AR
W Durham

University
Durham E-Theses

The proton, pion and omega final state produced by
11.7 Gev pions in hydrogen

Muhammad Afzal

How to cite:

Afzal, Muhammad (1974) The proton, pion and omega final state produced by 11.7 Gev pions in
hydrogen. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/8356/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/8356/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

THE PROTON, PION AND OMEGA
FINAL STATE PRODUCED BY

11.7 GeV PIONS IN HYDRCGEN

A thesis presented
by
Muhammad Afzal
for the
Degree of Doctor of Philosophy
at the

University of Durham

February, 1974

T
[N

CERR I
QR L

- ~ e, )
({2 o0t
N BecTiON

e Liprart



"ABSTRACT

This thesis contains an account of the pwﬂ+ final state produced
by the interaction of 11.7 GeV/c nt mesons in a bydrogen bubble chamber.

1 event for 4-prong DST = 0.17 ub.

The total cross sections for 4-prong 1cn° events and for the
pw“+ final state respectively are 1.31 £ 0.13 mb and 0.134 * 0.C13 mb.
These cross sections vary as a power of incident momentum with expon-
ents of 0.82 and 1.41 respectively.

For the reaction ﬂ+p —> wA++, values of mass and width of the
A++ and total cross-section 0(ﬁ+p —> wA++) respectively are
1234 *+ 8 MeV/cz, 122 = 32 Mev/c2 and 53 ¥ 10 ub. The cross-section
decreases with the incident momentum as ngc with n = 1.85. The
do/d|t| and do/d|t" distributions show dips at |t| (or |t‘|) 0
and : 0.6 (GeV/c)z. The slope of the differential cross sections is
: 4 Gev-z. The predictions on the density matrix elements disagree
with the experimental results. There are dips at |t|: 0 and ~ 0.5
(GeV}c)2 for the natural parity contribution and a dip appears at
|t|: 0.2 (GeV/c)2 for the unnatural component. Most of the values
of the double statistical ténsors are compatible with zero. A qual-
itative theoretical discussion of the results is presented.

+ +
For the reaction 7 p — pB , values of mass, width and total
+ 2
cross-section of the B respectively are 1235 * 12 MeV/c™,
2 , .
120 * 48 MeV/c” and 21 * 6 pb. The cross-section decreases with the
incident momentum as plgc with n about 1.5. The slope of the
) . -2 . .
differential cross-section is * 4 GeV ~. The helicity amplitude
for the wo, |F0|2 = 0.09 + 0.07 which disagrees with the prediction
. 2 P .
of a simple quark model. The values of <J2> favour 3 =1 or 2
. . P + .
but disfavour J = 3 for the B. Assuming J = 1 assignment, the
+ . .
density matrix elements show that the B is weakly aligned both in
the t- and the s-channel helicity frames.
. +4
There is no evidence for the production cf the higher mass A

+ . .
or higher mesons decaying into gnr or any resonance decaying into wp.
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PREFACE

This thesis is an account of the work carried out
by the author whilst at the University of Durham and is
concerned mainly with the pwn+ final state produced by
-11.7 GeV/c positive pions in hydrogen. The experiment
described here is part of a larger experiment on the
interaction of 11.7 GeV/c positive pions with protons
which was.being carried out by the High Energy Nuclear
Physics Group of the University in collaboration with
similar groups in Genova, Milano, Hamburg and Saclay.

The author joined the Group after the initial exposure
of the chamber and after a considerable amount of measure-
ment of the film had been made and the data reduced.

The author has been concerned with the independent
analysis of the pwﬂ+ final state with special emphasis
to the quasi-two-body pfocesses. The specific contribu-

“tions by his collaborators are indicated in the text.
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CHAPTER 1

STUDY OUTLINE AﬁD DATA COLLECTION

1.1 Introduction

The existences of almost all the elementary particles have
been established by observing the results of collisions of those
already known, with nuclear targets, the most useful and easily
used target being the proton. The current measurements of the
intrinsic properties of the known particles are summarised in data
tables [l1]. Besides the photon, the particles divide naturally
into a small group called leptons (electrons, muons and neutrinos)
which interact through the weak interaction and a very large group
called hadrons which interact through strong nuclear forces. The
experimental study of ﬂ+ meson collisions on protons in this thesis
is concerned with six types of known hadrons, the pion, proton,
wo and p mesons, the B meson and A baryon. The relevant properties

are sunmarised in Table (1.1).

Table (1.1)

The particle properties

Particle| Mass(MeV) | T (sec) T (MeV) Spin {Parity|Isospin(I)|G-Parity
+ -8

T -meson 140 2.6x10 o) 0 - . -

1

ﬂo—meson 135 %1016 7.8+0.%eV 0 - -
p-meson 770t5 - 146x10 1 - 1 -

w®-meson |783.8+0.3 - 9.810.5 1| - o -
+

B -meson | 1237x10 - 120+20 1 + 1 +

|

Froton(p) 938 o 0 1/2 + 1/2
++

A 1230-1236 - 110-122 3/2 + 3/2




The proton and the T mesons have long enough lifetimes for their
+ .

direct detection to be possible. The wo and B mesons and the

++ ,

A are hadrons for which strong decay channels to other hadrons
. . ) ) -23 ,

are possible with lifetimes ~ 10 sec. and hence no apparatus 1is

capable of detecting them directly. They decay respectively as:

+ - o
(.Uo_\’_) T (v 90%) ’

~> 1% (n10%)

+ o +
B — W

+
Attt -

The very short lifetimes imply that the masses of these particles
should not have sharply defined values. -The mass distribution
takes the form of a Breit Wigner function (see Section 2.3} and hence
such unstable particles are usually called resonances. In Table (1.1)
it is the full width at half heighﬁ (T} of the Breit Wigner function
corresponding to the resonance that is entered rather than the life-
time (1). The intrinsic parity of a hadron is important since the
net parity of a system of colliding hadrons is conserved in strong
interactions. The same is true of the isospin I and G-parity which
are listed in the table. The total charge multiplicity of a particle
is (2I+l). The other conserved quantum numbers, baryon number and
hypercharge, which are useful to assign to hadrons are not listed
in the table.

Experimentally the resonances cannot be detected directly.
The basic interaction being studied in this thesis is:

+ +
Tp —— pwon

o .
The ¢ meson, however, decays instantaneously as far as any apparatus

. . . ' . + =~ 0 .
is concerned. mainly into three pions (n w w ). Hence the reaction

that is detected appears as:.




n+p-—~§ pﬂ+ﬂ+ﬂ—ﬂo,
With such a multiplicity of particles in the final state, the
detecting system either has to be a high complex spark chamber array
or as in the present case, a hydrogen bubble chamber.

Any experiment in high energy physics these days is likely
to.take a number of years to complete. A bubble chamber experiment
requires teams of experts to operate the chamber, and design the
beams of particles to which it is exposed. The extraction of data
and its analysis is normally carried out by collaboration of many
people working in different institutions. The author joined the team?
working on the present experiment after the initial exposure of the
chamber and after a considerable amount of the film had been measured
and the data reduced. The rest of this Chapter is devoted to a
sunmary of the process that results in obtaining data from a film
analysis system with particular reference to that used in Durham.

In the later chapters the detailed independent analysis done by the
author of the pmon+ final state produced by 11.7 GeV/c n+ mesons
colliding with protons is presented. A number of the results obtained
in the thesis have already been published [2,3] by the collaborating
laboratories, and there are sometimes differences between the two
sets. These differences are never large enough to consider either
determination of a quantity to be erroneous, and should rather be
taken as an illustration of the variation that occurs when th dif-
ferent but equally reasonable schemes of analysis are applied to the
same raw data. A comparison table of the published results and those

obtained in this thesis is given in Appendix A.

TThis was a collaboration of members of laboratories in Genova,

Milano, Hamburg, Saclay and Durham.




1.2 The Beam, Bubble Chamber and Film Production

The exposure of the CERN 2m hydrogen bubble chamber to
11.7 GeV/c positive pions took place in July, 1966, using the U3 beam
at CERN. About 180,000 pictures were taken for this experiment.

In this Section the U3 beam, the bubble chamber and the film

production will be described.

1.2.1 The U3 beam

The U3 beam was constructed in the east experimental area of
the CERN proton synchroton to supply the CERN 2m hydrogen bubble
chamber with reasonably pure beams of pions and kaons at different
momenta up to 20 GeV/c. The beam uses RF separators because they are
more effective at higher incident energies such as in this experiment.
The beam can be divided into three stages. Firstly, the particles
lying within a particular momentum range are selected. Secondly, the
maéé analysis is done and lastly the momentum is redefined before
entry into the chamber.

The detailed description of the beam is given by Lazeyras, P.
[4] .and Bernard et al. [5]. A brief description is given below. The
layout and schematic diagram of the 165.5 m long beam is shown in
Fig. (1.1). The protons in the synchroton at about 20 GeV/c are
extracted by fast ejection and impinge on a copper target of dimensions
2x1x150 mm3. The angular acceptance is defined by the horizontal and
vertical collimators, C, and C2. The four lenses Ql-—Q4 focus the

1

beam on to the collimator C4 and give it sufficient magnitification in

the vertical plane to give it an angular cpening of about 1 mr in the
centre of RFl separator. The collimator C3 defines the vertical
angular acceptance. The components Bl, B2, C4, QS' B3 and 84 produce

a momentum-analysed and dispersion-free beam. The momentum analysis
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takes place at C4, called the momentum slit. The quadrupole Q5 acts

as a field lens and Bl' B2, B3 and B4 are the bending magnets.

The doublet Q6--Q7 images the target in both the horizontal

and the vertical planes at the first RF cavity RFl. The two doublets

Q

¢ placed between RF. and RF_, produce the images in

Qg0 and 1 2

10 *11

RFz.
In RF2 the 'deflection of unwanted particles is cancelled by
deflection in the opposite direction while that of wanted particles
is doubled by choice of a suitable phase difference as they travel
between RFl énd RF2. The unwanted particles are thué stopped by the
beam stopper. In practice the height of beam stopper is made some-
what bigger than the theoretical value to account for imperfection;
and tolerances in the system. The section of the beam following RF2
redefines the momentum and refocusses the beam. Finally, the
vertical magnets V_ and V_ steer the beam into the bubble chamber.

7 8

1.2.2 The bubble chamber

Figure (1.2) shows fhe CERN 2-metre bubble chamber where the
exposure took place. It consists of aluminium casting of dimensions
200x51x60cm3 with front and back windows of plane glass. It was
filled with liquid hydrogen for this experiment, under a pressure
of about 6 atmospheres and at a temperature of about 27%k which is
just sufficient to prevent boiling.

The chamber is surrounded by large electromagnets which main-
tained an almost uniform magnefic field of about 17 Kgauss throughout
the chamber. The magnetic field is normal to the windows of the
chamber.

The four cameras in different positions are arranged to

photograph the chamber. Fiducial marks are engraved on the inner
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sides of the front and back windows and these provide a coordinate
system independent of the phétographic system.

The through illumination uses three flash tubes with filters
for wavelengths in the range 4200—46002.

The four cameras are mounted in an array with their axes
perpendicular to the chamber windows and their positions are localised
as-shown in Fig.(1.3). The average focal length of objectives is
182.3 mm with an aperture of £/32 which gives a depth of focus
covering the whole chamber from front to back.

Bach éamera sees through a set of three windows arranged in
such a way that the total deviation of light is not more than

0.15%0.1 mr.

1.2.3 The film production

The operation cycle as shown in Fig.(1.4) is designed such
that the charged particles passing through the chamber leave a trail
of bubbles to be photographeqd.

Initially the pressdre is kept just sufficient to prevent the
boiling of liquid and when it is suddenly reduced from 6.5 to 2.8
atmospheres, the liquid (hydrogen in this experiment) is super-
heated. The timing of the expansion cycle is so arranged that the
beam of particles from the accelerator is allowed to enter the
chamber when the pressure is minimum and the chamber is most ‘sensitive.
They cause ionisation and spontaneous boiling is produced along the
path of the particles. The flésh is delayed by about a millisecond
to enable the bubbles to grow to a suitable size to be photographed.
When the trail of bubbles grows to the size of about 200p in diameter,

the chamber is illuminated and photographed.
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The cameras are wound on and the pressure is increased again
for the bubbles to condense for the next cycle to be repeated after
every machine pulse (e.g. two seconds in this experiment).

The bubble chamber operated for a week can produce 100,000

to 200,000 pictures for subsequent analysis.

1.3 The Film Analysis System

Fig. (1.5) shows the flow diagram for the film analysis system
as used in Durham for the experiment. Equivalent systems were used
by the collaborating laboratories.,

An experiment of this type involves hundreds of thousands of
pictures (e.g., 180,000 in this experiment), hence a somewhat
automated system is necessary. The different steps involved are

briefly described in this Section.

1.3.1 Scanning

Of the three views of one exposure of the chamber one was
scanned, the other two being used as a check and a record was kept
of the location and prong number of the events and any special
features. The prong number of an event is determined by the number
of secondaries leaving the interaction.

The film was scanned twice and the two lists of events thus
obtained were compared for determining efficiency. For the.four—
prong events used in this thesis the efficiencies were high, being

99%.

1.3.2 Measuring
The measuring machines were manually operated. The film was

moved, the movement being digitised} so that the enlarxged image
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projected on to a screen swept past a fixed mark on the screen.
Such a machine is called a film plane digitiser. The x,y co-
ordinates and other relevant information were stored on a magnetic
disc. ¥

The measurement of two views of a track are sufficient for a
three-dimensional reconstruction in chamber space provided the track
dées not lie along the optic axis of either of the cameras. To
avoid such a situation three views were measured thus ensuring
at least two good views for each track.

The céordinate system of measurements was determined by
measuring four fiducial marks--—two each on the front and the back
windows of the chamber.

Usually nine points were measured for each track in each view.
For very short tracks only the end point was measured. Thus for a
simple two-prong event about 100 coordinate pairs are recorded and

a four-prong event requires 150 measurements. These measurements

are listed in Table (1.2).

Table (1.2)

Coordinate measurements for two- and four-prong events in
each view

Measurement Two-prong Events Four-prong Event
Fiducial marks 4 4
Apex 1 1
Beam track ’ ) 9
Secondary tracks 18 36
Total 32 50

tFor the first part of the experiment, measurements were actually
stored on paper tape, but the subsequent flcw of information was

of course the same.




The stored coordinate information was then processed by a
programme (REAP) to put it in a form suitable for input to the
programme THRESH. The data from THRESH were then processed by a

programme called GRIND.

1.3.3 THRESH and GRIND

THRESH is a geometry programme of the CERN TC library which
reconstructs from the measurements the geometry of the events in
space. It checks up the measurement of each view in turn and then
examines the fiducial measurements whether or not they lie within
the permitted tolerance. A circle wasfitted to the measurements
of nine or so points for each track in a view (i.e., in projection).
The two best fitted circles were then used to reconstruct each
track as a helix in the three-dimensional chamber space and the
third circle, if measured, was used for checking.

Thus after operation of THRESH one had the space trajectories
and hence curvatures of particle tracks, to determine their momenta,
but not the nature of the‘particles. So various hypotheses were
tried to fit the experimental measurements using the conservation
laws. For example, the four-prong events were kinematically fitted

to the following three reactions:

+ + + -
Tp —#F prTmT,

+ + + -
Tp —F pruTmTw,

+ + 4+ -
T p —> nm T,
GRIND is the CERN TC programme which was used to do this kinematic
fitting.

Each event must satisfy the four constraint equations of

energy and momentum at the interaction .
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n -
Lp = L (P, cos A, cos¢,}) - P cosAcos¢p—>0 (a)
X i i i !
n
Lp = L (P, cosA, sin$, ) - P cosAsin¢—> 0, (b}
y i i i
n Nl.l)
P = £ (P, sin}X , ) - P sin A —* 0, (c)
z i i _
n / /
LE = I Pi + mi -( P2 + m2-+m)‘“—* o, (di

where P, A, ¢ and m respectively are the momentum, dip, azimuth and
mass of the beam particle. Pi' Ai' ¢i are the corresponding quantities
for the outgoing particle i and M is the mass of target. The
particle momenta were determined from the track curvatures using the
known magnetic field. A stopping particle's momentum was obtained
from the range-energy relations.

The method of least squares is use@ to reduce ZPX, ZPy, ZPZ

and LE to a predetermined limit of, in this case, 0.0005 GeV, i.e.,

2 . : C e
X s given below, is minimized.

. t
x° = I ——s (1.2)
* szi !

where i; is the measured quantity, Xi is the fitted quantity and AXi

is the error on X .
i

t Since there are correlations between the measurements,
equation (l.2) is approximate. The more general analysis used by
THRESH and GRIND, using matrix notation is briefly as follows|[6].

-1 ) -1 .

Let G be the full error matrix where (G )ii is the
variance of the ith measurement and (G—l)ij is the covariance
between the ith and jth measurements. The inverse, G, of the full
error matrix is called a weighting matrix. Then equation (1.2)

becomes ;

I

J .
YD (x, - X)) G (X, - X

J=1 1i=1 * +J J ]
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When no neutral particle is involved in the final state, all
the variables are constrained and there are four degrees of freedom
and the fit is called a '4C~fit.' When a neutral particle of
assigned mass is missing, the first three equations (1.1 a-c) are
used to solve for Pi,ki,%_and the fourth Qne is used for a constraint.
The;e being one degree of freedom, the fit is known as a '1C-fit.'
When more than one particle is missing there are more unknowns than
the constraint equations and thus the fit cannot be done. Events
rejected by THRESH or- GRIND were remeasured and reprocessed. The

final pass rate was 20%.

1.3.4 ZIonisation check and data summary tape

All events successful in GRIND were examined on the scanning
table to check whether the ionisation (bubble density) seen for a
track was compatible with the requirements of the hypothesis.

It has been shown by several workers{7-9] that experimentally
the bubble density, D, (i.e., number of bubbles per unit of track)
is inversely proportional to the square of the particle velocity,

B provided 0.5 <8< 0.8 for heavy liquids and up to 8 v 0.97 for

hydrogen. Thus

_ 2
D = DO/B , (1.3)

where Do is the minimum value of ionisation (i.e., for beam tracks).
The momenta of the pion and proton corresponding to 8 n 0.97 are
0.57 GeV/c and 3.8 GeV/c respeétively.

Fig. (1.6) shows the relative bubble density against the
momentum for three particles, i.e., pion, kaon and proton. In the
present experiment an estimate of bubble density by eye leads to

pions and proton indistinguishable above about 1.2 GeV/c. This is
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illustrated by the proton momentum distribution of lCrrO events
ambiguous with 1Cn and of those for which two lCno hypotheses fitted.
There is a sharp cut off at about 1.2 GeV/c. Therefore, it is con-
cluded that protons and pions were in practice distinguished below
1.2 GeV/c for this experiment.

All hypotheses compatible with the ionization code were
accepted. There is, of course, a class of events which do not fit
any of the hypotheses tried. These are called 'no-fit' events? and

could be examples of multi-neutral particle production, for example:

+ + + - o o
Tp — wpTw® T TN W ,
or

+ + + 4+ - o o
Tp —=P T W T W W T .

The data summary tapes (DST) were prepared from the GRIND
output. The DST contains the selected events, hypotheses and
kinematic information such as angles and momenta and statistical
information such as the confidence level of the fitted hypothesis

(normally called xz—probability or P(xz)).

1.4 Checks on the DST

The distributions of errors on curvature, dip and azimuthal
angles as given by THRESH are normally distributed. The fits to the
different hypotheses for an event as obtained by GRIND using the
extra information in the form of constraint equations(1l.1l) should
yield kinematic quantities which are closer to the truth than the
original measurements. This will be true if no systematic errors of

measurement have been made. In order to check this, the pull

T No hypotheses fitting the strange particle production were tried.

They also contributed towards no-fit events.
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distributicns, as defined below, were plotted for each fitted hypothesis ,
Q - Q
Pull = ——‘;———f , (1.4)
i v 2
+ o
Ou 0f
where Qu and ou respectively are the unfitted quantity and its standard

deviation and Qf and ¢_. are the corresponding quantities for the fitted

£
values. The pull distribution should be a Gaussian around zero with a
standard deviation of one. The pull distributions for curvature, dip
and azimuthal angles were plotted for all the laboratories concerned and
small adjustments were made to the information on errors submitted to
GRIND, for those quantities where the width of the relevant pull distri-
bution was not unity. ©No indication for the presence of large systematic
errors in measurement was obtained.

Each collaborating laboratory produced its own DST containing
the relevant information in the appropriate format. The compatibility
of data on the DSTs of different laboratories was checked [10].

The xz-proability (P(Xz)) for a true sample of a particular
class of events, such as 4C, lCﬂo, etc. is expected to be flat. But the
fit cannot sometime resolve between 4C and lCﬂo events. Therefore
ambiguities arise where the same measurements are simultaneously com-
patible with two or more hypotheses. How these ambiguities have been
treated in the present work is discussed in Sections 3.2 and 3.3.

Figure (1.7) shows P(XZ) distribution for 4-prong lCTTO events.
It is almost flat for P(x2)>o.1 but for P(x2)<0.l, it is strongly peaked.
This is due to the possibility that within measurement errors, the data
obtained for some events can be consistent with a single missing ﬂo—meson
even if the events are due to other processes such as two missing
no mesons. For example, the error on MM2 (square of the missing mass)
is distributed between SMio and lSMiO and hence the nc-fit background

. 2
may also contribute towards the lower P(y ) events.
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. o . .
Fitted as single 7 -production events the confidence levels
would no longer be expected to lie uniformly between O and 1 in
probability, but in general would tend to be small. In the present

. 2
work, in general, P(x ) has been taken >0.1 (see Section 3.3.1).




- 15 -

CHAPTER 2

THE BASIC MEASUREMENTS OF QUASI--TWO-BODY INTERACTIONS

2.1 Introduction

The term quasi-two-body interaction is applied to a channel

that can be interpreted as being

a+b dc + 4,

Heré, a and b denote the particles that collide (in the present study
aﬂ+ meson and proton) and ¢ and d are the reaction products which
could be two resonances. A specific example discussed in Chapter 4
is

+ o  ++
T p—w A

| Lt

The wo and A++ have such short lifetimes that it is only their decay
products that can ever be observed, and~such'a‘:eaction channel will
appear (along with other reactions leadiﬁg to similar final states)
as a final state pn+n+n_no.

