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ABSTRACT

This work -describes an experimental study of positive pion -
proton intéractions in the incident pion momentum range of 895 -
1040 MeV/c using the Saclay 82 cm. hydrogen bubble chamber.
Accurate values of cross-sgctions for elastic scattering and single

and double pion production reactions are presented,

A general discussion of the phenomenological methods employed
to extrect information about the nature of scattering of the incident
parfial waves from elastic scattering is given. The partial waves
S1, P3 and D3 are reported to ﬁnéergo resonant scattering in this
~energy region with the resonances having a strong inelastic decay..
The work is mainly concerned with an attempt to determine the nature
~of inelastic scattering of the S1, fﬂ, P3, D3, D5 and F5 partial
waves from the experimental information obtained for single pion
production - the dominant inelastic channel in this energy region.

Estimates obtained for the absorpfion parameters,?l, for the
partial waves are more accurate than those determined from studies of
elastic scattering alone., The results of the analysis support the
presence of resonant scattering in the Sz, P33 and D3 fartial waves
and providesfevidence of considerable structuré, of a resonant nature,

in inelastic scattering for the P31 and D35 partial waves,



Abstract
COntents
Chapter 1
1.1
1.2

1.3

Chapter 2
2.1
2.2
2.3
2.4
2.5
2.6

2.7

Chagterbi

34
3.2
3.3

3.0

3.5
hapter 4

L.
4,2
L3

CONTENTS

Study of Pion Nucleon Resonanceé
Introduction | |
Elastic Scattering
Single Pion Production

Need for a high statistics Bubble Chamber
Experiment .

Experimental Apparatus anﬁ Data Processing
Introduction ‘

The Saélay Bubble Chamber and the K1 Beam Line
Scanning Prpcedure and Séén List

Measuring Machines and Procedure

Fitting Procedure

Kinematic fit selectlon and up-dating of the
Master List

The Data Summary Tapes

Biases, Elastic Scattering and Inelastlc
Channel Cross-sections

Introduction

Biases in Scanning and Processing

Corrections for Scanning bias - Elastlc
Channel

= p Elastic Scatterlng - Results and
Discussion

Inelastic Channel Cross-sections

Single~Pion Production - Experlmental
Results

Introduction
Energy Variation of Cross-Sections

2-body invariant Aass—squared Dlstrlbutlons
and Resonance Production

‘U

o
[y%)

©

AN S ) BN

26
26
27
29
31
33

36
+39

42
45

48
53

64
6l
65

66



L.l Production Angle Distributions
4.5 The ( (B, ﬁ) Distribution

Chapter 5 Partial Wave Analysis of Single Pion
Production

5.1 Introduction
5.2. Earlier Models for single pion production
5.3 The Formalism
5.4 Features of n'p—>xA transitions
" 5.5 The Model and the Pitting Procedure
5.6 Results and Conclusions
' Ref‘erénces '

Acknowledgements

7h
76

106

106

107

110

15
17

121

143
146



CHAPTER 1

Study of Pion Nucleon Resonances

1.1 Introduction

A studyvof pion nucleon resonances can be undertaken in one of two
ways.

(i) TFormation Experiments. An incident pion with sufficient energy
strikes a target nucleon at rest and excites it to a resonant state, The
most basic manifestation of such resonance formation in the direct channel is -
the presence of structure in the yariation of the fotal cross-section with
energy. In the case of strbng resonant scattering with negligible background
~shar_p peaks are observed in the cross-section,. The total positive-pion
proton cross-section -~ Figure 1.1 - shows such a situation near a centré of
mass energy of 1220 MeV corresponding to the A-resonance with I ='% and
JP = gf. At higher energies the structure is more diffuse, showing.a shoulder
_at around 1650 MeV, and a second broad peak at 1920 MeV., At these energies
it seems likely that background scattering is at least of fhe same order of
magnitude;as resonant scattering, In situationé‘where background scattering
is appreciable the existence ofypossible.resonant effects has to be deduced
from a study of the final states,

