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ABSTRACT

This thesis presents en account of the analysis of

the reactions

¥ D - Pg P w®
and 7* D o PgP p°

at L0 GeV/c incident momentum, carried out by the author
whilst at the University of Durham.

The experiment, undertsken in collaboretion with the
University of Birmingham snd the Rutherford Lsborastory, is
described in detail, psrticular emphasis being applied to
the limitetions of the experimentsl setup, the sccurecy of
the resulting data and the problems sssociated with the use
of 5 deuterium target.

Following a description of the selection of the channel

7t D - PgP 7 aT 7°

the preduction and decay processes of the «w® - mesons are
analysed in detail., The results are cousipsred with those
from previous enalyses snd with the predictions of various
Regge Pole models. To describe the various features of the
data it is found necessary to infer the presence of signifi-
cant contributions from unnstural parity exchesnges such as
the B - meson, in disagreement with the earlier theoretical
interpretations which assumed the complete domination of the
natural parity component, namely p - exchange.

As part of this analysis the nsture of the associsted
background is determined, snd the results indicste the possible

breakthrough of events from the Lc channel,
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The characteristics of these events in the 1.0 GeV/c2
region of the tripion mass spectrum is investigated, and it
is conc%uded that they may well affect the interpretation of
the obsgrved enhancements attributed to the controversial HO
and Aj resonances.,

Finally the production mechanism of the 75 - meson is

analysed.
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CH'PTER _ONE

INTRODUCTION

The production of the w® - meson vis 7 - N collisions
has jin recent years created a certsain smount of controversy.
This arose from the insbility of the early p - Regge Pole

models to describe the experimental data. Although the

‘model could describe very well other channels dominated by

p -~ exchange, such as

a P o 'ITO n
none could explsin the w® - production data. The main
difficulty was the absence of any structure in the differ-
ential cross section at t~ 0.6 (GeV/c?)z, corresponding
to the nonsense wrong signature zero of the p - trajectorye.
Attempts were made to explain this by the introduction of
strong cuts or sbsorption, but none was satisfactory.
Moreover, whereas p - exchange predicts the spin density
matrix element py, to be zero, the experimental values were
observed to be very large. Adding further to these diffic-
ulties were the observed inconsistencies in the results from
different experiments, whereas some reported a minimum in
the differential cross section at low t, or structure in
the spin density matrix elements, others did not. The
main cause of the latter problem has essentially been the
lack of statistics, and it is the intention of this snelysis
to utilize the high stetistics 2vsilable from the 4 GeV/c
T * D experiment to examine in detail botl. the differentisl
cross section snd spin density matrix elements for those °

mesons produced in the channel (jfﬁwﬁ?mm}\
~ 2 0CT 1975
n e

—
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7T+D——->PSP at 7= 7°

where possible extracting the effects due to brckground.

In chapters 2 and 3, the experimentsl setup is described,
from the becm line and the bubble chember, to the formstion
of the|final dats summary tape, the inherent inaccurascies
and limitations being described at all stages. In addition
the problems and characteristics associ~ted with the use of
a deuterium target ere discussed., The concept of seen and
unseen spectator nroton events is introduced and in psrtic-
ular preliminery results ore presented indicsting the pnssible
effects due to the Pauli exclusion principle. “theress in
previous snslyses the production mechsnisms associated with
the latter two classes of events have been considered identiw-
cal et all values of t, the exsmination of the effects due
to the Pauli principle indicate that this mey not be correct.

In chapters 4 and 6, the production snd decay of the »° -
mesons are analysed in detsil, and the results compared with
the predictions of various Regge Pole models. The nature
of the associsted background is discussed in chapter 5, the
results indicsting the possible breskthrough of events from
the Lc¢ channel

77 D - Pg P 7" a”
which may have importasnt consecquences for the interpretation
of the H° and A;'regions of the tripion mess spectrum.

In chapter 7, the production mechanism of the 7 - mesons
produced in the channel
+

7t D - Py P 7 a™ @°

sre analysed, the totsl and differentiel cross sections



O

being determined.

Finally a conclusion to the thesis is given summarising the results.



CHAPTER THWO

GENERAL EXPERIMENTAL CONSIDERATIONS

INTRODUCTION

The L GeV/c 7D experiment was designed as 2 high stat-
istics experiment for the specific study of neutral meson res-
onsnces, snd in particular for those containing neutrsl decay
proaucts such as the w®, A° and A,C mesons. In all, some
850K pictures were taken. In this chapter the experimental
setup is described, particulsr emphssis being applied to the
inherent limitations imposed on the sccurascy and quality of the

data.

2.1 THE BEAM LINE

A proton beam, which was extracted from the CEKN proton
synchroton, impinged on a copper target in the U5 beam line.
From the numerous particles produced, the required L GeV/c at
- mesons were sepersted in the beam line and directed into the
bubble chamber.

The beam line is illustrated schemsticslly in FIG. 2.1,
the corresponding key to the components being shown in tsble
2.1, The optics of the system can essentially be divided
into 3 sections:=

() The formation and momentum analysis stage

(o) The separstion
end (c) The finsl clesning and prepsrstion for the bubble

chamber.

To achieve the required separation of the 4 GeV/c pions it was
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TABLE 2.1

LIST OF U5 BTZAM LINE ELEMENTS

Element
Description

Target - Copper
Horizontal Collinator
Vertical Collinator
2M Quadrupole

2M Quadrupole

1M Quadrupole

21 Quadrupole
Bending Magnet
Bending Magnet
Vertical Collinator
Horizontal Collinator
0.75 M Quadrupole
Horizontsl Collinator
Vertical Collinator
Bending Magnet
Bending Magnet

2M Quadrupole

2M Quadrupole
Separator

2M Quadrupole

2M Quadrupole

2M Quadrupole
Separator

2! Quadrupole

2M GQuadrupole

2M Quadrupole

2M Quadrupole

Separator

Beam Stopper

Vertical Collinator

2M Quadrupole

2M Quadrupole
Horiznntsl Collinator
Vertical Collinator
Bending Magnet

Bending }egnet

Verticel Bending Magnet
2M Quedrupole

21T Quadrupnle
Forizontal Collinator
Vertical Bending Magnet
Bubble Chamber

Symbol
in Fig.2.1

BII5

VBM1
QL7
218
C10
M3
BC

Distance
From
Preceding
Element (})

0

Le5

0.65

1.85

L .00 rOMATTION
2130 AUD
3.87 MO BNTUM
3.00 o
5. 92 ANALYSTS
0.58 STAGE
1.00

225 62 m
2.35

2,00

3,00

3.05

2.50

15.50

7.09 A X
3,01  SEPARATION
3,91 STAGE
7.09 50 m
5075 :
250

11.50

2.50

575 X
755

g S
3.30 .
3,00 PREPZIATION
11.00 FCh BUBBLE
i-gg CH &MBER
3.00 STAGE
23
250

.00

?.00

5400
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considered sufficient to use only 2 of the-3 availeble R.F.
cavities., In essence the operation of this system is such
that the relative phssing between AFl and RF2 is so zrranged
to provide s maximum deflection to the particles awey from
the originsl beam axis, the unwanted particles being returned
to this axis and subsequently absorbed in the besm stopper.
Stabilisation of the momentum and focussing of the resulting
beam was then maintsined by cereful monitoring of the current
levels within the bending magnets and quadruyreolLe megnets. In
addition the various collimators were regulated to meintain a
reasongble flux of particles into the chamber.

The exposure was undertsken in two parts. In the first
exposure of August 71, with an operating beam momentum of
4.02 £ 0.01 GeV/ec, s flux level of some 12 pions per pulse was
maintained. In the second exposure of 1973 héwever, it was’
considered advisable to increase this level to 15 per pulse
in order to incresse the effective rate of dsts collection.

As illustrated in FIG. 2.2, the beaﬁ momentum of the second

exposure was slightly lower end centred 2t 3.9, % 0,01 GeV/c.

2.2 - THE CONTAMINATION OF THE 4% BEAM

At beam moments of L GeV/c, the separation produced by_

.1the R.F. cavities is sufficient to reduce the possible contam-

ination to the following 3 charged components, namely P, ,‘+

and K+o

() THE u* CONT AMINATION

The most probable source of % contamination srises from
the decay of the pions via the process Tl +v e Those

mions produced within the beam line are momentum analysed and
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subsequently remnved. Hence the only effective contamination
arost from the pions decsying between the last collimator,

C9, and the bubble chamber. Using a pion lifetime of 2.6 x
10"8 secs., and a lorentz factor of 29.1, the percentage of
pions de#aying over this distsnce of some 7 metres is in the
region of 3%. The vast majority of these however, will eppeer
"off be~rm" in the chamber, and the estimate of the finsl contam-

instion is of the order of 0.4 % 0.1%.

(b)" THE K' CONTAMINATION

This was estimated from the number of Tau decsys of the
K- mesons which could be fitted to a sample of some 3000 3 -
prong events. An upper limit of 1 event was found as s Tau
candidate. Hence, sllowing for the branching ratio of the
K - decay, and the observed length of besm track, an upper

limit to the degree of K* contsminstion was found to be 0.5 %

0.1%.

(c) THE PROTON CONTAMINATION

This has been estimated by using s method described by

Gordon, (Ref. 2.1). He has shown that in the two reactions

b -+ P P ot 7 - (1)
and PD - P P P T (2)
a-(l)/ o (7 D) TOTAL = o (2) /o (PD) TOTAL
and Probshility ( o - fit to a real P beam) -1
Probability ( P - fit to & real gbesm) 2

From these, an estimate of the contaminstion can be made. The



-

probability of producing & pion fit to a reel proton beam
can be determined by producing reaction (2) from the pure
proton beam direct from the proton synchrotron. This enables
a comparison to be made of the expected and experimental prob-
sbility for producing & proton fit to the pion beam. Follow-
ing this procedure provided an estimsted proton contamination

of 4 ¥ 3%.

2.3 THE BUBBLE CHAMBER

For both exposures the chamber used was the CERN 2 metre
deuterium filled bubble chamber, (CERN 2m DBC). Its general
construction is described briefly below. As in any detection
system, the bubble chamber has certain intrinsic errors and
limitastions, and in the subsequent sections the more important

cases are discussed.

(a) THE GENERAL CONSTRUCTION OF THE CHAMBER

The chamber consists of s single aluminium casting, with
an internsal clear section of dimensions 200 x 51 x 60 cms.
This is filled with the order of 1000 litres of liquid deuterium
at a temperature of 270 K under s pressure of approximastely 6
atmospheres. As illustreted in FIG., 2.3, the inner section
is enclosed by s cold tank, and a stainless steel vacuum tank
in order to reduce hest losses. The chamber was opersted in
its double pulsed mode, with the order of 1/10 of a second
between pictures, and some 2 seconds between each double pulse.
The sequence of operation is illustrated in FIG. 2.4. Surround-
ing the vacuum tank is s large electromagnet producing a near

uniform field over the entire liquid chamber volume, the current
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in the magnetic windings being of the order of 1000 amperes.
A "through illumination" system wss provided by 3 monochrom-
atic electron flash tubes via the back glass of the chamber.
The illuminated volume was then observed from the front by a
trisngular arrsy of cameras. In addition, etched onto both
the front and back glass, were the measuring fiducisl marks

required for the geometrical reconstruction of the events.

(b) TH% RESOLUTION OF THE SYSTEM

The accurscy attsined depends initislly upon the photo-
graphy. In order to aschieve the required depth of focus it
is necessary to stop down the camers lenses. This however,
results in diffraction effects, such that instead of seeing
the bubbles, their corresponding Airy discs are observed.
Ultimately, the optimum value is decided by the photographic
plate, since this sets a lower limit to the resolution.
Assuming a typicel film resolution of 700 lines per cm., then
the Airy disc has to be as large ss 1y (= l/700 cm), to be
resolved. If the required depth of focus is then 50 cm. it
can be shown that the Airy disc imsge will correspond to an

effective bubble size in the chamber of some 200#‘

(c) OPTICAL DISTORTICNS

Although the quality of both the camers lenses and glass
windows is very high, distortions are nevertheless introduced,
and in order to achieve relisble reconstruction of the events
it is necesssry to make the appropriate corrections. The

main sources of distortion are the non alignment of the optic

axes, the film tilt, =nd the distortinns within the lens system
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snd glass windows. A study of these effects by Kellner in
1665, (Ref.2.2), showed trat the distortions could be repres-
ented by 2 simple power series. If x and y represent the
distortion free coordinstes on the "idesl film plane"”, then
the relation between these and the experimental film plane

cnordinates is given by:-

2 2 2, 242

' *T
y y £ P £

where f is the focal length. The distortion coefficientsoi
and o, are the coefficients relsted to the tilt angle and

film stretch, 3 s o and O take into asccount the

4
ellipticsl distortions created by the non-slignment of the

optic and mechsnical axis of the lens, and any additional

higher order distortions ere included in ¢

6

(4) THERMAL CONVECTION AND TURBULENCE

The chamber contains some 1000 litres of liquid deuterium,
which is double pulsed the order of every 2 seconds. Under-
standably, this and the subsequent crestion of temperature
differences produces thermal convection and turbulence within
the liquid. The bubble velocities resulting from convection
are of ~ 3 cms/sec., which for s bubble growth time of 1 ms.
before photography, corresponds to a movement of some 30y .

In addition, the tempereture differences result in the so called
"twinkling effect", arising from the subsequent varistions in
the refractive index of the licuid. Estimates made by Thomss,
(Ref.?.3), indicate that this effect results in an apparent

movement of the bubble by some 30 1 .  From the previous
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section however, it is evident that both of these effects ere

negligible compared to the apparent size of the bubbles.

(e) VARIATIONS IN THE MAGNETIC FIELD

The magnetic field in the chamber is ususlly denoted by
its centrsal value, and in the CERN 2m chamber this is 17.5 K
gauss. Any vsristions in the field 2re mapped with an accur-
acy of about 1% of the centrel vslue, so that the corresponding
corrections to the particle paths can be made in the kinematics
reconstruction programme. The maximum veristion occurs at
the edges of the chamber, snd smount to some 3%. Since the
field is at the saturstion value for the electromagnet, current

variations have little or no effect.

(f) THE EFFECTS OF MULTIPLE SCATTERING

Coulomb scattering within the chamber liquid results
in a spurious track curvature even under the influence of a
zero magnetic field, Such an effect creates errors in the
momentum measurements calculated from the curvature of the
tracks resulting from the applied magnetic field. From

scattering theory it can be shown that the effective sagitta

introduced by this effect can be expressed as -
2.15 R [P/X} 05
Sc = P Bc

where P is the momentum of the psrticle in MeV/c, go its
velocity, N the rsdistion length in cms, ! the track
length in em, and 2.14 is the scattering constent. The
magnitude of Sc is sufficient in nuclear emulsions, where the

scattering constant is lsarger, to enable direct Pp measure-
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ments to be made. In bubble chamters however, it is an
undesirasble secondary effect compared to the applied magnetic
field, ond represents 2 noise level renging from 1% in hydrogen
to sbout 304 in propsone. From the sbove expression for 3¢

it is evﬁdent that the effect of multiple scattering is of
particullar importsance for short tracks and low values of Ps

In addition, as explained in the following chspter, the measure-
ment errors are sufficiently small, ~0.4%, that ‘the limit on
the. experimental accuracy is due to these multiple scattering

errors rather than the measurement errors.

2.4  DEUTERIUM TARGETS

In the previous section the bubble chamber has been described

end discussed from the point of view of its construction and
limitations, In this section the motivation for using a
deuvterium tsrget will be discussed, and in particular, the

concept of M"spectators"™ introduced.

(a) THE CHOICE OF TARGET

As mentioned in the introduction to this chspter, the
experiment was specifically designed to study neutrsl meson
resonsnces, snd in particular to study those containing single
neutrsl decay products such as the w®, A;° and A’ mesons.
Such resonsnces egre observed in the 3 pion combination #2fﬁ°
and this particular configurstion cen be formed in several

types of intersctions, the most obvious choices being:-

(1) #tp o p Ao !4

2) #°F >N | daTd |

@) N - p ifﬁﬁi
and  (4) TN - N {awdP g
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The no - fit channels (2) and (L) however, where 2 neutral
particles are present, contain insufficient information to
make a thornugh anslysis. Hence the obvious candidates
are reacFions (1) and (3)e Of the two, resction (3) is
simpler,!since it does not contain the inherent ambiguity of
the two, w* mesons, one of which in reaction (1) may be assoc-
iated with a att.

The least complex and hence most essily analysed neutron
taréet is the deuteron. For this and the ebove mentioned

reasons & deuterium target was chosen, and the use of such s

target introduces the following sdditional features.

(b) THE NATURE OF THE INTERACTIONS

Essentially two different initisl intersctions can occur,
firstly the so called coherent interactions in which the
deuteron remains intact, and secondly, interactions in which
the deuteron binding energy is overcome, and subsequent breakup
occurse. At incident energies of L GeV, coherence occurs in
only some 2 or 3% of the cases, and throughout the remainder
of this anslysis the channels considered are necessarily
associsted with deuteron breakup. Such reactions introduce
the so called spectator neutron or proton which essentially
corresponds to the non-interscting nucleon. In this analysis,
where the neutron interactions are reacuired, we are concerned

with the spectator protons.

(c) IDTNTIFTCATION OF TE

kg

SPECTATOR

The deuteron binding energy is sufficiently small ~ 2.2 MeV

that by invoking the impulse approximetion, (Ref. 2.4), the
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assumption can be made that the interaction is effectively
with free particles. This assumption implies & zero momentum
transfer between the target nucleons, and consecuently the
momentum of the non-interacting particle, allowing for second-
ary scat#ers, should be typified by the Hulthen distribution.
Experimentally however, the non-interacting so called spectator
nucleon cannot always be distinguished unambiguously. In

tre particulsr case of w+ N charge exchange, the final state
involves two candidate spectator protons, both of which can

lie within the Hulthen distribution. Fortunately however,

at incident pion momenta of L GeV/c this ambiguity only occurs
8t low L - momentum transfers to the target nucleon, snd hence
only affects a relstively small percentage of the total events.
Throughout the analysis the smbiguity is resolved by arbitrerily
assigning the slower proton to be the spectator. Fake cslcul-
ations indicate such an assignment to be wrong in some 3% of

the cases.

(a) SEEN AND UNSEWN SPECTATOR PROTON EVENTS

In deuterium, the minimum momentum required to produce
a visible proton track is ~85 MeV/c. Hence proton momenta
below this limit will remain undetected. From the form of
the Hultben distribution, illustrated in FIG.2.5, it is implied
that :v2/3 of the spectator protons will be unseen. In the
fitting of these events the unseen spectator protons sre essen-
tislly treated as badly messured tracks. A zero momentum is
assigned to the tracks with errors consistent with the meximum
observable momentum. The subsequent fitting procedure then
iterstes tn tre ontimum velue for its momentum and direction.

The laborestory moments snd angular distributions for the



FIG, 2.5

THE LABORATORY MOMENTA AND ANGULAR DISTRIBUTIONS

FOR THE SPECTATOR PROTONS ASSOCIATED WITH THE
: LC AND 1C EVENTS.

NUMB
s000 pTUMPER HUMEER
. -
™ 1600 p—
4000 ( 8 ) -
3000 {200 p—
2000 P 800 B
- gre—e |
- —
1000 400
s [ | -‘.r:ﬂu:g-l»uw.nl 14 1
6 © 050 © 160 © 150 @ 200 © 250 O 390 O 550 O ~ov siLULLLL (T 4
EPECTATOR oM O U © ©5¢ © 100 @ 150 © 220 © 250 © 500 © 3tw W

fOM-DISTPIBUTION ALL EVENTS

(GeV/c)

aﬁ
- Mﬁ“ e

56

Amunuuﬂmmuuuulmumuuuhmmmunluuuumuﬂnununuuhuuum
~1 0% -0 70 =@ 40 =3 10 ° 29 9 S0 Q SO

300
SPECTRTOR MOM

(GeV/c)

MOM-DISTRIBUTION ALL EVENTS

Ne

124

J\N‘Wﬂ,ﬂ\%

(b)

4¢

.

N "
© 70 -9 18 ° 29

-1 @0 - ~0 40 0 50 © 80
cos (@) cos ( &)
ﬂ N,
204
(e)
104
N s e T T A
= = Q3 =0 (Q -9 40 -0 10 O 2 VSO O &
cos ( ©) . o cos (&)
lc EVENTS v'D~»Ps P w W Le EVENTS n*D-=~Ps P W 11
(s} THE SPECTATOR PROTON MOMENTUM DISTRIBUTIONS.
(b) THE ANGULAR DISTRIBUTIONS FOR THE SEEN SPECTATOR PROTONS.
(¢c) THE ANGULAR DISTRIBUTIONS FOR THE UNSEEN SPECTATOR PROTONS.



