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i.

ABSTRACT

This thesis presents the results of the analysis of the

reaction:

“+d +d1T+1T+'IT-
at li.7 GeV/c incident momentum. The experiment from which the
data were obtained is described and the method of selecting the
sample of 1675 events belonging to the channel is discussed.

The reaction is found to be dominated by f;o production with
some f° production. There is 2lco a d*++ non~-resonant peak in the
d1r+ mass spectrums The three pioﬁ effective mass spectrum is
dominated by threshold enhancements of the 6)ﬁ+ system, the Al,
and the f° n* system, the A3.

A spin parity analysis indicateé that the A1 has Jp = 1+.while
the A3 has Jp = 2°. Neither of these enhancements are found to
conserve s-channel helicity, but t-channel helicity is found to be
compatible with the results on A3 production and almost compatible
with those on A1 production. N

A longitudinal Phase Space analysis of the channel is described
and ths.result; of a kinematical model to explain A1 and A3 production
are presented and critically discussed. The results of a search for
coherent A2 production are described and a small enhancement which
may be identified with the ng (1080) meson is studied.
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CHAPTER ONE

INTRODUCT ION

In the absence of any complete theory of the strong interaction
the role of experiment is particularly important in providing data
on which theories or models can be based and tested. There are two
main areas in which any experiment is essential:

(1) To record what happens in a manner independent of any
.previous knowledge or model, and to determine the properties
of short lived particles, or resonances, which, at relatively
low energy, are found to form a large fraction of multi-
particle final states.

(2) To test any models or hypotheses which have been proposed
on earlier data for compatibility with the resultes.

Many techniques have been used to detect the particles involved

in strong interactions. One of the most useful of these at low energies
has been the bubble chamber since it can give precision of measurement
over a 47 solid angle on a wide variety of reactions. A proton target

} can be obtained by filling the chamber with hydrogen but many effects
can better be studied by use of a neutron target, for exemple neutral
meson production. No free neutron target is available, but the deutercn,
consisting of a loosely bound protca-neutrcn pair, can be used as a
quasi free neutron target and bubble chambers are often used filled with
liquid deuteritvm. Heavy liquids have also been used as targets, since
they give the possibility of detecting the decay products of uncharged
pions, although they have the disadvantage of reduced precision of
measurement.

Jt was in the study of interactions of pions with heavy nucleii.

that multi-particle production was found tc océur without the nucleus




breaking up (Ref. 1.1). These interactions with the nucleus. , were also
soon discovered in deuterium (Ref. 1.2) and designated coherent reactions.
A coherent reaction can be defined as one in which the target nucleus
remains intact and in its ground state after the interaction.

This thesis is the report of a study of a coherent reaction of
positive pions with the deuteron. The particular channel heing
investigated is:

1T+d—) d'rr+'rr+ ) 1.1
at 11.7 GeV/c incident picn mome ntum.

The advantage of a coherent interaction is that many exchange
mechanisms which can occur with a nucleon target are forbidden. The
zero isospin of the deuteron implies that it can exchange only objects
which also have zero isospin. Three pion resonances produced by p
exchange, for example, will not be produced in reaction-1.4 This can
simplify the analysis of 3-pion states which are produced in this
reaction.

The simplest set of quantum numbers that csn ke exghanged in

GJP = O+0+) or in

this type of reaction are those of the vacuum (I
Regge Pole terminology the Pomeron trajectory. (A brief description

of the Regge Pole model and other exchange models is given in Appendix A).
The pomeron is the exchange thought to dominate elastic scattering at
energies above the isobar formation region (> 5 GeV/c). If reaction

1.1 dqes indeed proceed by pomeron exchange, then it may be expected

to show similar features to the elastic reaction, the only difference
being that the incident pion dissociates into a 3-pion state. This
process is krnown as diffraction dissociation. It was first discussed

by Good and Walker (Ref. 1.3).

There are other possible exchange mechanisms which may be expected

to occur. Four simple exchanges are shown in figures 1.1 (a) - (d) and
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doubly peripheral mechanisms (fig. 1.1 (e) and (f))may also contribute
to the channel cross section. No diagrams are shown which would involve
egotic exchanges or deuteron exchange since such processes are most
unlikely to occur. In studying the reaction an attempt will be made

to determine which of these diagrams occur, and the nature of the
exchange involved.

Previous experiments have shown that, in the strong interaction,
resonances are produced, in general, peripherally i.e with only a
small momentum transfer from the beam to the resonant state. In
coherent reactions the momentum transfer from the target nucleus to
the recoil nucleus is constrained to be very small, and, since this is
equivalent to the momentum transfer from the beam to all other final
state particles combined, resonance production in this combination may
be enhanced.

This constraint to low mcmentum transfers can be understood in
terms of the Uncertainty Principles since it is required that the
interaction be with the whole nucleus, it is necessary that the
exchanged object cannot localise any one of the constituent nucleons
i.e. the uncertainty in position must not be less than the nulcear

diameter (a). The Uncertainty Principle states that:

Apr>l 1.2
(the units used throughout are such that # = ¢ = 1). Therefcre, in

order to localise a nucleon:

LAp >1 1.3
3

and this corrzcponds to a momentum of ~ 220 MeV/c when the target
is a deuteron. For momenta higher than this the probavility of the

reaction remaininy coherent is redused.




_Low momentun transfers to the rzcoil deutcron result in non
relativistic final state deuterons in the laboratory system and this

results in the approximate relationships

¢ % L W2 oyl 1.4
min ~ 2Pb '
where M* = the effective mass of the 3-pion system.
# = the pion mass
Pb = the pion beam nomentum in the lab. frame.
tmin= the mipimum value of the 4-momentum transfer squared

from térget to recoil deutefgn,-needed to produce -
£his value of M.

Equation 1.4 shows that a given 3-pion mass can be produced with
lower t (the square of the 4-momentum transfer from deutzron to deuteron)
as the beam momentum is increasede The experiment reported here is ét
a higher beam momentum than all except one previously reporting studies
of this channel and is, thercfore, capable of studying higher 3-pion
masses with more reasonable statistics, since they can be formed with
lower t and do not result in break-up of the deuteron.

This thesis, then, describes the analysis performed on reaction 1.1.
Chapter 2 precents briefly the details of the exposure together with an
account of the scanning and neaéuring procedurss and the calculation
of the total n*d cross section. In chapter 3 the method of selecting
events which belong to the coherent channel is described and the channel
cross scction is computed. The general features of.the channel, in tsrms
of the resonances and enhancements produced, are presented in chapter 4,
while irn chapter 5 the channel is studied in terms of longitudinal phase
space. Chapters 6 and 7 are corncerned witnh the angular distributions

of the decays of the produced states, the former describing the spin




(3]

states involved, and the latter testing the hypcthesis of helicity
conservation in either the s- or the t-channel. In chapter € models
which attempt to explain some of the enhancements produced in the
reaction are discussed and in chapter 9 a search for coherent production
of the A,2 m2son is described. The conclusions of the thesis are
presented in chapter 10 together with a comparison of the results with
previous work on this and similar channels.

_The author is responsible for all the results presented, 2xcept

for those in Chaptar 2 or where explicitly stzted in the text.




CHAPTER TWO

EXPERIMENTAL DETAILS AND TOTAL CROSS_SECTION

2.1 TIHE EXPERIMENT

The data presented in this thesis is taken from an experiment

performed by a collaborstion of European laboratories comprising:

(1) The University of Durham

(2) The University of Genoa

(3) The University of Milan

(4) Ecole Polytechnique, Paris

(5) Laboratoire de Physique Nucleaire et des Hautes Energies.

A beam of positive pions was used with a momentum of 11l.7 GeV/c,
extracted from the U3 beam line (Ref. 2.1) at the CERN proton synchrotron
purified by two r-f separating cavities. The beam was incident on the
CEKN two metre bubble chamber (Ref. 2.2) filled with deuterium. The
average number cf beam particles entering the chamber wes maintained
at " 10-15 per frame and they were timed to pass through the chamber
during the sensitive time.of the expansion-compression cycle of the
liquid deuteriume The chamber was in a magnetic field of 17.5 kg.
Photographs were taken on each expansion from 4 cameras positioned
such that 3~dimensional reconstruction of the tracks is possible.

The experiment was performed in November and December of 1967
in two runs separated by one week. The beam momentum was determined,
for each run, by measuring the curvature of a large number of primsry
tracks and taking the mean value, since the error on the measurement
of individual tracks at this high momentum can be very larce. The
results were:

Run 1: 11.66 + 0.04 GeV/c
Run 2: 11.74 * 0.04 GeV/c
and these values were treated as fixed in the fitting procedures

except for the known variation due to the encigy loss down the




chamber and a slight weighting with the measured value of individual
primaries.

A total of 150 thousand pictures were taken and the film was
shared between the 5 collaborating laboratories for scanning, measuring
and fitting. These procedures, as performed in Durham, are described
in the subsequent sections of this chapter.

2.2 The Scanning

Only events in a certain volume of the chamber were treated as
eligible for analysis, in order that a good measurement could be
made of the curvature and direction of the secondary tracks and of
the direction of the beam. This fiducial volume was 115cm lcng and
situated'near to the entrance of the chamber. |

Each film was scanned for all events falling in this region of
the chamber and relevant features of each evsznt found were noted. These
included.

(1) The number of secondary tracks (prong size)

(2) The presence of a stopping track (either a protdn or a

deuteron)

(3) The presence of a stopping pion (recognisable by its decay)

(4) The presence of a highiy ionising track (grey proton)

(5) The presence of kinks in the secondary tracks.

(6) The presence of any interactions of the secondary tracks,

particularly if these are near to the primary vertex.

(7) The presence of associated Vo's

(8) The approximate position of the event.

The number of beam tracks entering the fiducial volume was counted
and ncted on every tenth frame and an average number was calculated for

each film. Any frame which was too faint or had toc many §25) or too




few (<) beam tracksy was rejected and the number of these for each
film was noted. From these two pieces of information the total number
of beam trscks was calculated.

Several films were then rescanned independently and, by comparison
of the two results, the efficiency of the scanning was calculated for
each prong size. Table 2.1 shows the total number of events found for
each prong size, together with the scanning efficiency and the corrected
number of events.

2.3 Measuring

Only interactions of the beam with the neutron inside the deuteron
or with the deuteron as a whole were required for measuring, since
interactions with the proton can better be studied by use of a hydrogen
filled bubble chamber. If the interacticn is with the neutron then, in
the impulse approximation, the proton is left with the Fermi momentum
it had inside the deuteron, and this peaks at low momenta with only™ 1%
of events having the so-called 'spectator' proton with a momentum greater
than 300 MeV/cz. The vast majority of interactions on the neutron will
be characterised by a proton which stopss Charge conservation demands
that there be an even number of charged secondary tracks and so neutron
events will either have an even number of prongs with a visible stopping
proton or an odd number of prongs when the proton stops before it hes
travelled far enough to leave a visible tracke This latter case arises
for protons with a momentum less than'§80 MeV/c.

Similarly, coherent deuteron events, as explained in Chapter 1, must
have a low momentum deuteron in the final state and will result in elther
odd prong events (deuteron momentum <\ 140 MeV/c) of even prong events
with a stopping deuteron. In general, a stopping deuteron canﬁot be
distinguished frcm a stopping proton but a stopping track is known to ke

one or other of these.




TABIE 2,1

The Scanning Dates

Prong size

No. of events

Scanning
Efficiency (%)

Corrected

No. of Events

7

> 8

5362
21496
14313
26998

9324
12828

2783

3213

886

94,7

99.5

99.9

99.9

100

100

100

100

100

5662
21604
14327
27025

9324
12828

2783

3213

886 .
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The events selected for measurement, therefore, comprised all
odd prong event; and even prong events with at least one stopping tracke
It was furthef'deciéed that only 3 and 4 prong events would be meagured
in the first instance, and then only if the events were non strangs
(i.e. no associated V° or kinked secondary track)e.

The measurement was performed on conventional IEP type machines.
The machines were on line to an IBM 1130 computer which checked circle
fits to the measured tracks and calculated the sagitta for the meagured
length of track. If the sagitta were less than 2mm in chamber space,
immediate remeasurements was requested on a greater length of track.
If the circle fit failed , the measurer was instructed to remeasure
the tracke Any event with a track which consistently failed to give
a circle fit or a track for which a sagitta of 2mm could not be achieved
was classified as unmeasureable. The computer processed the data and
produced output in the required input format for the CERN fitting and
reconstructing programmes. Any event failing in these programmes
was remeasured, and a selection of events which failed again were
neasured for a third time.

2.4 The Programmes

Any distortion arising from the optical system of the cameras, was
allowed for by measuring, on the film, the positions of several crosses
(fiducial marks) whose positions on the chamber windows is well known.

A pclynomial fit of the meagured positions to the known positions was
made, using the CERN programme FYTHON (Ref. 2.3).
The results of this fit are used in the GERN ¢eometrical reconstruction
programme THRESH (ref. 2.4), which takes the measured data from three
views and combines them to form a 3-dimensional picture of the event,

fitting each track with a helix and noting its radius of curvature and
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the direction in which it leaves the interaction vertex.

The information from THRESH is then passed through to the CERN
fitting programme GRIND (ref. 2.5). This attempts to fit the event
to a set of user supplied hypotheses, assigning a mass to each track
and hence determining its momentum and trying to balance momentum and
energy. The hypotheses tested for 3 and 4 prong events were:-

1e md *‘dﬂ+ﬁ+ﬂ*

5, Mdwdrmm T

+ + -

3, Td2pp T

+ + -0
4, Wd=opp T UM
+ + + -

5 TmTdpnTTT

For four pronged evente there are no unseen final state particles
in reactions 1 and 3. There are thus 4 constraint equations which must
be satisfied before a fit is achieved, 3 due to conservation c¢f momentum
and one due to conservation of energy. An event which can satisfy all
these constraints is known as a 4-C fit.

The remaining three reactions (2, 4 and 5) have a neutral particle
in the final state, which, keing unseen is unmeasured. The energy and
momentum of the unseen particle can be deduced by balancing these two
quantities before and after the interaction, and a fit to these channels
will be given if the constraint:

2= m?' 2.1

E2-p
can be satisfied with m equal to the mass of the neuiral particle. The
resulting fit ic known as a 1C fit, Clearly the fitting procedure is
less stringent for a 1C fit than for a 4C fit and it is likely that both
the rescluticn and contamination by false fits will be worse for 1C than
4C reactions.

Events which give no fit to reactions 1-5 may belcng to one of the

following channels:
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6o wd + dﬂ+ﬂ+ﬂ_n(ﬂo)

74 md + p pn+n—n(n°)

8. ‘n+d‘ + p nTT+’n'+TT—m6¥O)
where n > 2 and m > l.

These reactions are called NOFITS.

In the case of three prong events there is less information
available from the measurement., It is known, however, for reactions
35 4 and 5 that the unseen proton has a momentum less than 80 MeV/c
and so it has been treated in GRIND as a meagured track with zerc momentum
and errors on Px, Py and Pz, the three components of momentum,of 30, 30
and 42 MeV/c respectively. In this way 4C~fits to reaction 3 énd 1C fits
to reaction 4 and 5 are still possible. It is found that this procedure
works well for the 4-C fit but for the 1C's the final fitted quantities
of the spectator are not meaningful, giving a fitted momentum which seldom
differs more than 5 MeV/c from zero. For channel 1, the unseen deuteron
cannot be constrained so strongly as the unseen proton since it can have
a momentum as high as 4'140 MeV/c before it leaves a visible track. It
was decidedy therefore, to treat the missing deuteron in the same way
as a neutral particle. Three prong fits to reaction 1 are therefore
1C fits. It is impossible to follow this procedure in the case of
reaction 2, because there would then be equivalently two neutral particles
in the final state. Fits to reaction 2 were, therefore, not pcssible for
three prong events.

Events which failed to be properly reconstructed by THRESH or GRIND
were sent back to be remeasured.

2.5 The Check Scan

The degree of ionisation caused by a charged particle passing through

a bubble chamber, corresponding to the density of bubbles along the track,




depends on B of the particle. Examination of the bubble density of
the track can give information concerning the nature of the tracke
GRIND produces a table of the ionisation expected for each track
assuming the track is a pion, a kaon and a proton. In general, a
proton can be differentiated from a pion, if the proton has a momentum
less than ~v 1.3 GeV/c, since for these momenta proton tracks can be
seen by eye to be less than minimum ionising, while pions are minimum
ionising.

Every event passing grind was therefore subjected to a check scan,
where every positively charged track was given a code as follows:

23 The track is definitely a proton or deuteron.

l: No differentiation is possible

O: The track is definitely a pion.

It was assumed that there is no difference between protons and
deuterons since, in general, it is impossible to distinguish these by
ionisation. The very few events with a track which was recognisable
as a kaon were rejected from further analysis.

Any of the hypotheses giving a fit to an event was then checked
for compatibility with the ionisation code and rejected if it were found
to be incompatible.

2.5 The Data Summary Tape

After the check scany the grind output was passed through the
programme SLICE, which produced a data summary tape (D.S.T). This
~tape contains information on all the measured events. The X2 value
and prcbability for any fitted hypothesis, together with the fitted
and unfitted quantities for each track and the missing mass squared
and missing energy squared and their errcrs are all stored on this tape.
Any hypothesis which is compatible with ionisation but which does not

give a fit are also stored on the D.S.T as thé correspending NOFIT




14

reaction, where, of course, only the unfitted quantities are available.
The D.S+T's from each collaborating laboratory were then circulated
to the others for data analysise.

2.7 The Total Cross Section

The total cross section will be calculated in this section, for the
Durham events only, from the formula:

G _ n A

= — 2.2
tot LN d -
av
where A = the atomic weight of the deuteron = 2
av C Avagadro's Number = 6.022 x 1033 mole-1
d = the density of the liquid deuterium
L = the total beam track length.
n = the total number of interactions

The density of the deuterium (d) has been calculated by the French
collaborators by measuring the decay ;ength of muons in the chamber and
knowing this length in hydrogen and the density of hydrogen under the
conditions in which the chamber operates. -The value found is 0.136 #
0.005 gm/cco

The total number of interactions can be calculated diréctly from
table 2.1 by summing the number of each prong size, after correcting

for sc

[\

w

nning efficlency. This results in a value of 976Z2. There remains,
however, a class of 1 prong events which are inaccessible to scanning,
since the angle betvieen the incident and emerging tracks is negligable,
and these have not been allowed for in the 1 prong scanning efficiency.
These events will be essentially elastic scatters with very small
momentum transfers:

(@) 7*q » ar' (deuteron unseen)

(b) ﬂ+P(“sp) > ' (nsp) (proton unseen)

(z) o + roton unseer)
Talpg ) > T alp ) (p
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The subscript 'sp' in these reactions refers to the spectator nucleon.
The cross section for each of these three processes has been calculated
by the French collaborators, assuming values of the total cross section
for “+d,“+p and Tf+n collisions at this energy and using the optical
theorem. Reactions (a) and (b) are then limited to certain maximum
values of t by the necessity that the target remains unseen. For
reaction (c) it was assumed that 2/3 of the spectator protonsremain
unseen (as expected from the area under the proton momentum distrikbution
for protons with momentum less than 80 MeV/c as given by the Hulthen
wave function), and the maximum value of t was calculated assuming that
the angle between incoming and outgoing pions in the chamber remains less
than 1°0 The combined cross section fcr thgse processes, under these
conditions, is found to be 2.8 mb. While the value of the total ﬂ*d
cross section (taken from counter experiments (refs 2.6)) has been
assumed in this calculation, it only results in a small correction term
and the value of this quéntity, to be-calculated, is largely independent
of this assumption.

The total track length L is given by:

n
] .
L=nt+ I 2 2.3
4 i=1 1 .
where ¢= the total track length possible in the fiducial volume = 115c¢m
ny= the number of beam tracks entering the chamber which do

nct interact
%= the length of the track i before interacting and the sum

runs over a2ll interacting trackse.

The distribution of £ 3 is found to ke flat as would be expected,

and so the mean w lue of % 3 can be written:

o= 2.4
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Equation 2.3 can then be written

L=nﬂ, + _n_&_ 205
i
2
or L=N¥1-n) 2.6
2N

where N is the total number of beam trscks entering the chamber i.e.
N = n1+n. N has been calculated from the scanning data and is equal
to 501288 with an error of &’3o5%. L can, therefore, be calculated
if n is known, but n is 97652 plus the number of undetectable 1 prong
events (n') for which o= 2.8mb.

i.ee n = 97652 + n' 2.7

and ' n' A

Ne( 1- n/2N) N, d

= 2.8 mb 2.8

Equation 2.8 gives n' = 5966, yielding a value of n of 103591 and
substituting this value into equation 2.6 results in a value of L =
5169 x 104 cme Using these values of L and n in equation 2.2, the
value for the total cross section is found to be:

O ot T 4849 & 2.5 mbo
This result is in good agreement with the result from counter

experiments (Ref. 2.6) which give a value of 48.2 *+ 0.5 mbe

2.8 The St2ae of the Experiment

At present all the three and four prongs have been measured and
the published results, so far, are primarily on the channel
md > pp atn (Refo 2.7)
A more general treatment of this channel together with the corresponding
1C channel:

Ty > ppﬂ+n'no

will be published shortly (Ref. 2.8).




Preliminary results on helicity conservatiocn in the channel
being censidered in this thesis and also on the channel.

n Tao P n T
sp

have also been published (Ref. 2.9)s The results concerning this which
are presented in Chapter 7 of this thesis, are more complete and
supercede those of that publication.

The 5 and 6 prong data has also now been measured and analysis of
these events has bzen started. It is hoped that a sample of 7 and 8
prong data will be measured scon, so that a comparison of different

multiplicities may be possible.
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CHAPTER THREE

CHANNEL SEPARATION

Introducticon

The sample of events which give a fit to the coherent channel
often also give a fit to one or more of the other channels listed in
the previous chaptery-and it is probakle that some of the coherent
fits are spurious. The ambiguity between coherent fits and other
fits must be'resolvéd in order tc eliminate contamination of the
coherent sample, if meaningful analysis is to be performed, and in
this chapter the 'methods used to obtain a pure sample of the coherent
channel are described. It was exaplained in the previous chapter
that the types of fit to the c¢oherent channel are different for 4- prcng
and 3-prong events i.e. 48 and 1C fits respectively. The methods of
channel separations for these two samples will be described separately;
for the 4-prong events in Section 1 and for the 3-prcng events in
Section 2. Section 3 gives a discussion of possible misicdentification
of the secondary pions and the channel cross section is computed in
section 4.

3.1 Four Prona Events

Table 3.1 shows the total number of 4-prcng events fitting the
coherent channel together with the number of ambiguous with each of
the other possible reactions. The only other 4C channel is reaction 3
and it can be seen that the number of ambiguities with that reaction
is negligakle., Since it is far eacier for & 4C event toc simulate a 1C
than vice versa, the fits.to reactions 2. 4 and 5 are expected to be
largely spurious. Ambiguities with channel 2 can be neglected therefore,
on the grounds that fhere are only a few such events. This is true

also for an ambiguity with reaction 4. This ambiguity can be neglected



TABLE 3.1:

The number of coherent fits

ambiguous with other channels.

Total
kot -

- dedir .

Unambiguous

AMB. and
Reaction 2
" dodir T T°
AMB. with
RiactioQ 3

T dappT T

AMB. with
Reaction 4 o
o deppm U W

AMB. with
Reaction.5

+ 4+ -
i d- pnmr U

Agcepteg
+—
Ao dy 7w

4 PRONGS 3 PRONGS
ALL | PROB» 1% ALL PROB > 1%

1534 141§ 2139 2044
123 100 4 2
203 171 - -
3 2 33 28
326 223 1113 1048
1411 1328 2135 2042
1230 445
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for the further reason that it can only occur if the faster proton of
reaction 4 hes a momentum greater than ~ 1.2 GeV/c since otherwise

it will be recogniseable by icnisation and for such events it has
previously been found that the majority of fits to reaction 4 are
spurious (Ref. 3.1). The only important ambiguity is, therefore, that
with reaction 5, since more than 90% of the events fitting reaction 1
also give a fit to that channel,

The ;(2 probability distribution for all 4-prong events fitting
the coherent channel is shown in figure 3.1(a). Whilst, statistically,
this is expected to be flat, there is a sharp peak of probabilities
~1%, and an excess of events at high probabilities. The latter effect
can be explained in terms of an overestimation in the fitting programme
of the measured errcrs on the tracks. ' The fbrmer effect, however, is
probably due tc other channels contaminating the coherent one and events
which fit with a probability less than 1% have been rejected in the
subsequent analysis. The effect on the number of events and ambiguities
can be seen in the second column of Table 3.1l.

The high percentage of ambiguities with the reaction 5 remains after
this selection and it is necessary to show that the whole qohefent channel
is not due to a sample of that reaction, termed the break~up channel,
having a configuration which simulates coherent events. That this is not
the case can be seen from figure 3.2(a) which shows the invariant mass
spectrum of the protcn-neutron combination M(pn) for all 4-prong events
fitting reaction 5 There is a strong preak at a mass ~1.87% GeV/c2 in
this spectrum, which is due entirely to ambiguities with the coherent
channel (hatched part of the histogram)e. The solid curve on the figure
is the result of a Monte-Carlo calculation of this spectrum assuming:

(i) The angle between the proton and neutron is isotropic

(i1) One nucleon has a momentum spectrum given by the Hulthen

wave function.
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(iii) The other nucleon has a momentum spectrum similar to that of
the non-spectator proton in reaction 4.

The curve is normalised to the upper pert cf the spectrum and by
no means reproduces the coherent peak. Its failure to do so can be
explained by the fact that assumption (i) above is patently in contradiction
with the experimental data, as cazn be seen in figure 3.2 (b) which shows
~ the distribution of the cosine of the angle between the proten and neutron
(cos © pn) for all 4-prong events fitting channel 5 and for those ambkiguous
with reaction 1 (hatched_histogram)a There is a marked peak towards
cos © pn=1 which is due entirely to channei1ﬁa*pnnﬁﬁw"events which also
fit the coherent channel.