A'strong motivation‘for the study of such quasi-two-body
processes 1s their inherent simplicity. Experimentally, it is possible
to recognise them reasonably easily and theoretically one can hope to
describe them in a simpler manner than could be possible for a many
particle final state. The experimental measurements yield the total
channel cross-section, the differential cross-section (as a function
of angle or four-momentum transfer) and information about the spin
states of the particles producéd. In later Sections of this Chapter
a general discussion of the extraction of these quantities from the
data will be given. In the last Section is given a qualitative
description of the kind of theoretical treatments that are currently

used to discuss channels of this type.
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2.2 The Total Cross Section

It is possible to determine an absolute total cross-section
with a bubble chamber experiment if a careful account is kept of the
incident particle intensity throughout the scanned film and corrections
are made for unwanted particle contamination in the beam and the
density of the liﬁuid hydrogen is precisely known. However, scanning
speeds are reduced by the requirement of sample counting of incident
beam tracks, and there are practical difficulties in keeping the same
criteria for such measurements in different laboratories spread over
Europe. It is much easier to be sure that the interactions are
correctly recorded, and it was decided that the present experiment
would not be used to determine an absolute cross-section, but that
published counter measurements would be used to determine the cross-
section equivalent of the scanned events}

Table (2.1) lists the number of events found per laboratory

as a function of prong number (normally called a topology classification).

. Table (2.1)

Topology classification

Laboratory|Corrected|Corrected|Corrected| Corrected |Corrected Corrected!
2-Prong 4-Prong 6-Prong 8-Prong |210-Prong Total
Durham 12,068 9,478 3,966 705 64 26,281
Genova 13,321 13,462 6,170 1,178 34,131
Hamburg 5,363 5,475 2,458 458 33 13,787
Milano 9,313 9,121 3,745 672 48 22,899
Saclay 25,436 26,214 9,862 182 18 61,712
Total 65,501 63,750 26,201 3,%58 158,810

T For a partial Durham sample in which track counting was done a

reasonable agreement with the counter results was found [10].




- 17 -

Corrections were applied to all the events for scanning
efficiency. 1In addition, there is a loss of two prong events when
proton momenta are low and therefore such events may appear merely
as scatters. This is important at high energies for elastic
scatters which are dominated by small momentum transfers. The loss
of events was most pronounced for ‘t‘<§0.02 (Gev/c)2 and ¢ = 90O
(i.e., parallel to the optic axes of the cameras). This visibility
correction amounted to 37% on 2~prong elastic events [10].

Hence equating the total corrected number of events to

the counter cross-section at this energy {l11l] one gets:

158,810 events 24.5 + 0.08 mb,

ub/event 0.1543,

Since 90% of the scanned 4-prong events could be measured
well enough to appear on the DST, assuming a random loss, equally

over all channels, one arrives at the normalisation:

vb/event for 4-prong DST = 0.17,

2.3 The Breit Wigner Function

The effective mass distribution of the particles the
resonance decays into has a Breit-Wigner shape. In order to estimate
the channel cross-section a Breit Wigner function superimposed on a
smoothly varying background is fitted to such a mass distribution.
The fitting thus not only estimates the cross-section but also
determines mass and width at half height of the resonance.

The effect of background is one of the major problems
in an analysis of a resonance channel. This is caused by random
association from all those final states not containing the resonance.

In most of the cases the details of all such states are not known,
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therefore a guess has to be made regarding the shape of the back-
ground, e.g., linear or gquadratic depending on the shape of the
distribution on either side of the resonance. The better the guess
regarding the background, the better would be the level of confidence
for the fit.

A simple Breit-Wigner function has the form:

2
BW = (f/2) ’ (2.1)

2 2
(m—mo) + (T/2)

where m, mO and ' respectively are the effective mass of the com-
bination of particles, the central mass and full width at half height.
This is obviously a symmetric function.

Experimentally, it is observed that some resonances are
asymmetric. Such an asymmetric mass-debendent Breit Wigner function
has the foirm [12]:
¢l (m)

2 2.2
(m —mo)

BW(m) =

' (2.2)

Q|3

+ (m T (m)) 2
(e}

where ¢ is thé normalisation constant, m is the effective mass of
the particle combination under consideration, m the central mass
and T the width of the resonance. For a two particle decéy the
width can be expressed as a function of the effective mass of the
particle combination which takes into account the centrifugal
barrier affecting the decay of the resonance.

- 22+1
I(m) =T (Ygq,) ", (2.3)

where q is the three-momentum of either decay particle in the

rest frame of the resonance, qo is the central value of g (i.e.,
for m = mo) and £ is the orbital angular momentum. For £ = O, 1
and 2, the relevant Breit-Wigner function is respectively called

s-wave, p-wave and d-wave Breit-Wigner function. The g can be
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written as:

q = 5 ’ (2.4)

where m is the effective mass of the particle combination under con-
sideration and m1 and m2 are the rest mas;es of the decay products.
The wo—decay into three-pion obviously is not the same
céndition as a two particle decay but since the wo natural width
Fo * 10 MeV/c2 and hence the variation of Q/qo is small. The form
of the Breit Wigner function given in equation (2.2) has been used
for the symmetric situation where the three pions have the same
energy in the rest system of the wo—decay. In this case the final
state is considered as consisting of two particles, a pion and a
dipion system where the mass, m2TT of the latter is:

2 2
2 m + 3m“

m, = —3— - , (2.5)

The value of g for an w -mass, m, is then given by:

2 2 2 2
™ ~ (m_ +m. )] m - (m -m )]
g = T2 : r_22r ., (2.6)

where qo corresponds to the value mo.
The minimum errors on the mass and width are worked out

in later chapters using the following formula given by Davis et al,

{13,14]).

r//N o,

o
—
E)
=
n

(2.7)

o
—
—
-~
It

4

where N is the number of events in the resonance.
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2.4 The Important Parameter s of the Quasi-two-~body Reactions

The following three quantities are of special interest
in the study of the gquasi~two-body reactions.

(1) The total channel cross-section (g) of the reaction
and its dependence on the beam momentum in the laboratory.

(ii) The differential cross-section of the reaction
(do/dltl) or (do/dlt']). The four-momentum transfer (see
equation (2.36)) from the incident meson (baryon) to the meson

(baryon) resonance is denoted by It[ and |t'| = It—t |, where

min
toin is the minimum value of the |t|. Because of the width of a
resonance, tmin varies from event to event, therefore it is preferable
to use ]t‘l, rathef than |t| for the study of the differential cross-
section in the forward direction (small>|t| or |t'|). However,

dips and other structure, if any, in ghe distribution of dc/dlt'|
other than those at It'l = 0, are not greatly affected by the choice
of It'l or |t|. Visibility problems may arise at low |t|, because
there may he loss of events where laboratory momentum of proton is
very low.

(iii) The resonance decay angular distribution. If the
spin of the resonance is known, the decay angular distribution gives
the information regarding the spin density matrix elements (i.e.,
the relative probabilities of the different magnetic Substates on
the axis of quantization). The relative population for the different
spin projections are related to the dynamics of the reaction. The
average value of the spin density matrix elements and their

dependence on the variable lt[, will be studied in the present work

wherever the statistics permit.
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2.4.1 The density matrix

Consider a quantum mechanical system of spin j.

case this pure state consists of a linear superposition

vectors belonging to the same j.

mes)
l’)' - . > =
R VRS
me—j
its conjugate state is
m=7j
* —\
w] = <]| = 2.4 a;‘ <
m=-7j
The normalised state is
m=7j . m=]j
Z %m “m Z |am|
m=—j m==J

The expectation value of an operator Q is given by,

*
D e
m

<> = a, <im-lo| 3, n'>
m,m’
*
= :_J, a a o0 )
m,m m m m,m',

As a general

of basis

where <j,m|Q|j,m'> is the matrix element Qm o' of the operator Q.
14

The density matrix p for this pure state is defined by:

Trp:l,

where Tr denotes the trace of the matrix.

In general one has to deal with "mixed states" which are a

statistical mixture of the pure states and can be described by the

incoherent sum of the pure states.

: C e , i
For a statistical mixture of state w( )

(i)

w

PLIPAC

1

<Q>

, the average value of a physical quantity ¢ will be:

j.m>
> (2.8)
jpm
2
=1, (2.9)
(2.10)
(2.11)
with probabilities
(2.12)
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with
<Q(l)> = <¢(l)|Q|¢(l)> . ' (2.13)

The pure states |w(l)> can be defined in texms of the angular
mementum: for a given angular momentum j there are (2j+1) eigen-functions
corresponding to the different values of the magnetic quantum
number m:

(1) 2{: (i)
> = > e .14
v L v (2.14)

Substituting in equation (2.13), one gets

PR

N 3 .
a(:L) a(1)

‘| ; ‘ (2.15)
m,n m m m,m
) E W) ST it (4
@ e D e e s
= m,m' Qmm' pm'm = 2;:(Qp)mm
(2.17)
= Tr (Qp) = Tr (pQ)
where
_ . R 3 .
Pn'm . .Z_w(l) a(l) a(f). (2.18)
1 m m

Prim 2T termed as the density matrix elements.

Some of the important properties of the density matrix are
given below:

(1) It is hermitian

kii) The sum of the diagonal elements is 1.

:;: Pom = Tr (p) = 1

(iii) The diagonal elements are positive

% 0
Pram
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(iv) From parity conservation in the production proccess
with unpolarised incident particles, it follows:

(a) o = (-1) p

! (z-axis in production plane)

-m,~-m'

(b) »p 0 for (m-m') odd (z-axis normal to production

mml
plane) «

The detailed discussion of the density matrix is available

in the literature [15].

2.5 Frames of Reference

Consiaer a quasi-two-body reaction of the type
a+b— c+ 4d,

where a and b respectively are the incident particle and the target
proton and c or/and d are resonances. Let ¢ and d be meson and
baryon respectively, where d is the resonance under consideration
which decays into a and 8.

The choice of a frame of reference, in principle, is arbitrary.
But different frames emphasise different characteristics [16]. For

the helicity-type axes the z-axis is defined by the direction of either

b (the t-channel helicity or Gottfried - Jackson frame) in the rest
system of d or ¢ (the s-channel helicity or helicity frame) in the
C.M. system. The y-axis is taken in the direction of the normal to
the reaction plane and the x-axis is chosen to define a right-handed
coordinate system. |

Figure§ (2.1 a-c) show the decay of the d (in its rest frame)
with respect to the above production plane. The momenta of a, ¢ and
b lie in the production plane (plane of papexr). The momenta of
o and B are equal in magnitude and opposite and are denoted by the

dotted lines. They usually do not lie in the production plane. The

right-handed coordinate systems xyz in the two categories of helicity-

type axes are:




A 1
z ol
A4
7
/
/
_\gl
1
>—7y
™ -
N
7 ¢
()
FIG. 2.1 a) THE t-CHANNEL HELICITY FRAME.

b) THE s-CHANNEL HELICITY FRAME.

(9 THE POLAR AND THE AZIMUTHAL ANGLES OF
THE DECAY PARTICLE « IN THE t-AND s-CHANMEL HELICITY FRAMES.
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The t-channel helicity (Gottfried-Jackson) frame

— = 1 =
A axc
Y = T3 (a)
la x ¢
>
f b
A (b) > (2.19)
|B]
X = 9x 2z (c)

The s-channel helicity (helicity frame)

axc’
Yy = S5 (a)
la x ¢l
@t
g = - Iil (b) (2.20)
C
8 = 9x2 (c)

-

The decay angles € and ¢ (see Figure 2.1lc), being the polar
angle and azimuthal angle (also called Trieman-Yang angle [1Z,19]),
respectively, of the decay particle & (or 8)*T are given by the

following formulas:

]
™o

cos B (a)

(2.21)

cos ¢

fl
"S>

(b)

. A X
T For the meson resonance: y =

2 | b x d|
and 2 = —f&— in equation (2.19b) and z =-— in equation (2.20b). The

| a| | d]

advantage of this choice is given for the discussion of the

in equations (2.1%a) and (2.20a)

oy o)
A taul
al

2l

peripheral model as explained in references(17,18].

o . . o
Tt For the w decays into three pions, the normal to the w decay
-
. . . A " X wo
plane in the w rest system is given by n = = 5 and 0 and ¢
- ()
X T

are thus given by formulas (2.21), if one replaces & by fi.




- 25 -

Here ¢ varies between Oo and 360o but its value is zero or 1800 in
the production plane. The symbols in these formulas mean the momenta
of the particles in the rest frame of the d except in equation (2.20b),
where ¢ denotes the momentum of the particle ¢ in the C.M.S.

The transversity-type axes, where the z-axis is taken

along the normal to the reaction plane, are obtained by relabelling

the respective helicity type-axis in the following way:

Zp T ¥y (a)
Yo = “Zy (b) (2.22)
Xo = Xy {c)

Here the minus sign in equation (2.22b) is required to define a
right-handed coordinate system as given in references (20,21].

The transformation of angleé from the helicity-type axes
to the transversity-type axes can be done in the following way as

given in reference [22].

1
“cos & = sin B sin ¢
T H H
1 8 = i 8 1 _3
sin 8 cos ¢T sin 9 sin ¢H > (2.22)
1 9 i = - 6
sin 9 sin ¢T cos 8

-

Figure (2.1d) shows the possible orientation of the axes
giving the decay of the d (in its rest frame) with reference to the

production process atb —> c+d. For the t-channel helicity frame

t t
(XH' YHI ZH) = (17, 2, 37)

and for the s-channel helicity frame

8 s
(XH' YHI ZH) = (17, 2, 37).

Similarly for the t-channel transversity frame

t t
(xT, Yoo ZT) = (1L, =37, 2)

and for the s~channel transversity frame

s .
,z) = (1%, =35, 2y,

(x O

T Y




FIG. 2.1d. THE POSSIBLE ORIENTATION OF THE AXES FOR THE DECAY
OF PARTICLE d(IN ITS REST FRAME) WITH REFERENCE TO
THE PRODUCTION PROCESS a+b—>c+d.
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The s-channel and the t-channel axes are related by a rotation X about
the normal (i.e., axis 2) to the a + b —» c+d production plane. The
angle X is called the s-t crossing angle. It can be shown that the
polar angles (B8) of the decay particle in the transversity frames are

unchanged by rotations and are thus frame invariant.

2.6 Decay Angular Distributions

. p - . .
For a resonance with J =1 decaying into three pseudoscalar
o) + - o0 , C
mesons (e.g., w —> w7 7® 71 ), the density matrix in the t- and

s-channel helicity frames may be written as:

Pyv1i P10 P1,-1
= * —n* .
P P10 Poo  "*io y (2.24)
P

and there are three real elements (

r P and p _l) and one complex

P117 Poo 1,

1l t .
elemen plo

The normalised? decay angular distribution is given by [17,18]:

1-p 3p, -1
3 00 00 2 . 2
W(cos x,y) = v > + > cos” x pl—l sin x cos2 ¢
- ¥2 Re plO sin 2 y cos Y (2.25)

Integrating equation (2.25) first over ¢ and then over cos x

gives:

t The normalization is such that

27 +1
.[ d f{ d cos X. W(cosX,y) = 1.
o -1
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3 2
== -— - |- "'l
W(cosy ) 2 %(l pOO) (3poo ) cos” x i (a)
(2.26)
W) = 2 a2 ) -4 cos? y (b)
2w P1,-1 P1-1
In the t-~ and the s-channel transversity frames, the
reflection invariance gives:
P 0 for (m-m') odd.
The density matrix can be written as:
0
P11 P1-1
*
P1,-1 © Pl1,-1

The normalised decay angular distribution then becomes [23]:

1-p . 3p_ -1
_ 3 00 00 2 , 2
W(cos x, ¥) = e > + ) cos” X Re pl~l sin ¥ cos2y
;2 .
4 Im pl-l sin x sin2 ¢ (2.28)

Integrating equation (2.28) first over ¥ and then over cos X

gives:
~
W(cos x) = 2 (-p .} + (3 p__~1) cos2 X (a)
4 Q0 00
W(v) =L 1 + 2Re p - 4 Re p cos2 g > (2.29)
27 1-1 1-1

+ .
4 Im pl—l siny cos ¥ } (b)

-
. . P . .
For a baryonic resonance with J = 3/2% decaying into a

spinless pion and a spin 1/2 baryon, the density matrix in the t-

and the s-channel helicity frames has the form: T

t The subscripts on the density matrix elements are 2 m and 2m'




(2.30)

and hermiticity requires that all the diagonal elements are real

and that p and p are purely imaginarye.

3-3 1-1

The normalised decay angular distribution is given by [17]:

1+ 4p

3 33 1 2
W (cosB,d) = ey ———6—_ + 3 (1 - 4 033)COS 6
- 2 Re p3_l sin26 cos2 ¢
/"3‘ .
2 .
- — Re p3l sin20 cos ¢ (2.31)
V3

Integrating equation (2.31) first over ¢ and then over cos?®

gives:
W {(cos®) = 1 (1+4p _.) + (3-12p_.) c0529 (a)
4 33 33
, /T (2.32)
! 43 8v3 2
w (%) = o 3(l+—3—-Re 03_1) - —3—-Re 03_1 cos ¢l(b)

In the t- and the s-~channel transversity frames, the reflec-

tion invariance gives:

G C for {m-m') odd.
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The density matrix can be written as:

P33 ° P31 ©
*
° P11 © P31
p = . . (2.33)
P3-1 ° Po1-1 ©
© Pyey O P33

The noramlised decay angular distribution then becomes [24]:

1+2(p__+p )
3 33 "-3-3 1 2
W(cos®,¢) = :1‘1? G + 5 1 -2 (p33+p_3_3) cos O

1 .

- — Re (03_1+p_31) 51n2 8 cos2 ¢
V3
1 . 2 .

+ — Im (93—1_0—31) sin 6 sin2 ¢ (2.34)
V3

Integrating equation (2.34), first over ¢ and then over

cos 0 gives:
S

1

W(cos 6 ) = i l+2(p33+p_3_3)+3g1—2(p33+p_3_3)g cos2 0 (a)

i .

2 Re (p, *p_,,) 4 Re (p,_.+p_
W(d) = ;; 1+ 301 =31 31 31)c052¢ >(2.35)

i /3 3

4 Im (p -p )
+ 371 -31 sin ¢ cos ¢ (b)
/3

2.7 Qualitative Discussion of Current Theoretical Models

The basic starting point of theoretical models for a quasi-

two-body channel:
a+ b—> c+d

is the peripheral one particle exchange model normally represented

by a Feynman diagram of the type shown in Figure (2.2). The process




FIG. 2.2 FEYNMAMN DIAGRAM FOR A TWO-BODY REACTION WITH

PARTICLE EXCHANGE e.
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is thought of as being mediated by a virtual exchange particle e,
the cross-section depending on the two couplings of e at the two
vertices and a propagator term. The kinematic variables normally
employed are s, t (and u for backward production in the centre of
mass, a process which will not be considered in the present work).
These variables are called the Mandelstam variables [25,26] and

are defined as:

2 2 2
= -+ = + = N .
s (qa q) {a, qd) (total c.m. energy)”,
: 2 2
t=(q -q) = (g -49g.,) = (4-momentum transfer from
a C b d 5 (2.36)
a to ¢ or from b to 4}, )
2 2
u = (qa - qd) = (qb - qc) = (crossed 4~momentum transfer
2
from a to d or from b to c¢),
-
where qi is 4-momentum transfer of particle i = (Ei'pi)
These variables are related by
d
2 2 2 2 2
+ + = + + + = .37
s t +u mo b m o tmo o+ omy 1Za m o, (2.37)

where m, is mass of particle i.

In the bresent experiment s is fixed by the incident beam
momentum, having a value of 22.5 (GeV)z. This is of course the
square of the total c.m. energy E which has the value 4.74 GeV.
The only kinematic variable that remains at fixed s is the four-
momentum transfer, t, which in the type of prodqction channels
under discussion, always has a negative value. Kinematically, t
is the square of what would normally be considered the mass of a
particle, in this case the exchange particle e. Clearly, whatever
the nature of the real particle corresponding to e, in the Feynman
diagram of Figure (2.2), it is off the mass shell. However, it is
an observed general property of quasi-two-body production that the

values of t tend to be close to zero, and hence particuarly when
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e is considered to be a pion, the exchanged particle is not far
off the mass shell.

Starting with the simplest version of a one particle exchange
model, a short qualitative resume of different theoretical models,
that are currently important for quasi-two-body processes will

now be given.¥

2.7.1 The one particle exchange (OPE) model

The fact that the interactions take place at low value of Iti
suggests that reactions occur by exchange of a particle. Such a
particle e is shown in Figure (2.2). From Feynman rules the
transition matrix element for the Figure (2.2) has the following

form:

T t = V —_— \Y
(s.t) aec 2 bed !/
m -t
e

(2.38)

2 . .
where 1/(me+t) is the propagator of the exchange particle and
\Y and V are the vertex functions dependent on coupling con-
aec bed _
stants. At the non-physical point t = mZ there is a pole and the
vertex functions are equal to the matrix elements for the following
peripheral processes:

a+ e —> c,

.3
b+ e —> 4. (2.39)

This model predicts large cross sections at small values of |t|
particularly for small me. Therefore, reactions taking place by
one pion exchange are expected to be peripheral. The one pion
exchange model was first suggested by Goebel [28] and later by

Chew and Low [29].

T A survey of the current models for high energy processes is

given by Jackson [27].
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The quantum numbers of the exchanged particle as shown in
Figure (2.2) arelimited by conservation laws— e.g.,baryon number,
charge, G.parity, strangeness and isospin conservation— at each
vertex.

The attraction of this simple model is that the t dependence
of the cross-section is dominated by the propagator term which
decreases as |t| increases but tends to increase the cross-section
at low values of ltl, i.e.,close to the pole, just as the experi-
mental data qualitatively indicate. The small value of Itl
corresponds to small c.m. scattering angle which is favoured by the
propagator. However, as will be seen later, the detailed shape
of the experimentally observed t distribution is not reproduced
by this simple model and therefore attempts have been made to
modify the model in a consistent way.

For the two-body channels discussed in this thesis the

restrictions on e are obtained below:

(a) For the reaction ﬂ+p ——>w°A++, the possible candidates
for exchange are p and B. These two exchanged particles give
certain predictions on the density matrix elements which are
discussed below.

(i) Thew productioﬁ Via p exchange (natural parity)

If the p-meson i1s exchanged, the process occurring at the
meson vertex of Figure (2.3a) when seen in the rest frame of the
w looks like Figure (2.3b). Here the exchange particle belongs
to the natural parity series (17, 2+, ceel)

From angular momentum conservation: L = Je-l, Je' Je + 1.

-
So vectors of L can be composed with Je to give spin 1 of the

o . .
¢ meson (the w in this case). The z-component of L, LZ = 0,




at
Tf+ ° /"..
\ﬂo
e=%orB
S
P att N
at
()
o~ I~ JC) P, =<—|) JQ

FIG. 2.3 o) DIAGRAM FOR THE REACTION #p —= w® At
WITH £ OR B EXCHANGE. '

b) SKETCH FOR THE PROCESS mfe—sw AT THE
VERTEX aec¢ IN REST FRAME OF c.

c) DIAGRAM FOR THE PHOTOPRODUCTION OF ¥p—=at




- 33 -

where z is the axis of quantization which is direction of incident
+
.