1w

spectator protons identified in the manner specified above,

ere illustrated in FIG., 2.5. For both the Lc events
71D »ps P

and the lc events .
7T-D - Ps P'n-'r'n_'n?

in which the spectstor proton is seen, the spectntor protons
are found to follow closely the Hulthen distribution and
exhibit the expected snguler isotropy in the lsborsatory,
thereby confirming that the initisl interactions are well
described by the impulse epproximation. The observed dis-
crevancies for the unseen spectator proton lc events are due
to the fact that both the 4° and the spectator proton are
missing. As 3 result, the unseen spectator protons tend to
be fitted along or opposite to the #° momentum, and hence lead
to the forward backward pesaking of the angulsr distribution.
In sddition, the inaccurste fitting of the spectstor momentum
results in 3 discontinuity in the expected Hulthen distribution
in the region of 65 MeV/c. This a£ises because the sharing
of the missing momentum for the unseen spectstor proton events
is weighted in favour of the #° and hence the fitted unseen
spectator proton momentum tends to be underestimated. Although
the fitting of these events is incorrect, the momentum vector
of the spectator is sufficiently small not to adversely affect
the fitting of the rest of the tracks.

The minor discrepancies that exist for the well fitted Le
and seen spectator lc events can be explained qualitatively

by the additional modifications discussed below.



~15-

(e) THE VARIATION IN THE CENTRE OF IMASS ENERGY

For intersctions with stationary lsborstory targets the
varistion in the centre of mass energy is entirely the result
of the experiznentsl soread in the besm momentum. For
deuterium however, the constituent target nucleons follow the
Hulthen distribution in momentum snd hence add an additional
spread of some 10% tn the overall centre of mass energy in
the @ -N systeme To calculate the 7w-N centre of mass
energy, either the initisl or final state particles can be
used. However, in using the initial state perticles it must
be rememﬁered that the target nucleon is off the mass shell.
It is therefore insufficient to put the target momentum equsl
and opposite to t he spectator, the effective mass of the two
nucleons must also be constrained to the deuteron mass. The
experimental distribution for the centre of msss energy deter-

mined from the secondaries is illustrated in FIG. 2.6.

(f) THE EFFECT OF THE FLUX FACTOR

A further consequence of the non zero momentum of the
target nucleon is the flux vsaristion depending on whether the
target nucleon is moving towsrds or awsy from the primary.

Both the flux snd the centre of mass energy will be increased
for the case where the interacting psrticles are moving towards
one snother. Hence if the cross section is independent of

the centre of mass energy, 2 slight asyﬁmetry will result in
the spectstor angular distribution, exhibitirg s preference

for forward going svnectators in the laboratory. For resonance
production however, the cross section has s strong dependence

on the centre of mass energy, as described by the relstion
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o o p™h
where P is the primsry momentum, snd n is typically the

order of 2. Hence in channels such as

T'D - Ps PIT+'IT-

which are dominsted by resonance production, the variation
of the resonance cross sectinn with centre of mass energy is
sufficient to reverse the above mentinned asymmebtry in pref-
erence of backward going spectators. Experimentally such
an asymmetry is observed for this channel in the ratio of

l : 1.01. For the chanrel
7' D - Ps Putn®

however, where the resonance production is less significant,
the effects of the flux variation are found to dominate, and
an asymmetry of 1 : 0.97 in preference of forward going spec-
tators is observed. A plot of the éxperimental varistion in

the flux for the L4c channel

7D =Ps PR T

calculsted from the relation

o

+ ->

_ | P _ NN

FLIK e+ EN
T

where P and E refer to the momentum and energy of the particles

indicsted, is illustrated in FIG. 2.7.

(g) SECONDARY SCATTERING

The expression for the ¢ =D scattering amplitude involves
not only the one step gmplitudes of the impulse approximstion,

but alsn the subsequent multirle scattering terms. In addition,
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a small but finite orobability exists for the finsl state
scattering between the specteator and any one of the other
secondary particles. Either of these effects will result

in a8 distortion of the expected Hulthen - like momentum dist-
ribution for the spectators. A further contribution to this
effect may arise from the possible A~A states of the deut-
eroh. The uncertsinty principle enables the normgl N - P
components to transform momentarily into a A++ A org Ao
state. The existence of such states has never been confirmed,
and recent results produced by members of the collaboration
from the University of Birminghsm, (Ref. 2.5), set an upper
limit of 1% to this process. The resulting "spectator protons™
from such a process sre typified by moments in excess of 0.8
GeV/c, and will therefore to s smell and perhaps negligible
extent sdd to the distortion of the expected Hulthen - like
momentum distribution. The cumulative effect of these processes
can account for the observed excess of spectator momenta greater

than 300 MeV/c, illustrated in FIG. 2.5.

(h) SHADOWING EFFECTS

The mutusl shadowing of the constituent nucleons implies
that the total deuterium cross section is less than the sum
of the individuel nucleon cross sections. Hence the micro-
barn equivalent for a @=N event from a deuteron target is
greater than its counterpart produced from a free neutron
target. The relstion between the cross sections is given by

o (7D)= o (@N) +o( wP)~g (aN), o (7P)

L merds
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where d3> is the average separation of the nucleons.
Although this expression is not charge independent, the
necessary correction terms are negligible, (Ref.2.6).

Therefore, using the values for the o= P cross sections

+
o @'P) =275 mwb ;

o (7 P) = 34.1mb =0 ('rr+N)

and the experimentally determined x D cross section of 56 mb,
the magnitude of the R.M.S. separstion of the nucleons is eval-
usted as 3.7 I 0.2 £ which compares favourably with the value

determined from electron scattering dsta, (Ref. 2.7).

(1) THE PAULI EXCLUSION PRINCIPLE .

The Pauli exclusion principle postulates that a symmetric
wave function of two identical fermions is not allowed.
This has important consequences in deuterium intersctions
since the occurence of two finasl state identical fermions
leads to 2 depletion of events in the low 4 - momentum transfer
region to the target nucleon.

The oversll deuteron wave function factorises into the
spin component and éhe orbitzl sngular momentum component.

The spin terms which are 211 symmetric can be written as

x(1,1) = le(%’%). XNzcis%) ceveaeseses (1)
x(1,0) = = Diyg (51 oxyz (D% sy (D) iy (1,0 €2)

x(1,-1) = le(%’-%)°XN2(%’-i) ..... ceeee (3)
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where the subscripts incdicate the two nucleons and the
indices the values of (S, Sz). If spin non-flip occurs

then tle above functions still deécribe the final spin states,
and only the orbitsl components slter. . However, since the
Pauli principle forbids oversll s§mmetric wave functions, the
orbital compnnents must ﬁé entisymmetric and contsin only

odd R vqlues. Alternatively, in the case of sﬁin flip,
events descrited by (1) and (3) flip into (2), or the enti-

symmetric state (%)

x(oso) = ‘\(i [XN]_(%’%),XNQ(%’_%) - XNI(%’-%).XNZ(%’%)] 0-"--(4)

This situstion only allows events with odd 'Q for the spin
states (1) to (3), and even  for the spin state (4).
From this discussion it is evident that the correction for
the number of events lost vis spin flip is smszller than that
for spin non-flip, since in the latter csse all even % - staotes
are forbidden.

To estimate the loss of events in the differentisl cross
section, 99/dt is expressed in terms of the partisl flip and

non-flip cross sections, (see Ref. 2.8 and Appendix one).
g“') [1 - & H( )] (—‘i':) + [1 - H( )] (-‘15) {
= q < q (XX X] 5)
(dt 4t/ prip 9] Non FLIP

where H(q) is the deuteron form factor, and q the. 3-momentum
transfer (mt%). H(q) however, can be written as
B = 4r [o(n?  SRAT 2 g

where ¢(r) is the spacial wave function,
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and evsluated as a function of ¢ by using the value of r
calculated in the previous section. The upver and lower
limits to the event loss can then be determined as a function
of t, by asssuming the domination of either spin flip or spin
non-flip. The resulting correction factors are illustrasted
in FIG. 2.8, the division of the experimental results by these
figures giving the corrected values. The results indicste
that the effect is only of importance for ¢ = values less
than 0.05 (GeV/c?)?,

In the above cslculation however, the use of equation
(5) does not sllow the effects of the Psuli principle to be
determined for the seen and the unseen spectetor proton events
separately. Tts use eéffectively implies an integration over
all final state proton moments and hence does not differentiste
between the above two classes of events.

The work of the Durham collsborstion however, summarised
in Appendix one, illustrates how this situation can be avoided.
Essentially & visibility limit is specified for £he protons
and the integration is performed separately over the seen and
unseen spectator proton events. The correction factors result-
ing from such g calculstion are shown in FIG. 2.9, and as can
be seen the results for the spin flip and spin non-flip cases
are in excellent agreement with the sbove caslculstions.

This approach however, also enables s calculation to be made
of how the spin flip and spin non-flip processes will affect
the seen and unseen spectator proton events. The results of
such a calculation are shown in FIG. 2.10, which illustrates
the expected rotio of these two classes of events plotted &s

a function of the square of the momentum trensfer ¢ ,
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measured from the target deuteron to the di-proton system.

The results are preliminsry results only, and have yet to

be confirmed. In their present form however, they have some
very important implications. Namely that the Psuli exclusion
principle does not have the same effect on the seen snd unseen
spectator proton events, and in perticuler implies that the
production processes resulting in the spin non-flip of the
recoiling proton will dominate the unseen spectator proton
events at low t . Consequently consistency between these
two classes of events should not be expected in the low ¢ -

regione.
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CHAPTER THREE

THE PROCESSING OF THE TVENTS

INTRODUCTION

In this chapter, the stages from the scanning of the
events to the production of the final semple for analysis’
are discussed, particulasr emphasis being applied to the
errors introduced and to the quality of the dstas finally

achieved.

3.1 THE SCANNING OF THE FILM

Throughout the exposure test strips of the film were .
taken consisting of some 30 fremes from the end of each roll.
By this précedure, the genersl quality of the film was moni-
tored. Checks were made on the uniformity of the illumina-
tion and for signs of consistent scratching or stretching of
the film, In addition, the track density, bubble size and
track count were observed in order to ensure correct operation
of the chamber and beam line. An example of the quality of
the film is illustreted in FIG. 3.1, which shows a sample
frame of the film teken during the first exposure. In 2ll
some 850K frames were taken, with an asverage yield of asbout
2 events per frame. Initislly 8ll events were scanned for
in order to estimate the total =& 'D cross section; but
throughout the majority of the anslysis scanning rules were

used to select the reocuired events for messurement.
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(2) THE SCANNING RULES

The events to be sought were all 1T+N events spart from
1 - prong scatterings, and all events produced in associstion
with VO, . As mentioned in the previous chapter the charact-
eristic of #*N events is the occurrence of the proton spect-
ators. Events in which the spectator proton is not visible
will have an odd number of outgoing tracks and are therefore
unambiguously identified as neutron target events. For even
prong events however, where the spectator proton must be seen,
the form of the Hulthen distribution shown in FIG. 2.5, implies
that the majority of the spectator protons will have momente
less thsn 300 MeV/c and should stop within the chamber, with
a maximum track length of some 25 c¢cms. Therefore the even
prong w+N events are characterised by at lesst one stopping
proton. The above rule is modified for the particular case
of two - prong events. Here, two identifisble protons are
required, and in addition, at least one must be observed to
stop. The final category, corresponding to the strange psert-
icle productions are identified by the associsted v° and
hence 211 VO events are recorded. In sll csses, the off-
beam events were excluded and the accepted events restrickd to
the fiducial volume illustrated in FIG. 3.2,

To summarise therefore, the scsnning rules were as
follows:~

(a)  All events with a V°

(b)  All odd pronged events

(¢) All even prongs ( >2) with at least one sssocisted

stopping proton.
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and (d) Two prong events with two identifisble protons,
one of which must be observed to stop.

In addition, kinks, secondary scatters sand Dslitz pasirs were

recorded, and at intervals of every 50 frames a beam count

wass made for both the first end second pulses. The number

of events selected by the procedure corresponded to approx-

imately 1 event every 2 {rames.

(b). SCANNING LOSES

A small number of frames were considered unmessursable
either ss s result of fogging or from excessive scratching
on the film. In addition there are losses of events through
imperfect scanning efficiencies, or from events undetected
by the chamber. By re-scanning several of the rolls, the
scanning efficiency was found to be of the order of 95% with
an even spread over all topologies. The most common omissions
were the smsll spectator proton stubs, effectively hidden by
other secondaries, or produced at steep ezngles in the chamber.
This loss however, is not thought criticsl since these events
will be reduced to odd prongs and consequently treated as
missing spectator events. As a2 result the majority of the
lost information is regained. An additional loss to the miss-~
ing spectator events arises from events in which the 4 - momentum
transfer to the target nucleon is so small that both the inter-
action and spectator protons will be unobservsble. This loss
however, as discussed in the previous chapter is effectively
included in the correction for the Pauli exclusion principle,
since the vast msjority of these events will lie in the ¢ -
interval dominated by this effect. In conclusion therefore,

the scanning losses are considered negligible.
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3.2 THE CROS3 STCTION TWVALUATTON

As mentioned in the previous section, initially all
events were scanned for, and from a sample of some 38,750
frames the nuumber of events found was 85,067, A breskdown
of the events into prong sigzes is shown in table 3.1, slong
with the corresponding cross sections.

The totsl cross section is calculated from the expression

0'=(d%)-l

where n is the number of intersction centres /c.c. , and A
the mean free path between intersctionse. When expanded in
terms of the total length of beam track, L, for all interactions

it becomes,

C=1TN d
(o)

where N is the total number of interactions, A, the atomic

weight for deuterium, No avogadros number, and d the density
of liquid deuterium. Since the distribution of interaction
points is effectively linear throughout the fiducial volume,

the total length of beam track L, is given by
1= 10,3 £ -(Lf) /2

where Lf is the length of the fiducisl volume scanned (= 107 cm),
N' the total number of frames, n the number of events, and

10.3 the average number of beam tracks per frame. Allowing
therefore for a 5% beam contamination, the above sample of
scamed events yields a total 4D cross section of 50.4 * h mb,
which is in good sgreement with the value of 56 ¥ 1 wb obtsined

from counter experiments, (Ref. 3.1). The microbern equiv-

alent for the total experiment was calculated by assuming the



TABLE 3.1

THE TOPOLOGICAL CROSS SECTIONS

PRONG THE NUMBERS CROSS SECTION

SIZE OF EVENTS mb
1 8776 5.21

2 30834 18.32

3 14574 8.66

4 24197 14,37

5 3109 1.85

6 3143 1.87

7 118 0.07

93 0.06

9 2 0.001
ALL 84846 1 50.4
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counter experiment value of 56 Zlmb. This yielded a valuc

of 0.066 ¥ 0,007 ub/event.

3.3 THE MZASURNRITTNT OF THE EVENTS

The measurement of the film wss undertaken in two stages.
Firstly each event was pre~digitised to s point sccuracy of
some 25, on the table. At Durhsm, 4 image plane digitisers
were used, and the sequence of measurements for each event
were: -

(s} The primary vertex

(b) The bezm track

(¢c) Two fiducisl crosses

(d) Any secondary vertex

(e) The tracks sssociated with the secondary vertex

(f) The tracks sssocisted with the primary vertex

(g) Two more fiducial crosses
asnd (h) The primsry vertex agsin,.

This was repeated for each view, and in all cases two points
per track were taken. This information was then passed on

to the measuring device.

(a) THE R.H.E.L. HPDl AUTOMATIC MEASURING MACHINE

This mechine uses the flying spot technique, whereby a
light spot of some 10y dismeter scans across and along the
film in the region specified by the pre-digitising, and by
simultaneously focussing on a digitising grating records the
x and y coordinates of the tracks. The spacing of the scan
lines on the film is of the order of 90, and tte typical K..i.S.

error for a track so messured is in the region of 2 to 3, on
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the film. Tre mein advantage of this device is its speed
of measurement, whereby it cen handle some 100 events per
hour compzsred to only some 3 per hour on s conventionsl
machine. In addition tﬂe machine measures the relative
bubble density of sll the tracks in an event. Utilizetion
of this informetion reduces the necessity for humsn inter-
vention, whereby certain events heve to be returned to the
scanning t=tle to estimate track ionisation 2nd thereby
resolve certain smbiguities in the final fits. After the
EPD hgs digitised the tracks the results sre converted into
master points, and on average one master point is produced
every 2.5 cms. of track in resl space. A typical error on
such s point is 30y in the x - y plasne and 300, in the z

directione.

(b) THE MEASUREMENT ERRORS

At incident pion moments of A4 GeV/c, the typicsl momentum
for s secondary is in the region of 1 GeV/c, with a track
length of some 50 cms. in the chamber. From the previous
section this implies that some 20 master points will be
produced for most of the tracks. In addition, since the
tracks are meinly produced in the x - y plsne a typicsal
error on the location of these points will be of the order
of 50 . If we consider just 3 of these points ss illustrated
in FIG. 3.3, the relstive error on the track momentum is

given by,
1
(%LE) . (132 0P
P/ veas. 3.75 x 107 1%
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By substituting in this expression with values of ¢ = 50u
P=1.0GeV/e, L = 50 cms. and H = 17.5 K gouss, the resulting
error is 0.4%. This obviously represents an upper limit
since the accuracy will be improved considerably by using all
20 points as opposed to just 3. Compsring this error with
the 1% multiple scattering error mentioned in the previous
chapter it is evident that the precision is restriclkd mainly

by tthe coulomb errors rather than the messurement errors.

3.4 THE RECONSTRUCTION OF THE EVENTS

This is achieved by using the Rutherford Laboratory
3 - dimensional reconstruction programme GEOMETRY, (Ref.3.2).
After allowing for optical distortions snd film stretch, the
mester point film coordinates are used to reconstruct the event,
end thereby calculate the vertex positions and centre of track
momenta. In addition, the corresponding ezimuthal angles,
dip angles and associated errors are.calculated. The magni-
tude of the errors in terms of a percentage are illustrated in
FIGs 3.4 and represent the totsl error estimstes after includ-
ing 811 the sbove mentioned effects. The results shown corres-
pond to 8 4  secondary snd the seen spectator protons from

the resaction

oD - Ps P P

Apart from the spectator proton, the results for the T are

typical for 3ll the me2sured secondasries from both the Lc and

lc chgnnels i.e.

(QTP))” 1.5% . (?\'A)" 0-5% and (Af)' 0.1%
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The relative errors for the dip engles ( 7 ) are larger than
for the azimuthal angles ( £ ) since the measurerent errors

in the z - direction are larger than in the x - y plene.

The results for the spectator protons are different becsuse

of the shorter track lengths svsilsble for measurement. As
illustrated in FIG. 3.4 the sngulsr errors are greater, ond

in addition, the relstive error on the centre of track momentum
exhibits a8 double structure. The two pesks result from the
fact that a large number of the spectators are observed to
stop in thke chamber, Hence for this psrticular class of
events the track moments can be estimeted from the range, which
for short tracks results in smaller errors than the curvature

measurementse.

3.5 THE KINEMATIC FITTTING OF THE EVENTS

After reconstruction, the events are fitted to a series
of hypotheses. This was achieved by using the Rutherford
Laboratory KINEMATICS progrsmme, (Ref. 3.3). Each hypothesis
is tested by demanding conservation of energy and momentum as
described by the following equations, and in each case a 2

probability for the fit is calculated.

S Px = % (Pi cos 7\i cos ﬂfi) - P cos Acos B > 0

2 Py= 3 (P:.L cos Ny sin 'éi) - P coshsin § + 0

Zpz= % (Pi sin%i)-Psiny\ - 0
1 1

SE =5 (B%2+n - (P4 ) > O

where the summation is over the outgoing particles
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If there are no neutral particles in the final state, sll
four constrsint equations can be used ond hence the fits
are termed 4 - constraint, (Lec), fits. With s neutral part-
icle of known msss missing however, the 3 momentum egustions
have to be used to solve for P, N and £ rfor the missing
particle, leaving the energy equation as the only constraint.
This results in the so called lc fits. The fits to the
channel

7 - pg PTIO
are lc fits, and the relative error on the momentum, dip,
and azimuthal angles for the fitted 4, &nd unseen spectator
protons sre illustrated in FIG. 3.5. As expected, these are
considersbly larger than the corresponding errors on the seen
tracks which have relative errors of s similar magnitude to
those shown at the recnnstruction stage in FIG. 3.4. If
all the megsured variables were known exactly, the above
constraints would be sufficient to restrict only one accept-
able hypothesis to each event. In practice however, the
limited experimental accuracy ensbles several hypotheses to
fit each event, and therefore & process for deciding which

fit is most likely to be correct has to be devised.

3.6 IONTSATION TESTS

The number of hypotheses fitting each event can be
reduced by making ionisation tests on the secondary tracks.
If the calculated ionisation for a treck of a given hypothesis
differs by more than 2 pre - determined amount from that
measured, the hypothesis is rejected. The me jority of these

tests sre handled internally by the programme JUDGE, (Ref.3.4),
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snd only some 5% require humsn intervention by returning
them to the scanning t able and estimeting the ionisation

by eye.