These features show that the majority of tre fits to the coherent
channel are due to coherent events. It is still probakle, however, that
sone events which in fact cshould be assigned to the break-up channel
(ﬂ*d-+pn ﬂ*ﬁ}ﬁr) will give fits to the coherent channel. An estimate
of the number of these events can be made from figure 3.2 (p)e Assuming
that for channel 5 events the distributicn of cos 8 pn is isotropic,
as would be expected in the impulse approximation (and which is- found
to be the case for the angle between the two protons in chaﬁnels 3 and 4),
and assuming that those events with cos © pn¢ O are all break-up events,
then the number of break-up events with cos & pn> O is knmown.The difference
between this and the totzl numbher with cos 8 pns O is equal to the
nunker of itrve coherent events, and comparing this number with the
number of fits to the coherent channel yields an estimate of the
contamination. It is found that ~150 coherent fits should in fact
be assigned to the break-up channel.

Figure 3.3 (a) shows M{pn) for all events ambiguous betwsen the

two channels with & bin widih of 0.5 MeV/cz. The sharp peak centred
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~1.878 Gev/c2 and 2 Me—-V,/c2 wide, which is due to coherent events, is
followed by a tail at higher masses. As the mass of the pn combination
increases away from the mass of the deuteron, the hypothesis that the
event is coherent becomes less probable. One way to remove contamination
by the break-up channel is to reject all events with M(pn) greater than
some arbitrary limit.

A fit to the break-up channel of an event which in fact corresponds
to the coherent channel ought to give parallel momente to the proton
and neutron. It is, therefore, possible to purify the sample by rejecting
events for whicﬁ Opn. is large. The distribution of this angle for events
fitting the two competing channels is shown in figure 3.3 (b), where it
can be seen that the angle is very large in some caseé, although the
majority of events are in the peak towards cos © pn = 1.

A further method of selecting coherent events is by the ratio of
the m;menta of the neutron and proton. The momentum of a stopping track
is derived from the range-energy relationship and the ratio of the momenta
given to the track by interpreting it as a deuteron or proten has, therefore,

a definite value:

'g—d ~ 1.67 . 3.1
. P
Pd = deuteron momentum pp = proton momentum.

If it is assumed that the momenta of the three pions is the same

in both fits, conservation of momentum implies:

- -

-
Pd = Pn + Pp 3.2
Pn = neutron momentum
(The arrows signify that the quantities must be considered as vectors).
Since the angle between the proton and neutrcn should be zero for a coherent
event then these quantities need not be considered as vectors and so,

dividing eqe. 3.2 by Pp:
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Pn+Pp. Pdaxij.e7 . 3.3

Pp Pp
So R =_Pn = 0,67 for a coherent event

Pp

If, however, the event is not coherent, this ratio is not constrained.
Figure 3.4 (a) shows the distribution of this ratio for all ambiguous
events. The distribution peaks ~ Q.7 and is quite wide. The width is
due largely to the error on the neutron momentum which is typicaliy
~80 MeV/c and is large since it is an unseen particle.

If the ratio were correct in all cases then the relative momenta
of the proton and neutron would increase as the momentum of the proton
increased and this would lead to an increase in MQpn)o Thic effect can
be seen in figure 3.4 (b) where the predicted value of M(pn) is shown
as a function of proton momentum under the assumption that R = 0.67.

If - 8 pn is not zero then the effect is even greater and this is

also shown in figure 3.4 (b). for seversl vélues of this angle assuming
that Pn has a projection of 0.67 Pp along the proton direction and the
transverse component necessary to produce the specific angle. Thus to
eliminate break-up events by anti-selecting high values of M(pn) can

lead to a biassed sample, rejecting prefererntially high momentum deutercons.
For example toc cut at M(pn) = 1.885 GeG/c2 would limit the deuteron
momentum to be <900 MeV/c if the ratio and cos © pn were correct and

<350 MeV/c if cos © pn were O.7.

To reject events which have a large value of cos © pn can also
lead to a biassed sample. The errox on the fitted neutron track is due
to the errors on the other tracks, since the neutron is unmsasured,
and is, thus, independent of the neutrons momentum. If the error is in
a direction perpendicular to the neutron direction then it will result

in a change of the value of cos © pn and this.change will be greater for
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smaller mementum neutrons. A coherent event, simulating a break=-up

event should give cos © pn = 1 but will deviate from this value because

of the errcr on the neutron momentum and the deviation will be strongest

for slow neutrons. Slow neutrons correspond to slow protons in the
ambiguous sample as can be seen from the distribution of R and consequently,
if the event is coherent, to slow deuterons. To reject events from the
coherent sample by a cut on cos © pn can, therefore, preferentially
eliminate slow deuterons.

For any value of Mfpn) and Pp there are two possitle values of Pn
and hence of R and these depend only on the value of cos © pn. Figure 3.5
shows R as a function of Pp for 3 values of M(gn) and several values of
css 5] pn. It can be seen that for slow protons, where the errors on R
are large, the difference between the tw solution is also large, becomina
smaller at higher proton momenta whére the error on the ratio is smaller.

If an event were truely coherent then a spurious fit to the break up
channel should give the lower ratio i.e. 0.67 in the ideal case. Even
if cos © pn is non-zero the lower ratio corresponds toc a smaller component
of the neutron momentum perpendicular to the proton direction as expected
for coherent events.

For-a break up event simulating a coherent event, a high value of
R(1) will occur if the interaction takes place on the neutron with the
proton as spectator, and a low value, if-the reverse if true. The momentum
distribution is peaked & low values of Pp for the ambiguous sample,
indicating that they are probably spectators if.they are really break-~up
events and hence it is expected that the higher solution for R will in
fact occur for break-up events. 1In fact for the Sreak uvp channel, the
probakility of spectetor nucleon momentum falling in a certain xegion
can be calculated frcm the Hulthen wave function, and the probability

of the other nucleon falling in the same momentum region can be calculsted



16, 3.5

. M{pn) = 10785

Cos Opn=1O

E. 0975
o
8
“.
oy’
S . e
. £ e — -
H .
z
ot T T T T T T
. 08 - 42 16 20 24 30
19 . - . .o . .

) M(pn) = 1880
b.) . (3

Cos 0 pna 1O

Cos #pn» O\ © X . ¥ 0.978
(]
[
°
&
a
)
) 8
. H
z
o5
(7] - -
(4] o2 O3 O4
Prom : " Gevle
.19
M(pn) = 1885
c)
5
Cot fpn= 10
[]
[
a (O
S
e
o
&
z
05
O-1 —
o3 [t ] (2] oS Q-6 o7
Poon Gervic




25

assuming that its momentum diétribution is similar to that of the non-
spectator proton in Reaction 4. Dividing the experimental proton momentum
spectrum according to the ratio of these two probabilities into two
categories, specitator and participating nucleons, it is possikle in both
cases to calculate the probability that the neutron has a greater momentum.
This hag been dona for every 20 MeV/c interval of the Pp spectrum for
ambiguous events and combining the results it is found that ~90% of the
events should have R > 1 if they belong to the break-up channel.

There is thus a distinct difference between the two competing
channels: a real coherent event should yield the lower possible value -
of R, while a real break up events should vield the higher R values
The error on R must still be consideredy but, as was seen earlier, in
'many cases the difference between the.tmo solutions is very large. The
sample of events was separated into 9 separsate sub-samples:

l«. R+3. AR < RO

2 R+2.A R ¢ PRU¢R+3. R

3. R+ AR ¢ RU<CKR+2. R
~-» 4, R _ ¢ RUi¢c R+ R

5% R~-3. AR > RL

6. R-2. AR > RL ; R-3:. R

7. R - AR > RL>R-2. R

8. R , > RL>R- R

9. RL and RU > 1

where RU = upper possible value of R for each event
RL = lower possible value of R for each event
MR = experimental error on R.

Samples 1, 2 and 3 take the lower value of R and are not within
error of the other possible value. They are presumably, thereforec,
coherent. Figures 3.6 (a), (b) and (c) show respectively M(pn), cos & pn

and R for these eventse They show very markedly the features expected
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of coherent events. The asymmetric shape of the R distribution is
due to the sampling procedure and indicates that not all the coherent
events are in this sample.

Samples 4 and 8 contain the events where the error on R is such
that R is compatible with both possible values. When R takes the lower
value (sample 4) there are no events with M(pn) >1.88 or with cos © pn
&L.8. These events have therefore been accepted as coherent. Similarly
for sample 8, M(pn) is sharply peaked at ~1.87¢ and cos 8 pn at 1.
Furthermore, the distribution of R for these evénts is peaked towards
lo Errors on R for a coherent event can take it above 1 and indeed,
if the R distribution is to be symmetric there must bhe some events with
R> 1. Coherent events with R> 1 should peak at 1 and tail off above
this value, and this is seen to be the case for sample 8 events, which
have therefore been interpreted as coherent'eventso
| Samples 5 and 6 consist of events wh;ch have a value of R not
within 2 standard deviations of the lower possible value. They demonstrate
no features expected for coherent events: no accumulation of events with
low values of M(pn) or with cos © ~1 and no peaking of the R distribution
towards l. These events have been rejected from the sample as.belonging
to reaction 3.

Events of sample 7 seem to mark the borderline hetween coherent and
break-up events. There are some coherent features in the datas M(pn) .
low; cos ® pn tending towards 1 and some peaking of R towards lo A
further division of the sample was made as follows:

7(a) R-3/2 £ » RL> R - 2. AR

7(b) R - AR > RL> R-g., AR,

The evente of sample 7(a) again show no coherent features and were
rejecfed, while those of sample 7 {b) account entirely for the peaking

towards 1 of the R distribution and were accepted.



At this stage 173 events; all with R 3 1, have been rejectedo
This nuﬁber compares favourably with the estimated amount of
contamination made earlier of ~ 150 events. Since ~90% of the break=-up
events are expected to have Rs 1, an estimate of the contamination of
the coherent sample by break-up events which have R <1, can be made
'from this number. The result is ~19 events.

Sample 9 contains those events for which both possible values of
R, (RL and RU) are smaller than l. No decisicn about the coherence of
the event can be made in this case from the actual value of R. Since R
is necessarily less than 1, however, the contamination of this sample
is likely to be small. Figures 3.7 (a) (b) and (¢) show, respectively,
M(pn), cos ® pn and R for these events. The distribution of M(pn)
peaks étrongly ~1.880 as expected for coherent events, and the cos © pn
distribution peaks ~0.8. The reduction in the number of events above
this value is due to the sampling procedu;e since if cos 8 pn is 1 the two
possible values of R cannot both be <1l. It is possible that the brealk-
up events with R ¢ 1 will fall predominantly in this sample since thése
events will, in general, have a relatively high value of Pp and it is
only for high values of Pp that RU is <1 as can be seen from figure 3.5.
For this reason events with M(pn) > 1.887 in this sample were rejected.
While this selection is subject to the bias described above, it rejects
only 13 évents and it is found that no accepted event in any other sample
has a value of M{pn) greater than this limite

While it is hoped that this latter selection critereon will reduce
the number of break-up events with R ¢ 1, it cannot be proved categorically
that it does so and the figure of 19 events for this contamination must
remain as an upper limit. There may also be some contamination resulting
from the acceptance of sample 8 events and part of sample 7. The total
numbexr of events accepted from these two samples; however, is only 116

and a study of the distributions of M{pr), cos © pn and R for these shows
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that the contamination is unlikely to be more than 10%. Thus, the total
contamination is ¢ 30 events in 1130 ambiguities. The 100 unambiguous
events have been accepted as coherent, giving a final 4-prong sample of
1230 coherent events with ¢ 2.5% contamination.

Table 3,2 gives the total number of events in each sample, together
with the numbers accepted and rejected from themo In summary, the

ériteria used to select the 4 prong coherent events were:

(1) Probability of fit s 1%

(1i) If ambiguous with reaction 5: then

(a) if RUs 1 R -go AR ¢ RL
(b) If RU<1 M(pn) < 1.887

3.2 Three Prong Events

The 3~prong data consists of events where the deuteron, or proton,
in the final state, has such a low momentum thet it leaves no visible
track in the bubble chamber. In fitting an event to reaction 1 the
deuteron was treated in the same Way as an unseen neutral particle and
results, therefore, in a 1-C fit. The data is likely, therefore, to be
more contaminated for the 3-prongs than was the case for the 4-prong
events.

Table 3.1 shows the total number of 3-prong events giving a fit
to reaction 1 together with the number of thesé ambiguous with each of
reactions 3~5. No fit is possible to reaction 2 since this channel
contains two unseen particleso. Fits to reactions 4 and 5 were possible,
as explained in the chapter 2. by treating the unseen proton as a
measured track with zero momentum and suitable errors. Fits to reaction_
3 are 4C fits and are; therefore, more probable.than any 1C fit and
events ambiguous between this channel and the coherent channgl were

rejected frcm the coherent sample.




TABIE 3.2 Number of events accepted and
rejected in each subsample
of the 4-prong data.
SAMPLE NO. ACCEPTED NO. REJECTED TOTAL
1 255 0 255
2 122 o | 122
3 136 0 136
4 110 0 110
S .0 80 80
6 o 63 63
7 56 32 88
8 60 0‘ 60
9 391 13 404
Unambiguous 100 0 100
TOTAL 1230° 188 - 1418

29
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The largest ambiguity is between the coherent channel and reaction
2, tée break~up channel, as was the case in the 4-prong data. In this
casey essentially every event which fits one of these also fits the other,
While, in principle, its is possible to resolve this ambiguity by studying
~ for example, the angle between the proton and neutron (cos © pn) in the
fit to reaction 5, in practice, such a Qethod proves useless since the
method of treating the unseen proton is unsatisfactory when a further
neutral particle is involved in the interaction. The fit, in fact,
gives almost zero momentum to the proton thus yielding all quantities
which depend upon its intrinsic properties meaningless. Prcperties
of the proton-neutron combination, such as their combined effective
mass M(pn) can be used; however, since these depend on the measured
quantifites of the three seen pions,

The distribution of M(pn) for all 3-prong events fitting both
reactions 1 and 5 is shown in figure 308..(a)o Thie shows a large
peak, centred ~1.88 GeV/c2° The smooth curve shown in this figure
is the result of a similar Monte-Carlo calculation to that performed
for the 4-prong sample, with the ;dded criterion that the spectator
proton must have a momentum less than the visibility limit (~80 MeV/c)o
This curve by no means reproduces the threshold peak, which is therefore
interpreted as being due to coherent events. A cut was made at a
value of M(pn) = 1.885 MeV/c2 and events above this value were rejected
from the coherent sample. It should be noted that this selection is
free f¥0m the bias described for the 4-prong events, which was due to
the range-momentum relation for stopping measured trackse An estimote
of the contamination presant in the remaining 447 events can be made
from the curve in figure 3.7 (a) and the result is.20%. The figure
suggests trat coherent events are present up to a value of M(pn) of

~ 1,888 but to incilude evente up to this mass results in an increase
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in the contamination to 25%.

A further reason for the choice of 1.885 MeV/c2 as the limit arises
from the fact that the unseen proton in reaction 5, is fitted with zero
momentume This results in all the momentum not taken by the 3-pions being
given to the neutron, while this momentum is given to the deuteron in
reaction lo The neutron momentum is related, thus, to both the deuteron
momentum and to M(pn), which are therefore related to each other. The
deuteron momentum visibility limit ~ 140 MeV/c corresponds to a value
of M(pn) of ~ 1.885 thus to cut at this value ensures that deuterons
are not fitted with momenta such that they should leave a visible track.

The sample of events remaining has a flat probability distribution
as can be seen in fig. 3.1 (b). This is in contradiction to the 4-~prong
sample. It has becen shown in the study of reactions 3 and 4, however,
that to overestimate the errors on the fitted tracks by a factor of
1.5 would successfully explain both distributions (Ref. 3.1). Events
with a probability less than 1% have been rejected for compatibility
with the 4-prong sample. The remaining number of 3-prong events is
then 445,

No attempt has been made to resolve the ambiguity between reactions
1 and 4 since 3-prong fits to reaction 4 have been found to be mostly
spurious, particularly if the fast proton is not recognizeable by
ionisation, as-must be the case of an embiguity with the coherent

channel is to occur. Moreover, it seems unlikely that an event which

should in fact be assigned to channel 4 will simukate the breal-up
channel in such away that the break-up channel simulates the coherent
channel.

In summary the seleclions made were:

(i) M(pn) for ambiguous fit < 1.88% GeV/02

(11) Probability > 1%

(iii) Mo simultanzcus 4C fite
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A check can be made that the 3-prong sample is compatible with
the 4-prongs by trying to match the deuteron momentum spectra for the
two sets of data. 1In order to dc this only the data frém Durham and
the two French laboratories have been used, since the Italian laboratcries
only measured three prong events with a more than minimum ionizing track.
The pion tracks in the coherent channel all tend to be fast and therefore
minimum ionising and this selection, therefore, effectively filters
out 3=-prong coherent events. The deuteron laboratory momentum spectrum
is shown in figure 3.4 for the other 3 laboratories, with the 3-prong
sample hatched. The matching is quite goode If, M(pn) is limited to a
smaller value than 1.885 GeV/c2 then a dip becomes apparent in this
distribution at the join between the two samples and, similarly, if
higher values of M(pn) are allowed, a eénhancement appears in the
spectrum.

3.3 GContamination by Coherent Kaon Production

Having selected a sample of events which are coherent, there
remains the possibility that the piomshave teen misidentified and are
in fact kaons. The reaction may be:
a dod 7 K K. ‘ (6)
Events with a kinked secondary track, which may be due to a kaon
decaying, were not measured and events where the ionisation was not
compatible were rejected; but the meson tracks are very fast in this
channel, in general, and the kaons may not decay in the chamber and their
ionisation will in generasl be indistinguishable from that of the pions.
In order to investigate this possibility, a sample of 300 4-prong
events, which were acdcepted as coherent, were passed through the prdgram
GRIND and fits attempted to this channel. About H0% of these gave a
4-C fit to reaction 6. This is understandable since for a fastirack

to change its mass frem that of a pion to that of a kaon without changing
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its momentum results in a negligable change in its energy and both
momentum conservation and energy conservation can be maintained.
Howevér, only 14 events give a X’2 probability for this fit which is
of comparable magnitude to that for reaction l. This gives an upper
limit of 5% to the contamination of reaction 1 by reaction 6. The
contamination is likely to be much less than that, however, as can be
seen by the fact that of the events which give a fit to reaction 6 ~ 90%
fit the reaction twice, by successively interpreting both pesitive non
stopping tracks as the positive kaon. This fact indicates the ease
with which spurious fits to reaction 6 can arise.{ If events are
accepted as belonging to reaction 6 only if they give a probability
> twice that of the fit to reaction 1 then the resulting amount of
contamination is less than 2%.

In the case of the 3-pronged events ~ 75% gave at least ore fit
to reaction 6 and 40% had probabilities of comparable magnitude to that
of reaction l. These, however, are thé results of less reliable 1C fits
and can therefore more easily be spurious. There is no reason to believe
that the cross section for reaction 6 is relatively greater for 3~-prong
events than for 4-prong and it is assumed that the contamination here is
the same as for the 4-prongse.

3.4 Channel Cross Section

The channel cross section is given by:

0= Oiot -g
where n = the numbher of events in the channel
and N = the total number of events

The number of events in the channel must ke correccted for any lésses
which may occur between the scznning and the DST stages of the experiment.
These losses can be due to immeasurability of the event, or to failures

of the system. The corrected number of events from Durham is 770 + 85




yielding a value for the channel cross section of 360 + 45ub.
value has been combined with the values given by the two French

laboratories and tke final value is 353 1 30 b

This
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CHAPTER FOUR

GENERAL FEATURES OF THE DATA.

Introduction

In this chapter the general characteristics of the reaction will
be examined in terms of effective mass plots and differential cross
sectioné. The purpose of the chapter is to determine the parameters,
such as mass, width and production cross section, of the resonances
and enhancements which occur. These parameters will be determined
in a manner which is as model independent as possible. The first
section briefly describes the overall differential cross section and,
thereafter, the various mass spectra are examined sequentially.
Characteristics of resonances produced are discussed in the appropriate
sections.

4,1, The Differential Cross Section.

The differential cross section for the reaction is shown in figure
4.1 (a) in terms of the relativistic%lly invariant variable t defined
as the square of the 4-momentum transfer from the initial to the final
state deuteron (dy/dt vs. t) and in figure 4.1 (b) in terms of '
(do/dt* vs. t') where t' is defined as:

t' =t - tmin 4.1

3]

and tmin is the minimum kinematically allowed value of t for each

b

individual eveﬁto It can be seen that the distributions are strongly
peaked towards O, corresponding to the configuration where the angle
between the incoming and outgoing deuterons is very smail in the centre
of mess reference frame. The reaction is thus very peripheral as would
be expected for coherent deuteron events since less peripheral collisions
(higher values of t) are more likely to result in deuteron.break-up

as explained in Chapter 1.
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Weighted least square fits have been made to these distributions

in the t and t' range 0.02-0.12 (Ge.-\l/_c)2 using the parametrizations:

g{ = K exp (-At) 4,2
and _ﬁ' = k! exp (_Btl) 4.3

A difficulty encouqtered.in this proceduré was the effect of the reduced
'sample of 3-pfohg-eﬁént§ since these correspond to very low values of
t. The 3-prong data .is weichted, in the figures by the ratio of the
total number of 4-prongs to the number of 4 prongs from the three
collaborating laboratories which also contributeéd three prong events,
and it is this resulting distribution which was fitted to Equations 4.2
and 4.3 The results were found to be compatible with the results of
fitting only the events from the laboratories which measured all three
prongs, as would be expected since the effect of the 3-prong sample is
snmall except in the first t region (0.0-0.02 (Gev/b)z) and this was

not used in the fitting.

The fitted parameters were:

A

27.6 + 3.0 (GeV/c)™2

B=32.6 +1.9 (Gev/c)™2

O

and the results of the fitting are shown as the solid lines in figure 4.1.
The fit to the dr/dt distribution overestimates the number of eveﬁts be lovi
[t] = 0.02 GeV/c®. This dip at O is probably due to the production in

this reaction of high mass three picn states for which tmin is significantly
diffecrent from zero, an interpretation supported by the fact that the
extrapolated line from the fit to the qr/dtg distribution passes directly
through the experimentzl point.

. + R .
4,2 The d 5 effective m2ss spectrum

Since there are two identiczl positive pions in the final state of
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this reaction, two combinations of the d wﬁteffective mass for each
event are plotted in the mass spectrum shown in fig. 4.2 The only
structure visible in this distribution is the peak neasr threshold.
If the positive pions are labelled fast (7@+) and slow (n:) according
to their momentum in the 1abora§ory frame then a plot of the d7r:
effective mass (hatched histogram in fig. 4.2) shows that the peak is
formed entirely in this combination.

A fit to this spectrum in the region M(dW) <2.6 GeV/c? of a simple

s-wave Breit-Wigner function:

BN (M) = (ro/z)2 4.3

(u-M_)*+(D/2)?

where Mo is the central mass value and PO is the width, together with

a hand drawn background, yields the following parameters:

M_ = 2210 MeV/c2
I, = 300 MeV/c2

The fit is very pcor, however, irrespective of the shape used for
the background.

In estimating the cross section for production of this peak care
must be taken over the assumed form of the background. There is, more-
over, a marked difference in the relative amount of production between
the 4-prong data and the 3-prong data, as can be seen in figures 4.3 (a)
and (b) which show the dﬂ: mass spectrum for these two samples
respectively, and this difference must be allowed for when correcting
for the missing 3-prongs. A lower limit to the c ross section has been
calculated by counting only events which fall above a horizenlal line
extrapoléted frem the dir mass region 2.4 - 3.2 GeV/cz. The value
found is 42 pb or 12% of the data. An upper limit can be-determined

by examination of figure 4.3 (c¢) which shows, for the 4 prong sample,
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the WZ'n effective mass spectrum of those events for which the ﬂgd

mass falls in the peak (M(ﬂ*sd) <2.4GeV/c)s There is a prominant p°

signal and some indication of an £2 in the distribution, and these must
contribute to the backgrouqd below the qu: peake The number of po and f°
eventé_has been estimated by use of a hand-drawn background to this spectrum
and,-assuming all other events are due to the d wfs mass peak, a value

of 55;$b or 15.5% of the channel, is found for the production cross

section of this peak. The best estﬁmate for this cross section can

thus be written as the average 48 + 7ub.

This peak has been seen in many other coherent déuteron experiments
and is usually krnown as the d*++ (Kefo 401)e It is not interpreted as
a resonance of the pion-deuteron system, however, and a model to
explain its production mechanism will be discussed in Chapter 8.

4,3 The d i mass spectrum

The effective mass distribution of the d combination is shown
in figure 4.4 (a). There is no clear evidence for any structure, merely
a broad maximum from 2.0 to 3.0 GeV/c2 followed by a gradual tailing off.
There is no evidence for a neutral enhancement (d*o) to correspond to
the d*++ obcerved in the previous section.

As will be seen later there is a great deal of po and some f°
production in this channel, both of which will contribute only background
to this spectrum. The d-x++ will also lead to background in this
distribution, so, if any d*0 is produced it may be hidden in the high
background level. The hatched histogram in fig. 4.4 (a) shows the
d ﬂf spectrum when there is no simultaneous production of pP(C.665<
M(o 7 )< 00865 GeV/c?)y £2 (1.12¢ Msta )< 1.36 GeV/c2) or a7
(M(dqr:)< 2.4 GeV/cZ). The remaining statistics are severly limited
but. still there is no evidence for a cl*0 signal and it is concluded

. *0
that production of d = does not occurs
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4,4 The 7 7 _mass spectrum

This distribution is shown in figure 4.4 (b)s Its shape is quite
smooth and there is no evidence of any narrow enhancements whether of
kinematic or dynamic origine.

