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ABSTRACT

_The investigations reported in this thesis concern
particular decay products. of proton-proton collisions
recorded by the 2 Metre Hydrogen Bubble Chamber a t CERI, using
an incident proton beam momentum of 16,08 GeV/c, An analysis
is made of the resonance production and a search is made for
_higher isobars, in particular, those decaying into P T1° 117,

The basic data were taken at CERN during September
1966 and then analysed at Imperial College. The yield was
27,000 useful frames with 16733 four-prong events.

Data reduction procedures are described first in
Chapters 2, 3 and L4 and this is followed by a general dis-
cussion of the dynamic properties of produced particles and
a brief survey of current models,

Despite a sefious and,eaS'yet, unexplained distortion
in the bubble chamber, 10.75% of the four-prong events yielded
significant results in a L~constrainf£it, of which 52 are
- dominated by Af+ o« BEstimates are presented for the cross-
‘section of the resonances observed in the present experiment,

- It is coneluded that the associated higzh resonances are mostly
decaying into NG

In Chapter 7 the high energy aspects of inelastic three-
and four-body processes are studied, and this is followed by
a review of nucleon resonance in other experiments similar to
the one described. The Cambridge share of the data, reduced
independently, is in general agreement with the results
presented here and a general ccmparison is made in Chavter B
- A suggested programmé off further work is outlined.

s



PREFACE

~ The author joined the High Energy Nuclear Physics
.Group of Imperial College in October 1965 and spent the
first year atfending the departmental Ph.D gualifying course,
She initially assisted in the 10 GeV/c K p experiment then
-in progress and also became briefly involved with both the

1.65 GeV/c X D and 6 GeV/c K p experiments,

In September 1966 a proton—protoﬁ experiment at
16 GeV/c was commenced at CERN where the author particivated

in the beam tuning and film exposure.

This experiment was a collaborative effort between
Imperial College, London, and the Cavendish Laboratory,
Cambridge, and the CERN 2 Metre Hydrogen Bubble Chamber was

used throughout.

This thesis is based on the Imperial Gollege share
of the data. The author was solely responsible for all the
compilation and data processing,aé well as for the.analysis

of the pp — DP 17 17 data.
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CHAPTER 1
INSTRUMENTATION O THE EXPERIMENT

1.1 introduction

The following instruments are required for a
modern bubble chamber experiment: -

(2-1)

(i) &n accelerator associafed with assemblies

for mégnetic and»electrostaulc field géﬁeration with remote
control of'collimators, to produce a flux of required particles,
or a particle beam.ét-fhe desired_momentum, with, a reasonably
lgodd purity.

| | 5-8; 49
(11) A large and high magnetic field bubble chamb( )

with the appropriate illumlnatlon system(9 11)

where photo-
graphs of particle interactions are.recofded. |
(1ii) Magnifying scanning_tables are needed in examining

-the films which are investigaged visually for interesting inter-
actions or "events". . 4 rough measurement of particle tracks
recorded on the film can be attachéd at this stage, should this
be considered necessary.

| (iv) The other importantuméchanical aids are measuring
machines; these are essentially projectors for digitising photo-
graphic track points for events of interest. The coordinates
of each measured point can be punched out on commang, as well

as salient book-keeping information in a suitable form for

further processing.



All operations = photography, processing, scanning

and measurement - are organized to accommodate a high volume
of data in order to kee§ up with the physicists' demand for
good statistical significance. This general problem leads
ultimatély to the demand for a reasonably large Digital
Electronic Computer. | |

| The rest of this. chapter deséribes>the consequences
- of some salient features of the instruments used in the present

experiment,

1.2 The Beam _

In September 1966 for the first time a 16 GeV#
proton beam became~a§ailable at the CERN Proton Synchrotron
(cPS). The CERN 2 Metre Hydrogen Bubble Chamber (2-M HEBC)
‘was exposed to this beam and set-up for 100,000 pictures.
However, owing to a chamber fault which developed in the re-
frigeration and pressure control, a total of only 57,000 useful
photographs was obtained; Thevfirst half of these films

exhibited on average about 10 proton tracks per picture while

the second half averaged about 16 per picture.'

(18)

A general purpose beam known as the "U3'" beam line

(developed originally from the "02" beam(12_17)) incorporatcd
(17-19)

rd

both Zlectrostatic and Radiofrequency separators and

# The convention h=c=1 will be used throughout the following text
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was constructed in the East Experimental Area of CFS.

It was designéd to provide the CERN 2-M HBC with reasonably
pure beams of kaons, pions, protons and antiprotons upto a
momentumn of about 20 GeV,

A simpler apﬁroach to proton production is based on
the assumption that there is no contamination of muons for
stable positive particle beams(13). The actual beams used
for this experiment ﬁere operated as unseparated perticle
beams, taking protons directly from CPS by means of some of
the bending magnets operating at maximum field(l5) to provide
sufficient flux. When the momentum of 16 GeV was reached in
CPS, the beam was deflectéd by the Rapid Beam Deflector onto an
internal target (térgef 6). The elastically scattered seconda-
ry protons were(produced in a cone shape at essenfially ZETro
production angle, These pfotons continued to circle in the CF3
on deflected orbits, so. that part of the reflection cone passed
through a Fast Ejection Septum located in the ring., The current

in the 3eptum could be adjusted to control the appropriate

proton flux down the beam line as close as necessary to the -
16 GeVv ﬁomentum value with a distribution determined by the

. magnetic field provided in thé CPs, The beams were kept to
within about 5 cms of the beam axis to minimise aberrations
arising from non-paraxial optics. The independent, adjustable,
remotely controlled, collimator jaws were used throughout and . }

provided easy and more accurate tuning of the beam, The complete
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lay-out of the beam, approximately ;80 metres in length, is
shown in fig. 1.1..‘The proton beam may bé conveniently regcrd—
ed as being made up of two main parts. A phase space acceptanc
and momentum bite which serves to regulate the flux in the
first part. In the last section the phase space and momentum
bite are approximately redefined until the beam is approximatel:
shaped. Beams of reasonaﬁle ﬁurityAare expected before enterin
into the bubble chamber.

Proper shielding (BP) is provided for the beﬁm, from
the magnetic effect of'the CPS magnet unit, as it'ieaves the
accelerator and enters the series of 9 collimators, 15 CIRN
standard quadruple magnets, 8 bending magnets'and 2 radio-
frequency separator cévities.' Features of the ﬁroton beam will
-be described without consideration of the separators, AIn order
to reduce the scattered particle background, the indepehdent
vertical and horizontal‘cdllimators were used everywhere in the
beam line to separéte the images into two planes. After passing
through the lens Qq, an_arréngement of mangets.Mi,lmz, Mz and M,
forms a conjugate focus at Gg. This facility pefmits the trans-
‘mission of a large momentum bite if soxdesired. The bending
magnets Iy and M, together with the quadfuple lenses Qi 5, Qs
are incorporated in the finél momentum anaiysis in the hori-
zontal 'plane, To avoid overlapping of too many beams, the
lensés Qs and Q,s are used to produce a divergent beam in the
vertical plane, Finally, the last two bending magnets L, and

Mg were used to steer the beam into the bubble chamber.
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1,3 The Bubble Chamber

The general details of this hydrogen bBubble cthamber

have been described elseWhere(5’6’2l)

and only a brief descrip-
tion of the CERN 2-M HBC used for this experiment is given here.
Essentially, the bubble chamber is a vessel containing
a transparent superheated liquid (hydrogen). The dimensions
énd some important parameters(22?23)_are listed in table 1,1,
The actual 1iquid.hydrogen tank is made of two vertical

(10,28) | ‘'me top ana bottom

borosilicate BK7 crown glass windows
'ofathe chamber are metal, thus permitting‘good temperature
control, Fiducial crosses are engraﬁed on the inner side of
the windows; these are used as survey marks and are important
references néeded later in the reconstruction stage (see section
2,4). Radiation is reduced by a hydrogen and nitrogen shield
surrounding the chamber, and the whole assembly is suspended in
a large stainless steel vacuum tank, - The temperature of the
chember is controlled by refrigeration loops at a working tem—~
perature of 26°K, The slightly different valﬁes of refracfive
index(26) for glass/vacuum and glass/liquid window interfaces
are also listed in table 1,1. The vacuum tank is enclosed in an
Aelectromagnet giving an average field of 17;3u3K-gauss(2”’25).
The chamber is expanded upwards. The purpose of the
exbansion system is to make the bubble chamber sensitive to

charged particles, This is achieved by bringing the liquid in

the chamber to a superheated state for a short time by momentarilj

lowering the pressure,
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In’a large hydrogen chamber it is preferable from
the cryogenic point of view to vary the pressure by means
of a piston ratﬂer than by gas expansion (used ih the previous
small British chamber). The expansion system forms an
oscillating system which will be operated at its resonant
frequency. This frequency can be adjustéd within certain
limits to sﬁit the experimental requirements by varying the
spring rate of the gas cushion(u9).

The liquid hydrogen in the visible volumzs is separated
from the colder liquid hydrogen over the expansion piston by
the flexible suspended separation dise, This disc improvés the
optical conditions in the visible volumé, ahd'maintains a more
evén distribution of pressure in it dquring expansion,

In order to ensure thaﬁ the flashes for track illumina-
tion are synchronizegigge passage of the particles through the
- chamber, a signal taken from the P.S., initiated the expansion
of the chamber for each cycle of arrival of the beam pulse,

The recycle time was typically about 1-2 seconds,

Without doubt the amount of useful data increases
with picture qualit&. Thérefore the optical designjplays an
important part from the experimentalisf's‘pbint of view., This
is especially true for a large chamber, The,iliuminatioglo’ll)
of the CERN 2-M HBC will be described briefly. Figure 1,2a

shows a schematic view of the bubble chamber optiecs. The illu-

mination is of a straight-through dark field type. The chamber
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illuminated by three independent demountable flash-tubes

with the help of a condensing lené system(29). The three
flash—~tubes illuminate a cone-shaped useful volume of about
500 litres, Some general parameters for a conventional bubble
chamber are given in table 1,1, Some newer points will be
discussed briefly, in particular the advantages of the light
sources and the two big plano-convex condensers, The light
sourée of figure 1.2b was designed by F.Frungel, H.Kohler and

H.R.Reihharal 1)

and developed and built at CERN for the 2-l
HBC. It was used for this experiment and provided a good
combination of high energy (upto 2500 J) and short flash dura-
tion. The radiating piasma ap@roximated to a point source zand
the lamp had a long lifetime (defined as the time for the useful

light in the second focus to be reduced to 603 of its initial

value), High intensity and shorter flash delay also allow =
reduction in image distortions arising from turbulence in the
liquid. With the distribution of point sources described,
hnages are confined ta a circular region of 15 cms diameter,
thus providing a free choice of camera position. The ideal
situation of four cameras was used, placed on a circle of.60 cms
diaméter. The resulting images produce a séattering angle of 7°
which leads to a good compromise between the confiicting require—
ment of adequate intensity and sufficient stereo angle. Operatio:
of the three synchronous lamps is controlled by a light monitor,
-yielding a uniform illumination for the whole chamber. In addi-

tion to the advantages described, the flash tubes are less costly
and more durable than those used in earlier system,
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- To ensure that the final image of the light source
yields a perfect dark field illumination for the best film
contrast, two plano;convgx lenses of approximately equal power
are used, They have one external aspheric surface. for,
according to experience and opticai computations, the lateral
aberration for non-axial points due to astigmatism and coma
may be corrected by adjusting aspherizing constants, From
figuré 1.2 L1 and L2 are the fifst ahd second collector lenses
respectively for the'image.‘ Then the'main condenser'subSequent—
1y brings the image to each camera aperture with the minimum of
stray light due to geometric optical aberrstions. The parasitic
images due to double refiection are suppressed by anti-
_reflection_coatingé. In order to help beam tuning, there are

two direct viewing windows., Polaroid phqtographs were often

taken and closed circuit television monitoré the chamber,

1.4 Scanning and Measuring Machine

Essentially, the scanning table consists of high
--qualif& multiple projeéctors, The film transport mechanism,

table and optical illumination system produce the necessary
degree of film magnification at a convenient position for visual
inveétigation. In practice, the facilitiesnallow three‘stereo~
scopic views of the same picture, These are mounted side by

side for éomparison purposes as well as a referance in the case
of difficult‘events. The £ilm can be moved at a controlled speed

either on one view at a time or on all three views simultaneously
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A partial vacuum causes the £film to be pressed down flat to
the guide and released when film movement is required,

British National Measuring machines(27) vvere used to
measure the films for the present experiment.‘ These were built
and developed under the general direction of Professor C.C,
Butler,'?RS, at Imperial College. The measuring machine con—
sists basically of a moving stage bearing Moire Fringe digi-
tizers, A projection system displays a complete magnified
stationary image of the frame ontq a sereen at a convenient
position for the measurers to.find events, Part of the image
may be magnified on a separate écreen to facilitate-accuratg
measurement to within a limit of 5 microns on the £ilm, The
stage moves parallel to the length of the film (the X~-ccordinate)
‘the position of which is recorded. The carriage bearing the
projection lens moves transversely and measures the Y—coordinate.‘
A number of evenly spaced points are meaéured on each track for
each of three sterioscopic views in turn., These numbers and
the control character information of an event are punched out §

on five-hole paper tape in binary coded octal format. Thé

semi-automatic control of measuring fixed fiducial marks was

attached later(Bo)-under the supervision of Dr S.J. Goldsack.
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Table 1,1

GENERAL PARAMETERS OF CERN 2-M HEC

1) Optical system: 3 light sources, 3 condenser systems,
2 big windows and L cameras.,

2) Chamber:
illumination region in the front plane 520 X 1620 mm
illumination region in the Dblack plane 600 X 1920 mm
depth o 500 m

~useful volume. L65 litres = 82% total volume.

3) Windows: (BK7) ‘{
dimensions | 2170 X 770 X 170 mm
weight ' 660 Kg._

i) Refractive index:
Glass/vacuum 1,5168
Glass/liquid - 1,5267

5) Beam properties: circulating proton beam in P,S,

Intensity ) 5 x 10t
‘Energy | ‘ 28 Gev,
6) Film: 50 mm wide, unperforated, medium speed.

’

The photographs were taken approximately l.5 msec
after the arrival of the beam pulse, in order .to allow the

bubble to grow to the desired size (2 bubbles per mm) «
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CHAPTER 2
DATA PROCESSING

2.1 Introduction

BEfficient processing of the daté from modern

bubble chamber experiments requires large scale facilities
involving a multi-step handling process (e.g. scanning,
measuring, etc). It is also necessary to set up an efficient
book~keeping system in order to accumulaete all the information
as it progresses and thus minimise the loss of evehts.
Pigure 2.1 is a rough flow diagram of the data processing
ww&gypteﬁwused‘for the present experiment.

| Imperial College received approximately 27,000
frames of film from CERN made up of alternative rolls., Each
roll consisted of about 1500_pictures in four stereoscopic
views (the four projected camera positions are shown in
figure 2.3). For the convenience of the existing scanning
and measuring machines, eacp roll was sub—diVided into two-
half rolls of approximately 750 pictures each. The quality
of the film had initially been investigated visually during
the run at CERN by taking "test strips"(Bl). Before trans-
ferring film into the measﬁring stages it wés selectively
scanned and predigitised once for events of interest (4-prong
events with no neutral and strange particles). This was done
at Imperial College. The proper scanning(32) was performed
later. A sequence of reconstruction procedures and full kine-

matic fitting was carried out by a chain of CERN standard

'
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programmeé THRESH-GRIND, adapted for use on IBM~7090 and

PDP6 computers. The post kinematical analysis was performed
with the aid of the NIRNS Progpammes(BB). ‘Unfortunately'these
programmes failed to identify separately the two protons in
the final state. Thus, for the first time in the H.E.N.P.
Group at Imperial College aﬁ experiment dependent Data Summary
Tape (D.S.T.) and statistics programme was commenced and

developed called "POOR MAN'S sumxn(34),

2.2 Scanning and Fiducial Volume

2.2.1 Quality of Film - An initial idea about frame

quality was achieved from test strips and a summary is given
in Table 2.1; In effect, the "fést strip" was one of the
additional methods of improving the qpality of film in the
sys%em described in Chapter 1. Duriﬁé the éxperiment as soon
as one roll of photographic film waé”finished, about ten frames
iﬁ each view.wefe immediately developed and scanned. They

" weTe then examined under the microscope for a bubble density
analysis. PFigure 2.2a shows the distribution of the average
number of bubbles per‘cm, while the average number of beam
tracks per frame is shown in figure 2.2b. The number of eadh
type of interaction was recorded, based on the assumption that
there was no limitation on the fiducial volume required. This
gave'a reasonably good prediction for the number of tracks

- and the number of events per picture, especially for 4-prong
events. In this case the test-strip gave a value of 42%

for 4-prong events out of the total number’of interactions
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compared with a subsequent result of 40.5% frém a random
sample of 10 half rolls of film scanned once for every t&pe
of collision as listed in‘table 2.1 within the specified
region (see figure 2.3b);

A similar comparison of fhe average numbér of bean
tracks.per frame is illustrated in figure 2.2b. Since the
present experiment was concérned only with 3 and  4-~prong events
no further consideration Wés paid to those of higher multi- |

plicity. . .
Unfortunately a compensating magnet which controlled

the beam azimuthal angle at the entrance of the chamber was
accidentally switched on after three rolls of film had been
taken. This effect can be seen in fig.2.3%a as a difference

in beam azimuth angle of about 20.m—;édians. It incidentally
caused the value of the field at the chember centre to in-
crease by 0.2%.1 Howevef this change was neglected aé it was
within the error on the value of the magnetic rie1a(25),

4 Gollimator C3 was adjusted frequently to compensate for a fault
which had developed in the injection system causing the number
~ of beam tracks per frame to vary considerably from roll to roll
Some scattered non-beam protons (discussed later in Chapter 3)
entered the chamber. The picture quality deteriorated during
the end of the run as a consequence of poor chamber operation
and, furthermore, during this period‘of time(22’231 the

chamber had undergone distortion.
After reconstruction (described in section 2.4.1)
of the measured events, several hundred beam tracks were

carefully studied in order to determine essential parameters
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needed for the full kinematic fitting procedures (described
in section 2.4.2). Figures 2.4a to 2.4c show the general
distributions of curvature (1/P), dip angle (A) and
azimuthal angle (F) for the beanm ‘tracks, where A and £ are
the two parameters defining a track direction in space.
A is defined as the angle between the X - Y plane

and the track tangent reckoned positive towaras the =z -axis.

| £ . is defined as the angle between the X-exis and
the projection of the track téngent in'the X - Y plane
reckoned positive anti-clockwise. |

‘ As the beams.at high energy are less curved and
weliiconfined within a spread of a few cms, dip angles afe
- small and of the order of 4 — 5 m-radians. The azimuthal
angle is close to 11 redians. By knowing the radius of curva-
ture and the corresponding central value Bf magnetic field (H)
- perpendicular to the X - Y plane, thé momentum of the beam

particles can'be calculated from the realtionship:-

P CosA = - 0.3 Hf

P =  momentum (MeV)'

P = radius (em)

H = magnetic field (X gauss)

P=0.,3His a gobd approximation for small dip angles. The
16,08 GeV beam momentum value results in an average radius of
curvature of gbout 31.05 metres calculated from the distribu-
tion of figure 2.4a. The corresponding measurement error
distributions for these three quantities (1/P, A, ¢') are

shown in figures 2.5a to 2.5c respectively whilst the distribu-
~tions of X, Y and Z position of the events are illustrated in
figure 2.6 a,b,c. '
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2.2.2 Scanning Criteria - The main objective was to

scan for 4-prong events only, with no strange particles;
nevertheless 3-prong events were also included in case one

of the secondary particles had insufficient energy to produce
a visible track. There are two cases to consider: <first,

one of the protons in the final state being produced close to
the line of sight of a camera with small energy, alternatively

a negative pion taking part in a charge-exchange interaction

n).

before leaving a visibly long tfackA(i.e. P
View 1 (tép) was used as the standard view for
scanning bécause it had better optiecs; view 3 (exit) and
view'4 (bottom) were used as references.
The number of 3—prong events was small and most
of them fitted the invisible proton case (3—consfraint-fit).
3 or 4-prong events were recordéd if they satisfied certain
scanning criteria as describeﬁ below: -
| (1) An apex of an event had to be at least 12 cms
from the.entrance on view 1 or, on -the other hand,'any apex
of an event was required to lie within the first pair of
fiducial marks to be accepted, so long as the secondary tracks
yielded a length of more than 10 cms for measurement.
(2) An incident beam track was accepted at the
‘scanning table (viewed at about x10 magnification)if its
displacement from the general beam direction was less than
3 mm over a 30 cm length.

(3) Events containing strange particle decays

were rejected.
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(4) Prames were rejected if:-
(1) they contained more than about 25 beam tracks.

(ii) a frame number or illumination flash was
migsing for any view.

(iii) they were too faint for all the tracks to
be visible. (

A predigitising machine called D-MAC provided the
rough ﬁeasurements for selecting the particular typelof
4-prong event (described in 2.3) and was used during the
first scan. . By means of this facility, all the scanning
information was recorded on 5-hole paper tape accompanied
with a specific identification of an event in a form suitable
for further célculation. Those frames that were rejected
on the basis of the above cfiteria were also recorded on

'the scanning sheet to correct the determination of cross
section.,

“

~ The detailed first, second and check scans on a sub-
were
sample of 10 half rolls of film/analysed independently later,
then compared, frame by frame, with the digitized scan. This

procedure showed that there was a 97% scanning effidiency.
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2.2.3 The Fiducial Volume - In general the choice

of dimensions of the bubble chamber is governed by the type
of ‘interaction and the nature of the particle under investi-

gation.

A:discussion of chamber design for stfong inter-
actiop'physics by C.M.Fisher(7) considers how the errors in
momentum and angles are related to the chamber dimensions,
field and spatial precision. The projected fiducial volume
of view 1 of the 2-M HBC is jillustrated together with the
'projectéd position of cameras, in figure 2.3b. The actual

2, with a depth of 50 cms,

chamber dimensions of 150 x 50 cm
is in fact extended in the length axis to be visible up to

160 cms. : . .

The fiducial region Tor the events of the. .experi-
ment were chosen bearing in mind that the conventional measur-
ing machines were capable of a measurement accuracy'of aboﬁt
5 Mon film, and the way the CERN standard,éhain reconstruc-
tion and kinematic fitting programmes wgre written. The mass

dependence, of the curvature of particle tracks, célculation
was ignored in the geometrical reconstruction stage. However
the chosen fiduecial volume still gave.acceptable results for
" beam or secondary tracks down to a minimum of 12 cm in lengtﬁ36)
'This result was shown by testing the follow1ng various hypo-
theses for all possible permutations of particle tracks:-

p + p—>Dp + p + T T

p + p———> D + D + k¥ + K~

p + p——>p + p 4+ p + D

1
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It was found that there was no significant reason
to rejeét those events that were measured with short tracks
provided they were found to be consistent with the ionization.
This evidence justified the chosen fiducial region. The
fidudial region was divided into smaller sections to avoid
the confusion of identification of adjacent events. These
seétions (Not's 1....6) are dowﬁ—stréam from the beam entry
as shown in figure 2.3 and are constructed by taking lines
joining eaéh pair of fidﬁoial marks oﬁ view'l, S0 approximately
indicating the boundary. An arbitrary sub-division was
introduced for the left and_rigﬁt of . each section'where more
than one 3 or 4-prong events occurred.