3.7 THE AMBIGUITIES

After the sbove processing o data summary tape of the
accepted events was made. The number of events which gzve
a fit to the A4c channel
' 7ty ~Pg P
was 32,417, and the number fitting the lc channel
7}"D ..>PsP77j"rr-77°
was 58,8901. However, as mentioned sbove, many of these fits
are ambiguous, since the same events also provide fits to
other channels. An indication of the types of smbiguities
for these chennels is given in table 3.2, The results
illustrate that the events with unseen spectator protons and 7°%,
provide more ambiguities. This effect arises from the fact
that the extra missing information makes the constraints to
the fit less rigorous, thereby allowing more hypotheses to
be fitted.
From the ambiguity table it can be seen that there is
8 lsrge number of proton besm fits. For the well constrained
Le fits to the channel
7D - PsPuT P ¢ D)
some 48% are ambiguous with the Lc proton besm hypothesis
PD= PPPT  sieeeeceae(?)
Since however, as calculated in section 2.2, the estimeted
proton beam contsminetion was found to be only 4 % 3% it

wgs decided to disregard the proton beam fits. Additionsal
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confirmatinn that the proton besm fits are erroneous is

¢] 0

tke observed strong p and f signals seen in the 4+ 4~

effective mass combin=tion for resction (1), confirming thst
this hypothesis represents the true fite The o @~  mass
spectrum for the proton besm ambiguous events with x? prob-
sbility 5 0.5 is illustrated in FIG. 3.6, end from this it

is evident that the proton beam contemination is consistent

with the 4 % 3% level previously estimsted.

The remsining smbiguities were resolved by the following
procedure, Fgke calculations indicate that a fit to a A4¢
hypothesis should alwsys be tasken in preference to a lc hypo-
thesis. The basis of this selection asrises from the fact
that the generated lc events rarely provide acceptable Le fits
unless the errors on the messured tracks are mede unduly large.
Since this experiment has relatively small meassurement errors,
the above selection procedure wss adopted.

It should be noted however, that the reverse case of a
true Lc event rarely provicding s fit to & lc channel is not
correct. As mentioned in more detsil in chapter 5 it has
been found that from a sample of 10,000 genersted L4c events of
the type

oty opp -
6% provide unsmbiguous fits to the lc channel
7D~ Ps P 7 ®
This hss importsnt consequences, since not only will events
be lost from resction (1), but they will also contribute

towards reaction (2) in the form of good unambiguous/events.
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(s) THE STLECTION OF THR CHAWNCL 7D - Ps Par'yw® '

The smbiguities for this channel are shown in table 3.2.
Since this hypothesis corresponds to a lc fit, the Lc ambig-
uities w%re always taken in preference. Hence the only
relevant ambiguities are the other lc hypotheses fitting the
event. These ambiguities were resolved by slways accepting
the fits with the greatest 2 probabilities. The danger here
is that the true fits to the events may be rejected in favour
of a spuriously better fitting hypothesis. That this is
not importsnt can be seen in FIG. 3.7, where the 1Pﬁfhp
effective mass distribution is shown for the accepted and
rejected events. Since the dominant festure of the w° prod-
uction seen in the accepted events is not observed in the
rejected events there is evidently no serious loss of genuine
events.

An indication of the purity of the final sample is given
by the )? probability and missing mess squared distributions.
For a pure sample the X? probability should be evenly distri-
buted between zero snd 1.0, and the missing mass squared
distribution symmetric about the #° mass squsred. In
practice however, an excess of events was found at low x2
probabilities and large missing mass squared values. The
most probable source of these events is NOFITS, i.e.events
with more than one missing neutral, Hence the following X2
probgbility cuts were made, the accepted events corresponding to

x2 probability > 0,06 for unseen spectator proton events
and 42 probability 5 0.02 for secn spectator proton events.

These correspond to approximately a two standard deviation
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cut on the missing mass squared distribution, i.e.

2 2 5
IE - 2 A ML ¢ pa® for M 5 poO

2

end af v 2 o 100 5 mgo” for M¥P¢ g

thereby effectively removing the excess of events at large
MM2 values. After the sbove selection, the finsl sasmple for
analysis was Ll,341 events. The corresponding MM?, missing
energy, missing moentum and x2 probsbility distributions
for the seen and unseen spectator proton events are shown in
FIG. 3.8.

In the selection of the above channel it must be remembered
that the selection criteris sre not absolutely efficient and
although any breaskthrough of wrongly assigned events is

obviously greatly reduced, a certsin number will nevertheless

remain in the finsal sample.

3.8 THE RESOLUTION IN 3ASS AND THE SQUARE OF THE
L -~ MOMUNTUIL TRANSFER

When snalysing structure in msss spectra or 4 - momentum
transfer squared distributions it is essentisl to know the

experimental resolution.

(a) THE MASS RESCLUTION

A knowledge of the mass resolution is of particulsr
importance when perameterising narrow resonance signals

such as the wo

and n resonances. As discussed in chapters

L and 7, the observed experimental widths and shapes of these
resonances are highly dependent on the shape of the resolution
function. This is particularly true for the n resonasnce since

its narrow width of some 3 KeV implies thet the resolution
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function slone is sufficient to describe the experimenﬁélly
observed shape of this resonance.

The shape of the resolution function is that resulting
from the|superposition of gsussisns corresponding to the
distribuFion of errors on the effective mass. Depending
on the form of this distribution the final shape of the
resolution function can vary considerably, ranging from gsussisn
to gpproximately Breit 7igner in mass squsred. Hence to
detérmine the parameterisstion best suited to the resolution
function, it is firstly necessary to determine the form of
the distribution of the errors on the effective mass.

The error on the effective mass was determined by express-
ing the effective mass of the system of psrticles in terms of
the fitted momentum, azimuthal and dip angles of the finasl
state particles. The error on the effective mass is then
given by:=-

o\ o \- 2\2
QM= 2 oM- 2 M
AM=32~M [ 5 (api) dp;™ + c»\) dAg" + gZT ‘Mi

. i i
i=1,n

where the numbers 1 to n represent the final state particles
contributing to the effective mass M, P the momentum, N
the dip sngle snd §, the azimuthal angles of the gssociated
tracks. The values of P, N\ and [ s &nd their sssociated
errors are cslculated in KINEMATICS, The final form and
derivation of the above expression for the psrticular cases
of two perticle and three psrticle msss combinstions sre
shown in Appendix two. The results for the mean error on
the effective msss, plotted as s function of the effective

magss for the ¢t g4~ mass system, for seen and unseen spectator
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proton events in the Lc¢ channel

v+b-+psp7ﬁh’
sre stown in FIG. 3.9. Similerly the results for the P
mass system as calculasted for the lc channel

Do Ps P otna®
are showh in FIG. 3.10. In all cases the error is seen
to increase as a function of the effective mass, and as
expected, the resolution is worse for the lc fits and unseen

spectator proton eventse.

(b) TERE RESOLUTION IN THE L -~ MOMENTUM TRANSFER SRUARED

Plots of the 4L - momentum transfer squared.t , and the
density matrix elements as a function of . contain inform-
stion concerning the nsature of the exchange mechsnisms in sn
intersction. In particulsr Regge theory predicts structure
at certsin values of t , snd hence it is essentisl to know
the experimental resolution in this varisble.

The derivation for the expression for the error on the
L, - momentum transfer squared between the target d euteron and
the interaction proton is shown in Appendix two. Essentially
it is expressed in terms of the fitted vslues for P, A and £
for the spectator and fast protons, and the error in t cal-

culated from the éxpression

2 2
At= | 3 (-‘?3) a2+ (YT g0 2 4f 2\2 442
=1, \9P i N 5%1 i

the variables used being the same as those used in the

1

o}

expression for 4l shown stove. The results for the sbove
mentioned Le and lc channels for both seen and unseen spec-

tator protons are shown in FIG. 3.1l snd 3.12. For the ke
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channel the mean error in t is plotted as a function of t

in the p°-meson region 0.71 » 0.81 (GeV/cZ), whereas for

the 1lc channel the same plot is shown for the w° meson region
0.76 + 0.81 (GeV/cZ). The magnitude of these errors essen-
tially se%s a limit to the minimum size of the t-intervals
used in the determination of the variation of the differential
cross section or spin density matrix elements as a function of
t. In this analysis however, as described in chapter 6, the
minimum size for the t intervals was decided by demanding
sufficient statistics in each region to minimize the generation
of apparent structure by statistical fluctuations, and in all

cases the t-intervals were found to be well in excess of the

~above limit set by the t resolution.

The results for both the mass and t resolutions are only an
indication of the magnitude of the errors, since they represent
the mean values in any given mass or t-interval. In addition
it must be remembered thaqt the values of P, A and ¢ used in
the above expression are the fitted values, and hence correla-
tions may exist between the variables, whereas the above

expressions assume no correlations.
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CHAPTER FOUR

THE DETERMINATION OF THE TOTAL AND DIFFERENTIAL

CROSS SECTIONS FOR THE PRODUCTION OF ¢°-MESONS

INTRODUCTTION

The wo-meson, first discovered in 1961, has been observed
in numerous resctions, and consequently hss become a well
defined and accurately parameterised resonance. The world
averages for its central mass, width, quantum numbers and
decsgy modes, as summarised by the Review of Particle Properties
of April, 1974, (Ref. L.l), sre shown in table L.l. Although
well defined in these respects, considersble controversy exists
over the interpretation of its production mechanism.

For & -mesons produced in the forwsrd direction in the TW-N
centre of mass system, conservation of isospin and G - parity
restrict the possible low lying exchange particles to the p
and the B-mesons. In the esrlier theoreticsl interpretations
(refs 4.2), the production process was assumed to result entirely
from the exchange of the p -meson, the more massive exchanges
being considered negligible. Hence the p - Regge Pole exchange
model, (see Appendix 3), was expected to be in good agreement
with the experimental data. In practice however, the sgreement
was found to be very poor. Both the predicted behsaviour of
the spin density matrix elements and the expected minimum in
the differentisl cross section at t~0:6 (GeV/cz)%were found
to be in complete disagreement with the experimentsl dsts.

The failure of this approach indicstes the following



TABLE L.l

t

PROPERTIR®S OF THE @° - MESON
-4

G 4P cy DECAY MODES %

o~ 1~ - T o= 7° 90 + 0.6
n 2 b + -
MASS (MeV/c*<) T 1.3 + 0.3
782.7 t 0.6 7°) 8.7 + 0.5
FULL WIDTH

(MeV/c?) et e-

10,0 T 0.4

0.0076 + 0.0017




possibilities:-
either (2) the Regge Pole model is incorrect,
or (b) the contributions from the more massive exchanges
such as the p’ and B-mesons are larger than
expected,
and/or (c¢) the predicted festures of the data are obscured
by the effects of background. ,
Since the predictions for the Regge Pole model for many other
reactions are in good agreement with experiment, the lesst
favourable aslternative is that this resction should indicate
the direct failure of the model, and indeed, before such a
conclusion can be made the slternative explanations mentioned
in points (b) and (c¢) have first to be investigsted in detail.
Hence the aim of this snalysis, and of meny earlier analyses,
(Ref. 4.3), is to determine the spin density matrix elements
sand differential cross section for the w®-mesons, and examine
them to determine the contributions from the more massive
exchanges. In sddition it is intended in this analysis to
moke a detailed investigation of the background and thereby
determine the validity of point (c¢), snd examine how the back-
ground effects may influence the conclusions concerning either

points (a) or (b).

L.l THE SELECTION OF THE EVENTS

The events snalysed are those resulting from the strong
decsy mode of the «P-meson into the #* #~ and 7° - mesons,
as seen in the lc channel

" D - PgP atmwO
The selection of this channel has already been discussed in

crtapter 3, the tripion mass spectrs corresponding to the
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accepted and rejected events being illustrated in FIG. 3.7.
As pointed out in the previous chapter the accepted sample
contains two distinct groups of events, namely those with
seen and unseen spectator protons. In many csses in previous
analyses, the lack of statistics has required that these two
subsets be anslysed as one, the assumption being made that
neither group is in sny way biased, and that their production
mechanisms are identical. Although for the majority of the
events the sbove assumption is valid, it must be remembered
that st low | - transfersfrom the primsry to the tripion mass
system, the Psuli exclusion effects become important, and as
pointed out in chapter 2, the exchange mechanisms resulting
in spin non-flip of the target nucleon will dominate the unseen
spectator proton events in this region. Consequently at low

t - transfers compstibility between the seen and unseen spect-
ator proton events should not be expected. For this reason,
and the additionsal fact thsat the fitting of the unseen spect-
ator proton events is less accurate, it was considered advis-
able to analyse these two samples sepsrately. The correspond-
ing tripion mass spectra for the seen and unseen spectator
proton events are shown in FIG .4.1l, the total number of events
in each sample corresponding to

26,668 unseen spectator proton events
snd 14,673 seen spectator proton events

In both of these plots the wCl-resonance can be clesrly seen,
the above mentioned difference in accuracy between the two
samples being well illustrated by the vastly different widths
of the resonance peaks.

Where possible, the most desirable method for analysing
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the production mechanisms is to divide the sample of events

into distinct groups, each corresponding to s different type

of exchange. The most obvious and easily made division is
between events involving baryon exchange and meson exchange.

The corresponding Feynmsn diagrams for these two processes are
shown in FIG. 4.2, and from these it is evident that baryon
exchange will result in backward going w®-mesons in the T -N
centre of mass system. Prior to this experiment there has
been little or no evidence for the production of wP-mesons via
such g process. However, as illustrated in FIG, h;B, an w°-
signal is clearly visible for both the seen and unseen spectator
proton events with tripion mass combinations produced in the
backward direction in the # - N centre of mass system. The
corresponding mass spectra for the forwardly produced w®-mesons
afe shown in FIG. L.4. For these events, as mentioned in the
previous section, the possible low lying exchanges are restricted
to the p,p’ end the B-mesons, and since in this case no obvious
division exists between the events associated with each individ-
ual exchange, the forwardly produced w®-mesons are analysed as
one groub.

The policy of the colaboration was that Durham University
should snslyse the forward production of w®-mesons and the
Rutherford Laboratory the backward production, (Ref. L.L).

Hence apart from the calculation of the total w®-meson production
cross section the majority of this analysis is concerned entirely

with the forward production of w®-mesons.

4.2 THE TOTAL w®°-MESON PRODUCTION CROSS SECTION

To calculate a meaningful cross section it is essentisl
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to determine the best fit to both the signal and the back-
ground. In the case of @P-meson production, the shape of

the signsl is well defined, the review of psrticle properties
showing it to be represented by a Breit-Wigner of central mass
782.7 £ 0,6 MeV, with » full width [' of 10.0 I 0.4 MeV.
However, from the tripion msss spectrs shown in FIG. 4.1 it
is evident that the width of the w® pesk is considerably larger
than 10 MeV, and in addition is different for seen and unseen
spectator proton events. These incressed vaslues result from
the limited experimental resolution, which as illustrsted in
chapter 3 is different for seen and unseen spectator proton
events., Hence when fitting the signal, the precise form of

the error distribution, or resolution function, has to be

convoluted into the fit.

(2) THE RESOLUTION FUNCTION

It is expected that the distribution of errors on the
square of the tripion mass is gaussisn in identical events,
and that the errors on events with higher or lower tripion
masses, or on events in other parts of the chamber will be
distributed as other gsussisns. Therefore the expected error
distribution, the resolution function, will be the superposition
of many gaussians.

In order to determine the finsl shape of this superposition
it is firstly necessary to determine the frequency with which
each gaussian occurs. In this anslysis this was achieved by
cslculating the error on the tripion mass, as described in
sectinn 3.8. The resulting frequency distributions calculated

for the seen and unseen spectator proton events in the tripion
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mass squered region 0.4 —> 0.8 (GeV/c?)2 are shown in FIG.L.5.
Hence by reconstructing the superposition of gsussians in
accordance with the above frequency distributions, the shapes
of the resolution functions were determined. The results
shown in FIG. 4.6 indicate that the resolution function for
the seen spectator proton events is as predicted narrower than
for the unseen spectstor proton events, thereby confirming
that the different widths for the wC-signals observed in

FIGs L1 are due to the diffefent mass resolutions.

The best fitling gaussian shapes are shown on the resolu-
tion functions, and the results indicste that these fits are
poor. This is becsuse the resolution functions sre nasrrow in
the central regions and broad in the tails. These character-
istics suggest Breit Wigner shapes, and as can be seen in
FIG. 4.6, the Breit Wigner fits are considersbly better.

The details of the fits are shown in table 4.2,

As g result of this anglysis it was decided that in the
fitting of the tripion mass spectra, the resolution functions
were to be parsmeterised ss Breit Wigner shapes in mass squared.
Although the widths of the resolution functions have slready
been determined from the sbove fits it was considered advisable
for the following ressons to allow the width of the resolution
function to be a free parameter in the final fitting of the
tripion mass spectra.

Firstly, as pointed out in section 3.8, the results for
the error on the tripion mass may not be exact, since the
calculations assume the fitted variables to be uncorrelated.
Hence although the genersl shape of the frequency distributions

and resolution functions will be correct, the values for the
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TABLE 4.2

THE FITS TO THE RESOLUTION FUNCTICNS
OVER 4O BINS USING 2 PARAMETERS

GAUSSIAN FITS I res x °
UNSEEN SPECTATOR EVENTS 53,0 691.0
SEEN SPECTATOR EVENTS 26.0 1170

BREIT WIGNER FITS

UNSETN SPECTATOR EVENTS 61.0 523
SEEN SPECTATOR EVENTS 31.0 98.6
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final widths may not be exact.

Secondly, assuming the effects of the correlations to
be negligible, @ comparison of the widths of the resolution
functions resulting from the fits to the tripion mass spectrs
with those shown in table 4.2, provides s useful check on
the validity of the fits.

One finsl point concerning the resolution function is
that in the above discussion the varistion of the resolution
throughout the wP-region of the tripion mass spectrum has been
considered negligible, and only the sverage value over the
fitted region has been considered. The velidity of this
approximation is well illustrsted in FIG. 3.10 in which it is
evident that the error on the tripion mass is a slowly varying
function throughout the w®-region. As additional confirmstion
a8 linear variation in the resolution was included in the earlier
fits, and as predicted the results indicated that this additionsl

parameterisstion was unnecessarye.

(b) THE PARAMETERISATION OF THE BACKGROUND

From the tripion mass spectra shown in FIG. 4.1, it is
evident that the psrameterisation of the background is likely
to consist of a smoothly varying low order polynomial. To
confirm this assumption, the background was initially over -
parameterised and represented by a polynomial in mass squared

of the form

N=s (M?)b +c (M) 4+ e

thereby allowing the fit to assume s large variety of possible

shspes for the background. The results of such a fit sre
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shown in FIG, 4.7, snd from this it is evident that the
chosen background is essentially linear in mass souared.

Hence the redundant parameters were removed and the background
paremeterisastion repiaced by the linear fornm,

N=aga (M) +b

(c) THE _PARAMETRRISATION OF THE SIGNAL

As mentioned in the introduction to this chapter the
central mess and width of thew® - resonence sre known to o
high degree of accurscy. Consequeatly these auantities were
made pseudo parameters of the fit and confined to the range
defined by the perticle table wvalues shown in table L.l.

The form of the Breit Wigner used is as shown below:-

N(M) = M% X T
(MR-MR)2 + (M1 )2

where 1 3
T =2M2 To 9 y Q= 1 (M;9mﬂ'2)% and
Qo 3

Qo= 3 (M - Omar?)d

The expression is in terms of mass squared (M), with My refering
to the central mass squsred snd T'o to the full width in terms
of mass. The motivation for choosing g P - wave Breit Wigner
is that the w° ~ meson has a spin of 1 and hence the resonance
shape should be slightly asymmetric. The narrow width of

the resonsnce however, renders the effects of such a refinement
to be minimal and infact the use of s symmetric Breit Wigner
shape yields almost identical results. The value of Q in the
above exoression, which by definition is the momentum of one

of the decay products in the rest system of the resonsnce,

was evaluated for the psrticulsr case where the momenta of

the 3 pions in the w© rest system are equal. Although an
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approximation, this was considered the most accurate estimate,
since it corresponds to the centre of the Dalitz plot and

hence to the most probable configuration, (see chapter 5).

() THE CONVOLUTION OF THE BREIT IGNER AND RESOLUT ION
FUNCT TON

!

With zero measurement and fitting errors, the w©® signal
could be displayed in discrete intervsls of mass and paramet-
erised by the w©-Breit Wigner function slone. The introd-
ucﬁion of errors however, effectively re-distributes the
events in esch discrete mass interval, in accordance with
the shape of the resolution function. Consequently some of
the events initislly assigned to a given mass interval will
be re-~distributed into the neighbouring regions, and the final
shape resulting from this will be the experimentslly observed
distribution. This in essence is how the Breit Wigner and
resolution functions were convoluted together, and the results
of such a fit are described below,

(e) THE RESULTS OF THE FITS TO THE w©-REGION OF THE
TRIPION MASS SPECTRUM

The results of the fits to the tripion mass spectrs
corresponding to the production of w®- mesons in the fowward
and backward direction in the 7 - N centre of mass system are
shown in FIG. 4.8 and table 4.3, the events associated with
seen and unseen spectator protons being fitted separately.