. + -
4,5 The 7 m__mass_spectrum

The invariant mass distribution of the 7?7{ system is shown in
figure 4.5, where both neutral dipion combinations have been plotted for
each event. The main feature of this spectrum is the very strong po
signal. There is also some indication of £° production, but there is
no evidence for any higher mass dipion resonances such as the go.

Since two dipion combinations are plotted for every event, even if
every event has a dipion resonance in the final state there wiil be 50%
background in figure 4.5. In fitting Breit-Wigner funcltions to the
spectrum it is necessary to know the shape of the background distributiocn.
It has been assumed that the tackground will have the same shape as the
{rqi spectrum since that contains no resonances and is subject to all the
kinematical effects (such as resonance production in the 3-pion system
and reflections of the d*+Jr erhancement) as is the ﬁ}ﬂr background. A
smooth curve drawn through the q?qf spectrum (shown in figure 4.5 as
the dashed curve) was therefore taken as the background shape. The
advantages of this procedure is that the shape is determired directly
from the data and is in no way model dependent, the only assumption
involved being that in the absence of resonance production the w&ﬁ_
and 1¢7; distributions are identical. A possible objection to this
assumption arises from the fact that the distribution of the angle
betwszen the beam pion and the positive pion resulting from the po, in
the po reference frame is asymmetric, as will be seen in chapter 6;
if the other positive pion has a preference for one direction in this

: + + + - :
frame, a difference between the v 7+ and 7 m background will result and,




3

SNGILYNISNOD SL91 %2 -

NOILAGIYLSIA SSVIN 3AILD3443 _s4 s 3HL
S h Dl

c

-~ OOI

- 002

- 00t

2o/h2N OP/ SLNIAS-




since there is clearly strong ﬁ)o production, this difference could bhe
significant. Té check this possibility the cosine of the angle between
the two positive pions in the /)o rest system has been examined. An
asymmetry in the distribution of this angle would imply that the
assumption made was incorrect.. The distribution is shown in figure
4.6 (a), where if both 1rﬁ}- masses fall in the ﬁ)o region (00665<
M(ﬁrﬂ;) < 0.865 GeV/cZ) both angles have been plotted weighted by a
factor of 4. The distribution is almost isotropic and there is no
obvious asymmetry. I{ is concluded that the assumption made is valide
The spectrum of figure 4.5 has been fitted, by the method of

minimising x2’ to the function:

pre(l) = a.ouft) (@) + oo o (1) (£) + (Tot-a-b). 56 (1) 4.4
where Nprél) = predicted nuinker in the ith bin

Tot = total number of combinations in the specirum

BG(I) = fraction of the background in the ithbin defined such
thats

?BG(i) =1 4.5
and the summation runs over all bins.
a = total number of pP 's produced
b = total number of £° 's produced.
BW(i)(p) is predicted fraction of F?'s in the i%'in according

to the relativistic P-wave Brzit-Wigner functions

Bw(l)(o) = plm) .o 4.6
i 4 2_ 2 2 / 2 2 q.
(m®-m “)"+m = T
where th
m = dipion mass at centre of i~ bin
m_ = central po mass
o
BN CY! -
r(n)= T - 'Q( ) = the mass dependent width 4.7
o] qO pmo

40
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and ]c") = po width = T (mo)
q= pion momentum in dipion rest frame
9= value of q at m = m

and the p(m) are rather arbitrary slowly varying functions given
by Jackson (ref. 4.2) as:-
p(m) = mL s
The factor m/q in equation 4.6 is introduced to reduce the 4-body
phase space to 3-body phase space. Due to lack of statistics in the £°
region,an s~wave non relativistic form of the Breit-Wigner function
(Eqe 4.3) was used for BA'E)(£). Both B (5) ana B0 1) (£) were
normalised asi-
? Bw(i) (rec) =1 . 4.9
The fitted parameters were the central mass values of the ;)o and
fd_mesons together with their widths and the total number of each (a and
b). Since the fit was performed on the spectrum in 40 MeV/c2 bins
the Breit-Wigner functions were integrated numerically over the bin
in the fitting in order not to produce any distortion in the regions
where they are quickly varying. Overall normalisaticn is built into the

function.

The result of the fit is shown as the solid curve in fige. 4.5

The fit in the higher statistiics region (up to 1 GeV/cQ) is excellent

but above this, and particularly in the £° region the fit is poor.

This is due partly to the poor shape of the £° produced in this experiment
but may also be due to errors in the background estimation or an
overestimation of the tail of the po, as may occur if an incorrect

form for the mass dependent width of the ;)o has been used (Note that

the fit overestimates the number of events in the range 0.96~ 1.04 Gev/cz);
The_fO parameters fourd in this fit are, therefore, unreliable and have

large errors; a imore reliable estimation of these will be made later.




The pP fit is excellent and thelfitted parameters are:

My= 762 &4 Mev/c?

r = 116 + 8 Mev/c?
o]

Number of po's

1078 + 50,

Tﬁe cross section for po production is thus g = 227i2Qubo No
significant difference in the number of F6|5 produced relatively in
the 3 and 4 prong samples is seen.

In figure 4.5 the signal in the £©° region is not very prominent.
In order to see it more clearly, figure 4.6 (b) shows all ﬂ?ﬂr conmbin-
ations for events where the three pion effective mass is greater than
1.4 GeV/c i.e above threshold for f° production. The effect of this is
to greatly reduce the po signal and thus to enhance the £% Fits of the
type of Eqe 4.3 have been atiempted to this spectrum and the results for

g0
the f~ parameters are:

Mg = 1235 15 MeV/c?

Te

Number of f°'s = 120 + 30

130 + 20 MeV/c?

correspopding to a cross section of 25 + 6 ub, where this is
calculated assuming that no £° production occurs in the 3 prong data,
as indicated by the data. The fit in the f£° region is poor agzin and
the fitled value of the mass is ~30 MeV/c2 smeller than the currently
accepted value (Ref. 4.3). These features can be explained partly by
the presence in fige 4.6 (b) of the small bump at ~1080 Mev/czo This
is also present in fige 4.5 (b) although the fit there suggests that
it is due to the tail of the poo While this bump is small and.may
easily be statisticel in origin, it is interesting to note that its
central mass value and width (.~ 80 MeV/cz) are identical with those
of a previously reperted dipion enhancement known as the nN(IOSO) me son

(Refo 4.4). Further discussion of this signal will be deferred until




Chapter 6.

. When considering dipion propwrties, it would clearly be
advartageous if the backcround below the signal could be reduced. This
can be done by using some criterion for distinguishing between the two
positive pions, as can be seen in figure 4.7 which shows the w+f 1r-
and ﬂ*s ar combinations, (4.7(a) and (L) respectively) where 'ﬁ+f
and ﬂfs refer to the ﬂf with greater and smaller momentum in the lah
system, and the ﬂfﬂr combination formed with smaller (4.7c¢) and greater
(4.%9 momentum trasfer from the beam, and, finally, the w?fc ﬂr and
7rscqr— combinations (4.7e and f ) where fc and s¢c refer to the greater
and smaller momentum in the rest system of the 3-pions. The effects
of labelling the pions by their lakoratory momentum and t to the dipion
sysltem are very similar; they result in a strong clearance of background
in_both the po ana £° regions in one combination, although a distinct
pF signal and a possibility of an fo signal remains in the other combin-
ation. The best differentiation between resonant signal and background
occurs when distinguishing ketween the positive pions by their momenta
in the 3-pion rest system, but, even here, some possibility of po
production in the "wrong" comkbination cannot be ruled out.

The reduction in background in fige 4.7 (a),(c) and (e) is useful
for the determination of the mass and width of the resonances without
so much dependence on the form of the background used, but not so useful
for determining their production cross sections because of the uncertainty
in the number of resonant combinations in figse 4.7 (b),(cd) and (£)s The

results for the masses and withds(compatible from each sample) are:

M= 764 + 3 Mev/c?

P
T p= 149 + 10 Mev/c2
Mo = 1055 £ 12 NeV/c?

T _ = 131 + 10 MeV/c2.
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The_fo parameters are here more in agreement with the currently.
accepted valueo The width of the po is here rather larger than that
determined previously and compares well with the Particle Data Group
estimate of 146 + 10 MeV/cZ.

A dependence of the width of the p° on t' from the beam to the

dipion system was noted in the channel

1;0‘—» pp 7r+1r
in this experiment (Ref. 2.8) and also in Ref. 4.5. No such dependence
is observed in this channel, as can be seen in figure 4.9 which shows the
dipion mass spectra for four regions of t's .Fits to these distributions
indicate that the po width is independent within errcrs of the t' region
used. It can be seen that the background level increases as t' increases
in both the ,° and £° regions. The slopes of the dg/dt' distributions.
for ;f events have been determined by maximum likelihood fits to the
distributions of expiessioﬁéﬁbf~tﬁe type of Eqe 4.2 and the resulting
parameters ares- -

B

P

By = 7.0 % 2.3

¥* * :
4,6 dpand d f associated production

7.7 0.7

I+

Figure 4.9 shows the scatterplot of M(dq#s) Vs M(f?f7r"), whe re

the labels f and s refer to the fa

o

st and slow positive pions in the
Jaboratory systemo This criterion has been used to distinguish between
the positive pions since, as was seen in section 4.2 of this chapter,
. L o PR . . + . . X
the d is formed entirely with the 7 g defined in this way. In the
. s s o . , . o]
scatterplot there is a distinct p =~ kand and a less obvious {~ band,
in both of which there is an accumulation of events in the region of
f i ah ¥+ ot . - . * . .
overlap with the d '« There is little evidence for a d band in the
figure; the accumulation of evenis in the d region of the projection

of this plot seems to come largely from the ﬁ,o and ° overlap regions.
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Figure 4.10 (a) shows the dipion mass spectrum GT+f7T- only) for
events in the d" region, while figse 4.10(b) and (c) show the d1ri ,
mass spectrum for events with M(qur-) in theﬁ)o and f° regions respectively.
Clear po and f° sigrals are present when M(drfs) is in the d" region,
while a clear d* signal is seen for M(éifﬁf) in the A)o region. There
is also an indication of a d* signal when M(ﬁffwr) is in the f° region.
From these projections, and from the scatterplot an estimate can be made
of the number of events corresponding to associated production of dt)
and d*f final states by making estimates of the background below the
relevant signals. This method is rather rough and the resulting errors

are rather large. The results are:

+ :
7 d- d*;o : 142 + 25 events:g=301 5 ub
' do d'c : 28 + 10 eventsig=6%f2 ub

and this implies that 75% of d*++ produced in this channel is produced

. g . . o © 20
in association either with a p Or an f~ meson.

+ + =
4.7 The qp 1 _spectrum

The distribution of the three pion combination is shown ip figure
4.11. The main features of this spectrum are a strong broad enhancement
in the mass range 0.95 - 1.35 GeV/cz, follcwed by a weaker enhancement
in the region 1.5 - 1.9 GeV/c?.

The former of these enhancements encompasses the mass region where

both the A, meson (Mass ~ 1100 MeV/c2) and the A, region (Mass~ 1300 MeV/c“)

2

may occur. There is no evidence, however, for two distinct peaks and the
central mass ~1120 Me‘J/c2 and the approximate width (~ 300 Mev/c?) suggests
that the effect may be due entirely to Al production. This is true also
wher only 4 pronged events are considered (hatched histogram in fige. 4.11)
and this sample, being the result of 4-C fits, has a mass reéolution
substantially smaller than the bin-width used in the figure. If A2

production occurs in this channel, then its cross section is markedly
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smaller than that for A1 proddction. Chapter 9 gives the results of a

search for A2 production.

The higher enhancement has a central mass ~1.7 GeV/c2 which is in
the region of the A, meson. The width is difficult to determine from
this distribution since the shape of the background is unknown, but it
seems £o be in the range 300-400 MGV/C20 As can be seen from the figure,
the enhancement occurs only in the four prong sample. This is because
tmin from beam to 3 w's is quite high in this mass region and 3 prong

events necessarily have very small values of to

The dipion mass spectrum for evenlts in the A, region is shown in

1
figure 4.12 (a) and shows that the A1 meson decays dominantly into;ﬂr .
This distribution is compatible with 100% decay of the enhancement into
the two body channel pyre This fact is emphasised in figure 4.12 (b)

where the three pion mass is plottec for all events which have a neutral
dipion mass in the 40 region. (0.665 < M(TT 1) <0.865 GeV/c2). It shows
that l)o_events account entirely for the Al enhancement.

Figure 4.12 (c) shows the dipion mass spectrum for events in the Ay
region (defined here as 1.44 - 1.8 Gev/c2). There is a strongp ° and
strong £° signal in this distribution. The ‘)O signal does not imply
a po1rdecay mode of the A3, however, as can be seen from fig. 4.12 (b)
where no peak in the A3 region is apparent in the poqrsystemo In fact,
the A3 enhancement is very much correlated with fo production, as is clear
from fig. 4.12 {d) which shows the £°; mass spectrum (f° defined as
1,12 < M(a ) <1036 Ge¥/c?). This distribution consists of a broad
ennancement near threshold, followed by a smell, featureless tail. With
the present statistics no detailea calculations of the A3 decay branching
ratios are possible. Studies of the dipion mzss spectra from vgrious
regions of 3~pion mass, however, indicate that the date is compatible
with 100% decay into £ e

Fits of simple S-wave Breit-Wigner functions have been made to
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the p%rmass spectrum and to the fon-spectrum. A linear background

was assumed in both cases. The fitted parameters given were:-

2

Mgy o= 113418 MeV/ ¢
Tyy = 260 # 21 MeV/c®
My = 1636 * 15 MeV/c?

R )
T,; = 3351t 43 MeV/c

and the fitted curves are shown in figures 4.12(b) and (d) respectively.
The fit to the A1 is quite gocod, although the sharp rise and the slightly
convex sides of the enhancement are not well described by the Breit-
Wigner function. The fit to the A3 is very poor: the steep sides and
flat top of the enhancement are in contradiction with the predictions
of a simple Breit-Wigner shape. Possible interpretation of these two
peaks Ly Deck-type mechanisms will be discussed in chapter 8.

In figure 4,11 there is & small narrow peak in the mass range
l°52-;06 GeV/c2 which, though hardly stati;tically significant, can
be seen to be due to ;)Oﬂ-+ combinations in fig . 4.12 (b) and, thus
is unlikely to be due to a statistical fluctuation of the A3 signal,
since the A3 decays f017+° This peak, which will hereafter be called
the "A2.5" for reference purposes, without implying any resonant
interpretation, has a central mass value ~1560 MeV/c2 and a width which
is less than 80 Mev/czo More discussion of this effect is given in
chapter 6, where examination of the decay angles of the "A2°5“ shows

that the peak is most unlikely to be resonant.

The slope of the Qn/dt distribution for events in the A, region

1
has been determined as 34.8 + 2.8, while, for events in the A3 region
the corresponding figure is 29.4 1+ 3.4,

The effcct of d * production on the three pion spectrum can be seen
in figure 4.13, which showis the scatlerplot of the d7r: effective mass

vse that of the three pions. The strong A, band on this plot overlaps

1
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the d* band only a little and d  contamination of the A, sigml is not
very important. A weaker A5 band is also apparent in this figure but
here the overlap region with the d* band is not so small. These effects
can be seen in figures 4.14 (a) and (b) where the mass spectrum of the
3 pions is plotted separztely for those events which have a d* and those
which do not. The vast majori ty of the Al signal is formed without a d*
while a clear A5 signal is seen when d* events are chosen. The A5 signal
cannot be explained as a kinematical reflectién of the d*, however, since
there is A3 production when d" events are antiselected, particularly when
a nextral dipion mass lies in the £© region, as can be seen in the hatched
histogram of fig. 4.14 (a). The peak in the A5 region for events with M(dq)
<24 GeV/p2 isy therefore, probably due to A3 production and must contribute
to the background below the d*++ signal.
Since the main features of the three pion spectrum are an enhancement

of the ﬁ)oﬂ'system just above threshold and an enhancement of the f%r
system just above threshold, it is possible that the whole spectrum can
be explained by threshold enhancements of one dipion combination with the
remaining pion. Thic continuous threshold enhancement effect was found
to be the case in the reaction:

K'paxte wte”
at 12 GeV/c incident momentum (Ref. 4.6). Crennel etlal. (Ref. 4.7),
however, in the reaction:

TP s WP ﬁrﬂﬂf at 6 GeV/c.
fourd that the 3-pion spectrum was not due to a threshold effect except
in the Al and A3 regicns. In order to test whether the channel being |
studied here is of the continuous threshold type, it is necessary first
to decide which dipion combinaticn to study. Since the two threshold
effects observed, the Al and the A3, are of a 7;Hr— combination, it

seems likely that other threshold effects will also be of this type.
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The three pion mass spectra from various regions of M(ntn-) are shown

in figure 4.15. In these plots only events which have neither neutral
dipion mass combination in the po region have been used, since these
events are known to contribute to the Al enhancement. There is no strong
evidence that threshold effects are dominant: in the first region

(Cod < M( A7) < 0.6 GeV/c2) there is a peak at low 3 7 mass (v 0.8 GeV/c2),
but this accounts only for a small fraction of the data (¢ 30%¥) and may

be due to a diminution of events in the Al region, the second dipion

mass range (0,92 - 1.04 GeV/cz) has a sharp peak at threshold which again
accounts for <30% of the data and may be caused by the high mass tail of
the Al’ since this dipion mass region contains the high mass tail of the
po meson; at higher dipion masses there is no sign of threshold enhancements
It-is éoncluded that, while for low dipion masses there may be a small
amount of threshold enhancement in the three piocn system, the effect

© and f° regions. The possibility of

is not so slrong outside the p
threshold enhancements of the ﬂfﬂf system has been examined and no evidence
for the effect discovered. It seems, therefore, thatthe effect is dnly
important when the dipion combination is in a definite spin-parity state.

A further point of interest in figure 4.15 is in the third dipion
mass region (1.04 - 1.12 GeV/cZ), which is the position of the small bumg
whicn was menlioned above and tentalively identified with the T1N(1080)
meson. This signal does not result in a threshold enhancement .and in
particular, it is by no means correlated with the tripion signal-
~1.56 GaV/62, the "M, e

+ - + + :
4,8 The d vy and d 7 1 _mass spectra

- : . s + - ¥+

The remaining possible particle combinations d 7 7+ and dy 4 are
shown in figure 4.1€¢ (a) and (b respectively. They have very similar
shapes which show no sign of any dynamical effects. The peaking of

both theze distributions at very high mass reflects the strongly
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peripheral nature of the interaction.

Examination of the d ‘30 and df° mass spectra, also shows no
structure; their distributions are very similar to those in figure
4.16 (a). The result of combining d' '@ with the 5~ is shown in the
hatched histogram of fig. 4.16 (a). This distribution shows a small
accumulaticn of events at high mass and, perhaps, an accumulation in
the low mass region (< 3.2 GeV/cz). Thé lack of statistics, however,
prevent further study of this effect, except to comment that it is
also present to some extent when the d*++ is combined with the remaining
ﬂf and this may indicate a kinematic origin.
4.9 Summary

The channel being studied is dominated by p° production, with
some £° production. There is also an enhancement in the d ﬂ* mass
spectrum 2.2 GeV/c2, the d*, which is often prcduced in sssociation
with the ;)0 or £ meson. The cross secti;ns for the various final
states involving these combinations are contained in table 4.1. The three

pion spectrum is dominatecd by a ol °7renhancement, the A, and an qu

1
enhancement, the A3, both produced just above threshold. The remainder
of the 3 pion specirum cannot be exaplained by threshold enhancements.
The masses and widths of all these effecte are summarized in table 4.2.
In addition there is a small bump in the ﬁfﬂr spectrum which mey be
identified with the N(1080) meson, and an accumulation of 8 ﬂi

events ~1.56 GeV/c



Cross_sections for the various final states

TABLE 4.1
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final state N?° of events cross section % of channel
' (Hp)
do' a7 422 89 + 21 2407
+
dr p° 935 197 + 20 56.5
gt g0 % 19 + 6 5.3
S a 55 12+ 9 3.3
a7 P 143 30+5 8.5
gFteo 28 6 +2 1.7
TABIE 4.2
Parameters of Resonances and Enhancemrents produced
Resonance Mass (MeV/c?)| Width (Mev/c?)| Decay Mode
o° 764 + 3 149 + 10 1r+7r_
£° 1255 + 12 - 131 + 10 o
T '~2210 ~300 da
A" 1134 + 8 260 * 21 o
. 1636 + 15 335 + 43 g2 .t




CHAPTER FIVE

LONGITUDINAL PHASE SPACE ANALYSIS

5,1- General Considerations

The purpose of studying an interaction is to discover by what
mechanism or mechanisms the reaction occurs, or, more generally to
discover the form of the transition matrix element M. The cross

section for the interaction can be written:
1

-

- L. s® 2 .
o= Fn | M| av _ 5e1
) S(F_ & n dp
. = 6 2 - —~ » .
with dv 3(i pi) (s A bi) i = i 5.2
i

where Fcm = the incident momentum in the centre of mass syslem

s = the square of the centre of mess energy

dV = the element of phase space
p; = the centre of mass momentum of the ith particle
Ei = the centre of mass energy of the ith particle

and the summations énd product run over all the i final state particleso.
The matrix element‘M depends in gengral on the energy, momentum, spin
etco of the outgoing particles and for a many body final state, this leads

to a plethora of variables and it becomes difficult to visualise the
structure of M.

Scme information on the form of M can be gained by study of

invariant mass spectra and g% distributions. Fcr example, the laﬁk-
of any structure in the dy and d1#1; mass spectra, demonstrated in the’
previous chapter, indicates that exchange mechanisms of the types shown

in figures 1,1 (c) and (d) are not important in this channel. The d1r+

peak (d*) may be due to a mechanism of the form of figure 1.1 (b) while

the Al and A3 peaks can be formed by exchanges corresponding to figure
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1.1 (a)o The differential cross sections show that the reaction is very
peripheral.

Van Hove (ref. 5.1) has suggested a new way of presenting experimental
data, which can show more explicitly the form of Mo It arises from the
empirical fact that, at high energies, the mcmenta of the final state
particles in a direction perpendicular to that of the incident particles
in the centre of mass system (transverse momenta) are small and independent
of the incident energy. The momenta along the direction of the incident
particles (longitudinal momenta ), therefore, contain all the information
about the variation of the matrix element, which can therefore, be studied
in terms of longitudinal momenta aloneo.

For an N body final state reaction there are N longitudinal momenta

of which only N - 1 are independent because of the constraint:

q; = O

[$]
°
w

L
i

where a; is the longitudinal momentum of the ith particle and the
sum runs over all final state particles. Conservation of energy can

be written:
= s 5.4

where mi and ri are, respectively, the mass and transverse momentum

t

of the i h final state particle. At high energies, since the ri's are

small, this can be written approximately as:

' 1
% ~ 52 o
i logl = s ST
thus forming another approximate constraint on the qi's, leaving only
N-2 of them independent.

92 Throe Body L.P.Se

Fo: 1+ 3-body final state, for example, constraint (5.3) causes all
the evoiri: to lie in a plane bounded by a hexagon, while constraint (5.5)

causes ihem to fall near its boundary. An example of this is shown in




figure 5.1 (a) for the reaction:

at+b sct+tdte - 5.6
This plot, called the longitudinal phase space plot, falls into six
separate sectors- according to which particles are going forward or
backwards in the centre of mass system. The Feynman diagrams shown by
the sectors in the figure are intended as guides to the possible exchange
mechanisms responsible for any population of the particular sector and
merely indicate which particles are forward (upper vertex) or backward
(lower vertex). In the high energy limit, the sectors would indeed
correspond to the appropriate simple exchange mechanism, but at lower
energies events may be expected to spill over into an adjacent sector.
Multiperipheral diagrams of the types shown in figures 1.1 (e) and (f),
moreover, need not correspond to any one particular sector.

5.3 Four Body L.P.S.

The full longitudinal phase space representation for a 4-body
final state reduces to a cuboctohedron (figure 5.1 (b)), due to equaticn
(5.3)c In this figure each a; is measured perpandicularly to a hexagon
at q; = 0. Constraint (5.5) causes the events to fall towards the surface
of this figure so that the representation is essentially completely
specified by the polar and azimuthal angles defined with respect to a right-
handed ¢o-ordinate system in the figure.

A more useful way of presenting the data is in terms of the reduced
longitudinal momenta (Xi) defined as:
X, = 2% 5,7

Elqi[

The Xi's have the advantage of being independent of incident energy and

obeying exactly the two constraint equations:

z X, =90 5.8 (a)
1 1
and Syl =2 5.8 (b)
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There are, tlicrefore, for N = 4, only two Xi's which are independent
and to plot any two Xi's against each other, completely defines the event.

For a 4-body final state there are in general 14 different possible
forward-backward configurations. There are, however, in the coherent
channel, two identical pions and this reduces the number of' configurations to
10 It is found, empirically, that the final state deuteron is backwards
in every event lsaving only 5 possible configurations and if the identical
pions are labelled fast (f) and slow (s) by the criterions:

Xf > Xs 5.9

then in the present experiment the fast pion goes forward in all except
5 events and so for the remaining events there are only 4 possibkle
configurations. When Xs and X_, the reduced longitudinal momenta of the
slow positive pion and of the negative pion fespectively, are chosen as
the two independent parameters, each possiEle configuration populates
a separate sector of the Xs - X_ plane.