The width of the fiducial region is difficult to
define because of the bubble chamber'oétics and'fhe difficulty
in finding appropriéte fidﬁcial marks. _Howevep,\with three_
chosen caméras, each seeing different.regions of the chamber,
the effective width required is where the apex of an event

is just visible on two views.
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2.3 D-MAC Selection and Measurements

It has been known for some time that the total
proton-proton cross section remains essentially constant

at high energies(37) (39.9 mb). However from recorded bubble
(38,40)

chamber cross section data on 4~prong events, it has
been suggested that some 90% of thenm also produced neutral
particles. Only the remaining 10% are of interest in the
present_ex?eriment. Since a complete three view measurement
of one 4-prong event would, on average, take about 25 minutes,
it was considered time-wésting to analyse all the scanned
events., Therefore it was pfoposed to employ a rough predigi-
tization system, performed on the "D-MAC" scanning table,
which allowed apprpximately 50% of fhe events produced with
neutral particles to be distinguished and rejected before
beginning measurement. This fraction was compatible with the
rejection rate of the other half of the film snalysed by the
Template Method. at Cambridge(39).

The nominal beam momentum in space was given by
CERN és about 16 GeV and so the projected beam momentum on
the X-Y plane for high energy particle tracks with small dip
angles can be taken as 16 GeV. For the_inferesting events

of type: P+ P — > 1 +2+3 + 4
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the vector sum of projected momenta (P_,. ) for all out-

sum-
going particles of an event prpducing no netural particles
can be defined ass-

i
P

Il

4 (i)
sum % By Cosﬂi = 16 GeV

.
Xy

A

Since D-MAC selection was approéched on‘%he assunption that

the projected momentum on the X-Y plane

th-

the angle between the tangent of i
particle and the beam direction.

each projected track formed a segment of a circle of radius(R)
in-a"uniform magnetic field,'with no consideration of track
directions, it follows that the algebraic'sum of projected
momehta can well be satisfied.to the first approximation by

the following equation:-

4 (i)

Psum== Ea BN > 16 GeV

.Because of momentum conservation, rejected events are those
_that have large missing momentum which.distinguishes them
from the events of interest. . The general features of the
‘projeéted momentum sums are illustrated in figure 2.7a, hence
it seems cleaf that the lower peak mainly represents those
events produced: with neutral particles. However, there is
no doubt that the overlapping area containé contributions
from both cases. A test was applied to five half-rolls by
measufing every event (see appendix I for the D-MAC'rough

measurement procedurex) found in one scan, to determine an

# The writer wishes to thank Dr M.Mermikides for assistance
in writing the D-MAC programme.
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optimum value of the momentum sum such that events having a
lower value could be rejected. Obviously, the value chosen -
must be a compromise between losing to0 many events of
interest and including too many spurious ones produced with
neutral particles. After fitting, the e#ents were checked
' for.consistency in ionization appropriate to the particle.
Thus only 1% of well fitted events arose from interactions
which contributed to the area in figure 2.7a where Psum was
less than 10 GeV; while figure 2.7b shows the aistribution
of this well fitted sample in térm of Psum' For this reason,
the optimum value was set at 10 GeV, which leads to a good
balance in combuter,time and analysis., |

It was decided that those events which passed the
D-MAC selection should be measured on -all three consistent
‘views (view 1, 3 and 4) using information from the D-MAC out-
put. On each view a fixed fiducial was measured first as
the datum, followed by the measurement of the other three
in a given sequence (see fig. 2.3b). The rest of the event
was then measured with identification labels for apex, bean,
etc., in correct sequence for recognition by the next computer
programme (BIND). This whole procedure was then repeated for

all three views.
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2.4 The Reconstruction and Kinematiec Computation(&B’ua>
The measurement of each bubble chamber track was
taken serially for each stereoscopic view. It was not
usually possible to establish directly the correspohdence
of these views with a single point in space. Naturally, the
next essential aspect for further analysis and study would be
‘the transformation from the local system of the measuring
apparatus into the absolute system of the chamber where the
interaction really occurred. The geométrical information
necesséry for the recohstruction is referred'%o aé THRESH
117rE(*3),  Examples are the riducial marks, the cameras'
positions, the refractive indices and the erfor tolerances of
measurement. o | ‘
The input part(uQ) is mainly raw data and'is read by
“the programme BIND which checks for completeness, sorts the
. data associated with the event and decodes onto magnetic tape
..-with the rightAformat and relevant informétion. The rejected .

events are listed and sent back to be remeasﬁred.

2.4,1 THRESH - The general flow diagrem 6f the
~geometry programme, THRESH, for each event is shown in fig.2,8.
The z = O plane is defined to be the inside of the front glass
with the z-axis pointing toward the cameras, The optical axes
of the apparent position of the fiducial marks (%45 ?i) in the

z = 0 reference plane are found by substituting the correspond-

- ing measured point (X, Yi) in the linear transformation
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relations: -
¢

Xy &y + 06 X; +0%, Y

Y;- m4+a5xj+0(6\/i R R (2.1)

Measuring four fiducial marks on each view in turn enables
the six coeffieients (Xm; m=1...6) to be determined from
-a least squares fitting process. fThe new points»(X;_,Y;)
are compared with the title values (given independently) to
check that the accuracy of the measurements is Within the set
tolerances. They then serve as the referehce ffame Tor the
reconstruction of each event.

A similar transformation is immediately applied
to all the measurement ef the view, points and tracks, and
the coordinates (X', Y') are again t;ansformed t0 remove
any possible lens distortion and film tilt effects. Unfortu-
;nately‘the o1 ﬁBC showed certain inconsistencies due to non-
parallel surfaces(26) during the experiment operating period,
causing a great deal of difficuity ih finding the best set of
chamber constants. Especially for a four-constraint fit event
at high energy (missing mass)2 and missing energy?about zZero
there may not be convergence because some missing momentum in
the Z-direction (Pz) is introduced that may not be compensated
for, and will thus be lost. An additional (empirical) para-
meter, proposed by D.Drijard(45) is indicated as B, in
equation(2.2)and may take into account this deviation. The

formulaqcor;eCt&%or distortion, therefore is as follows:-
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2

X [1+)61D [32D +193 +j3%2+p6(X+Y)}X

=[1+/31%'+/2%+ XY+éD ﬁs_‘g (X“‘”]yﬁr........(z .2)

where D is the camera Z coordinate. The set ofﬁ%_ coefficients

is determined separately by the CERN programme‘PYTHON.

(i) Reconstruction of ILabelled Points - This section

describes the calculation of space coordinates of the labelled

points (apices, stopping points, etc). |
| The light ray joining anyApoint of the Chamber

.to a given camera is shown as a broken liﬁe in figure 2.9

and the segment iﬁside the sensitive part of the chamber is

called the "Reconstruction line" and is described by the

following equations:-

X

inZ + Gxi

Y=F .2 + G_. ' ceeeeeea(2.3)

yi y1
By the method of least squares one obtains the coordinates
(x, Y, 2) of each point with their standard errors AX, AY,
AZ, using all available views for the intersection of their

reconstruction lines. These results are ignored if none of

the possible combinations of views give ( AX +AY % AZ) less
than the tolerance constant glven in the tltle. If a labelled
f:p01nt is measured on one view only, 1t w111 be used as a

starting point for any track orlglnatlng from it.
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(1i) Reconstruction of Tracks - The next problem
is to obtain the reconstruction line for”amy point on the
trécks. TRACK MATCH is a facility to check and correct
the sequences of‘corresponding measured tracks on all views.

A preliminary check on the photograph is made;

if more than two points are outside the fringe tolerance
"circle the event is rejected and sent back to be remeasured
with e marker indicating the error. Apart from the lébeiled
points, there are obviouély no corespbnding reconstruction
lines fo%?é?§%é¥%%%uz?%églso that the X, Y, 2 coordinates of
equation (2.3) éannot be found directly. Instead, THRESH
selécts the two views tand B, such that the line joining these
two corresponding cameras lenses is most nearly perpendicular
to the track in the XY plane. This yields the best stereo-
scopic conditions. THRESH then reconstructs the points along
the tracks by the method of Near,Correspondiﬁg Points(44).
‘The reconstruction line assoéiated with a_giveh measurement

on view & is thus described by:-

v o &
X = sz f % |
Y 2 o+ & (2
= y + y , R EEEX] 04
: - . B B Fﬁ GP . .
- A set of coefficients (Fx’ Gy - y) for the spatial point

image in view B is found by linear interpolation between the

corresponding coefficients of the jth and ( j + 1 )th re~
construction lines with the added condition that the recon-

struction line B B
: = F}CZ + GX |
Y = F§_Z + G‘ﬁ . o v ess e 0o (2.5

-
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intérsects the reconstruction line of equation (2.4).in
space. This point represents the actﬁal position of the
corresponding point on the track in the chamber.

- After the approximate coordinates of the apex
have been derived, the axis system (X' Y' 2') becomes the
original system (X Y 2Z) rotated through an angle B about
the Z-axis and translated to a new origin A, B, C (see
figure 2.10). The first view chosen is that in which the
tréck is viewed most nearly as an orthogonal projection,
and.thus all points in one view have been reconsfructed with
their corresponding points of intersection on the plane %=C,
where the best circle fit is made through (ABC). This has
the equation in X and Y-~
(X-8)2 ¢ (T =B)2 +N] (X=A) + A, (T=B)=0 ..0eue(2.6)
-and acts as the very first approximation to the helix. The
radius is % )\21+7\22, and the centre is at ¥ (2A - A, ),

% (2B - N\,). Ay and A, are found by least.squéres using
equation (2.3) for X and Y coupled with their errors. The
second view can be chosen at this stage.

In order to determine the points in terms of 3
where the reconstruction liﬁes intersect this cylinder
(fig. 2.10), we substitute egquation (2.3) in equation (2.6).
The first approximation to the helix which is fitted to the

data is described by:- ;
| X* = pP(Cose - 1)
Y' = Psine o
Z' = PG TAI‘I(X 000000000(207)
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where 0 1is the radius of the helix B
& is the dip angle of track (small)

0. 1is the aximuthal angle of the ith reconstructed
point on the track, while

B 1is the aximuthal angle of the beginning point
w.r.t. the X-axis.

- These helix parameters are used as starting values in
a final least squares fit, in which'all views are éveraged
with the aim of finding small corrections to the parameters
Pr» B» tenx, A (or B) and ¢ so that the (Xi, Y, Z;) satisfy
simultaneously equations (2.5) and (2.7) by iteration and
con#erge to the best fit solution. The programme finally
arranges the tracks in order, punches out the relevant infor-
mation, gives the curvature for a mean point and states the
dip andaZimﬁthalangles for theAbegiﬁning point with their
errors. Since this wversion of THRESH is‘mass-independent,
there is no consideration of uncertainties due to Coulomb
scattering. To reduce this.effect, an effort was made at

the measurement stage to avoid the end of the track where

rapid changes of curvature occur.
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- (43)
2.4.2 Kinematic Analysis of Bubble Chamber Events (GRIND)

The pﬁrpose of GRIND is to identify an interaction
specified by a successful numerical evaluation by THRESH. This
«ls done by assigning masses to the participating tracks of an
interaction consistent with physical hypothesis specified byn

the user. '
The first stage of GRIND is to convert the radius of

curvature to momentum and extrapolafe the values of p, A and g é

e Gy 1 et e e

to the production vertex (originally specified at the middle
of the track in THRESH) using range.momentum tables supplied

as data. This analysis of an eventserves a double purpose:- [
(i) to detect wrong interpretations , _ [

(ii) for a correct interpretation 0 impqsé’the
constraints of momentum vector and energy
conservation at an interaction vertex.

. There are four equations representing the conserva-
tion of the components of the momentum in a spatial Cartesian
coordinate system and the conservation of the total energy.
Bach track is defined by three parameters (e.g. i/p, A, #)
and has a normal distribution of error to fulfil the reguire-
ments of least squares fiﬁting. The following four equations

are formed:-

£, = =) = ziciacosﬂicos% = LX) =0 ..., (2.8)92
£, = =(R) = ZgRCesASIg = LX) =0 ... (2.9)
f3 = =E®) = ZGRSinA = LX) =0 ceeeees (2.10)

£, = }:,i}_:_i ¢ P?-rm? = {A(X‘i\ =0 ceesees (2.11)



56

At the production vertex ~Mp, stands for the target energy.
¢; is +1 (-1) for an outgoing (incoming) track at the vertex.
is the trial mass assigned to a track.

are the values of momentum and angles corrected by fitting
which fulfil the conservation equations (2.8) - (2.11).

The other information:required by GRIND are the fixed data.
These are referred to as the GRIND Title, and comprise the
range momentum table to calcuiate momentum loss along tracks
and possible particle masses (known,aé the hypothesis). The
‘beam title is also stated along with ifs'tolerances for fitting.
The last item can be found independeﬁtly of the experimeﬁt by
reconstructing a8 reasonable number of beam tracks. The beam
parameters P, A,, @, are obtained by extrapolation to a fixed
point specified by coordinates (X, Y,, Z; ) as follbws:-
A = Ay +C, Zp o
¢ _ ¢° +CY(Y-\/_D)+CXLD ceesaeens (2.12)

where the values of the C's for this experiment are

¢, = =0.00030 rad/cm
¢ = 0.00020 n
¥

¢, = =0.00030 " "

~ In general @ can be measured very accurately, beam momentum is

imposed by the title value as this parameter is often poorly
measured. The general flowchart of fitting is shown in fig.2.11
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The best set of Xi can be reached by adjusting parameters

in such a way that £, = f, = f; = £, = 0, with an additional
2.

condition of a minimum for the function K (chisgquare)

defined by:

2
x —‘A—!x—i—-t min se s s s e o (2013)
' Oy '
X i Xio

X;, are measured variables (P, A, B) and Uxi are
the sfandard deviations of error on X,

A description of different ways of using the'method‘
'of least squares in kinematic analysis of bubble chamber
events is given in ref.46. The method of Lagrangian multi-

pllers is introduced as a conventlonal means of solving this

problem. Thus the function to be minimized is rewritten as:-

| M = yf +2 = 0% % = min ; j'é1,”.4 .....;.3.. (2.14) |

J
we require-gﬂﬁ-= 0 ; i=1, ...n
ax,
K. are Lagrangian multipliers which are ¢liminated

J

during the calculations.
| A linear approximation with iteration is used; thus
each ., is developed in a Taylor expansion to terms in the

dJ
first order.

fj(ii) =.fj(Xi) ”:;:g'){(}(ii - X.) (2.15)
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Xi is a value which is changed during a calculation

in order to arrive at the value Xi and X;.= X; for the

first step of the iteration. The magnitude of yfis dependent

on how big are the differences between the fitted and measured
values. To check for goodness of fit, 7?can be converted into
a probability by taking thé?degrees of freedom (n = no, of

constraint equations = no. of unknown variables) into account
thus(47)
ng ~1 2
2 2 2 X2
f(X)dx = ‘Lx) e dxz ses0900000 (2.15)

2% (1) |
where M(74)is the Gamma function = (niz-1)!

'~ This relation is used as one of the criteria for accepting

the fit at the final stage.

2.5 D.S.T. and Statlstlcs Programme

All the possible physical 1nterpretat10ns of the
four-prong events which are convergent in the fitting
procedure by GRIND are recorded in the GRIND library tape.
Only the candidates for the reaction pp

PP W are of
interest in the present experiment. Additional consiétency
criteria (as given in Chapter 3) are imposed in order to get
as pure a sample @3 possible for the analysis. A Data Summary
Tape (D.S.7.) is then produced by plcklng out all the relevant
information from the GRIND library tape corresponding to the
selecfed interpretations of the accepted fits as‘weil as some

computed quantities necessary for statistical analysis.
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Examples of such quantities which must be written out in a
suitable format are the combination of effective masses
for the final state, the momentum transfer and the decay
angle between pairs of particles, etec. Furthermore, in
order to avoid the complication of ﬁisidentifyiﬁg two identi-
eal'particles (e.g. protpns) in the final state, a separation
between slow and faét protons in the Lab system (or backward,
forward moving protons in the centre of mass system) is
-arranged before recording the event on the D.S.T.
The‘experiment dependent statistic: progfamme to
complete the chain of data processihg.is "POOR MAN'S SUMX"(34).
Various histograms énd two dimensional scatter plots, with or-
without conditional selections; may be produced by this
programme‘with appropriate data instruction cards. The latter
facility is an original programme from the standard NIRNS
CHAIN-2 series. Pacilities are also available for the
conneétion of‘aﬁy user's routine to calculate other quantities

which may not be}presented on the D.S.T.
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TABLE 2.1

The. Breakdown of Events from a Test Strip and
One Scan of 10 half rolls.

Data from| 2-prong| 4-prong| 6-prong | 8-prong |other type
% o | & | a
Test B |
strip 29f05 42,1 15f1' 1.09 }.05
One 1 35.0 |° 40.5 | 17.3 | 3.11 3,12
scan :
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CHAPTER 3

THE pp-———’ppT#ﬂr PRODUCTION CROSS SECTION

3.1 The Assignment of Tvents to the Pinal State

The kinematic fitting programme (GRIND) was used
1nit1ally on the fOllOWlng three hypotheses. Each particle

permutation was attempted and a flttlng_probability was

derived:- _
| P4+ P ooe—up P + P AT cressesses (1)
P4+ P——=P+P+K 4K N ¢-))
P+P——>P+P+P+PF . seerernn. (3)

The occurrence of reactions (2) and (3) from a
reasonable sample of film yielded a very small cross section,

d(38’40): and their inclusion in fhe'programme

as expecte
merely produced ambigliities. Therefore they’were neglected.
Only the hypothesis of reaction (1) was then carfied on for
the present eXperimenE, and since the measured events had
elready undergone a preiiminery selection (see Chapter 2 -
section 2.3), most of.them were the 4-constraint candidates
for this reaction with no neutral particles. Acceptable
interpretations of fitted events were decided by the project

physicist later. To be accepted, a fit had to satisfy certain

criteria. These are described below:~-

(i) Pitting Probability - The X value of the fit
 was calculated(47’52’53) in GRIND for the appropriate number
-~ 0of degrees of freedom. Its relation to the integral probabi-

lity is calculated from egs. (2.15) with a normalization;

f{(x)d(x) =1
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After an event has passed through GRIND, one has
to decide if the tested hypothesis is cofreét or not (detailed
testing can be found in ref. 46 and 84). ﬁ?is dependent- on
the magnitude of the differences between the fitted and the
measured values. Frequently the deviation of”the ﬁ?-distri—
bufion is known to belong to a certain family of distribu-~
'tions(84) which depend on the number of degreés of freedom.
FPigure 3.la shows the distribution for 4—degrees of freedom,
while figure 3.1b shows the corresponding 4 -probability
(P(> ﬁ?)) distribution for events fitted to reaction (1).

In order to accept a reasonable,physical hypothesis
fof a given event, one can introduce as a cut off limit a
maximum value of dg or a minimum value of_probability. A
check is made that the % -distribution obtained from the fit
procedure is. the funcf-ion of errors ( LD A?\j: . and. A}di)
introduced to the fit that agrees with the theoretically
‘expected one. The peak at the low end of the P(>>1?) shown
in figure 3.1b could be due to the fact that the measurement
errors occasionally result in a spurious missing particle
with small momentum. Also, in the high energy range, secondary
particles have a large momentum in the X-direction with a large
errbr; Any variation in Jg.would certainly depend upon thé
transverse momentum rather than the longitudinal momentum, and
so it is more difficult to forée an event to fit wi'th 4-
constrainst (4C) than with 1—constraint (1¢). On this basis,

the 4C fit will always be accepted when the event also fits
with 1C. | ' |
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If two or more hypothesés gave 4C fi%s conéistent
with ionization, one hypofhesis was accepted if its probabi-
1lity was three times greater than.thg alternatives, but other-
wise these events are assigned to a "two-fold ambiguous"
category‘for subsequent adjustment of cross section calcula-
tion. However those fité havihé a‘probabilitonf less than

0.5% were rejected as incorrectly identified events.

(ii) Tonization - Every fitted event was checked
on the scanning table for consistency of iohization of charged
tracks. The-predicted density of ionization for bﬁbble chamber
track is proportional to 1/ff where
B ="v/c = pe/E
For practical purposes, if we assume that the ioniz-
‘ation density of iﬁfinitély fast tracks (beam tracks) I;
 (minimum), the density of ionization (i) for any track with

momentum p, and assigned mass m is expected to be

2 2
I 0( Io(l + Ln'pTC) . sesssesreye (3.1)

Typical curves of ionization versus momentum for protons and
pions‘are shown in figure 3.lc. These values were calculated |
for a proton, kaon and a pion in each track and printed in the
GRIND output. This had to agree with the estimated value of
the ionization, 6btained by inspection at %he scanning table.
A proton, kaon or vion could sometimes be distinguished, but
in practice the usefulness of the check was severely limited
at the present experimental level of energy because many of

the tracks had high momentum and were of minimum ionization
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for all mass hypotheses. This situation gave rise to biased |
éampleé of events from the same reaction from a background of
~wrc;ng identification.

It was found that oy ionization checking one could
resolve most.of the ambiguous events,“and the identification
of a single heavy track as‘é proton could frequently eliminate
all the low probability fits. At the same time; the bean
track of each fitted evént was also rechecked (see Chapter 2).

After such analysis mbre fhan 96% of the total
samples were 40 fits, the rest being 30._ This-left'aboﬁt 39%
of the total as ambiguous events and this Qas considered a

reasonably good identification rate at this energy.
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3.2 Scanning Efficiencv and Biases

With two independent scans and one check scan on

the same amount of film, the "scanning efficiency" could

be calculated as follows:-

let' N1 be the number of events found in the 1st scan.

N, be the number of events found in the 2nd scan.

Nﬁ be the number of events found in both 1st & 2nd

Scan.

and let e, and e, be the'corresponding scanning efficiencies.

Let N be the true number of events. Then if we

assume that all events have an equal probability of

registering :

then,

Ne1

Ne,

Ne; e,

N, N,
Ny

The final scanning efficiency (€ ) is then defined ¢

€

€

N+ N, =~ N2

N

N]2 (N1+N2_N12) sesec s (3'2)
N, N,

The results were thus found to yield

of

€

©2

x>

2

78%

90% and a final scanning efficiency

97.09% which is disappointingly low
and probably due to poor film
quality,
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3.2.1 Scanning Biases - Scanning bias might arise

in many ways:-

(i) Through poor frame quality and fluctuation in
the number of beam tracks. 4n over or under-estimate in the
number of beam tracks affects the calculation of the cross
section. '

(ii) Through a tendency to miss an event on a2 frame
where there were more than two four—prong'events. The ratio
of the numbers of frames for various numbers of four-prong
events found from the five roll sample was as follows:-

No. of frames for one ‘event
No. of frames for two events

2.72

No. of frames for two events _
No. of frames for three events

2.88

(iii) Through off-beam events, which mainly arise close .
‘to either side of the chamber window. A possible explanation
is that the beam track is scattered at a small angle before
entering the chamber. Some were fitted with 4-constraints (4C)

but as the beam momentum was outside the limit they were
rejected.