In all cases, the fits were made as a function of mass squared,
over the tripion mass sqguared region 0.4 — 0,8 (GeV/cz)z,

the signsl being represented by s P-wave Breit Wigner, the
resolution function as an s - wave Breit Wigner, asnd the

background as a straight line, in accordance with sections (a)
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to (c) above. From the results shown in table 4.3 it is
evident that the fitted widths for the resolution functions
are in excellent sgreement with those determined from the
errors calculated in the KINEMATICS progrsmme. The results
for the various cross sections sre summArised in table 4.4,
the conversion of the number of events into cross sections

being achieved by use of the microbarn equivalent calculated

in section 3.2,

(f)  CORRRCTIONS

Corrections are made to the total cross section for the
unseen decay modes described in tsble 4.1, and for the events
re jected by the selection criteria. Additional corrections
are made for events lost as a result of the Psuli exclusion \
effects, described in section 2.4, and for events lost in
scanning.

As discussed in section 3.1, the scanning losses corres-
pond to events in which both the spectator snd recoiling
protons are inviéible in the bubble chamber. Such events
are recorded as 2-prongs and hence omitted from the chennel.
FAKE calculations estimate this loss to correspond to some 2%
of the totsl, assuming that protons are visible at momenta
grester than 100 MeV/c. These losses are mainly restricﬁgd
to the J:-transfer region, measured from the primesry to the
tripion mass system, of less than O,1 (GeV/cz)z, and hence to
the region dominated by the Psuli exclusion effects. There-
fore the inclusion of both the scanning and Pauli corrections
will provide sn absolute upper limit to the losses, since in

many cases an event will be lost for not just one, but both
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TABLE 4.4

PAULT CORRECTTONS

CROSS SECTIONS FOR TOTAL TOT AL
0 SPIN SPIN
w” - PRODUCTION 4 FLIP NON FLIP
ya: /b
THE TOTAL FORWARD
PRODUCTION CROSS
SECTION WHICH
INCLUDES: = 269+ 27 272+ 27 280+ 28
(2} EVENTS WITH
SPECTATOR MOMENT A
> 300 MeV/c 1L 2 1L+ 2 LU %2
(b) EVENTS REJECTED
BY SELECTION
CRITERIA. 17+ 2 17+ 2 17+ 2
(c) SCANNING LOSSES 541 54+ 1 5+1
(d) UNSEEN DECAY
MODES 27 £ 3 27+ 3 27 + 3
THE TOTAL BACK'WARD
PRODUCTION CROSS SEC-
TION x4 34t L 3hth
THE TOTAL CROSS SEC-
TION 303+ 30 306+ 31 314 + 31
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of the sbove ressons. The estimsted losses due to the
Pauli exclusion effect correspond to 1% and L% for the
occurence of total spin flip and total spin non-flip of
the recoiling proton respectively.

(z) THE COMPARISON OF THE PRODUCTION CROSS SECTION WITH
THE RESULTS FROM PREVIOUS EXPIRIMENTS

A survey of the results for the w® - production cross
sections calculated in previous experiments is shown in
table L.5. The table includes a description of the fits
made to the various signals and the corrections incorporsted
into the final results. The plot of these production cross
sections as a function of the primsry momentum in the labor-
atory system is illustrasted in FIG. L.9. The line drawn
represents the result, o o« PO
where n is in the region of 2.5 , and P is the primary momentum,
and ss can be seen the experimental dasta is in good agreement
with this relstionship. The deviations that do exist may
well result from the different corrections applied to the
results and in particular to the variety of psrsmeterisations
used for the signal and background. The latter problem is
well illustrated by the large range of answers resulting from
the fits to the forwsrdly produced w®-meson events from this
experiment, with unseen spectator protons.

Using the veriety of parasmeterisstions shown in tsble
Le6, on the data of this experiment the expected smounts of
wO-signal vary by as much as 800 events, equivalent to some
LO7 of the total estimated w°-signal. Consequently great

caution must be exercised in the type of parameterisation
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TABLE 4.6

FIT TO TEE SIGNAL | FIT TO SIGNAL|{BACK - | No. | %
B ACKGROUND GROUND | BINS

GAUSSIAN (M) P 1527 1223 |25 |[30.2

GAUSSTIAN (M) P 1551 1176 |20 |22.7

BREIT WIGNER (M) P 2247 503 |25 |17.6

BREIT WIGNZR (M) P 2325 L02 |20 |12.0

CONVOLUTION OF

BREIT WIGNER AND

RESOLUTION FUNCTION L 199L 733 |20 |33.1

THE KEY IS THE SAME AS IN TABLE 4.5
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chosen., In this analysié, the choice of parameterisation
was decided by accepting the fit believed to contain the

most physical significsnce, the choice of perhaps a spur-
iously better fitting pArsmeterisstion, simply on the grounds

of it having s smaller;c?

, being considered unacceptable.

On this basis, the results from the parameterisation described
in the previous section, comprising the convolution of the
Breit Wigner and resolution function in mass squared were
taken in preference to those resulting from the other fits
described in table 4.6. In asddition the results of this

it are also found to be in better agreement with the signal

to background ratio calculated independently from the w®

Dalitz plot snalysis described in chapter 5.

()
L.3 THE DETERMINATION OF THE DIFFERENTTIAL CROSS SECTION (dx)

In the determingtion of the differentisl cross section
for the forward production of wo-me§ons in thew -N centre of
mass system, the events produced in association with spectator
protons with momenta in excess of 300 MeV/c have been excluded.
The number of these events is expected to be small from the
Hulthen distribution, and it is considered that these events
may have been involved in a final state interaction which
would distort the X distribution.

As in most conventional analyses, the differential cross
section (%&) was firstly determined for s nsrrow mess
region centred on the w®-mass. The results for (%%) as s
function of the h-momentum transfer squared S , measured from

the primsry to the tripion mass system for both the seen and

unseen spectstor proton events are shown in FIG. 4.10, all
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events being restricted to the tripion msss range 0.76 —0.61
(GeV/c?). For values of Jt in excess of 0.1 (GeV/c?)?, the
distributions show no significant structure snd are both well
fitted by exponential functions e?ajrwhere a=29% 0.8
and 2.5 = 0.6 for the seen and unseen spectator proton events
respectively. Inset in these disgrams sre the varistions

of (%&_:) for small vslues of J‘I s Where J'I = b = duw
These indicate that the observed dips at low £ sre still
present as ij-> 0.0 in both ﬁhe seen and unseen spectator
proton events, thereby confirming that this effect does not
result from the kinemstical cut off at \X'=~lnm.

In addition the dip structure has been examined to
determine whether it results from technical features of the
data. The maximum corrections for the scanning losses and
Psuli exclusion effects are drawn on the plots, and as can
be seen, although much reduced, there is still some indication
of & dip at low k.

In the above plots no corrections have been made for the
effects of background, and it has yet to be shown that the
expected minimum st J ~ 0.6 (GeV/cz)2 resulting from the

,0 Regge Pole exchange is not obscugfed by the background
events. In addition the effects of the background on the
observed dip st low J hsve also to be determined. To
minimize the effect of background only a narrow region of

mass in the central «° - region hss been used. Consequently

many events in the tails of the w© - distribution have been

rejected. These restrictions can be obviated by extracting
i

the amount of w® - signal snd background in each .}-interVal.

This is achieved in precisely the same way as in the previous
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section for the determination of the total w® - production
cross section. The tripion mass spectrum of the events in

a given ~f{~ intervsl is fitted with a Breit Wigner convoluted
with a resolution function and a linear background. In this
way, events in a given Ji-interval are divided into w®-signal
and background. The differentisl cross sections '(%fi)

for the seen snd unseen spectator proton events corresponding
to the w®-signal and background for the fitted msss squsred
region O.4 —> 0.8 (GeV/c2)2 are shown in FIG. L4.1l.

Although the use of s linear paremeterisation for the
background under the w®-signsl was found to be valid in the
determination of the totsl w®-meson production cross section,
such a psrasmeterisation may not be correct for all &iintervals.
Hence as a check, fits to esch ,}iregion were also made using
the polynomial background parameterisation described esrlier,
and in s8ll cases the results were found to be in excellent
agreement with those shown in FIG. 4.11. In addition, to
improve the availgble statistics for the fits, the samples
containing the seen and unseen spectator proton events were
combined. Although the widths of the resolution functions
are different for these two classes of events the use of g
Breit Wigner resolution function is still vslid, since the
sum of two Breit Wigners slso approximstes to a Breit Wigner.
The results sre summerised in table 4.7, and as can be seen
the results for the seen and unseen spectator proton events
fitted both separately and together, are in good sgreement.

From the results shown in FIG, 4.ll it csn be concluded
that there is no evidence for a2 minimum in the differentisl

[
cross section st & ~ 0.6 (GeV/cz)z. The distributions for
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both the seen and unseen spectator proton events exhibit a
smooth i/- dependence for \kl> 0.3, with exponents of

2.8 0.8 ond 3.8 X 0.6 respectively. The main feature

of the results is the contrast in behaviour between the
differentisl cross sections st low Jﬁ-values for the w® -
signal and background, which is manifest gs a strong dip

for the W’ - signal and an sbsence of a dip for the background.
This feature is present for both the seen and unseen spectator
proton events. The errors quoted are statistical errors
only snd do not include the precision with which the fitting
programme seperates the signsl and background. The tripion
mass spectra for the seen and unseen spectator proton events
asre shown in FIG. 4.12, in X< intervels of 0.1 (GeV/cz)2
from 0.0 to 1.0 (GeV/cz)z, and a comparison of the background
under the w® for the first two J- intervels confirms the
absence of any dip in the background as J;-a-0.0. As
illustrated in FIG. L4.ll1l however, the differentisl cross
section for the background under the w© - signal for the
unseen spectator proton events indicates not only the absence
of s dip in this region, but also suggests an upward trend.
It might be argued therefore that the dip in the Jj distribu-
tion ss & — 0.0 for the w® - signsl is simply a downward
fluctuation produced directly by the upward fluctustion of
the background.

To put this into perspective the .f{- distributions sare
also shown in FIG. L4.13 for the higher mass regions neighbour-
ing thot of the w®, (below the WO mass there is very little
background). The distributions are shown separately for

events corresponding to the first and second exposures. Such
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8 division of the data wes considered necessary becsuse

of the observed differences in the tripion mass spectra

for X< 0,05 (GeV/c?)2 for the unseen spectator proton
events. The differences are well illustreted in FIG.L4.1lh

in which it is evident &hat that the strong 1.0 (GeV/cz)

peak observed in the lst exposure is not apparent in the

2nd exposure. From FIG. 4L.13 it can be seen that the
distributions in the higher mass regions can in the same way

as -the background under the w® - signsl be described by the

sum of two exponential distributions, the shallower distribu-
tion having s slope of ¥ 2.4 and the steeper one a slope of~ 6.0.
Lines of these slopes are draswn on sll the plots and the results
indicate that the upward turn in the differentisl cross section
for the background under the w° - region is resl, and hence
that the observed dip in FIG, 4.1l as \}ﬁ—é 0.0 is sssociated

entirely with the wo - signsl,

(a) A SUMMARY OF THE RESULTS

After making corrections for the Pauli exclusion effect,
scanning losses, and the effects of the background it csan be
concluded that the differentisl cross section (df)Q¢7 for
the forward production of w® - mesons in the T ~N centre
of mass system dips as J/—# 0.0, pesks at ~*lhlo.25 (GeV/c2)2
and exhibits a smooth exponential f£all off for J' > 0.3(GeV/c?)?
with an exponent of 3.5 z 0.5, there being no evidence for
any structure at~}cv(L6 (GeV/c?)2, In addition it is
evident that the behaviour of the background is not the same
as for the w® - signsl. It apnears to be constructed from

events sssociated with two different production processes,
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one characterised by a slope of ~ 2.4 and the other by s
slope of ~ 4.0, their net effect tending to obscure the

7
presence of a dip at low 4 values for the w® - signal.



CHAPTFR FIVE

AN INVESTIGATION OF THE NATURT OF THE BACKGRCUND ASSQOCIATED
0

WITH THE w” - RTUGION OF THE TRIPION MASS SPECTRUM

INTRODUCTION

The results of the previous chapter suggested the
presence of at least two different contributions to the
background in the w® - region of the tripion mass spectrum.
In this chapter the nasture 5f this beckground is snalysed in
detsil. In particular the contributions to the(uo - region

and the H and Al regions of the spectrum sre discussed.

5.1 THE SOURCES OF THE BACKGROUND

Of particular importance is the nature of the background
whose t distribution has an exponent of ~ L, since it is this
which tends to obscure the presence of a dip at low t in the
w? - differentisl cross section. An estimate of the number
of events characterised by this exponent can be found by
summing the excess of events sbove the shgllow line drawn in
FIG. 4.13, It will only correspond to an estimate since the
true behaviour of either of these backgrounds is unknown at
low t. Indeed, either may dip or rise here rather than
conform to the behaviour indicated by the strasight lines.

The results of summing these events ss s function of the
tripion mass svectrum for the 1lst snd 2nd exposure seen and
unseen spectator proton events are shown in FIG. 5.1, along

with the totsl estimsted number of eventse. The results
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indicate that these events sre associated witl 2 broad
enhancement in the 1.0 GeV/c2 region of the tripion mass
spectrum, and in particular to the low t region of the lst
exposure events with unseen spectator protons. The presence
of this feature is clesrly seen in the tripion mass spectrs
shown En FIG. Leli

The different results in the low t' - region for the two
exposures indicates a tec}nicnl fault in one or other of the
samples. It is not clesr whether the technical fault has
resulted in the removal of the 1.0 GeV/c® enhancement from
the 2nd exposure events, or resulted in its inclusion in the
lst exposure events.

If the assumption were to be made that the results for
the seen gnd unseen spectator proton events should be consis-
tent, the lst exposure events would be assumed to be dominated
by the technicsl fasult, since the 1.0 GeV/c2 enhancement is
mainly associzted with the unseen spectator proton events in
this sample. However, as illustrated in section 2.4, the
effects of the Pauli exclusion principle mske the latter
assumption uncertain. Indeed, for s production process
resulting in spin non-flip of the recoiling proton, the events
are expected to populate the unseen spectztor proton events
preferentislly. Consequently the comparison of the seen
and unseen spectstor proton events cannot be used to identify

the presence of s technical fault,.

5e2 A DISCUSSTON OF THE ORIGTINS OF THE WNHANCE!ENT IN
THE 1,0 GeV/c? REGION OF THE TRIPION MASS SPECTRUM

The above problem can be resolved by examining the nature
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of the 1.0 GeV/c2 enhrncenent and determining whether it is
a genuine feature of the tripion mass spectrum.

The dipion mass combingtions for the unseen spectator
proton events confined to the tripion msss interval 0.95 -
1.05 G,'IeV/c2 and to the t - region < 0.1 (GeV/c?)? are shown
in FIG. 52, and the results clevrly illustrate that the
1.0 GeV/c? enhancement is associsted with a strong;?— signal.
There is little or no evidence for any p~ production, and only
a slight indication of p* production. This observation
implies that the 1.0 GeV/c2 enhancement is unlikely to be s
resonance since a resonence decaying vis p© 7° will elso
contribute equally to the p* 7~ and p~ 7" modes. It
could be argued however that a technicsl fault in the data
might tend to obscure the presence of the p* and p~ signsls,

eg.. by insccurate fitting of the ar ©

secondaries,
Consequently the possibility of the 1.0 GeV/c2 enhancement
corresponding to s resonance cannot be disregsrded.

From the Review of Particle properties 197, (Ref. 4.l1),
the listed resonsnces sssociated with p°® - decays in and
sround the 1.0 GeV/c2 region of the tripion mass spectrum
are 8s shown below:-

7 (958), H (990), & (1019)
the existence of the H -~ meson being in some doubt. In the

following sections, however, it will be seen that none of these

is able to account for the 1.0 GeV/c2 enhsncement.

(a) The n’ (958)

Some 27% of the 5’ decays proceed via the mode p© §

and since the kinematical fitting programmes are unable to
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distinguish between a ¥ and 7r°, the substitutiord of a °

for a X will result in.@0 7° mass combinationsin the 1.0
GeV/c? region. However the expected 7 cross section at
this incident energy is ~ 17 y b (Ref. 5.1). Hence since
only snme 27% proceed visa the‘p° ¥ mode, the predicted cont-
ributions from this prncess is ~70 events. This, however,
obviously reoresents sn upper limit to the ¢ ) contamination
of the channel

| 7 D - PgP wt m a°
since not sll events will produce assceptable fits sand, in
particular, ones associsted with low momentum do will be

more likely to provide s fit to the L4c channel,

7t D - Pg P Al
particularly if the spectator proton is unseen.
Consequently the contributions from this process are considcred

insufficient to explain the 1.0 Ge}!/c2 enhancement.

(b)) THE & (1019)

\

This candidete is considered unlikely to result in the
observed 1.0 GeV/c2 enhancement, for the following regsons.

Firstly its full resonsnce width is only some MeV/c2
and hence the enhancement associated witl this should have
an experimental width < to that of the w® - signal,
Experimentally, however, the reverse is observed.

Secondly its production cross section at this incident
energy is fer too smsll, and ecuivslent to only some 20 events

in this mode.

Finally, having the s=sme ouantum numbers as the w® - meson
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its production process is unlikely to be associcted with
a8 t slope of ~ 4.0 and moreover its differential cross section,
if the same as that of the ¢°, will tend to dip 2t low t,

rather than produce the large contribution observed.

(c) TEE_H (990)

As mentinned in the introduction to this section, the
evidence for the existence of the H - meson is now no longer
considered very strong and it is omitted from the mein lists
in Particle Tables.

One of the strongest pieces of evidence in favour of the
H - meson resulted from the analysis of the 3.65 GeV/c 7D
experiment of Benson et al. (Ref. 5.2). Subsequently, however,
the data have been re-analysed (Ref. 5.3), and the previous
results were attributed to s technical fault in the data.

The question now arises whether the 1.0 GeV/c2 enrencement
seen in our exveriment results from a similar fault.

To investigate this possibility further it is necessary
firstly to examine the previous evidence presented for the
H enhancement znd determine the similarity of the results with
those from this experiment.

The estimsted H° production cross sections reported in
the earlier snalyses were lster found to be overestimated since
no sllowance has been made for the effects resulting from the
use of p - cuts, which as pointed out by Fung et al (Ref.5.4),
result in the distortion of phase space and the subsequent
generation of s spurious enhancement in the 1.0 GeV/c2 region
of the tripion mass spectrum. This effect, however, could

not sccount for sll of the observstions, since in many cases
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the enhancement was slso anparent without msking #ny p - cuts
at gll, which indeed is slso the case in thc present experiment.
Moreover, the results could not be explained in terms of the
aw ¥ decay mode of the n . Indeed ss illustrated in

Ref. 5.5, when the events in this region were fitted to the

a7 ¥ hypotheses, the results could not generate the expected
1f* peak. Consequently prior to 1970 there were four positive

cleims for the existence of the H enhencement, namely:-

INC IDENT CROSS3 NUMBER
CHANNEL MOMENTUM SECTION OF REF.

b EVENTS
7P At RO L GeV/c 70 t 25 ~ 90 5.6
7D PgP HO 3.65 GeV/c 75 X 15 ~ bL 562
o *D P4P HO 3.29 GeV/c 50 ~ 70 547
atP P wtH® 3.7 GeV/e ~ 140 5.8

As can be seen, all the results are based on very low ststistics.
The main difference between the sbove results and the

results of the present L GeV/c experiment are thst the sbove
also claim to see the charged decay modes p° «~ eond p~ a .
However, since the statistics for the H® - signals:are very
small, the evidence for the individusl decsy modes is obviously
not very stronge. Indeed, in none of the sbove cases were the
results based on the observation of clear p signals, and instead
the analyses resorted to observing the numbers of events in '
the various p - bznds. However, it could be argued that the

observation of eau-l numbers of events in esch p - band is to

be expected, and does not sutomatic=lly imply 2n equal probob-



ility for e=ch of the three p m decay modes. Indeed, assuming
all the decays to occur via the p° 7° mode, the restriction

of the tripion effective moss to the 1.0 GeV/c2 region auto-
maticslly implies thet the other w-7w combinations will

be in their respective p - bands. This is simply the converse
of the observations msde by Fung et 21 who demonstrated that

p - cuts result in s 1.0 GeV/cg enhrncement in the tripion

mass spectrum, Hence it is to be concluded that the 1.0 GeV/c?
enhencement seen in this snalysis would be in agreement with

the previous observstions of the so called H® resonance.