It is possible to write the energies and momenta of the particles
as functions of Xi and Ty and s, and so dV can be writiten as a function

of these. Defining dVo as

= 2 2y v \ ..-}- > ’ 2 N
v, = &, (i ri)d‘Fi Ai){‘(l 2 %I xi[ )T dx, d° 5.10
and - ot n 3-n [ ®
('.'=[.\_'_‘. (x_.2 E, I)J.[l 2 l f‘ll] []_-[ E-] S.11
. i 1 5 1=l 1 =1 i
i=1 3
Then dV =@ ™ av_ 5,12

and dVo is a phase space volume element which is independent of s.
Distributions A and fwcan be defined ass

-1

A= O'N_t 3 1 5.13
and a1 21ﬁ
N =0 Nt s T4
Yy Y

where g is the total channel cross section




56

Nt is the number of events in the channel

and ¢ is the weight for an event y defined by
Y

equation (5.11) and the sum runs over all events y in the region ¢'V

of phase space, defined in terms of the variables X and Tie A is therefore
i

the partial cross section for the region §V and the value of Ay in this

region is given by:

3
Ao = Pemt s7 2 f | M] 2 wav
3 dv
= Pem s 2 f (M2 av 5.14
¢V °

Nw is, thus, equivalent to the integral of] Ml2 over the energy
independent variables Xi and Ty with the energy independent volume element
dv .
o
If 4V is defined as that region of phase space enclosed in a certain’
~ region of the Xi variables with no restriction on the values of Ty then

the bin volume &x is given by:
n

= 0 ',; EF I
bx = § C3ny X8 Qb gz Txgh) L axg Se15
in
Ay 11 '3 02
= = =g - I 42
then S Pcm ~ s |M|2 =1 d Ty _ 5.16

Thus this distribution gives the value of |M|2 integrated over transverse
momenta, in an energy independent way, without the phase space effects
involved by the use of the variables Xi. A direct comparison of data

at various energies is therefore possible.

5.4 Transverse Momenta

If the distribution of T, is independent of energy and of the values
of g, then the integration inequation (5.16) will result only in a
constant and the-distribution of fv) will be directly proportional to |M|2
if 6‘x is constant. To check this the mean value of Ty has beecn calculated

in bins of the Xs - X_ plane of longitudinal phase space (L.P.S) for




eash of the final state particle.. The bin size used here,
and throughout the analysis is 0,125 x 0,125, except in some -
cases, where the statistics aré small, in which case larger
bins have been usede The results are shown in figure 5.2(a). -
(d). These are the unweighted averages given bys:-

l 2

<§i>= L_W"“" r, dv 5.17

5
ijlM| av

but the weighted averages, given by:

2
- M|™ r, wdV
- gv M"zy 5.18

i 2
Jow WP ot

have also been calculated and the effect of the weighting is small,

changing the calculated values by less than 5%. It can be seen that

the values of <r;> are remarkably coﬁstant over L.P.S. at ~ 150 MeV/c

for the deuteron and ~300-350 MeV/c for the pions. In the case of the

ﬂf there is a small variation in that theré seems to be a dip in the
distribution near the X_ =0 axis, irrespective of the value of Xs'

This dip cannot be explained statistically since the errors on the values
are typically less than 20% and the dip is greater than this. The
variation, however, is small when compared to that of the Aw distribution,
as will be seen, and it is concluded that the /vy distribution is almost
directly proportional to !Ml2.

5.5 Experimental L.P.S. distributiong

The experimentally determined values of theA andsgy distributions
in the X_-X_ plane are shown in figures 5.3 (a) and (b) respectively.
The outline shape of these figures is due to the definition of Xg and

the constraints 5.8 (a) and (b). The regions are labelled in the figure

ass~

Region 1: Xq) 0 X >0

s

Region 2: X> O  X_ <O
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Region 3: X_< O " X_ <O
Region 4: .Xs< 0O X_y 0.

It is clear that the channel is dominat:zd by a mechanism which
populatés Region 1 corresponding to the configuration in which all
three pions go forwards. This is the region where diffraction
dissoc&ation events would be expected to occur. Although there are
some events in region 2, (1; backwards), the shape of the distribbtion
suggests that this is merely the tail of the dominarnt mechanism, spilling
over the boundary. The only other sector whichk has any appreciable
population is Region 4 Qr: backwards). While this too could be due
to spillover from the main peak, it is more strongly populated than
Region 2, suggesting that a secondary mechanism may be responsible.
The strong peaking along sector boundaries in the unweighted
distribution can be seen to be an effect of the choice of variables
Xi, since it is not present in the weighted Ay distribution, where these
effects have been removed.

In order to discover whether different regions of L.P.S, do,
in fact.correspond to different production mechanisms, it is interesting
to plot effective mass spectra from the different regions separately.
If the Feynman diagrams correspending to each region are correct, then
resonances would only be expected to occur in cembinations of particles,
emitted from the same vertex. In Region 1, for example, tripion or
dipion resonances can be expected, while in Region 4 there should be
no 3-pion resonances and dipions should be formed only in the ”+f77-
combination. High mass resonances, hawever, form2d going forward in
the centre of mass system, upon decaying, may give sufficient momentum
to one decay product in the backward direction to cause it to travel
backwards in the centre of mass system, and, if this is the case, the

event will fall in the 'wrong' L.P.S. region. This effect is not




important for lower mass resonances, since the mcomentum available

in the resonance rest system for the decay products is not very great
and, unless the resonance hazs only a small comes longitudinal momeAtum,
the decay products will travel in the same direction as the resonance.
Low mass resonances can only cross over to the 'wrong' L.P.S. sector,
therefere, if produced with a high momentum transfer from the beam,

and since this is not the case either for 3-pion or 2-pion resonances,
there should be no problem,

In figure 5.4 (a) and (b) the ﬂfsﬂr and wff nr_effective mass
distributions are shown for events falling in Region 1. There is
evidence of p production in both cqmbinations although there is no
clear f° signal. The 3 mass spectrum for events from the same region
is shown in fige. 5.4 (c); there is a clear A1 signal but the nuirber of
events in the A3 region is significantly reduced from that of the whole
sample. The ﬂfs ar mass-spectrum fof Region 4 events is presented in
figure 5.4 (d). There is little evidence for any resonant state in the
distribution although a small amount of po and some f° procduction cannot

be dismissed. In the ﬁ&fw mass spectrum from this regicn (fig. 5.4(e))
there is a streng pP signal and a small enhancement in the £° region, while
the 3-pion mass distribution for Region 4 events, shown in fige. 5.4f)

shows no A1 production at all, merely a broad enhancement in the A3 region.
Of the 96 events which fall in Region 2, the only 2vidence for any
resonance production is in the 1#?7f mass spectrum, where there is a

clear peak in the 9 region (fige 5.5 (a))o The 3-pion mass spectrum

from this region has a large proportion of events in the A3 reoion

but the lack of statistics make it impossible to recognise this as a
definite enheancement. There is no sign of any mesonic resanance
production in the events from Region 3. These features are summarised

in table 5.1 which gives the number of events falling in each region,
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together with the resonances produced in each particle combination.

5.6 Production Mechanisms

The resonances produced in Region 1 ére ccmpatible with the expected
exchange diagram; the po and Al’ as low mass enhancements are produced
and some evicence for £° and A3 is presenty The enhancements in Region
2, £° and perhaps some A3, can be explained in terms of the mechanism
which corresponds to Region 1 spilling over the boundary and populating
Region 2 for high mass resonances. In Ra2gicn 4, however, the strong p?
producticn in the 7ﬁfwf ccmbination, cannot be explained in tkis way
since the po must be considered a low mass resonance as otherwise it should
be seen in Region 2. This feature of Regicn 4 is, however, compatible with
the exchange diagram which would be expected to populate this region and
it must be concluded that Recion 4 is not populated merely by the tail
of the dominant mechanism but by a separate mechanism. This is emphasised
by the fact that the d*++ is produced in Region 1 but only for events
close to the Xs=0 border. Figure 5.5 (b) shows the d1r+s effective
mass spectrum for events in Region 4 together with those which fall in
Region 1 but satisfy the condition Xs <0.05. The whole of the d*++ peak
lies in this region of L.P.S. The dashed histogram is fig. 5.2 (b) shows
only those events falling in Region 4 and it can be seen that these events
correspond to the low mass end of the enhancement. The higher mass part
of the enhancement, spills over the boundary although it is only a little
above threshold. This effect is caused by the high mass of the deuteron.

The high mass enhancements (fo and A3) whiich do not fall entirely
in the regions of L.P.S. where they would be expected can be seen quite
clearly when the events which lie around the boundary of the expectec
region are plotted. For this purpose the ares around the berder Xi:O has
been defined as |Xi [.<0.05° The £° can be seen in theqr+fn— combination

-1- -
near the X =0 border (fig. 5.5(¢)) and, to some extent, in the T sﬂ com-

bination near the XS=O border (fige9.95(c)) and while the former of these may be
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partly correlated with the secondary mechani sm responsible for d*

production, the latter cannct be explained in this way.

A clear A3

signal is seen in the tripicn mass spectrum around both these borders,

shown combined in figure 5.5(e).
It can be

peak structure

scen in figure 5.3 that there is some evidence cof a double

in the A distribution near the boundary Xs=0. This is

clearer in the unweighted distribution but is not an effect of the choice

of variables Xi

-

( pw)e

since it can also be seen in the weighted distrilution

It is of interest to attempt to determine whether the doukle

peak.is stetistical or represents a physical veriation of the matrix

element, particularly since it is in the area where the two competing

mechanisms seem to overlap. To this end the L.P.S. plot been divided

into three areas defined as follows:

Area 1 : Xs s> 0.125
Area 2 ¢+ O« Xs< 0.125; X_< 0.375
and Xs< 0 ;3 X< 0.675

Area 3 : the remainder.
These are shown schematically in
to the part of the L.P.S. wherc there

left hand peak (Area 2) and the right

N

Figures 5.6 (h) and (c¢) show the

C

in areas 2 and 3 respectively. While

figure 5.6 (a) and cerrespond
is no doukle peak (Area 1), the
hand peak (Area 3).

+

dir s mass distribution for events

*+4 .
there is evidence for d production

*
in both these areas, the proportion of events in the d peak is greater

in area 2, where ~53% of the combinations have a mass less than 2.4 GeV/cz,

then in area 3, where only ~44% fall in this mass rsgicn.

This difference

of d producticn cross section is further emphasised if allowance is made

for the backgrcund lxelcw the a* peaks

substracting a hand drawn background

from hoth distributions, the proportions of de_+ producticon in the two

areas becomes 34% and 22% respectively.

' +
In area 1 no events have a dy
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effective mass less than 3.0 GeV/cz-

The three pion effective mass dis£ribution for each area are
shown in figure 5.6 (d), (e) and (f). The A, peak is apparent in
each of the three areas, but, while there are events in the A3 mass
region in every case, it is only in area 3 that a clear A3 peak can
he seen.

The clearest difference between areas 2 and 3 can be seen in
figufes 5.7 (b) and (c) where the7T+§T- mass spectra are shown for
the two areas. There is strong !)o and f° production for the right
hand peak, while the left hand peak shows neither nf these resonances
in this coﬁbinationo The inverse is true for the7r+fﬂr mass spectra,
as can be seen in figures 5.7 (e)land (f), although here there is some
FF and f° producticn even in the rﬁght hand. pecak. Also shown in figure
5.7 for comparison are the ﬂigr- mass spectrum (fig. 5.7(a)) and the
ﬂifr( mass spectrum (fic. 5.7 (d)) for area le These differences in
the dipion mass spectra may arise pa%tly kinematically. For example,
in area 2, where the 7¢s and 7 are both, in general, moving relatively
slowly in the lorgitudinal direction of the ce.m.s. their combined
effective mass is constrained to take low values unless their transverse
momenta are high. There is,y however, no such kinematic ekplanation
of the differences in the three pion spectrum or the d'ﬂ+s mass
distribution aﬁd it is concluded that the double peak structure cannot
be disregarded as a physical effect, the left hand pesk being more
associated with a producticn and the right hand pezk more with A3
production. 1t would be interesting to se¢e the results of a similsr
analysis on this channel at different energies to see if this double
peak is present there also.

In conclusion, the longitudinal phase space analysis shows that
the channel is dominated by a mechanism which populates Regicn 1 of

LePeS. with a secondary mechanism populating Region 4o In the area
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where these two mechanisms would be expected to overlap the L.P.S.

distribution shows two peaks which seem to have different characteristics.



CHAPTER SIX

ANALYSIS CF DECAY ANGLES COF MESONIC SYSTEMS

In this chapter the decay angular distributions of the resonances
and enhancements presented in Chapter 4 will be discusseds The discussion
falls into two sections. The first deals with rescnances in the dipion
system, p° and.:f, whose spins are well known and the analysis involves
computation of the spin density matrix elements for these in order to
gain information on their production mechanisms. This section also
contains some discussion of the 'nN' enhancement. The second section

contains an analysis of the spins of the A, and A3 enhancenents and

1
here the peint of view taken is the determination of the spin-parity
since the overall spin structure of these states is not so well known.
Throughout the chapter the reference frame used to define the decay

angles is the Gottfried-Jackson frame, which is descriked in Appendix B,

6e?2. Dipion Systems

6.2.1 The P° meson
The p meson is known to have spin (2) equal to 1 and odd parity
P

(' = 17). The decay angular distribution for such a dipicn rescnance

is given by:-
Wed) == 44 (- )+ 3(2p -1) ccs> @
LT 4y B Poo 2\ %o cos 1

6.
L. . 2 . s .
- M1-1 sin“® cos 2 ¥ -2 Re Pig §in 2 © cos ﬂ{}

(For definitions of the quantities involved see Appendix B).

Figure &.1 shows the distribution of cos @ and # for all ﬂ%nf
combinations with an effective mass in the po region, defined as
0.€65-Ce 265 GGV/CZ. Recalling (from Chapter 4) that the result of
the fit to the dipion mass spectrum indicates that this mass region

contains ~ 3%% backgreund, it woula be advisable tc reduce this back-
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ground if possible. As pointed out in chapter 4, a masrked improvement
in the signal to background ratio can be achieved by using only one
dipion combination per event, for example 7ﬁf1r- (where ﬁ; indicetes
the -n‘+ with the greater momentum in the laboratory system) or the
ﬁfﬂ‘- combination formed with lower momentum transfer froﬁ the beam.
The result of such a criterion, however, is not wholly satisfactory,
since there is still a po signal in the "wrcng" combination. This
sighal can be seen to correspond preferentially to a certain configuration
of the decay in figure 6.1 (hatched histogram, where only ﬂ*fﬂf
combinationg falling in the po region have been plottedjd. It is clear
that there is a much s tronger reduction in the number of events
~cos B = -1 than elsewhere. This is unlikely to be the result of
reduced backgrocund since it would imsly that the background has more
events in the backvard hemisphere (cos 8¢ 0) than in the forward,
wﬁile plots of the decay angles for evenlts just below and just above
the pd region show the opposite to be true. It is concluded, therefore, .
that to select one -1'r+ by any such criterion leads tc a biassed argulzr
distrikuticn.
Another possikle way of reducing the backgrcund arises from the
. fact that ~17% of the events have both neutral dipion effective masses

. o . .
in the p  region. Such eventsz can be weighted by

[83)

f

3]

ctor of a half
but, while this reduces the background to some extent, it also reduces
the amount of signal.

In generzl, therefcre, the subsequent analysis is based on all mass
combinations falling in the given mass region. The results to be

presented however have been checked by using a sample defined as

follows: t', the square of the 4-momentum transfer from the beam

to the dipicn system minus its minimum value, was detcrmined for
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both combinations and hence the quantity T = ]ti - té | was_calculated,
It was found that there is escentially no resonant signal”in.the
combination formed with higher t' for events with T> 0.2 GeV/e and
only the other combination was used. The remainder of events
(T< 0.2 GeV/Cz) have signals in both combinations, and these were
also used wéighted by 0.5, The results obtained by using this sample
agreed within errors with those obtained by using the entire sample
except at the highest values of t' where the background is particularly
strong.

It can be seen frem figure 6.1 that the distribution of cos © is
not symhetric around Oand this is in contradiction with the assignment
of Jp=f.since equation 6.i cannot produce such an asymmetry. Defining

the asymmetry parameter A by:

A =

T3

+

oo

|

T
w

(6.2)

the number of combinations with cos ©> 0

where F
B = the number of combinations with cos ©<0,

it is found that A = 0.30 + 0.03. That this ic not due to background
can be seen frem the fact that A is smaller than this value in both the
mass region immediately below the po region (A = 0.28 + 0.10) and
immediately above it (A = 0.04 + 0.05). If it is assumed that the
asymmetry of the background is smoothly varying thrcugh the p region,
then the truve value of A for p events will be higher than that calculated
aboveo

This asymmetry of the neutral po is generally attrilkuted to the
P-wave p signal interfering with an S-wave I = O state in the same
mass Tegion, known as the €. If this is the case then the decay

angular distribution must be modified to take into account the S-P
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interference. It becomes:

0.8) =3 |p o cos0 pllsin2@ ~N'2 Re psin 2 8 cos g
ar | ° .
-pJ lsm 9 cos 2 Ks} 'J'3 {-2 W2 Re pigtsin © cos f(f
int . “ ' _
+2Rep cos @ P+ _1 S (6.3)
4r

where the interference terms are marked with the superscript 'int'
and the pure S-wave with 's'. The density matrix condition of trace

unity is now written:

2p1) T P Py = Lo (6.2)

and can 5e used to eliminate poz frcm the above expression.

Using this expression, the values of the density matrix elements
for the po mass region have been calculated by the method of mements
(éee appendix B) and are given in table 6.1. There is insufficient
inforﬁation in the data to'determine Ro BNdﬁdl seperately. Only the
value of a linear combination of these (F%o—pll) can be found. The
calculated curves, assuming these values, for the cos 6 and Jof
distributions are shown as the curves in figure 6.1 where it can be
seen that the agreement with the data is quite good.

Since the density matrix elemente can, in general vary

as a functieon

3}

of t or t', the values determinedabove must be considered as average
values over the whole t rangeo More explicit information is given in
the other c¢olumns of table 6.1 and in figure 6.2, where the variation
of the density matrix elements is given as a function of t's For

comparison the values obtained in this experiment for the channel:

+ + .
wd=s pp o 6.5

are also shown.
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There is a merked simi1a¥ity between the results obtained
in the two channels. Simple One-Fion-Exchange predicte that
P12 Re plO and Re ploint should be 2ero but this is not the
case in either channel (N.B. Replo)° For the reaction 6.5, however,
the density matrix elements have been shown to be compatible with
thé hypothesis of one~pion-exchange with absorbtion (OPEA) (Ref. )
and, thercfore, it can be assumed that in the present channel p°
production is also compatible with the hypothesis. It is interesting,
nonetheless, to note the difference between the two channels:
a slower decrease of poo_pll with t' in ﬁhis channel than in
channel 6.%; a much smaller value of Replo and Reploint in this
channel, especially at low t' and, particularly, the fact that

Re int

oo shows no tendency to decrease with increasing t' (except

perhaps, above t' = 0.2 (GeV/c)2)in contrast not only to channel
6.5 in this experiment but also to other experiments which have
been interpreted with the OPEA model (Ref. 6.2.) Predictions

of the values of the po density metrix elements, assuming diagrams

of the type shown in figurel.la, cannot be made.

6.2.2 The f° meson

The f° meson has spin~-parity JP = 2+ and the expected decay
distribution for such an object decaying into two pions is given

by:

W(e,d)

15} . 4 o\ Ay L 2 _ S
16ﬁ{;1n 8 ( 92?i gz_zcos;ﬂ) + sin 26(pll Py -1008 26

2 __L"_ . 3_ P
+ 3000 (cos“@® —3)- 4 sin Bcoc © (Rep2lcos i Repz__]

cos 3 @)
+ 2/ Rep %in29(00f26 -3) cos 28 + 2 6 ReP. . sin 2 @
~1VgRe P S s 3/ cos 10 °

x(cos26 - 3) cos ?51— 6.6
J

-



70

SIUSWSTe XTaFed A3{susp Utas 0 oql

1°9 FIdvl

€0*0T90°0- | £0°0F¢1*0- | 20'0T60°0- |{ 20°0T 0°0 | Z0*OF10°0-| ©0°0F10"0-| To*OFT0*0- | T0*OFI0 0- pm.o. 8y
CO*O+T12°0 | 90°O+TE°0 | ¥0'0¥9e°0 v0*0+Z1°0 | ¥0°0+02°0 | €0°0F61°0 | €0°0+0C°0 | 2O°OFLI"O pmMQ ay
$0*OTGT 0~ | ¥0°0FEZ°0- | b0°0FTZ 0~ || £0°0T2T"0~ | £0°0T80°0- | £0°0T80’0- | £0°0F60°0- | T0°0760°0- | Ot sy
90°0+10°0- | 90°0%30°0 | VO O¥S0"0- || YO*0+80"0-| ¥O°OF 0°0 | £0°0¥¢0°0 | €0°CF 0°0 | 2O"O+¥0*O- Ty
T1°07ee"0 | £T°07L6°0 | 80°OFIL°0 || TT*OF8E°0 | OT°OFGS°0 | 80078L™0 | L0°OFIL*0 | vO-OFig'0 | [¢-°°0

quaweTg
€°0-10 1°0-G0*0 G0°0-0°0 .m.ao.m.o 20-1°0 1°0-¥0°0 | ¥0°0-0°0 TIV MNAQ\%Q INVE .1

..h\+.& dd « _o+..s nt..*.h+h. p & v+h o




The distribution of cos 8 and § for all combinations of the neutral
dipion mass in the f° region (defined as 1.12<:M(ﬁ+ﬁ7)< 1.36) are shown
in figure 6.3, The £° density matrix elements were computed'by the
method of moments, using the above expression, and the results obtained
are given in the first column of table 6.2. The curves shown in the
figure are those calculated using the results. The fits are quite good
except in the cos 6 distribution~cos © = 0, This and the negative,
non-physical value of ;bz(-Oull + 0.03) have béen observed before in
the £° region and are usvally attributed to the presence of an S-wave
background interferiﬁg with the dominant D-wave resonant signal.(Ref. é.3).

The values of the density matrix elements as a function of t' are
presented in table 6.2, tagether with the values obtained in this
experiment for the channel 6.5 The diagonel elements for hoth channels
are shown in figure 6.3b. The agreement between the two channels is
excellent. This implies that the mechanism for the production of the
£° may be the same in both channelso' One pion exchange which is thought
to dominate reaction 6.9 cannot therefore, be ruled out for this reaction.
6.2.3 The "p " region

If the small enhancement (see Chapter 3) in the mass region ~1.08
GeV/c2 is identified with the previously observed My dipion resonance.,

then it is of interest to investigate its spi

~ i id LR S= A

n charactericticss Previous
direct obhservations of this enhancement have been in the channels-
- + -
TE » N (Refo 6.4)

The results obiained have suggested that the spin of this enhancement
is not zero, thus ruling out the hypothesis that the eifect is a qyr decay
mode of the S% rescnance which has been obscrved to decay into K K. A
~difficulty has been, however, that a clear signal in the dipion mass

spectrum is ¢nly scen when cos ©® < ~Ca75 and this, coupled with the fact
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that the channel is peripheraly implies that the positive pion is
very fast in the laboratory sysfem and cannot be recognised by
ionization. It has been suggested that the effect may ke due to
misidentified reactions of the type:-

71'-P - P -1r °1r %

In the present channel this difficulty is not important but the
low statistics and two possiblé combinations of ﬂiﬂf make analysis
rather complex and subject to misinterpretation.

The decay angles of all dipion mass combinations falling in the
1y Tegion (1.04 - 1,12 GeV/cZ) are shown in figure 6.4. A pure S-wave
can immediately ke ruled’ out since this would imply isotrcpy of the
cos © distribution. Assuﬁing the isospin of the enhancement is O (no
evidence for an enhHancement in this mass region in any charged mode
has been seen), then the symmetry of the dipion wave function implies
that only spin parity assignments in the series:

Jp = 0+, 2+, 4+ seceessssees AaTE possible.

Fits to a pure D-wave distribution and to an S-wave interfering
with a P-wave from the FP tail have been made and are shown in
figure 6.4. Both are adequate and fits to hicher spins or including
P-D interference have not been attempted.

It is interesting to note that the signal is strcnger when
cos 8 <= 0.75 (fige 604c) than when cos 6> 0.75 (Fige 6.4d) in this
reaction as wass the case in the previous experiments (Ref. 6.4). and
if it is accepted that this enhancement is indeed due to production
of the Ty ~ meson, then this resuvlt tends to discredit the suggestion
that earlier results were due to misidentificetion of events and support -

their conclusions that the spin is not zero.
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6.3 Three Pion Systems

The decay angles of a three pion system are not uniquely defined
as in the case of dipions, since different directions can be used as
the analyser and a complete discription of the spin state cannot be
achieved by using only one. In this section three directions have
been used. These are:

(i) The normal to the decay plane of the 3-pion system in its

own rest frame. This is defined as

g -
- P" s X pwf
where P refers to the momentum vector of the particle and the
subscriﬁts s and f refer to the slower and faster pions in the 3 picn
rest frame.

(i1) The direction of one of the pions in the 3-pion rest frame.
In order to eliminate the ambiguity between the identical positive pions,
the négative picn has been chosen for this purpose.

(11i) Since the 3-pion enhancements to be discussed decay by a two
step process, firstly into a pion and a dipion rescnance, the direction
of the resonance can be used as the analyser, thus treating the decay
as a two body one.

6.3.1 Spherical Harmonic Morents

Since the spherical harmonics form a complete orthoncmal set of -
functions, the decsy distributions can be expressed as a sum of terms
of the form:-

2, max

W (99 ﬁ) = 29' o &m Yr;l (e, ¢)
.- Y -0 m=0 :

where a%n is the coefficient of each terms The average value of

any particular harmonic is given by:
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<Yg > = J/;(Gsﬁ) YE* (@,ﬁ) d cos ©® d &
]W(e,ﬁ) dcos®dfg

and this is equal to a%h’ due to the orthogonality of the spherical
harmonics, (see appendix B for definitions)s Thus, the values Ofagﬁn
can be determined directly from the data by taking the experimental
average of the function. It is expected that only terms up to %£= 2J
will be important for a resonance with spin Jo - When the normal to the
decay plane is used, parity conservation implies that RGYE=O if 2 is
odd and this is found to be the cases The values of ‘<YE> with m not
equal to zero show no significant deviations from zero. This does not
imply that m.of the produced state is zerc but does imply that its spin
density matrix is diagonal. In the A. region only <Y°> is important

1 2
implying that J> 1 is unlikely to have very much effect. If the A_ is

1

a pure JP = l+ state with m = O then <Yg> is constrained 1o take the
value - 0.126 since the polar angle distribuﬁion is proportional to
sinze. The data, although slightly below this value, is not incompatikle
with ite

The spherical harmonic moments with § > 4 remains small up to a mass
value ~1.85 GeV/c2 implying that in the A3 region only J € 2 occure If
J =2 no direct brediction of the values of the momente can be madee.

