ikelihood for the £7’channel also has to take
into account the range of MMSQ which lies between MMSQ min
and MMSQ max. This gives for the likelihood function @

MMSQ m
£0 o= fg ( MMSQ , MMSQ*) dN d(MMSQ
v d{cos g¥Jd(cos b) (MMSQ -
MMSQ min max min

where f,o ;1s the fraction of £%° in the total channel. It
should be noted that MMSQ max and MMSQ min depend on the K
momentum for a particular. event.

c) ‘£'I*°'a’

This likelihood was written as in ref 6.1 as

& py = fa%y G(0, MMSQ*) (1 - 1P, (cos &)
d) £pe. 2

The likelihood for the K p »ATH® channel was written
as _'

s Nt ™ f o ,”.JG(MMSQ, MMSQ*) g d(’MMSQ*)

where g was parameterised to approximately reproduce the
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MMSQ and angular distributions found by Tripp et al ref 6.2,

(c) and (d) were inéluded for completeness and nothing
abouﬁ these channels were determined in the likelihood
analysis,

The final contribution to the likelihood of the set
for a given eventlwas the sum of the above terms calculated
for that event multiplied by the probability of observing
the Ao(see Chapter 5) :

£1 = obs[ Epogo + Leopo * Lpo, £‘A°Irqf"]i

In the angular distributions described above, the
summétion of the Legendre polynomials in theory goes to
infiﬁity. Bearing in mind the presence of the D-wave A(1520)
significant contributions are expected up to lmax = 4. For
the present analysis,lmax =% was taken to reduce the number
of parameters to be determined. An attempt to include lmax =4
merely resulted in random fluctuations of the coefficients
without much change in those for lower values of 1. Indeed
Tripp et al ref 6.1 found the coefficient for 1 = 4 close to
zero'and Berley et al ref 6.3 did not include that partial
wave.

" The fits were initially attempted allowing the channel
branching ratios to vary, these were found to be approximately
20% lower than those determined in-Chapter 5. In view of the
statistics)it wés thought that too many parameters were
being determined with this analysis and the fit was repeated
with the channel branching ratios fixed at those determined
pfgviously. The likelihood function was maximised using a

program called MINUIT.,
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6.2 THE AVERAGE ANGULAR DISTRIBUTION FOR 340 - 440 Mev/c

To check the consistency of the results obtained from
the likelihood analysis)a comparison was made with the
angular distribution it is possible to obtaln from the
simpler approach of Chapter 5.

" To ensure adequate statistics a momentum bin 340 - 440
Mev/q.was used. The principle was to split the events into
1nter§qls of cos #* and find the branching ratio of K p» \r?
channél for cos-Q: interval. The sample was the same as used
for the branching ratio determinations in Chapter 5. In fig
6.4)the missing mass squared distributions are shown for the
6 intervals of cos G used. It should be noted that for
cos §* > 0.8 there 1s very little A°r? channel, but events
at negafive MMSQ gave an unreasonably large branching ratio
of Kp » A*® and a large 7(1. The reason for this was tail
noise and low signal. Therefore for this bin MMSQ < 0.0
have been excluded in this and the likelihood function
analysis. Table 6.1 gives the branching ratio for K p » A r®
as a function of cos Q: interval for the momentum bin 340 »
440 Mev/c.

The likelihood analysis was also done on the momentum
bin 340 » 440 Mev/c for direct comparison and the Legendre
polynomial coefficients are shown in Table 6.2. The angular
distributions are shown graphically in figs 6.5 and 6.6.(the
'801id 1lines). Also shown are the points (*) obtained from
the missing.mass squared approach detailed above. It can be

‘seen that there is good agreement between the two approachs.
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TABLE 6. 1
Branching ratio of K p» A%%s a function of cos Ex
cos 6 * No. of events fa terror Y* No. of
-1,05-0.8 100 0.43 + .06 g o8y freedon
0.84-0.4 185 0.362+ .05 15.1 11
~0,4% 0.0 98 0.441+ .07 10.1 9
0.0» 0,4 82 0.326+ ,07 7.9 9
0.45 0.8 102 0.096+ .05 10.6 9
0.8+ 1.0 (a) 85 0.2 + .07 - 14,4 8
0.8+ 1.0 (b) ™ 0.0 + .07 8.4 7

(a) See text
(b) Corrected by excludihg MMSQ < 0.0 events.