The.interpretafion of the experimént is not bhiased
by (i) and (ii), which simply results in a loss of events.
However this is not the'case with (iii) where actual errors
may be introduced, but fortuﬁately, the number of these events
was small. An estimate of the number was made from extrapola-'
tion of the four momentum transfer distribution (fig. 5.10c¢);

1.1% of the total data corresponds to missing events of this

type.
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3.2.2 Systematic Biases -~ Any systematic bias of

the individual variables (1/p, A, @) for each track, can be
revealed by plotting the normalised Stretch function of the
production vertex, fittéd for eéch variable. The special
high constraint class of e?ents fitted with no missing
particles (4C) as shown in figure 3.2 will be particularly
sensitive to any such biaseé. The Sfrefch funetion of a
variable X'is defined:- | :
P (X)) = -_)S'II:_)_(.{_ ceesessee (3.3)
<Gm"6}>
Xm is the measured variable
X, is the fitted variable
and Gh,G} are the correspdonding R.M.S. errors.
Gy for variables 1/p, A, B, were in this case calculated by

the following relations with £, as the initial value:-

Vo) = 8L
A(1/p) = (Lcos)
| L CosA
= Al

A¢ LCosA

-Wheref°= error of measurement multiplied by the~demagnification
of the chamber; usually {, in GRIND is allowed to be larger thén
 its true #alue (to allow fbr other uncértainties such as
:turbuience effect, etc).

| L = length of the track. o ;

The dotted lines in figure 3.2a show the normalised
unbiased Stretch distributions for a sample of 4C fitﬁ)in the
' e
variables 1/p, A, #. For 1/p and f,these were found to/noraally
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distributed with a peak at zero as expected. However, the

dip (A) angie was found to have a peak at a negative abscissa.
This effect was subsequently invéstigated closely. PFigure 3.2b
shows the Streteh function of the other four tracks;

A very thorough investigation (see Chapter 4) was
made ‘of the problem of distortion(?2:23) in the chamber. Such
distortion could cause systematic bias in geometric and kine-
matic fitting particularly at high energies. The extra
correction coefficient used in the reconstruction programme
(see Chapter 2) was not of the correct fdrm to overcoﬁe this
effect. The foilowing procedures were then carried out for
exaﬁination:;

(i) Missing momenta - In high energy interactions

momenta in the X-direction are always }arge and have large
errors. In order to check the fit of high energy trabks, which
‘are very senéitive to any kind of bias, a séétter plot of AR,
versus AR, (wherear,apare miésing momenta i;?% and Z-direction
.of the fitted events) was drawn and is reproduced in figure
3;3a. There is some indication of an assymmetrié population

of points which is related tovan imbalance in the missing

- momentum. The projection of AR and AP, are also shown in -

figure 3.3b.

(ii) The differences in the dip angles of the beam track

The evidence from the preliminary in%estigation
and the-chamber dependence described in Chapter 8, section 8.2,

suggested that somehow the fast (high momentum) tracks were not
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reconstructed properly on account of unknown distortions in

the chamber. The effort expended in trying to find a soluticn

| to this problem has occupied the writer for 307 of the data

reduction time, but, to this date, no reliable br reasonable
correction has been achieved, The problem is discussed in

greater detail in Chapter L.

A second useful test for distortion can be made by
artificially constructing a one prong event from the beam track,
using a point as the'apex of the event where a noticeable B-ray
(on all three views) is associated with the beam track, Ailter-—
natively one beam track is split into two,parté. The first part

is measured as a normal beam track, the second part as one

secondary particle., Approximately three hundred such events

were randomly selected and reconstructed by BIND and THRESH
respectively, If there was no bias of fhe distortion of the
chamber was.corrected, one would expect the reconstruction of
these two lines to join into .the original track within the
error limit, | |

Unfortunately, this procedure showed differences in

.-dip angles for the two parts of the same beam track;_this was -

considered significant evidence of the distortion, especially

in the beam entry region. This effect was less pronounced toward
the beam exist, Figure 3.L4a shows the scatter-plot of the -
coordinate of the artificial apex versus the different valve in

dip angles of same beam track, while figure 3.4b shows the
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-projection of these different values. This evidence was
supported and confirmed by the Stockholm Group(Sl) on a
similar experiment at 19 GeV, operating at the same period
of time in the CERN 2M HBC. The alterations that have been
attemﬁted to correct this effect are discussed in detail in

Chap'ﬁel" Ll-o

“

3.2.2 Remeasurement - Events judged to be incorrect-

ly_or poorly measured and thus unsatisfactory for reconstruction
and kinemafic fitting were sent back for measurement., After
three consecutive attempts had been tried to measure an event,
~without success, 1t was classified as'*unmeasurable".

On the first measurement, some 307 of the evehts
required remeasurement, although the percentage varied greatly
with the gquality of the frame., Some errors were detécted in
BiND and found to be "measurer" dependent. Error flags were
printed out when an event was badly measured in the reconstruc-
tion stage. For kinematic fitting, é remeasurement was only
requested when there were more than two of the variables 1/P,
A, & failing to fit within their respective limits.

I After a total of three measurements had been made,
a‘residue of about 109 remained which were unmeasurable and had
not been successfully analysed, These would be expected to
qontéin at the maximum some 1,09 of the LC fits, used in the

cross section, A breakdown of scanned, measured, unmeasurable

ang fitted . events 1is listed in table 3,1,
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Another cateéory of events was remeasured success-
fully and then reconétructed and fitted. These were events
with one short and straight secondary track (non stopping)
whicﬁ could not yield a measuréble momentum, thus giving rise
to 3-constraint fits'on a "two-point" measuremenf'to obtain
‘the direction. If such a track-was a proton and was knovn
to stop in the dhamber, an additional‘label to the. two-point

measurement waS‘requiréd (TAG) and the energy and momentum

was taken from the range.

TABLE 3.1
Scanned Measured | Unmeasurable Pitted 4C
events events events events
16733 9013 973 1548 unique fit
69 amb. Tit
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3.3 Cross Section Calculation

Crogss section calculations require a knowledge ofb
the total number of beam tracks entering the fiducial volume,
This was obtained by adding up the number'of beam tracks on
each half roll, as this varied widely from roll to roll (see
fig, 2;2b)‘due to the very poor £ilm quality. On the verj
worst rolls, the efficiency was only ==86%. For this reason,
the calculation was based on a sample of ten hglf rolls, 'rhese
rolls were scanned carefully and rescanned by the writer. The -
total number of beam tracks (No) was caleulated separately for
each roll from the average number dervied from the good
pictures on that roll., The results were then combined to give
- the number of total beam tracks for these ten half rolls:-

N = (6.971 % 0.026) x .20% B
The total length (L) of beam tracks was calculated from a
knowledge of fiducial length (l) and the direction which the
tracks travellea through the chamber. No significant correction
was necessary for the very high energy tracks of slight curva-

ture.
Two methods were used to evaluate the cross section

forvthe final state PPT?W’ from the sample 6f events processed
" at Imperial College, Both were based on the beam count procedure

(i) The Microbarn Equivalent - To a good approxi-

mation the microbarn equivalent of an interaction can be

written as:- G = ——
: N
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where n is the number of protons per c.c. 

n = AfP
A = Avagadros number = 6.023x1023 mQIS/gms,mol.
P = the density of hydrogen liquid at 26°K
= 0,0605 gms/c.c. '
L = +the total length of beam tracks
= Nol '
No = total number of beam tracks
l = the fiducial length ( 120 cms)

The calculated microbarn equivalent for an interaction after
correction (section 3,2) was :- |
G = 1,02 j-_q.04 Mb/event
In principle fhe microbarn equivalent can also be
détermined from a knéwiedgg of the total cross section for the
energy range in question and the total number of events observed.
However, this analysis is outside'the,scope of the present

experiment,

(ii) The Total Croés Section lMethod =~ One may
calculafgyzross section for the reaction .
| PP —= PP T cevesaenas (1)
by using the most recent proton-proton total eross section at
| 16 GeV derived frum counter experiments(37) which is equal to
39.9 mb, Oné must also know the total number of beam.tracks

entering the fiducial volume of this experiment: -



Let Gy be the total proton cross section at 16 GeV.
No is the number of beam tracks at x-= O,

and n 1is the number of protons per c.c. in hydrogen
liquid of density )

If N = number of beam tracks after travelling a distance x
without interaction. .
N = Nyg ot

Now let G, be the cross section for reaction (1) and assume
' that in the distance interval dx;

dA,interactions of type (1) occur

Then R d7\1 = Nn G1 dx
-nG, X

= N}nG1e | dx

Therefore in the total fiducial (1) cms the total number A,
of these interactions is given by:—

l L
7\1 = Id;\1 = JNonG., ;1 orX dx

° © o cnegl
= No"G1 ( 1 "ne )

- N°G1 { 222
_E,'T— ( 1 + 1 +n(,‘T[__2.ngTL + eeeen ’.)
Since nG, is small, of the order of 1.3%4 x 10—3/cms., the

higher terms are neglected. Thus

A NoG,nl (1-2nlg,)

g, = A1+ zna.l)
_ No Nt _
After being corrected for scanning losses, unmeasurable events

and small t losses, cross section values were derived from both
methods. The values obtained were 1.61 and 1.74 mb respectivel;
which gives a final value of: ’

G, (PP PPTIT) = 1.67 + 0.10 mb.

This value is consistent with results obtained in

similar experiments at different energies as shown in fig.3.5.
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CHAPTER 4

‘OPTIITISATICIT OF THE OBSERVATIONS

4.1 Introduction

In general, PYTHON (see CERN Track chamber programme
'1ibrary)(uu) is used to £ind the best possible set of para-
meters for the optical distortions of the chamber from accurate
. measurements of the fiducial marks. However, some special - 9 )g
45):

remarks apply to the operation period June 1966 to January 196 |
{

Data gathered from the Z;M HBC during this period has consistent-
ly given unsatisfactory results with larger residuals than
‘expected fdr reconstructed tracks. This sﬁggestéq a bending of
the back of the glass window faéing the cameras, for this surface.;
is engraved with the fiducial marks énd is thus the reference -
(Z=0) plane, There is however no known distortion which will
account for these errors in a consistent.way,‘but nonfparallel'
windows, a wedge shape of the front window, or bénding of the,
f£ilm gate are all possibilities,

As soon as this distortion became known in early 1967,

an additional parameter (see 4,2 below),wasvadded to the standard

distortion formula (equation 2.2, page ).  The results of this

procedure have, in general, not been satisTactory for high energy
beam tracks (= 15 GeV) and the remainder of this chapter dis-
cusses Subsequent alternative procedures attempted independently

by D. Drijard and the author,
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L.2 The Empirical Parameter in THRESH

: D.Drijard(u5) (CERN) has suggested that only one
. additional parameter is necessary on the foilowing grounds: -
(1) there are not enough fiducial marks‘available to
‘ fit more parameters without losing their significance.
(ii) most of the particles are travelling in the X~-
direction whic is four.times aé longzaé the Y-
direction, | _ |
The procedure used to evaluate the parameters in the relevant
equation (2,2) is as follows: =
(i) all riducial marks are measured about ten times
on five different pictures, approximately one
hundred frames apart. R
(ii) the cameré position, vacuum path, £ilm lens distance,
and distortion are independently fitted for these
five‘frames. |
(1ii) the weighted average of the resulting values are
_ derived.
(iv) the corrected estimate of the positions of the
| fiducial marks on thé rear of the front chamber
window are used in all further calculations and

are included, for example, in the THRESH Titles.

The five tests described below exanined the improvement
' due to the 7-parameter fit (B.... g’) of equation (2.2) over
the original 6-parameter fit ( B oeee By )
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(a) ji:gg§§' ~ The improvement, as judged by the xztesf
is shown in table 4.1 where the % value-for the uncorrected
data is also listed.

(b) Reconstruction of fiducial marks in space - The

X and Y coordinates of the fiducial marks were obtained direct-
iy from the film and then the Z coordinates were reconstructed
by using'various combinations of two cameras on the plan 72 = 0.
The differences between the known Z-coordinates and the re-
constructed ones ( AZ)_was plofted égainét the X cqordinate

of the fiducial marks in the chamber. PFigure 4.1 shows the
improvement of the plots for the 7-p@rametef fit compared to

the 6-parameter fit. The reconstructed points lie away from

Z = 0 plane in é'C shape.

xz

Uncorrected data } 31.13

TABLE 4.1

-6-ﬁarameter function 6.25

7T-parameter -function  6.00

(c) Reconstruction of the beam tracks - An automatic
track following measuring machine has been employed at CERN to
‘measure a few hundred beam tracks along their full length from
three points of view (1, 3 & 4). Twenty-five points on each
track were measured for each view. 'After reconstruction by
THRESH they were projected back into the film, and the devia-
tion 8 (residuals) of a single measured point’ was found.
Figure 4.2 compares the residuals plotted against the angle O
(the angle formed by the radius vector along the track) for 6
and 7-parameters. An improvenent can again be seen in the 7-
parameter fit. |
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(d) Geometry and kinematiec fitting - -In this test a

sample of events has been processed through THRESH and GRIID
for geometric and kinematic fitting first with 6 and then with
7-parameters respectively. Only very small changes were
detected. They are almost negligible, except for those events
prddﬁced by small missing mass and energy, where the production
vertex is near the entry of the chamber, Because of the dis-~
tortion—indﬁced curvature of‘the track in the X - Z plane for.
the 6 barameter fit (see figuﬁes 4.1 and 4.2), which poésibly
gives rise to the inbalance éf the missing momentum in the 2
éomponent (fig. U4.3a), the fitting process may be non-convergent

and the events would be lost.

(e) Investigation of missing momenta = Owing to the

interesting nature of events which have small missing quantities
and are thus sensitive to the distortion, further investigations
were performed on missing momenta tolcheck for anisotropy in
'missing momentum in the Y and Z plane, Figure 4,3 shows the
distribution of these miséing momenta where the missing component
" in the x-direction

of the - momentum/is less‘ﬁhan 1 GeV, whilst the scatter plot of
these two quantities is illustrated in figure L4,3b. A 6-para-

meter function is fitted to these events, The slight -improvement

due to 7-parameters is seen in figures 3.3a and 3.3b, pagev4ﬁﬁ
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bhe3 .Attempts to correct the beam dip angle A,

' The introduction of an empirical distortion co-
efficient_(Bi) only partly removes the trouble in the calcula-
tion of the CERN 2M-HBEC optical distortion coefficlents and
reduces. the reconstruction residuals for the points on film
as shown;. |

' _ Unfortunately; however, in the present expefiment
the beam dip stretch function distpibutién is shifted to the
left in combarison with the nbrmal distribution for the data
(dotted curve in figufe'3.2b) ¢.f. section 2, Chapter 3, This
strong effect has caused the most severe difficulty in analysing
the data, in particular a failure to arrive at cohsistent results
for the h;gh energy (fast) traéks. For this reason, in'the con-
struction'of some histograms for data analysis, only the com-
;bination of slow protons in the final state has been used. A
typical comparison of the mass comﬁination of psﬂ’ andiprr
(ﬁhere pg and pp arevthe slow and fast protons respectively) is
shown in figure 4.l4, In(the'range 1,00 - 1500 MeV, the psﬂ"
combihation shows a peak whereas prF shows a dip.

The author has paid considerable attention to this
inconsistency problem, and thelfollpwing attempts were carried
out consecutively to obtain the  'optimum ” parameters for
geometpic feconstruction and kinematic fitting., The computer
time (FDF6), required for any iqveétigation with a reasonable
nunber of events is eight to ten hours; Altogethef, more than
six monthé and more than sixty hours of computer time have been

ﬁsed in these analyses.
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The basis of all these attempts has been the knowledge
of certain differences in the dip angle along the same beam
track. Therefore, from here onward the term "measured beam
track" is taken to refer only to those beam tracks which were
artificially measured as one-prong events (see 3.2.2, chapter 3)
The significance of the beam 'dip angle correction will become
apparent later. The correction is independent of the THRESH
programne.

The following paragraphs outllne the attempts at beam
dlD angle correction. '

(1) Straight line fitting - The averaged values of
dip angle residuals are listed in teble'4.2. Some coarrelation
between dip angle and the length of the track can be seen. A

““Tinear ¥ariation oA = Ax + B was .first chosen to fit the
differences in dip angle. This yields the values:-

—— e

A= -0.20 + 0.005 m-rad/cm
B = 1.39 i 0.12 ‘m-rad
TABLE 4.2

Length dependent beam dip angles for unweighted (A,,)
and weighted ( Aw)

Length (cm) Ayw (m-rad) AW(m-rad)

411 length 1.39 e 1.43
<120 107 1.60

120 - 140 2,20 . | 1.46
>140 | 139 1.42

- The resulting line is drawn (solid line) in figure 3.4sa.
Hence the correction formula for the reconstructed beam track

can be written as: A = A~(AX + B)
' where 7\,£ new dip angle
A = orlglnal reconstructed dip angle
X = X-coordlnate of the apex.

B Although eight hundred 4C events have been process-—
ed thoroubhly through the THRESH-GRIND statlstlc brogramme usin;
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-this correction,‘only véry sméll'changes can be seen compared
to the uncorrected data. The distribution of the stretch-
function for beam tracks variables ;/P » A, ¢, are shown

in figure 4.5, For 1/P' and. @ there is good agreement

with the nonmal‘distribution.(dotted line), but in the case

of the dip—angie, the peak pf the distribution is s till shiited

in a negative sense,

(ii) Length dépendent fitting = The evidence of
figure 4,1 suggests that the distortions résult-in a cur&ature
of the X - Z plane, coupled to the evidence of tuble 4.1, that
the changes in dip—-angle of the beam track are track-length
| deﬁendent. |
. .‘A new approach, diséussed below, was proposed by
Mr N.C. Barford(52) for correcting‘both parts of the measured
beam tracks. . |

In the general case: -

' 2
€1 = (Ll-i + B1l1 ’ vecesvenas (l-lwl)
2
2

e, = alp + Bl

ssssstavas (2-5-02)

vhere €, €, and l1 ) lz are the errors and track lengths of tracks

one and two reébectively.

o, By and_B2 are free parémeters:—
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Referring to the figure above ?\ﬂ s Azt’

vhile A, , A,y are measured dip angles for the first and

are true dip angles

second part respectively of the same beam track,
oo Azm - Am o= At - A + €, T E,

Now _A't is equal ‘to A, Decause they are the same beam track

and the convention in THRESH is to take small dip angles,

J. AN = €.+ €, (from the plotted results of fig. L.3)
In this case one assumes that ﬂle whole length of beam track

has been measured, so L, + L, is constant (L). Thus

1 2
AN = ‘(GI‘ + ﬁsz) - 2B2LL1 + (By + Bz) Lf

If this is to agree with €+ vl (appendix IT) then

€o= al + {1
Y = =2B:L
ang B1= .-BZ:B | . sesrevenr s (’4.3)

Substituting (4.3) into (L',.ll) and (4.2) we f£ind

AA= oL - BL (L - 2L,) | RN ¢ Ty

The "maximum likelihood" niethod was employed to f£it the
difference in dip angle of the measured beam track. This

" yieldegd: ~ : '
Y ' a = 0.908 x 1072 m-rad /cm

and B ~0.453 x 1077 m—md/crrf'

Therefore the corrected functions, before the kinematic fitting
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are: - A1

A= Ay - (a1, - g1y )

Am + (ol + 617 )

A1,7Eare the corrected dip angles and should be the same,
A typical correction to any track having a length of the order
of- a hundred cm will be: -

1,35 m—-rad for the first part of the chamber

and 0.45 m-rad for the second part of the chamber

This is further evidence indiéating a strong distortion in the
beam entry region that decreuses toward the chamber exit, In
conclusion the correction is not greatly different from results
for'the first (linear in X) attempt., The beam streteh function
aistributions show a similar structure to figure L.L, in
particular, for the variable A which is s till shifted to the

1eft from zero value,

(1ii) Trial Pitting of AA= a/(b+x)
This is an équiValent method to that employed

by Cambridge(39). The foilowing different conditions are

summarized: -
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Cambridge (Cavendish) Laboratory

Imverial College

Only B4y .4 Bg coefficients
in optical distortion
formula,

B, +++ Bg coefficients in
cptical distortion for X
coordinate and one addi-~
tional B? in ¥ coordinate.

Own geometric reconstruc-
tion and kinematic fitting
programme,

CERN standard THRE3SH and
GRIND prograrmme,

Two point measurements were
used to determine the beam
dip angle,

_ between the tangent of .

Dip angle was obtained
in THRESH as the angle

the beam and the X-Y plane,

v it e 8

The correction relating to
X and Z coordinates can be
written as: -

Z=2~-(X+57) ,X -57 cms
. ' 0 2 B

Z =2 forX =57 cms

Z Z coordinate after correc-
tion,

Fitting formula: -

_ a
A7\"13 + X

The correction relation.is
A= Ny - AN
yielding the result

a = 0,131 rad/cm-
and b 1214 em

o e ———r

Z axis pointing away from
camera position,

7 axis pointing towards’
camera position,

In both cases a small increase in the mean error in

the geometrical programme was allowed fof the uncertainty in

each procedure,
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The dashéd line in figﬁre 3.4a illustrates the curve
AN= 0.131/(121.4 + X) fitted to the measured beam tracks.
Figure.4.6 shows the Stretch function distributions of the
beam track variables (Vp,]\-,;?f ). A clear improvement can
' be seen particularly in the dip angle. The distributions
are peaked at fhe richt place, but their widths are narrower
compared to the normal distribution curves (dashed lines) in
figure 4.6. An incorrect estimate of fitting errors is a
possible explanation.

In order to test the effecfiveness of thié optimisa-
‘Pion, the statisticu programme was run'to produce from the
}p.S.T. a number of preliminary histogranms (angulér distri-
bution, invariant mass distributions, gﬁc.) for three regions
of the fiducial volume extends over approximately equal length

in the x-direction.
It is worth noting that, in general, one would

"~ expect to see better structure for events occurring in the
| first (enfry) region compared to the other two regioms,
becausé these events have ionger secondary‘particle tracks
-Tand»ﬁQuld be measured relatively more accurately. Hence one
would expect a better mass resolution.

However, it was concluded from a comparison of
results that there was no indibation of better structure
in the first or entry region; on the contrary, it could be

L4

worse and probably shows a less impressive resonance when
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there is an enhancement in the . other two regioﬁs. One
set of typical comparison‘histograms for proton~pion
invariant mass combination is shown in figure 4.7. Thus

no satisfactory conclusion can be drawn at this stage.