6.392 The Al RE?inn

The Al region jsdefined as the 3 effective mass range 1.0 = 1.24

GeV/cZ. Greater values of the mass have been excluded because of the
poséibility of A2 production, tc be discussed in Chapter 9. The decay
angular distributions cof the normal to the decay plane are shown in
figure 6.6 The cos GN distribution is approximately described by sin26N
while the ﬁN-distribution is compatible with isotropy. Assuming that the

spin of the Al is less than 2, as indicated by the spherical harmonic
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moments, then the two possikle Jp assignments are JP = 1+ or 1 . Spin
zero is incompatible withthe coéSN distribtution , bredicting isotropy.

The decay distribution for Jp = 1 1is described bys

we,8) = 3 sin26 + p (3cos26—l)
) . 87T 00

~ 242 sin 26cos@ Replo-- 2 sin2€) cos2d pl—l} 6.10

while that for J'=1" is described by:

ar 2

we,8) = 3 J1+ cos20 + 1 - 300529)
.. 00 2

tRep 2 W2 sin © cos © cos &£ + Pi-1 sin’ © cos 2 #

=N Imp,y 2 W2 sin 8 cos ;éJl 6411

where A= RI / RI and R; and RI contain the angle independent parts
of the two possible decey amplitudes. N is real and limited to the
range
[N 1 6.12

and is zerc when two of the decay particles are identical due to
symretry properties if oneof the identical particles is chosen randomly.
If, however, the two identical particles are labelled f and s as
described above, a process equivalent to using only a half of the
Daltiz Plot; then\ may not be zero (Ref. 6.5).

Both the relations 6.10 and 6,11 can give a sin26 distribution
of cos G}q; the former if Poo = 0 and the latter if Poo = l. Fits to
this distribution of the two functions in fact yield 5 = 0.08 and
P, = 0.85 respectively and fit with equal probabilities.

The Morrison Rule (Ref. 646) for diffractively produced systems
states that the change in spin (AJ) and parity (AP) between the initial
and final siates are related by:

aP = (-1)87
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implying that the only possible Jp assignments when a pion beam is

used are in the series Jp =0 l+ 2" eeceses If the Al
diffractively this suggests that JP = l+. Moreover, the value of

is produced

o)

20~ P11 for the p-mesons resulting frem the decay of the Al is

0472 + 0.06 implying a very high value of Poo® It seems unlikely
that an A1 with a large longitudinal alignment ( Poo small) woﬁld decay
into a ;P with such a large transverse alignment. It is concluded,

+

therefore, thatthe A, region is predominantly Jp =1

1

The density matrix elements of the Al, assuming it is a pure Jp = l+
state, have been calculated by the method of moments and the results
are presented in table 6.3. The curves in figure 6.6 are those calculated
using the valqes found and it can be seen that the agreement between the
experimental data and the curves is goode No discussion of the variation
of the density matrix elements with t will be given here since this is
directly concerned with the question of helicity conservation. A complete
discussion of this is given in the next chapter.

A JP= l+ object decaying into a 0 and 1 system can do sc either

through an S-wave (L=0) or a D<wave (L=2). Since the A, is near threshold

1
of thepmr system, it might be expected that the S-wave is predominant.
To test this assumption, the distribution of the po direction in the
Gottfried-Jackson frame can be examined. A pure l+ state decaying
entirely to o gives for these angles (Ref. 6.7).

2

wed) = _1 + u Jd3 (3p00-1)(3 cos“ © - 1)

S 6.1

-3 P -1 sin26 cos 2 8 - 3 32 Re P10 sin 2 © cos ﬁ}

In this expression  is related to the amcunt of D-wave present
in the decay and is O if D-wave is absent. Using the method of moments,
values of HP,, can be found from this expression and, since I in 6.13

should be the same here as when the normal was used as the analyser, g



can be determined.

Figure 6.7a shows the distribution of cos 8, using the p direction
as the analyser. In the figure, if both wfﬁ_ combinations have an
effective mass in the p region,; both values of cos 8 have been plotted
with weight 1 (outer histogram and with weight + (inner hatched histogram).
It is clear that the distribution is not flat, indicating that D-wave decay
is present to some extente It must be noted, however, that the anisotropy
is less marked when the two p events are weighted by 4. This implies
that the peaking of the distribution ~cos 8 + 1 is correlated with the pp
overlap region and may be due to interference between the two possible
pwr decays. Assuming this not to be the case ;1 has been determined as
0.29 + 0.02 from the weighted histogram. y has also been determined
throughout the mass range 0.95 - 1.35 in mass bins of 50 MeV/c2 in order
to determine where the D-wave becomes important, and the results are given
in table 6.4 It is clear that the D_wave contribution is important only
above 1.1 GeV/cz, i.eo in thev upper half of the Alo

The above discussion is based on the hypothesis that the Al is a
pure Jp = 1+ state. Evidence that this is not the case is given in
figure 6.7b) where the distribution of cos GU (the polar éngle of the
unambiguously charged pion) is shown. For a 1+ object the predicted

distrikution of this angle is given by:-

W(cos 8, 8) = 3_ [ 27 + (1-3A){ ___g +

8ﬂ'
(1-3 COa 9) + 2 4f2 sin 6 cos 6 cos ¢ Re P
5 10
+sm 6 cos 2¢p 1- 1}]
where A = R and 0< A < 1.
2RT + R
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This expression is unable to account for the strong asymmetry
present in the data.s The asymmetry is indicative of a state of
opposite parity interfering with the dominant 1+ state. It can be
related to the fact that the ;)o, resulting from the decay of the
Al’ decays asymmetrically due to interference with an S-wave, dipion
state, the ¢ + Thus the Al can be thought of as a mixture of prr and
€r . If the €r 1is in an S-wave state, the spin parity will be 0
and would cause an asymmetry. If this is the case then Equation 6.14

above should contain extra terms of the forme

acos 8 + Bsin 8 cos B .
The resulting expression can explain an asymmetry in both the
cos 6 distribution and the § distribution. There is no experimental
evidence for an asymmetry in the § distribution. The values of ®and B

" have been determined by the method of morents and the results given:

a= = 0.20 1+ 0.04
g= = 0.05 + 0.03,
In order to determine any variation of these parameters throughout
the mass range 0.95 - 1,35, they were recalculated in mass biﬁs of 30 MeV/c2
and the results are given in table 6.4, areaches a maximum in the central
A1 mess region while g is never more than two standard deviations away
from O and is particularly small intte central Al region.
In conclusion the Al seems to be predominantly an S-wave 7p state
(Jp ='1+) but there is alsc some admixture of opposite parity which may

be an S-wave 7€ state (Jp = 0 ). There is also some indication of D-wave

Te decay but the evidence for this is rather speculative.




ELEMENT @ Poo P1-1 Repqq Nm py1q
VALUE 0.91 | 0.08 -0.05 0.02
ERROR 0.07 | 0.06 0.04 0.02
TABLE 6.3
Ml__sp,i_n denéity matrix elements
3rmass region
(GeV/?) # « B
0.95 = 1.00 0.07 + 0.31 -0.36 #0.11 ~0.21 + 0.08
" 1.00 - 1.05 0.12 + 0.28 -0.14 + 0,09 -0.13 + 0.07
1.05 - 1.10 0.20 + 0.25 -0.26 + 0.08 -0.08 + 0.05
1.10 - 1.15 0.25 + 0,25 0,23 + 0.07 -0.0 % 0.04
1.15 - 1.20 0.43 + 0.25 -Ocl7. + 0,08 -0.02 + 0.04
1.20 - 1.25 0.50 * 0.30 -C.17 + 0.08 ~0.12 + 0.06
1.25 - 1.30 0.59 + 0.31 -0.16 1 0.08 ~0.02 + 0.05.
1.30 - 1.35 0.43 ¥ 0.38 -0.03 + 0,08 ~0.09 * 0.07

TABIE .4

The values ofu s and

A throuah the

A1 region

80
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6.3.3 The AS region

The distributions of cos @, and ﬁN, the decay angles of the

N

normal to the production plane, for events in the A3 region are

shown in figure 6.8a. The A3 region is defined here as all those
events which have a 3-pion mass in the range l.44 - 1.8 GeV/c2 and
at least one neutral dipion mass in the £° region, together'with
those other events in the same 3-pion mass range which have neither
neutral dipion mass in the po region. These rejected events account
for the ﬁﬁn peak 1.56 GeV/c2 which may not be due to A3 production.

While the B distribution is compatible with isotropy, that of cos By

is peaked &cos GN=O and this impliesa low value of Poo if the spin parity

of the A3 is in the series:

Jp = 1-’ 2+, 3—, 4+ e a0

The value ofp  of the £° resulting from the decay of the A, has

been evalueted as 0.74 + 0.08 which, as in the case of the A , would

1
imply that Poo of the A3 is also high. This, together with the Morrison

Rule if the A3 is diffractively produced, suggests that the Jp assignment

for the A3 is in the series:

P

IfJ i+£hen the pclar angle distribution should be described

by Equation 6.11 integrated over B, i.e:-

2
+ S <) - 3 ] 6- 5
wie) = £ {—-———1 2=+ P (————-———1 Sces )} 1

This expression has been fitted to the data and the best fit
(p,, = 0:87) is shown in figure 6.8a as the dashed curve. The fit is
very poor with a;(z probability of less than 1¥%. The distribution for

JP = 2 is given by:
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W(e) = (o +6) sin%

ool
)
(o]
0
t
Hlon
e
’—l
-
+
o

+ {poo(a-6) + py, (4a 16) -aJ, sin’0

$ Py (2-a) = 2qpy, * o 6.16
R, +
where @= "2 > O and R? and R are independent of the decay angles
R ) o]
o

as in the previous section.
The result of fitting this expression is shown as the solid curve

in figure 5.8a. The fitted parameters are:

o = 0.91 + 0.06

00
&l = 0:01 i 0-05
a = 20.

with a )(2 confidence level of ~30%. The fit was very insensitive to
the value of e

The distribution haé also been fitted to the expression for JP= 3+
and an equally adequate confidence level achkieved, but the small value of
the spherical harmonic moment <Y2> in this region renders such a spin
assignment unlikely.

In conclusion, the most likely JP value of the A3 meson produced
in this experiment is 2°. This result, moreover, is unaltered when every
event in the given mess range is used, and when only foﬂ'+ events are
used.

Interference between the dominant 2  state with some other spin-
parity is not necessarily clear when the normal to the decay plane is
used as the analyser, as was the case in the A1 regions To test for
this the diréction of the unambigucusly chafged picn has been used as

the analyser and the polar angle distribution is shown in figure 6.8b

Interference with a state of opposite parity would manifest itself
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in this figure as an asymmetry arcund cos eu = 0. No clear asymmetry
is apparent in the data. The asymmetry parameter A, as defined in
equation 6.2, is found to be 0.10 + 0.07 which is not significantly
dif ferent from O, and no evidence for such an interference is present.
If the intefering state had the same parity, then the effect on this
distribution would be more subtle and the present statistics are not
sufficient to investigete this hypothesis.

An fo-n+ state with spin parity Jp = 2 can decay via an S-wave
or D-wave. Since the A3 is near threshold the S-wave may be expected
to dominate and this would lead to an isotropic distribution of the polar
angle when directicn of the 0 is used as analyser. The experimental
distribution of this angle is shown in figure 5.8c. It is quite
isotropic except for a peak above cos Gf = 0.8. This peak cannot be
interpreted as evidence for a D-wave‘decay of the A3, however, since
this would lead to a symﬁetric distribution. The peak is due to
contamination of the A3 samole by events of the type:
e d ()
as can be seen from the hatched histogram which corresponds to events
with at least one ﬂ*d mass in the d* region. If a weight of %
is given tc such events the resulting spectrum dces not deviate strongly
from isotropy. Although this procedure is rather arbitrary there is
no more rigorous way of separating events of type A above from those
of the type

't - 4 Ag ()
There is, thus, no evidence for a D-wave decay of the A3.
In summary, the A3 produced in this reacticn is compatible with

a.pure S-wave JP =2 % system.
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6.3.3 The "“A_ 5" region

In this section the decay angles of the pir enhancement  ~1.56

GeV/cz, tentatively named the A in chapter 4 are examined. The events

2.3
used are those inthe mass range 1.52¢ M(37)< 1.6 GeV/c? which have at
least one neutral dipion combination in the p ° region. The purpose
of this is twcfold.

() To determine whether the enhancement has a well defined
spin-parity, since any resonant interpretation of the peak depends upon
this criterion.

(ii) To attempt to find any differences between this enhancement
and the Aé, for otherwise it may be the result of a statistical fluctuation
within the A3o

The lack of statistics makes any fitting of decay distributions
impossible and the discussion must remain, at best, qualitative.

The distribution of the decay angles of the normal to the decay
plane for "A2.5" events are shown in figure 6.9a, together with the
polar angles of the unambiguously charged pion (fig. 6.9b) and of the
direg#ion of the ﬁ)o (fige 6.9¢)e The most noticeable difference between

"ih;sé'distributions and those of the A3 is in the final one, where the
large anisotropy cannot be dismissed by weighting d* events by + as in
the case of the Aje It is necessary to remove all a* events (hatched
regions of the histrograms), and even then a small anisotropy remainse.
After removal of d" events the sample is too small to be able to compare
even qualitatively with the A, ?urthermore » since 43% of the "A, "
events are also d. events (c.f 24% in the Ay region) removal of these will
reduce the signal into total insiénificanceo In order tc accept this
enhancement as more than a kinematical effect of d* preduction it is
also necessary to accept asymmetries in the cos ©, and the cos eu

o)
distributions, together with a small anisotropy in the # distribution,

\
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all of which suggest that it is not in a pure spin state.
The small size of the signal, coupled with the high d* back~
ground and the asymmetric decay distributions indicate that the sigral

is most unlikely to be resonant.
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CHAPTER SEVEN

EXPcRIMENTAL TESTS _OF HELICITY CONSERVATION

o e ————

Introduction

There has been considerable interest recently in the question
of conservation of helicity in reactions which are thought to be
aiffractive i.e« which are dominated by Pomeron exchange. The
problem is to discover, for such events, if helicity is conserved
either in the s-channel or in the t-channel or in neither of these.

The helicity of a particle is defined as the projection of the
particles spin along the direction of motion, and information about
this can be found by studying the decay angular distribution of the
state produceds If s-channel helicity consérvation (8.C.HC) is to
be investigeted then the frame of réferen;e used is the helicity frame
(see Appendix B) where the polar axis is equivalent to the direction
of motion of the produced state in the overall centre of mass system,
On the otherhand if t-channel helicity conservation (TCHG) is being
studied, the Gottfried-Jackson reference frame is used since here the
pelar axis is equivalent to the direction of the produced state in the
centre of mass system of the t-channel,

Evidence has been presented (Refo 7.1) in the study of elastic
N interactions,which are thought to proceed by Pomeron exchange,
suggesting that helicity is conserved in the s-channel rather than the
t-channel. SCHC has been shown to hold (Ref. 7.2) in the p-photo-
production reactions:

Yp *0°%p

and this reaction is alsc diffractive. GCilman et al (Ref. 7.3)
consequently made the hypothesis that all diffractive procésses cofserve

helicity in the s-channel and not in the t-channel. If this is the case

-~
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then Al and A3 production, (and also Q and L production), whick are
thought to be produced diffractively; ought to show SCHC and not
TCHC. |

Several experiments on'A1 and Q production (Ref. 7.4) however,
have shown a strong discrepancy with SCHC and suggest that in these
reactions helicity is conserved in the t-channel, thus contradicting
the Gilman hypothesis if the A1 and Q enhancements are indeed produced
diffractively. Production of these states shows the characteristics
of diffractive dissociation reactions: steep slope of dO/dt, cross
section independent of incident energy etc. and their spin-parity
assignments agree with the Morrison Rule (Chap. 6.) for diffractive
processes. Frautsche (Ref. 7.5) however, has proposea an alternative -
rule for diffractive processes, based on the SU(6) quark model, which
suggest that the Al and Q mesons cannot be produced in this way and
hence need not show SGHC. A3 production, however, can proceed by a
diffractive mechanism according to both the Frautschi Rule and the
Morrison Rule. Observation of SCHC in A5 producticn weuld thus supﬁort
the Frautschi Rule and Gilran hypothesis at the expense of the Morrison
Rule while TCHC would disprove the Gilman hypothesis and support the
Morrison Rule. Paler et al. (Ref. 7.6) have presented some evidence
for TCHC 311A3 proeduction.

Furthermore a slight indication of non-conservation of TCHC

as well as SCHC, in diffractive A, production has been observed by

1
some authors (Refo 7.7).

In this chapter, an investigation is made of the conservation
of helicity for both the A1 and A3 enhancement, The reaction being

studied has an advantage over non-coherent channels in that the

coherence of the deuteron acts as a filter to other processes (such
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as p exchange) which can occur with a nucleon target, and givesa
cleaner sample of diffractive events. For example, the A1 does not
suffer from the complication of a large background due to nearby

A2 production. There is a disadvantage in the channel, however,

since the ﬁcmentum transfer to the deuteron is necessarily small to
ensure ccherence, and this implies that the angle between the s-chaqnel
and t-~channel polar axes remains small. Inspite of this disadvantace,
differences between distributions in the two reference frames can be
clearly seen.

Section 1 gives a discussion of the density matrix elements of.
the Al and A3 in the Gettfried-Jackscn and helicity reference frames.
In section 2 a spin-independent methcd of testing helicity conservetion
based on the use of gperhical harmonic moments is discussed, while
section 3 makes use of a method based on the longitudinal phase space
plot{ Section 4 gives a brief conclusion.

7.1 Density Matrix Elements Analysis

The prediction of helicity coriservation for the spin density matrix
elements of the produced state when a pion beam is used is particularly
simple. Since the incident picn has spin zerc, its helicity is
necessarily zero and thus, if SCHC hclde, the helicity of the produced
Al or A3 must also be zero ice- Qoo of the meson in the helicity frame
must be 1 ard all other elements must be zero, implying total alignment
of the sping in a direction perpendiculer to the direction of motiona
Similarly, if TCHC holcdsy the same predictions are mede for the density
matrix elements in the Gettfried-Jackson frame.
7.1-] The A _meson

1

+
Assuming that the A1 enhancement is a pure Jp = 1 stale then

the decay distribution of the normal to the decay plare is described

by Eqe 6.11 of the previcus chapter. Definihg the A, region to be

1
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1.0 < M(37) < 1.24 GeV/c2 as previcusly, the density matrix elements

of the A1 have been determined, by the method of moments, for various
regions of the square of the 4-mementum transfer to the Al(t), in both
the helicity and G-~J frameso The results of this are presented in

takle 7.1 and are plotted in fige 7.le It can be seen that all the
elements except Poo 2FC compatikle with zero in koth rﬂférence frzmese
In the G-J frame p_ is compatible with 1 up to t = 0,04 (GeV/c)?
becoming smaller by slightly more than one standard deviztion above
this. Its value in the highest region (0.08-C.12(GeV/cF) 0f v 0.7

is rether low but the error on this is large due to the small statistics
in this t region. In gzneral then, no clear evidence for a non-
conservation of helicity in the t-~channel is apparent. In the helicity
frame, Poo is compatible with 1 only in the very lcwest t regionj
between t = 0,02 and 0.08 GeV/cf it is not strongly in disagrecment
with the predicted Value'of 1 (withiﬁ 2 standard deviations) although

it is consistently lower than the corresponding value in the G=J frame;
in the highest t region the value of 0.26 + 0.26 is strongly incompatible
with unity in spite of the large error and presents firm eyidénce for
non=-conservation of helicity in the s-channel in this reaction.

A possible source of error in the above calcu¥tions is that all
events in the given mass region have been included in the analysis,
irrespective of whether there is simultaneous production of the d*o
Since the d* is not produced diffractively, its effects may lead to
biassed results. Op the other hand, there is backgrcund belcw the d*
signal which may correspond tc a particular configuration of the 37

system and to exclude all events in the d regicn M{c T )< 2.4 GeV/c?)
may lead to a bias in the decay angular distribution of the tripion

states The density matrix elements, however, have been reczlculated
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excluding d* events and tte results are presented in table 7.1 and
figure 7.1 (dashed lines). There is little change in any of the
density matrix elements except for ‘%o’ where the effect of the
cut is systematically to reduce the value by &Ool or 0.2 The fact
that the effect is so systematic implies that those events which have
both a d* and a Al signal do in fact correspond to a particular
configuration of the 3m gystem with a clustering of events “os 6 = 0,
thus raising the value of poo and a bies is inherent in the result,
whether or not d* events are included, if it is assumed that some of
the background below the d* signal is due to diffrective A1 production.
However it can be safely assumed that the true values of the density
matrix elements fall somewhere between the two calculated ones. With
this assumption, the conclusion of non-conservation of s-channel helicity’
is strengthened and the tendency, noted above, for Poo in the G-J
frame to decrease with increasing t kecomes more noticeakleo

The above discussion is based on the assumption that the state
is a pure JP = l+e In fact it wes demonstrated in the previous chapter
that there is some admixture of another state of oppocsite papity. If
it is assumed that the admixture is an s-wave €7 state (JP=0-) then the
calculated values of the density matrix elements are not the true values
of the JP = l+ state but some combination of these with modifications

due to the intérfering state. Defining 6 to be the relative cross

section for production of the 0 to the l+ state then:

;o 8
P o0 Pao + /é
1+
. ‘L
and Pij Ps

i=3 1 +g

/
where pij are the experimentally determined values and pij are the

true values of the l+'state.
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Thus the calculated value of P oo will be smaller than the true
value if the calculated value is greater than .33 and vice versa. The
effect on the cther elements will be small if §is not very large. In the
s-channel the value of 2 will thus be smaller than the observed value
of 0.26 in the highest t-region and non-conservation of helicity in the
s=charnel is clearer. In the t-channel the true value of Poo will be
higher than the measured value throughout the t range and TCHC will
become even more compatible with the results.

7s1.2 The A3 meson

The A3 meson has been shown to have spin and parity JP =2 in
the preceding chapter. The distribution of the polar angle of the

normal to the production plane for such a state is described by Eq.6.16

of that chapter. A maximum likelihood fit of the experimental distributions

in three intervals of t' has been made to this expression with the values
of P oo and Pyy being allowed to vary. The value of a the part of the
function independent of the angles, équal to R2f/Ro, was fixed at 20
in the fitting since its wvalue was found to have little effect on the
f?ﬁ-even when the complete A3 sample was used (see chapter 6). A problem
was found in that in the lowest t' interval very large non-physical
values were given for Qooand large negative values were found for Pyye

This was true also to a lesser extent in the second t' interval. In
the highest and, from the point of view of testing helicity conservation,
the most important t' range no such prcblem occurred. In order to
counteract this effect Py Was restricted to positive values and
likelihoods of comparable magnitude were obtained.

The A3 region was defiﬁed, as in the previous chapter, as l.d4 <
M(3m) < 1.8 Gev/cz, except for those events with at least one dipion
mass combination in the p° region and neither dipion mass in the £©

. . . G . .
regicne This anti-selects the P 7 peak, A, 5 which was considered
rS
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to be statistical and not due to A3 production. The effect of retaining
these events in the sample has been checkedy however, and found to have
little effect on the values obtained for the density matrix elementse

Figures 7.2(a) and (b) gnd table7.2 show the values of o, in the
G-J frzme and the helicity frame respectively. In the G-J frame oo
is compatible with 1 throughout the whole range of t', while in the
helicity frame, there is a distinct tendency for it to dectease as t'
increases. The value of Poo in the helicity frame for the highest
t iﬁterval is 0.60 + 0415 and is incompatible with unity.

This result has been checked by using only £° events as the
sample since non £© events may correspond only to background and not
tb the true A3 signale The results of this are also given in Table 7.2
and showndiagrammatically in fige 7.2 (c) and (d)s The results are quite
compatible with those obtained above, the main difference being an
increase in the errors dﬁe to the sméller statisticse In fzct in the
highest t' range the valuve found for P oo in the helicity frame
(050 + 0.21) is even more incompatible with unity than previously.

The above analysis was repeated excluding those events which had
a d1r+ mass combination in the d#* region and the results of the fitting
can be seen in table 7.2 and figure 7.2 as the dashed lines. As was
the cace for the Al mesony the effect of excluding d" events is to reduce
Po? in general and to increase the errors since the already rather low
statistics are further reduced. No clear incompatibility with TCHC
is seen; the value of P in the highest t' region when only f° events
are used of 0.55 + 0.25 is.within 2 standard deviations of l. SCHC,
however, is dramatically in contradiction with the data.

These results, that the A3 meson in this reaction, conserves
helicity in the t-channel and not in the -s-channel, are in agreement

with those of Paler et al (Ref. 7.6)
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7.2 Spherical Hzarmonic Moments Analvsis

In this and the following sections a method of testing helicity
conservation in a way which is independent of the spin of the produced
state will be discussede The purpose of this is partly to check the

results of the previous section, since, particularly in the A, region

1
the complete spin structure is not known and the results depend on
various assumptions, and partly, since it is possitle that the whole
channel is dominated by Pomeron e€xchange, to examine helicity conservation
in regions of 3-pion mass other than the Al and A3 regions although their
spin structures are completely unknown.
7.2.1 The Method

The method used is that of Beaupre et al (Ref. 7.8) and relies
on the fact that the spherical harmonic moments, <Y2f>with m £ O must
be zero if the density matrix is diagonal. If helicity is conserved
in any reference frame then P,,in that frame should be one and all

other elemente zeroy which is a special case of diagonal density matrix.