TABLE'6.2
Coefficients of the production angular distributions

averaged over 340 » 440 Mev/c

Channel A1/Ag Ay/A, A3/Ao
Kp » Nwe -1.57 + .03 0,628+ .1 -0.057+ .08
Kp » 2" 0.195+ .15  0.666+ .13 0.28 + .07

6.3 ANGULAR AND POLARISATION LEGENDRE COEFFICIENTS AS A

FUNCTION OF MOMENTUM

In this section'the results of the likelihood analysis
are given. In table 6.3=the Legendre coefficients are shown
.as a function of momentum for the production angular dist-
ribution of the Kp » A’T° channel and are shown graphically
in fig 6.7. For comparison the results of Berley (X) and
Tripp (0) are also shown in the figure.



71

TABLE 6,3

A'OTT'°' Production angular distribution Legendre coefficients

Momentum A/ A, A,/A, AB/ A,
(Mev/c)
205 ~0.70 *+ 1.18 0.5 + 1.37 0.22 + 1.40
285 <0.72 + ;11 0.22 + .12 -0.49 + .11
325 | -1.14 + .78 0.78 + .92 -0.19 % 1.10
350 - -1.26 + .01 0.52 + .03 -0.24% + .05
370 -1.39 + .12  O.TH + .20 0.25 ¢+ .13
390 -1.16 + .06  0.42 + .10 0.13 + .11
hio ~1.44 + .13 0.52 + .84 0.11 + .18
430 -1.45 + .12 0.80 + .18 -0.31 %+ .15
: 460 -2.00 + 1.50 1,82 + .27 -0.81 + .06

TABLE 6.4

£%4T° Production angular distribution Legendre coefficients

Momentum C1/Cq c,/c, c3/Co
(Mev/c) . | |
205 0.25 + 1.08 0,20 + 1.65  0.55 % 1.13
285 -0.10 + .92 0.07 + 1.35  0.07 + 1.64
325 0.19 + .80 -0.34 + .49 0.48 + .45
250 0.41 + .89 -0.43 + 1.17 =~0.14 + 1.25
570 0.31 + .78 0.23 + 1.18 0.48 + .75
390'_ 0.10 + .68 0.88 + .93 -0.57 + 1.29
410 0.17 + .87 0.99 + .74  0.71 * 1.09

- 430 0.02 + 1.05  1.44 + 1,19  0.73 + 1.41
460 0.62 + 1.11 1,04 + .33 0,02 + 1.18
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TABLE 6.5

A°T® Polarisation distribution Legendre coefficients

Momentum By/A, By/A, By/A,
(Mev/c)
205 0,23 # 1.54 -0.32 + 1.31 -0.58 + 1.33
285 0.34 + 2,91  -0,02 + 1.27 -0.56 * 1,00
325 -0.19 + 2.83 -0.21 + 1.38 -0.15 + 1,26
350 - ~0.55 + 2.72 0.02 + 1.49 -0.00 + .93
370 -0.01 + .36 -0.21 + .44  0.50 & .11
390 0.81 + .33 -0.30 + .12 -0.17 + .07
410 0.24 +. .14 0.06 + .09 =0,20 + .62
430 F0.00 £ L4100 0,13+ .17 0.11 & .12
460" 1.89 + 3.04 -2,00 + 3.55 0.79 + 1,04

TABLE 6.6

S °re Polarisation distribution Legendre coefficients

Momentum ' D,/Co Dy/C, D/Co
(Mev/c) |
205 -0.02 + .94 -0.43 + .60 -0.06 + .57
285 - 0.14 + .73 0.10 + .57 0.08 + .50
325 0,02+ .60  0.03 % .32 0.01# .21
350 “0.07 + .78  -0.15 + .67 -0.15 & .T2
370 0.10 + .44 0.12 + .39 0.05 + .39
390 0.00 + .41 0.18 + .43 -0.13 + .31
410 | -0.02 + .32 0,11 + .37 0,06 + .27
430 0.12 + 64  0.12 + .51  0.02 + .46
460 041 + .25 -0.33 + .56 -0.11 + .18
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In view of the low statlistics compared with these previous
experiments there 1s very good agreement. The monotonic
decrease of A1/Ao is well reproduced.