A resonance excited in the direct (JL) chamnnel may be coupled to various
- inelastic final states besides the elastic dne.. Hoﬁevérbstrongly inelastic
the‘résonance méy Be, information about it can, in principle, be extracted
from a study of elastic séattering using the formalism discussed in Section 1.2,

Inelastic decay modes provide another means of studying‘JLchannel
resohances. Two-body, or éuasi-two-body, decay modes are of particular
interest in.this respect, When one of the decay products is anbther resonénce

of lower mass we have a chain decay process,

(ii) Production Experiments, Resonances éxcited.in the final state show



up as enhancements in the invariant mass spectra of two or more particles
in multiparticle final states. An enhancement not explained in terms of
kinemgtic effects or statistical fluctuations is assumed to be caused by
the decay of the resonance into the particles concerned.

A particularly interesting situation arises when a resonance produced
in a final state is one of the decay products of a higher mass resonance
excited in the direct-channel in a formation experiment.,

The present experiment, involving positive=-pion proton interactions
around the 'shoulder' region - that is; around c.m. energy 1610.- 4700 MeV,
has the right conditions to initiate formation-and-production of pion
nucleon resonances, From a study of elastic scattering the 'shoulder' in
the total cross-section is deduced to result from the formation of two well-

" established, and one tentative, # —channel resonances which are highly inelastic.
As such it should be possible to independently confirm their existence, and
establish the quantum numbers, from a study of the inelastic channels. The
dominant inelastic reactions in n+p interactions over this energy range are
the two single pion production processes

Tp —— T (1)

+ R +

and 77/6_,.77-7277' _ (2)
Ve discuss briefly the formalisms used to explain the features, as observed
in earlier experiments, of these reactions in Section 1.3. Section 1.4

attempts to Jjustify doing yet another experiment in this energy range.

1.2. Elastic Scattering

| At the iow energies we are dealing with, it is feasible to stédy pion-
nucleon elastic scattering in terms of the individual angular momentum
vaves taking part in the scattering and to decide which, if any, resonzate.

This is urndertaken as a partial wave analysis where the original plane wave -



elkz, vhere k is the incoming moméntum in the centre of mass (units with
A =¢=1), - is transformed by the scattering centre into a wave represented
asymptotically (neglecting spin effects) by

LAz

iky
£+ fco) ey, (1.1)

The first term is the unscattered plane wave and the second is the outgoirg
spherical wave where 6 is the centre of mass scattering angle andf(@) is

the scattering amplitude, By writing out both the incoming plane wave and
the scattered wave as a sum of Legendre polynomials we can derive a series

expansion for the scattering amplitude in terms of the various partial wave

amplitudes
f© = £ (2l+1) q Peso)y

vhere C% is the amplitude of the wave wifh orbital angular momentum L.

For purely elastic scattering we can express 6% in terms of a real phase shift

.

74y ‘
a[ = -'———'z;' » (1 033.)
2L

In the presence of inelastic scattering the phase shift is no longer real.

So we write

; iy
a - Ay
2ik
- &2k, 62"52—1
2ik
7Y
= 7, 62“ ~ 1 (1.30)
2ik

Unitarity requires that

[%] £ 2,



This implies that the absorption cqefficient, ﬁa s 1s bounded.

0<7 41

The differential cross-section for elastic scattering is given by

| , |
?q'f_’ = Jf@©) (1.4)

and it is easy to show that the total elastic cross-section is

' 2
G - 475 (2L+7) 4] (1.52)

The total inelastic cross-section is given by

o‘;d ,ZI_ZT ‘Z (2/+])(1~7[lz) | {(1.5Db)

and thus the total cross-section is

Gy = AT S (2D Im(G) )
° kL

In the case of spin O - spin % scattering we have to consider two
scattering amplitudes, These are the spin non-flip and the spin flip

amplitudes, The overall scattering amplitude is written as follows

M - f(e) + ig(e) " (1.6)

where £(8) is the spin non-flip amplitude and g(8) the spin flip amplitude,
¢ is the Pauli spin matrix for spin % and n is the normal to the scattering

plane, given by

{

n . ke X (1.6a)
JEXE; ] . /

(4

where ki and kf are the initial and final cenire of mass momenta,



The partial wave expansions for £(8) and g(6) can be readily obtained as

fey = 3 [(erh)a, +la [#(s8)  (1.7)