From parity conservation:

p (- -n* = p = (-1 .
a . C

Hence L +'Je ié even. Also L = Je' Conservation of z-component
of angular momentum requires Jez =m = 0, 1. Thus there are only
two spin states Je.f;l? Wwhich één be coupled with the orbital
angular momentuﬁ staté L = Jé, 0> to give the states of

c = IJc =1, m=+1>., On the other hand the two states Je, 0> and

IL g'Je' O >.cannot be composed to give |JC =1, m = 0>.
In the expansion of |L = Jor 0> |Je, 0> into eigenstates
|J, 0> of the total angular momentum only terms with even J survive

and <L =J , Jd ; 0,0 IJ =1, m = 0> vanishes for odd L. + J + J
e e c o e c

Thus it follows that |m = 0> vanishes-and lm'=:t1> survives. Hence

{ = =0, i.e. = =1/2 -
poln Prno ’ L-€ 'pOO © and p11 /‘

Jackson et al.[30,31] further conclude that if only natural parity

exchange occurs then p p as s —do=,

1-1 Py

The decay angular distributions {(2.25) and (2.26) become:

W(cos x ) = i%‘(l/Z Py cos2y ) sin2x (2.40)
, 2
W(cosy ) = 3/4 sin” (a)
(2.41)
1 2
Wiy ) = 2" [(l + 2pl_l) - 4pl_l cos Q)j}(b)

(ii) The w production via B exchange (unnatural parity).
If the B-meson is exchanged then the process in Figure (2.3b)
+ -
belongs to the unnatural parity series (1 , 2 , ..... )

From Angular momentum conservation:




- 34 -

From parity conservation:

J 4l ’
C e L _
P, (-1), -1° = P_

Hence L + Je isodd ox L =J + 1.

In this case all the three spin states m = O, *+ 1 are
permissible. Hence in general all the matrix elements pOO' pl—l'

are non-zero. The matrix element p is non-zero for exchange

P10 10

of a particle with unnatural parity and Je > 1l in the t-channel
helicity frame (17].

(iii) The A production via p exchange.

Assuming the exchange of p-meson at the baryon vertex of
'Figure,(2.3.a), Stodolsky aﬁd Sakurai [32,33] treated the vertex
pr++ similar to the photo-production vertex in Figure (2.3c) because
thg p~meson has the same quantum numbers as the y . The latter reaction
is-n;~? A+ ——9puo. They found that the A+ has only the spin orienta-
tions m = + 1 normal to the production plane. The decay distribution
in the transversity frame has the form:

_ 1 2
W(cos GT” ¢T) = ar (1 + 3cos BT) (2.42)

Using equation (2.23), the transformed distribution (2.42) in the

helicity frame becomes:

I
w(coseiy ¢H) = ar

2 .2 :
-+ 1 . 2.4
(1 3sin OH sin cpH) ( 3)
From the above equation Stodolsky and Sakuraipredicted the

.4+
following values of the density matrices for the A for a p exchange:

Py = 3/8, Rep, = Y3/8, Re p.. = 0. (2.44)

33 3 31
Hence all other decay parameters, including the joint decay
distributions should vanish, if the OPE model holds for the reaction

+ 4+ ;
TP > wh which provides a severe test of this simple model {[34].
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(b) For the reaction n+p —> pB+, the possible lowest mass
exchange particle is the w-meson. The slope of the differential
cross-section supports such an exchange.

This model does not show a rapid enough fall off of the
differential cross-section with t and predictions on the density

A . matrix elements are not satisfied in a number of reactions, hence
attempts have been made to modify it by introducing form factors

in the vertex functions and the absorptive effects in the collisions
of two particles at higher energies where many inelastic channels
compete with one another.

The peripheral models rah into difficulty when the exchanged
particle had spin more thén zero; Various calculations have been
made by several workers on different reactions using the Regge pole
model [35,36] with or without absorption. According to this model,
particles and resonances can be grouped into families, each family
being associated with a given Regge trajectory.

Gell-Mann [37] proposed that the hadrons were built up of
more fundamental particles — called quarks. From the assignment
of different quantum numbers to the quarks and the application of the
conservation laws, calculations have been made by different workers
to explain several high energy reactions on the basis of the quark

model.

The detailed theoretical calculations of above models is
beyond the scope of this thesis. However, predictions made on the
values of differential cross-section and the spin density matrix
elements on the basis of different models relevant to the reactions:

+ ++4 + + . .
1T p —> wh and m p —> pB  will be discussed in Chapters 4 and 5.
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CHAPTER 3

SELECTION OF EVENTS AND THE INITIAL RESULTS

3.1 Introduction

In this Chapter, the production of the wo from the

reaction
ip —> printnTn®, (3.1)

at incident momentum of 11.7 GeV/c will be discussed. The strong
production of the wo resonance is prominent in this reaction. A |
rough outliné of the Chapter is given below.

After partially resolving the ambiguities in the reation
(3.1) on the basis of x2~probability (P(xz)) and the ionization; the
negative side of distribution of ((MM2- ;Q/AMM2), where MM2, Mio and
AMM2 respectively are the missing mass squared, mass of n° squared
and the error on the missing mass squared, is fitted with a Gaussian
plus a background function. Taking the fitted Gaussian representing
the true lCno component, the total number of lC1rO events is estimated.
This cross-section is compéred with those published for different
energies and their energy dependence is estimated.

The narrow width of the wo makes the effect of the dif-
ferent ambiguities less important in selecting the pum+ channel.
Only the unambiguous and the two-fold self-ambiguous events show the
w® signal. Thus the selection of the 0’ after resolving almost all

the ambiguities gives the following three-body final state for

further analysis.

+ +
T p —> pwm . (3.2)

The background in the reaction (3.2) is estimated by fitting

the mass distribution of three pions with a Breit-Wigner function
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convoluted with a Gaussian error function. Consistent results are
also obtained on the basis of the wo—decay matrix element. The
production cross-section for the reaction (3.2) thus obtained is
compared with those published for different energies.

The three-body Dalitz plot for the reaction (2.2) is given
towards the end of the Chapter. The possible quasi-two-body reactions
are discussed in the light of the pattern on the Dalitz plot.

Finally, a brief qualitative description of the patterns
obtained in longitudinal and transverse momenta corresponding to

those secen on the three-body Dalitz plot is given.

. . o .
3.2 Estimation of the 1Cm Cross Section

It is difficult to make a quantitative resoclution of the
different ambiguities in the kinematic fits to the reaction
ﬂ+p — pﬂ+ﬂ+ﬂ—ﬂo. These ambiguities are less important for the
study of the pmn+ final state because of the narrow width of the mo.
However, for the sake of completeness an estimate of the lCﬂo cross-
section is presented.

The ambiguities fall into the following four categories:

(1) ambiguities with a four-constraint (4C) fit,

(ii) one-constraint neutron (1Cn) ambiguities,

(iii) self-ambiguities,

(iv) no-fit ambiguities (i.e., possible multi n° events) .

These ambiguities were partially resolved on the basis of
the x2~probability (P(xz)) and the ionization. The proton and the
pion can be distinguished by'eyé_pn the measuring table if laboratory
momentum is less than aboﬁt l.2‘GeV/c (see Section 1.3.4). On the
other hand, no particle having laboratory momentum > 1.2 GeV/c can be

unambiguously identified as a proton or a pion. The second two



categories of ambiguities occur because the proton could not be
identified. But the fourth category is due to experimental error

in determining the missing mass.

3.2.1 Ambiguities with a four-constraint (4C) fit

e . . . .
If a 1Cn~ event had a consistent fit to a 4C reaction with
2
P(x )2 0.1, the event was assumed to belong to the latter reaction
because of the higher constraint for such a reaction. FAKE runs

show this to be reasonable [38].

3.2.2 One-constraint neutron (1Cn) ambiguities

If a 1cr° event had a cbnsisten? fit to a 1Cn reaction with
P(x2)>,O.l,the event was considered totbe ambiguous with 1Cn. These
events could be one, two and three fold ambiguous lC1ro with a 1Cn
depending on whether one, two and three 1C1ro fits to the same
reaction were ambigquous with a lCﬁ. For all these cases the proton
momentum was >1.2 GeV/c and the ICHO hypothesis was accepted if its
confidence level (P(Xz)) wés higher than that for the lCn._ There

were 513 such events.

3.2.3 Self-ambiguities

Since in this experiment protons and pions with momenta
>1.2 GeV/c cannot be identified by checking the bubble density,
ambiguities occur because of the possible permutations of the proton
track assignment. For the two-fold and three-fold self-ambiguous

. 2
events, the one with a greater P(x )} was accepted.

3.2.4 No-fit ambiguities

o . 2 , \ .
The 1Cn events with P(x )>. C.]1 ambiguous with no-fit events

were accepted as candidates for the former category. This sample
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(72% of the total) obviously contains the largest contamination
of background events (see Section 3.2.5).
Table (3.1) gives the numbers in the different categories
of events.‘
Table (3.1)

The different categories of events

No. of lCﬂo No. of 1C1ro No. of 1cn® No. of lC'nO Total
events ambig- | unambiguous self-~ events ambig-
uous with 1Cn | events ambiguous uous with no-
events. ' - events fit events
513 2,646 140 8,406 11,705

, . fo)
3.2.5 Estimation of the number of 1Cnv events

Figure (3.1) shows the distribution of (MMZ—MHE)/AMMZ) for
all events given in Table (3.1), where MMZ, Mni and AMM2 respectively
are the missing mass squared, mass of n° squared and the error on
the missing mass squared.‘ This distribution should be a Gaussian
with a standard deviation *1 and central value of zero, but in
practice is asymmetric, there being more events on the positive
(right-hand) side.

As has been mentioned the major contamination would be
expected to arise from multi-—no production (the no-fit events) and
qualitatively it is understandable that they should make a major
contribution to the positive.side of the distribution. The missing
mass squared distribution of the no-fit events starts at MM2'b4M$o.

For a particular value MMc of missing mass for a no-fit event, the

2 .. . . . .
measured MM distribution will be the Gaussian:
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me? - M_io 2/2
N« exp | -4 x - -~ - !
A 2

5 MM
MMT - M2,

where x = —————3—-—~. The value of AMM2 is distributed between
AMM

NSMHO and lSMﬁo and hence the no-fit background will contribute an
envelope of Gaussians falling rapidly for negative values of x, but
having a complex shape for positive values of x. To represent the
possible behaviour of the intensity of the background at negative
values of x, a third-order polynomial of the form (CO+Cix-+C2x2-+C3x3)
for the background added to the standard Gaussian expected for true
1cn® events for the distribution of Figure (3.1) was fitted between

-2 and zero. A confidence level of about 60% with the following

parameters for the Gaussian and the polynomial was obtained:

Central value of Gaussian

= 0.005,
o (standard deviation) = +0.98,
Co = 229.8 ,
Cl = 431.8 ,
C2 = 264.2 ,
C3 ' = 48.9 .

Taking the fitted Gaussian as representing true lCTro
component, the total number of good lCﬂo events is estimated as
7690 * 123. This yields a cross-section of 1.31 % 0.13 mb, where
the quoted error on the cross-section includes the statistical
error on the fitted sample plus 10% for the normalization (see

Section 2.2).

3.2.6 Energy dependence of the cross-section

Figure (3.2) shows the comparison of the cross-section

obtained above with those at different incident momenta for the
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. + + + - o . . .
reaction 1T p —»pnm v 1 ® [39-56]. The fcllowing equation was
fitted to the experimental points:

-n
g = Kpinc' (3.3)

where 0 is the cross-section in mb, pinc is the laboratory momentum
of the incident pion in GeV/c and K and n are constants. “The fit
was restricted to the data having Pinc> 3.0 GeV/c because equation
(3.3) is clearly not applicable to the experimental points below
that momentum. The high momentum points at 16 and 18.5 GeV/c do
_not appear to be consistent with such a power law behaviour either.
In view of the present analysisrét is possible that these high
momentum points are overestimated. Ballam et al. at 16 GeV/c {54-55],
for instance, removed the 4C ambiguitiés and accepted the fits with
a confidence level of greater than 1% having a missing mass squared
in the interval of +0.11 (GeV/cz)2 about the no mass and AMM2< 0.18
(GeV/c2)2. Hones et al. [56] estimated the cross-section by fitting
a Gaussian to the negative side of the missing mass squared distri-
bution with a central value of 0.01 (GeV/c2)2. In both these cases
the background contribution due to multi.a’ production has not been
taken into account explicitly. Therefore, these points have not
been included in the fit. The values of X and n, as obtained from
the fit are 10.7 and 0.82 respectively and are compatible with those

obtained by the other workers [57].

+
3.3 Selection of pwn Channel

The narrow width of the w® makes the effect of the different
ambiquities discussed in Section 3.2 less important in selecting
the pmﬂ+ channel. In this Section it is seen that the xz_probability
(P(xz)) cut off at <0.1 is still reasonable kecause it is only the

. : o . o}
events above this cut off that show a clear w signal. The 1Cm
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events ambiguous with 4C, 1Cn and those that are three-fold self-
ambiguous do not show the wo signal at all. Only the unambiguous
and the two-fold self-ambiguous events show the w® signal. The three-
pion mass distributions for these different categories of events
are shown in Figures (3.3) to (3.6).

In subsequent Sections the three-pion mass distribution
is discussed and fitted with a convoluted Breit-Wigner. The mass
interval between the limits 745 MeV/c2 < Mm < 825 MeV/c2 is selected
as containing most of the wo. The double wo events are resolved
on the basis of the w-decay matrix element and P(xz).

Finally the wo Dalitz plot is discussed and the background
is estimated from the w-decay matrix element. Then the cross-
section of pwﬂ+ channel is compared witﬁ those published at different

energies and their energy dependence is estimated.

3.3.1 The type of events that show a signal for the w’-meson

2 ,
In order to estimate a reasonable cut off for P(x ), while
. .. . o . .
still retaining the major part of the w signal, the regicon for
) | | ' .
P(x ) <0.1 was divided into several intervals that gave a resonable
+ -
number of events and the mass distributions of M(m ﬂo) were
examined. There was no obvious w° signal for the region of
2 . . . . + - o
P(x ) <0.1. Figure (3.3) shows the mass distributions of M(w 71 7).
. + - o 2
The cross-hatched histogram shows the m m 1~ events for P(x ) <0.1
. . . 2 .
and that with clear outline is for events with P(x ) > 0.1 with
2,462 events and 10,910 events respectively.
As discussed in Section (3.2.1), it makes sense to exclude
lC1ro events ambiguous with 4C. Figure (3.4) shows the mass
+ - .
distribution of M(m = ﬂo) for the events rejected because of a 4C

R 5 . (o] .
ambiguity (647 events). There is no w signal.
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Unidentifiable protons (momentum > 1.2 GeV/c) give rise to
self-ambigquities and 1Cn ambiguities. Figure (3.5) shows the mass
distributions of M(n+n-n0) for gventé with a neutron ambiguity (clear
outline} and those that are three-fold self-ambiguous (cross-
hatched) with 976 events and 117 events respectively. There is no
clear wo~signal in either of these samples and they are therefore
rejected.

Figure (3.6) shows the mass distributions of M(ﬂ+ﬂ_ﬂo)
events without self-ambiguity (clear outline) and those that are
two-fold self-ambiguous (cross-hatched) with 8,531 events and 639
events respectively. There is a clear signal of the wo in both these
cases.

There are two possible n+ mesons that could be combined in
the n+ﬂ-n°, hence in Figures (3.3) to (3.6) both the mass combinations
are plotted. It is clear that only the unambiguous and the two-fold
self-ambiguous categories of events show the signal for the wo—meson.

The two possible combinations of a ﬂ+ meson to give a three-
pion mass in the wo peak is not a serious problem in this experiment,
since such a coincidence only occurs 20 times for the 907 events
in the peak. Of the two combinations, the one was chosen which had

the greater value of wq-decay'matrix element (see Section 3.3.3).

o) .
3.3.2 Analysis of the mass spectrum in the w region

Figure (3.7) shows the three~-pion mass plot in 10 MeV/c2
intervals from threshold thréugh the region of the w® peak and up
to 1.3 GeV/cz. Clearly all the events between 0.70 - 0.87 GeV/c2
are not due to the presence of the wo meson since the form of the
spectrum on either side of the peak makes it obvious that the w®

signal stands on a continuous background spectrum. It would be
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possible to make an exact analysis of the mass spectrum of
Figure (3.7) if the shapes of the mo peak and the background
spectrum were known.

The shape of the background spectrum depends on the three-
pion masses that arise by random association from all those final
- states not containing an wo meson. Since the details of éll such
states are not known, it is nét ﬁossible'to calculate the back-
ground spectrum and for the present analysis, a linear background
through the small mass interval across the wo peak will be
assumed.

In the absence of the experimental error, the shape of the
wo—mass spectrum is given by a Breit Wigner function (see Section 2.3).
From a consideration of the measurement errors in the present
experiment, one would expect an error of about *15 MeV/c2 on a
three-pion mass in the mo region+. This is large as compared with
the value of Po, the full width at half height, but not large enough
to convert the original Breit-Wigner into a Gaussian distribution.
Attempts to fit the distribution of Figﬁre (3.7) with a simple
Gaussian and a linear background consistently lead to confidence
levels of less than 1l%.

A confidence level of about 30% is obtained by convoluting a
Gaussian of standard deviation of 12.5 MeV/c2 with the wo Breit-

2
Wigner (see cguations (2.5 - 2.6)) having m = 785 MeV/c & and

Tw? = Me? - Mp?,
2
AMMS = 2MMAMM,
2
MMM = AMM“/2MM, or

2 .
AMM <« AMMT for a small variation of MM,
2 2 2 2 . .
where MM™, ME", MP , AMM and AMM respectively are missing mass sqguared,
missing energy squares, missing momentum squared, error on missing mass

and error on missing mass squared.
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Fo = 10 MeV/c2 and combining the result with the linear background
shown in Figure (3.7). The resulting fitted curve is shown in the
figure. The total number of the mq—meson entries above the back-
ground required for the fit is 665 * 25. For later analysis the

mass interval 745 MeV/c2 < Mw < 825 MeV/c2 was selected as defining the
mo events. There are 927 entries in this region and the above fit

to data requires these to consist of 621 * 25 +true wo mesons with

306 * 17 entries (33%) in the non-resonant background. The defined
mass region thus includes 93% of the total number of the wovmesons as

deduced by the above fit.

3.3.3 The «° Dalitz plot

Figure (3.8) shows the triangular Dalitz plot for the w®

N

mass band (745-825 Mev/cz). The Dalitz variables in the wo rest

frame are:

T, - T_
X = -_T;:—__ : (a)
3
Q. (3.4)

and Y = T, /Q , -(b)
where

Th = kinetic energy of the pion with charge n, and

Q = available energy = Mw - (M1T+ + Mn_ + M“o)

T, +T_+T = Height of the triangle.

The Q value varies from event to event due to the finite width of
the resonance. Therefore, the normalized variables T+/Q, T_/Q
and To/Q are more appropriate to work with. Most of the events
are cohcentrated at the centre and the density of the points
decreases radially as expected.

There is no way to distinguish the true w events from the
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non-resonant background experimentally on an individual basis.
However, the properties of the w~decay matrix element as given
below can be utilized to estimate the background.

The normalized w-decay matrix element squared is [58]:

- - 2
| p, x p_|
A = (3.5)
2 !
® 3 M 272
.4 9 n

o ' *
where p, is the 7 -momentum in the (37) C.M. system. The Aw SO

defined is normalized to the limits:
Ogs X €1,

The distribution of the three-pion decay states as a

function of Aw is given by:

. (3.6)
an/d = X,

being maximum for Aw = 1 and zero for kw = 0; dN is the number of
events.

The values of Am= 1 and O corxrespond to the centre and
periphery respectively of .the Dalitz plot of the three pions. The
non-resonant background, if assumed uniform in phase space, is

uniformly distributed in Xw as well. Hence, the higher the value

of Aw the more likely it is that the event represents a true w®
rather than background.
Equation (3.6) is modified to account for the background

as follows:
aN/dX = A+ BA , (3.7)
w w

where A and B are constants.
Figure (3.9) shows the Aw distribution for the selected
+ . . . . . .
pwT  channel. Equation (3.7) was fitted to this distribution and

the fitted parameters are:
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A = 31.9 % 2.9,

118.1

ltﬂ

1]
1+
o
(@]

The solid line shows the fitted equation (3.7) and the dashed line
gives the ecstimate of about 35% background. This is consistent

with what was deduced in Section 3.3.2.

+
3.4 Cross-section for pwoﬂ Channel

From Section 3.3.2 it is seen that the three-pion mass
spectrum is consistent with the presence of 621 * 25 wo mesons
in the mass band (745 - 825 MeV/cz) and Section 3.3.3 shows that the
kinematic distribution of three pions in the central region of the wo
mass is consistent with that expected from the wq-decay matrix
element and a uniformly distributed non-resonant background. The
corresponding cross-section is 0.103 * 0.0l mb. The error includes
the uncertainty on the estimate of the number of the »° mesons obtained
above and on the overall normalization of the experiment (see Section
2.2). Adding 10% each for, cut off on P(xz) at 0.1 and for unseen
decay mcdes of the wp-meson and 7% for the w® mesons outside the

selected mass interval (see Section 3.3.2), the cross-section becomes:

o (np—= pwn’) = 0.134 * 0.013 mb.

Figure (3.10) shows the comparison of this cross-section
with those obtained at different incident momenta [40,42-44,46,49-50,
59-61]. The experimental points are fitted by the function:

g = Kplzc (see equation (3.3)). The values of K and n, as obtained

from the fitf, are 5.57 and 1.4l respectively and these are in good

agreement with those obtained by other workers [57].

T The fit was restricted to the data having pinc> 3.0 GeV/c.
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+
3.5 The Dalitz Plot for pwn Channel

Figure (3.11) shows the triangular Dalitz plot for Mz(pw)
2 + 2 2 + .
versus M (wm ), where M (pw) and M (wm ) respectively are the
+
effective mass squared of (pw) and (wn )+. The Cartesian

coordinates for the Figure (3.11) are given below:

M (pu) + M2 ()

X = = ’ (a)
3 (3.8)
+ .
¥ = M (wrh) : (b)
The height of the triangle in Figure (3.11) is equal to:
+ + ,
s + M; + Mz + Mi+ = Mz(pw) + Mz(mﬂ ) + Mz(pﬂ ), where s'li is the

C.M. energy.

The possible projections of this plot are shown as the
effective mass distributions in Figures (3.12 a-c). These distri-
butions clearly show the presence of at least the following quasi-

two~body reactions:

+

+ o,+
Tp—>wld ,

+ +
mTp —> pB .