The results of the K p » £°m° channel angular distrib-
ution ére shown in table 6.4 and graphically in fig 6.8.
Again within errors‘this experiment shows good agreement
with the previous results. The CZ/Co coefficient shows a
large rise in the region 380 + 420 Mev/c (the A(1520) ),
though the rise is not as large as that determined by Berley
and Tripp, it clearly demonstrates the presence of the A (1520)
D-wave resonénce. | _

The polarisation Legendre coefficients for K p 9 A*ro
are shown in table 6.5 and fig 6.9. The large errors, the
penalty of the low statistics, make it difficult to draw
any conclusions about these coefficients. _

For the K p » £%® channel the results are shown in
table 6.6 and fig 6.10, Here again it is difficult to draw
conclus;ons._However the coefficients are on average within
one standard deviaﬁion of those determined by Berley and
Tripp;'The'values of Dz/Co in the A (1520) region are not
as high as obtalned by previous workers, but in any case
the earlier results do not agree too well with each other to
define the behaviour with momentum of the polarisation

coefficients.
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CHAPTER SEVEN

. 0
" In this chapter'the events consisting of a A

associated with one observed gamma ray (i.e. electron-
positron pair ) are considered and in particular the angular
distribution from constrained fits to K p » A°rro and

K-b L 2Q"° channels are compared with those found in the
last chapter. With only one gamma ray seen,the problem
arises that this might have come from the T° decay in the
Kp » £°7° channel. When this is the case it is not kine-
matically possible to fit the interaction to the £ °T°channel
and therefore there was a large proportion of events which
fell into the no-fit category.

Recalling the problems in Chapter 5, the number of
constrained fits to the ATr® and £°7° channels might have
been surpressed by the sub-class of events with protons
from the A° stopping in the Perspex. However the fraction of
such events in the sample of constrained fits is the same
as for all A° events and hence it has been assumed in this
chapter that the constrained fits constitute a truely
representative‘sample. This 1s not surprising,since the
bias .discussed in Chapter 5 is very small, of the order of
0.5 mZ,.

Sincé thils chapter contains the first results of
meaéurements on gamma rays in this experiment, the next
seétion will deal with the expected features of gamma ray
conversion and a comparison with the measurements. Section
7.2 uses the results of kinematic fitting the gamma rays

to physical channels, to further check the measurements.
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Finally the direct comparison of angular distributions 1s

given in the last section.

7.1 ELECTROMAGNETIC INTERACTIONS

As the constrained fits considered in this chapter
rely on pair productlion by gamma rays in the hydrogen-neon
mixture, a closer examination of this phenomenon is necessary.
The distribution of gamma ray energies is shown in fig 7.1.
The energies range from 20 » 450 Mev. The Compton effect

~ will not be dealt with because the cross-section is not
significant at these energies and events due to this process
were not scanned for. The mean free path for the Compton
effect is however included in figs 7.2a and 7.2b. The
formulae given‘below are taken from Rossi ref 7.1. The
curveé shown 1n the figures have been.calculated for this
experiment.

Palr production is a guantum process that does not

lend itself to classical description. The theofy of pair
production is closely related to that of radiation processes
.and consequently the equations are very similiar. The
phenomenon - 1s induced by the strong electric field that
surrounds the nuclei. The nucleus which is nearest the
photon materialisation, absorbs some of the momentum of the
process, but because of its large mass 1t does not acquire
anj'appreciable energy.

Therefore

2

"E* + E¥* ¢+ 2 m c

e = E

where E* and E** are the energies of the electron and positron

-
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respectively, E 1s the energy of the photon,and:me is the
mass of the electron/positron.