/
and g (6) Z (4,-9) Sin & F (Cos8) (1.8)

where dz and a[ are the scattering amplitudes for the partial waves with
+ -
orbital angular momentum [ ana total angular momentum J = L+ -;— and £ - %

respectively and

Cos®) - d (Co5©)
Pz( ) d(we) 7

In assuming that al47£ aL_ we are assuming that spin dependent forces take

part in the scattering, The differential cross-section is then given by

90 _ //'(e)/z+ / g(e)/z o (1.9)

and the total elastic cross-seétion is
o .
V4
a, - -2‘—2’-7 > [eD]az ) 1 la * ] (a0
[0

So, for each partial wave there are in all four parameters to describe the
scattering amplitude. These are .S ) s 7 and 7
R (2] -

A determination of these parameters for all contributing partial waves
starts with experimental differential cross-ééction' distributions. A unique
detei‘mination cannot, however, be made due to the Minami Ambiguity ﬁhere by
& transformation £(8) —— g(6) the differential cross-section remains unchanged.
Additional information required to resolve this is the polarisation (P) of the

final state spin § particle, It is easy to show (via (1.7), (1.8) and (1.9)
that

P -2f’n[f (e) 9(9)]” (1.11)
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and this quantity changes sign under the Minami transformation. This leaves
one more ambiguity to resolve - the Generaiised Yang Ambiguity1). The
difficulties introduced by this are usually overcome by a knowledge about the
threshold of the [ - 1 partial wavez). So if at least one partial wave is
uhiquely determined it is used as a fiixed reference for the higher partial
waves as they appear at higher energies,

The differential cross-section distribution and the pclarisation

distribution are usually fitted to Legendre polynomial expansions of the type

5_;;.’ =Zl‘; jzj:ax C A (cose) (1.12)
and
Pdr - sine fmf 0 # (coso) (1.13)
dst £ To

The Legendre polynomial cdefficients C, and D, are related via (1.9) and (1.11)
to the scattering amplitudes 61, and aA up to £ = Lmax where Lmax is the
order of the highest partial wave deemed to make a significantly non-zero
contribution to the scattering.,. A table Eetting out this relationship can
be found in reference 3).

Partial wave analysis of pion-nucleon interactions can be tackled in
one of two ways. Either an energy dependent analysis can be performed by
parametrising the partial amplitudes as functions of energy and fitting to
21l data at all the available energies, or an energy independent analysis
can be performed by searching extensively at each'energy for different
“solutions that give a statistically acceptable fit to the data at that energy
and then imﬁosing'continuity on these solutions for different eneréies to
select the most likely among the solutions found,

The former approach depends on a close study of the énergy variations of

the coefficients 9 and q' to deduce which of the partial waves are most
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likely to have resonant solutions-and which can be treated as non-resonant

l+.)

background, Roper et al '’ parametrised the partial wave amplitudes as a

combination of resonant and non-resonant forms - viz,.

8, = in 2, (res) + 3, (non-res) (1.14)
el
where _ ’f/-(’z
8, (res) = 5 5 (1.15)
; (l(/[t—w)—'? /Zf :
/-1—?1 is the resonance elastic width a.nd/{"(t) is the resonance total width,
v *

Specifically é:,} was set to 1 for those partial waves that were considered to
be purely rescnant and O for those that were considered to be purely non-

resonant, The non-resonant amplitude is given by

25&-!
a[; (non-res) = 1@7(2_;- ' (1.16)
with Slf and - 7[‘2 parametrised by
204 bnax~l o n
5. = K ALy k
tan. 8/, 2 (Ay) (1.172)
/ é2/+! 41 ~-( | N '
or S £ = ”Z‘o (Ali )n k ‘ (1.17p)
if the phase shift approaches 900,
-2y, ‘ '
with 7, = € % (1.17¢)
with % = 0 for k< kn - i.e. for a purely elastic partial

-—

wave (kT béing threshold pion momentum for one-pion production) and for

-k Zkp

| " Laﬂ ' R |
v, =(A—»ér)2”% (8,), (k-/é,)" (1.174)