(iv) Exluding 10 cm of the beam>entry region

In addition to the previous report(45) from
CERN, some further information indicates that in the beam
entry region,/some events were reconstructed badly due to
a distortion. A rejection ofvthese events has been suggested,
buf, despite*this,'ﬂu; By coefficient is still required in
THRESH, | |

Subsequently X = -65 cm‘was set as the
. minimum velue for any measured point to be accepted'by
. THRESH. Sdﬁe of the events already measured would fail
under this condition becaqse the beam track has been cut
shorter, resulting in tracks too short ﬁo be measured for
curvature. An alternative method is to impose the bean
variable from the title block for these events separately.
Since only a few hundred 4C events have been reprocessed
through‘TﬁRESH for this test, the number of failed events

was small and so they were neglected.
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It is very impqrténﬁ, before reconstructigg the
measured beam tracks under this new condition in THRESH and
before any further decision is made, to see if the differences
in dip angle for the same bgém track weré improved., The
differences in dip angle are plotted versus the arificial apex
(X;cbordinate} together with its projection (figure 4.8a ~ 1b),

After fitting to AN= —2-w " one obtains the result: -
b + X : -

a = C.,120 rad em; b = 95 L em,
This is similar to (iii). V

- It is interesting to note that the beam stretch function
distrlbution (in particular the invariant mass distribution)
are very similar to those obta ined by method (iii). This is

considered sufficient to Justify the correction,

(v) The transformation of the Rutherford Laboratory's constants

Rutherford Laboratory has developed an alternative
optimisation programme for finding a set of constants for CERIN
oM HBC., Some belter results have been claimed, especially when
applied to their own geometric reconstruction programme, Their
set has been changed by an I.C. transformation programme* into

an appropriate format for use in THRESH,

% The writer wishes to thank Mr M.Losty for ass1stance
in writing the transformation programme.
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In general, if the best set of constant héé been
obtained for any geometric reconstruction“programme of a
bubble chamber experiment, then only the standard optical
.distortion coefficients (Byeess B, ) are required. The re-
construction of the measured beam tracks is a sufficient and
powerful test of this new reconstruction constant set, IFigure
4.9 shows the scattef plét of AA for the beam track versus the
X coordinate of the artificial apex. No fitting of these points
has been attempted because of the wider spread of the points
4thah previous cases (see figufg'}.ua).‘ It appears that the
new set of coﬁstants_has pfobably resulted in an inerease in'
the‘differences in the dip angle of the beam tracks, It does
appear that fhe individual method of obtaining each constant
set results in it being only suitable for its own geometric

reconstruction procedure,

(vi) The two-view Procedure - For a long time the
three-view geometric reconstruction programme (THRESH) has been
used successfully for 5ﬁbb1e chamber analysis, - Up to now for
the present experiment we have not yet obtained any satisfactofy
set;of cénstants for reconstruction (in particular the optical
 distortion coefficients) despitg repeated efforts, The use of
only two-views for geometric reconstruction is permissible
provided‘the best two-views (the line joining these two appro-
priate camera lenses is most nearly perpendicular to the track

in the X Y plane) are chosen, The two appropriate cameras for
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.
.’

the present experiment are camera 1 and 4 (see figure 2.3)
because most of the particles having a high energy especially
the beam track would travel very fast in a forward direction
in the Chamber, thus yielding the best stereoscopic condition.
For camera 3, the view is more tangental to the tracﬁs, and
thus would not.give a very good result as it would broaden the
average values for reconstructed points.and tracks,

As a check the measuréd beam trécks were thoroughly
processed through BIND and THRESH to ensure that the two data
yielding views for reconstructing points and tracks were adequat
and reliable enough for data analysis, The observation of the

AA; distribution and the séatter plot of AN against the
artificial X coordinate of the apex in figure 4.10 (a - b),
suggests that on aferage the differences>in dip angle consis-
tently lie abdut'2.5 m-rad away from the zero axis through the
chamber, This correction has therefore been applied on a sample
of 4C events before GRIND and the resultant beam stretéh function
" distribution as shown in figure 4.11, The uncorrected distribu-
tion curves normalised to the data are aiso illustrated in
figure 4.1l and show that the beam dip angie stretch function
distribution is still pecked at a negative value.

Furthermore, the author has‘triéd'to run GRIID on
these events with an increase in the control errors for momentum
instead of correcting the beam dip angle, This allows a larger

adjustment in momentum -range dufing'fitting. This leads in turn
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to an improvement in the dip angle stretch function distribu-
‘tion (figure'u.lz) and gives the peak at the right position as
expected, but the width is narrower than'it should be., Although
the method described gives a satisfaétory-result as far as
systematic srrors ane concerned, it is not justified due to

the fast proton inconsistency at high energy.

L4 Summary

In conclusion, the author found.that after all
psssible attempts to eliminate the diffepences in beam dip
angle were completed and tested, it was not possible to correct
' the'remaining distortion in  the chamber perfectly. The
slow/fast proton inconsistency is partly due to the distortion
of the chamber and partly due to an inability to measure the
different curvature tracks to the‘sgﬁgzﬁid%gcy (see section 2,
Chapter 8). Despite this, in order to obtain the best beam
stretch function distributions and the best invariant mass
distributions,'it had been decided to use the three-vieﬁ geo—~
- metrical programmé'(THRESH) with a 7-parameter fit for the
optical distortion coefficient, In addition to this, the length
dependent correction (method (ii) ) for the beam dip angle is
considered;to be nécessary because most of thé tests described
have shown that somehon the distortion varied along the chamber,

An appropriate increase in fitted errors for the uncertainty

in the procedure was also taken into account.
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CHAPTER 5 B

GENERAL KINEMATIC PROPERTIES OF PARTICLE PRODUCTION

5.1 INTRODUCTION

The three most important kinematic features of
high energy nuéleon—nucléon collisions are:-’
(1) Nature of the number of sécondary particles

and the energy partition amongst these.

(ii) The distribution in anglé, energy'and,transverse
: momentum of the created particles.
(iii)  Correlation between propértiés of the secondary
particles.

These are all accessible for invgstigafion;

The inherent symmetry of the proton-proton collision
in the initial state, and the fact that these particles are
charged, makes thiS~interaction easier to investigate than
o thé;neﬁfran;bfoton colliSion; At low-multiplicity the baryons
are strongly collimated in the forward end backward direction
while the mesons are less well collimated. Such collimation
decreases with the increase in multiplieity up to a six body.
final state(54). The meson angulaf distributions are found to
be isotropic (in this case the baryons are élso distributed
nearly isotropicaliy). As more pions are produced more
resonances are likely to occur, or conversely, the’increase
of pions may be due to the baryon'resonance production. Thus

- the deecay distribution of such resonances results in a
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decrease in the forward backward peaking of the ‘individual
particles. Furthermore, the tendency towards greater isotropy
at high multiplicity is consistent with the idea that the
more complex, highly inelastib, reactions occur in the low
partial wave.

The general features.of transverse and longitudinal
momenta in terms of the final state multiplicity can be
briefly described(56):— _

(i) The transverse momentum distribution‘Pi of eaéh
* -individual particle in the final'state is independent of
-particle type but the averaged transvefse momentum shows a
slight tendency to move to higher values for heavier
4pafticles. ‘ _

(ii) As the shape of the P: distribution is particle
independent, EQ‘P: i the sum of the magnetudes of P: for
+.all final state,;articles has_a’ similar shape for the full
? range of muitiplicities.' The peak of this distribution how-
ever narrows witp increasing multiplicity. ‘

(i11) In the C.M.S. P| the longitudinal momentum of
each particle is, in general, randomly distributed in the
forward and backward direction, but, the peak of the distri-
bution 6f the sum of the magnitudes of PT for all particles

( §%I;f l) shows a characteristic shift to lower values with

increasing multiplicity.

E
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Missing mass distribution - FoF a given
mass assignment to each track of an event, the quantities

missing mass, missing energy and missing momentum, are
calculable from the measured and fitted values and the expe-—
rimental errors, as described in Chapter 2.

Thus, if Em = Z%Ei - is the missing energy
- and Px = =P is the missing momentum in the
- b 1X y.direction
then M the missing mass is given by:-
.2 2 2 2 2 :
= (s5] -((=R H(5RSH(ERS) el 522

'in the case where all. thebbarticles produced are
' observed and therefore the missing quantltles are almost zZero,
the distribution of the squares of the missing mass(M ) is
not centred around zero, but shifted to a negative value.
This striking feature of the distribution of this quantity
is shown in figure 5.la for the 16 GeV pp —pp 11 1T reaction

-and is accompanied by the distribution of the squares. of the
_correspondinv errors in figure 5.1b. The scatter plot of
these quantities is also shown in flgure 5.1c.

A possible mathematlcal explanation of this shlft(5 )
. is as follows:- u
Consider a Taylor expansion of equation (5.1), keeping
'ftéiﬁs up to the second order in P;, with the following two
assumptions:~ :

(i) only the error in the momentum ( ap) is con-

sidered since AA and Af are small and can be ignored.

(ii) Ap is normally distributed about zero.

Now Eo = %Eoi the true missing energy =
and Po = ZP a/‘ the true missing momentum = 0
where VM = ll, ml,n‘ are the direction cosines for the i 'R

partlcle
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The expansion of equation (5.1) can be writtens<’

W = {[ZE +E.Ap+1 %ZLPIEAPAP}}
oo [204) 5 B350 )
| o |
i az e 9 60880 000 [ 2
=365, i 5h RAPA%} (5.2)

Prom the aésumptions.descrlbed we obtain:-

AR AP = O ' where i #]
a.n.d ZEOi = %poi‘/i = 0

LThus the missing mass formula becomes:- » '
2 2
- EZE -— l/ }-uoo.o [ ]
My, { ap. Ap,} {zz (zpJ J)AP oo (5.3)

Let .Eﬁgl% = B, = V/c (the ve1001ty of partlcle/#e1001ty of

. light)
o _ AR 4
aqz%% '
Cem+rd = 4 then,
2 2\ a2
Mm = =(f-1)AR eeevrnes (5.4)

. Thus the calculated value for the square of the

missing mass eqn (5.4) is always negative because

'/Si'_/: 1
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5.2 The Single Particle Distribution for the Cehtre of Mass
System (C.M.S.)

The general kinematic properties for the individual
particles in the final_state:_
PP ——> PPN ceereeen. (1)
are discussed and an attempt has been made to fit some
statistical models to the expefimental data.

5.2.1 Angular Distributions - A scattering or

production angle (6®) is used to deseribe the configuration
of o particle, or combination of particles, in the finsl

state. This angle is defined by

Cose® = §f° ?i' ”fr.,f.;.. (5.5)
where.—]::’f and ?i are un{t vectors in the direction of thé final
particle (or combination of particles) and the incident
particle (proton) Fespectively in the overall centre of mass
system. | 'A .

| ~Pigures 5.2a - 5.2c show the actual C.M. angular
distributibn of the protons and the pions for reaction (1).
The forward/backWard peakihg}df the protons along the incident
particle directionlsuggests that some peripheral mechanism is
Amportant in- this reaction. Thé pion C.M. angular distribu-
tions are less sharply peaked.fhén those derived for the protus
One of the main difficulties in the quantitative analysis of
high energy proton-proton interactions is distinguishing bet-

ween two protons and other high energy particles in the final ™

in
‘“state. On account of the inherent symmetry of this reaction/the

¥ An asterisk denotes the quantity in the C.I.S.
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C.M.S., one would expect the forward to backward.scattering

retio to be zero for any particle. In practice this is not
so. Several selections have been made, in order to eliminate
two protoﬁs produced in.the same hemisphere, and so reduce
the number of the misidentified fast partiqles. ‘The ratio .
(forward - backward)/(forward + backward) for protons‘and pions
for various cases are listed in table 5.1. A ‘small excess of
~ backward pions indicated that some misidentification has
occurred. | |

Figﬁre 5.3 (scatter plot of CosO§+ versus CosOﬁJ
shows further evidence of Peripheral collisions. One can see
a clear-depopuiatisn in the central region. This correlation
suggests that about 2/3 of the events involve two plons travell
ing into the same hemlsphere, or away from the same vertex.
This corresponds to neutral exchange whlch could well be
associated with'the enhancsment of the low ( PT T ) mass.
- The ‘remaining 1/3rd of the events (where the pions travel
" into opposite hemispheres or away from different vertices)

correspond to'charge exshange.

5¢2.2 Transverse and Longitudinal Momentum - Very

‘early workers(?6’57) drew sttention to the fact that the mean
value of the transverse momentum component 7<P1> for
secondaries always was approximately 0.4 GeV even though they
. are prodﬁced'from the nuclear collisions of primaries with
widely varying energiesﬁ Furtﬁermore ths shape -of the Pi—

‘distribution is always the same. Therefore it has become



TABLE 5.1

Backward~forward asymmetries for protons and

no backward

121

f = no forward b =
The excluded events (Proton) (ﬁ+) (177)
f-b f-b f-b
f+b f+b f+b
- -44/3096 -82/1548 | -60/1548
where two protons _
travel into the 0/1312 -106/1506 ~56/1506
same hemi sphere
-t(p - p)<o.05(GeV)2'» -44/2444 ~-58/1222 +1.0/1222
where the quality
of £ilm is bad -38/2538 | -47/1269 | --21/1269
TABLE 5.2
Particle <p*>
| T (3ev)
P 403
n+ 259
ul 357
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common practice to assume that the distributions may be

represented by the relation:-
2

* * .
d = ¥ —p n o ¢S 2 e 000 0 -
N (Pt?- Pt. 2—2—; P exp( ng-)dpt (.5. 6)?
where P; = the transverse momentum in ¢.M.S i
G = standard deviation (this implies that P

and P are both normally dlstrlbuted
'—jP £ B ).

and that the distribution f; Is in insensitive fo the physical
characteristics of the interaction. For profon-proton
collisions of fixed energy, the transverse momgntum distri-
butions bf the secondary paiticles fit, with reasongble
accuracy, the simple exponential expression:-

dv/def o exp (-Ff/A) -
where A = 165 MeV. This value is found from 10 - 30 GeV
pion production work as well as cosmic rays data up to 105

GeV(58).

Recently, however, with somewhat better statistics,

several attempts(54’57'59)

‘have been made to fit the observed
disfribution of P; with various analytical.expressions.
Satisfactory fits have been claimed proving consisténcy of the
Pi distribution law in all physical situationg so far investi-
gated. However, other authors(Sg) have obtained.contradictory é
results in which the form of the Pi distfibution is sensitive
to the various physical parameters of the interaction (e.g.

‘primary energy, nature of the secondary particle, ete.)

In particular it has been claimed that the Py-distribution

PR
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for baryons obeys a Boltzménn—type law, while thg law for
pions is a su?erposition of two such distributions with
widely differént numerical perameters. For the pion case the

mean value of Pt is almost constant and indepgndent of the
details of the meson production process.
For the interaction of interest with four particles

in the final state :v 14+ 2 ———>3,+ 4+ 5 +¢

Wu and Yanz(®7) suggested that the "fall off factor" for the
sum of ’ch‘e magnitudes of Py (lzl:} Pft]) should vary as
exp (-ZIR[/03). |
| .AThe actual transvérse momen tum distributidns for the
prdtons and pions produced in reaction (1) are_shown, with
fitted durVes, in figures 5f4é.é 5Q4b’réspectiﬁely. The
mean transverse moﬁéntum. (Ei)' for each final particie is
1isfed in table 5.2 and the distributions have been %itted
‘to the function:- . |
N (B x B exp(-Bi/A) 0 el (5.7)
This is the simplés model which can giVe a reasonable
descriptibn of the experimental results. The fitted value
from this experiment is in good agreement-with the early work
as described, yielding:- |

A
and A

©165.9 + 2.1 (MeV) for pions
198.8 + 2.2 » for protons

The distribution of the sum of the magnitudes of the
transverse momenta for all particles in the final state of the
reaction pp-——-,pp»rﬁff is shown in figure 5.5.
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The most remarkable features of the longitudinal
nomen tum in.fhe C.M.S,,(ET ) of tﬁe proton at high energy
in figuré 5.6a are the maxima (in the forward and backwafd
direction) where the Lorentz invariant phase space.prediction":
(désh curve) does not agree with the experimént data. This
result is to be compared with the distribution in Pt for
pions, which are distributed in a small interval around zero
'as shown in figure 5.6(mc1Thé curfe shows the characteristic

normal distribution.

5.3 Correlation Between the Particles in the Final State

A number of kinematic variables are computed from
the vector momenta of all‘tracks'as evaluated by the fitting
programme (GRIND). Tﬁese variables each possess certéin
distinct propgities thch may be used to study the behaviour
end the correlétion between pafticles produced in an inter-

actipn.

5.3.1 The Invariant Masé -~ The variable used in
the investigation of muss correlation between particles (in

‘particular resonances) and a combination of particles in a

given final state, is thgifgffective mass". This variable
is Lorentz invariant and is usually plotted as a histogram

‘or ideogram. The invariant masses (or effective masses) of

é
any group of particles in the interaction is defined by:- i

Misz - (Z,ei)z"{(%P1if+(zbzif+(2¥%if} (5.9)i

where Z%denotes a summation over the chosen group of particles,
( ei’RiQQf’Ej) is the energy momentum four-vector of particléfﬁy

.
P
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The phase space prediction disagfees vioclently with

2ll experimentally observed distributions and 'is not 'suiteble
for describing the nonfresonaht backgroundf The deviations
from such a phase space distribution indicate the existence

of some form of intefacfidn between the particles concerned.
nThis-may be due to the formation of a single short lived
state'(a resonance) decayiﬁg into the observed particles, or
the deviation may merei?’ﬁe due- to kinematic effects.

These distributions are generally“pldzggéraggggggggiig

._Three and four body final state prqbleﬁs, hdwever, may use-
fully be displajed in the form of. "Dalitz" or Triangle" plots
"respectively.- Their significance in relation to'physical
| representétions will be discussed in Chapter 7, fig. 5.7 (a-g)
show the general invafiant mass distributions for all combina-
tions of the particles produced in reaction (1). ©Note that
= inbfig. 5.7 b,c and & each event is-plottgd twice. AT (1236)
is a dominant feature of the P 7' mass gistribution, indicat-
ing that a large fraction of the events proceed through a

2§+1ﬁ' 'process.‘-The major peaké present in the prﬁrr
mass distribution are at about 1.5 .and 1.7 GeV. A minor
peak is also present ét about 2.0 GeV. There is some indica-
tion of £(1236), W (1470) and X' (1688) in the pr~ mass
distribution, and very weak evidénce for f° production in the

ﬂ » - & - 3 . » > -
T#TT mass distribution. No indications of resonances in the

pp end pp’rft distributions are to be seen at all.
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5.3.2 Angular and Four lMomentum Transfer -~ The

production angles for a given par%icle combination, in its
rest fréme, are a guide to the type of interaction taking
place. They arelparticularly useful when fhe particle com-
binetion forms a iesonance. |

The production angles are linearly related +o
other kinematic variables as follows:-

(i) Decay angles Q and § - These two aengles are

known as Gottfrid-Jackson and Trieman~Yang anglés respectively.
They are usually meaningful only with interactions.involving
resonances. Distributions of these angles are used to test
the production mechanism in operation, since these angles
are'determined by the spin and parity of the iésonance.

The choice of the cartesian coordinate reference
system is arbitrary. The axes are chosen, in this case, to
be orthogonal in the resonance rest frame of the production
process in the followiﬁg manner. Consider figure 5.8a which
‘illustrétes the‘reactioﬁ:— |

a + b ———————v'c +‘ d (resonance)
where "gn" decays éccording to the rglétioﬁ -

'a ——f+'a,+ p
We will here denote the momenta in the C.M.S. by gz ,

B, &, &, of anda g and used a, b, g, and @ for the B

l"" ”~
corresponding momenta after the transformation into the d-

resonance rest-frame.
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In the overall centre of mass system (s€é fig.5.8b)
‘g* and pf are one straight line while & and Qf.form another
line. These two lines define the production plane (i) and
can be taken as the plane of the paper. gf, .Q* and é*
define a second planecalled the decay plane which intersects
with the prodution plaene at an angle g. By choosing a trans-
formation 1nto the rest—frame of the d-resonance, we are able
to reduce the number oft;;rlables which define the direction
of the decay particles. The production and decay planes
remain unchanged with 5*, b*.and gf changing'tp 2, b and ¢
as shown in figure 5. 8c(11) The most significant conseqguence
of thls procedure is that & and;iare equal in magnltude and
opposite in direction. ‘
The Y-ax1s is chosen along the dlrectlon of the
normal to the production plane and +z is the direction of

the incident particle.
gAC,
jangl

il

A
" We define n

The X-axis lies in the production piane. The
wnit vector in this direction is then given by ﬁ,A ﬁ%
where particle "e" is exchanged';n the mechgnism pro&hcing
the 4 -resonance.

The decay angles o and f are the polar and azimuthal
angles respectlvely, of the decay particle & (or‘B) in that

system, and they are given by the following formulae:-
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«
s

COS 0 ‘= b.‘%_ .co:ooooo. 5.10
Y oe (5:20)
COSﬂ = g/\g . ’*b"/\gv: sesrss v 5.11
[ong] [ong] o
Sinﬂ = bA(gAg) ) "b~/\g' LRI BN S R I (5012)

[eA@AQ)] [ong]

# is generally defined "So" that § = O in the production pleane.

(ii) The Four Momentum Transfer -~ The square

of the momentum transfer is another useful kinematie variable
for studying the kinematies of scattering with greater
precision. Theoretical predictions ﬁay often be written
more siﬁply for scalar particles (without both spin and iso-
spin) in terms of this variable.

The fieid theoretical treafmeﬁt baséd on the

"Feynman diagram" and the formalism developed by Mandelstan L)
intrbduces three Lorentz invariant scalar variables, s, t and

u. They are defined as follows (see fig. 5.9) -

(1) The "3" variable
. 2 2
5 = (R+R) =(R+R)

—

2 2
(e4+e,) -(B+5)
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Fig. 5.9
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(2) The "t" variable

2 2
t = (PR-R) = (B-R)
= (e~ ea) Fé)
(3) The "u" variable
o 2
u = ( P 4) = (R F%)
2 2
= ( € 4) (B P-R)
_where P, = the four momehtum of the i'P particle
e. = the energy of the it particlé ‘

P; = the three momentum of the 1*® particle

my = the ith particle rest mass

.l, *eoece 4;

and i
Prom the conservation of energy and momentum in the C.M.S.

=-RBR , B =-R

-+ RTR*BR+R =0
» = 2 .
and ) . p' - _mi 3 (1:.1,..-4)
This results in the.relation:—

2 ‘ :
s+t+u =  momem+m =zﬁ ceeennse (5.13)
. ’ l ’ N

Due %o thé dominance of the peripheral production

mechanism at high energy, the "t" variable is the most widely
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used and can be written precisely as:-

2 - _2
T = (e‘-e,) -(B-R)

2 2 . = = S
= (e +6 - 26,6-p - P +2B55)

(m1+m:-2(e1e3—p1pscose) ’ saesevene (5014)

The physical region of "t! iélusually negative, and ©

is the angle between vevter P and‘P .

 The experimental t, and t, distributions for slow
proton, t, (target—ps),'and for fast protdn, tz(beam—pf),
in the final state:

p o+ p — Py + Pp + T4 1T cerreeeee (1)
are separately plotted in figure S.iOa and b respectively.
It is found that for small values of |t| +the dG/dt dis-
tribution can be reasonably fitted by the formula

dG/dt = e‘At cereesecee (5.15)

Where A is called the slope, since the logarith of is -
usually plotted against a linear scale of t. The more

elaborate formulation

bt +ct?
do/dt = e ‘  eeesssases (5.16)

gives a better fit to the daté and extends éver a large range
of t-values. Both fitted curves are also shown in figure
5.10a,b for t, and t, respectively). 1In additioﬁ, extrapola-
tion of the fitted curvé %o_formﬁlé‘S,lSlfor t —>0 yielded an

estimate of the number of missing évents due‘to slow protons

of inadequate energy to produce clear tracks.
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Table 5,3 lists typical values for expected‘ﬁfack
lengths of protons produced when the four momentum transfer
has the values tabulated in,phé_t-columﬁ,

The logarithm of t distribution is displayed in

N e

figure 5.10c¢; missing 4-constraint fit candidates were

estimated by extrapolation of the fitting line for t; and t,,

with A =3.84+0,21(GeV)™2, down to the lowest t-value. This

value was taken into account for the correcticn of cross
section calculation (Cha?ter 3, section‘B).
The significance of the angular distribution in

relation to the physiecal mechanism is discussed in Chapter 7.
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TABLE 5.3
-t Kinetic Znergy Length (cm)

(aev)? (Gev)

0.005 0.,00275 o..oéij'
0,01 0,00533 0.27

0.02 0.0106 0.91

0.03 0.0212 3.215
0.05 0.0275 5,62
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CHAFTER 6

THE THEORETICAL SITUATION AND MODELS

The popular and fundamental field of high energy
physics has a certain duality which is, at present, apparent
in the use of an alterna¢%ye name: "Elementary particle
physics". One of its main tasks is the study of all properties
of elementary particles: mass, spin, isospin, parity, electo-
magnetic properties, décay properties and'thevexistence of
excited states, ete. The high energy collisions which have
. been studied up to now mainly ineclude the most common among
the strongly interacting particles; viz: nucleons and pions.
Data for kaons and anti-protons is reiatively scarce. The
best known type of cqllision is the proton-proton encounter,

. and the limited evidence available points towards the fact
.that all strongly interazcting particle collisions have similar
A. gualitative properties;

| It-is impossible to present, or.interpret, experi-
mental results without'an appropriate set of concepts and models
of the interéction, Such models are especially necessary for
thg discussion of strong interactions, but in this case there
is the further difficulty that the nature of the forces with
stfong coupling constant (G2 =~ 14) is not completelyiknown.
Weak interactions, in comparigpn,w(gzﬂzs10f15)'cgg_be‘more_
”Wfigoroﬁsly analysed,
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This chapter is devoted to a brief review of the
various ‘theoretical situations and models available for
Nucleon-Nucleon (N=-N) interactions. The main emphasis is
placed on the tréatment relevant to the analysis of high

energy inelastic scattering.