The A++ (1236) is very strong in the mass distribution of (pﬂ+)
and the B+ (1235) in the effective mass of wn+ is clearly seen.
Whether or not the mass enhancement of M(wp) below 2 GeV/c2 is a
resonance wiil be discussed later. However, its signal is the
weakest. In the Dalitz plot of Figure (3.11), the B+ can be seen

++
as a horizontal band, the A and M(wp) are seen as the bands

t Instead of using the effective mass squared of a pair of particles,
the kinetic energy of the third particle in the C.M. system can be
used to obtain a Dalitz plot, since these two variables are

linearly dependent.
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parallel to the right and the left sides of the boundry of the
+ ++ ,
plot as marked by the symbols B , A and (wp) respectively.

If the matrix element for the final state is constant,
phase space predicts a uniform population of points on a Dalitz
plot. Inspection of Figure (3.11) shows that apart from the
following quasi-two-body reactions:

++

+
mTp —> wdA ,

+ +
TP > PpB,

there is a concentration of points at the low effective mass of
(pw). The number of events that does not contribute towards the
quasi-two-body final state reactions is far mofe than the estimated
number of non-resonant background in the three-pion state accepted as
the w° mesons in the pwﬂ+ final state (see Section 3.3).

At the high energy of the present experiment the large
orbital angular momentum also affects the uniform population of points
on the Dalitz ploct. The areas corresponding to the states of low
relative momentum between:pairs of particles will be depopulated
on the Dalitz ploﬁ. This effect has depopulated the top-right-hand
corner and the centre of the Dalitz plot. On the other hand the
bottom-right-hand corner shows a clustering of events because of

+ ++
overlap of the B and the A .

3.6 The C.M. Longitudinal Versus C.M. Transverse Momenta

+
Plots for pwn Final State

Before considering the guasi-two-body final states in detail,
a brief qualitative description will be given of the patterns
obtained in longitudinal and transverse momenta corresponding to

those seen on the Dalitz plot of Figure (3.11).
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The C.M. longitudinal momentum (along the beam direction)
versus the C.M. transverse momentum for the proton, the wo and the
ﬂ+ meson (sometimes called the Peyrou plots) are given respectively
in Figures (3.13) to (3.15). One finds some intensity for the
small longitudinal momentum for the ﬂ+ and the wo, but the intensity
for the proton falls off almost linearly with longitudinal momentum.
Tgere is a concentration of events for backwards and forwards pro-
duction of the proton and the wo respectively. This shows the
double resonance production of the wA++ at low four-momentum
transfer. fhe forward w° and ﬂ+ events with not very high longitud-
inal momenta arise from the B% production. The areas where these

events fall are marked on Figures (3.14) and (3.15).
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CHAPTER 4

O, ++
THE w A FINAL STATE

4.1 Introduction

The reaction

o, ++

+
Tp— wd (1236), (4.1)

has been studied by several workers at different energies (3, 42-43,
45-46, 50-51, 62-72]. But the situation regarding the production
mechanism is still not clear. The possible exchanged particles are
the p and the B mesons (see Section 2.7.1).

The first two Sections present the total and the differential

. o, ++ .

cross sections for the w A production.

The next Section gives the spin density matrix elements

o ++ ) .
for the w and the A spectra in different frames of reference.
Then the positivity conditions for the spin density matrix elements
are discussed.

Using the spin density matrix elements, the decay angular

. . . (o) ++ . .

distributions for the w and the A spectra in different frames of
reference are fitted with simple functions.

The next Section deals with the natural and the unnatural
parity exchange components.

This is followed by the joint decay correlations. Then the
Donohue inequalities and the moduli of the transversity tensors

will be presented. Finally the results are discussed.

4.2 Total Cross Section

+
Figure (4.1) shows the mass distribution of M(pm ) for events
+
in the pwm™ channel (clear outline) and those that have |t|$ 1.0

2 .
(GeV/c) (cross-hatched) with 907 and 487 events respectively.
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Here |t| is the four-momentum transfer from the incident proton to
s
the A .
. . ++ .
Table (4.1) gives the mass and width of the A as obtained
+
by fitting the mass distribution of M(pm ) (Figure(4.l), cross-
hatched), with a p-wave relativistic Breit Wigner (see equations
(2.2) to (2.4)), folded with a resolution function (standard deviation,
g =1+ 10 MeV) as described by Coyne et al. [73]. The shape of the

res

background is estimated by eye.

Table (4.1) .

+4
Mass and width of the A

Reaction Particle Mass(MeV/cz) F(Mev/cz) o (ub) Baékground

+ ++
Tp—>an t A 1234 + 8 |122 £ 32 |53 % 10 nS%

The errors on the mass and width are worked out by using
+ 2
equation (2.7). The fit was restricted to the M(pm ) <1.48 GeV/c .
. 2
For the subsequent analysis, the mass interval of 1.13 to 1.34 GeV/c
++
as the A was used.

The background, assumed to be linear, is about 5% in the

fitted region and there are 240 events above the background. Thus
++ . : : '
the wh cross-section based on the number of events in Figure (4.1),

is (see Section 2.2):
++
o (wA ) = 41 % 8 ub.

. s ++
The error includes the statistical error on the wA events plus 10%
, . . 2
for the normalisation. Correcting 10% each for the P(x ) cut off
and the unseen wo decay modes and 7% for the tails of the wo (see

Section 3.3.2), the cross-section becomes:
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++
g (wA ) = 53 % 10 pb.

Figure (4.2) shows the comparison of this cross-section
with those obtained at different incident momenta [42-43, 45-46, 51,
63-68, 70-72]. The experimental points are fitted by the function:

n
0 =K P. e (see Equation 3.3). The values of K and n, as obtained
from the fit are 5.8 and 1.85 respectively and are in good agreement

with those obtained by other workers for non-strange meson exchange

reactions [74,75,76].

4.3 Differential Cross Section

Figures (4.3) and (4.4).show the differential cross sections
for the reaction (4.1) as functions of four-momentum transfer |t|
and \t‘| = |t-tmin| respectively, whefe ‘tl is the four-momentum
transfer from the inci@ent proton to the A++ and tmin is the minimum
value of the Itl. The events on which the graphs are based are

++
selected in the A mass band:
2 ++
1.13 GeV/c™ < M(A ) < 1.34 GeV/cz.

The transformation to a cross-section is obtained by normalizing the
total area to 53 pb which includes all necessary corrections (see
Section 4.2). The vertical error bars shown are only those due to
statistics since an error in the normalization will not change the
shape of the differential cross-section as a function of |t| or.|t‘|.
The horizontal error bars represent the intervals chosen.

There are dips in do/dltl or dc/dlt'l distributions as |t
(or lt'l) —— 0. However, there is no reasonlto suspect the loss
of events at Itl (ox|t'|) —> 0, because in the |t'| region of
g 0.04 (GeV/c)z, the minimum proton momentum is 0.22 GeV/c, which

corresponds to a range of about 4 cm in liquid hydrogen. Dips in




zooq

15CO

IGO0
900 A
800 ~

700
600

500

400

300

This experiment.

401 -

30

10 1 T T T T T TF x
| 2 3. 4 5 6 78910 p(Gavic)20

FIG. 4.2 TOTAL CROSS SECTIOM FOR ntp-=w AT TAS A FUNCTION OF LABORATORY
MOMENTUM (pinc) OF WICIDENT PION.




do/dlt'l distribution as |t'[ -—> O have also been reported in other
experiments [66,70,51,72) at 3.7, 5.45, 8.0 and 18.5 GeV/c.
. 2

Above the region |t'| (or |t|)ﬂlo.2 (Gev/c) , do/d|t'| and
do/d|t| distributions fall sharply with increasing |t'| (or|t|) and
. . . . . -b|t'] -blt|
are consistent with an exponential behaviour e “'{or e ) with

-2 \ . . .

a value of b = 4.2 GeV . This exponent is compatible with those
obtained in other experiments at different energies as listed in

Table: (4.2).
Table (4.2)

Exponential fit to the differential cross sections

Etgisizint Exponf;t b Reference
(GeV 7)

2.9 - 4.08 3.3 (64]
3.7 4.02 {66]
5.0 4.3 {68]
5.0 3.7 (69]
5.45 3.96 [70]

11.7 4.2 This experiment

The values of the slope b remain fairly constant over a large range

of energy. This implies that there is no energy dependence-on the

value of b.

The exponential shape of do/dlt'l is too sharp to assume it

depends only on the p propagator.
where the dotted curve shows the function (

to the general behaviour of the experimenta

This can be seen in Figure (4.4)

)2_normalized

my + |t
1 points at |t'|= 0.4.
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Dips have been reported in other experiments near |t|
(or It'l) values of 0.8, 0.15 and 0.6 (GeV/c)2 at incident momenta
between 2.95 and 4.08, 3.7 and 5.0 GeV/c respectively [64,66,68].
But the low point in this experiment near |t| (or [t'l) = 0.25
(GeV/c)2 may be a statistical fluctuation since this is less than
two standard deviations away from the exponential fit, However,
another dip near |t\_(or |t'])’b0.6 (GeV/c)2 is more than two

standard deviations away from the exponential fit.

4.4 Determination of the Spin Density Matrix Elements for the

o ++
w and A Spectra

Before describing the density matrix elements, it is worth-
while to describe the method of moments which was used to calculate
these elements from the observed distributions of the polar and
azimuthal angles of the decays.

If £ (cos 8,¢) is some function of the decay angles, the

average value f is given by:

_ 27 1 .
£ =f d¢r d cos 6 £(cos B ,¢) W(cos b ,¢), ' (4.2)
o -1 -

and error on the average value of AF is:

. . 1%
— -2
AT = l(f2 - % ) , (4.3)
n
where n is the number of events used. The relation (4.2) follows
because W(cos 6 , ¢ ), if normalised, is equivalent to a probability
distribution.
" By a suitable choice of £ (cos 9, ¢ ) and replacing

W (cos @ ,¢) by equations (2.25), (2.28), (2.31) and (2.34), in turn,

in equation (4.2) one may obtain the following relations:



(a)

o
For the w decay in

- 56 -~

the t- and the s-channel helicity frame

5<cos2 X>=- 1

S:

Poo 5 ’ (a)
5<sin2 X _cos2 P>
I =- s ' (b) }4.4)
_ 5/2<sin2x cos P>
Rep. = 5 (c) J
(b) For the wo decay in the t- and the s-channel transversity
frames;
2
_ 5<cos x> -1 '}
Poo 5 ' - (a)
R 5<sin2xc052w> b 4.5
epl"l == 4 ’ ( ) ?( . )
1 _ 5<sin2 X sin2 ¢ >
S 5 4 ' (e ]
++ , L
{(c) For A decay in the t- and the s-channel helicity frames:
2 -
0 _ _15<cos 6> - 7 (a)
33 8 !
Re - Sv/_3—<sin2 0 cos2 ¢> (b) Y4.6)
P3-1 8 ' :
_ 5/3<sin2 6 cos ¢>
Repq) - 8 () )
++
(d) For the A decay in the t- and the s-channel transversity
frames:
+ _ 15<c0526 >=-17 (a)
(033 0_3_3) = - 2 ' a
Re (p +p ) =_5/§<sin28 cos2 ¢ > (b) $(4.7)
3-1 -31 4 ' :
J/3<si 2 .
Im(p - ) _ 2¥3<sin 0sin2¢> ()
3-1 -31 4 ’



Using the above formulae the values of the spin density
, o ++ )
matrix elements for the w and the A separately were determined as
functions of |t‘. Figures (4.5a-h) present the values obtained as
functions of |t| in the t- and s-channel helicity frames and t- and
s-channel transversity frames respectively. The different frames of

reference are the same as already discussed in Section 2.5.

4.5 The Positivity Conditions for the Density Matrix Elements

The properties of the density matrix, in particular its
positivity for the diagonal elements, its hermiticity and its unit
trace, put certain constraints on its elements. These set of
conditions, as derived by Minnaeft [77,73] for a completely determined
matrix, are reduced to a set of inequaLities, if the matrix elements
are known through the decay distribution.

If the matrix elements aré calculated in any frame with the
quantization axis in the productio; plane (e.g., the t- and the
s-channel helicity frames as defined in Section 2.5), the positivity

conditions for the wo, with spin 1 are:

0$ Py <1 (@)
- : 4.8
|Reo|<lp(l-p - 2 1k (b)( )
10 2 00 00 1-1
++ . . L
and for the A , with spin 3/2, these conditions are:
-
0« p33 < 172 (a)
? (4.9)
(Re )2 + (Rep, )2 + (o.. - 1/8)° < 3/16 (b)
93’_1 03,1 033 <

e

Tables (4.3) and (4.4) give the values of these inequalities

: - o, ++
in the t- and the s-channel helicity frames for the w A events for




107 10 9
o0 3
08+ 08—

s wi.
i S i e

OO+ 004
_0'2 T T Y T T T T 14 14 N "'0‘2 T Y L T Y T ¥ v Y

064 064

Re Po Re sy,
O-4- 047
024 0-24 ._{-
| = 1 F

0-0 + { 0-0 }
- 0-2- ] + —o-z-_I'* I+ | ,
-0-4- — 04
=06 T T T ¥ 1 y T T — =06 Y T v T * Y v v T

o8- » 08+ .

P, eh

0'6"‘ .-_}‘ 06"
0-4-+ ' 0-4

02+ +

ool - 1

~0-4- _ —04-

=06 -0-6

—0-8 T T T T T T 1T ~08 | — T

T
o0 O2 o4 o6 o8 IO 00 02 o4 o6 08 O

Q) I (evrc)? | b) 11 (Gevic)?

FIG. 4.5 a) SPIN DENSITY MATRIX ELEMENTS FOR THE w’IN THE t~CHANNEL
HELICITY FRAME AS FUNCTIONS OF [i.

b) SPIN DENSITY MATRIX ELEMENTS FOR THZ AT HIN THE t-CHANNEL
HELICITY FRAMZ AS FUNCTIONS OF Jt].



O 1O
oF: R 081
0-6"+ 067
O-4- + 047 + y—————{_‘
021 »—I—« ' 02 "‘I“ +

olen _ 00'+

-02 —r——r——r =02 —_—r
06 Re 5, 0-64 Re b,
O4- 0-4-
0-2-,_1_, S { { 02" + +»—-[—J‘—{__‘
oo I 00~ "{‘1-}* ‘

-6-2- =0-2

-4 -0-4-

-06 — - -0 —r— T
0-8- - | 08 Re s,
06 _ 06"

Z::P}L[q% . o T

R T S

-0-27 -0-2-
~04] | , ~047]
-— o 6 -1
T— 71 T 1T 1T 1T T 1 1 —-08 | R SR A R SRR S R A R |
02 04 o6 (OF:) 10 00 02 04 06 08 O
Qld @hwaz <Dhl@uw92

c) SPIN DENSITY MATRIX ELEMENTS FOR THE w® IN THE s-CHANNEL
HELICITY FRAME AS FUNCTIONS OF Jt|.

d) SPIN DENSITY MATRIX ELEMENTS FOR THE At TIN THE s-CHANMEL
HELICITY FRAME AS FUNCTIONS OF |t|.




0 .—iji P 0T Py + 5_5)
0 K]
08— 08 —

ooy T e +
ol S S S

00 00
-0-2 v T Y v L v r Y T - —0-2 T v T r v v T - ~ v
06 06
Re 5 R«.(p + 23,1)

0-4-_]:_4 04

1t ity i

1

~0-2- ’—I—" -0-2

—0-4 . -0-4-
-0.6 —————r———r— =06 ——
o In oy o8 'm(pa-i" ea,n)

0-6 06

O-4- _ 0-4-

0O-2 0-2-

OO0 + 00—

o o fr +++

=08 T T T T T T 1T 7171 ~08 | -
00 02 04 o6 0O8 1-O o0 02 O 4 o8
9 |t| Gevic)? DRL (GeV/c)z
FIG. 4.5 e) SPIN DENSITY MATRIX ELEMENTS FOR THE w° IN THE t-CHANNEL

TRANSVERSITY FRAME AS FUNCTIONS OF |i].

{) SPIN DENSITY MATRIX ELEMENTS FOR THE At tIN THE t-CHANNEL
TRANSVERSITY FRAME AS FUNCTIONS OF |t].



1O n I-O
08~ + oo o-e] it 8s)
L]
06-{¥L{ F¥- 06~%¥'T
—
04_.‘ . 0.4-
024 ; l ' o2

(o 0y OO~
-024———v————————— =0 24—
H -3

o o ST
bl =1k +

"0'6 r v Y v Y T T T n -0'6 T Y v T v v -T T Y v
08 08
m 5, Im(p34 2,

06 Q6

04 04 -

O-.?.“'_I_‘ _{_‘ l——{—! ’ ,  ©27 +

)

ocoq " "I“’ 0-0- v—{—t
—0.4—1 —0.4—-
-06 . ~0-6-
=08 T T TTTIrTT T T I T O8O T T T, T T T

o0 02 o4 O6 o8 I-O 00 o2 o4 O6 o8 (N

9 It Gevio)? N Il (Gevic)?

FIG. 4:5 g)SPIN DENSITY MATRIX ELEMENTS FOR THE w°® IN THE s—CHANNEL
TRANSVERSITY FRAME AS FUNCTIONS OF |ti.

h) SPIN DENSITY MATRIX ELEMENTS FOR THE AT TiN THE s~CHANNEL
TRANSVERSITY FRAME AS FUNCTIONS OF |t}




different intervals of |t|.
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These are found to be experimentally

well satisfied except condition (4.8a) for the Itl interval

0.2 - O.3(GeV/c)2 in Table (4.4).

Table (4.3)

Positivity conditions for the density matrix

elements in the t-channel helicity (Gottfried-

Jackson) frame

2
~lef@ev/er® ) o 6.1]0.1-0.2]0.2-0.3 |0.3-0.4 0.4-0.6 |0.6-1.0
Tnequality
0 <Py, 1 .55+ .15(.25+.10].25+.13|.13+.11|.18+.13|.45¢+.18
\Repl o‘ .11%.06|.13%.06|.06%.06|.04% .06 |.15+ .09 }.10% .10
‘< N N € g < N
1 % '
= - - + + + + + +
510 o170 520 1)~ |.20%.061.17¢ .05 .13%.07 |.11#.10 |.22£ .06 | . 27+ .05
0Spy, € 1/2 J11+.11|.25¢.07).144.10/.34%.09 |.23+.12].19%.12
(Rep3_l)2+(Rep3 JL)2 .04% .04 {006+ .01 [027+.03|.06+.04 |.07£.06 |.07¢.07
(0..-1/4)% < 3/16
" (P33 S
No. of events 31 53 40 38 23 19




Table
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(4.4)

Positivity conditions for the density matrix

elements in the s-channel helicity frame.

[t (Gevk) 2 _
0.0-0.1[{0.1-0.2 | 0.2-0.3|0.3-0.4 {0.4-0.6|0.6-1.0
Inequality
Osp €1 .54+.14].40%.11 |~.13+.07|.19%.10 |.58+.18|.29%.15
|Rep1 ol .15+.06|.02%.05 | .08+.06 |.02%.07 |.12+.09|.10+.10
, :
< < < < 3 < <
1 b
— - + + + + + +
5P oo (1P ogapP1-1) | -19%.07/.13+.07 | .13£.09|.10%.09 |.19%.10.26%.05
0P,y € 1/2 .08%.10{ .224.08 | .38+.08|.34+.08 |.05%.13}.35£.10
(Rep3_l)2+(Rep3 l)2 .04%.04(.003+,008 | .03£.03 |.05+.04 [.08+.07|.06%.06
+( '-1/4)2 < 3/16
Pq N
No of events 31 53 40 38 23 19

The value of poo in the s—channel-helicity frame is negative by

two standard deviations for the |t| interval 0.2-0.3 (GeV/c)z. The

mass distributions of 3-pion

in the various Itl intervals were

plotted with a view to finding the reason for the unphysical value of

Poo”

2
0.2 - 0.3 (GeV/c) did not look at all different from

different |t| intervals.

(o]

Similarly, the decay matrix

w o, Aw distribution in this ltl interval did not show

difference from those in the other |t| intervals with

of the experiment.

most likely a statistical fluctuation.

It is concluded that the negative

The background level in the mass distribution for the |t| interval

others in the

element of the
any marked

the statistics

is

value of pOO
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. . . ++
4.6 Decay Angular Distributions for the w® and A Spectra

++
Figures (4.6) show the distributions of the wo and the A

for the decay angles: cosine of polar angle and azimuthal angle for

, + ++ o
the reaction m p — wl in the t- and the s-channel helicity frames
and the t- and the s~channel transversity frames. The curves are
the fits of the form as obtained from equations (2.26), (2.29), (2.32)
and (2.35). The experimental values of the coefficients together

with the functions used are tabulated in Table (4.5) on page 61.

4.7 The Natural and the Unnatural Parity Exchange Components

As discussed in Section 27.1, the m°A++ can be made by exchanging
a p(l-) or B(l+), the former having the natural parity and the latter
unnatural. The density matrix element pOO in the t-channel helicity
frame measures the unnatural parity exchange contribution to the
production of the wo in the helicity zero state (For the production
aggle, 8¥ — O only, i.e., lt'| —> 0).

The linear combinations

Q
it
©
+
©

(a)
(4.10)
1953

Q
"
©
1
©
-

1 11 1-1
in the high energy limit ({i.e., as s —> =) measure the contributions
. o ., o s
to the production of the w in the helicity one state for the natural
and the unnatural parity exchanges respectively [79]. For the
. + o, ++ , +
reaction ® p —/ w & , using 0 to denote the total natural and

o the total unnatural parity exchanges, one gets:

and o] = g + o

+ 4+

The distribution of has the same value. for both the t- and the

°1
s-channel helicity frames.

Text continued on page 62
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Table

(4.5)

Parameters of fits to the decay distributions of the

o F4
w and the A

spectra
Frame of Particld Fitt?d Fitted Parameters x%NDF
Reference Function
A B c-
the t- channel A+B cos®y 0.552.9 | ~0.16%0.16 4.6/6
helicity frame wo .
(Gottfried- 2 o
: + .2320. -0.15%0. .
Jackson frame) A+B cos ¢ Q 23%0.07|-0.15%0.04 2.8/6
" A+B 00528 0.72+0.0 0.06%0.49 5.4/6
A+B COS2¢ 0.77%0.0 | -0.23*0.09 10/6
The s-channel o A+B coszx 0.54+0.8 |-0.12 2.0/6
helicity frame n > .
(helicity A+B cos ¢ 0.22i0,04|-0.1340.04 1.3/6
frame)
++ A+B c0526 0.8910.51| 0.11#0.34 2.4/6
A
2
A+B cos ¢ 0.16+0:.11|-0.12+0.03 6/6
The t-channgl a+B cos“x' | 0.29:0.23| 0.46 2.0/6
transversity o 3
frame @ A+B cos U 0.68 0.0 -C.2113.5/5
+C sinvcosy
2
oo |p#B cos®6™T | 0.3520.13] 0.11%0.15 3.9/6
A
A+B cosz¢ 0.24+0.18| -0.04*0.002-0.04 {7.8/5
+C singcosd +0.02 '
The s-channel A+B cos’y T | 0.29:0.23| 0.46 2.0/6
transversity wo )
frame A+B cos 0.96+t0.15[-0.03%0.06 | 0.28 |2.5/5
+C sinycosy t0.25
oa PR cos®ett | 0.35:0.13| 0.11%0.15 3.9/6
)
A+B cos®¢ | 0.7620.16{-0.c020.01 | 0.30[5.1/5
+C sind¢cosd +0.26

These are the same distributions.