The procedure is to calculate the quantity 6(2) defined ass
L

max 2 m 2
=t > <Y > | 742
2= 1 m=1 52

m
where <YL% >1is the experimentally determined spherical harmonic

momént andg is its error. )(:2 is calculated in the G-J frame and
then the decay angles are redefined for every event by roteting_the
polar axis of the reference frame by an angle 8 in the producticn
plane. The result of this rotation is to redefine the previous polar
angle (6) and azimuthal angle (f) as follows:

' cos ©'= cos 8 cosB + sin © sin B cos B

tan¢'= sin 8 sin @ - 7.3
-cos O sin B + sin © cos B cos B

where 6’and £’ are the polar and azimuthal angles in the new reference




frame. It is then possible to calculate x:z as a function of the
rotation angle B and find the value of B whereX 2 becomes minimum (Bmin)
This angle, %nin’ then defines the reference frame in which helicity
is most likely to be conserved. Fer TCHC this frame should ke the
G~J frame and B ., should be zero, vhile for SCHC B8 ., should be

min . min
equal to the crcssing angle from the G-J frame to the helicity frame
(6) given by:-

t ~-u 2 + m2
o)

_.2 .22 221 %
{(t% m)4%m}

where U, is the pion mass.

cos§ = 7.4

and m ig the tripion mass.

In principle the normal to the decay plane or any of the pions
from the deéay can be used as the reference direction. Parity
conservation, however, restricts the possible values of the spherical

harmonic moments as follows:-

m A s .
Im( <YR. >) = 0 ife is even
- My _ A~ s .
Re (< Yz >) = 0 if & is oddy

when the normal to the decay plane is used as the analyser and:-

Im(<Y%?) = O for all & when the momentum of one of the
pions is used as the ahalysero To use one of the pion momenta will
give more information, therefore; and will be a more sensitive test.
Beaupre et al have argued that the unambiguously charged pion, in this
case the W-, constitutes the best analyser, and this has been chosen
since it removes the difficulty of distinguishing between the two
positively charged pionse.

A difficulty inherent in the method is in the choice of 2

max
in eqe 7.2 A study of the m=0O harmonic moments of the m shows that,
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in.general, 2> 6 does not contribute and the value of lmax norma lly
used was 6o B_. was determined, however, in each region for &
min max
up to 1Q in order to detect any effect of higher moments and in some
cases they were found to considerably alter the value of Bmin" This

will be commented on belows

7.2.2 The Al region

The results of the analysis fcr events in the Al region are
shown in fig. 7.3 (a)e This is for non d" events although the
inclusion of dﬁ events haslno effect, within error, on the results.

In the lowest t region the value of x2 varies little with Bwhen zma

is 6 and as zmax is increased minima appear but in no stable way.

It was decided, therefore, to treat Bmin in this regimas undertermined.
- In the second t region there was, similarly, no variation of x2 with

B when lmax was 6 but at lmax=8 two distinct minima occurred at B=742

and B= 32143, both of which were equally preminent when zmax was raised

to 10, For higher t-~regions excellent minima were found with zma =6

X

which dié not change significantly as lmax was increased.

The highest t interval used in this analysis (t >0.12(GeV/c?) was
not used in the study of the density matrix elements, since it contains
only 15 eventse The reason it is included here is shown in figure 7.3(k)
which shows the variation of )('2 with B ( 2max=10). There is a very
steep and prominant minimum at 'LB = 4%,

The resultsshow an incompatibility with both TCHC ( Bmin = 0) and
SCHC ( Bmin =§ where 6§ is shown as the smooth curve in figure 7.3(a))
for all values of to This result, however, is not so conclusive as it
may appear since the x2 confidence level for Bmin=o in the t range

0.08 - 0.12, where the result seems most inconcistent with TCHC, is

Vv30% i.e. still an acceptable level. Nonetheless, the confidence level
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for minimum x2 is a factor of 2 greater and the possibility of non-
conservation of helicity in thé t~-channel cannot be ignored. Similarly,
acceptable confidence levels are found for SCHC in each t range, except
for the very highest where SCHC can be ruled out.
70243 IDQ_A3 region

Figure 7.3(c) shows the value of Bmin for A, events. The results
here -a-bove |t |= 0.03 (GeV/c)2 are quite compatible with TCHC and
incompatible with SCHC. In the lowest t interval it seems that SCHC
is more likely, but it must be noted that the confidence level for
B .= 0° is %60% even here and it must be concluded that TCHC is an
acceptable hypothesis throughout the whole t range.
74204 Below the A. region

1

Smin is compatible with 0° above |tl ='0=02(GeV/c)2as can be seen

in fige 7.3 (d). The value of B ., in the lowest t tange (~1743°) is

quite incompatible-with both s=and t=channel helicity conservation, but,
again, the confidence level for B= o is 16%, a value which must be
regarded as acceptable. The confidence level for g= 13.50, the value
expected if SCHC holds 1in this region is negligible.

7e2.5 Between the A1 and A3 regions

The sample of events used here are all those with a three pion
effective mass in the range 1.24 - 1,44 GeV/cQ, together with those
events in the range'.1.44-~1.,6 which are not accepted as A3 events,

i.e. those with no dipion mass in the £ region and at least one in

the p° region. The results of the analysis are §hown in figure 7.3(e).
The t range 0.0-0.C2 (GeV/c)2 gave no clear minimum, just a broad shallow
dip between B= - 10° and + 10°, Increasing zmax had no effect on this
dips It can be seen that neither SCHC or TCHC seem to hold, although
the former cf these is a better condidate up to a value of It l= 0.C8

(GeV/cfa Above this value the latter hypothesis is favoured.
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7.2.6 Above the A, region
For events with M(3m) >1.8 GeV/c2 mmax was set to 10, because
the effecte of the higher moments on the value of B nin “as not
negligable. The results are shown in figure 7.3(f)s For this 37
mass tmin is greater than 0,02 and so no events fall in the first
rangéo The points fall quite well on the line %nin= Sand, therefore,
support the hypothesis of SCHC, except in the t range 0.08-0,12 (GeV/c¥s
where the value is compatible with TCHC. The ¥ 2 confidence level
for g=08(=19°) in this t region, however, isv70% (c.fo 90% for §=0°)
and it is concluded that SCHC is compatible with the data.
7.2.7 Summary
The results of the spherical harmonic moments analysis are not
very conclusive, since often, while suggesting helicity conservation
in one channel, the hypothesis of helicity conservation in the other
channel cannot be excludeds The results, however, indicate:
l. s-channel helicity is not conserved in this reaction except,
perhaps, when the 3 pion mass is >1.8(GeV/-c‘.)2.
2o t-channel helicity is conserved for A3 production and possibly
also when the 3-pioﬁ mass is <1.0 GeV/c2.
.3. The A1 region seems to conserve neither s~ nor t-channel
helicity, but, while TCHC cannot be dismissed in any t region, SCHC
is incompatible with the data for t> 0.12 (GeV/cf
4, There is no evidence either for TCHC or for SCHC in the 3-pion
mass range between the A1 and the A3 regions.
7.3 Longitudinal Phase Spzce Analysis
One problem in testing helicity conservation is the selection of
diffractively produced events. This was done in section 7.1 by choosing

only the A1 and A3 enhancementsy both of which are thought to be produced
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diffractively, and in section-7.2 by assuming that the whole channel
is diffractive. In this section diffractive events are selected by
looking at the appropriate region of longitudinal phase space, i.e.
the region where all three pions are going forwards in the c.ﬁ.s. system.
The method used is that of Beaupre et al (Ref. 7.9).

. Helicity conservafion implies isotroby around the relevant polar
axis for all kinemetical configurations of the final state. This implies
that the diffractive region of L.P.S. ought to show no variaticns in
population under rotations of events around the G-J polar axis for
TCHC or around the helicity freme polar axis for SCtiC. If an event
is selected and all three pions are simultzneously rotated around one
of these axes, then the point which represents this event in the XS-X_
plane of L.P.S. (see chapter 5 for definitions) traces out a path whicﬁ
depends on the particular kinematic features of the event e.g. t, the
decay angles, the particle momenta etc. These paths are shown for several
randomly chosen events in fig. 7.4 (a) under rotztion around. the t-channe!
axis and in fig. 7.4 (b) under rotation around the s-channel axis. It can
be seen that, while for the t-channel axis an event can move quite a long
way from its starting point, when the s-channel axis is used the loops are
small, This implies'that to look for invariance of the L.P.S. population
under such rotations will be a sensitive test of t-channel helicity
conservation but will.be relatively insensitive to non-conservation of
s—channel helicity.

Different events will, in general, be at their maximum distance

from their starting points in L.P.S. for different values of the
rotation angle @#. Since the loops are not circular, the maximum
distaﬁc: cleerly depends on the sterting point. Thé ma ximum possikle
distance, however, occurs for ﬁ =7 redians and it has been assumed

that any change in the L.P.S. distributions under a rotation will be
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most evident if every event has been rotated by this amount.

Figure 7.5 (a) shows diagrammatically the number of events in
each bin of L.P.S. originally (centre), after rotation of each event
by 7 radians around the G.J polar axis (left) and after a similar
rotation around the helicity polar axis (right). The same data is
shown numerically in figure 7.6(a). As would be expected, there is
very little difference between the unrotated and the helicity rotated
distributions. The distribution after rotation around the G-J polar
axis shows a reduction of events in the top left hand corner of the
diffractive region and an increase of events in the lower central
area of the region. While these differences are hardly statistically
significant, it is interesting to note that the very same effect was
seen by Beaupre et al (Ref. 7.9) in both ﬂ+p and T p experiments
at 8 GeV/c and 12 GeV/c. It seems that the effect, though small is
persisteht and, in the light of this,lit can be argued that it represents
evidence for a slight non-conservation of t-channel helicity.

In an attempt to enhance the effect the process was repeated using
only events with t> 0,02 (GeV/c)z, since for value of t smaller than this
the G-J polar axis and helicity axis are not very well separated and the
sensitivity of the test to a non-conservation of t-channel helicity may
be reduceds The results of this are shown in fige 7.5 (b) diagrammatically
and 7.6(b) numerically, where it can be seen that, although the same
trends are apparent, they are not significantly enhanced. The reason
for this may be that the effect is largely due to Al production, and the
cut on t greatly reduces the number of Al events. Figure 7.5{c) and
7.6 {c) show the distributions when only A, events are useds It is
clear. that A1 production contributes strongly to the above effects.

If it is assumed that the noted differences in the L.P.S. distributicns
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are indeed due to non-conservation of t-channel helicity, then it
is possible to find the characteristics of the responsible events
by selecting those regions of L.P.S. which change most. To this end
the diffractive region of LoeP.S. has been divided into 4 areas defined
as?

Area 1 3 X_ > 0.125 and X <0.125

Area 2 : 0.125¢ Xs <0.25

and 0,125 <X <025
Area 3 ; X, <0.25

and 0.25¢ X <0.5

Area 41 The remaindere

Thus areas 1 and 2 correspond to those regions which give a
decreased population after rotation around the t-channel axis, while
area 3 is that which increases in population. Area 4 is that which
remains relatively invariant. These areas are shown schematically
in figure 7.4(c).

Figure 7.7 shows the 3 pion effective mass spectrum for (a)
the vhole of the diffractive region and (b) areas, 1, 2 and 3 only.
The scales are such that the areas under the two histograms are almost
the same tc make comparison easier. The A, signal is quite clear in

1

fig. 7.7 (b), indicating that A, production accounts for part of the

1
apparent non-conservation of t-channel helicity. Although a large
part of the observed A3 production does not fall in the diffractive
region of L.P.S. it can be seen that the number of events in the A3
region in areas 1-3 is reduced relatively to the whole region. This is
in agreement with the previous result of TCHC for A3 ploduction,

although it does not prove that hypothesis: it is possible, for example,

that A3 events may account for the increase in the population of area 3
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after the rotation. Ty check this, the events which fall in areas 1, 2
and 3 after rotation around thé t-channel polar axis have been ploted
in figure 7.7 (a) where there is still relatively fewer events in the
A3 region than would be expected by a random choice of events. While
this does not prove that A3 production gives an invariant population
in LoP.S. under such rotations it demonstrates that no evidence to
refute that hypothesis is présent in the data. Lack of statistics
prevents any direct study of the L.P.S. distribution for A3 events.
Further characteristics of the events which seem to account for
the lack of invariance of L.P.S. can be seen in figure 7.8 where the
invariant mass spectra of the ﬂz 7 and wff ar combinations are
plotted respectively for the whole of the diffractive region (fig. 7.8
(a) and (b)) and for areas 1, 2 and 3 combined both before the rotation
(figse 7.8 (c) and (d)) and after the rotation figs. 7.8 (e) and (£)).
The subscripts s and f refer to the slower and faster ﬂ+ in the CMS.
It can be seen that areas 1, 2 and 3 show very little po production
in the 7T:7T- combination in contrast to the remzinder of the regione.
There is also a merked reduction of events in the f£° region in areas
1, 2 and 3 relative to those for the whole region in both combinations.
This can be related to the lack of A3 events in thesé three arease.
It is possible tc perform the density mstrix elements analysis
of section 7.1 onthe A1 events from areas 1,2 and 3, assuming that these
are the events responsible for any non-conservation of helicity in the
t-channel. The resulte, however, must be treated with caution since to
arbitrarity select various regions of L.P.S. may result in a sample
biassed towards certain decay angles. The decay angular distributions
for these events have been checked and show no obvious sign of bias,
but more subtle effects may still be present. The analysis has been

performed, however, and the results are shown in figure 7.9 and table 7.3.
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t range

Re p1o

AIm

(GeV/c)? P oo P1-1 P10

0.0 =0:02 | 0.68£0:18. . }--0.0140.14 | -0,1140.10 | 0.0140.04

0.02-0.04 | 0.8040.18 - | 0.2040.12 | 0.14+0.08 0,06:40.05

0.04-C.08 | 0.5940.19 | 0.0510.14 | =0.19+0.11 0.0610.05

0.08-0.12 | 0.3040.43 0.1120.30 | 0.1940.17 |-0.010.09
" TABLE 7.3

Areas 1, 2 and 3 of L.P.S.

Density Matrix Elements of the Al meson produced in
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Although the non-diagonal elements of the density matrix are compatible
with zero (with the possible exception of Replo which, while its
behaviour is rather erratic, is never. more than 2 standard deviations
away from zero), the trend noted in section 7.1 for Poo to decrease

with increasing [t| is enhanced: in no t region is Pog compatible with
unity and in the range 0.04—0.08(Gev/c? its value is not within 2
standard deviations of the expected value for TCHC; in the highest t
regién the value of 0.30 is quite incompatible with 1 inspite of the
lafge erroro It is concluded that, if no bias is inherent in selecting
only those events from certain areas of L.P.S., the change in L.P.S.
population upon rotation does indeed correspond to a non conservation
of t-channel helicity and that a small amount of helicity flip is
present in the t=-channel for Al production.

7.4s Conclusions

The A meson has been shown not to conserve helicity in the s=channel
in this reiction both by the density‘matrix elements analysis and by the
spin~independent method of spherical harmonic moments described in
section 7.2, although the results of this latter method have been shown
to be rather speculative,and only for |t|> 0012(Gev/cf can SCHC be rejected
by this methods TCHC cannot be ruled out for the Ai region, although,
all three types of analysis used: density matrix elements, sperical harmonic
moments and longitudinal phase space, show some evidence for a slight non-
conservation of t-channel helicity and particularly when the density
matrix elements analysis is performed in conjunction with' the L.P.S
selection of events which are least likely to show TCHC.

All three types of analysis are consistent with TCHC for A3
production, for which SCHC can be rejected both by the density matrix

elements analysis and the spherical harmonic moments analysis. This

result is in agreement with that of Ref. 7.6 and suggests that the Gilman
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hypothesis of SCHC for all diffractive reactions in invalid, even if
the Frautschi rule for diffractive productién is true. The non-
conservation of s-channel helicity in both A1 and A5 production and
the conservation, or near conservation, of t-channel helicity for
both suggests that the Morrison Rule is acceptable.

For the remainder of the events, the spherical harmonic moments
analysis suggests that SCHC may hold above the A3 and TCHC be low

the Al' Between the A1 and A3 neither seem to be conserved.
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CHAPTER EIGHT

POSSIBLE KINEMATICAL INTERPRETATIONS

OF OBSERVED ENHANCEMENTS

Introduction

The only prominant effects present in the coherent channel are
the po and f° meson mass peaks in the neutral dipion spectrum, the
Al and A3 enhancements in the 3-pion effective mass spectrum, and a
d 'IT+ mass peak, the d*++. Of these peaks, only the first two, the po
and f° are well established resénant states. While the Al and A3 may
be resonant they may also be due to kinematical effects and a model
to explain the presence of these pe%ks will be described in Section 8.2
of this chapter, together with a discussion of the interpretation of the
- model and a survey of the experimental results on Al production which
are relevant to the validity of the médel. The d* effect is discussed
first, however, in section 3.1.

8.1 The d*++ enhancement

If the peak in the d'ﬂ+ mass spectrum is to be interpreted as a
resonant system, then it must have well defined quantum nuﬁbers and,
in particular, it must have a2 unique spin parity (JP) assignment.
A étudy of the decay angular distributions of the d*++ events can give
information on which spin-parity states are present. The presence of
cnly one Jp state implies that the polar angle distribution (cos ©) in,
for example, the Gottfried-Jackson reference frame should be symmetric
around zero. The distribution ¢f this angle and that of the corresponding
azimuthal angle for a* events, defined as those events with M(dqﬁ) <2.4
GeV/cz, are shovn in figure 8.1 (a)e The polar angle distribution is by

no means symmnetric and, while a certain amount of asymn2try may be
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explained by the interfersnce of the dominant JP state with a state

of opposite parity in the background, the magnitude of the observed
asymmetry would require a large number of JP assignments all interfering
and it is quite incompatible with the hypothesis of any one statz
dominating. The d*++ is, therafore, not interpreted as a resonance.

The model which is often used to explain the enhancement is as
followss the interaction proceeds by vion exchange and the exchanged
virtual pion interacts with one of the nucleons inside the deuteron
forming a z§++(1236), which subsequently decays in such a way that the
deutercn remains inéact. The exchange diagrém for this model is shown
in figure 8.1 (b). The simples£ evidence for such a model is the fact
that the sum of the masses of the A (1236) and a nucleon is ~2176 MeV/c2
3 value which ccmpares favourably with the central mass of the d* peak
(i.e. 2210 MeV/02 in this experiment). The cos € distribution, more
over, need no longer be s?mmetric sinée it is complicated by the critereon
that the degteron remains intacte The formation of a A(12356) inside
the deuteron withcut the d2utercn breaking up has bezn used successfully

to explain paaks in the cross secticns of the reactions:

7'd - 7d (Ref. 8.1)
and yd »yd (Ref. 8.2)
and it has been shown (Ref. 8.3) that a peak in the d7r+ effective
mass distribution in non-elastic channels will result from such a
mechanism.

An interesting aspect of this model is that the exchanged virtual
pion intorqcts with only one of the nucleons inside the deuteron. The
coherence condition of low-mementum transfer to the deuteron (see
chaptar 1) was based on the assumption that the interaction was with

the deutaron as a whole, i.e. that the exchanged particle could not
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localise any of the deuteron constituents. In the case of d* producticn,
the reverse is true: the exchanéed particle must probe the interior of
the deuteron. It might be expectsd, thersfore, that the slope parameter
(A) of the deute¥on differential cross section, when paramétrized by an
equation cf the type of Eq. 4.2, would be smaller for d* events than
otherwise. Least squarcs fits to these distributions in the range

0.02<] t|¢ 0.12 (GeV/c)? yield, the following results:

A = 26.1 + 1.0 (GeV/c)™
* = 27.8 + 2.5 (GeV/c) 2

Although the value for d* events is in fact smaller than for non-d*

events, the errors on the results render bhoth values compatible. There
is ro significant difference between the two results. Evidence that the
expected effect does occur, however, can be ssen in figures 4,3 (a) and
(b) which show, the d ﬂ*s effective mass spectra for 3-prong and 4-prong
events; respectively. The 3-prong events correspond to the very lowest
values of |t | and are essentially ignored in the determination of the
slope parameters since they do not fall in the t range fitted. It is
clear, howevar, from the figures that there is significantly less d*
production in the 3-prong events than for the 4-prong events. In fact
28% of 4-prong events have M(d ﬂfs)< 2.4 GeV/cz, while the corrzsponding
figure for 3-prong events is only 16%. After background subtraction,
this difference will be even greatar since the only significant signal
irthe 3-prong events is the narrow spike ~2.2 GeV/cz, which contains
very few events.

The suppresion of cl*0 events can also be understood in the frame-
work of this model, since the formation of a A(1236) with a 7; would
necessitate exotic ﬂfﬂf scattering at the uppérmost vertex of figure

8.1 (b), and this is suppressed relative to the 7;}; scattering
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*++ . . < s .
needed for d production since there are nc known dipion exotic

v s + - . . . \
resonances while the 7 v scattering cross section is much enhanced

© and £° mesons.

by the presence of the p
A model involving A (1236) production inside the deuteron, therefore,

seems to explain many features of d* production. There is evidence,

however, that the mechanism for production of the A{1235) is not

simplé one pion exchange, as was suggested. The distribution of the

azimuthal angle of decay of the gt (fig. 8.1 (a)) is not isotropic,

but shows a pronounced dipﬂ'ﬁ =, This angle, in the Gottfried-Jackson

Ieferénce frame is equivalent to the Treiman-Yang angle (the angle

between the production and decay planes of the system) and must be

isotropic if the system is produced by a one pion exchénge mechanism.

It is therefore, concluded that the A(1236) is produced by a mechanism

moyre complicated than simple one pion exchange.

8,2 The A. and A,_enhagcements

1
In this section & model to explain the A1 and A3 enhancaments
will be described and discussed with resoect to the experimental
results both from this experiment and from other studies. The emphasis
will be on the Al,enhancement since more informaticn is available about
this thah-for the A3. The discussion, however, applies to both effects
The early observations of the Al veak were all in reactions which
could be diffractive, i.e. in reactions with no chargz, strangeness or
baryon. exchange and, furthermore, no decay modes other than that into
a pmr state have been seen for the Al.

great width of the enhancement, a factor of 2 greater than the width

These facts, together with the

of any of the firmly established resonances, suggest that the peak may
be kinematic rather than dynamic in origin.

Deck (Ref. 8.4) suggested a model to explain the enhacement
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involving pion exchange. Basically the model states that the p is
forméd at the upper vertsx by p%on exchanga and the exchanged virtual
pion is diffractively scattersd at the lower vertex. The p is formed
with low momentum transfer and, thus, travels forward in the centre

of mass system, while the diffractive scattering, in analogy with on~
shell elastic scattering, is forward peaked. The p and the 7r therefore,
tend to travel in the same direction and so phase space is distorted

to give a low pm mass enhancement. Detailed calculations of this

model show that a peak is predicted at the A, mass, but the predicted

1
width is gresater than that experimentally determined and the predicted
production cross section is substantially smaller than that observed.
Berger (Ref. 8.5) adopted a Reggeisad version of the Deck model
and this has had more success in explaining the data. This model
assumes a diagram of the type of figure 8.2 with the exchange at the
upper vertex being the pion trajectory and at the lower vertex being
the Pomeron. The four-momenta of the particles, pl, p2, qy» q2 and q3»
are defined in this figure and the relativistically invariant variakles

used in the mathematical construction of the model can be defined in

terms of these as follows:-

N 2 - 2
_ 2 .2
s, = (q2 + qq)° = M(mp)
2 2
t, = (3, - p, )% =t
1 9 1 dd 8.1

ty = (q, = py)" = tmp
The matrix element (M) associated with this diagram is assumed
to factorise:

IM[2 M, 2 5P |

2
) 1- [ )
up! T Nwd' 8.2

where S, is the Reggeised pion propagator and residues:
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Is | ={.1T_U.‘_U1}E B(t,) {l_ [s, ‘tl'u2
s0

LA {1- cos(’na)}

1 2 )
- (s, =1 - t,)(t 2 0
2t, 53 TH TRy oy )] 8.3

S, is a constant = 1 GeV2

M1 = pion mass

B is a slowly varying function of t, and is equal to unity at

2
t2 = p?. It has been set to this value throughout

& is_the pion trajectory, taken here as linear:

2 8.4

a=t, ~p
Berger does not use a Reggeised form for M(mwd)(the virtual
pion-deuteron scattering matrix element) but assumes that the off

shell scattering is similar to the on shell scattering, which gives

a pronounced diffraction peak. Henceo.

2 ar
M = exp (At,) 8.5
¥l (dﬂ)o P At
where G?é) is the forward scattering cross section, which is related
’ (o]

to the total cross szction by the Optical Theorem:

(ﬁ*-frg =N\ o2 8.6
d o 1Td

and % = El_ %d1ﬂ%}[sl- md+uFJ
md

deuteron masse.

The slope parameter A is taken as 20 (GeV/c)-z.

|M1uils given by Berger as:

|M1Tp|2 = g2 (s3 - 4;1,2) 8.7

and g is theqnu) coupling constant.
his matrix element has reproduced the Al peak very well both with

respect to mass and width but the cross section it gives is still found
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to be lower than that determined experimentally. Vanderhagen et al
(Ref. 8.6) however, found that the predicted cross section could be
changed by a factor of 4 without significantly affecting the various
mass distributions by using a non linear form for the pion trajectorye.