There are thus 2([max + 1)2 A parameters and an equal number of B parameters,
Unitarity requirements impose the conditions
-5k Re (0 ) < b
and . o Q ]m@gj{_]é‘a partial waves which are purely or partially
resonant, .over and above the restriction 0 £ Zé 1e This‘ parametrisation

. z
ensures the correct threshold behaviour for the partial wave amplitudes but
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has the disadvantage of allowing no correlationsl in their energy dependence,
between and

! 5! + 72 4

A solution is found by minimising the quantity

all data

B . e
¥ o= Z = ( /Z (1.18)

- all energies at each energy 43,256
where X° is the experimental quantity and Xc'is_the calculated quantity
for given values of the parameters and AX® is the experimental error in x°.
Other energy dependent parametrisations can be considered, for example the
non—resonant'partial wave amplitudes ézﬂt could be parametrised‘diréctly as
functions of energy and the phase shifts and the absorption parameters

calculated from the best values obtained for the partial wave amplitudes, for

514, = /7‘ﬂn4[ Zé’ee(qu) ] (1‘19)
/- 2kfm(a,*)

7, - 2k[(Re (ag))s (4, - T (aey)) “ 1% (1.20)

The second type of approach, used more widely nowadays, is the energy

and

independent approach. In this case no a priori assumptions about the energy
variation of the partial wave amplitudes are imposed. On the 6ontrary, the
existence of certain resonant partial wave states is discovered from the
solutions obtained. An extensive search is made at each energy minimising

the quantity M for all data at this energy. In most cases no single unique
solution is fourd, but a range of solutions that are all equally statistically'
acceptable are obtained, The procedure then is to impose some form of
continuity between the solutions at different energies for each partial wave.
The various eiponents of this technique6)’ 7 B)f 9) differ in the manner they
impose continuity to decide among the solutions. Saclay7) imposed continuity
on their solutions-by gye., This may seem to be rather arbitrary but in the
absence of an exact model for the energy dependence of the amplitudes the
final result may not be too far off frém the exact picture. .This is supported

by the large amount of agreement between their results and those from more
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sophisticated analyses.

8)

The Berkeley analysis ’/ removes some of this arbitrariness by using

the shortest path' technique for imposing continuity. Since this gives an
exact definition to the form of the continuity the method is available for a
computer based choice of the final solution, From all the solutions for all

partial waves at all the energies,(k1 - kn) a search is made for the smallest

value of the quantity

n X
X(hyyhyy .o on)s {tZI 2 2, (18)x
"/azk( ﬁ,.T)..afd (¢ J)/zf/‘é (1.21)

where Ki is the number of solutions at the ith’gnergy, { and J are the orbital
and total angular momenta specifying-the partial wave.,

A more sophisticated approach has been adopted by the CERN group6). Here,
instead of demanding any specific pattern of energy dependence of the .
amplitudes, one demands that the energy dependence of the amplitudes should
be such as to satisfy "dispersion relations" between the real and imaginary
parts of the amplitudes., A full description of this technique and the
assumptions that have to be invoked for pion - nucleon case is given in{10).
With this method one would calculate the experimental partial wave amplitudes
from the data using random starting points and fit the results to the &ispersion
relation and arrive at a starting value for the dispersion relation result,

If the experimental and dispersion relation results are not consistent an
~iterative procedure is used to arrive at a more consistent éét. Failing

convergence of the fit the experimental partial ﬁave aﬁplitudes are

recalculated using the last solution aé‘the staiting values, The process

is repeated until self-consistency is achieved, One, thus, obtains two

sets of solutions for each partial vave - one experimental set and one

dispersion relations set. It has recently been pointed out by C. Lovelace11)

that the latter set is a smoothed out set and hence quite a bit of the structure



1k

observed in the experimental data is likely to have been lost in the smoothing
process,