These are the same distributions,
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Table (4.6) gives the values of ©
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1 and 0; for different

intervals of |t| both for the t~ and the s-channel helicity frames.

Figure (4.7) shows the same values as functions of |t| for six |t|

’ 2
intervals below 1.0 (GeV/c) .

=p. . +p,

1 11

Table (4.6)

and 0. =

1 pll—pl_l in the t- and

the s-channel helicity frames

‘ 2
(el o 6.1 [0.1-0.2{0.2-0.3 [0.3-0.4]0.4-0.6 |0.6-1.0
Quantity
’ Frame
+
o] The t- .59%.11(.52%.10{.88+.10(.70%.11 | .30+ .16 |.24%.15
channel
helicity —
o] frame -.14%.11{.22¢.10/-.141.10{.18+ .11 |.52¢ .16 {.32¢.15
+ .
o] The s- .59+.11|.52+.10{.88£.10(.70+.11 |.30¢.16|.24%.15
channel '
_ helicity
o) frame -.13+.11}.08+.10[.24+.10|.10+.11 |.12+.16 |.48+.15
No. of events 31 53 40 38 23 19

Table (4.7) gives the unnatural parity exchange contributions

in the helicity zero part of do/dlt], i.e., 0; =

. . . . o
p is spin density matrix element of the w

00

frame.

Poo do/dlt], where

in the t-channel helicity

Figure (4.8) shows the gquantity 0; as a function of |tl.
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Table (4.7)

Unnatural part of the differential cross-section, P oo do/d|t|

for helicity zero in the t-channel helicity frame.

++ ++

|t| Interval do/a|t| (wa ) . s dosd|t] (wa™ )
2 2 2
[(Gev/c)™] (ub/ (GeV/c) ™) {ub/(GeV/c) "]
0.0 - 0.1 81 + 14 44 + 14
0.1 - 0.2 138 £ 19 34 £ 15
0.2 - 0.3 104 = 16 26 + 14
0.3 - 0.4 99 + 16 13 ¢ 11
0.4 - 0.6 30 + 6.2 5.4 ¢+ 4
0.6 - 1.0 12 + 2.8 5.6 + 2.6
4.8 The Joint Decay Correlations

It was shown in Section 4.4 how the decay angular distribu-~
. o ++ . . . .

tions of the w and the A are used to determine their spin density
matrix elements separately. When the double resonance production
occurs, as in the reaction (4.1), it is possible to define a joint
spin density matrix which determines the combined decay distribution,
W(cosyx, y; cosb, ¢ ), where the decay angles are defined in the

. [e) ++
respective frames of the w and the A

Using helicity formalism ({80], the production amplitudes

for the reaction (4.1) may be written as:

At | T | AL >, (4.11)

where X is the cosine of the C.M. productidn angle, and Ai is the




- 64 -

helicity of particle i.
Defining m and n as the projections of spin of the w® and
++ . . . . . .
the A along their respective quantisation axes, the joint spin
density matrix is a matrix of 144 complex elements as defined by

the following relation:

*
= < R n' A > .
, mnl'r(x,ln+p><mn|T(x)|ﬂ+p> (4.12)

n+xp

The combined decay angular distributions of the w® and the
‘A++ thus determine 19 independent parameters, six of which are deter-
mined by the individual decays; To calculate the remaining 13
parameters, it is necessary to éonsider the correlations between
the decays. Pilkuhn and Svensson [34] gave an expression for the
joint decay in both the t- and the s-channel helicity frames. The
extra 13 correlations should all be zero, if there are no correlations.
An alternative method is to use the joint decay distributions

for the decay of two rescnances ( Spins s, and s2) in terms of the

1

J
pJ192

joint decay statistical tensors,
MM,

¢ produced in a collision of

unpolarized particles, as given by Kotanski et al. [81,82].

W(cosy , P ; cos 6,¢) = F1 (Jl) F2 (J2)-

J. M
11 IM

(4.13)
J.J M M
12 v Lo v 2 (0,9,
MlM2 1 2
, ++
where index 1(2) standﬁfor w(A ) vertex; Fi are known constants
and Ji < 2Si. The angles x, ¢, 8 and ¢ specify the direction of the
' ++
decay products of the mo and the A in their respective rest frames.
Equation (4.13) then reduces to 19 real parameters in the t- and the

s—-channel helicity frames as given below (see Appendix B for

derivation) .

-
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1
16m

W(cosX,V;cosb, ¢) =

= 02 2 02 |
- '3 3 -1)+3v2 :
5 [1 v TOO( cos 0-1)-+3v2 T0151n26c05¢_

L= 02 . 2 20 2
- 327 S - -
v 02510 8cos2d - V6 TOO (3cos " x-1)

20 ., .
+ 6 T. sin2xcosy - 6T2051n2)(c052lb
“

1 20
. 22 2
+ (@/ZPOO(3COS X-1) (3cos2 8 -1)
- 3 T22(3cos2x-l) sin26 cos ¢
0l
+ 3 Tg§(3cos2x-l) sin2 0 cos2¢
-0«{3/5/2}'1‘532 sin2 ¥ sin2 8 cos (P-2¢)
22 .
—é/g/zfrl_lsuu?x sin2 6 cos(Yy-9)
‘ - 3 T22 sin2x cos Yy (3cos2 0-1)
10 :
/_ y 22 . .
+{3 6/2/-Tll sin2 X sin2 6 cos (Y+¢)
e (4.14)
—é/E/z;rig sin2 ¥ sin2 8 cos(y + 2¢)
-b/g/%Tifzsin2 X sin2 6 cos(2V-2¢)
4—[3/5/2}T§Elsin2 X sin2 6 ccs (20-¢)
+ 3 ng sin2 x cos2 (3cos2 6 -1)

"3/5/%‘U‘§i Sin2X sin2 6 cos (2y+$)

#3/6—/2}1‘:223 sin2x sin26 cos2(p+¢) | .




In the t- and the s-channel transversity frames, there are

three real parameters and eight complex parameters as given below
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(see Appendix B for derivation).

W(cosX,¥;cosf,?)

16ln2 [l -
+ (V6/2)
- 32
- 32
+ 3
+ 3
- (3V6/2)
- [3v/6/2)
+(3v/6/2)
+(3v6/2)
- 6
- 6
- (3/672)
- (3v6/2)
+ 3
+ 3
+(3v6/2)
+(3v6/2)

Re

Im

Re

Im

Re

Im

Re

Im

Re

Im

Re

Im

Re

Im

Re

Im

02 2 20, . 2
-1y =/ -
Too(3cos 8-1)-v6 TOO(Bcos X-1)

22 2 2
TOO(3cos X-1) (3cos 8-1)

02 . 2
TO2 sin Bcos2¢

02 . 2 .
T02 sin 0sin2¢

22 2
T~ (3cos X—l)sin29c032¢
02
Té§(3coszx-l)sin205in2¢

Tiflsin2xsin29cos(¢-¢)

Tifl sin2xsin26sin(y-¢)

Tii sin2xsin26cos (Y+¢)

Tii sin2xsin20sin (Y+9¢)

20 ., 2
T20 sin ycos2y

20 ., 2 .,
T2O sin Xsin2y

TZEZSinzxsin26c052(¢—¢)

Tgfzsinzxsinzesin2(¢-¢)

2
ng sinZXCos2w(3cos 6-1)

T;é sinszin2W(3cosze—l)

ng sinzxsin2ecos2(w+¢)

22
22

T sinzxsin28sin2(w+¢)]-

(4.15)
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By a suitable choice of f(cosX,V¥;cosf,¢) and replacing
W(cosX,¥;cosf,d) by equations (4.14) and (4.15), in turn, in equation
(4.2), one may obtain the relétions as listed in Tables (4.8) and (4.9)
respectively for the t- or the s-channel helicity frame and the t-
or the s-channel transversity frame on pages 68-69.

The values of the joint statistical tensors as determined by
using the formulae listed in Tables (4.8) and (4.9) in the t- and
the s-channel helicity frames and in the t- and the s-channel trans-
versity frames for four different intervals of ltl below 1.0 (GeV/c)2
show that most of these values are small with large errors and thus
are compatible with zero. However, the following significant
correlation terms (significant here means two or more than 2 standard

deviations different from zero) are listed in Table (4.10) on page 70.

4.9 The Donochue Inequalities

Ponchue [{83] analysed the joint decay correlations in the t-
and the s-channel helicity frames in the forward production direction
using the kinematic constraints and showed that only terms depending

o] ++ .
on X,9 (the polar angles of the w and the A respectively) and
++
(Y+¢) (sum of azimuthal angles of the w and the A ) need not vanish.
22

), seventh (T.1),

, 02 20
These correspond to the first (Too), fourth (To 00

0
. 22 . 22 .

thirteenth (Tll) and nineteenth (T22) terms in Table (4.8). All

these values are compatible with zero in the t-channel helicity frame.
But T02 T2O and T22 have signifi t values in the s-channel helicit
Ut o0’ oo 00 gnitican Y

2
frame for the |t | intervals 0.2-0.4, 0.2-0.4 and 0.0-0.2 (GeV/c)
respectively as listed in Table (4.10).
Donohue {[83] derives two inequalities which should be

satisfied in the forward direction for the joint decay correlations

in the t- and the s-channel helicity frames. These are:

Text continued on page 71
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Table

Joint decay statistical tensors in the t- or s-channel helicity

_ +
frame for m p — wh

++ t

Value in terms of spherical| Value in terms of decay angles
Tensor .
harmonics
02 /7073 0] (0] 5v3 2
- < > - -
TOo _E,20/3 Yo(l)Y2(2) 12 <3cos 6-1>
02 ¢© 1 5V2 .
- > —_— < >
TOl Y 20/3 O(1)Y2(2) 8 sin28cos¢
02 0] 2 S5V2 . 2
> - — >
| T02 20/3 < O(l)Y2(2) " 78 <sin 6cos2¢
20 RS 0 5/6 2
TOO 10/3 < 2(1)YO(2)> - S <3cos x-1 >
20 /1073 < l (0] 5 .
Tlo m10/3 < 2(l)YO(2)> 5 <sin2ycosy>
20 2 0 5 . 2
- - = >
T20 mY10/3 2(l)Yo(2),> 5 <sin Xcos2y
22 ¥° 0 2576 2 2
Too mv50/3 < 2(l)Y?_(2)> “4g < (3cos x~1)(3cos 6-1)>
22 /5073 <¥o(1)Yh(2)> - 22 ((3cos®x-1) (sin26cosé)>
0l 2 2 16
Té; nv50/3 <Yg(l)Y2(2)> %g- <(3c052x-l)(sin26cos2¢)>
22 l 25V6 . . 2
> 0 -
Tl_2 50/3 < 2(1)Y2 (2) 32 <gin2xsin fcos(Y-2¢)>
22 l - 25/6 . .
> -22v6 6 -
Tl-l 50/3 < 2(l)Y2 (2) 33 <sin2ysin26cos(Y-9$)>
22 1 0 25 . 2
Tlo mY50/3 < 2(l)Y2(2)> - 16 <sin2Xcosy (3cos 6-1)>
T22 1v/50/3 < l(l)Yl(2)> 25/6 <sin2ysin26cos (Y+¢) >
11 2 2 32
22 l 2 25V ¢ . . 2
> -
le 50/3 < 2(l)Y2(2) 35 <sin2ysin"6cos (W+2¢)>
T;EZ T/ 50/3 <Y§(1)Y (2)> -23%5-<sin2xsin26cos(2w—2¢)>
22 ¢ 25/6 _.: 2 .
T2—l mY50/3 < 2(l)Y2 (2)> 1 <sin x51n26005(2y $)>
22 2 0 25 , 2 2
< > £2 -
T2O TVY50/3 Y2(1)Y2(2) 16 <sin Xcos2y(3cos 06-1)p
2
Tgi V¥ 50/3 <Y2(1)Y§(2)> -Zgég'<sin2Xsin28cos(2w+¢)>
22 2 2 25/6 _ . 2. . 2
T22 mv50/3 <Y2(1)Y2(2)> 32 <sin’Xsin Bcos (2yp+2¢) >
M
T YJ(l) and Y?(Z) stand for Y?(mo) and Y?(A++) respectively.

X and § are the polar and azimuthal angles for the wo

++
8 and ¢ are the polar and azimuthal angles for the A




- 69 -
Table (4.9)

Joint decay statistical tensors in the t- or s-channel

, + ++
transversity frame for mw p —> wh T

: Value in terms of .
Tensor . . Value in terms of decay angles
spherical harmonics
02 - 01,y -]
TOo mYy20/3 < Yo(l)Y2(2)> 12 < 3cos 6 -1>
20 /1577 < y° 0 _ 5/6 2
TOO mY10/3 < 2(l)Yo(2)> Y < 3cos” x =-1>
ng /5073 < 2(1)Y§(2)> M<(30052x—1) (3cos®6 -1)>
02 e 2 5/2
Re T02 Re (-m¥20/3 < O(l)Y2(2)>) - < 51n g cos2¢>
Im ng Im(-1/20/3 < 8(1)Y§(2)>) - ig—2< sin® 0 sin 2¢>
Re Té; Re ( m/50/3 < g(l)Y§<2)>) % <(3cos’x-1) sin’8cos2¢>
22 O 2 25 2 , 2 .
Im T02 Im( m¥50/3 < 2(l)Y2(2)>) " 16 <(3cos“x-1)sin 0sin2¢>
Re Tifl Re( mv¥50/3 < ;(l)Y (2)>) - 2§%ﬁ< sin2 x sin2 6 cos (Y=-4)>
Im Tifl Im( m/50/3 < ;(1)y2(2)>) - 2§'2£< sin2 x sin2 6 sin(Y=¢)>
Re Tii Re( mv50/3 < ;(l)¥;(2)>) 2%%5; sin2 x sin2 € cos (y+¢)>
22 /56073 l 1 25/ . . .
Im Tll Im{ wv¥50/3 < 2(l)Y2(2)>) 32 < 5in2 ¥ sin2 6 sin(Yy+¢)>
Re Tig Re (-1vV10/3 < ¥ g(l)Y8(2)>) - % < sin®X cos2y>
Im Tig Im(-nv¥10/3< Y ;(l)Yg(2)>) - % < sin2x sin2y>
Re T22, | Re( 1/50/3<Y2(1Y,12)%) | - 2B sin’y sin® 6 cos(20-20)>
22 2 /E
Im T2_2 Im( "v/'50/3 < 2(l)Y2(2)>) - < 51n X 51n 0 sin(2¢-29)>
22 — 2 0 25 . 2 2
Re T20 Re( mv50/3 <Y 2(l)Y2(2)>) Ie <sin” x cos2¢¥ (3cos 6-1)>
Im T‘;; In( 1/50/3 < Y‘Z‘(l)ygup) % < siny sin2 ¥ (3cos26-1)>
Re ng Re ( n/50/3<Y§(l)Y§(2)>) 2—%51 sin’ y sin® 8 cos (20+26)>
Im ng Im( ©/50/3< Yi(l)Y§(2)>) 2§§€< sin2x sin26 sin(20+2¢)>

M ++ .
t Y?(l) and YJ(2) stand for Yg(uo) and Y?(A ) respectively.
X and Yy are the polar and azimuthal angles for the w®

++
6 and ¢ are the polar and azimuthal angles for the A
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Table (4.10)

Joint decay statistical tensor values for

++
the wA for |t|< 1.0 (GeV/c)2

Frame of
reference

|t‘(GeV/C)2

Tensor

0.0-0.2

0.2-0.4

0.4-0.6

The t~channel
helicity
frame

02
T02

20
TlO

20
TZO

T22
0l

0.09%0.03
0.11+0.03

-0.16+0.08

0.10+0.05

0.19+0.03

The s-channel
helicity
frame

02
TOO

20
TOO

20
TZO

22
Too

22
To1

22
T10

22
TZO

0.14%0.03

0.27%0.13

0.16x0.07

0.13:0.06

0.19£0.04

0.15%0.04

-0.32+0.15

0.36+0.14

The t~channel
transversity
frame

Re

Im

Im

Im

20
T
10,0]

22
TOO

20
T20

20
TZO

22
Ty

22
T22

0.13+0.05

0.07+0.03

0.09+0.03

0.14+0.07

0.28+0.06

0.33£0.14

0.3540.14

The s-channel
transversity
frame

Re

Re

Im

20
Too

22
Too

20
T20

22
T22

22
T22

0.13+0.05

0.11%0.03

0.15+0.07

0.28+0.06
0.3310.14

-0.04£0.02

0.36+0.14

No. of events

84

78

23
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k
22 1
|T11| < 13 p00033> (a) y
3y (4.18)
22 :
|T22| < <p33 (l—poo—2p33)> (b)

Tables (4.11) and (4.12) give the values of these inequalities
in the t- and the s-channel helicity frames for the(ng+'events for
different intervals of |t|. They are found to be experimentally
satisfied. except inegquality (4.16(a))} for |t| interval
0.2 - 0.3 (Gev/c)2 in both the t- and the s-channel helicity frames
where pOO has a negative value in the s-channel helicity frame, as
already discussed in Section 4.5. However, condition (4.;6(b)) —
which should be satisfied only at low value of It| — 1is not

satisfied in the s-channel helicity frame for |t| interval of

0.6 - 1.0 (GeV/c)2 (see page 72 for Tables (4.11)-(4.12)).

4.10 The Moduli of the Transversity Tensors

Martin {84)] shows that the moduli of the transversity tensors
are frame invariant. Inspection of Tabkle (4.9) shows that the
three real tensors are invariant in both the t- and the s-channel

transversity frames. The moduli of the complex parameters are:

N
3]

J.J J.J
12 12 .
R + = F i .
e TM M ‘ Im ?M rame invarlant
The values of Table (4.13) show that these moduli are

invariant in both the t-~ and the s-channel transversity frames

within the statistical errors as listed on page 73.
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Table (4.11)

The Donohue inequalities in the t~channel helicity frame

2
|t] (Gev/c) .
0.0-0.1{0.1-0.2{0.2-0.3/0.3-0.4|0.4-0.6{0.6-1.0
Inequality
ITii| .11#.15].174.10| .14+.10| .09£.10| .05+.16].15+.16
< < < < < £ <
1 b
= +. .18+, .13%. .15+, t. .
(5P ooP33) .17+.09|.18+.04| .13+.06] .15+.06| .14+.06|.21+.08
]ngl .07+.11|.13+.10| .12+.12| .20+.13| .25+.14|.03+.16
< < S g < < <
3
- - .16+.,051.25¢. . 26+.,05 +. *. .18%.
(pyg (1P oym2043)) 716 25+.06|.26%,05) .25+.11] .29£.06|.18+.12
No of events 31 53 40 38 23 19
Table (4.12)
- The Donchue inequalities in the. s-channel helicity frame
le] (Gevye) 2
, 0.0-0.1{0.1-0.2{0.2-0.3]/0.3-0.4/0.4-0.6 {0.6-1.0
Inequality )
ITiil .15+.14|.07+.08}.07+.10| .08+.13| .07+.16 | .06+ .17
€ < < € < < €
1 Y
= + + + + +
(2 000033) .15%.09|.21£.05|complex| .18+.05( .12+.16 |.22+.07
|T§§| .03+.09|.19%.10| .09+.14(.14%.12| .01+.12{.07%.18
< N € N < € <
: Y
- - + + + + + +
(p44(1-p =20,,0)%|.154.06|.19+.09 .374.05| . 21+.13| .13£.12|.06+.73
INo of events 31 53 40 38 23 19
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Table

(4.13)

The moduli of the t- and the s-channel transversity tensors

The t-channel transversity frame

2

It| (Gev/c) 0.0-0.2 0.2-0.4 0.4-0.6 0.6-1.0
02, 2 02, 2

(Re TO2) + (Im TOZ) 0.009+0.009 |0.003+0.006 (0.031+0.034 |0.047+0.046
22,2 22,2

(Re TOZ) +(Im TOZ) 0.004%0.011 {0.018+0.025 |0.068+0.078 [0.009+0.027
22 2 22.2.

(Re Tl—f +{Im Ti_f 0.026*0.026 [0.00720.013 {0.006+0.018 [0.013*0.039
22 2 22 .2

(Re Tll) +(Im Tll) 0.002+£0.008 {0.017+0.023 |0.007£0.012 |0.005+£0.020
20,2 20, 2

(Re TZO) +{(Im T2O) 0.012%0.007 [0.002+0,003 |0.019+0.018 |0.007+0.012
22 22 2

(Re T2_ +(Im Tz_g 0.02340.022 |0.001+£0.005 |0.006*0.025 |0.002+0.014
22,2 22,2

(Re TZO) +(Im T20) 0.004+0.008 |0.005+0.010 |0.004%0.016 [0.022*0.049
22 .2 22,2

(Re T22) +(Im T22) 0.020%0.021 {0.00120.003 [0.125%0.103 |0.048£0.071

No of events 84 78 23 19

The s-channel transversity frame

lt| (cev/c)? 0.0-0.2 0.2-0.4 0.4-0.6 0.6-1.0
02,2 02,2

(Re TOZ) +(Im TOZ) 0.006*0.008 {0.005*%0.007 |0.034*0.036 {0.03810.040
22,2 22 .2

(Re TO2) +(Im TOZ) 0.003%0.009 {0.013£0.021 |0.074+0.082 [0.017£0.036
22 2 22 2

(Re Ti-ﬁ +(Im'%ff 0.026%0.026 |0.005£0.012 |0.00520.018 |0.013+£0.040
22 2 22 .2

(Re Tll) +(Im Tll) 0.004+0.010 |0.019+0.025 |0.006+0.019 {0.005+0.023
20, 2 20, 2

(Re T2O) +(Im T2O) 0.015+0.008 (0.003+0.003 |0.021+0.019 [0.007+0.013
22 2 22 2

(Re Té_2)+(Im Té_z) 0.026%0.024 [0.002+0.006 {0.004%0.021 [0.0031£0.018
22 2 22,2

(Re TZO) + (Im TZO) 0.006+0.011 [0.00420.008 !0.003+0.012 |[0.028+0.057
22 .2 22 .2

(Re T22) + (Im T22) 0.038+0.028 [0.002+0.006 |0.162+0.121 |0.03620.055

No of events 84 78 23 19
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4.11 Discussion of Results and Conclusions

The mass and width of the A++ are 1234 + 8 Mev/c2 and
122 + 32 MeV/c2 respectively and these values are in good agreement
with other experiments. The total cross-section o(wo A++) = 53 +10 ub.
The production cross-section decreases with the incident momentum
as pgzc with n = 1.85 which is consistent with a non-strange meson
exchange reaction.