_ ~ Assuming E >> mec2 i.e. greater than 10 Mev/c , then
P(E,E*)dE*dx (which i1s the probability for a photon of
energy E traversing a thickness of dx grms cm'2 to produce
-a pair, in which the positron has kinetic energy between

E* and E* + dE*) is given by ¢

2

P(E,E*)dE* = 4 « N%_Z. rg

dE* G(E,v)
E

where v is the fractional energy of the positron

v=E¥+m c2

—F -

and G(E,v) is a slowly varying function, « =1/137, N is
Avogadro% number, Z and A are the charge and mass numbers of
the material, and r, is the classical radius of the electron.
Integration of P(E,E*) from E* = 0 to E¥ = E - 2m c?
yieids,the total probability for a photon of energy E to

produce a pair in a thickness of dx grms cm"2

. For the energy
region of interest in this experiment , gamma energies lie
between 20 » 450 Mev, this ihtégration has to be done
numerically. The results of the integration for both hydrogen
and hydrogen-neon mixture are shown in figs 7.2a and 7.2b.

In this integration G(E,v) was taken to be ¢

m C
e

G(E,v) = [ v2 + (1-v)Z + _;_v(l-v)] [1n §2Ev(1-v)§ - 0.5]
' 2

(see ref 7.1 for further details).
For the mixture of neon and hydrogen the partial

contributions were added together, the effective density for
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the combonents being 0.818 and 0.0229 grms cm'3 respectively.
In fig 7.3 the fractional energy of the positron is plotted
against the probability of getting that energy. The different
curves are for different energies of incoming photons.

In.the extreme regions of these curves, the gamma ray
will have the appearénce of a single arm (Compton) electron ,
and as mentioned above these were not scanned for. This
situation is rectified somewhat,by measuring gamma rays with
unequal palrs. The vertical lines on fig 7.3 show the observed
position of the cutoffs,in the measurements of electron/
posiﬁroﬁ peirs, due to scanning and measuring losses for
photon energies > 140 Mev and < 80 Mev. From fig 7.1, the
bulk of the gamma ray energies lie between these values and
the vertical lines represent the upper and lower 1imi£s of the
cutoffs for the majority of the gamma rays. Such losses will
of course simply.reduce statistics and do not lead to a
bias in investigating the K p interactions. Measuring gamms
rayslis complicated by the bremsstrahlung radiation losses of
the electron and positron, presenting a difficult measuring
problem. Checks were made to investigate possible blases in
the gamma ray measurements and fitting, these are described

in the next section.

7.2 GAMMA RAY CONSIDERATIONS

In order to investigate biases 1n the gamma ray
measurements and fitting’a sample of events, which gave a-
kinematic fit of some description with the seen gamma rays,

0..-0
was checked. The sample was drawn from the A events.
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Since the momentum spectrum of the K mesons is
heavily weighted to the A(1520) region, it is expected
that the Nw® channel will only make up 30 » 50% of the
total sample. As mentioned in the introduction to this
chapter most of the f\°-+.one gamma events should not give
a fit to a physical channel. However by including the
hypothesis K p >Ny (¥) , 80% of the events gave a fit
of some kind including the gamma ray. In fig 7.4,the
invariant mass is shown , obtained from the measured gamma
ray and the fitted (ﬁnseen) gamma in the hypothesis Aob‘(?’).
The Tr° peak is clearly obser\}ed and has an intensity of
about 35% of the total as expected. (i.e. 35% A™7°in the

A (1520).) |

Fig 7.5 shows a scatter plot of measured gamme ray
energy against the value fitted to the physically constrained
final state K p » Nre , Y (seen) & (fitted), This shows
a satisfactory unbiassed spread of the measurements around
the fitted values.

As an additional check, the point /\'J fit was combined
with the measured gamma ray information and a missing mass
squared found to the /\o + ¥ .combination. Theoretically this
missing mass squared distribution in units of m72To should
consist of & -functions at O and 1 corresponding to the A%r?
and £°m°channel where the gamma ray comes from the 50decay,
superimposed on a continuous distribution between zero and
approximately 2. The continuum arises from the two gamma
combinations formed’when the observed gamma is from the T°

in the $%°hannel.
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The distribution obtained is shown in fig 7.6. The
peak at zero is clearly seen. The contribution from the s
at 1 is less obvious on these statistics but this.is.not too
surprising since the signal can only occur for 33% of that

channel.