Results from partial wave analyses are generally presented in two forms.
The first is a set of plots of the phase shifts and absorption parameters of
the partial waves involved as function of energy - as shown in Figure 1.3 for
the partial waves 831 ’ P33, and D33 (the notation used being the usual
LZI; 2J) from reference 6). The second form is the presentation of the real
and imaginary perts of the actual partial wave amplitude on an Argand diagram
where one plots kRe (al¢) against kIm (alt) for the various energies =
Figure 1.9, shows the amplitudes for the same three partial waves from the same
source, This form of representation is generally preferred because it is more
illustrative as to the behaviour of the partial wave concerned when loocking for
possible resonant scattering in the partial wave, |

From (1.3b) we get

k Re 8, = %7]& sin 25,$ .
and k Im 8, = + (1 —77{_£ cos 2&_-!, ) (1.22)
Since 7/& is bounded this implies that ka{i is bounded by a circle with centre
(o, %) and radius %— - Figure 1.4a, For the upper limit of "’igi =1 fhe
amplitude lies on the circle and for ‘714 < 1 it lies inside the circle, . If
a partial wave resonates, and is purely ’elastic (#=1), then the amplitude
goes through a maximum and the phase shift goes through 772 . The behaviour

of the amplitude is then described by

(£.-E)7,-1
- This gives rise to
2
o I | (1.2)

~'
Z z
(Er-£)"+ I
This is the Breit-Wigner formula with f” as the full width of the resonance

‘ Ep -
of mass E ., Writing§& = 2(Er - E) we have

7
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and Im(ka) - _/ (1.25)

which implies that (ka) lies on a circle of radius & and centre (0, %).

With increasing energy (E) the amplitude point moves round the boundary
circle in a counter-clockwise direction, In the general case a resonance
is coupled to more than one channel and so its full width must describe its
decay into all possible decay channels., Hence we have[ = r%l + reaction
and we define the elasticity'of the resonance by x = Iqel/r . Then the
elastic amplitude is given by

ka. 2 (1.26)

£-¢L

The amplitude still describes a circle with energy 6n the Argand diagram

" but now its radius becomes x and centre (0, x/2) - Figure 1.k4. So if
x € 3 the circle never passes above the line Im (ka) = ¥ and as such §=0°
and not ﬂ/?. .The elasticity x of a resonance is related to the absorptiyity
of the resonating partial wave. If the phase shift passes through 900
?Z = 2x - 1, whereas for the phase shift going through 037Z;= 1 ; 2X.
It ig extremely rare, in practice, to find a purely elastic resonance
or to find a partial wave that scatters via a resonance alone, One generally
finds that resonance scattering is superimposed on "background" scattering
which has its own energy dependence, The effect of this is to shift the
centre of the resonance circle avway from the imaginary axis"and to distort
-the.counter~clockwise circular energy dependence of resonance scattering
considerabiy. The Argand diagrams for the 531, the ij (which has one pure
elastic resonance - the 1238 N* - and one highly inelastic resonance) and
the D33 (Figure 1.3) show just such effects,
After having determined the various partial wave amplitudes over a wide
energy range one has to interpret the results by appropriately parametrising

the "background" scattering in each of the partial waves to extract the
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presence of any resonant scattering and thus deduce the quantum numbers for
the resonances present. Table 1.110)'pre5ents the I = 3/2 resonances,
deduced by various phase shift analyses, mentioned and their proposed guantum

numbers,

1.3 Single Pion Production
Below, and around, fhe incident pion moﬁenta of 1 GeV/c the main

inelastic channels in positive pilon proton interactions are the two single
pion production channels - (1) and (2). The cross-sections for these two
channels at ﬁarious energies around 1 GeV are shown in Figures 3.7 and 3.8
(see Chapter 3). The striking feature is the rapid rise of the cross-section
for (1), vhereas the cross-section for (2) rises less rapidly, from the
threshold kinetic energy of around 300 MeV in the laboratory. The next
‘ feéture of interest in pion production reactiops appears in plots of‘the
2-body effective mass distributions. As will be seen in the data from the
present experiment these are dominated by the A resonance with mass 1238 I:IeV/'c2
and with I = 3/2 and J = 3/2. As a result the various models proposed to
explain the 3-body final states have assumed that the final state results
from the decay of an intermediate quasi-tw@-body state -~ the % A3’ 3 state.
The eafliest model based on this assumption was the "Isobar Model" proposed by
Lindenbaun and Sternheimer!?),
The basic assumpfions of this model were as follows:-
(i) The process N —>=, n, Nis a combination of - two processes