The validity of these previous observations were however
placed in considersble doubt when the results of Benson et sl
(Ref. 5.2), were found to arise from a technical fsult in the
data, (Ref. 5.3). This fault was revesled by the remessure-
ment of their originsl dsta comprising some 1000 or so events
in the tripion msss range g 1200 MeV/c?, which were then

refitted to the following three hypotheses,

7D - PgP at o 7 ... (1)

1T+D - PSP 1T+ ’n'- x oo s vs 00 00 (2)

;"j'D -»)PSP 7T+ o eesosav e (3)

Ffrom the initisl sample of 1083 events corresponding to
reaction (1), the re-processing yielded the results illustrated
in tsble 5.1, and the previously observed H® enhancement dis-
appeared. However, if indeed the "H®" events were originally
associrted with a p°® signal it could be concluded that the
diseppearance of the 1.0 GeV/c2 enhancement was directly releoted

to the re-asssignment of L5 of the events to the Le channel



THZ RESULT OF RE-PROCEZSING THE H°

TABLE

5.1

LEVENTS OF REF., 5.3

HYPOTEESES ASSIGNZD TO THE IVENT
Ty - Py P LA Pq pat =y |Pgp 7 w7| OTHER3
INITTAL
S AMPLE 1083
AFTER
RE-PROCESS- 961 7. L5 70
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since this channel is known to be dominasted by p° production.
Moreover it is also significsnt that in all the previous
observations of the H® enhsncement the associsted he channels
are sll dominsted by p° production. Therefore if as in the
above experiment some of these Lc¢ events were wrongly sssigned
to the lc «° channel, the introduction of the ar © moy well
have resulted in the observed 1.0 GeV/c2 enhencements in the
tfipion mass spectrume.

Consequently a possible explanation of the observed
1.0 GeV/c2 enhancements seen in both this and previous experi-
ments is o bregkthrough of events from the Lc¢ channel. More-
over since the extent of such a breakthrough is unlikely to be
the same in sll experiments this would also explsin why the H°
enhancement is not slways observed. The evidence that Ac
bresgkthrough occurs in this experiment is presented in the

fnllowing section.

5,3 THE EVIDENCEZ FOR TEE CONTAMINATION OF THE 1lc CHANKEL
g’ D - PsPg* g= O BY EVENTS FROM THE
Lec CHANNEL _*+ D - PgP a¥ -

One method of investigsting the nature of the L4c events
which have been wrongly sssigned to the lc 7° channel is to
exsmine the Lc/lc ambiguous events. These events as illustrated

in chapter 3 are known to be true Lc events of the channel
7t D - P4P Tt 7=

which have slso provided 2 fit to the lc channel

'IT+D - PSP ot = w0

Hence by wrongly choosing the lc fit the effects of misinter-
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preted Lc events can be simulated. It should be noted
however that although similsar in nature, these events will
not be exactly the same as the Lc breakthrough events, since
the Eonnerdo at least provide a2 fit to the L4c channel, and

as such will bte rejected from the lc detas sample.
|

() THE TRIPION MAGS DISTRIGUTION FOR THE Le/lc ASBIGUCUS
CVENTS

The tripion msss spectrum associated with the Lc/lc
ambiguous events corresponding to t’ vslues measured from
the primary to the tripion mass system of less than 0.05
(GeV/c?)? is shown in FIG. 5.3, From this it is evident that

such events will indeed result in s 1.0 GeV/c2 enhancement.

(v) THE DIFFERENTIAL CROSS SECTION FOR THE Lc/lc AMBIGUOUS
LVENL O

The fitted t’ slope to the differentisl cross section

for these events is 4.4 % 0,5 which is in sgreement with the
value of ~ 4.0 found for the 1.0 GeV/c2 enhancement in the

lc channel.

(c) THE ANGULAR DISTRIBUTION FOR THE 4c/lc AMBIGUOUS EVENTS

The angular distribution for the normal to the decay plane
of the three pions in the Gottfried Jackson fresme of reference
corresponding to the tripion mass region 0.9 - 1.1 (GeV/cz)
and the t - intervsl < 0.1 (GeV/cz)2 is shown in FIG. 5.L5.
From this it csn be concluded that should the 1.0 GeV/c2 region
of the lc channel also be associsted with Lc events, the corres-
ponding plot should also indicate s strong sin20 dependence,

and as illustrated in FIG. 5.4b, this is indeed found to be
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FIG. 5.4, THE ANGULAR DISTRIBUTION IN THE G - J FRAME
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the case. loreover, it is 2lso significont tlst tle sngul-r
distribution for the normsl to the decay plane for the H° -
resonance reported by Benson et al, (Ref. 5.2), is also

charocterised by s sin?@ dependence.

(a) THE DISTRIBUTTON OF TI= TVENTS IN THZ DALITZ PLOT

The distribution of the A4c/lc anbiguous events in the
wt @ 7© Dalitz plot is shown in table 5.2, The results
shown correspond to events in the tripion msss region 0.9 -
1.1 GeV/cz, and from the results it is evident thot should
Lc breakthrough occur, it will mainly populste sectors (1) and
(6), the boundaries of the sectors being defined in FIG. 5.5.
The equivalent distribution corresponding to the lst exposure
unseen spectator proton events is shown in table 5.3, the
events being confined to the tripion mass range 0.9 - 1.1
(GeV/c2) and the t! - intervael ¢ 0,05 (GeV/cz)z. From this
it is evident that these events slso have a tendency to populate

sectors (1) and (6) preferentially. .

(e) THE AMQUNT OF Lc BREAKTHROUGH

By assuming that the 1.0 GeV/c2 enhancement observed in
the tripion mass spectrum results from the breakthrough of
Lec events from the channel

aT D= Pg P A
the number of events illustrated in FIG. 5.1 can be used to
estimate the extent of the breskthrough in:t;o exposures.

Hence using the estimoted p© cross section of ~ 900/,b in

the Lc¢ channel, the breskthrough is equivalent to some 18% in



TASLE 5,2

TiHZ DISTRIRUTION CF Ac/1C AMBIGUGUS
TVSNTS IN TIE DALITZ PLOT FOR

0.9 < Mgz <1.1 (CeV/c”) AD

t! < 0.05 (GeV/c?)?

DALITZ
SECTORS 1 2 3 L 5 6

NUMBER OF

BYENTS 63 11 5 5 8 39
TABLE 5.3

THE DISTRIBUTION OF l¢ EVENTS IN THE
DALITZ PLOT FOR 0.9 < Mzp< 1.1 (GeV/c?)
AND t' < 0,05 (GeV/c?)?

DALITZ

SECTORS 1 2 3 ) 5 6

NUVBER OF

EVENTS 67 23 36 19 17 L0




FIG. 5:8

THE BOUNDARIES OF THE DALITZ PLOT SECTORS.
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the 1lst exposure anp ~ 8% in the 2nd exposure. The main
difference between the two exposures has been the introduction
of improved convergence criteria in the fitting routines of
the KIMZMATICS programme for the 2nd exposure. The alterations
were inéroduced by D.J. Crennell of the Rutherford Laboratory
and moré recently he has modified the convergence criteria
still further. A brief description of the improvemﬁnts is
described in Ref. 5.9,

Assuming the results of Benson et al to result from s
similar problem it is interesting to note that his estimsted
HO cross sectinn corresponds to some 8% of the p°® cross section
in the corresponding ,4c channel,‘indicating a potential ke
breakthrough at g similar level to that found in this experi-
ment .

5.4 THE RESULT OF APPLYING THE KINEMATICAL FITTING PROCEDURE
TO GENERATED Lc EVENTS

By generating FAKE events of the type
a7t D » PsP ot g”

it is possible to examine how many will be wrongly assigned
to other chgnnels by the kinematical fitting procedure.

A version of the programme FAKE was specially modified
to handle deuterium interaction’, including the generation of
the spectator protons with momenta in accordance with the
Hulthen distribution. The events were generated for an
incident beam momentum of 4 GeV/c and the resulting secondaries
assigned error estimates consistent with those essocigted with
this experiment.

By this procedure 5000 p® events

7D » Pg P p° - Pg P wt w-
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and 5000 £” events

™D = PgPf® - PgP 7' ¥

were generated, typicel t!/ - distributions snd angular
distributions being included in both cases. These events
were tﬁen processed by the kinemstical fitting programme,
KINEMATICS, with convergence criteris identical to those used
in the first exposure, the ecquivalent of the ionisation tests
described in chypter 3 ~1so being applied. The hypotheses
sutsequently assigned to these events are illustrated in

table 5.4. From this it is evident that of the 5000 po events
generated ~ 14% will be lost 2nd re-sssigned to other channels,
3% of them to the lc w° channel

@D 5 PSP Sl ¢

o}
Moreover it is also apparent thet the seen and unseen spectator
protons tend to be re-assigned to different hypotheses, i.c.
whereas the seen spectator events sre msinly lost to the lc
neutron channel
D o Psn o o a

the unseen spectator proton events are mainly lost to the
lc 7° chsannel. This would explsin why the 1.0 GeV/c?
enhancement in the lc Wo channel is mainly associated with
the unseen spectator ovroton events.

For the f° events however, the predicted loss is even
larger, since some 25% of the events sre re-zssigned to other

channels, 9% of them to the lc 7° channel. In addition, as
found for the zenersted p° events, wheress those associsled

with seen spectator protons tend to be lost to the lc neutron



TABLE 5.k

THE HYPOTHESES ASSIGNED
TO THE FAKE EVENTS OF

THE TYPE o D - Pg P p°

KY POTHESES'
D - Ps Pa* 7= | Pg P ot 7 | Pg N a* ¥ w=|  NOFITS
SPECTATOR
PROTONS SEEN [UNSEEN | SEEN | UNSEEN |SEEN | UNSEEN | SEEN [UNSEEN
INITIAL :

SAMPLE - 1579 3421
RESULTS

| oF
KINEMATICAL
FITTING 1159 3136 | 28 139  |328 86 6k 60

THE HYPOTHESES ASSIGNED
TO THE FAKE EVENTS OF THE
TYPE #* D » Pg P £°
-~
_ HY POTHESES
7D - PP 7 | PgPa 7 7° Pg N 7 7w  NOFITS
SPECTATOR
PROTONS SEEN |UNSEEN | SEEN | UNSEEN |SEEN |UNSEEN |SEEN |UNSEEN
INITIAL
SAMPLE 1616] 3384
RESULTS
oF 894 | 2859 | 10 2
KINEMATICAL ok 29 L 3n 556 65 6 89
| FITTING
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channel, those assncinted with unseen spectator protons are
lost to the lc ﬂo channel.

The tripinn mass spectrum corresponding to the Le/le o°
ambiguous events illustrated in FIG. 5.3 suggests that any
breskthrough of f£O events into the lc 7° chennel should appe=r
in the 1.4 GeV/c® region, and from the calculated f° cross
sectinon in the Le¢ channel, the predicted number of such events
is ~ 300 for the lst exposure. Txperimentslly however, there
is no evidence for such s breakthrough. It could be argued
however that since the genersl level of the background in
this region is very high the presence of sny f° breskthrough
may well be obscurred.

5.5 THE REMOVAL OF THE Lc CONTAMINATION IN THE lc7ro
CHANNEL

To simplify the analysis of the lc chasnnel, verious
methods were investigated for the removel of the Le¢ contamin-
ation. Unfortunately however, no suitable method was found,
and tre characteristics of all the following parameters for
the 1.0 GeV/c2 enhancement were found to be consistent with
those for the msjority of the lc events,

(2) the pulls on the tracks

(b) the x° probsbility

(¢) the missing energy

(d) the missing momentum

(e) the missing msss squared

(f) the beam momentum

(g) the position of the events within the chamber

(h) the lengths of the measured tracks
(i) the angular distribution for the fitted w°

(j) the momentum of the fitted w°
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This result however is to be expected since the events in
question are those which have failed to provide an acceptable
fit to the 4c hypothesis and as such will heve velues for thne
above parameters in better agreement with the lc 7 © values
rather than the Lc¢ v=lues.

Consecuently it follows that the only effective method
for the rezoval of these events is the ssme prncedure as used
by Benson et 2l, i.e. the re-fitting of the events in this
particular region of the tripion mass spectrum, using a version

of KTNEMATICS with improved convergence criterias.

5.6 ~OTHZR CONTRIBUTIONS TO THE BACKGROUND

Apsrt from sny contributions to the background resulting
from technical faults there will also be contributions from
phase space and reflectinns of real physical processes. The
known contributions to the channel

@ D » PgP % 7= w°
are shown in table 5.5, slong with their estimsted cross
sections taken from Ref. (5.1).

It was noted however that both the poA+ and Po P WP
channels will contribute towsrds the observed p»° signals, and
hence the possibility of these chsnnels genersting the 1.0
GeV/02 enhancement in the tripion mass spectrum was investigsted.
By FAKING these channels however it was found that such events
will only create 3 broad enheancement ranging from 0.8 -; 1.9
GeV/c? in the tripion ness spectrum and hence cannot be =zttrib-
uted to the observed 1 GeV/c? pesk. This conclusion is also
in sgreement with the observation that should the po A" events

contribute towards the 1.0 GeV/c2 enhancement so also should
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TABLT 5.5

- RSTTHATED CONTRISUTIONS TO THE
CHANNEL | (r0s3 3mCTTONS REGION O.h < 33 < 0.8(GeV/c?)?

N o b t< 0.1 % < 0.1
Ay P 170 0 0
£° At 22 0 0

Jo) (P'n‘ ) 300 + 12 20

T(Paa) 100 + 8 20

AL P ?

DECK

PROCESS-

ES ?

Where electric charge is not indicated it is to be understood
that 3ll possible charge configurstions have been exsmined.

+ These resctions have been faked ss quasi two body processes
in which thke (P 7 ) or (Pwm) is considered as a broad
enhancement with I' ~ 300 MeV/c centred st s mass value of
1650 MeV/c
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the p* A events, and hence there should be ss msny p* s ns
p° s @associated with this region. Experimentell§ however,
the po signal is seen to dominste.

Also mentioned in table 5.5 are the signsls resulting
from the Aj resonance and the Deck process, [(Ref. 5.,10).
The expected cross sections for these processes however ere
not easily estimsted, but since both are predicted to contribute
towards the 1.1 GeV/c2 region of the tripion mass spectrum,
the experimental evidence suggests that their contributions
towards the le 7 ° chsnnel sre not very significant.

From the sbove discussion of kc contamination of the
lc 7% and lc neutron chsmnels it is evident that grest caution
must be exercised in the interpretation of enhancements in and
around the 1.0 GeV/c2 region of tripion mass spectra, the
region which is slso associated with the controversial Ho, Al
and A1.5 resonances. Although in this experiment the mis-
interpreted Lc events mainly populate the 1.0 GeV/c2 region,
there is no resson to assume thsat experiments at other primery
energies using different kinemsticsl fitting programmes will
produce an enhancement either in the same region or to the
same extent. Hence to s certain degree the possibility of
Le contaminetion will explain why the observations of the H°,
A} and A1 .5 resonances are inconsistent when going from one
experiment to another. Moreover it is significant thst in

the results presented by French st the Vienns conference,

(Ref. 5.11), the observed Aj signel in s compiletion of

'ITP-)Ppoqr

cecereeesall)

data is less obvinus than thst associsted with the combined

samples of



~70-

+

7T+ N - N Po T (?)

and 7t po PpO g

€ .
data. In the pdvent of Lc contsminotion however, this is
to be #xoected since whereas reaction (2) may be subjected

to Lec ‘contamination reactidn (1) should be free from such

effects,

507  CONCLU3TONS

The results of the previous chapter suggested the
presence of st leagst two different contributions to the
background in the u)o - region of the tripion mass spectrum.

In this chapter, the examination of the background
associsted with the largef“dCYdt exponent of # L has revesled
that due to inadeousate convergence criteris in the kinemstical
fitting programme there has been a bresgkthrough of events from
the A4c channel

at D 5 PgP ¥ g~

As 8 result of this breskthrough s strong p° dominated
1.0 GeV/c? enhancement in the tripion mass spectrum was
generabed and the nsture of this enhancement is considered
consistent with previous observations of the so called H®
resonance. The extent of this breskthrouzh was found to be
different in the two exposures for this experiment, correspond-
ing to ~ 18% and 8% for the lst and 2nd exposures respectively,
the difference being attrituted to the different convergence
criteria used in the kinemstic=l fitting ovrogramme.,

The results »lso indicate th@t when analysing the A1

region perticularly in the channel
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not only srould the effects of the Deck process and p - cuts
be cnnsidered, but alsn the possibility of Lc¢ breskthrough
shnuld be investigsated.

In section 5.6 the predicted contributions from phase
snace Qnd the reflections of resl physicel processes were
considered, and as illustrseted in toble 5.5, the main contri-

butions to the wo - region arise from the pA process.

5,8 THE EFFECTS O THE BACKGROUND ON_THE w® - ANALYSIS

(a) THE DIFFERENTIAL CRO3S SECTION

As illustrated in chapter 4, slthough the effects of
background on the form of the differential cross section have
been eliminsted in this analysis, it can be concluded that in
analyses where this has not been done, the occurence of ke
breakthrough will tend to obscure the presence of a dip at low
te In addition, since the t - exponents for the background
are found to be different from thst of the «°® - signal, previous
measurements of the t - slope which have not included allowances

for the background, will be incorrect.

(b) THE DENSITY MATRIX ELEMENTS

The determinestion of the density mstrix elements for the
w° production is discussed in the following chapter, and as
in the evaluation of the differentizl cross section, where
possible the background effects are eliminated.

From the results discussed in the previous sections it is
evident that Lc breskthrough will result in a sin® distribution

for the normsl to the decay plane in the Gottfried Jackson
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frme of reference. Hence the value of/aoo for Lec bre-kthrough
events will tend to zero. Consecuently the contamination of
the low t interval of the w° - region by Lc events will tend
to reduce the average value of poo in this region.

How the contributinns to the beckground listed in table
55 affect the spin density matrix elements is not well known,
but since the numbers of these events are observed to be very
smsll in the central ¢° -~ region they are considered unlikely
to have a marked effect. Indeed it is considered that the
effects of Lc breskthrough sre likely to be more importsnt,
since the engulsr distribution for these events is so strongly

. 2
S1Il

(¢) THE DISTRIBUTION OF THE EVENTS IN THE DALITZ PLOT

Since the w° meson has I JFG yalues of 017~ its distri-
bution in the Dalitz plot is known to be symmetric about its
maximum st the centre of the Dalitz triangle. Added to this
distribution however, will be the phase space and events
associrted with otker processes such as Lc breakthrough or the
pA channel, and although the phase space will be uniformly
distributed throughout the Dalitz plot, the latter processes
will tend to congregate in specific regions, the 4c bresk-
through mainly occuring in sectors (1) and (6) described
earlier. From the numbers of such events involved however,
the nverall Delitz plot distribution should be little affected,
and the possible distortions introduced will only be of import-
ance when making detailed asymmetry snalyses.,

The validity of the above zssumption is well illustr:ted

in FIG. 5.6 which illustrates the distribution in the ?©
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Dalitz plot correspoanding to the scen nd unseen spect=tor
groton events in the @° - region 0.76 - 0.81 (GeV/c?) of the
tripion mass spectrum as a function of the w® decay motrix
element squared N\ . This paremeter is eveluasted from the

expression,

-5 - 2 2 2
A= [Pa+ X P w‘,/(zB;(M37T/9-5vhr)2)

¥+ g + -
where P77 and P w~ sre the momentq of the # and

mesons in the w® - rest frame, and N 1is so defined that the
centre of the Dalitz plot corresponds to A = 1.0 and the
boundary to AN = 0.0, The advsntage of describing the Dalitz
plot distribution in terms of this varieble is thsat the distri.
bution of non-resonant background within the Dalitz plot is
isotropic in N , whereas the w® - signal is distributed
linearly from 0.0 at the boundary of the Drlitz plot ,

(N =0.0), to » moximum at the centre, ( N = 1.0). By
placing the level of the background at 4 * 2 and 10 £ 3 for

the seen and unseen spectator proton events respectively, the

.corresponding signal to beckground ratios are loco £ 5.0

and 7.0 £ 20 , which as discussed in section 4.2g are in
agreement with the signal to background ratios resulting from
the convoluted Breit Wigner and resolution function fits made

to the wo -~ signal.
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CHAPTER SIX

THE ANALYSIS AND INTELPRETATION OF THE

W ° MESON PRODUCTION IZCHANISM

I

INTRODICTION

In this chapter, the investigation of the exchange
mechanisms for wo - mesons, produced in the forward direction
in the 7 ~N centre of mass system is continued by analysing
the mixture of superpositions of spin states associsted with
the w° - mesons, as determined from their decay sngular dist-
ributions.

To begin with, the concept of spin density mastrix elements
is introduced 2nd the sssocistion is made between the nsture
of the spin states and the exchange mechanisms. This is
followed by the presentastion of the experimentsal results for
the spin density matrix elements and a discussion of their
accuracy and the effects of the asssociated background.

Finslly a comparison is made with other experiments, and the
results sre discussed in terms of the various models for forward

@ © - meson production.

6,1 THE DEFINITION OF SPIN DENSITY MATRIX ELEMENTS

Spin density matrix elements are used to investigste the
production mechanism of s given system of particles by analysing
the mixture of superpositions of spin states sssociated with
that system of particles, snd in general the varigtion in the

types of exchanges is investigated as a function of the produc-
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tion angle or L - momentum transfer squared to the produced

system of particles.

For the particular csse of an assembly of w® - mesons
in their individusl rest systems, the use of an unpolarised
beam and target implies that the assembly will be a mixture
of superpositions of spin states, the latter depending upnn
the spin and parity of the exchanged particle. In the csase
of an sssembly of states, the average value of s physical

cuantity Q will be given by:-

Q = Z Wi . Qi) oereemmen (1)

1

where Wi represents the weight of each state and Qi) the

corresponding expectation value, i.e.