A Monte-Carlo calculation of the expected form of the d mp final
state at 11.7 GeV/c incident pion momentum, shows that the shape of the
pir effective mass distribution is well reproduced (fig. 8.3 (a)) at
this energy as was found at lower energies. The figure contains only
events where the d7 mass is greater than 2.4 GeV/c2 in order to
eliminate d events, since the lower vertex is more complicated in this
case, invélving A (1236) production. The same selection was made in
the Monte-Carlo calculations. In fact the only distribution for which”
there is not reasonable agreement between the experimental data and the
predicted curve is the azimuthal angle in the Gottfried-Jackson reference
frame of the 'decay' of the dqr system, taken as a composite particle.
This is shown in figure 8.3 (b). The ncn-isotropy of this angular
distribution, as noted for d* events, is increzsed when the dir efféctive
mass is above the d* region. The model predicts an anisotropy (smooth
curve in figure 8.3 (b)) but of a much smaller magnitude than the
experimental one. The degree of success of the model in the case of the
A3-enhancement is mere difficult to assess, since the statistics are
small, byt qualitative agreement is found, except again, in the case
of azimuthal angular distribution of the d# system. This discrepancy
does not necessarily invalidate the model but suggests that a better
approximation than the one made for the 71 d vertex is required. It is
interesting to note that this discrepancy has not previously been
observed

Although in most respects the model seems to reproduce the data

quite well, it has been suggested by Chew and Pignotti (Ref. 8.7) that
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such a mechanism is not incompayible with a resonant interpretation of
the peak. They extended the notion of duality as introduced by Dolen,
Hom and Schmidt (Ref. 8.8) from single exchanges to doubk exchanges of
the type of figurs 8.2. Duality relat=s the imaginary part of the t-
channel amplitude at high ensrgies to the s-channel amplitude at low
energies and states that extrapolation of the high energy t-channel
amplitude into the low energy region should explain in an averaged
way the low energy reaction. If the.t-channel amplitdde predicts a
high s-channel cross section at low energy then the presence of one or
more s-channel resonances at the low energy can be inferred. Chew and
Pignotti's extended duality states that if the double exchange mechanism
of fige 8.2 is valid for high pir masses, then its prediction of a large
o production cross section at low masses is not incompstible with
the possibility of resonances being present.

Cason et al (fef. 8.9) have arguad agsinst the Chew and Pignotti
interpretation of the success of the Berger-Regge-Deck (B.R.D) model

on the grounds of their results on the reactions:

- o -
mP ->p TP 8.8

and 7 n —>p-'tr—p 8.9
They find an Al peak in the former reaction, as might be expected,

but alsointhe latter reaction there is a peak in the A region under the

1
rather strict selection criteria that the mass of the ﬂ:p system must be
greater than 1.8 GeV/cz, to eliminate isobar production, and that the
4-momentum transfers from beam pion to the p_ and from the target neutron
to proton both be less than 0.5 (GeV/c)% in order to select events which
are most likely to be doubly peripheral and to ensure the corrsct

ordering of the exchange chain. In the case of rzaction 8.9 the virtual scat-

tering at the lower vertex is not elastic but can be built into the model
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nonetheless. They find that the peaks in the A region from both
reactions are well described by the B.R.D. modei with the same
normalisation and argue that, if Chew and Pignotti's extended duality
is valid, then there must be resonances in the prﬂr system. Such a
suggestion is unlikely since it would imply the existence of exotic
resonances which are produced with high probability, although previous
searcﬁes for exotic resonances have indicated that, if they exist at
all, they have very low production cross sections. The Al enhancement
as produced in a coherent channel such as the onei'being studied here,
moreover, cannot be exotic. They suggest that the extended duality
argument, involving extrapolatién of the whole t-channel amplitude
rather than only its imaginary part, is, therefore, invalid and
consequently that the Al enhancement is purely kinematicale.

Uhoeda (Ref. 8.10) has contradicted this suggestion, arguing
that effects other than tHe Deck Effeét can contribute to the p—ﬂ;

peak, effects which are not present in diffractive A, production. He

1
concludas that there may still be a resonant state in the non-exotic
Al peak.
No strong evidence for Al production in an I = 1 state from
reactions where the Deck type mechanism cannot occur has been presented.
Anderson et al (Ref. 8.11) have seen some evidence for backward producticn
of the Al in a missing mass experiment, but it remains inconclusive.
Two experiments (gef. 8.12 and 8.13) on the reactions:
K+p-4 K°p w*wfﬁ-

and Ko o KT atra®

have found both Al+ and AlO peaks in the 3-pion system but Rabin et al.

n . .
(Ref. 8.14) studying the same reactions with far greater statistics and

at a very similar energy to that of Ref. 8,12, find no such peaks and
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argue against the previous results being anything other than statistical.

Crennel et al (R=f. 8.15) have seen a pir peak in the A. region in the

1
reaction:

K'n _)A°1r+7r+7r- at 3.9 GeV/co

This reaction involves both charge and strangeness exchange and
A1 prgduction cannct be explained by any simple Deck-type process, but
the evidence for the peak is not cenclusive. Small Ay peaks.have been
seen in B p collisions of the type:

P p— 3 73w u° (Ref. 8.16)
and  p p=K K n (> 3) (Ref. 8.17)

but the high background involved, due to many possible 3-pion combinations,
particularly in the former of these reactions, renders such pzaks rather
unconvincing. |

The latter of these two reactions is interesting, however, in that
an analysis of the three pion Dalitz Plot shows that, while other spin
states are varying smoothly througnh the A1 mass region, the JP= 1+
state shows a distinct peak centred on the Al mass. This peak, however,
is due to a D-wave pn decay as opposed to the S-wave decay usually seen
in diffractive experiments. Froggart and Ranft (Ref. 8.18) have made
an analysis of the spin states which would occur fof events produced
by the B.R.D. mechanisme at various energies and find that the dominant
state is always S- wave JP = 1+ and, in particular, that the fraction
of D-wave JP = 1+ should be negligable. Observation of D-wave decay
of a 1+ Al signal would, therefore, confirm the resonant interpretation.
The evidence cn this point, is however, rather contradictory: Morse et al
(Bef. 8.19) and Ballam et al (Ref. 8.20) in 4 p experiments at 7 and
16 GeV/c respectively both find considerable D-wave decay, while Ascoli
et al (Ref. 8.21) in a compilation of data from several g p experiments

at incident momenta in the range 5-25 Ge%/c find that the S-wave decéy
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is predominant with little or no D-wave decay. The result reported
in Chapter 6 for this experiment shows a possibility of D-wave
decay of the Al_enhancement although i£ cannot be confirmed.

A further possible way of distinguishing between the resonant
and non-resonant interpretations of the Al enhancement has been suggested
by Goldhaber (Ref. 8.22) and Trefil (Ref. 8.23). This depends on the
measurement of the cross section of the Al with nucleons: if the Al
is resonant the cross section should be equal to that of the pion,
whereas the cross section for an uncorrelated psr pair should be 1.7
times greater. No direct measursment of the cross section of the A1
on nucleons is possible, of course, but studies of the A1 produced
coherently with heavy nuclei can yield informztion on this quantity by
comparison with the results of Al production in hydrogen. Goldhaber
found that:

oA, < 0.5 ‘:8:3 o (1 N)
supporfing the resonant interpretation and Hoang et al (Ref. 8.24)
found the two crecss sections to be approximately equal. The most complete
study of this problem is by Bemporad et al (Ref 8.2%) in a high statistics
missing mass experiment, with a number of complex nuclei as targets.
They find that U(AlN) is approximately edual to o{wN) but suggest that
this does not necessarily confirm the resonant interpretation since the
cross section is almost constant at this value up to a 3-pion mass of
1.5 Ge_V/c2 and rises only slowly for higher masses. The cross section
for 5-pion systems, moreover, produced in the reaction:
TA-ATTTTT

where A is a complex nucleus, is found to be even smaller than the
corresponding 3-pion cross section, suggesting that, perhaps, the

model used to predict the non-resonant cross section may be invalid.

The situation is,therefore, rather confusad and, as yet, no




def;nite conclusions as to whether the A1 enhancemznt is resonant
can be made. More data on non-diffractive A1 production and more
detailed information on the spin-characteristics of the enhancement
are needed before the problem can be resolved. There is less data

available on the A3 enhancement and again, no conclusions can be

made,

118
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CHAPTER NINE

SEARCH FOR COHERENT A2 FRODUCTICN

Introduction

It has been assumed in the previous chapters that the dominant
mechanism responsible for this channel is either diffrzction dissociation
of thé beam pion into the three pion system or pion exchange with an
elastic scatterlng of the virtual pion at the dueteron vertex (fig. lul).
Many other exchange mechanisms which can produce a correlated 3-pion stzte
(e-g-;)exchange) are forbidden by the criterion of coherence. The deuteron,
however, is a special case of a nucleus in that the spins of the const-
ituent nucleons are aligned and.this leads to the possibility of unnatural
parity exchange, provided that the isospin of the exchanged object is zero.
Exchange of the N meson may, thus, be expected to occur and this will
lead to 3-pion stztes in the natural spin parity series JP =1, 2+, 37 etc.
It is possible, therefore to produce the A2 meson in this channel by n
exchange and observation of A2 production would provide evidence for such
a mechanism.

This chapter reports the results of a search for coherent A, production.

2
If the production cross section is non-zero, it must be small since no
evidence has been presented at lower energies for an A2 signal in the
final state of this channel. No detailed evidence for absence of A2
production has been presented at lower energies and it is possible that
a small amount may have been overlooked. This experiment has higher
statistics than any at lower energies and so it may be possible to detect
even a very small A2
0

9.1 The sample of events used

production cross section,

Only a subsample of the total number of events fitting the channel
have been used in the search. In the first place, the three prongs

events have been rejected frcm the sample for two main reasons:
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_(i) The mass resolution of the 3-prong 3-picn effective mass is
greatly inferior to that of the 4-prong sample, since the 3-prongs

are the resulte of 1-C fits. A small enchancement in the A, region

2
may, therefore, be smeared out and unrecogniceable.

(i1) The selection criteria for distinguishing between this
channel and other channels are less stringent for the 3-prong sample
. than for the 4-prongs. It is likely that there is some contemination
of the coherent channel by the channel in which the deuteron breaks
up into its constituent mucleons in the 3-prong events and, since the A2
can be produced by P exchange if the interaction takes place cn only one
of the nucleons inside the deuteron any observation of A2 production in
this sample would be evidence for contamination by the break-up reaction
rather than n exchange in the coherent channel.

This selection does not seriously effect the number of events in
the A2 region, since the very low values of t for the 3-prong events
tends to suppress higher 3-pion masses. It is possible, moreover,
that the siope of the do/ dt distribution for n exchange is less steep
than that for Pomeron exchange, and if this is the case, antiselecting
very low t events will result in an inéreased Az/kl-ratioo This latter
consideration is not necessarily valid, however, since the slope of the
do/dt distribution is determined more by the deuteron form factor than
the nature of the exchange mechanism.

The second selection consists of usingonly those evente which have
at least one neutral dipion effective mass in the ° region, This is
for the simple reason that the A_ has never been observed to decay _

2
directly into three pions. It decays always by the two-~step process:
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.The search was, therefore, carried out on the sample of 763 four
pronged events of the types
ﬂ+d+d fpo.

9.2 The results of the search:

The effective mass of the pm system is shown in figure 9.1 (a)
for the events selected as above. 'The bin width used is 20_MeV/c2 S0
that-any narrow enhancements may be obserwveahle. The small peak which
appears in the figure at a mass " 1280 Me“/c? can easily be explained
in terms of a statistical fluctuation, although if the background
is assumed to be a strzight line joining the adjacent bins then the
effect has a magnitude of moré than 2-standard deviations. The same
mass spectrum is shown in figure 9.1 (b) after removal of a events.
The peak is less noticeable in this figure but it is unlikely that df
reflections would produce a peak so narrow and a statistical explanation
must be invoked in order to disregard it.

It is often possible to produce a cleaner A, signal by use of the

2
3-pion Dalitz plot. This arises from the fact that the spin-parity of
the A, meson (JP =o*) is in the natural I° series and is consequently
expected to show a depopulation of the Daltiz plot around.the bqundary
(Ref. 9.1) and no such depopulation is expected for the unnatural_
spin-parity series. Since the background below any A2 signal in this
channel is due largely to A, production (Jp=lf) or to diffraction
dissociation of tke beam pion which can only give the unnatural Jp

series, the signal to background ratio in the A, region can be increased

2
by selecting the central region of the Daltiz plots To this purpose it

is convenient to define the quantity

A= |Pl X le 2
%( 2 ].12)2

(42
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where P, and P, are the 3-momente of two cof the pions in the 3-pion

) 2
rest frame, M is the 3-pion effective mass, and }i is the pion mass.

A is constrained to lie between O and 1 and effectively measures the
distance of an event from the Dalitz plot boundary i.e. ) = O on the
boundary and 1 at the centre.

Figures 9.2 (a) and (b) show the ppmass distributions in the two
cases A< 0.5 and )> 0.5 respectively. It can be seen that for A< 0.5
there is a suggestion of a dip in the distribution at n 1300 MeV/c2 while
there may be an enhancement in this same region when A is greater than
0.5. The hatched histograms in these figures show the same spectra
with d* events excluded, and it can ke seen that these features in the
A2 region are not affec#ed by’ this selection. The small enhancement is
more apparent in figure 9.2 (c) where only events with X> 0.6 have been
plotted. This further reduces the background and leaves a small signal

centred on 1300 MeV/c, where the A_ would be expected to occur. Figure

2
9.2 (d) shows the spectrum after rejecting all events with A< 0.85. The
remaining statistics are small and show nothing except an enhancement
at 1300 MeV/c?

The distributions of A for evente in the A2 region (defined as
1.25 < M{pm) <1.3% GeV/cz) and for events in regions 100 Me\/’/c2 wide
above and below the A2 region are shown in figure 9.3 While there is
some evidence for accurulation of events above A = 0.5 in regions other
than that of the A, (noteably for 1.15< M (pw) < 1.25), nowhere -is the

tendency so marked as in the A region itself. This fact is emphasised

2
in table 9.1 where the number of events withA>0.6 and A> 0.85 are given
for various regions of 3-pion mass, together with the percentage of the
total number in the region. This data is given in the table for all

4-prong events, for those 4-rong events which have & neutral dipion

mass in the po regicn and for the subsample of these which do not
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Fig 9.3

DISTRIBUTION OF A FOR SEVERAL REGIONS OF M(3¢)
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have a d-n-+ effective mass in the d*++ region. In every case.the A2
region shows a higher percentaée of events near the centre of the
Dalitz plot, and consequently a lower percentzge near its border,
than do the surrounding 3-picn mass regions.
This method of emphasising the A2 signal is not entirely legitimate
because, having selected p events, only one band of the Dalitz Plot
is populatsd and this band does not neéessarily cross the centre. 1In
fact a dipion mass of 0.765 GeV/c2, the p mass, corresponds to a line
on the Dalitz plot which crosses the centre (A = 1) when the 3-pion
mass is exactly 1.3 GeV/c?. The p band as defined here (0.665 <M(n+n_)
. <0.865 GeV/cz), moreover, cannot cross the centre of the Dalitz plot

2 or above 1.47 GeV/cz. Selecting

for 3pion masses below 1.12 GeV/¢
the central psrt of the Dalitz plot and simultaneously selecting p°'s,
therefore, leads to the danger of manufacturing a signal in the pm
mass spectrum at 1300 MeV/c2. While this effect may partly explain
the signals in figs. 9.2 (b) (c) and (d), it cannot be entirely responsikle
since, for example, the whole of the p band can have A>0.6 for 3 pion
masses greater than 1.13 GeV/c2. The dip at 1300 MeV/c2 in fig. 9.2 (a),
furthermore, would be expected for a true A2 signal but need not occur
otherwise since the p band can always give low values of X.

The decay angles of the normal to the 3-pion decay plane in the
Gottfried-Jackson frame for events in the A2 region (1.25-1.35 GeV/C2)
are shown in figure 9.4 (a) (cos BN) and 9.4 (b) OﬁN). Although the
statistics are small, the cos eN distribution does seem to deviate from
the sin26 shape which would be expected if the signal were merely
a fluctuation in the Al peak. If the signal were pure A2 (JP=2+)

produced by simple n exchange, then the density matrix ought to have

Poo = 1 and all other elements zero, so that the distribution of cos GN
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should be described by:
W (cos GN) = K (&052 8y - cos4 QN )

The distribution is not well described by this expression but it is
interesting to note in figure 9.4 (a) the dip at cos 8y = O as would
be expected from this expression. No detziled fit of the distribution
has been attempted since the statistics are small and if the 2+ state
is present it may interfere with the background, leading to a complicated
form for the decay distributions.

A test has been used, however, to see if the observed enhancement
is compatible with the spin-parity assignment JP= 2+. This is based
on the asymmetry parameter of the po,decay angles A defined in Eq. 6.2
As has been seen the Al enhancement seems to decay partly into pw and
partly into ggso that the p's frem the Al decay show the characteristics
decay asymmetry. A 2+ object cannot decay into gx, however, and, if
the A2_is produced, the p's resulting frcm its decay should themselves
decay symmetrically. While it may be expected that the background
below the A2 signal will give an asymmetric p , the pasymmetry from
the total number of events in the A2 region should be smaller than
elsewhere. To test this hypothesis the p asymmetry from several regions
of pT effective mass has been calculated and the results are shown in
figure 9.4 {(c}. It is clear that in the A, region the asymmetry falls
significantly below its value at lower pm masses; in agreement with
the interpretation of the effect as being due to A2 production. Above
the A2 region, the p asymmetry remains small, rising again only for
masses greater than 1.€5 Gev/cz. _The low vélue of the asymmetry between
1.35 and 1.65 GeV/c2 can be explained in terms of the background beneath
the psignals, since it is in this range of pm mass that this background
is particularly high. The background asymmetry has been estimated from

. [o]
the asymmetry of two control regions immediately above and below the p
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region, and, dafter estimating the amount.of background below the
P signal in each region of pimass, A was recalculated with the back-
ground subtracted. This procedure has little effect on the resuits
below the A2 region, but the asymmetry is reduced in the A2 region
to 0.09 while above the A2 it is increased to 0.35 in the mass range
1.35 - 1.45 GeV/c2. After background subtraction there is thus a
distinct dip in A at theAznmss. The value of A in the pmTmass range
1e45 -~ 1.65, is similarly increased to O.10 implying that the

p asymmetry is smaller when events from the A, region are used than

2
in any other mass range.

9.3 Conclusions

A small peak is apparent in the pnmass_spectrum when events taken
from the central region of the Dalitz plof are used with a mass ~
L - ) -
1.3 GeV/cz and a width <100 MeV/c” as would be expected for an A2

signale The peak shows other features which are consistent with

interpretation of the peak as the A, meson:

2
(1) It populates only the central region of the Dalitz plot
i.e. there is a distinct lack of events at this mass when pnl? events

from the boundary of the Dalitz plot are used.

(2) The decay of the po meson resulting from the decay of
the peak in the A2 region is more symmetric than it is from any other
pn Mmass region.

While it is impossible to state categorically that the A, meson

2
is produced in this channel, there is, nonetheless, a certain amount
of evidence to support that contention. If this result is confirmed,

it represents the first observation of n-exchange in coherent deuteron

interactions.
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CHEAPTER TEN

COMPARISONS AND CONCLUSIONS

This thesis has presented the results of the analysis of the °
channel:
ntdrdm i 10.1
at 11.7 GeV/c incident pion momentum. The total cross section for
this reaction was found to be 353 + 30 Ub and this value is compared
with the results of previous experiments on this channel in Table 10.1
and figure 10.1 (a)o These show, with the exception of the result at
5.4 GeV/c;(Ref.-lO.B) that the cross”section changes only slightly -
" over a widé raﬁge of incident momenta,.with perhaps a slight tendency
to increase with increasing pion ﬁoﬁeﬁtum. The only experiment with
higher incident momentum (Ref.}6+ ) quotes no channel cross section
and.cannot, therefore, confirm this in;rease.
An increase in cross section for other coherent reactions, is
apparent in the published results. In the channel
K" d> dn'm” K 10.2
the cross section rises rapidly between 3 and 5.5 GeV/c incident
momenta and then rather slowly above this, This can be seen in table
' 10.2 and figure 10.1 (b). There is less published data on other
coherent deuteron reactions, though an increasing channel cross section

seems to occur in each of the reactions:

Kdsd K o'l ™ 10.3
K'd>d kK¢ T 10.4
— -— + -

pd>dpym 10.5

and, furthermore, the same trend is apparent in coherent reactions on
complex nucleii as can be seen from the work of Allard et al (Refe 10.17)using

a heavy liquid bubble chamber. The results and references for these
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reactions are given in table 10.1 Reaction 10.1 is found to be very
peripheral, as expected for coherent reactions, with the slope pzrameter
of the do/dt distribution equal to 27.6 + 3.0. The slope of this
distribution at other energies is given in table 10.1 and it can be

seen that as the energy increases this parameter also increases, which
is equivalent tothe statement that the effective size of the deuteron
increases with increasing energy.

The final state of the interaction is dominated by p° production,
as was the case at other energies (see table 10.1) with some £© production,
No £° production has been reported at lower energies, except at 5 GeV/c
(Ref. 10.2), which may be explained by the fact that very low momentum
transfers limit f° production when the incident energy is low and the
smaller statistics in the other experiments may have caused difficulty
in detection.

A non resonant enhancement in thé d1r mass spectrum, the d*++, is
present in this reaction, but its production cross section falls
dramaticall& with increasing energy, as can be seen in table 10.1. At
11.7 GeV the azimuthal angle of decay of this enhancement in the Gottfried-
Jackson reference frame is not isotropic, in contradiction with results
at lower energies and with the simple one pion exchaﬁge model often
described to explain this effect. No corresponding peak in the dm
mass spectrum is seen.

The three pion spectrum is dominated by a broad peak in the Al mass
region,. decaying into a;)°1# system« This peak has spin parity l+ with
some interfering state of opposite parity, perhaps a O e state. The
pT system is predominantly in an S-wave but there is also some evidence
for a D-wave state in the Al regions The cross section for Al production

is difficult to determine, but has been calculated at this and other
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energies by assuming every event in the three pion mass range 1.0 - 1.24
GeV/c2 is due to Al production. The results of this are given in table
10.1 and indicate that the cross section is fairly independent of
incident mcmentum, a feature characteristic of diffractively produced

states.

A secondary peak in the three pion mass spectrum at @1675 MeV/c2

which is attributed to A3 production, is seen to decay dominantly into
an f° n+ state. Its decay characteristics indicate that the spin
parity ‘is 2", formed by an S-wave £©° nt state.

Neither the A1 nor A3 enhancements conserve s-channel helicity.
While the A3 is totally compatible with the hypothesis of t=-channel
helicity conservation, there is some evidence that this hypothesis is
not completely valid for A1 production, although it cannot be disregarded..
Outside the Al and A3 mass regions no clear evidence on TCHC or SCHC is
present though below the Al the former is a better hypothesis and
above the A3 the latter is more compatible with the data.

The aﬁalysis has shown that, of the many possible exchange
mechanisms which may contribute to the channel (fig. 1.1) only those
of figs. 1.1 (a) and 1.1 (e) can explain the data. The latter of these
must occur in order to explain the d* enhancement although the decreasing
df_proéuction cross section suggests, perhaps, that this mechanism is of
;dééféééihg impariance. Both mechanisms can explain the general features
of the channel, the former by Pomeron exchange and the latter by exchange
of the pion trajectory at the upper vertex and diffractive scattering
(Pomeron exchange) at the lower vertex. The doubly peripheral diagram
is presumably not important outside the Al and A3 regions, since it leads
to threshold enhancements and this is not the case in otherlregions.

The possible D~wave decay of the Al enhancement, moreover, is incompatible



with such a mechanisme The longitudinal phase space analysis shows
that, perhaps, two mechanisms are present, one responsible for A1
and A3 oroduction and the other for d* production.

There is a small indication for A2 production in this reaction,
which, if accepted, implies that exchange of the type of fige 1.l (a)
does indeed occur, with the exchanged particle being the n meson.

Two other, very small effects are present in the final state
of the interactions .. The.former, a narrow p°n+ enhancenent with
a mass .&1°56 GeV/c2, has been shown to be probably statistical
in origin. The latter, a n+n- peak with a mass n1.08 GeV/cz, has

been tentatively identified with the Ny meson and shown to have

similar characteristics to previous observations of this peak.

130
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REACTION BEAM MOMENTUM CROSS SECTION REFERENCE
(GeV/c) (ub)
K a-ax™ ™7 3.0 102 + 14 10.6
" 3.4 130 + 30 10.7
" 5.5 228 + 35 10.8
" 7.3 274 + 56 10.9
" 12.6 285 + 70 10.10
Kd»ak’ T 2.3 110 + 16 10.11
" 3.0 210 + 22 10.12
" 9.0 v 332 10.13
" 12,0 331 + 35 10.14
K'd+ag®n” 2.3 150 + 35 10.11
" 3.0 228 + 25 10.14
pd+dp T T 5.55 113 + 38 10.15
n 7.0 260 + 25 10.16
T NucaNuct m " 6.0 26+7 /molecule 10.17
" 18.0 55+15/molecule 10.17

TABLE 10.2

ey . .
Compilation of other coherent reactions

132
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APPENDTIX A

A.l. Periphera) Models

Many strong interactions are fourd, empirically, to occur in such
a way that the final state particles in the centre of mass syétem have
approximately the same direction as one or other of the initial state
particles. This lead to the suggestion that collisions were peripheral
so that the glancing angle remains small and forms the basis of %he
peripneral model. HReactions are assumed to proceed >y the exchange
" of a light strongly interacting particle and the range of the interaction,
assuming a Yukawa potential, is greater for lighter exchanged particles.
The  lightest strongly interacting particle is the pion, which, therefore,
would give the most peripheral interactions.
A.l.1 One pion zxchange

Two body, or quasi-two body reactigns of the type:

a+b *c+d . A.1l

where ¢ and d may be short lived recsonance particles are assumed

to proceed by the exchange of a virtual pion 2 €
and are described by a Feynman Diagram of the w
type shown in figure A.l, assuming that b d
quantum numbers can be conserved at both Fig A1
vertices. Tha matrix element for such a diagramme is:

M=V, _51__ Vit ‘ A.2

u -t
where , = the pion mass
t = the square of the 4-momentum transfer from particle
a to particle c.
VI and VII are verta2x functions for the upper and lower vertices

respectivzly. In the pcle approximation, which consists of treating
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the exchanged pion as a real or 'on the mass chell' pion, they are
equivalent to the matrix elements for the processes:
atw-+> c
and b +q -+ d
This mechanism, thus, qualitatively describes the peripherality
of the interaction in that the factor (ﬁQ - t)-l, the pion propagator,

ensures the preponderance of low values of It

. Quaniitatively,
however, the form of the dc/dt distribution for reactions dominated
by pion exchange falls off with increasing t more rapidly than
the model suggests.