7.3 THE ATr® AND £ °r® CONSTRAINED CHANNELS

As explained in Chapter u)the data for this thesis is
trom the first measure only. This and reasons given above
account for the low statistics availiable for the N + one
gamma, events,

In view of these statiStics)only a comparison of the
production angular distributions predicted by the results
obtained in Chapter 6 for the momentum bin 340 » 440 Mev/c
is made with that directly obtained from the constrained
fits to the AT’ and £°T° channels.

As a preliminary to these comparisons the angular
distribution of the gamma was found for the £%° channel in
the rest system of the £°( 98**). This distribution 1is
shown in fig 7.7, it should be isotropic but there is a
significant excess in the bin -0.6 > cos<9;* > -0.,4,
Unfortunately there are not the statistics to investigate
this properly. For this distribution the A°/Z° ambiguous
events were all taken to be &%r° events. For fig 7.8 the
ambigulty was resolved by accepting the events as the channel
with the highest ?(lprobability. This distribution still has
an excess in the same binlbut it is reduced.

The production angular distributions are shown in fig 7.9
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and fig 7.10 for the A%r® and £°r® channels respectively. The
same probablility criterion was used.for ahbiguoﬁs events
as above. The distributions show the same shapes as those
determined by the likelihood fﬁnction and missing mass
squared analyses in Chapter 6. The points (*) plotted on
fig 7.11 show these distributions compared directly with
those obtained in Chapter 6. Allowing for the very small
statistics the agreement is very good. With the increased
numbér of events which will be avallable at a later stage
it will be possible to determine the aﬁgular distributions
of these channels directly without resorting to the methods
detailed in Chapter 6.
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CHAPTER EIGHT

In this chapter, the results in previous chapters are
briefly discussed and an outline of the statistics that will
be avallable at the conclusion of the processing chain is
given,

As has been explained in Chapters 4 and 7, the current
statistics of- this experiment are low. When the processing
of events is concluded these statistics will not be large
compared with, say, counter experiments. This is inherent
in the bubble chamber technique. However, due to the
complexlty of the final states and the complex patterns of
tracks, of diverse bubble density in the pictures ( due to
obserﬁing tracks through essentially three bubble chambers -
hydfogen-neon mixture, T.S.T., hydrogen-neon mixture),it is
very difficult to concelve a single experiment based on
non-visual detectors (i.e. counter experiments ) to measure
all channels simultaneously, particularly one which could
cover the complete so0lid angle. Thus a comblnation of low
data collecting rate, inherent in bubble chamber experiments,
and the preliminafy stage of processing of'events reached, .
has led to severely restricted statistics being available
for these analyses. | |

It is proposed to normalise this experiment with the
tau decays (see section 3.1.1) of the kaons. These decays
will give a measure of the K path length in this experiment
as a function of momentum. However it 1s not reasonable to
normalise the branching ratioé given in Chapter 5 to absolute

cross~-sections with the partial statistiecs surrently available.
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However this will be possible when the final D.S.T. s of
events are ready.(See ref 8.1 for details of normalisation

using tau decays of kaons).

8.1 THE A (1520) RESONANCE IN THE DATA

Despite the preliminary nature of the data available
the analyses detailed in previous chapfers has shown three
features regarding the K p » A° + neutrals channels.

1) Using all the A°s that with fitting in KINEMATICS
point to a K~ ending in the T.S.T, it was found,(Chapter 5),
that there was good agreement between. the present and
existing data for the fraction of the channel going into

/\OTT‘°‘ . In particular, the presence of the A(1520) » Z°%°
is clearly demonstrated, the former final state being 20.3‘t 5%
of the total at the resonance energy. This is to be compared
with 27 + 0.6% from the high statistics experiment of Tripp
et.al. There are no features in the region of the possible
& (1480) although no definite conclusions should be drawn
at this present stage of the experiment.