¥
{aiy = <Pilel *id
The states ) i however, can be expressed in terms of the

eigenfunctions of the z- components of angulsr momentum m,
4
€8 I'X’i> Sm Qn: ‘%m)

where 0; is the amplitude of each eigenstste of m.

For a particular state of spin J, there are (2J + 1) such
eigenstates, with magnetic quantum numbers m ranging from

+J to -J. The values of m are defined with respect to s
specific axis of quantisstion, which in this analysis is the
direction of the exchanged particle transformed into the rest
system of the w® - meson in the frame of reference correspond-
ing to either the direct or crossed channel interactions.

This is discussed in more detail in section 6.3. Hence by
expressing eauation (1) in terms of ttre eigenstates of m,

the average value of the physical ocuantity Q can be written as
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<Q>= m%m’ Qmmnm’ P m m’

»
where Qmm/ =<7bm |Q|7Lm>

is the expectation value of Q between the various m states,
and /0 " 21 Wi O O:;.'
are the corresponding density matrix elements.

From the sbove expression, it is evident that for a given
value of J there are (2J + 1)? spin density metrix elements,
€ege J = 1, the matrix is of the form:-

,Dll Pw /ol-I
P fee  Po-i
P Po  Pa-l

each individusl element containing informstion concerning the
weights of the various superpositions of spin states, snd the
amplitudes and relative phases of the associsted eigenstates
of m. The properties of the spin density matrix can be
summsrised ss follows:-
(2} it is hermitisn
(b) the sum of the disgonal elements is 1
(c) the disgonsl elements are positive
and (d) if the spin ouantisation axis is chosen to be
in the production plane snd the beam is
unpolarised then parity conservation implies

that /0 mn = (_l)m-m' /0 -m -m”

6.2 PREDICTIONS FOR THE SPIN DENSITY MATRIX ELEMENTS

An indication of the connection between the finsl state

eigenfunctions of m 3s describad by the spin density meatrix
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elements, and the type of exchange is given in the following
examples in which by considering the simple casse of 1 - particle
exchange, definite values are predicted for some of the spin
density matrix elements.

Since the forwsard production of w® - mesons inthe m - N
centre of mess system can only result from Lhe exchange of known
particles with spin parity (JP), of 1*¥ or 17, the production
process gs seen from the rest frame of the w® - meson can be

drawn schemstically as shown in FIGs. 6.1ls and 6.lb, L being

the orbital angular momentum between the incident and exchanged

particle, and z the above mentioned spin quantisagtion sxis.

(a) THE EXCHANGE OF A p OR ' - MESON (JP = 17)

This type of exchange is illustrsted in FIG. 6.1la.

For sngular momentum conservation L = O, 1 or 2 with LZ = 0,
However, for parity conservation (-l)(-l)(-l)" =-1 and hence L
must be odd and equal to 1. In addition, by conserving the
Z - component of the angular momentum, m = O or £ 1. Hence
to produce the final states of the w© - meson, |Jw, n ,
the exchange particle ststes, IJex, m> corresponding to

|1, 0> , 11, 1) and | 1, -1  are combined with the
angular momentum state | L, m» = ]1,00 . The combining
of these states is described by the Clebsh Gordon coefficients,
and in this particular csse, the final state |Jw, m) = |1, o)
is forbidden, since the coefficient for the combination of

|L =1, 0) »snd |Jex =1, 0> 1is zero. Hence in the
final mixture of states, the eigenstates |m = O> do not occur

implying trat 0 om = L mo = 0 #nd in particular that /Oeo =0

and f’n = Fl-l = ’:]'2".
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(b) THE EXCHANGE OF A B_.MESON (JP = 1%)

This process is illustrated in FIG. 6.lb. By following
the same technique as above, it can be shown that the allowed
values %f L are O or 2, snd that all 3 spin orientations
m=0, £ 1 are allowed in the finsl states. Hence in general
a1l the Pmn’s will be different from zero.

To summarise therefore, the value of ,qn, in this simple
model of one particle exchange is an excellent indicator of the
presence of either type of exchange, since

ﬂ,c = 0 for P or /0' exchange
ard feo # O for B exchange.
It should be noted however that these predictions have not

included any absorptive effects and hence will only be valid

at low wvalues of t.

6.3 THE FRAMES OF REFERENCE

As mentioned above, the magnetic quantum numbers m sre
defined with respect to a specific axis of quantisation. The
most commonly used frames of reference sre the so called
Gottfried - Jackson and Helicity frames, which enable tle
production mechanisms to be gnalysed in both the direct and
the arossed channels respectively. By crossing symmetry, the

crossed channel for the reaction
T*N - P w0
is PN > @7 wo
Both of these processes, illustreted in the wo - rest frame

in FIG. 6.2, can be described either in terms of the decay

of an intermediate state S or by the interaction of the incident
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and exchsanged particle e, the intermediste state in the crossed
channel corresponding to the exchenged particle in the direct
channel and vice - versa.

To analyse the exchange mechanism in either of these
channe14, the axis of ouwantisation, 4, for the angular momentum
componeﬁts m, is defined as the direction of the exchanged
particle trensformed intn the rest system of the wo - meson.
Hence from the direction of the exchsnge perticles illustrated
in .FIGs. 6.2b and 6.2c, the quantisation axes for the Gottfried-

Jackson and Helicity frames are defined as follows:=-

(a) TEE GOTTFRIED - JACKSON FRAME

This reference frame is used to analyse the exchange
mechanism for the direct channel process. Hence the quantisa-
tion axis, Z is defined gs the direction of the beam transformed
into the rest system of the w® - meson. However, as pointed
out in section 6.1, if the quantisation axis is chosen to be
in the production plane, and the beam is unpolarised, conserv-

ation of parity simplifies the density matrix such that

m-m/
F'mfm' < (—') P—m -‘m'
Hence to maintain this condition, the y - axis is defined to
be the normal to the production plane, and the x - axis is

chosen to give a right-handed system.

() THE HELICITY FRAME

This reference frame is used to analyse the exchange
mechanism in the crossed channel process, and hence in this
particular analysis the quantisation axis is defined as the

direction of the proton transformed into the rest system of
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0
the w "’ - meson. The x and y axes are then defined in the

same manner as described in the Gottfried Jackson frame above,

6ol THE DFTERMINATION OF THE SPIN DENSITY IIATRIX ELE:ENTS

As shown in section 6.1, the average value of some physical
quantity Q can be used to determine the spin density matrix

elements i.e.

< Q> = é%h Qn m ./p m m

In general as in this particular analysis, the physical quantity
used is the decay angular distribution of the system of particles
under investigation. Hence Q m m’ can be replaced by the decay
matrix elements Amm’( @, ¢ ) and the decay angular distribution

W(e,¢) is given by:

Wi(e,¢) = é% o /9 muof, Amn’ (©, ¢ )

The gngles © and ¢ , for a 3 body decsy, correspond to the,
polar and azimuthal angles of the normsl to the decay plane,
as measured from the rest system of the resonsnce in the above
mentioned reference frames. However, for the decay of a spin
J particle into pions described in the sbove msnner it cen be

shown, (Ref. 6.1), that

Amn’(8,8) = 7 Dy (.6 ).0(0.4)

where \ is the total helicity of the decay products.
The terms Dmﬂ essentially represent the rotation required to
transform the measurements of the angular momentum states made

with respect to the direction )\, back to the direction of the

exchanged particle, and quantisation axis. Therefore by
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expressing Am m (e ¢ ) in terms of the known values of
Dm‘& (©, ¢) the expression for the decay angular distribution

W (©, ¢ ) reduces to

= 3 1 1
wie,¢ )= = [5 (1 - po) + 3 (3 poo~ 1) cose -

P l1,-1 sin®g cos R¢ -~ 2 Re p 15 sin 2 g cos ¢ ]

Severgl methods exist for the extraction of the individual
matrix elements /0 m nf from the above expression, and in

this particular analysis, the technique used is the method of

moments described below:-

(a) THE MFTHOD OF MOMENTS

The normalisation constant %'TT in the above expression

is chosen such that
a +1

d ¢ \dcose. W(cose, ¢ ) =1
© -1
Hence the agverage value T of a function f (cos@ y ¢ ) is

given by

2T <+

T = d ¢ \dcose f(cose,¢ ).Wicose, ¢ )

© ~
Therefore by substituting in the sbove expression with the

value of W( 8, ¢ ) it can be shown that

cosd = }5-. (1 + 2 foo )
sir?e cos)p = 4
R AR
and sinag cos g = - L’-—;—E Re P 10
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i.es the values of the density matrix elements can be
extracted by taking the average value of the corresponding
coefficients in the expression for W( @, ¢), and the experimental

statistical error on f is given by

AT - [t (@-7H]
where n is the number of events. The remsining density matrix
elements i.e. /a 11,/0 1-1 etc. can be determined from the
properties of the density matrix described in section 6.1.
In addition, we define the combinations

N(1, 1) = /D 11 « /0 1-1 Ngtursal

and Uu(1, 1)

/> 11l - /01-1 Unnatural

which at low t measure the contributions from natural parity,
e.g. p - mesons, snd unnatural parity, e.g. B-mesons, to

the helicity state 1.

(b) STATISTICAL FLUCTUATIONS

The use of limited statistics will always introduce
fluctuations in the results. Hence before a megningful
analysis can be made it is firstly necessary to determine the
magnitude of the fluctustions and estimste gt what level they
may tend to simulate structure.

This was achieved by observing the fluctustions created
in the spin density matrix elements for various random ssmples
of events. The results shown in FIG.6.3 correspond to spin
density matrix elements calculated in the Gottfried Jackson
frame of reference for the sample of unseen spectator proton

events centred on the @° - region and plotted as g function
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of the t ~ transfer from the primery to the tripion mass

system., To simulate the t - intervels the events have been
ordered in t, the first N events defining the first t - interval
and so Fn. The corresponding values for f’i j however, have
been callculated by randomly assigning the events to each "t"
region; and hence apart from the statistical fluctuations,

the results should be isotropic. In all cases the fluctua-
tions are found to be consistent with tle error estimastes,

but it is evident thket for the cases where N is ’f 70

that apparent trends in the fluctuations may be misleading and
simulate the appearance of structure st certain values of t.

As a consequence of these results it was decided that the
minimum value of N sufficient to reduce the statistical,fluct-
uvations arid yet still provide sufficient t - regions to give the

t - varistion, is in the region of 150 for this experiment.

(c) THE SENSITIVITY OF THE RESULTS

The necessity for lsrge statistics becomes even more
spparent when the sensitivity of the results is considered.
As illustrated below, the shapes of the angulsr distributions
are extremely sensitive to the values of P i je

As an example, consider the evaluation of /0°° . This
is determined directly from the shspe of the angular distribu-

tion in cos © , i.e.
W (cos® ) = % [(1 - feo) + (3/%0 -1) 00829]

s sin’ © distribution corresponding to /Doo = 0.0, =

cosze distribution to /000 = 1.0, and an isotropic distri-

bution to e = 1/3. Hence over the small range in /occ
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from 0.0 to 1.0 the corresponding changes in the angular

distribution are very large. This is well illustrated in
FIG., 6.4, which shows the ratio of the number of events in
region A of the anguler distribution compared to region B,
plotted/as a function of feo s (the regions A and B being
defined’in the same figure). From this it is evident that
the value of /%o is very sensitive tgkgngular distribution,
particularly for feo < 1/3 since this small part of the
range covers the variation from sin2@ to flat in cos ©.
Similarly the value of/D 1l - 1 is highly dependent on

the shape of the ¢ distribution i.e.

- [(l+2fl-l)-h/ol-lcosza

6.5 THE RESULTS FOR THE SPIN DENSITY MATRIX ELEMENTS
CORRESPONDING TO THE FORWARDLY PRODUCED ¢ ©O- .BSONS
IN THE o - N CZNTRE OF (JASS SYSTEM.

IH

wi ¢ ) =

N

(2) THE SELECTION OF THE EVENTS

The msin difficulty sssocisted with the snslysis of the
spin density matrix elements of any resonance is that the
slignsl under investigation cannot be cleanly sepersted from
the associated background. Consequently the analysis is
generally restricted to specific regions such as a narrow mass
interval centred on the resonance peak, in which the signal to
background ratio is more favouragble. It must be remembered
however, that such restrictions are made at the expense of
the avgilable statistics, and hence a compromise has to te
made.

The selection criteria chnsen for this analysis are as

follows:=
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(L) Only events with trionion mass combinstinns
" produced in the forward direction in the 7= N
centre of mass system sre selected.
snd (2) The events are restricted to the tripion mass
region (0,76 — 0.81) GeV/c?
As in the previous chapter, events associated with seen and
unseen spectator protons are analysed seperately. These
selections result in signal to background ratios of ~10:1 and

~ 7 1l respectively.

(b) THE EXPERIMENTAL RESUIT S

The experimental results for the events selected in the
manner specified above are shown in FIG. 6.5 for hoth the
Helicity and Gottfried Jackson frames of reference for the
seen and unseen spectator proton events. The results are
plotted as a function of the 4 - momentum transfer squared
messured from the primary to the tripion mass system.

Tables of the results are also presented intsble 6.1. The
number of events per t - interval are 152 and 158 for the
seen and unseen spectator proton events respectively, and the
errors shown correspond to the statisticel errors described in
section 6.La.

As discussed in section 6.3a, the density mstrix elements
in the Gottfried Jackson frame of reference sre used to analyse
the exchange mechanisms for the direct channel process.
Consequently in order to examine the contributions from the /9
and B meson exchanges, the remninder of this analysis is
concerned entirely with the results gssociated with this

frame of reference. To achieve this objective however, it
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FIG.6.5 THE SPIN DENSITY MATRIX ELEMENTS IN THE
HELICITY FRAME OF REFERENCE FOR EVENTS IN THE
TRIPION MASS REGION 0.76 — 0.81 (GeV/c<)
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is firstly necessary to make sllowsnces for the effects of

background.

(c) BACKGROUND SUBTRACTION

Og particular importance is the behaviour of s , U},
and N:' at low values of t, since these provide a direct
measure of the contributions from natural and unnatural parity
exchange.

For both the seen and unseen spectator proton events
there is an indicatinn that /%m may increase at low values
of t. This region however, as discussed in the previous
chapter is thought to be contaminated by a breakthrough of

events from the channel

© D —» PP T 7

and hence allowances must be made for this and also for the
presence of the other background events described in chapter 5.
An indication of the behaviour of the background can be
found by looking at the results for thetripion mass regions on
either side of the cemtral w©® - pesk, these regions being
dominated by background of g similar type to that under the
w® - region, The results for the tripion mass interval
0.81 = 0.9 (GeV/c?) sre shown in FIG. 6.6, (the lower mass
interval containing insufficient statistics). The results
indicate that /Qo may tend to 0.0 st low t - values for the
background. If this effect is resl, and moreover is the
result of the sbove mentioned breaskthrough of events from
the Lc¢ channel, the value of oo in the tripion masss interval
0.9 =»1.1 (GéV/bz) for the unseen spectator proton events

should indicate similar features, since it is this region
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which is believed to be dominated by the Lc breskthkrough.
From the results shown in FIG. 6.7 it is evident that this
same effect is very much apparent. Moreover, the results
for thﬂ tripion mass region 0.76 => 0,81 (GeV/cz) restricted
to the!Dalitz Plot sectors described in the previous chapter
showed'a similar tendency for /Qp to drop at low t in the
sectors believed to be dominated by the Lc breakthrough.

The steatistical sccuracy however, was insufficient for the

results to be conclusive.,

(da) THE DETERMINATION OF Poo INDEPENDENT OF THE BACKGROUND

As discussed in section 6.4c, the value of oo is
determined directly from the angular distribution in cos @ ,
and as illustrated in FIG., 6.4, the ratio of events in region
A of this distribution compared to region B is directly relsted
to the values of f%o . Hence by fitting the tripion mass
spectrs for these regions the amounts of w® - signal can be
extracted, and hence the background free vsalues of /%o deter-
mined. The fits made were as described in section 4.2, the
availsble statistics only allowing this to be achieved for the
unseen spectator proton events in t - intervals of 0.1 (GeV/cz)2
from 0.0 to 1.0 (Gev/cz)?. The fitted tripion mass region ‘
was O.4 —> 0,8 (GeV/c?)? in mass squared.

The advantages of this type of calculation are that it
uses 81l the w® - signal and not just the central pesk,
and in addition determines the value of Poo free from back-

ground effects. The disadvantages however, sre that large

statistics are required, and it is difficult to assess the
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accuracy of the fitting techniaue.

The results shown in FIG. 6.2 are in good agreement
with the above ceslculations, snd indicate that the non-zero
value for Peo for the w©® - signal st low t - values is
genuine, and in addition supports the possibility of & slight
increase in its value at low t. Moreover, the results slso
indicate the presence of 3 minimum in Pec at t ~ 0.3 (GeV/c?)z,
a feature which is also spparent in FIG. 6.5 in the results
for the central w® - region (0.76 —> 0.81) GeV/c? of the
tripion mass svectrum, thereby confirming that this effect is

associated with the w© - signal.

(e) A SUMMARY OF THE RESULTS

A summary of the results for the spin density mstrix
elements for the forwsrd production of w® - mesons in the 7 - N
centre of mass system in the Gottfried Jackson frame of reference
is given below:-

(1) The results for the seen and unseen spectstor proton

events are consistent at all values of t

(2) The value oi‘/mm at low t is non zero and in the region

of O.4

(3) A minimum occurs in fee at t ~0.3 (GeV/cz)2

(%) Pi-1 is positive throughout the entire t - range, and
in certein regions may be consistent with zero.
Consequently Nll is always > Ull

(5) The value of Re P 10 is negative gt all values of t.

(6) None of the spin density matrix elements indicate any
structure »t t v 0.6 (GeV/c?)?, corresponding to the

NWSZ for /0 - trajectory exchange.
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(£) A COMPARISON OFF THE RTSULL'S WITH PREVIOUS TXPERIMEATS

A survey of the values for /ﬂao ’ /0 l -1 and Re,o 10
averaged over all t from previous experiments in the range of
incident energies from 1.7 to 13.0 GeV is shown in table 6.2.
Also i'dicated are the position of any observed minims in /%o

Tﬁe results indicate the following festures:-

(1) ;Z; tends to decresse with increasing energy,

(2) ;i: tends to increasse with increasing energy,

(3) ﬁ;jZ'Ib is approximately energy independent.

It is also evident that the vast majority of the experiments
are in favour of g brosad minimum in oo at t~0.3 (GeV/cz)z.
Although the position, width and depth of this minimum tends to
vary from one incident energy to another, it must be remembered
that in meny casses the accuraecy is somewhat limited and hence
statistical fluctustions may tend to obscure its exact position.
In certain cases it may be argued that the dip itself results
from such statistical fluctustions. In this experiment how-
ever, using high statistics and removing background effects,
the minimum was found to be a genuine feature associsted with
the w® - signsl. Adding further weight to the existence of
this feature is the marked similarity with the results at 4.19
GeV/c. In none of the experiments is there any evidence for
structure st t ~ 0,6 (GeV/cz)z, corresponding to the NNSZ for

ID - exchange.

6.6 THEE INTERPRETATICN OF TiiE RESULTS

(a) THE TOT AL PRODUCTION CRO3S SECTICN

The summary of the total production cross section as

calculated in this and previous experiments is given in
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tsble L.5, and as illustrated in FIG. 4.9, the cross section

variation with the incident energy is well described by the

relation

o« P

where P is the primsry momentum. The exact value of n
however is somewhat uncertain, since ss illustrated in
chapter L, the positioning of the data points contributing
to FIG. 4.9 is highly dependent upon the type of parameterisa-
tiﬁn used to fit the @ - signal. tloreover, not sll the
results have been corrected for unseen decsy modes and
scanning losses. Despite this however, a conservative
estimste would place n at 2.5 % 0.5.

As discussed in Appendix 3, the energy dependence of
the periphersl model with or without absorption, for vector
meson exchange, is incorrect, since it diverges at higher
energies, This is well illustrated for w° - production,
since although the model is in good sgreement at incident
'energies of ~ 2.7 (GeV/q% (Ref. 6.2) it predicts a cross
section about 6 times too large in the L GeV/c region. This
divergence with energy is overcome in the Regge pole model
by replacing the spin of the exchange particle with the value
of the trajectory parameter st t = O

ie. O o SR2(6=0)-2
which at high energies, where S ® P is in agreement with

Morrisons relationship O « P2, (Ref. 6.3), for
-n = 2 OC(t - O) -2
Therefore the value of n gives a direct indication of the

dominating exchange trajectory, /7 trajectory exchange
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predicting a value of n in the region of -l.5. The larger
value observed experimentslly is therefore incompatible width
the exchange of the P - trajectory alone, and is consistent
with g significant contribution from the exchange of the B
trajectory.

Should the Regge pole predictions be correct the p
trajectory exchange should start to dominate at higher energies
and hence the slope of the line drawn in FIG. 4.9 would be
expected to gradually become more shallow. Further data
points at higher energies would therefore be desirsble.
Moreover, the inclusion of more well defined points calculated
from reliable parameterisations of the w® - signal and
including consistent correction factors will enable a fit to
be made to the energy dependence of the production cross
section, and hence the contributions from the sbove trajectories

determined gs a function of the incident energy.