A.1.2 Other particle exchanaes

In some reactions conservation.of quantum numbers at the two
vertices forbids the exphgnge of a pion and other exchange particles
must be considered. For-exgﬁple, the reactiont ﬂ+p + 1 A ++(1236)
cannot proceed by pion exchange but p exchange can be responsible for
the interaction. The exchange of a particle with spin predicté; in
the ramew&rk of the peripheral model, that the total cross section
for the reaction will increase as 52J as s » o, where s is the square 6f
the c.m. energy and J is the spin of the exchanged particle. Thus,
while the peripheral model for such reactions may describe some
features of the final state at relatively low =2nergy, it is cleaxly
invalid st high energy.

A.1.3 Form Facztors

In order that one pion exchange may better represent the form
of the do/dt distribution, form factors can be included in equation A.2.
These take the form of functions of t which are intended to allow Ffor
the spatial dimensions of the particles involved. In theory there are

three form factors to consider: one for each vertex and one for the



135

exchanged virtual pion, but, since no satisfactory theory exists to
predict the form factors, all three are combired into one rather

arbitrary function. Amaldi and Selleri (Ref. A.l) suggested the

form:
F(t)= 0.72 + 0.28 A3
1+ 2 - ¢ 1+ y2 -t
4.73 12 3%

. which while it explaine the t distribution in some casss bty no means
does sb in every case. The facts that often the t dependence of the
form factors complztely masked that of the propagator and, in some
cases, that energy dependdnce needed to be included in the functions,
thus rendering them not true form factors, suggest that the form
factor approach has little physical meanind.
A.l.4 The Absorbtion Mpcel

A more refined modification of the one pion exchange model is
to include absorbtion. This is kased on the fact that at high energies
there are meny possible inelacstic channels open for the collision of
particles a and b. These different channels are assumed to inferfere
with each other and thus the quasi-two body channel cross section zan
be reduced by the prasence of other more complex final states. The
more complex final states may be assumed to be more common for more
central collisions, corresponding to lower impact parsmetars and higher
values of ta The absorbtion of the quasi~two body cross section is, then,
likely to be greater at higher t and better agreement with the experimental
t-distribution might be expecteds The model has had some success but,
again, does.not well reproduce the differential cross section when the

outgoing particles have high spin.



136 -

A.2 The Regge-Pole Model

The Regge-pole model is important both in terms of particle
classification and of high energy reactions. It relies on the
assumption that the scattering amplitude for any particular reaction
can be generalised to arbitrary complex values of angular momentum (%)
rather than just to positive integers. The amplitude can then be
shown to be analytic over the whole complex angular momentum plane
with Re 2 >=3 except for a firite number of poles which occur in the
upper half plane. The position of the pole can vary as a function
of enefgy and in general moves along the real positive f-axis for
energies below threshold and in the upper half plane (positive
imaginary part) for greater enérgieso When the real part of the pole
is a positive integer, then it corresponds to a bound state if the
energy is below threshold and to a resonance, with a width related
to the imaginary part of the pole, if the energy is greater than
thresholde The path foll&wed by the pole known as the Regge trajectory,
can therefo?e relate several resonances with the same quantum numbers
other than angular momentum.

By considering the function:

o(g) = p(ogr1) £ (8.E) Po(-cos ©) A4

sin 7Q

where Pz = the legendre polynomials

cos 8 = the c.m.s. scattering angle

E

the c.m.s. energy

f(g,E) = the g?h partial wave scattering amplitude.
and assuming that g can take any complex value, then the total interaction
amplitude, as reprasentad by the sum of partial waves, can be related to .

the residues of this function at the Regge poles of f (R, E)'by

integrating (A.4) around paths in the complex angular momentum plane
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chosen to include either, only the Regge poles, or only the poles

due to the factor sin g9 in the denominator, which occur for:

!o =0, l, 2’3 sessse

the result of such an operation is to express the total amplitude

F(cos ©, E) as:

F(cos 8, E) = i I Res g( 2= ai) + Background Integral A.5.
| - i

where the sum runs over each of the i Regge-poles which contribute
and the position of the 1th pole is at 2= di.

In applications of the Regge=pole model to strong interactions,
a form of the scattering amplitude corresponding to (A.5) is assumed

for“the t-channel process and the principle of crossing symmetry is

invoked to describe the s-channel process.. The energy dependence

- a(t)
of each regge pole contribution is then proporticnal to= §-

o
for large s where s is the c.m.s. energy squared

t is the 4-momentum transfer squared
sois an arbitrary scale factor
and d is the form of the trajectory for the
particular ponlz.
This energy dependence can be written:
(z_)a = (';Lo) e exp (i I o log i;) A.6
which shows that a pole with largs R, a will dominate an interaction
at high energy. This is equivalent to considering the interaction in
the same way as for one particle exchange models, except that it is
a Regge-trajectory which is exchanged.
The Regge pole model has proved successful in describing many

reactions. In particular, the energy dependence of reactions where
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spin zero particles cannot be exchanged can ke explained in contrast
to the predictions of a one particle exchangs model, and the

shrinkage of the diffraction peak in pp elastic scattering can be

predicted.
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APPENDIX B

B.1 Reference Frames

In discussing the decay of a resonance, two angles of a suitably
chosen decay direction can be defined in terms of a right-handed
cartesian co-ordinate system. This co~ordinate system, or reference
frame, can, in principle, be any arbitrary system and predictions of
the distributions of the decay angles, assuming certain spin-parity
assignments of the resonance, can always be made. In practice, these
predictions are simpler when certain well defined reference frames
are used and two such frames are used in this thesis: the Gottfried-
Jackson frame and the Helicity frame. These are defined below for
reactions of the types

at+tb?¢+d

where ¢ is a resonance which subsequently decays into two or
more particles and d can be one other particle or the combination
of all final state pasrticles of an interaction, which do not result
from the resonance decay. The direction associzted with the decay
of the resonance, for which the decay angles are to be determined
will be denoted by a s which in the case of a two body decay will be
the direction of one of :the decay products. The possible directions
for the three body decay are described in Chapter 6.

Bolel The Gottfried-Jackson frame

The Gottfried-Jackson frame (G-J frame) (Ref. B.l) is defined
in the rest system of the resonance, in which case the directions
of particles a, b and d all fall in a plane, shown in figure B.l,
known as the production plane. © need not fall in this plane. The
z-axis is chosen as the direction of the beam particle g,'where this

is the beam meson for a mesonic resonance and the target for baryonic

resonances. The y-axis is chosen as the normal to the production
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plane, defined as:

3’ 3' > > >
y= axd (B.1)
: > >
ia X dl
,%¢ The x-axis is then chosen to give
s’
’
Zs a right-handed set:
7 of e d . .
[ -4 b <> -> >
Xy X 2 (B.2)
FiG 3.l

The decay angles of the resonance are then given by the polar
angle (8) and azimuthal angle (@) of the direction o in this

co-ordinate system: i.eo.

>

cos ® = b .Y
8] |a

cosf= axd . bxa (B.3)
Zxd| [Rx3

sinf= Bx(3xd) .Dbxa
B x (@ xd)| |6 x

Thus @ is defined between 0° and 360° and cos ® between
-1 and + 1. “ |
B.1.2 The Helicity frame

The y-axis of the helicity frame is defined, again, as the normal
to the production plane (Eq. B.1). The z-axis or polar axis is defined
as the direction of the resonance ¢ in the overall centre of mass system.
This is equivalent to the negative of the direction of particle d in the

rest system of c.

z= -d (B.4)

The x-axis is, again, defined by equation B.2 and the polar and

azimuthal angles of the direction o are giveﬁ by equations B.3 with
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> -
b replaced throughout by =-d.
B.2. The Spin Density Metrixs
_ The resonance ¢ need not be produced in a pure spin state but will
in general be produced in a quantum mechanical mixture of pure spin states
with different expectation values of the magnetic quantum number m.
The expected distribution of the decay angles depends on the relative
amounts of the various possible values of my which, in turn, depends

on the production mechanism. The amounts of each spin state are contained

in the spin density matrix. If the mixture contains several pure steates

|U> each with a probability p-u then the density operator is defined

as

p= Flwp, < (B.5)

Each state |u>can be expanded as a sum of eigenstates of the spin
operator with magnetic quantum number m, in which case P is a square

matrix with (27 + 1) x (23 x 1) elements Dmm'z

t ] —- ]
P’ = <m |pJ m'> = 5<m|p> pu<u| m'> (B.6)
The density matrix, then has the following properties:
(i) It is Hemitians p '=p"
mm m m

(ii) The diagonal elements are positive
(iii) The trace is unity: % P = 1
(iv) The value of Py describes the weicht with which the state
.l m> is contained in the mixture.
(v) If the spin quantisation axis (z-axis) is chosen to be in the’
production plane, as is the case for both the G-J frame
and the helicity frame, and assuming that the keam is

unpolarized, then parity conservation implies that:

' - m-nl'
Pom = (-1) p-m-'m'
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The decay angular distributions for a resonant decay are,
in general functions of all the density matrix elements and property
(v) consequently simplifies the analysis.’

Various production mechanisms can make predictions on the values
of the'density matrix elements: fcr example, one,pion exchange resulting
in a meson resonance which decays into two pions predicts that only
m= 0 will contribute and hence Ro” 1 and all other elements will be
ZeTr0o E#perimental determination of the density matrix elements can
give information on the mechanism for production of the particular
resonance, and, since the production mechanism may ke different at
different values of the momentum transfer, the values of the pmm' can
vary as a function of t.
B.3 The Method of Moments

One method of determining, experimentally, the values of the density
matrix elements is the method of moments. The decay angular distribution

of a resonance (W(cos 8,4)) can be written:

W(cos 8,8) = £ ™ o )d™ (cos 8,8). (B.7)

z
mm "

1) ]
where f™ and gmm are known functions of the respective vasriables,

assuming a certain spin-parity assignment of .the resonance (Ref. B.1

and 6,5). 1In general the functions g are orthogonals

*l 2m mm' kk'
d cos 8 d? g g C if m=k and m'=k'

-1 0

O otherwise (B.8)

1
The average value of g™ (cos ©, #) is given by:
(R o .
g = d cos O g g.™ (cos 8.8) W (cos 6,8) (B.9)
1
and inserting B.7 into B.9 and using the orthogounality B.8 the result

is:



143

™ = fo™) G | (B.10)

\ .
and, since f(ppm ) and C are known and the experimental values of

e |
gmm can be determined from the data, the value of qmn' can be determined.

The error on E is given by:
- -2 1
Ag = {r{ (¢° ~ g )} 2 (B.11)

and hence the error on an' can be determined.

1
In some cases, there are two functions gmm which are not orthogonal

and when this occurs results can only ke obtained for some linear
combination of the two corresponding-matrix elements. This occurs, for
example, in the case of the p° meson interfering with an Eo meson, where
p__ and p11 of the p° meson cannot be determined separately but only

00

in the combination Poo -pll.

Be4 The Spherical Harmonics

The spherical harmonics are used in this thesis both in connection
with spin determination and with the tests of conservation of helicitye ‘

The spherical harmonic YR is defined as:-
Yﬁ (cos 8,8) = eiwﬁ P: (cos ©) (B.12)

where the functions P? are the associated Legendre polynomials which

are related to the Legendre polynomials Pn'by the equation:-

P" (cos 8) = (-1)"sin™® d™ P (cos ©) (B.13)
n m n
d cos 6
, ' n n-2
and Pn (cos ©) = 2n)! Jcos 8 - n(n-1) cos e
n_, ., 2(2n-1)
2 NenNe
+ n{n-1)(n-2)(n-3) cosn-4e = eveanss (B-l4)-
2.4(2n-1)(2n-3)

The spherical harmonics are orthonomal i.e.
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and form a complete set of functions. The decay angular distribution

of a resonance can therefore be expressed as a sum of the form:

o 2
W(cos 8, ) = .I z alm Y? (cos ©, @)
2=0 m=0

and the coefficients aZm can be determined by the method of moments.
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+++

which have no po, fo and d*

(b) M(n+ﬁ+ .
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4.5 The n+ﬁ- effective mass distribution. 2 combinatiﬁns per event.
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(b) M{dw7)
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(b) General 4 body L.P.S. cuboctohedron

5.2 Mean transverse momenta for regions of L.P.S.
N+ -
(@) 7 (b) 7s (c) 7 (d) d.
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5.3 (a) Unweighted L.P.S. distribution
(o) Weighted L.P.S. distribution
5.4 (a) M(1r+s T ) Region I
(b) M(n'f 1) Region I
(c) M(x'n 7 ) Region I
(d) M(r's ) Region IV
(e) M{(r £n) Region IV
(£) M('rr+1r+1r-) Region IV
5.5 (a) M(1T+f T ) Region II .
(b) M(d7 Ts) for the area of L.P.S. shown shaded in the inset
The inner histogram shows M(dTT+s) for Region IV
(c) M(w €m) for the area of L.P.S. shown shaded in the inset
(d) M(ws7 ) for the area of L.P.S. shown shaded in the inset
(e) M(1r+1r+1r-) for the area of L.P.S. shown shaded in the inset
5.6 (a) Definition of Areas, 1, 2 and 3 of L.P.S.
(b) M(dn+s) for Area 2
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(e) M(37 ) for Area 1
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+ -
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6.3 (a) f° decay angles
(b) £ density matrix elements
6.4 n) decey angles (a) cos 8, (b) B, (c) M("+"T-) cos © <-0.75
(d) M(177) cos 850.75
6.5 Spherical hamonic moments of the normal to the 3" decay plane
as a function of 3 Tmass

6.6 Decay angles cf the normal to the production plane in the Al region
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6.7 (a) cos ®pdistribution for A, events (hatched histogram is
the result of weightiné by & the A1 events where both W+ B
combinations have a mass in the Al region.

(b) cos © u distribution for A; events
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for A, events. The solid curve shows the result of a fit-
for J = 2 while the dashed curve is the fit for Jp = 1+.

(b) polar angle of T for A, events
(c) polar angle of £°  for A3 events. The hatched part of the
histogram correspends to d* events

6.9 'A2.5' decay distributions

(a) normal to decey plane
(b) ™ polar angle
(c) P° polar angle
The hatched part of the histrograms correspond to d* events

7.1 The A1 density mat?ix elements in the G-J frame and in thi helicity

frame. The dashed points are the result of excluding d events.

7.2 P of the Ay vs t' in (a) the G=J and (b) the nhelicity frame.

(c) and (d) show the same distributions when only f° events are used.

7.3 (a) B in VS lt | for the A, region.

(b) X2 vs B for the A, region lel > 0.12 (Gev/c)?
(¢) B, wvs lt| for the A5 Tegion

mln 2
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(b) Path in LPS taken by several events when rotated round Helicity
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(c) Definition of Areas 1 - 4 of Region I of L.P.S.

7.5 The number of events in various regions of L.P.S. before rotation,
after rotation by T round G-J axis and after rotation by ™ round
helicity axig, shown diagramanatically
(a) all events
(b) t >0.02 (GeV/c)?

(¢) A, region only.

7.6 As 7.5 but shown numsrically

7.7 (a) M(3w ) for Region I of L.P.S.

(b) M(3 ™ for Areas 1-3 of L.P.°. before rotation
(c) M(3 1) for Areas 1-3 of L.P.S sfter G-J rotation
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(b) suggested a¥ production mechanism.

Reggeised Deck Exchange Mechanism
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* excluded
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with ¢

events excluded.

The smooth curves are the B.R.D. model predictions.

(a) M(.Q1T ) 4 prong events
(b) M(pT ) 4 prong events 4* excluded
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(c) A> 0.6
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Distribution of A for several regions of M{37 )
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decay plane of the 3-pion system for events in the A
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The decay angular distributions of the normal to the

cos 8 and ¢.
(c) The P asymmetry vs M(3T )

+ +

2

(a) = d* dm ' T channel cross section vs incident momentum

(b) Kd>dKm +ﬂ channel cross section vs incident momentum

mass region,



151

ACKNOWLEDGEMENTS

There are numerous people whom I would like to thank for their
help and guidance during my work on this thesiss Dr. J.V. Major, who,
as head of the High Energy Physics Group at Durham, has provided both
the congenial atmosphere and the wherewithal, without which the work
would have been impcssible, and Dr. S.M. Scarrot, whose guidance and
comments have helped me to avoid many of the pitfalls which await
unsuspecting, often over~-credulous physicists, must both be
acknowledged both for their help and reading of the manuscript.

I must thank, also, all other members of the Durham High Energy
Physiés group for their continual interest in the work, and particularly
Mr. A.P. Lotts, Mr. I.G. Bell and Mr. R. Nelson for many interesting
and informative discussions. - I am grateful to the staff of all the
collaborating laboratories, both academic and technical, for provision
of their data.

The staff of NUMAC, the computer of the Universities of Durham and
Newcastle, have been very helpful in providing an efficient computing
system and in solving more specific problems. My thanks are also due to
all the scanning and measuring staff at Durham Universityfor their
painstaking work on this experiment, and particularly to Mrs. T. Richardson,
Mrs. J. Gibson and Mrs. D. Pickles, who in addition to taking charge of
the measuring have also assisted in many other ways, the last mentioned
especially, since she was responsible to a great extent for making the
diagrammes,

I would like to thank, particularly, Mrs. D. Anson for her careful '.,

typiné of the manuscript and happy acceptance of my often erratic demands.




152

To these, and to many othérs, who have helped and encouraged
me throughout, I am very much indebted and am pleased to have
this opportunity to thank them. In the words of Ernest Hemmingway:

"A man alone doesn't stand a bloody chance". {Ref. 500).



153

REFERENCES

CHAPTZR ONE

1.1
1.2

1.3

Bellini et alo N.C. 29, 896, (1963).
Abolins et al. P.R.L., 15, 125, (1365).

Good and Walker, P.R., 120, 1857, (1960).

CHAPTZR T#O

2.1
2.2
2.3
2.4
2.5

2.6

2.7

2.8

2.9

See, for example, G.E. Pearson, Ph.D. Thesis, University of Durham
11" " n " " " L1} 1] 1" "
Python )
)
Thresh ) CERN T.C. Programme Library
) .
Grind )

Compilation of cross sections IV,1f+ induced rzactions
CERN/HERE 70-5 (1970). -

Kemp et al.s L.N.C., 3, 257, (1972)
S.M. Scarrott and D. Kemp, L.N.C., 3, 271, (1972)
Kemp et al. N.C., 8A, 611 (1972).

"A Study of the reactions Tr+d-?pp’T+W: and ﬂ*d-ipp'7+ﬁ:ﬂp
at 11,7 GeV/c" - Nuovo Cimento (to be published).

Kemp et al., LeNeTey 2, 471, (1971).

CHAPTER THREE

3.1

A.P. Lotts, M.Sc Thesis, University of Durham

J. Huc, Thése de Doctorat d'Etat - Ecole Polytechnique.

CHAPTER FOUR

4.1
4.2
4,3
4.4

4.5

Sec, for example, Refs. 1,2 and 10.1 = 10.5.

J.D. Jackson, N.C., 34, 1645 (1964).

"Réview of Particle Properties" - The Particle Data Group
Miller et al., P.R.L., 21, 1439, (1968).

Whitehezd et al., N.C. 53A, 817, (1962)

Oh et al., P.R. L., 23, 231 (1969).

Oh et al., P.R., D1, 2494 (1970).




4¢3
4.6

4.7

Jo Pisut and M. Rossy NoP.y B6, 325, (1968).
Barbaro~Galtisri et ale, P.RoLo, 22, 1207, (1969).

Crennel, et al., P.RoL., 24, 781, (1970).

CHAPTER FIVE

D01

L. Van Hove, P.L., 28B, 429, (1969).
L. Van Hove, N.P., B9, 331 (1969).

Kittel, Ratti and Van love, N.P., B30, 333, (1971)

CHAPTER SIX

6.1

6.2

6.3
6.4
6.5
6.6

6e7

See Refs, 2.8 and 3.1

Poirier et al., PeR., 163,.1462, (1967).

J» Quinquard, Thdse de Doctorat e'Etat, University of Paris VI,(1370).
Beaupré et al., N.P., B28, 77, (197L).

Sce Refs. under 4.4.

Berman and Jacob, P.R., 139, 1023, (1965).

D.R.O. Morrison, P.R., 165, 1699, (1968),

Bingham et al., N.P., B48, 589, (1972).

CHAPTER SEVEN

7.1
7.2
7.3

704

7.5

7.6

7.7

7.8

7.9

Gilman et al., P.L., 31B, 381, (1970).

Ballam et al,, P.R.L.y 24, 960, (1970).

See Ref. 7.1

Ascoli et al.y PuReL., 26, 929, (1971)

Beaupre et al., PoL., 34B, 160, (1971).

Carlitz, Frautschi and Zweig, P.R.L., 23, 1134, (1969).
Paler et al., L.N.G., 2, 1063, (1971).

Paler et al., P.R.L., 26, 1675, (1971).

Grard et al., Cern, D. Ph.II/Phys. 71-3, (1971).
and Refs. 7.8 and 7.9,

Beaupr€ et al., N.P., B47, 51 (1972).

Beaupré et al., NeP., B49, 441 (1972).




CHAPTER E1GAT

8.1
8,2
8.3

8.4

8,6
8,7
8.8
8.9
8,10
8s11
8.12
8.13
8.14
8.15

8. 16

8.17
8.18
8.19

8. 20

8.21.

8.22
8,23
8,24

8.25

Ramakrishnan @t al., N.P.,.29, 680, (1962).
M. Month, P.R., 155, 1639, (1267).

Evrard et al., NoP., Bl4, 69, (1969).

Deck, P.R.L., 13, 169, (1964).

Berger, P.R., 166, 1525, (1968).

Vanderhagen et al, ’ N. P, ’ Bl3’ 329, (1969)0

Chew and Fignotti, P.R.L., 20, 1073, (1968).

Dolen, Hom, and Schmidt, P.R., 166, 1768, (1968).

Cohen et al.,, P.R.L., 28, 1601, (1972),
Uhoeda, L.N.C., 7, 473, (1973),

Anderson, et al., P.R, L., 22, 1390, (1969).
Belinghisri et ale, PeRuL., 23, 42, (1969).
Alexander et al., P.R., 183, 1168, (136%).
Rabin et al., P.R.L., 24, 925, (1970).
Crennel et al., P.R.L., 22, 1327, (1969).
Danysz et al., N.C., 514, 801, (1967(.
Friedman et al., P.R., 168, 1268, (1968).
Atherton et al., P.L., 43B, 249, (1973}.
Froggart and Ranft, P.R., D%, 219B, (1972).
Morse et al., N.P., B43, 77, (1972).

Ballam et al., P.R.L., 21, 934, (1968),
Ascoli et al.s PuR.L., 26, 929, (1971).
Goldhaber et al., F.R.L., 22, 862, (1968 j.
Trefil, P.R.L., 23, 1075, (1969).

Hoang et al., N.C., 69A, 327, (1970).

Bemporad, NoP., B33, 397, (1971).

105



1506

CHAPTER _NINE

9.1 Zeemach, PoR., 133, B1201, (1964 ).

CHAPTER TEN

10.1 Eisenstein and Gordon, P.R., Di, 841, (1970),

10,2 Vanderhagen et al., N.P., B13, 329, (1969).

10.3 Deery et al., P.L., 31B, 82, (1970).

10.4 Vegni et al., P.L., 19, 526, (1965).

10,5 Cnaps et al., P.R.L., 21, 1609, (1968).
Cnaps et al., P;L., 29B, 45, (1969).

10.6 Hoogland et al., N.P., BIl; 308, (1969).

10.7 Nicholas et al., N.C., 14A, 363, (1973).

10.8 Werner et al., P.R., 188, 2023, (1969).

10.9 Anderson et al.y P.R., D6, 1623, (1972).

10,10 Denegri et al,, P.R.L., 20, 1194, (1968).

10.11 Butterworth et al., P.R.L., 15, 500 (1965).

10.12 Buchner et al., N.P. B?, 286, (1969).

10.13 Garfinkel et al., PoR.L., 26, 1505, (1971).

10.14 Firestone et al., P.R., D5, 505, (1972).

10.15 Braun et al., P.R., D2, 1212, (1970).

10.16 Antich et al., Kiev Conference Report {1970).

10,17 Allard et al., P.L., 19, 431, (1965).

APPENDICIES ete

A.l. Am:ldi and Selleri, N.C., 31, 360, (1964).
B.1 Gottfried and Jackson, N.C., 33, 309, (1964).
Berman and Jacab, P.R., 139, 1023, (1965).

500 Ernest Hemmingway: 'To Have and Have Not',

Abbreviaticns

LeN.C. - Lettere al Nuovo Cimento P.R.. - Paysical Raview
N.C. - Nuovo Cimanto P.R.L - Physical Review Letters
N.P. = Nucle¢r Fhysice
P, L. - Physics Letters . _
kN ‘f :A'; IR
\ _‘: '9.‘"’,.‘ il x4
ey