11) Also using all the point A° events, a repeat of
Tripp% maximum likelihood analysis yields good agreement for
the. coefficients of the Legendre polynomials used to describe
the pfbduction angular distributions of the Ao and £° .

The statistlics are too limited to achieve much precision
particularly for the coefficients describing the polarisations
but there is internal consistency between the analyses of
'Chapters 5 and 6 (see section 6.2). In particular the
dominance of the coefficient for 1 = 2 in the A(1520) region
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o
for the_.ﬁ'ﬂ'u channel is clearly demonstrated. There are

no particular features at other momenta again presenting

)
no evidence for the £ (1480).

111) fhe use of the T.S.T. is an embarrassment for
the analyses of the type outlined in Chapters 5 and 6 ,
since it represents a smaller hydrogen chamber than would
be chésen for an experiment without gamma ray detection.
However in Chapter 7 is seen a comparison of the angular -
distributions obtained directly from the fits to £%° and A%r®
channels, using the gamma ray information, with those derived
from the coefficients obtained earlier . Even with the
small statistics’the agreement 1s very encouraging. Some
problems evidently may arise in the ambiguities in these
fitted charnels, but they may be well enough localised to

be handied easily (see figs 7.7 and 7.11).

8.2 ESTIMATES OF FINAL STATISTICS

Currently there are 1560 events in the momentum region
150 to 480IMev/c. This includes some 167 events with a seen
gamma ray. As explained in Chapter 4 (section 4.2) a further
detalled scan was done at the Judging stage and any events
with additional associated gamma rays were put into the
remeasure chaln.

When the remeasures are'ready,the following estimated
totéi statistics should be availiable in the momentum region
150 to 480 Mev/c :-

Overall total Ar+ neutrals = 2400

]
Of this total A + one gamma, ray = 900
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A°+-two : gamma rays = 120
A° + three gamma rays =
It is important to emphasise that this represents the
Durham statistics only. These figures should be scaled by
approximately 3 to 4 to find the overall estimated number
of N + neutrals events.
The Afi-one gamma, events can be broken down to give
approximate estimates of the number of constrained fits.

The ‘approximate numbers are as follows @

Kp » Aﬁ"ﬁ = 200 events
Kp » £17® = 80 events
Ambiguous A/g%= 80 events

_Again these can be scaled by 3 to 4 to find the

collaborations overall statistics for these constrained

channels,




APPENDICES

In view of the large number of mathematical
symbols used in these appendices, they are

written in script.
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APPENDIX A

ERROR ON THE MISSING MASS SQUARED

MmsQ = (1,,' -‘;A\z

= "'\Kt ~ h;" + M’t -+ Q_E_K""P
— ALE E, - Qmpk_;\ + QP"F'\me

where these terms have been defined in Chapter 5 (section 5.2)

EMmsq - Shhsa (e pi + A0msa M £(fp) pi

bPK §¢K }r’x
v dhnsa E(F + dhrse £ba)
E¢K \Xk "A
+ ) MHSE f('/r-’\ pr + 213G E(¢) P 3t0se gk dn)
>PA ¢ 3 534-7'/\
( A.1)

Taking each term in turn :

)H"SQ = Q(W_\'p{-)u - jPKE\ .,_thﬁ).
Y P Ex Ex

.HﬂSQ a 2(-—3& —'_‘_\ﬂ_&.‘.P‘M&)
\'PA En En

ws® = cov)y M¢KM¢\“M¢A + en)y siuﬁ,‘ mr\,\&'w}z{n

+ S he indy
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m = QPKP“ mk.cm;\hw»(P/A—ﬂ(n)
vl |

m = Qpn PI\ f—em\k me,\ S-t-n(ﬁlu -,@:\)
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YMHsQ - -'lpxp,, E MAKS‘:"XA" ‘*'"-xk “"’)n "’"(7{K "%")2
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YN
Before considering ?ﬁ?;d;t is useful to look at the swimming
of errors on momentum for the K track, from the centre of
track to the interaction vertex ( there is no swimming for
the A° as 1t neutral and therefore is unaffected ). The
change. in E(ﬁ{ ) and E(tank ) errors is negligible with
swimming and therefore the centre of track values have been
used to calculate EMMSQ.