,(b) THT DIFFRRENTIAL CROSS SECTION (d0/dt)

One of the main successes of the Regge Pole Model is
that it not only predicts the correct energy dependence for

the high energy charge exchange reaction,

T P = w° n

but it slso successfully predicts the observed minima at

t ~ 0.0 and 0.6 (GeV/c?)? in the differential cross section.
Since this process is dominated by the exchsnge of the A
trajectory, similar features were also predicted for w °
production, (Ref. L.2). 4s illustrated in teble 6.2 however,

although the majority of the experiments sre in favour of a
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dip at low t, none indicate any structure at t ~ 0,6 (GeV/cR)?,
Moreover, as demonstrated in this analysis, slthough back-
ground events may tend to obscure the presence of a dip at

low t, their removal does not revesl any structure in the

0.6 (GqIV/cz)2 region.

Séveral mechanisms have been suggested for the non
appearance of this structure, namely, conventionsl sbsorption
theory, (Ref. 6.4),0r strong cut models, (Ref. 6.5)s The
effects of the former however were found to be insufficient,
and the latter predicted values of Re P 10 v 0 in disagree-
ment with the experimentsl results. The most favoured solu-
tion is the incorporation of a large contribution from B -
meson exchange. Not only is this in agreement with the above
mentioned energy dependence of the production cross section,

but it is also in agreement with the behaviour of the spin

density matrix elements described in the following section.

Moreover, the dominance of the w - o decay mode for the
B - meson suggests that the B - meson trajectory may well be
important for w production via ™ - N collisions. However,
in neither this nor any of the above mentioned experiments is
there any evidence for structure in the differentisl cross
section in the region of the NW3Z for the B~ trajectory
(t ~ 0.2 GeV/c? 2), and indeed in many cases the differentisl
cross section is observed to peak in this region.

The predictions of two /7 and B Regge exchange models are
drawn on the differential cross section determined from the
analysis of this experiment. The results, taken from fits

made to the L.19 GeV/c data (Ref. 6.6 and 6.7), are illustrated
in FIG. 6.9, Note that the model described in the first
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reference slso includes absorptive effects, and the latter
reference also illustrates the results of incorporating /9,
exchange into the model. Both of the fits are in reasonable
agreement with the data, the smoother varying non absorptive

model reproducing the results somewhat better.

(c) THE SPTN DEWSITY MATRIX BLEITENTS

The results of the survey of the spin density metrix
elements given in the previous section can be interpreted
as follows:=-

As discussed in section 6.2a and 6.2b, the value of oo
at low t is a direct measure of the smount of unnatural parity
exchange, (B exchange), contributing to the production process.
Hence the value of P~ 0.4 indicates that some 4L0% of the
events proceed via B - exchange, which is in good agreement
with the observed values for Ul:L and Nll, which indicate
that the contributions from natursl parity exchange are slightly
larger than from the unnstural parity exchange. HMoreover,
as suggested by Hogaasen and Lubatti, (Ref. 6.8), the observed
minimum in f%o at t ~ 0.3 (GeV/c2)2 is consistent with the
vanishing of the unnatural parity exchange at the NWSZ for
the B - meson.,

Hence, as deduced from the behaviour of the production
and differentisl croess sections, the spin density matrix
elements also indicate a significant contribution from the
exchange of the B - trasjectory.

The erratic behaviour in the shape and position of the

minimum in fko at t~0.3 (GeV/cz)2 in going from one incident
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energy to another bhas led to snme speculstion ss to whether
the effect is genuine. The results of this snalysis hcuever,
strongly suggest that it is, and hence it is a feature which
should re reproduced by mesningful Regge model fits.

The observed decresse in the average value of p, 2nd
the ingrease in the average value fo’]__ 1 with increasing
energy are both in agreement with the predicted domination
of p exchange st higher energies. The observed negative
values of Re/!lo however, are in complete disagreement with
the strong cut models.

Predictions for the density metrix elements corresponding
to the /0 and B Regge exchange models described in the previous
section sre shown in FIG. 6.10. 1In this csse the results
for the sbsorptive model are in better agreement, and reproduce‘

the observed minimum in T

(d) REGGE MODELS AND w ° - PRODUCTION

In general the gross features of the reaction

¥ N -+ wOP
are well described by Regge pole models incorporating both /0
and B exchange trajectories. The detsiled festures however,
namely the gpbserved minimum in /%o 8t t ~ 0.3 (GeV/cz)2 and
the dip in 99/dt at low t are less well fitted.

The results of this snalysis indicate that great care
should be taken in trying to fit results in which proper
account has not hbeen tsken of the background, pzrticulerly
at low t, and also of fitting what may be spurious fluctuations

in spin density metrix elements, using insufficient stastisticse
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The models are however very close to correctly
predicting the behaviour of both 49/dt und the spin density
matrix elements, and a better knowledge of the correct psra-

meterisation of the B trajectory may solve the problem.



CHAPTER SEVEN

THE AJALYSTS OF THE PRODUCTION

OF THE n - HESON

TNTRODUCTION

This analysis is concerned with the "charged" decay mode
n - w+ra-w°
which occurs via an electromagnetic decay with non-conservation
of G - parity, the decay produots being analysed in the lc.
channel
7D - PgP w'aw"w®

The central mass width, quantum numbers and decay modes
for the 7 - mesons, as summarised by the Review of Particle
Properties of April, 1974, (Ref. L.1l) are shown in table 7.1l.

The selection of the above channel has already been
described in chapter 3, and the océurrence of the n - meson is
clearly seen in the tripion msss spectra for both the seen and
unseen spectator proton events, gs illustrasted in FIGs. 4.3
and L.h. As expected the majority of the n events are assoc-
iated with tripion msss combinations produced in the forwsrd
direction in the o -~ N centre of mgss system, but gs indicated
in FIG. 4.3, there is also some evidence for backward production:

The limited statistics do not enable such a rigorous anal-
ysis to be carried out as was made for the w® - production.
Fortunately however, since in this experiment the 7 - pesonance
is produced in association with considerably less reflected

o _. .
resonsnce background than the signsl, and moreover is
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further renoved from tle possible spurious results produced
around the 1.0 GeV/c2 reginon of the tripion mass spectrun,
the analysis is much simplified.

In the following sections the total 7n - production cross
section is calculated, including an estimate of the backward
production . In sdditinn, the results are presented for the
differential crnss section for n mesons produced in the forward

direction in the & ~N centre of mass system.

7.1  THE TOTAL PRODUCTION CROSS SECTION
(a) THE PARAVETERISATION OF THE SIGNAL

As illustrated in table 7.1, the n - meson has an

extremely narrow resonance width, sufficiently narrow infact

for it to be classified among the stable particles.

Consequently the observed widths snd shapes of the resonsnce

peaks seen in FIGs. 4.3 and L.4, result entirely from the

limited mass resolution. Hence unlike the parameterisation

of the wo - signal described in section 4.2, the resolution
-+ function alone should be sufficient to fit the 7 - signsl.

As discussed in section 4.”a, the resolution function is
essentislly the superposition of gaussians in mass squared,
corresponding to the freaquency distribution determined from
the errors on the tripion mass. The frequency distribution
of gaussians for the seen snd unseen spectstor proton events
corresponding to the 9 - region 0.2 >0, (GeV/cz)2 of the
tripion msss squared spectra are shown in FIG. 7.1, The
corresponding resolution functions, constructed in accordance
with the above frequency distributions, are illustrated in
FIG, 7.2. Drawn nn these plots are the best fitting Gaussisn

and Breit Wigner shapes, the details nof the fits being shown
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in table 7.2. As in the case of the wo - resolution func-

"tions, the Breit "Jigner fits sre msrginslly better. The

limited statistics however, renders the results of the fits

to be less reliable than their w®°

- equivalents and since

in addition the difference between the two fits is somewhat
less, it was decided to try both the Breit Wigner and Gaussian
fits éo the n - signals.

The slight difference in the shapes of the resolution
functions in the 7 and w® regions can be understood by
comparing the frequency distributions of the gaussign for
these regions. From the comparison of FIGs. 7.1 and L.5 it
is evident that the contributions to the tails of the resolu-
tion functions from the broader gaussians is somewhat less for
the n - region. Hence the shape of the resolution function
will tend more towsrds the ultimately gaussian shape when the
frequency distribution is very sharp. As an example of the
more extreme case, the frequency distribution for the k¢

channel
'IT+D - psp,”,-i-,n_-

is even sharper than for the n - region, and consequently the
associated resolution function is best represented by a
gaussian. Hence as the errors increase, the resolution func-
tion varies from Gaussian to Breit Wigner in shape, the resol-
ution function for the n - region being somewhere between the
two, and verhaps slightly nearer to the Breit Wigner represent-

ation.

(b) THE PARAN'FTESRISATION OF TH® BARCKGROUND

As in the fits made to the w® - region, the background



TABLE 7.2

FITS TO THE RESOLUTION

FUNCTIONS
TYPE UNSEEN SEEN
OF SPECTATOR SPECTATOR
PARAMETTRISATION PROTON PROTON
EVEANTS EVENTS
rl e fr | oy
GAUSSTIAN 21 26.9 9 10.4
BREIT WIGNER 29 1.6 13 3.8
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was initislly overpsarsmeterised by thre polynomial in mass
squared of the form,

NOP) = a(R)® 4 cR)d 4 e
The results of this parameterisation are illustreted in
FIG. 7.3, and as in the @° - region, the background is

found to be essentislly linear in mass squared.

(c) THE RESULTS OF THE FITS

The results of the fits to the 7 region 0.2 = O.L
(GeV/c?)? of the tripion mass squered spectra for both the
seen snd unseen spectator proton events sre shown in FIG,7.3.
From the details of the fits illustrsted in table 7.3 it is
evident that the widths of the resolution functions are once
again in excellent agreement with those calculated from the
error quantities in KINEMATICS.

As in the fits made to the ¢ - region, the predicted
amounts of signal and background are observed to vary depend-
ing on the parameterisation chosen. In this case however,
the varistion is only ~ 10% as opposed to the 40% for the w®
fits. This difference can be understood from the above
discussion of the resolution function. The calculated for-
ward production cross section shown in table 7.4 corresponds

to the average result for the two fits. The backward prod-

uction cross section was estimated from the tripion mass spectra

shown in FIG. L.3. As for the w° production cross section,
corrections were made for scanning losses, unseen decay modes

and the effects nf the Pauli ex¢lusion principle.

A compsrison of the resvlts with ttose calculated in

previous exveriments is shown in table 7.5, and from FIG. 7.L



TABLE 7.3

/ THE RESULTS OF THE FITS TO THE

- SIGNAL
| b
o
1 & Mring 2 |sionap | BACK- | wo.
SAMPL FIT FIT | VkIve| W2 [sioma R el ILCH
UNSEEN BREIT-
SPECTATOR WIGNER 31 29 9.6 | 217 93 10
PROTON
EVENTS
GAUSSTAN 19 2] 6.3 | 196 | 114 10
BREIT-
SEEN T
SpromEN WIGNER 12 13 L.6 | 108 23 12
PROTON
EVENTS | GAUSSIAN 8 9 A 8l L7 12




TABLE 7.4

THE TOTAL 1)

PRODUCTION CRO3S 3SZCTION

PAULI JORRECTIONS

SPIN- 5 NON
THE TOTAL FORVARD WP °§}beLIP P%EIgO/Ub
PRODUCTINN CRO3S
SECTION "HICH . . N
INCLUDES ;= 9, =9 95 = ¢ 98 - 10

(a) TIT NUMBER EXTRACTFED ,
rv T m
'ﬂigg SE%C$§iPION 20t 2 20 & 2 212
(o) THE EVENTS REJ=CTED BY
THE SELECTION CRITERIA 1% 0,2 10,2 1%o0,2
(c) SCANNING LOSSES 0.3 £ 0,1] 0.3 % 0.110.3% 0.1
(d) THE NUMBER WITH Ps
MOMENT A > 300 MeV/c 0.9t 0.2l 0.9*%0.,20.92%0.1
(e) UNSEEN DECAY MODES 72 1 7 73 t 7 76 * 8
THE TOTAL BACKWARD
PRODUCTION CROSS
SECTION WHICH . . .
INCLUDES: - 7.5 « 0.8 7.5 0.8 {7.5 = 0.8
(s) THE NUMBTR ESTIMATED
T ON MA
O p & TRIPION MASS 1.6 £ 0.2] 1.6 % 0.2 |1.6 * 0.2
(b) TOTAL LOSSES 0.2 £ 0,1 0.2 £ 0.1]0.2 % 0.1
(c) UNSEEN DECAY MODES 5.7 £ 0,6] 5.7 % 0.6 |5.7 £ 0.6
THE TOTAL CROSS SECTION 102 £ 10 103 £ 10 |106 * 11
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TABLE 7.5

A SURVEY OF THE TCTAL 17) PRODUCTION

CROS3 SECTTIONS CALCUIATED TN PREVIOUS

EXPER TIENT'S
BEAM CROSS COPRECTICNS
OMENTUM | SECTION PAULI | UNSEEN| SCAN No.
(GeV/c) YA EXCLU- MODES| LOSSES | OF REF.
SION EVENTS
LUSSES
0.8 * 0,1 | 1000 £250 / 7.1
1.1L 800 200 / ~ 70 | 7.2
1.7 628 + 170 v n 20 | 7.3
2.7 210 £ 1,0 J v v/ ~ 50 | 7.4
4.0 95 g / v/ V' |~300 |7,
(o)
5%, 1172% )2 v ~ 20 | 7.7




1000

CROSS~
SECTION

y

100

FIG. 7-4

THE VARIATION OF THE %-—-PRODUCTION CROSS-
SECTION WITH INCIDENT MOMENTUM.
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it is evident thnat the results are in gonod agreement wilh

P_.n
the relation o o

where @ 1is the total production cross section and P the
primsry momentum in the lsborstory system. The slope of

the fitted line is ~1.6 £ 0.5,

7.2 THE DTFFERENT JAL CROSS SECTION

The results for the differentisl cross section for the
région 0.5 =» 0.6 (GeV/cz) of the tripion mess spectra for
the seen and unseen spectsator proton events plotted as a
function of the L - momentum transfer squsred measured from
the primery to the tripion mass system sre shown in FIG. 7.5.
The limited statistics do not ensble the effects of background
to be considered. Since however, within the statistical
errors the results for the seen and unseen spectator proton
events are consistent, these two ssmples were combined and
as seen in FIG. 7.5 this sample provides s better descriptinn
of the differentisl cross section. Drawn on this plot are
the corrections for the Psuli exclusion effect and scanning
losses.

Even allowing for these corrections, the differentisl
cross section is observed to dip as t > 0.0, pesk at t &~ 0.25
(GeV/c?)? and exhibit s smooth exponential fall off for t >
" 043 (GeV/cz)?, with a fitted exponent of 3.5 ¥ 1.0. It
mist be emphasised however that the results are based on very
limited statistics, and no allowance has been made for the
effects of background. The effects of the kinematicsl cut off

gtt = t minimum are considered negligible for the above results.
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7¢3 A SUMMALY AND DISCUSSION Of ThE nESULL'S

(a) THE TOTAL FOR'VARD PRODUCTION CROSS SECTION

The results for the total forward production cross
sectinns as calculated in this and previous experiments are
summarised in tables 7.4 and 7.5, and as illustrated in
FIG. 7..L, the results sre in good agreement with the relstion-
ship o« P
where n is the order of 1.6 X 0.5,

Regge Pole models predict tke value of n to be given by

-n =2t =0) -2
where of (t= 0) is the value of the trajectory parsmeter st
t = 0. Hence since 5 - production involves the exchange
of the A2 ~ meson only, a trajectory slope of unity predicts

a value of n of 1.5, in good agreement with the experimentally

observed value.

(b) THE TOTAL BACK'WARD PRODUCTIOﬁ CROSS SECTION

\Apart from the results of this experiment, there is
little or no evidence for backward 7m production in aﬁy previous
experiments, mainly because of their limited statistics.
This ~nalysis yields a backwsrd production cross section of
7.5 £ 0.8 yb, corresponding to some 24 observed events.
The lack of statistics however does not engble any further
analysis to be mzde on these events.

(c) TEE DIVFTRTANTTAL CINSS STCTION Fon FORYADLY PPUDUCED

n - .00NS

As illustrated in IFIG. 7.5, the differentisl cross

section is observed to dip st low t, snd exhibit a smooth

E) UNTﬁ ”HII)’

““““ksch [
w 2 QCT 1975
8€ TION
Lig A_R(
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exponential fall nff for t > 0.3 (GeV/c2)2, with an
exponent of 3.5 £ 1.0, This is in general agreement with
the Regge Pole model orediction (Ref. 7.8), but none are
available for a direct comvarison at this energy. It

should be emphasised however that background effects have

not been considered.
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CHAPTER 8

GENERAL CONCLUSIONS

This thesis presents the results of an analysis of
the 0 and u? regions of the tripion mass spectrum associated
with the channel
+ + -
TD P pTrn
at an incident pion momentum of 4 GeV/c.

(A) THE (°-MESON

The total uP production cross section was determined
to be 306 + Sl/ub, made up of the cross section for the
forward production of «° mesons in the 7 ~N centre of mass
gsystem corresponding to 272 i|27/ub and the backward cross
section to 34 + 4,b. These values as described in section
4.2 were determined by parameterising theuo°-signal with
the convolution of a P-wave Breit Wigner and & resolution
function in mass squared. Such a parameterisation was
teken in preference to a Breit Wigner or Gaussian since it
was considered to be physically better based. It was noted
however, that the estimated cross section could vary by as
much as 40% depending upon the type of parameterisation
chosen, Consequently a direct comparison with the results
from previous experiments is not easily made, since as
illustrated in table 4.5, different-parameterisations are
used in the various analyses, and also different correc-
tion factors are applied. It is to be expected therefore
that these inconsistencies will contribute to some extent
towards the fluctuations in the results plotted in Fig. 4.9,
which illustrates the variation of the production cross

section as a function of the incident primary momentum.
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In spite of these fluctuations however, the results are
in good agreement with the relationship

o o PR
where p is the primary momentum and n~2.5 + 0.5.
However, since the predicted value of n for/p trajectory

exchange is 1.5, the experimental results suggest that

Jp —meson exchange alone is insufficient to explain the

results and implies the presence of a significant contri-
bution from B-meson exchange.

The differential cross section (3%4t) for the forward
production of uf mesons in thew -N centre of mass system
was determined independently of the background effects by
extracting the amounts of signal and background in each
individual t-interval, As illustrated in Fig. 4.11, after
correcting for Pauli exclusion effects and scahning losses‘"
the differential cross section was.found to dip at low %,
and exhibit a smooth exfonential fall off with an exponent
of 3.5 + 0.5 for 0.3 (GeV/c2)2. No evidence was found
for any structure at t~ 0,6 (GeV/cz), the region corres-
ponding to the NWSZ of the p ~trajectory. The results, when
compered with the predictions of two/p end B Regge exchange
models, were found to be in good agreement, indicating yet
again that a significant contribution from B-meson exchange
is required to explain the results,

~ The differential cross section for the background
events was found to be constructed from two distinet classes
of events, one characterised by an exponent of~ 4,0 and the

other by an exponent of ~2.4, the occurrence of the former

component tending to obscure the presence of the dip in the
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low t-region of the wP differential cross section,

The events characterised by the exponent of~ 4,0
were fﬁund to be associated with & 1.0 GeV/c? enhance-
ment in the tripion mess spectrum. Upon examination
however, the enhancement was found to result from a
technical fault mainly associated with the 1lst exposure
unseen spectator proton events, Due to inadequate con-
vergence criteria in the kinematical fitting programme
(KINEMATICS), events from the 4c channel

D >pp AT
were misinterpreted as 101? events of the channel

TD PP 7 an
As a result some 18% of the /o° events associated with the
4c channel of the lst exposure were lost to the 1c1?
channel, and in particular to the low t, 1.0 GeV/c2 region
of the tripion mess spectrum. For the second exposure the
improvement of the kinematical convergence criteria reduced
the breaekthrough to~8%, In addition it was noted that
the characteristics of the 1.0 GeV/02 enhancement were con-
sistent with previous observations of the so called H°
resonence, and moreover that the occurrence of a similar
technical fault in other experiments may effect the inter-
pretation of the controversial Aj region,

The effects of the background events on the results
for the spin density matrix elements for the wP region
were considered negligible. This was verified in the
results for/>oo determined independently of the back-~
ground effects. The results for the spin density matrix
elements illustrated in table 6.1, and Fig. 6.5 can be
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summarised as follows:-

(a) The value of foo at low t is~0.4 indicating that
some 40% of the events proceed via B-meson exchange.
() A'minimum was observed inpoo at t~0.3 (GeV/cz)2
consistent with the positioning of the NWSZ for a B
trajectory with a slope ~0.5.