The do/dltl and dc/d|t'| distributions show dips at
ltl (or !t']) —> 0O, as were reported in other experiments. These
distributioné are consistent with an exponential behaviour with an
exponent of z4 Gev—z. The values of the exponent as obtained from
other experiments remain fairly constant over a wide range of enexrgy
which implies that there is no energy dependence on the value of the
exponent., However, the exponential shape of the do/d[t'|distribution
does not depend on the p-propagator alone.

The dip near Itl or It'] =0.25 (GeV/c)2 may be a statistical
fluctuation since it is less than two standard deviations away from
the exponential fit to the data points. However, another dip as
expected at |t| 0.6 (GeV/c)2 according to the Regge pole calcula-
tions ([85] appears to be more prominent since it is more than two
‘ standard deviations away from the exponential behaviour.

The predictions of the p-exchange model on the density

matrix elements as discussed in Section 2.7.1 are:

!
o]
(5,

Poo = ©-9 P11

(4.17)

0.216 and Re p =0

P 3,-1 31

33 0.375, Re p

Almost similar predictions of the pure Regge pole model are [86]:
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(4.18)

©
I

0.375, R
33 >r Re Py

0.216 and Re p

]
O

31

Neither of these predictions agree with the present experimental
results.

Svensson [87] who studied the reaction (4.1) suggested
that the above disagreements could be explained by taking into
account the absorptive effects., But Gottfried et al. [88,8%] and
Jackson et al. [90] on the basis of theoretical calculations point
‘out that the predictions of p-exchange model with absorptive
effects are inadequate.

Le Bellac and Plaut [91] have shown that at |t| = 0.6 (GeV/c)2

(4.19)

in the t~channel helicity frame. ' The relation (4.19) is also
obtained by Jackson and Pilkuhn [30,31], if only the natural
parity occurs and s —> = . The experimental results are not con-
sistent with the above prediction.

On the other hand, Hogaasen et al. [92] predicted dn the

basis of a p + B Regge pole model that

(4.20)

s 2
in the t-channel helicity frame at |t| * 0.6 (GeV/c) . The

experimental values of p and pl—l are unequal but have opposite

11
signs.
Jones [93] and Bialas et al. [94], independently, on the

calculations of the Regge pole couplings and the quark model

respectively predicted the following relation:
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p +p

11 "1-1 (4.21)

= (4/3)p33 +(4//§)p3_1.

The relation (4.21) does not agree with the experimental
results.

The Minnaert positivity conditions on the density matrix
elements are satisfied except for the value of poo in the s~channel
“helicity frame for the |t| interval 0.2 - 0.3 (GeV/c)2, where it is
negative by two standard deviations. The mass distribution of
3-pion and the w-decay matrix element, Xw distribution do not

seem to be different from those of the other bins. Therefore, the

negative value of p

oocannot be ascribed to the background events.

Other experiments [(95,96], where p-exchange dominates, have
2 .
reported a dip at |t| = 0 and another dip at Itlz 0.5 (GeV/c}  in

+
the value of cl = pll + pl-l in the t-channel helicity frame.
These dips also appear in the present experiment as shown in

-

Figure (4.7). Another dip in the value of ol = 0

|t|= 0.2 (GeV/c)2 also appears in Figure (4.7b), as expected

11 " Py 8t

according to the Regge pole model calculations [85].

The Regge pole model [86] predicts that the double statistical

tensors T22 = —l—u T22 = T22, T22 and T22 should be non-zero
00 478 02 20 2-2 22

22
both in the t- and the s-channel helicity frames. Only TOO and
22

. 2
T20 for the It] intervals 0.0 - 0.2 and 0.4 - 0.6 (GeV/c) in the

s-channel helicity frame respectively are significantly different
from zero as given in Table (4.10).

The quark model ([94] predicts that the double statistical

22
00’ Re Tgi, Im Téi, Re T;é and Im T20 should be non-zero

tensors T
both for the t- and the s-channel transversity frames. Only values

2
of Té; for the |t| interval 0.2 - 0.4 (GeV/c) both for the t- and

the s-channel transversity frames (these two values are the same)

are significantly different from zero as given in Table (4.10).
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It is concluded that the agreement with the predicted
values of the statistical tensors is not too good.
The Donohue inequalities are satisfied with the predicted

values except for the |t|—bin where p is non-physical in the

00
s-channel helicity frame. The moduli of the transversity tensors
are frame invariant within the statistical errors.

In view of the above discussion of results, it is concluded

that the reaction mechanism is not yet clear for the reaction

+ ++
Tp — wdh .
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CHAPTER 5

+
THE pB FINAL STATE

5.1 Introduction

In this Chapter the reaction:

+ +
T p— pB (5.1)

will be discussed.

The B-meson with a mass of about 1235 MeV/c2 has been
observed in several T p [46,49,51,54-56,68,97,98,126], T p (55,
99-105,127] and Eb [106-109,128] collisions at different energies.
It was first discovered by Aboclins et al. [46] in the reaction
ﬂ+p — pn+ﬂ+n_no at 3.43 and 3.54 GeV/c and subsequently by Bondar
et al. [110] in the reaction ﬂ-p — pn_n+n—no at 4 GeV/c and the
former gave it the name of the B-meson. Maor et al. [111l] suggested
that the peak in the mass of the wm could be the result of the Deck
effect [112]. Doubts were raised by Goldhaber et al. [113] and
Chung et al. [114] in the subsequent studies of the B in the

+ +
reactions 7' p —/> pwn . But Baltay et al. [106] confirmed the

existence of the B-meson in Bb annihilations: Eb — won+n_

The only established decay mode is B — wm, and the w®
subsequently decays into (3m). The quantum numbers and the production
properties of the B-meson are not yet firmly established. The strong
decay of the B — wm implies IG = 1+ but the apparent absence of KK
and 71  decay modes lends support against the natural spin périty
series like 1 and 3 .

Ascoli et al. [115] studied the reaction n-p — pB— at an
incident momentum of 5 GeV/c and concluded that the probability
|Fo|2 for the decay of the B-meson into zero-helicity of the w° is
small. On the other hand the simple quark model [116] predicts
|2

|F = 1, in contradiction with the experimental results.

O




- 79 -

Neglecting J > 4, these authors ruled out all JP assignments except
l+, 2+ and 3 . Similar resuits were obtained by Werbrouck et al.
{117]) who studied the reaction: n+p — pB+ at the incident momenta
of 3 to 5 GeV/c. Due to relatively low incident pion momenta in
these experiments, it was difficult to separate the B-meson from the
reflection of other resonances, in particular, the A(1236). But it
is-comparatively easy to isolate the A(1236) from the B(1235) in the
present experiment.

In the first two Sections of this Chapter the total and the
differential cross sections for the B production are presented. The
frames of reference for the sequential decay of the B to the wo are
discussed and from the angular distribution of the wo, the helicity
amplitude FX is determined in the s-channel helicity frame.

The next Section gives the details of the spin analysis of the
B in the t- and the s-channel helicity frames for different JP
assignments. The possibility of spin = 3 for the B is ruled out
due to unphysical values of the spin density matrix elements in the
s-channel helicity frame aﬁd from the consistency of the value of
<J22> as determined in two different ways (see Table (5.3)).
Evidence favouring the two possibilities of JP = 1+ or 2+ is given.

Towards the end of the Chapter, assuming the spin-parity
assignment JP = l+, the values of the spin density matrix elements
in the t- and the s-channel helicity frames are determined and the
ratio of ID/S| wave decay is estimated.

Using the helicity amplitude |Fol2 and the spin density
matrix elements, the different angular distributions of the B
and the »° mesons are fitted with simple functions. Finally the

results are discussed.
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5.2 Total Cross Section

Figure (5.1) shows the mass distribution of M(ﬂ+ﬂ+ﬂ_ﬂo).
There appears a shoulder around 1.3 GeV/cz. The restriction of one
of the neutral three-pion masses to the w region (0.745 GeV/c2<
%ﬂ< 0.825 GeV/cz)shows the presence of the B+ in the mass distribu-
tion of M(wn+).

Figure (5.2) shows the mass distribution of M(wn+) events
(clear outline) and those that have lt|$ 1.0 (GeV/c)2 (cross-
hatched) with 907 events and 753 events respectively. Here |t| is
four-momentum transfer from the incident pion to the B+.

Figure (5.3) shows the mass distribution of M(ww+) events
that have |t| € 1.0 (Gev/c)? and with A** (1236) in the mass region
( 1.18 GeV/c2 < M(pn+) < 1.32 GeV/c2) antiselected to avoid reflection
of the A isobar (see bottom right-hand corner on the Dalitz plot of
Figure (3.11)).

Table (5.1) gives the mass and width of the B+ as obtained
by fitting the mass distribution of Figure (5.3) with an s-wave

relativistic Breit-Wigner formula (see equations(2.2) to(2.4)),

folded with a reoslution function (standard deviation, ores 16 MeV)

as described by Coyne et al. [73]. The shape of the background is
estimated by eye.

Table (5.1)

+
Mass and width of the B

Reaction Mass(MeV/c2) F(Mev/cz) 0 (ub) Background

+ +
T p — pB 1235 + 12 120 * 48 21

i+
o

"~ 30%




200+

180~

160

140+

120

No. of events/40 MeV/c2

©
e
i

40

20

o-8

FIG 5.4

T T 1 1 T 1 T
I-2 1-6 20 2:4 2-8 32 36 4-0

EFFECTIVE MASS OF 4 PIONS (Gev/c?)

M(rtato~a®) FOR UNAMBIGUOUS AND 2-FOLD SELF-AMBIGUOUS
EVENTS — 908! EVENTS.

40

) — |

364

32

N N
& ®
1 1 1 H 1

No. of events/40 szlc2
N
o
1

FIG. 5.2

T { f f |
I2 re 20 24 28 32
EFFECTIVE MASS OF  (wat)(Gevic?)

M(wat)FOR ALL EvENTS (CLCAR OUTLINE— 907 EVENTS)

>
anp THosE witn |tdnt] €10 (Gevidl? (cross-Hatciieo — 753 events)-



30 +

— -
26 J

N
N
|

18 —
1 r

No. ot events /40 MeV/c?2

o
i I
=
vV
11—

B “LIIL

2 —

O T T T T T T T
0-8 ) 16 2.0 2.4 28 32 36

EFFECTIVE MASS OF  (won¥)(Gev/c2)

FIG.5.3  Mmt)FOR events with|tajat| < 10 (Gevic)? anp wiTh At +
ANTISELECTED— 588 EVENTS. THE CURVE 15 A FIT TO THE DATA

AS EXFPLAINED iN THE TEXT



- 81 -

The errors on the mass and width are worked out by using equation

, . ! + 2
(2.7). The fit was restricted to the M(ww ) < 1.48 GeV/c . For the

. . 2

subsequent analysis, the mass interval of 1.16 to 1.32 GeV/c was

+
used for the B .

There are 100 events above the background. Thus the pB

cross-section based on the total number of events in Figure (5.3)

is (see Section 2.2):

+
g (B) = 17 * 4 ub.

The cross-section includes the statistical error on the number of
events plus 10% for nomalization. Correcting 10% each for the

2 o) (o} .
P(Xx ) cut off and the unseen w decay modes and 7% for the w tails

(see Section 3.3.2), the cross-section becomes:

o (81

21 £ 6 (ub).

Figure (5.4) shows the comparison of this cross-section with
those obtained at different incident momenta (46,49,51,55-56,68,97,

98] . The experimental errors are large, but assuming the cross-

. . . , n
section varies as a power of the incident momentum, o = Kpinc (see

equation(3.3)), a rough estimate for n is 1.5.

5.3 Differential Cross-Section

Figures (5.5 a-b) show the differential cross sections for
the reaction (5.1) as functions of the four-momentum transfer [tl

and It'| = It-t » where |t| is the four-momentum transfer from

min|
X + . .
the incident pion to the B and tmin is the minimum value of the It'.

+
The events on which the graphs are based are selected in the B

2 +
mass band: 1.16 GeV/c <M(B ) <1.32 Gev/c2 without background

subtraction. The vertical error bars are only those due to statistics.

The horizontal bars represent the interval chosen.
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Table (5.2) gives the differential cross sections normalised
to the total pB cross-section of 21 ub. The transformation to a

cross-section is obtained by normalising the total area to 21 ub

which includes all the necessary corrections (see Sections 2.2 and 5.2).

Table (5.2)
. . . + + + .
Differential cross sections’ for T p —* pB normalised to the

+
total pB cross-section

|t]or|t!] dosa | t| (pBh) dosalt' | (pBh)
[(Gev/c) 2] [ub/ (Gev/c) %] [ub/ (Gev/c) %)
0.0 -~ 0.02 56 + 22.9 56 * 22.
0.02 - 0.04 28 * 16 84 + 28
0.04 - 0.08 88.8 * 20.4 70 £ 18
0.08 - 0.12 42 + _14 32.7 * 12
0.12 - 0.16 32.7 + 12 37 + 13
0.16 - 0.20 37 + 13 32.7 + 12
0.20 - 0.24 28 * 11 28 + 11 .
0.24 - 0.32 18.7 * 6.6 18.7 * 6.6
0.32 - 0.40 18.7 £ 6.6 14.7 * 6.6
0.40 - 0.48 14 & 5.7 14 * 5.7
0.48 - 0.56 11.7 £ 5.2 11.7 £ 5.2
0.56 - 0.86 3.7 £ 1.5 3.7 1.5

.‘.

Errors quoted here are purely statistical,no allowance has

been made for the noramlization errors.

Text continued on page 83.
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The errors shown in the table are only those due to statistics

since an error in the normalisation will not change the shape of

the differential cross-section as a function of |t| (or |t'| ).
The \t| or |t‘| dependence of the differential cross-

section for [t| or |t'|<o0.5 (Gev/c)? is well described by the

relations:
do/d|t| = a e-bltl ’
do/a |t a e—blt'|.
The slope b is about 4 GeV‘_2 both for |t| and It'[. The values

of b as obtained in other experiments at different energies over
|t'| range 0 - 0.6 (GeV/c)2 are [68,51): 2.4 and 4.7 GeV-2 at
5 and 8 GeV/c respectively. The energy dependence, if any, cannot
be conclusively established because of lack of more data points.
The presence-.of dips in do/d[tlor do/dlt'[ distributions
is not clear in this experiment, due to the limited statistics.
In the [t'[ region of € 0.04 (GeV/c)z, the minimum proton momentum
is 0.107 GeV/c, which corresponds to a range of about 3 mm. in
liquid hydrogen. There may be some loss of events due to the
difficulty of seeing the proton inunfavourable orientations, but the
effect cannot be as large as the statistical uncertainty on the low

lt'l points.

5.4 Frames of Reference for the Sequential Decay

The frames of reference for determining the spin density
matrix elements of the B are the same as discussed in Section 2.5.

However, for the sequential decay:
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the treatment of the w decay requires additional information as
given below with reference to Figure (5.6).

The analysis was done with the helicity-type axes. The
right-handed coordinate systems xyz in the two categories of the

helicity-type axes are:

(1) The t-channel helicity (or Gottfried-Jackson) frame

for the B decay.

— —
N pinc pout (a) 3
s I T
inc out
—
“inc
z = — ' (b) ¥ (5.2)
m,
I 1nc|
)'E = }A' X 2 - (C)
o

{(ii) The s-channel helicity frame for the B decay.

— -—
" Pine Pout (a) )
y _l___) — ’
pinc pout
p
5 = —-—out , ® b (5.3)
IPout|
® = v x 2 (c)
J

(iii) The s-channel helicity frame for the decay of the w®

- -

X zZx 2' '1
y + o, (a)
Z X z
2' = momentum of the wo in rest (b)
system of the B, ? (5.4)

X' = v''x 2', (c)

- —
~ - o)
n = Tox T (d)
w - —)o

™ X W
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The symbols in formulas (5.2) to (5.3) mean the momenta of the
particles in the rest frame of the B except for equation (5.3(b)),
— . .
where P ut denotes the momentum of the outgoing proton in the C.M.S.
The =z 1in equation (5.4(a)) 1is replaced by =2quation (5.2(b))or
equation (5.3(b)), depending on whether the B is being discussed in
the t- or the s-channel helicity frame. The normal to the w decay
plane nw in the w rest system as given by equation (5.4(d)) is
determined by the momenta of the decay particles n and 1°. The w
rest system is obtained first by transforming to the B rest frame
and then to the w rest frame as seen in the B rest system.

The decay angles 6 and ¢ are the polar and the azimuthal
angles of the w in the B rest frame and X and V¥ are the corresponding
angles of the normal to the w decay plane. The polar and the
azimuthal angles are then worked out in the same way as given in

equation (2.21)_+

5.5 Helicity Amplitudes of the wo

To describe the sequential decay of the B — wry,
w —> (37), the method outlined by Berman and Jacob [118] is used.
The matrix element M for the decay of the B meson of spin J and
z-component m into wnm and subsequent decay of the w’ into 3-pion

can be expressed in terms of the w helicity amplitudes FA as:

o xJ *0 .
M E Fl Dm,k (¢ 6 0) Dll v x 0) (5.5)
A=0,%1

t It can be shown that the polar angle x for the sequential decay
of the wo is invariant whether the B is in the t- or the

s-channel helicity frame.
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The angles & and ¢ are the polar and azimuthal angles of the w in
the B rest frame, and X and ¥ are the corresponding angles of the
normal to the w decay plane in the s-channel helicity frame of the

2
w. The normalisation used is: E: IFA' = 1.
A

The decay probability W(cos6,¢; cosx,¥) can be written as

[117]:

2J
3(2J+1 m *
W(cosb,¢; cosx,¥) = —L——S—L E y E : (-1) P! FAFA'
len L=0 f;“;\' (5.6)
L

, , 1 1
+C(ITL; —mm') C(ITL; -AN') Dy oy ) (9 89)AT, o (X)dL, (X)-

The width of the w® is neglected and the pmm' are the spin density .
matrix elements of the B-meson in equation (5.6). Parity conserva-
tion in the decay process gives the relation:

J+1 , .
FA =¢F (A =0,%*1), where € = P(-1) and P is the parity of

the B meson.

The helicity amplitude Fo is allowed to be non-zero for the
, , , + - + P -
unnatural spin-parity series: 1 , 2 , 3 ..... . For J = 0 only

the Fo amplitude is present. One obtains the distribution of cosy

on integrating equation (5.86).

W(cosyx) = % (|F°|2 coszx + |F1|2 sinzx) , (a)
= % (1—|F0|2 + (3|FO|2 - 1) cos?x), (b) } (5.7)
=3 4+ Gl |® - 1 p, cosx)) (©)

where P2 (cosx) is a Legendre polynomial. Then it follows that:

= (5 <P2 (cosx)> + 1), . (5.8)

where < P, (cosX) > is the average value of P

5 {(cosX) .

2
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Figure (5.10e) shows the distribution of cosX of all
(wﬂ+) events within the B mass region. It clearly shows the
dominance of sin2x contribution which implies a small value of
|Fo|2. This rules out JP = 0 for the B meson. The helicity-zero
decay probability |Fo|2 calculated from the mean value of P2(cosx)
using the formula (5.8) gives |Fo|2 = 0.09 +0.07.

Figure (5.7a) shows the |F0|2 as a function of M(wﬂ+).
Figure (5.7b) shows the dependence of T P2(cosx) on the (wﬂ+) mass.
In both these figures the upper mass limit is 1.96 MeV/c2 in the
160 Me‘!/c2 intervals. The horizontal and vertical error bars
respectively are the mass interval chosen and the statistical errors.
In both these figures, a structure appears in the B region due to a
more or less abrupt change in the angular distributions there.

The value of IFO|2 has been evaluated both by the method
of momenté and by fitting formulé (5.7¢) by the maximum likelihood
fif; The results are consistent with each other and as found by
other workers the value of |F0|2 is small. These results are

summarised in Figure (5.8).

5.6 Spin and Parity Analysis

The following two different methods were used to get
further information on the spin and parity of the B meson.

(1) The first method uses the fact that the expectation

2 2
< = .
Jz > E mp R (5.9)

can be obtained from the observed moments. Here P are the

value:

diagonal spin matrix elements of the B meson.
The pmm can be calculated from the distribution of

W(cosH) which is obtained by integration of equation (5.6).
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2J
W(coss) = 2+t -1)" |F |2 C(JJL,~-mm) C(JIL~AX) P_(cosB). (5.10)
2 mm' A L
L=0
A,m

One obtains the pmm from the cosO distribution alone. The explicit

formulae for J =1, 2, 3 aret (see Appendix C for dérivation).

1 5<Pz(cose)> S
J=1: p,. =2 4 —H0 . (a)
11 3 3(1-—3|F 12)
o)
< > <
1 P2(cose) 18 P4(cose)>
J=2: p.. =732+ - ! (b)
11 9 2 2
1+ | %) 5(5|F | “-2)
o) o
< > <
. ) l ) 2 P2(cose) . 9 P4(c056)> . (c)
225 a4+l |3 10(5|F |%-2)
o o)
.11
15<P_(cosB)> 9<P (cosB)> 39<P _(cosH)> (5.11)
1l 2 4 6
J = 3: Py =5+ T 3 - 2 ’ (d)
7(3+|FO| ) 7(5|Fql fl) 7(7|Fo| -3)
< >
1 9 P4(cose)> 78<P6(c056)
Pa2 © 7~ 2 * 2 ’ (e)
(s|F | “+1) 35(7|F_| “-3)
o o
25<P_(cosb)> 27<P (cosB)> 13<P_(cosB)>
. 1 2 4 6
P33 =35~ 2. 2 B 7 B
71F -
7(3+|Fo| ) 7(5|Fo| +1) 25 (7| o| 3) J
J -
pOO is always fixed by the trace condition: 42;; pmm=l.

(ii) The second method is by using the following formula.
Integration of equation (5.6) for L = 2, M =0 gives the following

expectation values: [115]:

+ - +
T one gets the unnatural spin parity series: 1 , 2 , 3 ....

by putting the measured value’ofllFbl? and the natural spin
- + - o

2
parity series: 1 , 2 , 3 .... by setting the value of lFol =0

in the different formulae (5.11) to obtain values as listed in Table(5.3).


http://M5.ll
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b (3(J+1) - 3<3 %>
<2Re D 2 (48 v)> = 4]F. |% (D ¢ | (5.12)
02 1! '8 (23+3) (2J-1) f ’ )
) 2 1 3 J(@+1) - 3<3 %
<D (48 y)> = 2|Fl| g; z {. (5.13)
’

22|F1|2 J(J+1) (23+3) (23-1) §

Dividing equation (5.12) by equation (5.13) and substituting

the values of <D(2)o (¢ py)>, € and |Fl|2 gives:

<Jzz> = J(J+1)/3 + (2J+3)‘2J'l;/g (-1)7.p.2<Re D2, (b0 Y)>-  (5.14)
901~ |F_|%)

02

The results from the above two methods for the t- and the s-channel

helicity frames are listed in Table (5.3) on page 90.