The range of a track is connected to its momentum as

follows :

R - Kp“

where K is a constant and n:-= 3.6
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where L is the length of track from the centre to the

interaction vertex, and P, and Pc are the momenta at the

vertex and centre of track respectively.

E(f) - 4 do. £(n
- dr. d R (®)

df . &(RC-L)-I
. dR. n

AB_L_ = n K pf.h-l
de

Ep) - F R ER)
E(f) - -ELe)
P'L
LEle)  RTNRT RTE E(R)

E(fe,) - ( f&)mf (V)

%

~ Now to evaluate the ¢

veoe ( A.2)

cee. { A3)

P
The change in azimuth angle d;ﬁcaused by moving a small

distance dl 1s given by ¢

df . -6
I (L)
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where_B is the magnetic field.

(Re-4) - kPR
df - g« U
’{ 0%:_2)%\
fﬁviﬁ . -g kM Lﬂ
. °(«¢_l)""
This gives

-B.= B Re-L — R
Bo-fo o B [(Q 5 (g‘).,,‘}

Rearrange

- 6 [ kYL 7&) —;]

M = [ pk PH+J-_1

[ng le. _ kB™ - k(n) R L]
6 dh AP i

Using equations A.2 and A.3

for



glives

¥ | (Re-n) ™
' }lp; KP

- n (e - 4]

'All the terms in the expression for EMMSQ (egn A.1)
can now be evaluated in terms of known variables. Each term was
calculated by computer program and ﬁhen squared, correlation
between terms was taken to be zero, the sum of these
squares was then taken to be the varlance of the MMSQ and
‘used in the analyses outlined in Chapters 5 and 6. See

Chapter 5 for further discussion.

e
LR ASUSE 4
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APPENDIX B

THE £ CHANNEL PRODUCTION ANGULAR DISTRIBUTION
The production angular distribution for the

channel is expressed, in Chapter 6 as follows ¢

. clhl - -4 C? F,Gunéx:y
d (=67 rz=

cos B: is unknown ; the known angles are cos & and cos x,
the angle between the £°and A° . To resolve this problem an
addition theorem obeyed by Legendre polynomials is used.
If (9., ?‘.) and (6., ¢.,) define two directions in space
such that 6,+8, <™ .and 1f P 1s the angle between them

then ¢

s P = anB =8, + 5.6, = B, m(%-?ﬁ)

and the addition theorem is that @

P‘(“‘“"’)‘(f—) E Ve (6.6) Ve (6.8
+ |

In terms of the angles in fig 6.2 and 6.3

Po(con87) - 4 = ‘/4,; (X»P/)- }2-»‘ (‘9::0)
g Wer n=d
- + fi cod QUk;{
yn,,\( ) (- {ca_a_JM‘g ()



103
_ and
Yo (6F) < ()" Vi (0, 9)
form=0

Yoo (6, §) =(Lﬂﬂ)f*&(me)

A

Therefore in the Pe(me':) expression the contribution

fromm= 0 is ¢

B (con8) fy (eon)

for m = +n or -n then the contribution is :

A (Yo (1) Vi (69 + (e ) Ven(e:,o))

20+

which gives ¢

(Ve [ A - o fin(,9)

24+

R RN

il

A(=)" B (83) Plens) coanf

. . =
Q(mez) - -Q(w.&:)&(mx) +.2£(-l) Py (f-o-aé),\) ﬁg(w)mm?{



. Integra.ting.overp’ gives ¢

Zr

fﬁ(me‘é)ésé . fipm) il &)

° A

o AN o £ G i) R (e 83)
d (e 6%)
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APPENDIX C

SAMPLE D.S.T. RECORD
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The record is shown overleaf, it is only part of a record

but it is sufficlent to demonstrate the structure.

The format 1s :- word number, word contents in three formats

floating point, integer, and hexidecimal.