6.1 The One Particle Exchange Models (OPHM)

JAn approximationhwpich introduces an intermediate
resonancé state in the s~channel, is-very‘useful in certain
physical situations such as TI-N scattering, but it has little
application in N-N scattering because no bound state with
baryon N2 =2 exists at high energy. Therefore the concept
of exchange in the t-channel, which has already been introduced
in electron proton scattering(66), has been_devéloped and now
plays an important role in the descripfion of peripheral
phenomena at high energy. | o

Many inelastic reactions are characterised by the
forward~backward péakihg‘of the production-angular distribution
in the C.li,S. which corresPdnds to small four moméntum transfer,
This distinct feature suggests a peripheral interaction. Ior
instance, in the case of inelastic N-N scaftering, one would
say that the interaction takes piace in fhe virtual pion cloud
of the nucleon and not with the nucleon itsélf. '

The "Peripheral Model" or "One Particle Exchange MOdelgeh

can be represented by a Feynman diagram, Figure 6.15 shows a

generalized inelastic érocess of the type: -

a+ b——s>c+ a : . R EREE RN (6.1)



(8)_Quasi - two - body

LSS »

o
o
o
a

(b) Absorplive diag.
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(c) Diffractive Scaltering

Fig. 6-1
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The incident particlé 'é' interacts with 'b' by the exchange
of particle 'e", ¢ and/or d can be either single particles
or resonances with definite spin, parity and isospin quantum
" numbers, in the latter case these are callgd "Quasi-two~-body"
reactions, _ _
. Chew‘and Low(62) were the first to consider the theory
of periphersl inelastic}gnpcesses, They considered extrapola-
tion from a physical to an unphysical region, One considers
that any diagram with a One Particle Exchange (COPE) contri-
butes a«péle to the scattering amplitude.of a physical process,
This pole is assumed to arise from a singularity'in the
relativistically invariant squére of the four momentum trénsfer
( [f ) of the exchange particle. The rexchange of the lightest
particle (pion), which has the longest effective range, gives |
the nearest singularity to the physical region, .

"The central physical principle employed in this model
.is. the existencé of poles'in the matrix element Mfi of the
figﬁre as shown in diagram 6,la. This corresponds to single

"particle exchange and has the following general structure:-
2 _._1___. 2 - ’
Mfi = MI(A:mc) A+ m; MH(A_:md) Ceeveneeee (6.2)

where m, is the mass of the exchange particle

0

A = -t = the four-momentum transfer, taken as
positive in the physical reggion.
2 2 2
£ - -(R-R) = -(R-R)

~{(e-e) - (R -RS}

il

Q

2 2 o | 6
“{(mc+m)"2(ec€a—Pc’Pq)} T EEEEEEEREK] ( 03)
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-1 ' ' : ) ) ]
(A2+ mi) = the propagator of the e xchange particle, and

MI’M.II = the appropriate function for the vertices I and II
in figure 6, la. .

Scattering a ppears to proceed by pion exchange, for
N-N interactions., Here, for instance, the vertex factors
N 2

squared and summed over 1n1t1a1 and final SplnS are given in

Born approximation( 66)_ by: -

2 s 2
Z:‘MPﬂNl = c:’\PTm (‘F{) 5 N =pP.or n
F o= o4 & | 2
Z' MPTIL\.l _ ‘3’]‘{; GPTIA -Z-'-ﬁ:—l:(m +mp) t:[
| - '2 2 | .
[(mA—mp)"’t] IR RN (6.!.]-)
A = . AT(1238) :

The coupling constants are glven by GP“N/ATI = 15
and sz/zm- 2.5. |

Due to four-momentum conservation at the vertex I of
figure 6.la, the .A2 value is . equal to- the four momentum of the
ex‘ch‘ange'particle tet (the pion). From equation (6.3) it can
accordingly be intefpreted as the negative sqﬁare of the virtual
mass of e. |

The peak in the differential cross-section fjor the
distribution is due to the propagator ( AZ + m2e )-l and to

the vertex function, One can see clearly that the cross-section

]
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has a pole at the unphysical point ( Zf =~—nﬁ ),"when_the
exchange particle "e" is sufficiently near to the (real) mass—
shell for any vertex to be approximated by the lowest order term
in the perturbation gxpansion. |

| A vertex is then approximately equal to the matrix

elements for the physical processes: -

a + e,———~ ¢
NP g
b 4+ € —_— d LN S N (605

These matrix elements are proportional to the coupling constants
for the two vertices. The exchange partiéle must conserve all
relevant gquantum numbers at each vertex.

Qualitatively this s imple model describes the gross
features of reaction (6,1), In general, however, the model is
qgquite inadequate to reproduce the observed differential cross-
section ( dG/dA ), for the experimental results are more peri-

pheral than that predicted; i.e. the observed distribution falls

off quicker than the predicted valueé.

6.1,1 OPEM with Porm Factor - The model discussed

above wvas soon modified to improve the agreement with the
| experimental results, An empirical t-dependent Fbrm Factor(65)
was introduced  to account for the offéthe;mass-shell correction
dﬁe to the virtual nature of the exchange particle. |

A discussion by Ferrari & Selleri(65)'for

processes in which virtual M+ N —— TT+ N shows that the

amplitude for such a vertex is given by a known function of the
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energy and momentum transfer multiplied by a "pionic form
factor' F ( A ) for the nucleon, Thus P (A ) is an empirical
form factor in the perturbation theory formula and requires
normalization at thé pion pole, N =—m:1 (F (—m;) =1 ). The |
coupling constants afe defined infterms of a plon on the mass
shell, This form factor, when fitted to an éxperiment, rapidly
decreases with increasing.jt}, and.should be valid at any energy
for One Pion Exchange reactions,

At high energy F(Zf ) does not cause the cross-section
to fall sufficienty rapidly, particularly for vector meson
exchange processes, To obtain a reasonable agreement wilth fhe
expefhnental distributions, the form factor can be feadjusted.
'However, this procedure is not satisfédtory as 1t reduces the

model to mere curve fitting,

6.1.2 Absorption Model - Another possible improvement

(¢7)

to the perivheral model for high energy is Gottfried & Jackson's

absorptive peripheral model, The idéa is to modify fhe One lieson
Exchange model to include absorptive effects. These are con-
sidered as due to competition from the various inelastic channels
by elastic scattering in the initlal and final states. This is
shown in figure 6,1b, |

it'is assumed that, at higher energy, more complex
reactions are favoured and that these are less peripheral and

characterised by small impact parameters with large momentum

transfer. They may be allowed for by absorbing or suppressing
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the low partial waves in the amplitude of the corresponding
quasi-two-body reaction, The absorption thus produceé an
appreciable reduction in cross-section and a pronounced colli-~
mation of the angular distribution., Hence the périphefal
interactions with higher impact parameters are relatively un-
affected. Thus the model provides a natural explanation for the
highly peaked angular diq@n}butions previoﬁsly described'by
ad hoc form factors, but, because of the importance of the decay‘
" correlations of resonances, the spins of the particles hane to
be properly treated in a consistent way (viz. exampie in ref,67).
' The amplitude is written using the Distorted Vave
Born apnroxnnation;- Necessary informatidn concerning the absorp-~
tion is obtained from the on-mass snell elastic diffraction
scattering at high energy. In the initial state, this may be
taken directly from expériment, however, the final state
scattering of the resonance is unknown; This scattering is
usually assumedto be stronger than the final absorption. The
best agreement with the model is e@ected at smallA and large S,
where many channels are opened. However, the model has mainly
been formulated for a quasi-two-body final state,

Further modifications can be made by using vertex
form factors. With these two corrections the model gives a
slightly better account of the'decay distribution of resonances,
essentially by intfoducing more parameters, The model is in
best agreement with experiment at low Af; this is not greatly

different from the distribution predicted by single particle
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exchange.‘ The model has little success in the case of the
vector meson and for high spin particle exchange(79).' Under
the absorption model, only the zf;dependencé of the amplitude
is modified but not the s. The same problem of an increasing
cross-section is encountered for J > 1 due to the form

of the amplitude.

: ' : ' I
6.1e3 Diffractiye Scattering = Drell and Hiida(oa)

pPointed out another important consequence of the peri?heral
effect in N-N scattering; namely the diffractiVe scattering of
the virtual exchanged particle at the baryon #ertex (Mucleon
cloud). M.IL.Good and W.D.Walker(68)predictedthat these diffrac-
tion-produced systems should have an extremely narrow distribu-
tion in transverse momentum that is characteristic and, further-
more, that the finai particle or resonance should have the same
quantum nﬁmbers as the initial particle in spin, isotopic spin
and parity. | |

’Consider a proton-proton interaction of the same
. type as reaction (6.1) :

*+
i.el P + p —_—> P+N QOl.ccg‘.q (6.6

The predicted cross section for N"'6 by the Absorption
of Form Factor Peripheral Model decreasés strongly with energy,
whereas the experimental valﬁes are nearly constant(87)

( the N*‘cross sections of ref,87 are reproduced in figurq 6.2),
In this case the predictions of the Diffraction Dissociation

lodel probably give the best agreement(79).
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Figure 6,1lc shows a Feymman diagram for the
scattering, in the cloud of the target nucleon, of'a pion
from the incident projectile nucleon (i.e. P, dissociates at
A into a virtual pion (shown dotted) and a nucleon N, or A,) .
The reaction is of type (6.6) where N may decay into an
At M or NA+T‘|". The elastic (TTR) séattering of the virtual
pion from the vertex A atvwwertex B is a diffractive dissociation
high energy process, so that the outgoing m and protén will
have almost the same momentum as before, ﬁhich is independent
of the-momentum of P, The:pion”ieaving vertex B with high
_ momentum then takes part in the final reaction with N, or 4,
to fohn fhe N+*  pesonance, - |

| The most importanf points. of this mechanism can be

summarized as: -~

(1) Thé differential cross section for the dissociation
- ip'1 -—-—-,- NA' +.) ki may be taken aé independent of the momentur of
D, . |

C(id) N, and the pion leaving B have apprdximately the
same velocity and therefore the éross’section for them to combine
.together to form an isobar will be large. This'is,a low energy

effect, and will be approximately independent of the momentum of

p2° )
(iii) For a high energy elastic reaction at B, the cross

2

section is approximately independent of energy. -

o “fﬂ,§i¥Q§wPhe,ﬁhreé cross sections described above,
-~for A, B and the final interaction, are all independent of p,,
then the overall cross section for the reaction (6,6) may be
.expected to be approximately constant.
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(iv) The relevant quantum number of W#¥ will be the
same as that of a proton with an isospin of I = % (as a con-
sequence of vacuum exchange).

(v) In contrast the well known production of Aﬁ+(1236)

requires an exchange particle with I = 1, This is apparent

from the corresponding decrease in the cross section with in-
. b

(%

creasing incident energy. Thus this process cannot be explained
Nepo ’

r
a diffraction dissociation mechanism,

6.2 The Regge Pole Models(6l’63>

In general the exchange of a spin J particle gives
rise to a term proportional to sy in the cross section, This
strong energy dependence on épin is the most serious difficulty
with peripheral models,

The "Regge pole model", which originates in potcntial
theory, offers some hope to suppress this violent energy.depen—
dence at high energy., Regge(69) opened new possibilities in
discussing the connection between the non-relativistic potential
scattering amplitude and thé scattering of the two particle
amplitude into the complex angular momentum plane (l-plane). It
,wés shown later by the Sommeffeld—ﬁatson(66) transformation that,
under reasonable assumptions, fulfilled by most field thecretieal
potentials, the scattering amplitude at some Ffixed energy deter-
mines the potential uniquely when it exists, Moreover, for
special classes of potential, the spatial wave amplitude f (L, =
is analytically continuous into the complex Ll -values, excent Tor

cuts and possible poles which may correspond to bound states ang
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resonances. These, so called "Regme Poles" correspond to the

poles of the sqaftering amplitude f ('L , 8) that move in the
complex angular momentum plane as the energy-varies. The posi-
tion of a Regge pole as a function of enefgyu(s} is called a
"Regge Trajeétory", where s is the square of the c.m, energy.

The Regge trajectory correlates particles (bound
states of different angular momenta and resonances) having the
same internal quantum numbers (i.e. baryon number, isospin, G-
parity, etc) and the seme parity. The spin however may differ
by units of two., The set of resonances associated with a
trajectory are called "Regge recurrences", A sample of a set
of pictures (known as a Chew-Frautschi diagrém) are illustrated
in figure 6,3,

- In Regge theory applied to high energy reéctions, the
concépt of one particle exchange is replaced by the exchange of -
a whole Regge trajectory in the t-channel, The asymptotic
scattering amplitude (A) for.the exchange of a Regge trajectory
a (t) may be approximated by the expression:-

a(t) .
A = B (t) 5’(1:)(-5570) ...,......f....'(6.7a)

—L+-Cexg—(—in(x(t)) ¢ 88 v s (6'7-.0)

t) =
() Sina(t)
ang o(1) = —exe(zalt)) for =T =+1
| SinJa(t)
or , = . exp(‘j—ga(u) for =¢ =-1
CosTa(l)
where T = trajectory signature
a(t) = " parameter: real .for t<0
’ ' ima, for t>0
- B(t) = residue function,

scaling factor,

wn
o
I
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The results of Regge on the behaviour of A for
S——> 0, predict some effect on the exchanged particle,
Using the relation between totéli cross-section ( G; ) and the
iméginary part of the amplitude in the forward (t=o0) direction,

the total cross—section can be written in the asymtotic limit

form as: -
. e ai(o) -1 .
~  §1 cesseenas 6083
Gy (so) - | ( )

The characteristic Regge—energy dependént differential cross-

gection is then written :=-

dis,t) ’(5)2(“’”)")

qt SO . s s 000 e (6.8b)

where o, (t) is the leading trajectory.

The Regge theory in addition predicts that (a) the
diffractio'n peak should shrink with increasing energy, 'and |
(b) that the dips occur in dg/dtdistribution correspond to the
vanishing of the spin-flip smplitude. This is illustrated in
the case of the'charge exchange process 7p —————> Tn where
~only f{ -exchange can occur., The extrapolation of the P—trajecto-—
ry on the Chew-Frautschi plot (fig. 6.3) intercepts the s axis
at Rea.(s) = 0 at a value =~ 0.6 (GéV)2 corresponding to the point
in the do/dt distribution where a dip is seen experimentally.
Furthermore experimental déta from TIN scattering suggest that as
“ S————> ooJGT——> constémt which requires that o (o) = 1 for the

leading trajectory. This phenomenon is known as the Fomeranchux(E
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(67) o - i

trajectory and is assigned a positlvebsignature with
(o) = 1. A purely imaginary forward amplitude is iﬁplied,

and zero isospin (I = O) is necessary for it to couplé in a

1171 resonance with | = 2, Good qualitative agreement with

experiment is thus obtained (see application in reference 67
for example), It should be noted that P has all the guantum
numbers of the vacuum, exgept spin, and so it is an example of
a "Vacuum trajectory', Thls property allows it to Dbe exchnnged
in all elastlc reactions and is supposed to domlnate all hlgh

energy scauterlng processes.

(70,80)
6.2.1 Double Regge Pole Model(DRET) - Unfortunately,

due to the complexity of the problem, both our experimental

knowledge and theoretical‘understanding'of multi-particle produc-

tion have remained at a cons1derab1y lower level than that for
Quasi-two~-body inelastic reactions,'for vhich we can make renark-
ebie predictions on the constsnt total cross-section, the imaginar
scattering amplitude and the shrinkage in the diffraction pealk,

Nevertheless, some progress has been made over the last few years

- using the “Mulﬁi—Regge Pole Nodel" which covers reactions in thich

more than two particles (or resonances) are produced in the final

‘state,

The Double Regge Pole Modei of‘Chang—Hong-Mo,
K. Kajantie angd G.Rénft(7o) is a special case concerning hadron
production processes in which three final particles ar'e produced

at high energy as depicted- -in figure 6.ua'for the reaction: -

1+2_—‘——>3+L|-+5 . ) R <6|9)
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In fact, the exchange particles a and b caﬁ'be either
physical particles (double periphéral picture) or Regge
tfajectories (double Regge pole picture), As the»model is
- obtained from an extension to the Regge pole model fé; quasi-~two-
body reactions‘at high energy, various reléVant conservation laws
at each of the three vertices are still needed; furthermcre
because of the perlphera%.nature of the reactlons the four-
momenta at vertex I andg I£ Et13, t25) should, in practlce, have
low values. Some 1mportant broperties of the Double Regge graph

are proposed by the authors of reference 70. Thesc are expected

to be valid only for non-resonant events which correspond to the

centre of the Dalitz plot (reglon IV of figure 6.4b) where all

two-body effective mass is large.

3

Heve, S5 = (P, + p“) and similarly for S), and S,g
S = .the total energy squared cevenesad(6,10
5 _ . :

S=(P1+F32) = 534'*'845 35 m m m oooo‘ocuo'(6tll

~S

where Pi the four-mcmenta of ith particle,

Several important kinematical consequences of reaction (6,G
can be summarised: -
(i) 1In C.M.S. particle 3 and particle 5 will be peaked

- forward and backward respectively, while particle L
will be more isotropically distributed.

(ii) The €,M.S. longitudinal momentum PE of the final

particles (i = 3, .+..5) measured in the dirsction
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of beam particle 1, tend to be ordered algebraically
as follows:

* *

s > B,V

P L4 Ls

(iii) Por any permutation of the Regge graph satisfying (ii),
the events of that graph will be populated only at
one corner of the Dalitz plot, when ’

e = Sas Sus_ is small.

S

&p

(iv) The final particles of low mass cluster are connected
by the exchange a, b which is taken to be Reggeised, -

(Figure 6.ha).

The amplitude for the graph in figure 6.4a is intuitively
suggested as: - ‘ ' o

axt) 20(t)

, ‘.
AT = L) (L) Wty b, B) L) Ss £ltss) oo eeeees (6.12)

a

.
ﬁwhere‘xi»orvyb = the coupling for the Regge pole a or b to
particle 1, 3 or 2, 5, '

signature factors

and ., P

see egn 6,7

]

®q ) &y trajector parameters

' The only new factor in addition to quasi-two-body reactions is: -

[¢v]

Y (t,a , lL25J ¢) = the coupling of the two Regge poles
and b to the particle 4,

By analogy with the two-particle Regge pole model, one

-also expects an approximately exponential dependence on t,; and
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t,s « This has led to-the following approximate formula: -

IA |2 ~ 'Bo exp[2(.C2,_.1 ty +‘.th25)] S:zo S:sab | ceereeea(6.13
with nearly s?raight Regge trajec%ories
where O = ax+ O(; 109'534»
angd L = b+ oc_;ll’ogsa_{, | (6.14)

a is taken to be approkimate]v.y 1 (GeV) -2 ‘The diffractive
~_parameters a ang b for each graph can be chosen as the constant
paraméters.

| In the case of @-dependence (ref. 7C) has shown that
an smplitude strohgly favouxfs the value ¢ = 11 and that it decays
exponentially from this value,
| ¢ is defined as some azimuthal angle in the rest frame

.0of particle L by . A

Cos¢ = (R

This procedure is compared to the predictions of the Double Recge

EEEEEREER) (6.15

'Ul 'Ul

)
|

;,Ul ‘O‘l
—l~
,,;Ol Ul
u'ol "Ul

... Pole Model for three experiments.at CERN:  viz.

fp ————— 177D  at 8 Gev
—_——— fiTn

np —'—’:—"‘ K? K(:n at 7 and lé GeV

and is described in detail as the example 1n reference 70.
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The results are encouraging. . The‘model'also makes, in addition,
several clear predictions subject to experimental test, and is -
sufficiently‘general to form the basis of a systematic analysis
of three particle data. Reasonable fits are obtained’ 7©? from

a double Regge pole model with pion exchange for invariant mass

and momentun transfer, etc.,'for the reaction pp

A'pr
at 6,6 GeV as well as for“séme higher energy experimehts for
the same reaction, |
Flgure 6.5a illustrates a special non—resonant case
—first explained by R.T. Deck‘71) The reaction is similar to -

reaction (6.9) where exchange particle a = particle 3 and

particle 2 = particle 5. It indicates an obvious Fomeranchuk
particle (P) exchange at the lower vertex, 'It can be shown that
such a process will progduece an enhanéement at the low mass region
in the mass spectrum of particles 3 and L. This mechanism is

;. called the "Deck effect! .and was 1ater modified by Moar and
O'HaZI.ZI.oran(7 ) to deal with kinematic enhancements 1n the final

state for peripheral processes.

.6,2;g A Reggeised Multi-peripheral Mode1(72)

A phenomenological model for the inelastic process
at high energy (= 5 GeV) is a natural extension of the Double

Regge Pole Model (DRFM) and applied to production processes of

the type: ‘ _
A+B_‘—’l+2+3+o.. : 000‘00‘!'0' (6016)

The DRFM was formerly thought to apply only to the high energy

domain in the asymtotic limit (large Sij » Tegion IV of f£ig.6.Lb)



167

b= P ( Pomeron)

Fig.6-5a Deck Diog. jor 3-body Einal Slale.

-

‘Fig. 6-5b Multi- Particle Final State
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of the special case of a three-body final state. In practice,
only a small fraction of production events satisfy such a
critérion. |

It hds been discovered that one can include all
events, where the final particles are clusters with low effec-
tive mass, provided the structure of such non~resonant clusters
is ascumed to be governed dnly by phase space. This part of

the amplitude is replaced by an effective constant which

corrcsponds to interactions w1th1n the cluster. _
Let S be the incoming energy of reaction (6,16)

defined as:

\ .
= T, — - . . 3
. S I%j S‘J (n Z)ijj sssesene (6017/
'where Sij =. | (]IJl +ij
n = the multiplicity. \

There are two alternative ways of considering the amplitude
of the interaction:-

1) If S is fixed when n is small, all Sij have a
tendency to be large and the amplitude becomes
.fully Reggeised. If n increases, Sij become
smaller and form a single cluster yielding a
picture close to "statistical equilibrium”.