There is evidence against J = 3 when one calculates p
in the s-channel helicity frame. The -condition O € P < % for
m=1,:.-- J should hold due to parity conservation. But values
obtained are unphysical for J = 3:by several standard deviations
(see last two lines of Table (5.3)). Therefore the possibility
for J = 3 is ruled out.

Berman and Jacob [118] have shown that certain ratios of

<Dim'> are independent of the w helicity states and of the p_ , of
the parent particle, where L = 0,.-++2J, and M = m' = m. Following
are the relations independent of p_ .

2 2
<Re D ,. > + <Re D >

M2 M-2 J+ J+

—— : = 17 p/3gE %%E:%%jzg- (5.15)

2Re DNO 5 (3-5cos x)>

The experimental values of the left-hand side of equation
(5.15) both for M = O and M = 2 together with the calculated
values of the right-hand side of equation (5.15) for different

P . . .
J assignments are listed in Table (5.4) on page 91l.
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Table (5.3)
<Jzz:> in the t- and the s-channel helicity frames
using equations (5.11) and (5.14)
p using Eq. (5.11) <J 2>
Frame of mm ) z
£ J p p p -
reference 11 29 33 from . figml4)z
Zm Pyn g-.to.
The t- 0.20£0.09 - - 0.40+0.18{0.50t0. 10
channel 1 '
helicity
frame 0.22+0.09 - - 0.44+0.1810.8410.10
0.08%0.08]0.33£0.08 - 2.8 +0.6 (2.7 £0.4
2
0.07+0.08{0.33+0.08 - 2.8 +0.6 1.2 +0.4
0.12+0.08) 0.31+0.25} 0.13+0.13| 5.1 +0.9 [ 2.3 +0.9
3
0.10+0.08|0.41+0.25| 0.09+0.15/ 5.2 +0.9 |5.5 +0.9
The s- 0.36+0.08 - - 0.72%0.1710.80+0.10
Channel 1
helicity
frame 0.40+0.08 - - 0.80+0.17[0.66%0.10
-0.02+0.06|0.19+0.07 - 1.50+0.7 |1.5 20.4
2
-0.04+0.06|0.21+0.07 - 1.6 0.6 [2.0 0.4
-0.04+0.0411.0 0.2 [|-0.27+0.12|3.9 +*0.8 (3.0 0.9
5 .
~-0.03+0.0411.1 +0.2 {-0.29%0.12| 2.7 +0.8 [4.9 $0.9
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Table (5.4)

Values of equation (5.15)

Calculated values of R.H.S.
of equation (5.15) for -1.2|-1.2| +1.2| +1.2| -0.8! +0.8

. P .
different J assignments

Experimental values of L.H.S.
of equation (5.15) for -1.3 + 2.3
M=0and M =2

The experimental values of L.H.S. of equation (5.15) have
large errors but are negative both for M'= 2 and M = 0. Therefore
JP = l+ and 2+ are favoured. For odd ﬁ the moments vanish due to
conservation of parityf The ratio for M = O uses the moments
<D;o(3—5coszx)>, assuming no structure in the B region and hence
simply gives the sign of the ratio.

The relevant moments are shown in Figure (5.9) as functions
of M(wﬂ+) per 160 MeV/c2 intervals of mass. The horizontai and
vertical error bars respectively are the mass interval chosen and
the statistical errors. A structure appears in the B region due
to an abrupt change in the angular distribution there regardless
of the large errors in the values of these functions.

To summarise the results of this Section, J = 3 is ruled
out from the consistency of <Jzz> evaluated from two different
methods as listed in Table 15.3) and from the experimental negative

P + +
values of equation (5.15), J =1, 2 are favoured over

P - -
J =1, 2 for the spin and parity of the B meson.
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5.7 Spin Density Matrix Elements andglp/s| Wave Ratio

Assuming the spin—périty assignment of J = l+ for the
B meson, an estimate of the spin density matrix elements and the
ratio of D~ to S- wave decay will be presented in this Section.

The decay angular distribution of the B in the t- and

s-channel helicity frames is given by (see Appendix C for deriva-

fién):
3 -l'3lFo|2 2
W(cosb,$) = v ———z————-(l—3 poo)cos 3]
1 2 2
= (1+|F + -
vz Q | OI Pooll 3]Fo| )) (5.16)
1-3]F |2
+ ~————9——-(p sin26c052¢ + /2 Rep, sin2B8cos¢)
2 1-1 107

Integrating equation (5.16) first over ¢ and then over cosf gives:

5 [1-3lF |2 1 +|FO|2 1-3]Fo|2
8y = = | ———— (1~ - + +
W(cosH) 2 > (1 3poo)cos 3] 5 > ‘bo .(a)
5.17)
! 2 2 2
W(¢) = 5o |1-a-3fr | Yoy_y + 2(1-3]F |9 o, cos®e (b)
By a suitable cheocice of f{cosb,¢) and replacing W(cos9,¢)
in equation (4.2) by equation (5.16) one obtains the following
relations:
2 - IF |2 -5 <cosze> ]
Pon = © (a)
(4
00 1 - 3|r_|?
o
5 . 2
P11 <sin” 6 cos2¢> , (b) (5.18)

2
u1—3wo|)

5/2

Re p = <sin20 cos ¢$> (c)
10 4(1-—3]?012)

can be obtained from equations (5.16) and

Further relations for pl-l

(5.6f which depehd only on the azimuthal angles, e.q.,
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2
p = ————— <cos2¢>
1-1 1'3|F°l2
2
P = <cos2( ¢+ ¢ )>-
1-1 IF0|2 -1

(d)

(e)

The values of the spin density matrix elements have been

obtained in the t- and the s-channel helicity frames both by

fitting formula (5.16) and by using formulae (5.18) using the

value of |Fo|2 = 0.09 * 0.07. The precise value of Poo

from <Jzz> (see Table(5.3)).

. . . +
The spin density matrix elements of the B in both the t-

and the s-channel helicity frames are listed in Table (5.5).

Table (5.5)

(5.18)

was obtained

¥ P +
Spin density matrix elements of the B for J =1 .
The element The t-channel helicity The s-channel helicity
frame frame
0.! + 0. .2 0.
pOO 5 0.1 0.2 0.1 .
R . + 0. .0 = 0.
e plo 0.12 0.12 0.0 0.2
(0] + Q37 .0 £ 0.
pl—l 0] 0.2 0.0 0.2
The value of pl-l is sensitive to the method used (e.q.,

equations (5.18 b,d,e) give different values). These values vary

between 0.15 and -0.16 with very large errors, e.g., £0.16.

therefore, concluded that pl-l

zZero.

It is,

is very small being compatible with

Inspection of Table (5.5) shows that the B is not strongly

aligned in both the t- and the s-channel helicity frames.
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. P +
Assuming J = 1 for the B, only D and the S waves are
present for the decay of B — wm. The relations between the helicity

amplitudes F. and the orbital angular momentum amplitudes %L are

A

(see Appendix C for derivation):

- _ /2
D 3 (Fl - Fo)' (a)
(5.19)

~ _ l )

F, = 3 (F +2F) (b)

Then the |D/S|ratio is:

~ 2
|F_| 1+ |F |“ - 4Re F* F
—B . 2 o 1 . (5.20)
lpsl 2 - |F0|_ + d4Re FX F,

In order to determine the value of Re F; F the following

ll
moments were used:

2

2
5/6 (1-|F _| %) <Re Dyoy

2
. (¢ 8¢y dT _{x) >
Re F; Fy — 10 ,(aﬂ
12<Re Dy, < (¢ B¢) >

/5
= —22  (sin26cos( U+ b) > (b) } (5.21)
4 Rep
10
/5
= - 22 <cos 8 sin2 9 cos( p+y)>: (c)
ReP 1o

Equation (5.21a) is independent of M[117] and the most precise value

obtained from this expression is:

Re F* F. = 0.5 % 0.4.
o 1

. 2 L C s
Substituting the value of IFOI within one standard deviation

IF |2 in equation (5.20) gives

ol " =0.09 ¢ 0.07 and that of Re F; F

1l
values of (IFD|/|FS|) ranging from 0.2 to 1.7
Finally Table (5.6) gives the Lengendre polynomials and

D matrices used in this Chapter to evaluate various equations in
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terms of the polar and azimuthal angles for the decays of the B

and the wo.
(5.6)
Legendre polynomials and D matrices
Symbol Value
2
P2(cose) 1/2(3cos 6-1)
4 2
-P4(cose) 1/8(35cos 6-30cos 06+3)
6 4 2
P6(cose) 1/16(231cos 0-315cos 6+105cos 6-5)
2 2 . 2
Re D°_(46y)=Re D- _(¢$0y) /6/4 (sin“6cos2y)
02 0-2
2
2Re Déo(¢6w)%(3—5coszx) 1/2(3cos28-1) (3-5cosx)
2 4
Re D22(¢Bw) cos (6/2)cos2(p+y)
or
2
(Hc—zose_) 0082(¢1+lb)
2 . 4
Re D2_2(¢6w) sin (6/2)cos2($-y)
or
2
(gzoie> cos2 (4-0)
, 2
2Re D20(¢8w)%(3-5c052x) (/EYQsinzecos2¢(3—5cos X)

Re

2 2
Doy (901 dy 4 (x)

(-3/2sinBcosbcosysinycos)

Re

2 2
D, (#8¥)d, 4 (X)

(/374)sin6 (l+cosH) sinXcos (2¢+YP)cosX
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5.8 Decay Angular Distributions for the B and the w° Spectra

The frames of reference are described in Section 5.4. The
decay angles 6 and ¢ are the polar and the azimuthal angles of the
w in the rest frame of the B and x and y are the corresponding
angles of the normal to the w decay plane.

~ Figures (5.10) show the distributions of the B+ decay angles
cos® and ¢ in the t- and the s-channel helicity frames and the
corresponding distributions of the sequential w® decay angles

cos and ¥ in the s-channel helicity frames for the reaction:

for the events in the B region. Only the polar angle X is
invariant to whether the B is in the t- or the s-channel helicity
frame.,. The distributions were obtained without the background
subtraction. The curves are the fits to the distributions of
FPigures (5.10) of the forms given in Table (5.7). The values of
the coefficients together with the fitted functions for therdif—

.

ferent distributions are listed in Table (5.7) on page 97.

5.9 Discussion of Results and Conclusions

The mass and width of the BT are 1235# 12 MeV/c* and
120+'48 MeV/cz'respectively,.éﬁd these values are in good agreement
fwith other experiments. The total cross-section o(B+) = 2116 ub.
The producti®n-cross-section decreases with the incident momentum
as pzﬁc with n about 1.5. The slope of differential cross sections
do/d|t| and do/dlt'l is about 4 GeV-_-2 which is compatible with w®

exchange (see Section 2.7.l),although it cannot be taken as proof

that the production process is not more complicated.

Text continued on page 98.
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Table

(5.7)

Parameters of fits to the decay distributions of

the B4 and the wo spectra
, Frame of Fitted Coefficients x?/NDF
Reaction . 4
- reference function A B
+ + 2
T p — DB The t-channel | A+B cos 8 0.22 | -0.04 . 6/6
helicity
frame 5
A+B cos ¢ 0.55 0.11 [ 5.9/6
2
The s-channel | A+B cos © 0.16 0.06 12/6
helicity
frame 2
A+B cos ¢ 0.14 -0.02 9/6
+ + 2 +
T p — pB The s-channel | A+B cos ¥ 0.23 -0.17 | 3.3/6
. helicity
wm frame for the 5
L w® when BY in | A+B cos“y 0. 61| o0.30| 10/6
(31} the t-channel
helicity
frame
The s-channel 5
helicity A+B cos“xT 0.23 | -0.17 | 3.3/6
frame for the
w® when Bt in
the s-channel | .0 cos?y 0.75 | 0.33]4.7/6
helicity .
frame
These distributions are the same.
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The probability for helicity zero for the w® from the

+ + 2
B —> wn decay, |Fo| = 0.09

strong dominance of helicity A

+

0.07 and therefore there is a

*1 states. The value of |FO

2
|

contradicts the prediction of a simple quark model.

2 . ) .
The values of <Jz > determined in two different ways are

consistent. The possibility of J=3 for the B is ruled out because

values of pmm in the s-channel helicity frame are several standard

deviations away from the expected values. The test of equation (5.15)

+ +

.. . . P
giving the negative value of the ratio favoursJ =1 or 2

P +
Assuming the assigmment J = 1 and then from the determina-

+
tion of the spin density matrix elements it appears that the B is

weakly aligned both in the t- and the s-channel helicity frames.

The modulus of the ratio ID/S' amplitudes is in the range 0.2 and

1.7 for the evaluated value of [Fo

standard deviation.

2
|

0.09£0.07 within one
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CHAPTER 6

SEARCH FOR OTHER RESONANCES

6.1 Introduction

In this Chapter the data will be discussed in terms of the
. ++ + .
possible resonances other than the A and the B . The first
. , Py . ++ .
Section deals with the possibility for the higher mass A and it
is found that their production, if it occurs, has cross sections
which are too small to observe with the statistics of the present
experiment. One finds no evidence for higher mass mesons decaying
+
into wm™ in the second Section. The next Section deals with a
. 2
broad enhancement having a structure around 1860 Mev/c and a smaller
2, . . ,
shoulder near 2190 MeV/c in the mass distribution of M(wp). It
is concluded that these cannot be considered as resonances.

Finally the results are discussed.

+
6.2 Higher Mass (pm ) Combinations

A pﬂ+ combination can only arise from isospin 3/2 and hence
any resonance belongs to the A serijes.

Figures (6.la) and (6.1lb) show the mass distributions of
M{pﬂ+) with M(wp) £ 2.0 GeV/c2 antiselected and where the decay n+
in the rest system of the (pn+) goes backward and forward
respectively with respect to the direction of flight of the (pn+)
system in the C.M. These two figures occupy.the bands parallel tq
the lower and the upper right-side of the boundary on the Dalitz
plot of Figure (6.2) respectively. Since Figure (6.la) overlaps
with the B+ in the bottom right-hand corner on the Dalitz plot of
Figure (6.2), events with 1.16 GeV/c2<:M(mn+)< 1.32 GeV/c2 are

+
antiselected to avoid the overlap of the B mass bands.
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Inspection of Figures (6.la) and (6.1lb) shows that apart
from the A++ (1236) , already discussed in Chapter 4, there is no
structure that can be considered statistically significant. The
A resonances are marked in the figure. In Fiqure (6.1a) there is
some correspondence of accumulation of events with the marked
regions. However, the pattern is not reinforced by Figure (6.1b),
which should have identical intensities for resonances decaying
symmetrically forwards backwards in their own rest systems.

If A resonances higher in mass than the A (1236) are formed,
clearly theif production cross sections are too small for their

observation with the statistics of the present experiment.

+
6.3 Higher Mass (wn ) Combinations

Figures (6.3a) and (6.3b) show the mass distributions of
M(wn+) with M(wp) € 2.0 GeV/c2 antiselected and where the decay n+
in the rest system of the (mn+) goes forward and backward
respectively with respect to the direction of flight of the (wn+)
system in the C.M. These two figures occupy the horizontal bands
on the left and the right sides respectively on the Dalitz plot of
Fiqure (6.2). Since Figure (6.3b) overlaps with the A++ in the
bottom right-hand corner on the Dalitz plot of Figure (6.2),
events with M(pn+)s 1.4 GeV/c2 are antiselected to avoid the overlap
of the A++ mass bands.

Inspection of Figures (6.3a) and (6.3b) shows that apart
from the B+ (1235), already discussed in Chapter 5, there appears
to be just background except some accumulation of events between
1.4 and 1.6 GeV/c2 in Figure (6.3a), but the same pattern is not
repeated in Figure (6.3b). Hence, there is no evidence for the

I3 . 1] +
higher mass mesons decaying into wm
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6.4 The (wp) Mass Combinations

Figure (6.4) shows the mass distribution of the wp combina-
tions. The antiselection of the A ' (1236) and the B (1235) shows
that the increase in intensity beyond 3.4 GeV/c2 is mainly due to
these resonances. There appears to be a threshold peak in Figure
(6:4) around 1860 MeV/c2 and perhaps an accumulation of events
around 2190 MeV/cz.

Figures (6.5a) and (6.5b) show. the mass distributions of
M(wp) with the A (1236) and the B+ (1235) antiselected and where the
decay proton in.the rest system of the (wp) gyoes forward and back-
ward respectively with respect to the direction ¢of flight of the
(wp) system in the C.M. These two figures occupy the bands parallel
to the lower and the upper left-side of the boundary on the Dalitz
- plot of Figure (6.2).

B The accumulation of events between 2100 and 2300 MeV/c2 in
Figure (6.5a) cannot be considered as a candidate for resonance
because the same intensity does not show up in Figure (6.5b).

The isospin of a pw combination is 1/2. The N* (1780) and

N*

(1860) with the established JP = 1/2+ and 3/2+ respectively
exist close to the same mass as the threshold enhancement in the
wp mass distribution. But a decay mode of N* — wp has not been
hitherto observed. However, if one imagines that the enhancement
is produced due to any-one:of the N* resonances, it can then'be
described by & Feynman diagram shown in Figure (6.6a). The po
exchange would be consistent with:both the above p-wave N* reson-
ances decaying into wp. But other experiments (49,119] at lower
energies do not find evidence for such a process.

However, if one assumes that the enhancement is produced by

the diffractive dissociation process, it can then be described by
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a diagram shown in Figure (6.6b). Here the proton p dissociates
into the wo and a proton, then the wo is scattered elastically
from the pion and finally the wo and the proton recombine to give
an wp combination,

Diffraction dissociation processes obey the empirical rule
of Morrison given below [76,120]:

_ 1\ AT
P, = P, (-1) ' (6.1)

where Pf and Pi are the paritibhof the final state and the initial
state particles and AJ is the difference in spin between the initial
and the final state particles. This implies that the wp should have
JP belonging to the series l/2+, 3/2-, 5/2+, 7/2  etc. which is
incompatible with the 3/2+ of the N* (lééOfAbut could be the 1/2+
of the N* (1780), if the final state produces an wp resonance.

The structure is not likely to be due fo a diffractive
prdéess, powever. Aderholz et al. [49] and Satterblom et al. [119]
looked at the effective mass distributions of M(wp) in the reactions
n+p — pwﬂ+ and ﬂ-p — pwn_ at 4 GeV/c and 2.1 GeV/c respectively.
But they did not observe any structure. If this mass enhancement
were produced by diffraction dissociation, they should have observed
the peak since the cross sections above the threshold remain about
constant with increasing beam momentum in a diffraction process
[121,122]. Further, Figure (6.7) shows the differential cross-section
for the reaction n+p —> (wp)n+ as a function of |t'| = lt‘— t ’
where Itl is the four-momentum transfer from the target proton to
the (wp), and tmin is the minimum value of the |t|. The events on
which the graph is based are selected in (wp) mass band
1.76 GeV/c2 <M(wp) <1.96 GeV/cz. The vertical error bars shown are

only those due to statistics and the horizontal bars represent the
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interval chosen. The distribution does not show the sharp fall
off-with increasing It'l characteristic of a diffractive process.
Indeed there is a dip at very small values of |t'| and the exponential
fall has an exponent at higher |t'| of about 4 GeV“2 which is much
smaller than that for diffraction scattering, more compatible with
a p-exchange process.

Clearly with such small statistics a determination of the
spin and périty of the wp system from the data is not possible. The
negative evidence for structure at lower energies does not make it
easy to make a definite statement ahout the present data, particularly
cince the available phase space at lower energies might obscure
possible effects. It must be remembered, however, that an enhance-
ment of intensity at the periphery of a Dalitz plot would not be
unreasonable at high energies due to the presence of high orbital
‘angular momenta. If such angular momenta remained as high partial
waﬁés of quasi-two-body final states, the relative angular momentum
between particles produced in one hemisphere (forward or backward)
in the centre of mass would be small. This would inevitably lead
to enhancements of intensity at low effective masses between pairs
of particles in the final state. It is possible that Figures (6.4)

and (6.5) merely reflect this effect.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Introduction

In this Chapter summary and conclusions will be presented.

The first Section deals with the total cross sections of the
o + . ++
4-prong 1Ctm  events, the pwr final state, the wA and the
+ . . . ' .
pB channels. The next Section deals with the differential cross-
) ++ + ) ,

sections of the wA and the pB , the guasi-two-body reactions
discussed in this thesis. Finally the last Section gives the

. ++ +
decay correlations of the wA and the pB channels.

7.2 Total Cross Sections

It is possible to determine an absolute total cross-section
with a bubble chamber experiment. But it was decided that the
present experiment would not be used to determine an absolute cross-
section but that the counter measurements would be used to determine
the cross-section equivalent of the scanned events.

Cne event for 4-prong DST = 0.17 ub.

The total cross - sections for 4-prong 1C1ro events
G(ﬂ+p A pn+n+n—no) and for the pmn+ final state o(ﬂ+p S pww+)
respectively are 1.31* 0.13 mb and 0.134 + 0.013 mb.. These cross
sections when compared with those published at different energies
gave slopes of 0.82 and 1.41 respectively. These values are in
gooa agreement with those obtained by other workers.