Notes

word 1 = Frame no. X 10 + event no.

word 2 = No, of hypotheses in the record
Section A (Header)

i) hypothesis no. x 10 + no. in fit sequence
i1) no. of constraints of fit +7Czproba.bility
iii) Missing Mass Squared to this fit

iv) no. of vertices (NV) , no of tracks (NT)
Section B (Vertex block for NV vertices)
1),11),111) x, y, z vertex co-ordinates
iv),v),vi) ﬁ?x),ﬁ?y),E?z) errors

Section C (Track block for NT tracks)

Integer

Integer

Integer
Int + fl.pt.
Fl.pt.

Hex (packed)

i) a= charge* , b= mass code, c= beginning label, d= end label

11),111),1v) 1/p , @ , tanA unfitted track variables

v), vi), vii) E?l/p),ﬁ?ﬁf),E?tan)-) errors

"next 6 words for fitted variables

next 5 words for magnetic field components

xix) half length of track (+100.0 if continues into Ne-H)

* 'Charge = 127 -ve, 128 neutral , 129 +ve,

0 unknown


http://fl.pt
http://Fl.pt

i 6,000 12446041 BALDIHARD
SR I 1. 11 S W L L R B |
3 0.00890 210131 TOLH33473
| 4.8681 190956235040 413NE2LS
S 8.900404 50397952 B3NiIB3en
6 __ _.8.08080 131077 08020155
? 2.9486 169301688, A12F2ms
B -4.6981 -1#52022343 61462839
9 23.8892 1180829433 421721603
i f.0ud1 1829152641 JUGTVPERL
i 9.0881 122729721 ID4LEOTS
i2 9.0889 10436884525 JEISERSL
13 2.9241 1983585132 412ECQEC
14 -4.9642 -1891259235 C14FADYD
5 23.32904 1198824582 42175204
16 0.0001 18332130874 2B9594¢%2
17 8.90€EH 1825319433 3ptu2z2ny
12 _ 0.0015 IR4G567120 IELISADND
{9 EREEGEEARE R 2138960285797 TFRq2e21
29 9.£289 1898530159 415D3F @D
21 -0.0196 -1887660227 BF2B9F5D
22 2.32426 1894024937 41397E€S
22 D.08AY tg254:820232 INZUMEER
24 0.0001 1827135343 3D3IBD?EF
o 0.0148 1060226138 3F3Cr2Ca
26 5.8289 1E96620(%58 413D2F kA
27 -0.0104 ~1657v29773 BF2asFut
20 3.3455 12956027896 41358758
29 8.0049 1825202949 2D2A2D45
30 8.0801 i82vigir12 2D3sreae
21 0.08231 16521317291 3F21112F
32 8.9037 1856673586 JEF25772
33 1.0007 18915683265 411092EL
24 8.9971. 16904570331 4BFF419E
35 -8.90LH ~1124.¢02247 BCFFSF9S
36 -0.0460 -1122782001 BDLICF4F
22 i4.8620 1196267948 41EFG46E
3y AT LY LR N 2171165442 ?PFC?B182
39 4.6204 1023253846 {4149ERGE
40 8.2847 1BE82499144 42DRER3F
T 41 0.9 3] agouaneg
42 U.NB36 10555257365 JEERBIOE
43 8.032% 1265508297 3FRINDFI
14 -1.08080 -18552146032 Ciiuo3a¢
49 4.6463 1895591695 414A_574F
46 B.7°14¢ 18687353386 dRReFANe
47 5.4329 1895214999 4156E971
48 g.o0n11 IN447235450 JERUILGFSE
49 0.2004 1241857128 JE19G671E
50 p.0211 18352335382 JFTGEZLFE
51 e.ca3vy INIENES310 JEF1D3FTS
32 1.0068Y 188i5hA741E 1118033ax
S 1.0609 10955R7616 Gl1I8ReNg
54 .0 D POOSHAGE
95 0.9 H ] COOBHEYL
50 CADET ___ABTEYAEINT___ 4n2BROEL
5? -9, 913y 2140500568, S1d7331L2
5R 0. g3 1658266842 3:1axLLt
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