2) If n is fixed and we allow S to inecrease, the
‘ converse situation will arise, ;

However from the model the amplitude of reaction (6.16),

as shown in figure 6,5b, can be parametrized in such a wzy that
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a smooth transition from the constant phase-space to the
Reggeised picture is obtalned as energy or multiplicity varies,

The suggested amplitude is :-
n-1 -

A ~ T] (2azse) [ sey{se)

=1

seee e (6018>
where a, by, ¢ and g4 arevtenstant parameters, obtained

(a) from well known values from other e xperiments
or (b) by fitting with the data.

th

and a. 1is the intercept .of the 1™ Regge pole,

1

Variables Si ang ti'are defined as: -

.2 2

8y = (R+R,) ~ (m+ mi+1)
i 2
ti = (.PA"’Z:‘E_) cooo..occo (6019)

Equation (6,18) reduces to: -

| A | é/ﬂ 9;(%) exp Lsi-f[ogsi‘ti ' (6.20)
when Si.>>a and by

anq Bi = =log bi
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We see that equation (6,20) is a fully Reggeised
multi-particlé amplitude with approximatioﬁs to the vertices
for coﬁpling constant gi and linear approximations to the
trajectory of slope 1 (Gev)-zg )

In pracfice, one obtains the amplitude of a given
reactioh by the inchherent addition of all the permutation
pictures of the final partfieles, providing the quantun selection
rule is conserved. It is accepted that the "a" of equation (6.16)
is taken to be.fixed at 1'(Gev}2 for Regge phenomenology and is
reckoned as the boundary.between the 1ow_energy phaSe—spaée,and
the'high energy Regge tyﬁe events. -Some implications of this
model are relevant to the present experiment and these will be
discussed in Chapter 7. ’
| This model iS'justifiablé since its resulting amplitﬁdes
have been used as a weight in all the calculations in the lionte
"Carlo phase space programme FOWL(6O). Comparison wifh experi-

ment has been made for reactions(72).

(i) ofp—>p + (n-1)M
(ii) Kp—s>A + (n=-2)Mm

| ﬁhere_n = 3 veees 9 and the energy range'is from 5 to 16 GeV,

The results are claimed to be encouraging,
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CHAPTER 7
RESONANCE PRODUCTION

The cross sections for the resonances obtaiﬁed in
the present exﬁeriment are bresented below. The main bart
of the chapter is concerned with a discussion‘of théir
experimental observation. Some implications of the models

described in chapter 6, relevant to the pp porrn”

e

reaction, are also discussed.

7.1 The Observation of Resonances

Final state inferacfiéns can be seen when
the differential cross section is plotted with respeét to
the invariant mass, for two or more final state particles.
Any fesonanée prodﬁcfion is iﬁdicated‘by an enhanéement in
the differential cross section fof a particular invariént
mass vaiﬁe. Greater insight is offered by a suitable choice
of. scatter plot. The most useful forms for these plots are
described below. | |

7.1.1 Phase spice and the Dalitz plot - The
. (75)

"Statistical Model" was introduced first by Fermi‘ in his

" theory for pion production. His calculation of trensition
rate (W) between an initial state (i) and the final state (f)
"was;based on the coﬁcept.and usé of Phase épace; so that the
probability per unit for the reaction can be written as an
éxpansion in perturbation theory. Thus, | ’
: -2 \ :
W= Q%L“"ulf%(E) - SRSIEERE (7.1)

=~
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R4

where
Mif = +the matrix element for the transition.
| Perturbation'theory,then gives i, (25<{(Pﬂi))
S%(E)'= the density of final states (or phase

space factor).

The expression (7}1) is invariant under Lorentz

transformation and generally’ M is a function of the energy
of the system and of therﬁomenta of the particles in the
final state. However, it is interesting to see whetber or
not a prbcess_is produced as a random fluctuation (or as the
background) of an interaction. For the simplest possible
physical state it he.‘s been 'assumed that <f \Ml i> is
~unity and that the M values, for all final states, are essen-
tially constaﬁt orrthefsame. Thus, the phase space factor

fn(E) determines the final configuration completely. The

Lorentz 1nvar1ant phase space can be explicitIJ deflned(76)

" by using the properties of . the & -function:

Jﬁ [dqn S(C} )}S(Zq Q-) (7.2)

i=1

I

n(E)

= 2
il

total number of final state particles

q; = (B, B;) = the four—vectorﬂnotation (px,py,Pz,lE)

Q = (E, p) = the total available energy momentunm four-
vector.

The statistical significance of any experimental enhance-

ments or resonances in the mass (mrs) distributions is then
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determined by comparison with the predicted freﬁuency dis-
tribution obtained by differentiating equation (7.2) wor.t.
Mg » Resonances are observed as departures from the phase

space contribution. The shape of a resonance may be para-

meterised in the'relativistic Breit Wigner form(42)_:-

f(m ) = . r/2 7 e eveses s (7 3)
rs 2 2 )
[ = half-height full-width of the resonance
m, = effective mass of final state particles
m* = central resonant mass. r and s.

The phase space and resohant phase space bontribu—
tions are usually generated by Monte Carlo methods(6o). The
shape of the phase spaée distribution depends on the wvalue of
the interactibn energy;as well as the masses of the particles.,
Details can be seen in reference 76.

However some further analysis of a significant
enhancement has to be done (e.g. study of the spingparity
of .the resonance, its‘decay correlations and/or the observa-
tion of a similar enhancement in other experiments at different
energies) in d}der to show conclusively that the enhancement
is not purely a kinematic effect (e.g. N*—————7£f+ﬂ* is
observed and is pyébably the result of the diffraction scatter-
ing of the {1 from the lower vertex) and can be claimed as
a "Resonance" (see example in ref.77). ;

More detailed information about resonances end the

influence of one on another may be obtained from the study of
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a two dimensional plot of events in the reactiogl‘ The

Dalitz ﬁlot(78) is a useful way of pfesenting resulfs for

a three-body final state and figﬁre'7.l shows such a diagram
. for the following reaction§4 ' |

142 — = 344 +5

Bach event is plotted, in practice, as a point on a diagranm

in which the coordlnatefrgre the 1nvar1ant masses 835 and

34 (one could also use. tée kinetic energles calculated in

the C M.S. of particles 4 and 3 respectlvely) Total energy
and momentum conservatlon in the C.lM.S. imposes a certain
boundary for the plot as shown in figure 7.8a. 'It may be
shown(63’76) that the‘dénsity of points in the boundary area -
should be uniformly pqpulated if theareacfion proceeds in
adcordénce with thé pfédiction of Lorentz invariant phase space
But if anytho of thesé particles resonate and form‘a'unique.
mass. (i.e. 334 = m34) the particle distribution in the Dalitz
plot will cluster aloqé a fixed value of 834 (see figure 7.8a
for instance). The density of points is proportional to the
square of the invariant matrix element for the reécfions in

AV

question.

7.1.2 ODTrisngle Plot - Another useful scatter plot
can be used for invéstigating the four-body final state(64’76)

l1+2—>3+4 +5 +6

X and y
The chosen axes/are the effective mass combinations of selected
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pairs taken from the four-body final state. In this
representation the kinématic‘limits for a pair of "two-
particle composites" having invariant masses m, and m,
(in the overall C.H. S;) define a trianvular allowed region.

This region is a right angle 1sosce1es triangle and the

length of each leg is glven by

QL_—. W Zm . 000'00001. (7.4)
"l‘lr1 ’
where W is the total energy in the C.M.S. and
mg, = are the masses of the four outgoing
‘ partlcles.

The phase space distributiont35) is given by:-
J ka ky Dy dmgdmy vesseneess(7.5)

kx-and ky are the momenta in the C.lM., of the x and ¥y componenté
resvectively. R 1is their momentum in the C.M.S3. It is

*> worth noting that the distribution of points for phase space

is no longer uniform, rendering interpretétion rather difficult

However, since there are three ways (channels) in which the

final state particles can be '"paired" off 1nto two partlcle

.comp031tes, inspection of the three possible trlangle plots

will show direct evidence of a double resonance (if it is

present) by a clustering on one of the plotsb(see example in

reference 35).
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7.1.3 Decay correlations - At highenerg& if the

'differential cross sections are the only available data, it
is often impossible to discriminate between the different
models when accounting for-the:eonnection between the produc-
tion mechanism end the angular correlation in the decay of
resonances. It has been shomn(T4) tnat the OME model can be
generalised by means of Eegge pole exchange in a way which
gives a natural explanation of the very peripheral nature of
the production process, while maintaining agreement with the
decay data. | o |

Provided there are reasonable statistlcs, the spin and
parity of a newly discovered resonance can be established fronm
the decay angular distribution. Cos0 and f defined in the
Gottfried-Jackson frame“are the most convenient and popular
variables used to study this deoay correlation and'they have bee
described in. Chapter 5. The general expressions for the decay
distribution for any spin can be found in ref. 64 and T4.

‘The decay-angniar'distributions may be written down
in terms of the density matrix element.gnbgn(, where m andlﬁ

are the magnetic quantum numbers relative to the beam directionm,
this is taken as Z-axis in the resonance'restrframe.' Two para-
meters are necessary to define the -as they are complex
elements. From the probability deneity concept of quantum
states we have the following properties:-

+ ¥
(i) gam,ml = Pm,m/ i.e. Pm,m/= Pm,ml and is hermitian
(ii) Trace (P ) =1, ZPme = 1 from unitarity

m-m . .
(111)§2m,"(= (-1) P"Uﬁ by parity conservation.
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This reduces the number necessary to specify the&imzm

from 2(23+1) to  23(J+1) for integral J, and “to
27(7 +1)-—— for half integral J.

As A" >pn" is the dominant resonance for proton-
proton resctions we Wlll briefly recall the pProperties of
the hermitian den31ty matrlx element for a spin J = 3/2
baryon resonance decaying into a spin Jx= % fermion snd a
spinless boson (qﬁ = 0). The decay dlstrlbutlon is zlver(eq)

" !
by :- - | \{\
W(CosB,®) =3/4m [1/6 (1+4¢,5) +1/72(1- 48 ,)Cosb |
By”

=2/3Ref_, Sine Cos
=2/3 Re§,,Sin26 Cos'd | civee e (T6)

with Trace condition 2§;3 + 2ﬂ1 = 1

Integrating (7. 6) over  or Cos@ ylelds the
following distributions:- ‘

- e
W(CosH,%) dd = V4 [(1+4§-;,3)+(3-12 %,3)03526] cee (77)

OMM

1

jw(c:ose ¢)d(CosB) = 1/zn[(1+4/x§ Ref),.)-8/F Ref,,CosP|...(1.8)
| |

If the exchange particle is a pion the decay distributions
(7.6), (7.7) and (7.8) can be simplified to:-

W (Coso, #) = (1 + 300s229)
W (CosO) = + (1 + 3Cos“9)
W (%) = 3%- = constant

The above results are appllod to

Phe a the decay of the Atin section
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There are three main methods of deternmining the
density matrix elenments experimentaily(64).
(i) Method of maximum likelihood.
(ii) Method of moments.

and (111) Method of 1east squares fit.

NMethod (i) is generally considered to be the most

satlsfactory and 80 was . employed for the present experiment,

L
viz. ‘
. Let n = number of events which produce a [§+
Oi, ﬁi = the experlmental values of the decay angles
for the 1th event.

Let'x1 s X, 5 X, denote the fhree.dénsity natrix
elements g,a’ Refs’_“. and Re%,1 that occur in the decay
distribution equation (7.4). The likelihood function for the

experiment is defined by
. ‘ . n

x<x1 ’ x2 ’ xs) = ]-I;‘_!, (COSQi, ﬁi, X1, X2’ X3) cn‘uoco!c(7-9
i= '

Using a starting set (x, , X, , x5) that is then varied,
. optimum = * % . :
one finds the//set (x1 y X, xs) that gives the maximum valu
of gﬂ(x1, X, ,‘xg). This set is then the best estimate for +he
matrix elements. | ' '
Finally, it is worth mentioning that it is mot
possible experimentally to obtain a pure sample of the £§+

resonance. One should take the background into acéount to

determine the matrix elements. Background subtraction is
usually performed(64) by determining <the "dens1ty matrix

elements" corresponding to adjacent regions to the AF peak.
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The x; of the A ' can then‘Be calculated:-

x _ x* ﬁ - N ox;
xi - lu ?‘ b lb . @ e & a e 6 e o0 (7.10)
Ny =y
where xﬁa = vmatrix elements for all Na évents in the A"

mass region (defined as 1.15 - 1.30 GeV)
e
. H * L4 -

Xy = matrix elements for events in the adjacent
region. |
Nb = background events (estimate from effective mass

++

distribution within the A" mass range).

-

7.2 . The AY 177 Pinal State

For the present experiment some 10.7% of four-
. prong events uniquely fit - |
PP —— ppr?rf | teessseses (1)
 0.45% were ambiguous fits which could not be resolved by
jonization. Since the latter number is sﬁall, they have not
been included in the data analysis; | |

| ‘The p1T mass’distribution (figure 7.5c) shows
that of the 1,548 events of reaction (1), 802 proceed through
reaction PP — AT prf R -9

Both protons in the final state contribute to the A*' nmass

range (1.15 —= 1.30 GeV) for 20 events of reaction (la).
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A study of reaction (la) on the basis o%'the p1i
mass distribution alone cannot take into account %he'influence
of PII'M™ resonances. For kinematical reasons,rresdnances at
low PTTr mass givé rise to enhancements at low pri  mass.

Also, if higher isobars in PT [T~ decay via A’ :-

PP — N — ( A7) p—> (o) ceeneees (10

these cannot be separated famom reaction (1a).

For high energy experimenté, in general, the con-
ventional Lorentz invariant phase space multiplied by the

(42)

Breit-Wigner fori of resonance, yield an unsatisfactory
cross section for resonances; in somé cases the Lorentz in;
variant phase space qénnot'be used because of the violent dis-
agreement with the eiﬁerimental data. However, a peripheral
phase spaée'(weigmxaiaccording‘to the dependence of experimental
moﬁentum transfer, i.e.uLoréntz phase space multipliéd by a
"simple exponentially falling'form factor in the invariant
four momentum transfér) is commonly used to describe a back-
ground of the resonance. In the case where the statistics are
poor or the peaks are not significant oi where there is lack

~of a reliable description ofuthe non-resonant background,fits
are difficult and generally impracticable. - Therefore a visual
-estimate is usually made to obtain the cross sectlon/mesonances.

In addition, the wrlter found that the CLA.3E prediction
(sectlon 6.4, Chapter 6; and see application in section 7.4

- for instance) of effective mass distributions for reaction (1)

® A Reggelzed Multiperipheral llodel for Inelastic Procesues
at High Energy By Chan-Hong lio, Loskiewiez and Allison.



-and (la) gave a satisfactory agreement with the experi

mental

distributions, in particular for the non-resonant cﬁannels

(e.g. ). Hence the CLA prediction was taken as a descrip-

tion of the non-resonant background in fitting to determine

the differential cross seétion for the resonances observed.

7.2.1 The A'(1236) - A reasonably pure sample of
can often be selected ,because it is dominantly produced
at all enefgies. If the &7 is produced at one vertex, further
information about the excﬁange can be obtained by studying the
decay angular distribution (chapter 5, section 3),

One way tvobtain further insight in the charac-
teristics of the angular distribution, CosQ was deternined and
plotted for 50 leV intervalé of the pn*effective mass distri-
bution. It was fouﬁd from the above examination that a useful

parameter was given by dividing the distribution at Cos6 = 0.5

and the defined Ai - Bi'

where Ai is the number of events distributed between

Cos@ = -1 and Cos@ = 0.5 for the :i.th mass interval

Bi is the number of events: distributed between

Cos@ = 0.5 and Cos0 = 1 for the same mass interva

and Ci = (Ai f Bi)

It can be clearly seen from a plot of C. as
function of M(pm*) as shown in figure 72., that in the &' nsss

region, Ci has positive values that decrease toward negative

|
e
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values with higher mass. This indicates that Whéh a resonance
is formed, its angular distribution has certain characteristics
different from the adjaéenf mass region and so is distinguish-
able. S

We shall now consider correlations of the spin density

++

.matrix elements in the decaf of A ————»ﬂprf (section 7.1.3).

A maximumﬁlikelihood metPod was emnloyed”(programme MALIK)(BB)

-to determine the experlm;n;al dens1ty matrix elements of the
AA and its adjacent region by using egquation (7.4) for

fitting. Equation (7.8) was used for background subtraction.

The results are:-

4 0.114 + 0.03

:

Re®, = 0.015 & 0.03

Ref,,y -= =—0.008 + 0.03

: to be with the
While Ref} . is consistent w1th Zero, ggsappears/lncons1stent/’OPE

prediction (¢ 4= Re§;_,-o). The decay distribution should
then have the form + (1 + 3}0089) and this is drawn (dotted
-1line) and compared to the fitted curve (solid line) in figure
7+.3. Since the two curveg aré very similar we can assume that
-one pion exchange domlnates the 4f+ vertex.,

Furthermore, detailed analy51s of % S,Eef ,ard Ref3,1
as a function of momentum transfer (A (p-A") yields the
‘results shown in figure 7.4 (solid line). The dotted lines
compare the results from ref.64 (ﬁ?L+§?%¢ 8 GeV). Once |

again, this plot shows that the values of Re{%’qand Ref;n
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are compatible with ZeTrO0, but Qas has a tendency to increase
with momentum transfer. On comparison of these results with
other experiments_(table 7.1) one concludes that at the A++
serteX'the process 1is dominated by pion exchange. Independent
evidence for m-exchange dominance in the reaction

P £f+prf' at 6.6 GeV

can be seen in ref.38 inethe text by E.Gellert et al.

Table 7.1 shows a list of density matrix elements
for [§+ (1236) produced in quasi two body reactidns(83) and
"in pp-;———a-£;+prf: The results for the reaction F?P-———>Z§+FP
at 8 GeV, Were found by the ABC'collaboration(zo) to be about
the same as those derived by the ABBBHIM collaboration(®4) at
4 GeV. It can also be sssn'thaf the results found by the
GERN—Brussels collaboration(4l) for‘reacfion K+p ————a-éf+K*°
are similar to the reaction 1?b-—————>£§¥§ which also proceeds
by pion eXchange. ~Finally, the density matrix elements found
in pp-————st pryat 8. 1/;% 16 GeV are also llsted for com-
parlson in table 7.1. Because the values of the density matrix
elements for all iisfed reactions are compatible within the
errors, it may be concluded that they are essentially indepen-
dent of the nature of the'incident particle and incident energy

The A cross sections were determined by a chi-
‘squared fif using the programme HINUIT(84) for various types
of background estimate tabulated in table 7.2. Ths mass and
width of the A" was fixed at 1.236 and .120 GeV respectively.

A visual estimate is also given using a smoqth'handgdrawn

background.-



TABLE 7.1

Density Matrix Elements for A (1236)
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E:éperimental |
Reaction

Re %’-1

"Re (‘)3’1

5 GeV, Kp—rATK

0. 18 ;i'_ O.OLI-

0.01 + 0,02

0.08 % 0.C2

Ly GeV, Tp—=&'F

0.08 + 0,03

I+

8 GeV, rfp—_,A*+p°

0.05 & 0.03

0.015 & 0.03

-0.076 + C.03

| 8.1 GeV,pp—Apr”

0.16 + 0.02

-0.01-'*_'. 0002

16 GeV, pp—Apr

C.114 + 0.03

0.015 + 0.03

-0,008 + 0,03
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TABLE 7.2

The Cross Section for pp ——atpn”

N
Background _ | Cross Section
(mb)
S“f"gf,gwgana | 0.76 x 0.01
Peripherali - O.MS-i c.02
CIA prediction | 0.29 + 0.02
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7.2.2 Double Isobar Production

The reaction

PP — PP 1T cesevesses (1)
is strpqgly dominated by | Z§71236), the possible double
isobar production will be in the following forms:-

o pp———— &+ A
)3

Np opatt *
. ++ : #
and PP ——> Ay + Ny
where j/2 is the spin of the isobar.

Pigure 7.5a is a plot of the M(pﬁf*) versus
LKI;ﬁ-) for evénts of .- reaction (1) produced at 16 GeV. The
M(PT) projection'given in‘figufe 7i5b shows the strong
presénce of the 1§t1236); the curves were fitted as described
in section 7.2.1. The projection of M(p 11 ) given in figure
7.5¢c reveals the presence of some 13(1236), N (1470/1520)
and N (1688) ' ‘

The evidence shown in figure 8.3 suggesfs that
the psrf'mass resolution is considerably better than that for
the'pf1f—combination. Hence, an atﬁempf was made to estimate
the cross section for pfy resonance by using the M(psrf) alone
(see figure 7.5d); these were éimply fitted to three Breit

Wigner resonances with no background consideration :

f(2e ) =0,3,(ms ) +,B, (m,, )+, B(m, )

Where Pg gnd Py define the slow and fasi protons in the flnal
state (Lab. systom)
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R

where Bi ( ml, q ) is the Breit-Wigner function for the iih
resonance, -

and o4 ,'az, az are the relative fractions of each resonance
respectively (a{ + 0y + 0 = 1),

The fitted results are illustrated in table 7.3.

TABLE 7.3

RT Cross Section

lMass 7idth s | Gross
Resonance (Mev) | (MeV) 1 Section

. : (r2b)

£ (1236) | 1222 + 10| 177 + 34 | 0.4l + .06 [0.37 + 0.C5
N (1470) | 1475 + 11| 161 x 64| 0.32 + 0.10[0.29 % C.CS
N (1688/1750) | 1699 + 18| 257 x 67| 0.27 £ 0.16/0.25 £ .15

Byﬁthe.symmetrical-nature of this collision, the
maximum partiéi cross gections for pm resonances can be
ﬂestimafedvby multiplying'the'above results by two; The Fitted
curves are in reasonably good agreement with‘th experimentai .
distribution, over the invariant mass range 1,075 - 1.825 GeV.
The £it using the full range of M(p ) will be discussed
1ater;

In order to show the evidence for double isobar

production, those events containing a M(p1ff) falling in

++ : Y A4
the A (1236) band were selected., The associated M(PTI) dis—

-
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tribution was then plotted in figure 7.5e. The fbllowing

double isobars are apparent:-
(i) pp — A7 + A°(1236)
(11) o —> A* + ¥ (1470)
and  (iii) = pp ——u AT + N (1688)

The N*(1688) is relatively broad and is probably
due to a mixture of diffierent states. pp - AT A° (1640)
is excludeq,as no evidence is found for the charge symmetrical
final state 20 (1236) A'Y (1640). The remaining well
established resonancés in the region.all have isotopic spin
of one half. Pigure 7.6 (a,b,c) shows the momentum transfer
distributions for reactions (i), (ii) and (iii) respectively.
It has been bbservéd that the cross sectionsfor
most of the inelastic two—Body reactions tend to fall off

(79)

rapidly with increasing beam momentum s, the actual rate of

decrease being a function of the nature of the parficle ex—
changed., It-is suggested by D.R.O.Morrison(79) that, for
incident momenta well above threshold, the relationship between
the total cross section ( G; ) and the incident momentum (Pin)

expressed

_ . : - :
can be/in the form: G = -K(Pin/Po) where P is a constant

which can be conveniehtly taken to be 1 GeV. X is also a

! donstant-and is-thus the cross section'extrapolated to 1 GeV.

The value of the exponent n is determined by the production

L

mechanism, e.g. n 1.5 for a reaction governed by single

meson exchange. In the framework of the Regge Pole liodel,
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this is explained in terms of the different intedeepts a(o)
of the trajectories exchanged in different types of reaction,

The cross sectlons for the double nucleon isobars
produced in the present experiment were estimated by fitting
the data using the CLA prediction as a background. The results
are tabulated in table 7.4 with fixed masses and width of the
resonances, '

| TARLE 7.L
Double~Isobar Cross Section(pp—=a™a/N*)
Resonance Mass Width _ Cross Section
. (HeV) (MeV) (mb)
A (1236) 1230 125 0.06 + €,01
#o » ' V -
T (1&70/1520) 1450 ~ 100 c.0L + 0,01
- _
N (1688/1750) 1678 250 - 0.20 + 0,02
T7+2.3 (Af+TF)4Enhancements - Ve shall conclude

this sectlon with a brief discussion of nucleon resonances

decaying into &', principally: -

pp '_—__"’—N*(lL“‘?O) + P oo;t'oqoo (l)
¥ (1750) + P veeeene. (d)
N (2030) + P |

AT ——pr LG (214)

The first evidence for a baryon resonance with a
mass near 1400 Mev was in a plon—proton phase shift anq1J°1~(“ ‘)
which assigned the state to a P1 resonance, er(luCO)(78’ “).