(c) P 1-1 is positive throughout the entire t-range and

in certain regions may be consistent with zero. Conse-

1
1

(d) The value of Re p10 is negative at all values of %,

quently Ni is always2>V

(e) TNone of the spin density matrix elements indicate
any structure at t~0,6 (GeV/cz)2 corresponding to the
NWSZ for f—trajectory exchange,

(f) A comparison with the predictions of two p end B
Regge exchange models illustrated in Fig. 6,10 indicates
reasonable agreement with the experimental results, the
model incorporating absorptive effects providing better
agreement in that it could also reproduce the observed
minimm inp oo at +~0,3 (GeV/cz)z.

A comparison of the results with those from previous
experiments indicates that the vast majority of the experi-
ments are in favour of a broad minimum in /o oo at t~0.3
(GeV/cz)z. The variation in the width position and depth
of this minimum in going from one incident energy to
another being attributed to the limited statistical
accuracy of many of the previous experiments.,

Averaging the results over all values of t indicates

the following trends:-
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(1) poo tends to decrease with increasing energy
(2) )TT:T tends to increase with increasing energy
(3) TE;ZTE is approximately energy independent
The interpretation of these trends in the predicted
dominstion of the leading trajectory, namely the P
trajectory at higher energies.

To conclude therefore, the results for the total

cross section, differential cross section and spin density

. matrix elements determined for the af resonance are

generally in agreement with the predictions of Regge FPole
models which incorporate not onlyya-trajectory exchange
but also a significant contribution from the exchange of
the B-trajectory.

(B) IHE v -MESON

ceet ¥ <" The total U‘production cross section was' determined to

be 103 i_lq,b, the cross section for the forward production

in the 95 + 9ub and the backward cross section to 7.6 x 0.8

/ub. In both cases corrections were made for Pauli exclusion
effects, scanning losses and unseen decay modes. The
optimum parameterisation for the | signal was considered

to lie somewhere between the Breit Wigner and Gaussian
representations as a function of mass squared. Consequently
the above cross sections were determined from the average
value of the results produced by the above two parameter-
isations. A comparison of the results with those from
previous experiments indicates that the variation in the
cross section as a function of the primary momentum is

well described by the relationship

-n
Cx?P
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where p is the primary momentum and n= 1.6 + 0.5. Since

0 production involves the exchange of the A2 meson only,

a Regge trajectory slope of unity predicts a value of n of

1.5, in agreement with the experimentally observed value.
The limited statistics only ellowed the differential

cross section for the forwardly produced 7 meson in the

W =N centre of mass system to be determined for a narrow

mass interval taken about the central qf mass, After

- correcting for Fauli exclusion and scanning losses the

-t

differential cross section was found to dip at low t and
exhibit a smooth exponential fall off for ¢t >0.3 (GeV/cz)2
with an exponent of 3.5 + 1.0, Although in general agree-
ment with the Regge model predictions, non was available
for a direct comparison at this incident momentum. In
addition it should be noted that due to the small statistics

available the effects of background were not considered.

- 2
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APTNDTX ONE

THE PAULT TXCLUSION EIFECT

As discussed in chapter 2, deuterium intersctions iavolv-
ing two finml state protons will be subject to Pauli exclusion

effects. Expressing such an interaction in the genersl form

v

_@#*D - PP X°

the motrix element representing the process csn be written as

M= <o, kpp |T| —q#n:"s D>
where D represents the deuteron at rest, aﬁ the momentum of
the particle indicated, and‘;;p the relative momentum of the
2 final state protons.
By applying the impulse approximation however, this can be
.. Fe-expressed 3as

M= M (8 ) < Kpp. JT(® )] D>
.. Wwhere Kp (E?) is the matrix element describing the equivalent
interactions with free qgutron targets i.e.

7t N - P X°

These reactions, as described in chapter 2, csn proceed either
via spin flip or spin non-flip of the target nucleon, snd hence
Mp (E) cen be represented by two sepsrate incoherent smplitudes
i.e. for spin non flip Mg ®) = s
end for spin flip My (£) = b
Depending on which of these two processes occurs the final state
protons will form one of two incoherent stetes, namely,
either (1) The TRIPLET STATE which must have an antisymmetric

srace wave function.
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or (2) The 3TINGLZT STAT™ whiel must have a sywetric space
wave function.
As described in cl'spter ?, the spin non flip process cen only
populate the triplet spin stete, wheress the spin flip process
is divided between the two, 1/3 contributing towsrds the singlet
stste and °/3 to the triplet state
hence ?TF(?)Q = (la|2 + % |b)2) for the triplet state
and Mp (T )° = -;- Ib)°  for the singlet state

Considering firstly the triplet state:-

- TEZ TRIPLET STATT

L N

- R

This state is described by an overall antisymmetric wave

function which can be written as

! > -
=> — ; B o
<¥pp| = zZ . [el kv _2i kvf‘]

bl

The operation of T(¥ ) on this state can be considered ss
effectively subtracting ? from the final di-proton state to
give the relative momenta the nucleon has in the deuteron,
(ignoring the binding energy, as implied in the use of the
impulse aporoximztion).

Since -g is subtracted from one proton it has the effect of

subtrncting% ? from the relative momentum _k’

hence <k | T(t) = <-k’ _ 1 _f'fl

where <¥ - 5 t ) = J'?" {ei ® - 5 t).T e-'-*\ 24).
C e me s (l)

- - > -
and since P1+-§Z - % an¢ kK = %‘(Pl- P2)

equation (1) can be re-written in terms of the mcmentum of

one of the protons,
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Y 2.7 AT
K3 R -t @) - P07 RE
- — - SR e '-1??
<R Te)) 0> = |\ P eiF-t)¥ - & B )p (¥ 37

where xp (F¥ ) is t'e deuteron wave function
-
> . - N
But Up (X) = Y ol Xov ?CD (P 43¢~

where Up(X )} is the deuteron wave function in momentum space

- -pp ' - =iy
&k |T(E)])p>s B (UpE®-F)-Up (F))

L] -3

Hev\cE‘,

do ) 2 2,2
(d‘c) razeer = 0 1P 73 P17

L

3
Jop@- P - w(@ )f aF

Ignoring conservetion of energy snd momentum the first two
terms of the expsnded integral when integrated to infinity

reduce to unity, and hence the expression reduces to °

2 2

where I = up €-F vy, Fra*F

THE SINGLET STATE

For this state an overall symmetric wave function is

required, and hence
i . -> .
<‘1'c"l - P:l (el k.r + o-i Kur )

and by followinz the samc proccdure as above
A

<I€’|T(.€)\D>= FT (Up T -3 + Up (‘l"’))

and hence (dg'

__) . Lo
dt /s igLar 3 I [1 * I]
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> Q>
where I= gUD (€ - '13) .U, (P ).6? P s above.

TEE TOTAL DISFRLTNTIAL CRO33 3CCTION

Combining the above two contributions to give the totel

differenti2l cross sections we have
do ~ A2 L2 2 1 2 [ ]
(E-E)TQT = (la] * 3 |b] )[1 - I]+ 3|b, 1+ 1

Tt.e integral I is evaluated by the following proecedure.

: =gUD @) uw @ da-}chdB 7 @)t R
5

7 TR

o

by performing a Fourier transform on esch U.

-9

e - 1 trely i P. "'5-'—>

Hence I = XD( rl) XD( |-2) e 1 gdBf)‘) e (VZ - rl)
[y R

- = -

1t 2 it.r

I= ng (Fi) XD(i’—z) el t-rl S(FE—F)]_) = gXD(?) e:L

>

. ->
W CI.H(®) ?

where H(t) is the deuteron form factor

Hence (g,g) mor = (lalz +-23- Jo] 2)(1 - H(.%))+ %‘- ‘b]z(l + H(-t?))
cesess(2)

end it is tre use of this expresecion s2s illustreted in
chapter 2 which is used to calculate tre losses due to the

Pauli exclusion effect.

However, from the derivation of this expression it is evident

thet not nnly is energy and momentum not conserved for the full
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range of integration over P but all informstion concerning
the final state proton moments is lost by integrating over
all possible proton momenta to infinity.

TI retain this information, the expression is left in

the form
I
do 2 1 ™ > 2P 2
E’E)= (l"l? + .3.|b|2) §5 |UD (€ -P) -~ (P )r S(P-F -t )
- < - e IR Y
e +§ o] 2 g%— o @-F) + @2 §F-F-DF
Y o
where Py 1is the momentum of the resonsnce X" described in the
introduction. The function S(?- -l'?r ..._13) is included to
-’
restrict the velues of P to those nllowed by momentum and
energy conservation. The expression used for Ug(ﬁ) is that

of the Hulthen distribution

Up(P) = —_ - 1
ol + P2 B2 + PR

with values of «x? = 2.2 x 938 (MeV)? and 8 = 5.5

The Pauli exclusion effect correction factors resulting:
from this calculstion are illustrasted in FIG. 2.9, and by
comparing the results with those shown in FIG. 2.8, calculested
from eouation (3), it is evident that for practical purposes
the inclusion of energy sand momentum conservsation makes little
difference. This result is to be expected since the express-
ion for the Hulthen distribution effectively cuts off st ~ 300
MeV and hence problems of momentum conservation will only be of
importance at very low t - trsnsfers, where there is little
data in the present experiment.

The effect the Pauli principle has on the individual
§amples of seen #nd unseen spectetor proton events can be

found by making separate integrations of the asbove exgressions
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up to »nd beyond a specified visibility limit frr the proton
nonenta. Using a visibility limit of 110 MeV/c, the predicted
ratio of unseen spectator proton events to seen spectetor proton
events ss & function of t was calculszted. The results illust-
rated in FIG. 2.10, do not include the category of events where
both protons sre not visible since, as described in chapter 3,
these events are lost from the data sample. Also included

in the calculrtions were weighting factors allowing for the
flux snd centre of mass energy varistinns, which as discussed
in chapter 2 are dependent upon the spectator proton momenta.
The results clearly illustrate thet at low t - values thre

ratio of unseen to seen spectrtor proton events is larger

for spin non-flip processes than for spin flip processes.,
Moreover, since in both cases the ratio is observed to incresse
ot low t it follows that compatibility between the seen and
unseen spectator proton events should not be expected at low

t - values. Hence as discussed in chapter 5, the presence

of a disﬁrOportionate number of unseen spectator proton events
a2t low t does not necessarily imply a technical fault in the
data since both phese space restrictions snd Pauli effects will
incresse the ratio in this region.

The different behaviour in the curves for spin flip and
spin non-flip processes indicates that s comparison of the
predicted retio with the experimental results should enstle a
direct measurement to be made of the proportion of events
proceeding vie spin flip and spin non-flip of the recoiling
proton in a given date semple. Such informstion would be
very important for many production processes. For w?°

nroduction for instance, although p and B meson exchanges
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are believed tn result in spin flip of the recniling proton,
a direct meosurement of this would not only allow this to

be verified, but wouvld #lsn en=ble 2r investigstion tn be
made of the presence of any spin nnon flip processes whichk mey
result;from other exchanges.

Tre experimental results for the w® region 0.66=>» 0.84
GeV/c2 sre shown in FIG. 2,10, and =lthough the results are
closer to the spin flip curve than the spin non flip curve,
tﬁe agreement is insufficient to meke any conclusions concern-
ing the relstive amounts of the spin flip and spin non flip
processes.

It is to be noted however, that the effects of background
have not been sllowed for, and work is continuing st the

University of Durham to improve the calculation by the inclus-

ion of secondary scattering effects of the spectator proton.
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APPENDIX TWWO

THE ERROR _ON THE EFFECTIVE MASSES AND

L -~ MOMENTUM TRANSFERS

(a) THE ERROR ON TWO - PARTICLE MASS COMBINATIONS

The error was evalusted by expressing the effective mass
in terms of the momentum (P), dip ( N ) and Phi ( ¢ ) angles
of the individual particles. The latter variables were
chosen in preference to Px, Py and Pz since they were consid-
ered to be more independent. The expression was then differ-
entisted in terms of P, N and ¢ , the assumption being made
that the varisbles are independent for the two particles, and
from the results, the R.M.8 error was calculated. The details
of the calculation are shown below:-

The effective mass of the system is given by
3 W Mo E PP .. (1)
where E and P represent the totsl energy and momentum of the
system.

But EeE +Bp= (Pp + Mlz,)% + (P2 4 MZQ)%“

where the subscripts 1 and 2 refer to the constituent

particles

since PR = (le + Px2)2 + (Pyq + Pyg)z + (Pzq + PZZ)2

equation (1) reduces to
)?

1 24
R = (P + W2)24 (P + 1)7) e (PxysPxa)+ (Py1aPyp)e (Fzq+Pur)’

and by re - expressing Px, Py and Pz in terms of P, N and ¢

the relation becomes:=-
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1 . 23]
’l? = I"l?+l‘~7?? + 2(P12+TI?)’(P?? +1y )¥ = 2 P1Po cos™ CoShp

cos ¢1c0s¢s =2 P1P5 coshjcoshg sing ysing o =2P1Pp sin\y
sinAo

Hence

-1
2 PLE) Oy = 2 Py coshny cosh p (cosgy cosg o + sin ¢ 3
sin ¢ 5) -2 P, sinXj sink,

n

—— =2 Py P sinN; cosN 5 (cos¢ , cos¢ , + sin sin ¢,)

Y] 1 2 1 2 1 2 ¢ 1 2
- 2 Pl P? COS'A 1 sinh )

a’ . .

W - 2 P; Py coshy cos\ 5 (sing, cosp 5 - cos ¢ sing 5)

The above indices can be interchanged to give the corresponding

expressions for

E zﬁ\ ana [P
JPZ 5%2 J¢2

(b) THE ERROR ON THREE PARTICLE MASS COMBINATIONS

The expression is calculated in precisely the same way

as above, except in this case,

PE o opy

(E2+H3) = 2 Pp coshy cosh, (cosg¢y cosg o, +
JPy E1

sin ¢; sin¢3) - 2 P3 cosh, cosg (cos¢l cos¢ 5 + sing j sind s

- 2 sinhy (P, sink , + P3 sind,)
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I)

%}r = 2P1 P2 sin N\ cos N, (cos ¢y cosd, + sindq sind )
1l

+ 2 P P3 sink 4 cos7\3 ( cos ¢4 cos ¢3 + sin¢y sin ¢3) -

2 Py coshy (Pp sinhy + P3 sinkg)
and

o

Ba__ =? Py Py cos'}\l COSA » (sin ¢l cosqb2 - COs 951 Sin¢p) +
1

2 Pi P3 cos'}\l cos7\3 (sin ¢l cos ¢3 - CcoOs ¢l sin ¢3)

Once again the indices csn be interchanged to give the

values of
MR MW and I
—— — — etec.
JPs N 3o

(c) THE ERROR ON THE 4 - MOMENTUM TRANSFER

This is calculated in s similsr menner as above. For

.yeactions. of the type- 7*D - Pg P x°

the 4 - momentum transfer from the primary to the X° system

is given by:-
t = (qD— (qPS+QP))2 oo.oooao(l)

where the Q'sare the 4 - momenta of the particles indicated
in the subscripts. Hence by re-expressing this in terms of

P, N sand ¢ for the spectator and intersction protons,

relation (1) becomes:-
t = - (MD2 + M12 + M?_?) + 2 PyP5 cos 7\1 cos Ny (cos ¢l cos ¢2

1
+ sing.] sin ¢o) + 2 P{Pp sin ¢; sin ¢2 + 2 Mp ((Pl?+ tql?-)? +

2 ar 2yF IR 2L 5 .. 9241
(Pp< + 1,°)7) - 2(Py +Ml )2 (P, + 1, )?
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and hence

where
I
Jt 2 Mp P1 > P
= L. 24 - E g
3P By _~F._]l-__2_ + 2 Py (cosh) cosh, cos ¢y cos ¢

+'CoOS 7\1 cosA, sing, sing, + sin ¢, sin ¢, )

_3__’% = -2 P Py (sin7\:L cos Ny COsS ¢ COS gy + sinh, COS Ny
sing 1 sin¢,) and
%‘%1 = = 2P Py (cos™; cosA, sing ; sing, - coshy cosp

cos ¢ singp - cos¢ 4 sing,)
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APPENDIX THRED

THE REGGE POLF DMODZL

INTRODUCTION

One of the compelling srguments for the Regge Pole
hypothesis was the failure of tle Absorption model to handle
particles with non-zero spin.

The evolution of Regge Poles was started by Regge and
his collaé%ators in the late 1950's and developed from concepts
in potential theory. Essentislly it waes demonstrated that the
partial wave amplitude was not only analytic as a function of
energy, but was also analytic as & function of the angular
momentum. The first c laim of the model was the existence of
trasjectories a(E), such that whenever E equals the mass of s
particle on a trajectory, Re « (E) equals the spin of that
particle,: E- » B threshold corresponding to resonsnces, and-.

E ¢ E threshold corresponding to bound states. In particular,
the trajectories correlste bound states snd resonances of the
same internsl gquantum numbers, with spins that differ in units
of two, the continuation of the trajectory into the s - channel
physicsl region giving rise to qhe so called exchange traject-
ory. The basic difference between this model and the peri-
pheral model is that the concept of exchange particles is
replaced by exchange trajectories. In the relastion for the
energy dependence of the periphersal model,

—— S2J-2
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the spin J of the exchange psrticle is replaced by the traj-
ectory perameter ot ) at ¢t = O, snd since this is always
less than 1, the exponent of the energy dependence is
always zero or negative, thereby overcoming the divergence of
the peerheral model for spins > 1. Some of the additionnal
propert{es of the model are listed below:-
(2)  SIGNATURE

This is introduced in order to take into account the
different effects of exchange forces for even and odd 9 .
A Regme Pole of even (odd) signature only contributes to e
pertisl wave of even (odd) f , and hence an even (odd) sig-

nature trajectory csn only contain particles of even (odd) Q .

(b) FACTORISATION

One characteristic property of the peripherasl model is
the occurence of the coupling constants for esch vertex, and
the fact thet the oversll scattering amplitude is proportionsl

to the product of these two terms. This feature is termed

- - u "

factorisstion, since the smplitude factorises into one contri-
bution from esch vertex. This property also applies to the
Regge Pole model, but only to the particular case of one Regge
Pole exchange. As soon as seversl trajectories are exchanged
there are in general no clear cut predictions from this princ-
iple. The importsnce of factorisation lies in the fact thsat
one and the same Regge Pole coupling may occur in different
regctions, and since it is independent of how it couples to
tlte other particles, it is possible to predict relations

between the scattering amplitudes of different processes e.g.

o (PP) | opgr () = (np) 2

TOT Oror
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(¢) GHOSTS

Poles which occur for ¢ ¢ O cannot be incorporsted
into tle model since they imply en infinite differentiel
cross -section at that +t=-value. Such poles sre termed
Ghosts, [and are effectively removed by reducing the residue

to zero;by putting it proportional to al(t) .

(d) DAUGETZR TRAJECTORIES

Unwanted singularities occur at t= 0 in the scattering
pmﬁlitudes of reactions thet do not heve their masses pair-
wise equal, as in elastic scattering. The most popular
method of overcoming this problem is to invoke further Regge
trajectories known ss "deughters™, which have singular resi-
dues which precisely cancel the singulsrities produced by the

originsl parent trajectory.

(e) CONSPIRACY AND EVASION

Constraints at a particular ¢ - value csn be produced
by the ‘intersection of a-set of trajectories which "conspire!
together to give the desired effect. Conspirscy can be
"evaded" by imposing conditions not on the trasjectories, but
on the residues thsat appear in the amplitudes. Any combina-

tion of conspirscy and evasion is possible.

(f) SHRINKAGE

For the exchange of a single Regge Pole the lu-dependence

is given by o 4 5 2alt) =2
dt 80

where s 1is the centre of mass energy. This implies that
as s 1increasses the slope of the differentisl cross section

becomes steeper, and hence the pesk is observed to "shrink".
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(g) REGGE DIP3

Minima occur in the differentizl cross sections st
momentum transfers for which a coatributing meson trajectory
passes through a zero or negative integer,

alt) = = ny n = 0,152 cecnnes
of for s baryon trajectory where

alt) = =k =32 cereens
The contribution of a single Regge Pole is resl at its right
signsture point, and imaginary st its wrong signature point.
At unphysical values of the angular momentum, for a given
helicity configurstion kinematicel factors csuse the amplitude
to vanish at its wrong signature points, giving rise to the

so called nonsense wrong signature zeros.

(h) REGGE CUTS

A Regge cut is 2 line of singularities in the angular
momentum plane ceused by the exchange of two or more poles.
Such s region has to be avoided in the overall integrsl, in
order to obtain the total cross section. Although their
positions are well defined, their precise interpretation is

open to speculatione.

(1) TEE COMPARTSON OF THE MODZL "TITH SXPURIMTNT

The msin success of the model has been in the fitting
of vector meson exchange processes €.ge ¢ P - N
and in perticulsr for the reproduction of the observed dips
in the differentisl cross sections.

In genersl, the properties of the model listed asbove,

combined with absorption effects render it sufficiently
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flexible to fit a whnle host of reasctions, s fairly compre-
hensive list being tabulated in sn article by P.D.B. Collins
(Ref. A3.1l). However, it is perhaps the flexibility of the
model which draws most criticism, snd meny consider the

introduction of cuts etc. to wesken its credibility consid-

erably.
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