For the double resonance production of the wA++,fitting of
mass distribution of M(pn+) with a p-wave relativistic Breit-Wigner
function gave values of mass and width of the A++ as 1234 + 8 MeV/c2

and 122 + 32 MeV/c2 respectively. These values are in good agreement



- 105 -~

with those obtained by other workers.
] , ++ :
After making all the necessary corrections, the wh cross-
. + ++. , .
section o{(m p — wlA ) is 53 * 10 Ub. This cross-section when
compared with those published for different ehergies gave a slope
of 1.85 which is in good agreement with those obtained by other
workers for non-strange meson exchange reactions.
. + + . . . . .
For the reaction m p — pB , fitting of mass distribution
+ .
of M(wm ) with an s-wave relativistic Breit-Wigner function gave
v ) + 2
values of mass and width of the B as 1235 * 12 MeV/c and-
2 . .
120 ¢+ 48 MeV/c~ respectively. These values are in good agreement
with those obtained by other workers.
. X +
After making all the necessary corrections, the pB cross-
+ ¥ '
section o(n p — pB ) is 21 *6 ub. This cross-section when compared
with those published for different energies gave a rough estimate
of slope of 1.5,
+. . + R K .
Thus at 11.7 GeV/c the pwm final state from m p collisions
represents 0.93% of the inelastic cross-section of 14.395 mb.
R R R o, ++
About 40% of this final state consists of an w A and 16% of a
+
pPB . A further 10% has a concentration of wp mass in a region
2 + _.
1.76 to 1.96 GeV/c . This leaves about 34% of the pwm final state
which is not compatible with any quasi-two-body prccess, there being
) ) ++ . o +
no evidence of the presence of higher mass A or higher mass w
resonances. This fraction is too high to be reasonably accounted
. , o
for by background which has been erroneously interpreted as the w
mesons and seems to represent a genuine signal of non-quasi-two-body
final states. The percentage of such states increases to 44% if it
is assumed that the wp enhancement is only a kinematical effect of

high orbital angular momentum.
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.7.3 Differential Cross Sections

For the reaction ﬂ+p — wA++, dc/dltl and do/d|t'| show
dips as |t| (or It'l) — 0. Dips also appear in these distributions
near |t| (or |t'|)“'0.6 (GeV/c)z. The exponential fall off of the
differential cross sections with increasing |t| (or It'|) above the
region Itl (or It'l)’vO.Z (GeV/c)2 has an exponent of = 4 GeV_2.
The values of the exponents as obtained by different workers for
 this reaction remain fairly constant over a large range of energy.
This shows there is no energy dependence on the value of the exponent.
However the exponential shape of the differential cross sections does
not depend only on the p propagator.

For the reaction ﬂ¥p B bB+, dips or breaks in dc/dlt! or
do/d|t'| distributions are not clear due to limited statistics.
The exponential fall off of the differential cross -sections with
increasing \t‘ {or |t'|) has an exponent of = 4 GeV_z. The values
of the exponents as obtained by different workers at different
energies for'this reaction are too limited to establish any energy

dependence.

7.4 The Decay Correlations

++
For the wA channel, the prediction of the p-exchange or
those of the pure Regge pole model on the density matrix elements
do not agree with the present experimental results. The value of

2 ..
p in the |t| interval 0.2 to 0.3 (GeV/c) for s-channel helicity

00
frame is negative by two standard deviations. This is most likely
a statistical fluctuation. The values of pll and pl—l in the

- 2
t-channel helicity frame for |t| = 0.6 (GeV/c) are unequal and

have opposite signs which is not consistent with a p + B Regge

2
pole model. There are dips at |t|= 0 and |t|: 0.5 (GeV/c) for
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o, =p,, +

1 11 Pl in the t-channel helicity frame. Another dip in

the value of o, = p

2
1 11 pl-l at ltl 0.2 (GeV/c) appears as

expected according to the Regge pole model calculations. Values
of most of the double statistical tensors in the t- and the s-
channel helicity and the t- and the s-channel transversity frames
are compatible with zero. Thus the agreement with the predicted
values of these tensors is not too good.

+ + ,
For the reaction m p — pPB , the value of the helicity

. +
©_amplitude of the wo from the sequential decay of the B ,

2 , . ..
|F | = 0.09 * 0.07 which shows a strong dominance of the helicity

(o]

A = %1 states. This value of IFO|2 disagrees with the prediction
of a simple quark model. The values of <J225 as determined by
two different methods are consistent. The possibility of J = 3
for the B is ruled out because values of pmm in the s~channel
helicity frame are several standard deviations away from the

' . . p + +
expected values. However, evidence favouring J = 1 or 2

. . \ 2 . .
assignment is obtained from the values of <J ">. The determination

z
. . . P + .
of the spin density matrix elements for J = 1 assignment shows
+
that the B is weakly aligned both in the t- and the s-channel
helicity frames. The |D/S| ratio is in the range 0.2 and 1.7
|2

for the value of |Fo = 0.09 + 0.07 within one standard deviation.
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APPENDIX A

COMPARISON OF PRESENT ANALYSIS WITH THAT PUBLISHED

In this Appendix the comparative tables of the results
of the present analysis with those published on the same data [3]
for the wA++ channel will be presented. The main results of
in;erest are the total channel cross-section and the spin density
matrix elements. The differences, although present, are never
large enough to consider either determination of a quantity to be
erroneous. Qn the other hand, it illustrates the variation that
occurs when two different but equally reasonable schemes of analysié
are applied to the raw data. The results are summarised in

Tables (A.1l), (A.2) and (A.3).

Table (A.1l)

Total cross-section

++
Reaction Reference g(wd )Yub

+
N [3] 61 * 12

+ +
T p —— wh

Thesis 53 + 10




++
Spin density matrix elements for the wh in the
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Table

{(A.

2)

t-channel helicity frame

| ] (Gev/c)
Quantity 0.0-0.1{0.1-0.2{0.2-0.3/0.3-0.4|0.4~0.6/0.6~1.0
Ref.
(3] .40+ .13} .30+.09] .29+.12| .18+.11] .12+ .12| .43*+.17
P oo ,
Thesis .55%+.15| .25%.10] .25+.13] .13+.11| .18+.13| .45+ .18
(3] - 10+.05{ - 09+ .05 .00%.05| - 05+ .06| - 15¢ .08} = 10+ .09
Re Pio ‘
Thesis |[=11%*.06[-.13%.06| .06%.06|-.04*.06|-.15%,09|-.10%.10
(3] .34%.08| .14+ .08| .47+ .08} .25+ .10/-.02¢ .15/ .05% .13
P1a1
Thesis .37+.08| .15+.09| .51+.08| .26+ .10~ 11t .16|-.04% .12°
(3] 06+.09| .24+.07| .13+.08| .32+.09 .25¢.11] .23+.12
(o}
33 Thesis 11+.11 .25+.07{ .14%+.10 .34*.09] .23%.12| .19*.12
_ (3] -13+.07|-.17+.07| .07%.08/-.12+.07|-.17* .11|-. 23+ .12
Re 031
Thésis |- 14%.09/-.08%.07| .11*.09-.11*.07}|-.20*.12!- 25+ .13
[3] .03%.07|-.02+.07| .02+.08] .16*.08|-.15+.10 .11+.12
Re p. .
Thesis |-01*.08 .01%.08| .05*.08 .19*.08/-18%.11] .07t.12
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Table (A.3)

. . . ++
Spin density matrix elements for the wA in the

s-channel helicity frame

|t] (Gev/e)?
Quantity! 0.0-0.1/ 0.1-0.2{ 0.2-0.3| 0.3-0.4{0.4-0.6| 0.6-1.0
Ref. .
[3] .40%,12] .35.10/-07%+.07] .20%.10| .41+.17| .17£.14
Poo '
Thesis .54%.14] .40%.11}-13+.07] .192.10| .58+.18] .29+.15
[3] .09%.06| .06*.05| .082.07| .06%.06| .18+.08| .04t .11
Re plO
Thesis .15%,.06] .02t.05] .08*.06] .02+.07| .12+£.09{ .10t .10
[3] .34+ .08 .17+.07| .29+.11} .26%.10] .14+ .12{-08+.14
P11
Thesis .36t.09 .22+ .08| .32+.12] .30£.10] .09+ .12{-12+.14
3] .04%.09| .10t.08| .32+.08f .25+.08] .02¢.,12| .20+.12
o]}
33 _
Thesis .08+ .10 .22+.08] .38+.08| .34+ .08| .05+ .13 .35+.10
[3] .09% .09 .01+ .06| .08+ .08] .08+ .08} .04+ .11} .19*+.12
Re 031
Thesis .09+, 11| .04 .07} .00t.09| .10t .08] .18+ .11{ .22+.13
131 .04+ .06 .05+ .06]|-. 09+ .08| .20+ .07|-. 02+ .09} .13+.12
Re 03_1
Thesis .01+ .07} .02+ .07|-.09¢ .09| .19+ .09|-.07+.10}{-. 02+ .14
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APPENDIX B

THE JOINT DECAY CORRELATIONS

In this Appendix the joint decay correlations for the

. + ++ | . s
reaction m p — wA in the t- and the s-channel helicity frames

and in the t- and the s-channel transversity frames will be

derived.

tensors depends on Ji <2

Si' IM,| <

J,
i i

the symmetry properties of the tensors.

summarised in Table (B.l).

[84].

Table (B.1l)

For a production process, the number of statistical

after taking into account

These properties are

Symmetry properties of the statistical tensors

Helicity axes

Transversity axes

process (unpolar-
ized target)

Pure imag.for J

1

+J
2

itici £ J.J M, M JqJ
SZEZ;ElC;Zirix e (Tyly2) " = (171 T m
Y 12 1’ "2
Parity conservation
R + M, + M
in the production Real for Jl J2 even 1 5 gven

odd
MM,

Parity conservation
in the decay of
resonance i

F.(J,)
iti

J, even
1

0 for Ji_odd

) ++
Now in the wA

swy=1, sy =3/2.

<
and M2 < 3.

Therefore, J

1\

channel the spins of the resonances are:

2; 2

<

1

r7172.0 for M M, 0dd
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The Joint Decay Correlations in the t- or the s-Channel

Helicity Frame

Only J.

1

Expansion of equation (4.13) gives:
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*
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even is allowed due to parity conservation in the decay

of resonance i and (J_+J ) should be even for the real values of Tmlgz

2 2

(2)+

(2)+

(2)+

(2)+

(2)+

(2)+

(2)+

(2) +

(2)+

(2)+

(2)+

(2)+1

(2)+

(2)+

4

due to parity conservation in the production process (see Table (B.l).

(B.1)
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R.2 The Joint Decay Correlations in the t- or the s-Channel

Transversity Frame

Only J.l even is allowed due to parity conservation in the decay
of resonance i and (Ml+M2) should be even due to parity conservation in
the production process. Due to hermiticity condition:

(T;iiz)*= Tglg2 , if Ml = M2 = 0 and hence Tolo2 will be real (see

Table (B.1)). Hence one gets four real and eight complex statistical
tensors for the transversity axes.

Expansion of equation (4.13) gives:

i
)
'f

2}

2)

W(cosx,w;cose,¢)=Fl(O)F2(O)-ngYg*(l)Yg (2)+
FL(2)F,(0) {Ting (l)yg*(2)+qi§)y;2*<1)y8*(2)+ngyg*(1)ygﬂ(z
L(OF, 2){T8§Y8 Yg*(2)+¥332Y8*(1)Y;2*(2)+T8§ (1)y2*(
L(IF(2) {TizYi 1)y§*(—))+T_222_2‘152?1)‘12_2?2)+T532Y§*(1) Y;z*(2)
+qi522771)yi (2)+Tiin (l)Y;*(2)+ i?}_yy%l) v Y
122y 2*( 1Y) “T2y e 1121(1)Y;*(2)+T23Y2 (1)Y§*(2)
+Té§y(23 (1)\12 (2)41°%) Yg*(l)Y;‘?*(Z)
+Tiéy;*(1)yg*(2)+qf;3 ;2*(1)Y2*(2) }
(B.4)

Using equation (B.2) for the values of constants, applying
the hermiticity condition as given in Table (B.l) and using the

condition:

Jpdy M¥ M J13d M
v ) Y2 + 2" M 2 =
Ty n, g, (0 12 Tlez YJ (1) ¥ 7 (2)

172 1 2 1 2
M M
M M
2 Re TMllq(\e YJl(l) ReYJ2(2) - Im Jl(l) Im Y 2(2)) +
172 1 ) 1 J,
M M M M
2 In TM1M2 Re v 11) 1 v P2) + 1 v ') Re v % (2))
172 1 2 1 2

for the complex statistical tensors, equation (B.4) becomes:
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1 3 20 2 o] 20 2 0
v . = - = R ImyY
W(cosX,/Vicosh,b) 16ﬂ2 /10“2_{2(ReT2O eYz(l)YO(2)+ImT2O n 2(l)YO(2))

20.0 O
I Y (LY (2))

- /3 {2(ReT02YO(l)PeY (2)+ImT02Y (l)ImY (2))
Tor? 02 02

02.0,...0
T Y (Y5 (2)

A {2ReT22(ReY2(l)ReY2(2)-ImY2(l)ImY2(2))
sz 22 2 2 2 2

: 22 2 2 2 ,2
+2ImT > (ReY,, (1) ImY (2) +Im¥), (1) ReY} (2))

+2ReT§ (Rey (l)ReYzz(?) ImY (l)ImY (2))

+2ImT§ (ReY (l)ImY (2)+ImY§(l)ReY (2))

22 1 1 1
-Im 1
+2ReTll(ReY2(l)ReY2(2) INYZ( )ImY (2))

22 1 1 1 1
+21mTll(ReY2(l)ImY2(2)+Im12(l)ReY2(2))

22 1
+2ReT (ReY (l)ReY (2) ImY (l)ImY (2))

+2ImT2 (ReYl(l)ImY (2)+ImY (l)ReY (2))

22,0 0
+T° 7Y Y
Too 2(1) 2(2)

22 .0 2 22.0 2
+ Y + Y
2 (ReT 2(l)ReY2(2) ImT02 2(l)ImY2(2))

02
22 .2 o) 22 2 o}
+2(ReT20ReY2(l)Y2(2)+ImfzoImY2(l)Y2(2))}

. M . .
Substituting the values of YJi(l) and Y§2(2) in equation (B.5)
2
and after simplification and rearrangement of terms, one gets

equation (4.15).
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APPENDIX C

: P _+
THE pmm, DECAY ANGULAR DISTRIBUTION FOR J =1 AND |D/S| RATIO FOR THE B

In this Appendix the diagonal elements of the density matrix
P _+
for different J assignments, the decay angular distribution for J =1

assignment and the ID/SI Ratic for the B meson will be derived.

c.1 The Diagonal Elements of the Density Matrix for the B

Expansion of equation (5.10) for J=1 gives:

120 *™® A

gt

W(cos8)= %[ { b (—l)m—AommlF 12 c(3go, -mm).

C(JJO, -A)\) Po(cose) }

Z -0™% |r 12 cag1, -mm). (C.1)
lx,m mm' A

C(JJ1, -\X) Pl(cose)}
- 2
+ { Z 0" Yo IR a2, -mm).
1is ;M mm' A

C(JJ2, =-AX) Pz(cosﬁ)}]-

+ 12 ]
W(cos8) = %[Po(cose){% -1)™ lpm|F_1| C(JJo,-mm) C(JJo, 1, -1)
m 2
+ I (-1)p_ |F |° c(330,~mm) c(330, O, O)
m mm' o
m=-1 2
+ I (-1) pmmiFl\ C{JJo,-mm) C(3Jo, -1, 1)
+ P(cost)d £ (-1)™p |F |2 C(JJ1l,-mm) C(JJjl, 1, -1)
1 m mm' -1 !

2
+ 5 (-1 |F |° c(331,-mm) c(ag1, o, 0)
nm mm O
(C.2)

m-1 2

+ I (-1) pmmlf‘ll C(JJIL,-mm) C(JJL, -1, 1)
m+1 2

+ Pz(cose){g1 (-1) p |F_l| C(JJ2,-mm) c(JJ2, 1, -1)

+

=1 oe]

-1 |F |2 C(JJ2,-mm) C(JJ2, O, O)
mm @]

+ L (-1) P IF |2 C(JJ2)-mm) c(JJz, -1, 1)}]
m mm' 1
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Summing over m = O, *1, one gets 27 terms and substituting

the values of Clebsch-Gordan coefficients and the normalizations

m=1
2 . . .
§|FA| = 1 and mgil P = 1 in equation (C.2) gives:
1,1 2 2
W(cos8) .= 5 + = P_(cos6) [3pll 9 pll|Fo[ 3|FO| 1] . (e.3)

The expectation value of P2(cose) becomes:

2 2
3pll—9pll[F| +3|F |© -1
<P_(cosf) > = © S (C.4)
2 5
5<P_ (cos8) >
1 2
= = +
Ply 3 (C.5)

3 (1 - 3|F |2)
(o]

Thus equation (C.5) is the same as equation (5.1la).
Similarly, expansion of equation (5.10) for J = 2 and
J = 3 leads to 75 and 147 terms respectively. On simplification

and integration of these terms,-one gets equations (5.11 b-f).

P +
c.2 Decay Angular Distribution of the B Meson for J =1

The angular distribution of a system Y. of angular
momentum j and parity Pf into two particles o and 8, with spins

sa, SB and intrinsic parities Pyr Pg respectively is given

by [123]:
2 5+ _
W(cosB,9) = N :E: |F(XG,AB)| 2. o (8) Re (pmm. exp(i(m-m')¢)),
X 2O\ !
C (c.6)
mm

where Aa and A, are the helicities of decay products, m,m' are the

B8
angular momentum projections on the z-axis, N is a normalization

2J+1 , L
constant = A and F(AO,AB) is a constant characterizing the decay.
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If parity is conserved in the decay

F(-\ , =X} = PPP (-1)

j-s
a 8 a By .

-s
a "B .

_ F(Aa,ke) (C.7)
Following Berman and Jacob [118], the function

jAx . .
Z“m“(e) is given by:

2 Py o I j 3 i B
2ot (0) = A (8) 4, (8) £ a) [ (8) a), [(8), RN (R )

and A = Aa - AB

The Z functions are symmetric inm and m'.

The other symmetry is

voe o (" g ) - (C.9)

If both a and 8 have integer spins, then the term in

2
equation (C.6) with Aa = 0 = A_ has a coefficient %4F(0,0)l ’

B
2

instead of |F(Aa,XB)| for all others. Using the symmetry (C.9),

equation (C.6) can be modified with corresponding replacement as

given below:

: . [ m-=m b
Re (exp{i(m-m )9¢) (pmm-+(‘1) P

[ SN

Re (pmm' exp(i(m-m')¢$)) =

))

-m,-m'
v- .- (C.10)
If the quantization axis is chosen in the production plane
(i.e., the t- or the s-channel helicity frame), the parity conservation
restricts the density matrix elements to |

m-m'

p = (—l) p_m'_m|

mm " (C.11)

Then the right-hand side of equation (C.10) becomes
cos | ( m,—m‘)¢]Repmm, and on substitution this relation in

equation (C.6), one gets:
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W(cos6,) = 3/4 :E: lE(h B)l T (8) cos ( (m-m '""¢)Rep ., (C.12)
Ag> Osdg
ml

As B —/— .

It
>
1]

® +1,0,-1 and XB .

fl
>
It
O

Now A
o

Using equation (C.7) one gets:

F, = F,  and F ¢4 O

Then equation (C.12) becomes:

W(cosb,$) = 3/4n }E: [EHJ2 Z;;,(6)cos((m—m')¢)Repmm,
m,m’ . (C.13)

+ %IF |2 lO (6)cos((m—m )¢)Rep ] ,

Now m = O, *#1 and m' = 0, #1.

Using symmetry relation (C.9) and equation (C.8), one

gets:
Zy,-.1 T %o
20 T %01 T TPa,0 T° Zo'_l.? (C.14)
Za1,-1 0 % J

Using relations (C.14) and propertiés of the density

matrix (see Section 2.4.1) in equation (C.13), one gets:

W(cosB,d) = 3/4ﬂ[2|F Iz il (6)cos2¢Repl -1 + |FO|2 io l(E))code)Repl’_-l
4|F |2 11 [o(8)cosoRen, +2|Folzzi?o(6)cos¢Repl'o
IFllzzé}O(e)poo IF |2 10 LRI
+ | %2t 0 (- ) +|r_|%2 i?l(e)iigggjl

..(C.15)



- 120 -

Using relations (C.8) and (C.14) and explicit expressions

for d;m' as given by Brinck and Satchler [124], one gets:

<
11 .11 _ _ 2
Zl,_l(e) = z_l'l(e) = 1/2(1l-cos Q)
11 11 11 11 1 26 "
= =- = - : = -=Co8 U
Zl’o(e) = Zo,l(e) Zfl,O(Q) _ZO,—l(e) ; cose< > )
11 2
ZO,O(e) =1 - cos §
11 11 2
= = +
Zl,l(e) Z_l'_l(e) 1/2(1+cos”6)
(C.1l6)
10 10 2 -
Zl,—l(e) = Z—l,l(e) = -(l-cos”6)
10 10 - 10 10 l—c0526 e
leo(e) = Zo'l(e) = _Z—l,O(e) = —ZO’_l(e) =-2cosb —
10 _ 2
zolo(e) = 2cos 6
10 10 2
zl'l(e) = Z_l,_l(e) = l-cos 8 J
Using xelations (C.16) in equation (C.15), one gets:
2. 2 2 T2
W(cos8,¢)=3/4n]|F | (1-cos"B)cos2¢Rep -ﬂF | {~(l-cos 0))cos2¢Rep
1 1,-1 " o 1,-1
} L ' 2
2 l—cos% b 2 1-cosd
f4|F1| cosb ( > ) cos¢Rgpl’0+ 2|Fo| (Zcosa/ 5 Jcos¢Rep, o
2 2 ' 2 2
+ |F1| (l-cos e)poo IFOI cos Bpoo
. -p
21 2 2 2 Q0
+ P |7 3(4cos"e) (1-p ) +[F_|"(1-cos"8) (—5)
R (P ) |
2 2 )
W(cose,¢)=3/4n(‘F % -lF ‘2)(1—005 6)cos2¢Rep W
l (] l,_l
2 2 ! l-cos 6
+4 (|F1| —|Fo| )ycos6 > cosq>Repl’O
(C.18)
2 2 2
+z  (1-3cos 6)pOO (|Fl|_ - IFol )
1 2 2.1 2 2 2
= + = -
+2 (|Fll |Fo| )+2cos e (IF1| |Fo| )
P
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Using the normalization I [FkF = 1 [115) in equation (C.18),
. A

one gets:
N
1-3|F |? ,
W(cosb,¢)= 3/4n 2 (l—3poo)cos ¢]
1 2 2 (C.19)
+ = (1l+|F + -
4(l I o| pOO(l 3|Fo| )
1-3|F |2
+—~———£L—-(p sin280052¢+yfkep sin26cos ¢)
2 1,-1 ' 10 J
Hence equation (C.19) is the same as equation (5.16).
- 1
C.3 The |b/s| Ratio
The helicity amplitudes F, may be expanded in terms of
the partial-wave amplitudes [100,125]:
|‘F}\| = LF (21+1)" <po|rfar> , (C.20)
LL _
vhere EL is the L-wave amplitude and <jl,m2,j2,m2 J,M > are the
Clebsch-Gordan coefficients.
P
For the assignment J =1% for the B meson L = O or 2,
then one gets:
- ~ : ~ 1 =
Fop = FS<O,O|tl|l,il>+FD/_5_<2,O|il|l,il>= FS+F F (C.21)
2
Fooo= F <0,0[0[1,0>+ FD/E<2,o|o|1,o>= FS-/E F (C.22)
3
-~ /2
= —— F —_
FD 3 ¢ 1 Fo) (a)
(C.23)
~ 1
= - +
FS 3 (2Fl Fo) (b)
J

Hence equation (C.23) is the same as equation (5.19).
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