More recently, a number of experiments studying reactions ol the
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type: ‘ ‘o - -
pp ppn+n- (38’86’88) ..c-oo‘c-oo (l)
as well as

T(or X) + p —s Ti(or K) P T (81)

have repofted enhancements in the final state 'ern’ invariant
mass spectrum. The actual number of low mass enhancements
and their interpretatiopn as elther resonance or kinematic

(88) are all uncertain;'as is their connection with

effects
the peaks seen in earlier missing mass experiments(87).
| In addition, several of these studies indicate a
morg'cémplicated structure in the prﬁnr invariant masé spectra,
in particular higher mass enh;ncements at 1700 MeV and at
2057 MeV(SZ)- From a study of reaction (1) (page i ) in
the ﬁreseﬁt experiment copious ATt production in . the quasi
three body final state A PI  is observed. There is some
evidence that the above two resonances are present. The well
.established 1476 eV resonance is clearly seen. However,
their percentage cannot be accurately deterﬁined on account of
. the.sfrong enhancement of the low masspn?n" spectrum. Pigure
7.7a shows a distribution of N( [f+rf)_foi $— |
(1) -.all events , | |
| (ii) those having A2> 0.1 kGéV)‘Q
( & derined by £ig.7.7b)
and (iii) those having A » 0.3 (GeV)2
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This selection of A? is chosen to reduce the "Deck effect"
background in the higher mass region, and. serves tosisolate
the structure of the N*(QOBO) in particular. The enhancement |
observed between 1450 eV and 1560 MeV is probably associated
with the Nf(1470), for it is narrower and of lower mass than
that indicated by Deck's calculation (around 1500 MeV).

Figure 7.8 shows the Dalitz plot (2 ( A™'MT) vs. 12 (2, T17)

where M (B, M*) is not tnrthe A

mass range). There is no
indication that the events contributing to the 1450 - 1500 MeV
peak are concentrated at high P1ﬂ“ masses, where diffractive

fTp scattering should be dominant. In figure 7.9 the "Chew Low

plot" shows the t-dependence of the Affn- events. Those

having mass lower than 1500 MéV are more concentrated at low

‘t-value than for events with higher masses. In the inter-

mediate region, the peak attributable to a N (1750) possibly
1ncludes some N (1688)

It should be noted that both the phase shift
resonance (N*(ZOBO) Ii3) together with"N*(l470) P, have’
natural parity, and may‘be'produced by diffractive dissocia-
tion(68) or Pomeranchuk exchange. The éfoss section for
such processes only slightly depend upon fhe incident~momentum
and -so they become increésingly favoured at high energj; If
N*(2030) has isospin 3/2 it cannot be produced in this way

and its cross section would be expécted to fall with increas-

ing energy similar to the case of AT, It is worth noticing
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that this resonance has not appeared in any of fge studies
of the same reaction at enefgies lowerAtﬂ;n 16 GeV.

However, the sitﬁation is‘extremely complex and
the N (1520) and N (1688) both having natural parity are not
apparent in the present éiperiment, unless they are associated
wifh the enhancements ob$grvéd at 1470 and 1750 MeV
respecfively.v

Because of these difficulties together with the
lack of a good description of the peripheral background, tﬁe
possibility of obtaining an accurate cross section for the
resénance prbduction is sé&erely limited. From the CLA model
a more pefipheral non-resonént background can be obtained for
inelastic pfocesses at high enesrgy. iAn estimate for the cross
_'Sections has been hade by using Lorentz phase space multiplied
by exp(~¢éﬂp¢g)and the CiA prediction as a background for

fitting. Both results are listed in table 7.5.

TABLE 7.5

AT Cross Section

* N
Backeround N (1470) 1 (1750) 1 (2030)
| mb) (mb) (mb).
CLA prediction 1 0.294 + .03 0.052 + .01 | 0.086 + .01
Peripheral phase C.670 + .05 0.095 + .03 | 0.089 + .03
svace . - ' -
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The relevant t-distributions for these resonances are shown
in figure 7.10 (a,b,c) respectively. PFigure 7.1l shows the
angular distributions for the decay of three-body resonances
into A and © for the mass'regibn pertaining to the N*(l&?O)
and N*(l?SQ) decay and the éontroi region 1800< M (87T > 1500
MeV, These are gi#eh ina, b aﬂd ¢ respectively, The H*(1Q70)
distribution is roughly symmétrical whereas the N*(175C) case
showé some éxcess eventg;gontributing to the peaking in the
forward direction. A ndn—symmetric distribution should be
produced at low values of £§(P - &) and so the forward veal in
Nf(1750)'case can be removed by a cut at §!> 0.1 (Gev)2 (dotted
lines), leaving a éymmetriCal aistribution. The highly veri-
pheral,éf( C.1 (GeV)z, eveh%é of the Deck type are exémplified
in the control region,

7.3 Events with no A'Y - There are 766 events of
PP —— PP with no &, P T resonances were detected by
choosling the less diffractive proton as being more likely to
form a resonances. Pigure 7,12 (a,b) shows the M(B1T+ﬂ~) ang

M (R T ) distributions (i.e, t,(p - ) t,(p - ;é), », and
p, are Tfinal state protons defined by this criteria and by

figure 7.12c). The former has the more promising structure to
look for any resonance while the latter has no significant
structure. This evidence lends support to this selection ond .
it would be justified to use only the M (pfn*ﬂ'). It is worth
noting that the same selection (less diffractive proton) is also
applied in the case of PT invariant mass distribution at Cam-
bridge and gave the satisfactory result while it is mot well
Justified to apply in the data derived at Imperial College,
Pigure 7.13 (a, b) show both distributions have some resonance
structure although it is less well pronounced.
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A striking feature in the case of M,(P{FPIT_ ) is
the fact that N*(1470) which has been seen for M( A 1T )
has almost disappeared.' There'is also very 1ittle indica-
tion for N*(1688/l750) and even more doubt in the case of
'N*(2030)u A reasonable conclﬁsion is that most of the higher

++

mess-resonances are strongly correlated with the A and

that the decay proceeds via

.
N oy

pp — N p

The estimate for each éross section for the resonances in

M( A1) and M(p W) does not differ significantly from
those obtained from the M( A 1 ) distribution alone. Thus
the data are consistent with almost 100% decay of the three-
body resonances into the AT, Furthermore, if the p '
resonance is in an I = % state then one would expect any ATI
decay to have a branching ratio AC4TFQ/£fo*= /1 (40!86),

~a value that is consistent with the evidehce observed in the
present experiment (see table 8.1).

The estimated cross sectioﬁs for IDH‘feSOnances
observed in the absence of A @ is listed in table 7.6. 1In
addition, thé estimated cross sections for Psrf was obtained
by simply fitting into three Brelt Wigner resonances with no
background cohsideratioﬁ, The fitted cruves are shown in

figure 7.13c and the results are also listed. in table 7.6.



In the absence of A '(1236)

1) RmCross section

211

Resonance Mass "7idth Fraction Cross
' (Mev)- (MeV) Section
' (mb)
A(1236) 1243 + 7| 100 + 15 | 0,34 +0,04] 9,16 +£0.03

¥ (1470/1520) | 1483 £ 11| 160 + 35 | 0,46 +0.07

0.21 +0.03

1 (1686/1750) | 1720 + 20| 173 x L8| 0,20 £0.12

0.C¢ +0.05

2) PfCross Section

Resonance Cross Section
(mb)
A (1236) 0.15 + 0,02

* .
N (1470) 0.07 + 0.0%
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7.4 Production lMechanisms for Three anq'Four 30dy Processes
The Double Regge Pole(70) and a Reggeized ﬁulti-
peripheral mode1(72) ror inelanic reactions (as described
in Chapter 6) were used to account for the observed features
of particles in three and four body final states. TFor re-
actions of low multiplicity, one expects a peripheral
behaviour fo dominate .which inhibits the exchange of strange-
ness;rcharge or baryon nﬁmber; ‘The paragraphs below discuss

- these factors in greater detail.

7.4.1 Double Regge Pole Model (D.R.P.M. l - The

only three body flnal state reaction considered is:-

pp -—-—————9-& ﬂp cc-oo-coof (la)

~the otherlpossibie reactions involving meson resonances are
neglected as there is no evidence for their production.

The data consist of 802 events belonging to reaction
(1a). The cornering-effect in the Dalitz plot (figure 7.15)
is considered by the QOdelbonly for the region_ﬁhere the
energies of all particle pairs are large. This region is
defined by o , : |
ST sﬁp > 3 (GeV) ciievvens (7.11)
These limits have reduced the number of events down to 187.
In princible six possible double peripheral graphs)(fig.7.14 )
contributg to the three corners of the Dalitz plots but since
the graphs with the same middle particle will contribute to

the same corner, only the first three graphs remain. The
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Double Regge Graphs for the Reaction: pp=+ A P

(Iv) ‘ (v) e (vi)

Fig. 714
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re@uirement in case (ii), figure 7.14 , for a doubly charged
charged exéhange ié not allowed, and the W -trajecto}y in case
(iii) is known from backward TP scattering to be very weakly
coupled to the TN system. Furthermore, there is a tendency
for the lighfest parficle permitted by the ordering of the PT

- (secfion 6.3) to be produéed in the centre of the Dalitz graph.
This effect can be seen$¢% figure 7.15. Therefore graphs (ii)
and (iii) have been neglected in the analysis.

' Pigure 7.16 (a,b,c) shows the'longitudinal momentum
‘distribution in the C.M.S. (P} ) for particles involved in
reaction (1a) within the limits specified in 7.11. The model
also suggests that the parameters used in equations (6.13 and
' 6.14) (page 165) especially a and b of the D.R.P.HM. should be
| energy independené?O)Tﬁe analysis method consisté of generating
a large number of "events" by a Monte Carlo methbd(go) and
these were weighted by the amplitude function of eguation (6.14)
with a = 1.8 (GeV)™2, b = 3.1 (GeV) 2 and the following known

consténts from two particles reaction(7o’52) were used:-—

/7 7/

 Pigure 7.17 (a,b,c and d) shows the experimental results of
94 a2, ty5 and tyg (Chapter 6, section 3) compared to their
normalized predicted distributions except for F. It is
apparent that these features are in qualifative agreecment with
the predictions. waevér, it should be noted that the behaviou:

of § favours g =Mand is not conclusive evidence for this
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Double Regge graph, as this peak is also expecféd from
peripheral phase space theory alone (see fitted curve in

figure 7.17b).

7.4.2 The C.L.A. Model - Since a considerable

number of events have been rejected due to the DRPHM selection
rule, the evidence is inconclusive. Therefore in order not
to lose these events, &f Reggeized Multi-peripheral analysis.

of Chan et al was carried out for the two final states:-

pp —— A++ﬂ-p er e w0 (18.)
and PP ————= PP eeseeee. (1D)E -

in order to describe the full features of the experimental
data. Once again, a Monte Carlo method was employed using
the programme FOWL(GO)'to generate a large number of random

"events". These were, in turn, weighted by the amplitude:-

o2 a2 | .
’W] = l%‘ IAI o0 e s s 8000 (7.12)
where n is the number of permutations and '
| th

A. is the amplitude corresponding to the i

3 permutation

of the final particle and 1s parameterised as
 described in equation (6.18) (page169).

A1l the same constant paranmeters suggésted in ref.72 were
used here, ekcépt parameter bi'

bi describes the exponential t-dependence of the Regge
couplings for the reggeons attached to the two external
particles (two outer verticeS). The corresponding constént

can be estimated from known two-particle reactions(52).

¥ Excluding the events where a pr'mass combination is in
the A" mass region (1.15 - 1.30 GeV).
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-

Because of the two identicel particles in the initial state
the parémeters bi are taken to be the same for both vertices
(bi = 0.5 (GeV) ). Nothing is clearly known about the
internal Regge Couplings which occur in higher multiplicity
reactions and the couplings bi are replaced by an effective
constant by (taken as 1.2 (GeV) ) as suggested by Chan et al.

The following constants were used in the calcula-
" tion of the present experiment:-

a =1 s, by = 0.5 by = 1.2
a, = 1.0 S, = 0.5

For the same reason as described under the D.R.P.H.
only one Double Regge graph was considered in the thfee—body
processes with two permutations. The possible graphs for
four-body process (1b) are illustrated in figure 7.18 with
four permutations. '

The predictions of the CLA'Model_after derivation
by the Monte Carlo method were smoothed by hand and normalised
to the data. The results are shown superimposed on the
experimental distributions for Cosdﬁ PT PT and the four
momentum ‘transfer for reaction (la) in figures 7.19 and 7.20,
7.21 and T7.22 respectiveii. The corresponding.distributions
and predicted results for reaction (1b) are depicted in
figures 7.23, 7.24, 7.25 and 7.26. In most cases, it is
apparent that the prediction is in good agreement with experi-
mental data except for &Y where the prediction is less
peripheral than the observed distribution. This effect is
most probably due to the fact that the A% was treated
(unrealistically) as a particle with fixed mass at 1236 leV.
In general the model gives the best explanation t6‘déte for
the nature of the particles produced. The peripheral back-
~ground is also well described. |
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CHAPTER 8
COMPARISON AND_DISCUSSION

Fortunately a comparison can be made between’data from

" both counter and bubble chamber experiments on proton-proton
interactions, This comparison can be made for severa1 energies
and 1is particularly useﬁgl in the case of resonance produciion.
Some general.limitationé 6}'high enérgy experiments are dis-
cussed‘in.the following paragraphs with an emphasis on proton-
proton interactions. o

In section 8.3 a‘brief coﬁﬁarison is made between the

writer's results and those derived from a sample of the Cavendis

Laboratory data.

<

8.1 Resonance Production in Proton-Proton Collisions
Wwe ha#e exemined the particular reaction

PD PN

from proton~proton experiments in the energy range 5 - 28 GgV.
Five general features of resonance‘production(38> can be
summarized: - |

(i) The dominaht resonance produced at all encrgies
15.521236) and there is no significant evidence for any other
Pﬁ*.resonance.

(ii) For the double Isobar production of the tyve

PP ———— A+++ N*

L——»pnf

pTI.
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the main PN resonances are zf(1236) N*(lh?O), N4(1520) and
N%(1688). This process is strong at low energy but the
differential cross section decreases with increasing energy. '
The same resonances are also produced in the pr system but ﬁith
the absence of A’ |

' (iii) No bibaryon resonances are obtained except

in one experiment at L Gev(85) where an enhancement of 120 iev
width at the effective mass of M(ppri) near 2. 520 GeV is claimed
to be D' **(2520), (y = 2 and s = 0),

(iv) The feature of the PT'H system .is still wnclear
due'to a cohsiderable variability in resonance production with
theeincident momentum, | .

| a) Low Energy: in fhis caee only N#(1520),
N%(1688) are seen. However at 5.5 GeV(_BG) W% ( 1680) andAI\?’2=(192O)
heve been reported as observed in the Prfsyetem.

D) High Energy: the N#(1520) peak appears 1o
be combined with a peak due to N*(lh?O).' This may be partly due
to the kinematic effect of the diffracted pien from another
vertex (a broad peak at the low mass end of the Pﬂﬂfeystem has
been reported by Gellert et al at 6.6 GeV as Deck uffect(ao)
"and partly associated with Na(lh?O), the F; resonance anch Was
| predlcted for the first time by Roper(9u) ih his rp phase shift
analysis. | v
o Some evidence has been reported at 10 Gev(ho)
to support this idea of R, resonance and ifts production is con~-

(87)

sistent with counter experiment results . Also a pe ak at
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1500 leV. splits into two peaks near 1450 and 1520 with |t
<0.35 (aev)Z, | | . |

c) There is evidence to show that the N#(1688)
peak shif'ts to a higher mass with increasing incident momentum
(10 GeV). In the present experiment at 16 GeV an enhancement
is seen at 1750 MeV which may be associated. with this state.
An enhancement is also %Rg?rent at 2030 HeV (see figure 7.7a).

The extent to which these different resonances
are correlated with the S*ﬁ-sysfem is a matter of some dispute
and it is evident that the paitern_of resonance formation is

extremely complex,

(v) The £°, w° resonances of the T system at all
energies are produced very weakly or ﬂot at all,

Qualitatively there is some difficulty in drawing
consistent conclusions from the differenf expefﬁnents.' This
ls probably due to the presence of the fwo identical protons
in the ©inal state; for example, throughout the range 5 - 28 GeV

- :the percentage of events in which AT+ - is formed is quoted as

being between 50 and 65%. However, at 6 and 8,1 GeV figures of
100 and 82 have been obtained. Furthermore the background
situation for pn and the pnﬂf'system are uncertain, Sometimes
by varying the selection on the basis of t-value, we'may_reduce
the background. At 5,5 and 6 GeV the estimated fraction for
three body. resonances varies from 527 to 0 and similar dis-

crepancies appear in pn system; for instance.from -5 to 10 GeV
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the double isobar production is 205 - 307,
More reliable results have been obtained from counter
experiments, using the momentum and scattering angle of the

detected proton, The misding mass resolution in the reaction:

ere s 0O e ey (?..,

: *
p+p——>P+N

veried from + 20 MeV at 6 GeV to + 60 MeV at 30 GeV.,

A ip

The cross sections of resonances of isospin # and
natural parity observed in the energy range 2,85 to 3C GeV(87)
are found to be almosf constant (see figure 6.,1c). All the
resonances are consistent with .a "diffraction-like" t-dependence
of the form .
G(t) .= q(o) e PF

We can identify two sub-groups from the observed t—

dependence: -

Sub-group (a) Jt]< 1.0 (Ge\[)2 - In this case the slopes

of the resonances are abbut 5 (Gev)_2 for M#(1520),
N%(1690) and N%(2190). .
For AT (1236) ang N#(1470) the slopes are in the
order of 1l - 20 (GeV)-z..

Sub-group (bv) |t > 1.0 (Gev)® - - Here the slope, on average,

is about 1.5 (GeV)-Z.

s

A summary of the resonances observed in the present

experiment appears in tabie 8.1.



TABLE 8.1

OBSERVED RUSONANCES

Final Reaction - Cross Section
(mb)
o 1.67 + 1.0
‘ e, .
At 1 0.48 + 0.02
87 A (1236) 0.06 + 0.01
++_ ¥ ' |
AN (1470/1520) . 0.04 + 0.01
N*(1688/1750) . 0.20 + 0.02
* ' f
p N (1470) o 0.29 + 0.03
* .
p N (1750) A | 0.05 + 0.01
* .
P N (2030) ~ 0.09 + 0.01
| )
P A (1236) 0.23 + 0.01
* o : +
pTit n (1470/1520) 0.20 ¢ 0.01
; t
p N (1680) 0.06 + 0.01
+ v

DT (2137)%2 with a width of 214 iieV has
been fitted later wh;ch resulted in an

. 'estimated -cross section of 0.075 + 0.025 mb.

(in the case of ‘pm only).

-® Peripheral background was used.

fVisual estimation.

236
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8.2 - The General Limitations of High Energy Proton—Proton
Collisions

There is no completely satisfactory theory for the
interaction between profons of high eﬁefgy. The problem is
very complex and has usually beén approached by méking‘various
simplifying assumptions, There may also be more meaningful
parameters‘among‘the experhnental.data thgp is currently
reélised. As the éxpefgﬁghtal data is usually examined in the
C.M.S.,:it is expected that it will then reflect the nature of
the interaction with least disguise.

The achievement of a satisfactory kinehatic analysis,
‘with good identification of resonances, depends ultﬁnatel& cn
the, precision with which‘the angles and momentavof the relevant
charged particle tracks are détenmined. There are certain in-
herent limitations in bubble chambéfs resulting, iﬁ_particulan,
in limited precision in thé determination of the momenta of
charged particle from their track curvature, This leads to two

fundamental limitations in the analysis.

(1) Event Tdentification Ambiguity - In general,
in}a high energy experiment it is not possible to obtain un-
" bissed samples of events from a reaction without a backzround
of incorrectly identified events ffom bther channels, This
inevitably produces spuridus peaks in inVarianf mass plots and
~is confusing for the study of resonance formation, jlhen one

is searching for weak resonances in particular, their separation

from background becomes a serious problem.
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(2) The Limitation in Effective Mass Resolution

The resolution in effective mass which is
currently achieved is low compared.to the natural width of
many known states (see Rosenfeld table) and a large number of
measurements will not necessarily give an accurate mass value
unless one can check for systematic mass shifts. The experi-
mental resolution limits.,the precision with which this can be

done,

82,1 Errors and Their Dependence on Chamber

(L49)

Parameters

The errofs in measurement can be diséussed
" under two headings:=—
‘(1) The errors in momentum measurements on.charged particleé
In the absence of an ionization loss, the trajectory
of a charged particle moving in a magentic field (H), corres-—

ponding to a given momentum (P) is:-

PCosA = O.3RH

If the errors in R and A are uncorrelated, the total

error in P is given by
2 2 2 2
(4p/P) = (AR/R) + tana (4A) +(AH/H)

This error has two contributidns arising from the multiple
Coulomb scattering and the measurement precision. Its value
depends on the number of points measured and their spacing along

- the track. Thus : =

2

2 . 2
(ap/P) = (aP/P)_ + (AP/P)
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-

The error formulae given below are derived by Gluckstern(50).

) , | .
(ap/p). = - 0:133(In4.8P + ln145p/mc)
Coul, 2 2 2 2

. HL Cosa B

. P 2
+-5:0x10 L tanA
- e

FE C ivieneees (8.2)

. &Np "6 ? 2 -
(aP/p) = -3:55x10° PE , 05x10°€ Sina
Mea 2 .4 2, + - 2
- Meas. HLCosA L

o eereeee. (802)

where
= dip angle in degree

= total track length in em
= momentum in MeV
magnetic field in X gauss

= P/E where E = energy in MeV

m'cotﬂ"d‘t:*y
]

= the position errors in microns for a single
conventional measurement in the chamber
projected onto the median plane,

For high energy tracks having sﬁall dip angles with
respect to the median plane, the second terms in bofh relations
(8.1 and &6.2) can be neglected, This is readily justified since
transverse componentsvof moménta are always less than 500 i.eV
(see distribution in Chapter L4). Thus particles having momenta
greater than 3 GeV are usually emitted at small angléé. |

| Inspection of the expression for ( AFVP)coul and

( APP) shows that for high momenta and short tracks the

meas
measurcuent error dominates in the total error, this situatlon
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.
R

being typical for the present experiment, whereas for longer
tracks or lover momenta the Coulomb term dominates, Figure
8.1 illustrates the 2-dimensional plot for the ratio of (Ap)coul

to (AP) versus the beam track length (1) for this experi-

meas
ment, assuming that roughly eight equally spaced points were
measured on a track and that = 70 M in space (which corres-

ponds to an error of 5 iron the film).

- (i}) 9The errors on angle measurements,

The angle errors also have contributions from
both Coulomb scattering and position errors, The errors on
the azimuthal and dip angles are given by(50) HE

2 -2 -7 2

L8> = 2.82;%0 L + 1.Al£x10‘8
’ ‘ P ﬁ COSA L COSA LI B I BE BN I BB ] (8'3)

-7 t -

(A7\§ = 5.0x10 GECQSZA + 5.0x102L

Pzﬁz R (8.4)

The following remarks are relevant:-

a) measurement errors in azimuthal angles are always
smaller .than errors in the dip angles,

b) The value of A or @ is rather insensitive to the variation
of length L. ‘

¢) angle errors at high energies are always in the regicn
where the measuring error contribution dominates, and
are independent of the magnetic field.

d) errors in the angle between two tracks is approximately

3
given by: <AP) = 5.‘78/L/2

" where g is the angle between two tracks
I is the length of the track (in cm)
and . € is the error in the position (in mm).
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Por any given momentum p ,it is possible to fing =
track length L for a given € such that, below p, the Coulomb
term dominates, and the error is proportional to 1/H{L . .bove
p the measurement error is essentially proportionali to esp/m_s,2
If we define _

L = 2.8/Pg" O eiveeeeess (805)
with p in GeV € in microns and L in em, then from the momentum
measurement point of vn‘..ew,‘ with. P = A16 GeV and €= 7C/~k for
example, we require about a metre of track length for each
- secondary particle from an interaction,

Hence, one can see. that the inaccuracies in the measure-
ment- of momentun are the chief limiting factors affecting the
conclusions that éan be-drawn.from' this experiment. Moreover,
the maih difficultiesin thé quantitétive analysis of reéonance
production in this channel are: (i) the ambiguities caused by
‘the presence of two protons in the final state; (ii) the influ-
ence of P TN resonances on the P and pm” sﬁectra and of A,
- on theprmspectrum; and (iii) the overlépping of the different
resonances with similar mass in the pm'msystem, in particuleor
between L.l - 1.8 GeV, (An exainple of overlapping of nucleon
resonances from ref.95 is reproduced in figure 8,2).

The scatter plots of M ( Pm ) versus AM(PM) for the
two protons in the final state Ffor interactions of the present
type experiment of p__'D——-——ypSPfoﬂ;al‘e shown separately as Ticures
8.3a and 8.,3b, A comparison of these two plots shows clearly the
lack of accuracy in measuring the fast track particles. The
c'orr'es;ponding estimated mass resolution for the effective mass
of the combination is about 10 - 15 lieV for R and 20 - LO LieV
for pin' . -
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is broﬁortional to the fraction of irelastic decays for each

state,
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(45’

8.3 Conclusion = The unknown distortion of the C_17

2l HBC during the operating period June 1966 - January 1967
and the low quality of the films are considered to be the chief
difficulties in the data analysis'described above. Since rhase
space cannot‘represent the background'of high energy inter-
actions, an arbitrary estimate of the background for any iater-
action was made on the basis of its peripheral nature. Thae
effect is to make the partiaIFCPOSSﬁSGCtion calculations less
certain,

Fortunétely fdr proton-proton collisions, the
difficulty of measuring high momentum tracks has been partially
compensated by the symmetrical nature of the collision. An

internal consistency argument makes possible a ccmparison of the

C.M.S. forwvard and backward particles., However, because Inperial]
College and the collaborating group at fhe Cavendish Laboratory
have used quite different analysis programmes, a very careful
experimental study was necessary.. Most of the results are in

QOOd agreement, e.g. -

e : Imperial AT o
Cross—Section College (I.C) Cumbrldbe
PP— > DDA T 1.67 £ 0.10 1,66 + O*10 mm,
mb. , 0.06

However, the estimates for the partial cross-scction
are in disagreement especially for the pm system. In this
_system a selection at low t-value has improved the sharpness of

- the resonance peak in the Cambridge analysis, but not so in the
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..

I.C, case, The effect of t-cuts is simply to lower the
statistical significance of Imperial College data. if we
compare the ,pn" mass distributions for Imperial College and
Cambridge, as shown in figures‘B.ua and 8.4b, we find the

following distinct differences: -

Imperial College

the M ( R ) distribution has a clearer shape than

that for the M (B T ) distribution.

Cambridge
both the distributions are more or less the same but

not as clear as those derived by I.C. for M ( %11-).

This could possibly be explained as follows: -

The Cambridge Group has simply used the measured beam
momentum as the starting value for kinematic fitting., Figure
8.5 shows a plot ofvtheir final fitted beam momentum for LC Tit
evénts with mean value at 16,11 GeV and about 600 eV épread.

'At Imperial College, on the -other hand, the beam momentum 1s
‘found to be 16,08 GeV bj measuring the beam tracks of all events.
And from CERN we understand that a spread of + 50 MeV on the
fixed value to be used in GEIND is.reasonable.

~ Por four momentum transfer (+ (p-p)), one expects the
t-values of two protons to be the same for syumetry. ‘Both
Imperial College and Cambridge's data show a small loss of events
having very slow protons in the laboratory system, The Imperial
" College loss is bigger than that of Gambridge and proably“dﬁe

to poor scanning efficiency and/or poor quality of'film.
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Certain features of the interactions stand ount
clearly. For instances, the C.I.S. momentum and angular
' distribution argue strongly for the peripheral nature of the
interaction., The Qonsisﬁenéy of the mean value and the dis-
tribution of the transverse momentum of the secondary particles
is another interesting feature of the interaétion.

It WOﬁld be interesting to repeat.the experiment with
more statistics and better precision, and quantitative com-
parison with the multi-peripheral fodels 89 93) ror inelasti
reactions could be attempted as well as a study of the spin
and parity of resonances,

An analysis of the four particles final state with
one neutral particle missing (l-constraint fit) is under way

(96)

at Tel-iviv University , ang will include some of the

7000 measured events which failed to give a L-constraint £it

at Imperial College, A study of strange particle production

(7).

from the same experiment is in progress at Cémﬁriége
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APPENDIX I

1. The procedure for rough predigitzation (D-MAC) is:-

(1) set the whole frame of view 1 on the scanning table.

(ii) set the information on the D-MAC keyboard corres-
ponding to the frame, event number, etc., together
" with some comment information and then punch onto
paper tape.

(iii) measure the apex first as a common point.

(iv) measure another two approximately equal space
points on each track.

(v) press "END EVENT" for separation purposes.

2. Measuring three approximately equal space points on each
track, one can determin the radius of curvature (R) from:-

2 2 _ R
(x; - %)% - (y; -v))% = R

where Xo, Yo represent the centre coordinate of the circle
formed. X; and Y, (i = 1, 2, 3) are the coordinates of each
measured point along the track. Three simultaneous equations.
give more than enough data to determine the two unknown
variables XO, Yo. A conversion parameter of value 0.000066 GeV/
was derived after a large number of beam tracks (known as

16 GeV) has been measured.

3. Two exceptional cases were recognised at this stage and
were not predigitzed. First, an event followed by one of more
difficult long tracks. Secondly, those events with one or

more straight short tracks (about 4 - 5 cms on the scanning
tablé). These two types could be ‘accepted for measurement on
the conventional measuring machines having higher magnification;
in the latter case the tracks are too difficult to measure as

a segment of circle. If a very slow proton is produced with
very short visible length and 1t stops in the chamber, then
.three arbitrary points formed a small circle were p}edigitized.
. The relevant measurement information from the D-IAC
was ‘punched on conventional 5-hole paper tape. Thus the co-
ordinate pairs were converted and computed by the IBM 7090
which produced a full listing of all the scanned events, each
accompanied by its own characteristics. |
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APPENDIX ITI : e

Length Dependent Distortion Calculation

Suppose the distortion in the bubble chamber
is such as to give a curvature of the XZ plane at the
centre of the chamber of the form 2z = ax’+ bx

Let a track of length L start

at ( X, , Z,) and have a-true

projected angle of dip n1 .
The true equation of its pro-

jection on the X2 plane is:- \Z

Zt = At(x'-)“). ‘ /r
. Ao,

but because of the distortion, A x, X

the measured projection will be

. \ 2 3
By = Z vZ = A (x-X)+ax +bX

1l

= 2 a
at X = Xy Zp Zny = QX;+ bX

3 . : 2 3
XK= Xply zoo= zpo= Al+alx+l)+b(x+l)

m
«+ The dip of the chord is:-

Ay = -Zm2- Zm

it

L
N %(QLX +LC ) + b(3txf+,sfx1+ f)

(A +al + bf)*—(20-+351)&'+3bxf

]

Thus if we have a track of (projected) length l,finishing at X,
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and another of length l, starting at X

2

| , .
A = Ay - .al, + bl + (2‘0*3bl‘)x1+3bx, ceernens (1)

[~

i

Nom ng + al, + bl, + (20 +3bL2)x1+3bxf N -3

Sl = Ny A+ a(l+L) + b, L) +3b(L+ L)X
FPor beam track events we assumed that ‘

L1+L2 = “L, = constant, L ='L2=+X1
Mg = - Mgy
and Aom = Ay = € + Tl
- N .
then €,+ ¥, = aL+bL(L-2L) +3bL(L,-3)

= (aL-$bL)+ bLL,

€o = Cl!_.,'%bl_zy ¥ = bL

Njese .

or b = Y/L ana Qo=+

substituting a and b into (1) and (2) it follows that



253 y

ACKNOWLIEDGEMENTS

The author would like to thank Professor C,C.,Butler
for the opportunity of working in the High Energy Nuclear
Physics Group at Impgrial College of Science and Technblogy°
The writer wishes to express her deep gratitude to Mr IU,C,
Barford for his supervision of the work and to Dr S.J.Goldsack
for his useful guidénce and encouragement.

The assistance of 2ll the members of the collaboration
"is acknowledged., The author is also thankful to Dr Y, Oren
for assistance in writting the Proton-Proton experiment dependent
post kinematical analysis programmes, and to Dr M, lMermikides
~ for suggesting the Regge Multi-peripheral calculations presented
in this thesis,

The author is greatly indebted to all her H,E.N.F.
colleagues; especially M.Lcsty for all his co-operation =nd
helpful discussions, and M;ss M, Urquhart for her efficient

book~keeping.

The painstaking work of all the scanners, measurers
and technical staff has been greatly appreciated.

Sincere appreciation is extended to lrs ZE.Speer for her
excellent typing of this work and to Dr R.J, Speer for his
valuable criticism, discussion and for reading the draft of
this thesis,

4

Finally, the author is extremely grateful to her »arents

and her fiancé for their constant support and encouragement.
A generous grant on the Columbo Flan has been greatly
appreciated and enabled the writer to study between Cctober 1967

and February 1970,



2.

S

5.

I8

9.
- 10
11,
12,

13,
1L,
P 32
16,

254

REFERENCES

Regenstreiff CERN 59-~29 Report "The CERN Proton
Synchrotron',

J.P, Blewett, Report of Progress Physics, p.37,1956.
E.D. Courant & H.S. Snyder, Annual of Fhysics, 3, 1, 1958,

J.J. Livingood, Cyclic Particle Accelerator (Van Ncstrgn?,
1c6l).

M.S.Iivingston & J.P.Blewett, Particle Accelerator (lLicGraw
Hill, 1962).

D.A. Glaser, Reprint from "ScientificAmerica",,Feb.,:1?55;

D.BVernon, et al, "Scientific America', December 1967, D.77.

A.H.Rosenfeld & W.E;Humphrey, Annuai Review of Nuclear
Sicence, 13, 1C3, 1963,
C.M. Fisher, Lecture notes for the 1968 Herclg Novi 3Schocl
of Elementary Particle Fhysics,

W.T, Welford, Applied Optics, 2, 981, 1963,

W,T. Welford, Applied Opfics, 2, 1037, 1963,

F. Frungel, gt _al, Applied Optiecs, 2, 1017, 1963.

W.T, Welford, Bubble and Spark Chamber;';, 233, 1967,

B, Keil & W.W.Neale, Proc. of Int. Gonf., Dubna, 798, 1963.

W.W, Neale, Prog. in Nuc., Tech, and Instr., 2, 1965,

W.#, Neale, Prog. in Nuc. Tech. and Instr., 2, 1967. |,
E. Keil & W.W, Neale, CERN/TC/02, 63-3, 1963.

K.G, Seffen, Beam Optics; CERN ' School of Physics, 19567,



17 .
18,
19,

20.

21, -

22,

23,

2l

25y

26,

27,

28,

29.

30,

31,

255
B. de Raad, et al, CERN 66-21, L3, 1966,
U3 Beam Line CERﬁ/fC/BEAM 66-7, 1966.
H, Lengéter, CERN/TG/BEAM 65-l, 1965,
Achen-Berlin CERN Call. submitted to Phys. Letters.

N.C, Barford, et al, Int. Conf. on H,E. Acc. Instr.
CERN, 1959, '

H.P, Reinhard, CERN/TC/200 66-1, 1966
: CERN/TC/200 65-11, 1965.

H,P. Reinhard, CERN/TC/200 66-11, 1966,
F. Wittgenstein, CERN/TC/200 65-5, 1965, .

M, Schmitt, CERN/TCC/ 67-18, 1967,

G. Kellner, Private Communication,

Bertha, The British National Measuring Machine at I.C.

W.T. Welford, Applied Opties, 2, 1037, 1963,

C., Peyrou & H, Bridge, Proc., of the Int. Conf, on H.Z=,
Ace, and Instr., CERN, 454, 1959,

F, Fuch, M.Se, Thesis, Imperical College, 1967, .

"Test Strip": In order to study the general quantities
of the film, of the designed experiment,
during the ryn, 4s soon as one roll of
photographic £ilm was finished, a sample
of about 1C - 20 frames in each view is
immediately developed and investigated

weoemo = yigually at CERN, '



32.

33.

3h.

| 350

36,

57,

38.

39.

256

"Proper Scan'’: The procedure consists of three scansg;

the first and second scans are made independently by
scanners on the same amount of film, The scanning cards
Crecords) from the two scans are compared and checked with
the event on a scanning table by physicists., The existing

- events -are recorded and transferred to be measured.

"IJIRNS Programmes': The series of post kinematical
analysis programmes written by J.MLScarr (Rutherford
Library programmes).,

"POOR MAN SUMX": The experiment dependent post kinematical
analysis progranme was written by Dr Y. Oren* for ;6 GeV
preton-proton collisions at “Tmperial College.,

W, Chinowsky, et al, Phys. Rev. Letter, 9, 330, 1962,

G. Goldhaver, et al, Phys. Letters, 6, 62, 1962,

2

D.R,0. Morrison, CERN/TC/Physics, 65-7, 1965.

V. Barger, & M. Olsson, Phys. Rev. Letters, 15, 930, 1965,

H.L. Anderson, et _al, Phys. Rev. Letters, 18, 89, 1967.

_W. Galbraith, et al, Phys.. Review, 138B, 913, -1965.

V. Barger & M. Olsson, Phys. Review, 1L8, 1428, 1966,

F,.Turkot, Proc. of, the Topical:-Conf, on the Collision of
Hadron, vol,I.
. Perrari, & F, Selleri, CERN 68~7, 1967
‘ . Nuovo Cimento 30, 240, 1963.

J.R. Williams, Private Communication.

S.P. Almieda, et al, Phys. Letters, 1L, 24O, 1965.
- DESY 68/17, 1968,

% Dr Y, Cren is now at Tel-Aviv University.



L2,

L3,

L5,

6.

L7,

L9,

50.

51,

52,

53,

b

55,

257

V. Henry, Lecture notes for the 1968 Hercig llovi School
of Elementary Particle Physics.,

J. Jackson, et al, Nuovo Cimento, 3L, 16Lk, 196L.

CERN Library programme: THRESH-GRIND lianual.

"G,R, Moorhead, CERN 60-11, 1960

CERN 60-33, 196C.

R, Bock, CERN 61-29, 1961

CERN 61-30, 1961,

‘D, Drijard, Private Communication,

B, Ronne, CERN 6L4-13, p.87, 196l.
D, Hudson, CERN 63-29, 1963,

Report on the Design Study of Large H.B.C. for the CERN
Proton-Synchrotron: TC/BERC 66-73,vOctober, 1966,

Int. Colloguium on B.B.C. held at Heidelberg, April, 1967;
CERN 67-26, vol.I.

R.L;Gluckstern, Nue, Instr. and Meth.,. 24, 381, 1963,

H, Bdggild, Private Communication.
(Copenhagen-Helsinki-Oslo~Stockholm Collaooratlon\

N,C, Barford, Experimental lMeasurement Precision IError
and Truth, Addisoh—Wesley Publishing Co.,
- 1967.
R, Bock, Lecture notes for the 1968 Hercig F¥ovi School
. of Elementary Particle Physics. .

M. Flrebaugh et al Phys. Revlew, 172, 13”“ 1067,

e . - . D rms e cm M o aean e e T

M, Szeptycka, Ph,D, Thesis, Warsaw University., 1963.



56,

57.

58;

59.

60,

61,
62,
63.
| 6l

65,

258

)
R
-

0. Ninakawa, Supp. Nuovo Cimento, 11, 125, 1859,
K. Pinkau, Phil, lagazine, §, 657, 196l.
R.R.”Danhiel Nuovo Gimento, 16, 1, 1960,

7. T. Wu & C. N. Yang,:Phys. Review, 137B, 708, 1965.
K. Huang, ~ Phys. Review, 156, 1555, 1967.
A.D, Krisch, et al Phys. Review -Letters, 18, 1218, 1967.

E.P. Friedlander, et al, Nuovo Clmento, L1a, ul7, 1966

D.R.O. Morrison, CERN/TC/ 63-1, 1963
’ , CERN/TC/ 61—22, 1961.

G, Cocconi, et al, ‘Report UCID~1uuu, Lawrence Radiation
| Laboratory, Callfornla.

J. Orear, Phys. Letters 13, 150, 106u
A. Bigi, et al, Nuovo Cimento, 33, 1249, 196L.
H.H. Aly, et al, Nuovo Cimento, 32, 905, 196k

P, James, A Monta-Carlo Phase Space, PPOHramme POJl.
CERN 68-15, 1968,

H.M. Chan, CERN 67-16, 1967
¢.F. Chew & F.E, Low, Fhys. Review, 113, 16LC, 1962,
R.J.Eden, High Energy Collision, Cambridge Univ.Press,196

J.D. Jackson & H, Pilhuhn, Nuovo Cimento 33, 906, 196L.
’ ~ Nugvo Cimento 3L, 1841, 196k,
N. Schmitz, CERN 65-2l4, vol.I. ° o,

E, Ferrari & ¥, Selleri, Supp. Nuovo Cimento 24, 453, 1962,
- ‘ Nuovo Cimento 21, 1028, 1961



N <2y

65. H.P. Durr & H. Pilkuhn, Nuovo Cimento, L0A, 899,“1965.
G. Wolf, Phys., Review Letters, 19, 925, 1967,
S.D. Drell, Phys. Review Letters, 5, 278, 1960.
Phys. Review Letters, 5, 342, 1960,
66, .Z. Salewski, Lecture notes for the 1968 Hercig Novi 3chool -
‘of Elementary Particle Physics.,

H, Pilkuhn, CERN 67-24, vol. II.

.67. X. Gottfried & J.D. Jackson, Rev, Mod.'Ph., 37, L8L, 1965,
‘ | . Fuovo Cimento, 3L, 735, 196L.

J.D. Jackson, et al, Phys. Review, 139B, 428, 1965.
68, M.L. Good & W.D, Walker, Phys. Review, 120, 1857, 1960,
S5.D. Drell & K ‘Hiida, Phys. Rev1ew Letters, 7, 199, 1¢61,

69. B.E.Y, Svensson, Proceedlngs of the 1967 CERN School of
Physcis; CERN 67-24, vol,II, December 1967,

70. Chan-Hong-Mo, et _al, Nuovo Cimento, QQA, 3077, 1967.

E,L, Berger, et al, Phys Review Letters, 20, 96kL, 1968..
Phys. Review, 166, 1525, 1968.
‘Phys. Review, 163, 1572, 1967,

71, R.T. Deck, .'mPhys.fReView Letters, 13, 169, 1964,
M.H, Ross & Y.Y. Yam, Phys. Review Letters, 19, 546, 1567,
V.lMaor & T.A. O Halloran,Phys. Letters _5, 281, 1965.
- 72. Chan Hong-Mo, et al, CIZRN 66/8&5/5-TH 679, 1566,

- CERN 66/1060/5-TH, 719, 1966,
v e CERN 67/533/5-TH, 76L, 1967.

CoTTTTTUQERN 67/15L2/5-TH, 688, 1567,
Nuovo Cimento, 574, 93, 1968.



73.

h.

75.

76.

e

78,

19.

80,

81,

82.
83,
8L,
85,

86.

\

“w’

N. Byers & C. Yang, Phys., Review, 1.2, 976, 1966,

A, Bialas, Phys. Letters, 19, 60CL, 1965,

260

K. Gottfried & J., Jackson, Nuovo Cimento, 33, 309, 1964,

A. Daudin, gt _al, Ann, Phys, 26, 322, 196L,

D.P. Jackson & B.K., Jain, Phys. Letters27B, 17.,

A Daudin, et al, Phys. Letters, 7, 125, 1963,

P, FPérmi, Prog. Theo. Phy. 5, 57C, 1950.
Phys, Review, 92, UL52, 1953.

C, Skjeggestad, CERN 64-13, vol. II, page 1-73.

S.J. Lindenbaum & R.M. Sternhumer, Phys. Review,

1874, 1953,
L.}, Beer, et al, Phys. Review Letters, 2C, 340,
P:‘Bareyre,'eﬁ al, Phys. Letters, 18, 3L42; 1965;

D.R.0, Morrison, CERN/TC/FHYSICS, 66-20, 1966.

G. Ranff, Private Communication;

1968,

105,

1964,

R.B., Bell, et al, Phys. Review Letters, 20, 79, 1968,

J. Wolfson, et al, Bull, Am., Phy, Soe., 13, 7ClL,

C. Lovelace, Int. Conf,, Heidelberz, 1967,

CWIALIKY: CERN Fitting Programme.

URIRUIT": CERN I"itting Programme. .

J. Kidd, et_al, Phys. Letters, 16, 75, 1965.

1968,

R. Ihrlich, et al, Phys. Review Letters, 21, 1839, 196&8.
e - - . ~Bull, Am.- Physic, Soc. 13, 682, 1968&.

R.,4. Jesperson, Phys. Review Letters, 21, 1368, 1968,



261

86. G, Aiexandra, Nuovo Cimento, LCA, 839, 1965,

G. Kayas, et_al; Scandinavian Collaboration,
pp at 19 GeV/c. Contribution to
the Heidelberg Conf. September 1967,

87. ZE.,W. Anderson, et al, Phys; Review Letters, 16, 855, 1566,
I.11, Blair, et al, Phys. Review Letters, 17, 789, 1966,

88. E. Gellert, Phys. Review Letters, 17, 884, 1966,
89. 8. Frautschi, Nuovo Cimento, 28, LO9, 1963,

90. 1.S.K. Razmi, Nuovo Cimento, 31, 615, 196l
- Nue. Phy. 68, 591, 1965,

91, Chan-Hong-Mo, et al, CERN Report TH 719, 1966.-
92, G, Zweig, et al, Phys. Review, 160, 1322, 1967.
93, N, Bali, et _al, Phys. Review Letters, 19, 61k, 1967.

. 94, L,D. Roper, et al, Phys. Review Letters, 12, 340, 196l
R.H, Dalitz, et al, Phys. Letters, 1kh, 159, 1965,

95, S, Nelssion, Lecture notes for the 1968 Hercig Hovi Schceol
of Elementary Particle Physics.,

96, Dr Y. Oren, Private Communication. Tel-Aviv University.

- 97. R, :Walgate, Private Communication, Cambridge.



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241
	Page 242
	Page 243
	Page 244
	Page 245
	Page 246
	Page 247
	Page 248
	Page 249
	Page 250
	Page 251
	Page 252
	Page 253
	Page 254
	Page 255
	Page 256
	Page 257
	Page 258
	Page 259
	Page 260
	Page 261
	Page 262