ﬂN.4>ﬂ1 A233, the upper suffix on the A indicates the pion that couples with
| the.nucleon to form the nucleon isobar, and ﬂN-4>ﬂ2 A133. The iscbars are
assumed to be produced isotropically,

(ii) In determining the intensities and the three-body finai state

distributioné it is assumed that the processes add incoherently, |

(13i) It is assumed that the pion recoiling off the excited ruclecn

isobar is energetic enough to have moved out of the range of interaction

tefore the isobar bresks up,
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(iv) The intensity of A§3 (1 =1, 2) excitation is assumed to
be proportional to the m ~ N total cross-section in the appropriate I-spin
state and at the appropriate centre of mass energy (equal to the coupled m ~ N
invariant mass). |

(v) The excited isobar is assumed to decay isotropically.

The medel_is able to explain qualitatively the two pion-nucleon invariant
mass distributions but gives poor agreement with the two~pion mass distribution
Moreover the model predicts a fixed value, with energy, for the ratio (R)
between the cross-sections of chamnnels (1) and (2). The angular distributions
for the final state particles are inherently predicted to be isotropic, in
contradictioﬁ to the observed distributions.

13)

Bergia, Bonsignori and Stanghellini proposed en extension of this

model .which gives slightly better agreement with experiment as far as the
energy distributions of the final state particles is concerned. All the
assumptions of the Lindenbaum-Sternheimer model are retained with the exception
of the assumption that the two isobar excitation processes add incoherently.
Interference effects are thus introduced Between the two constituent

processes., Although this better expiains the energy distribution of the

final state particles the model still does not contain any physical concepts

that explain the observed non-uniform angular distributions and the energy

variation of R.

Olsson and Yodh1h)

argue that since the spin of the 1238 MeV isobar is

?/é it is unrealistic to assume, in any modei attempting to explain singie
pioh productien in terms oflthe production of an isobar and its suBsequent
decay, that the isobar decays isotropieally. So they modify the Lindencaum -~
Sternheimer model by assuming that the decay of the isobar is a P-wave decay.
The aesumpfion of isotropic (S-wave) produetion of the isobar is still retained

and the two isobar production processes are assumed to add coherently. The

real amplitude for A production is the only free parameter in the model and
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“this may be energy dependent. "At.a single fixed energy it is Jjust a'factor
in the overall normalisation., With fhis éodel Olsson and Yodh are fhus able
.to explaiﬁ the observed energy distriﬁutions'of the final state particles
reasoﬁably well, Assuming that the amplitude for A productibn is uniform
-over the energy region'the mbdel also predicts a slow variation of the ratio R
with energy around a value of above 5. This is again an improvement on the

. previous isobar models,

S-wave (isotropic) producfion of the A; as assumed in all the models
déscribed above, implies‘thét initialhpion-nucleon state is assﬁmed tb be-a
D-wave state, Hdwever, résults.from_phasé shift analyses, as described
earlier, indicate that the S, P, D partial waves and, perhaps, the J = 5/2 F
wave are‘inelaétic around 1 GeV. So it is highly unlikely the all single
pion production (the dominant inelastic channel around this energy) is due'ta

. D-wave scattering alone in the initial state. The general non-relativistic .
.formalism to separate out the angular dependence of the reaction‘nN>éji1 sz,
assuming.that the three body final state is produced via a quasi- two~body
intermediate state in a given partial wave, has been set out by Ciuli and
Fische;15). , Iﬁ the general case we need to consider three types of possibie

intermediate states that give rise to the =

1ﬂ2N final étate. .These are:
(a) ﬂN""(ﬂ1ﬂ2) N e.eeveesers.. boson-boson coupling
(b) AN —> T, (7t2N) . b . .
' _ eessssseess DOson-nucleon -coupling
{c) =N — Ty (ﬂ1N) ),
. The multiplicity of such intermediate states depends on the number of
different couﬁlings (isobars) that are possible at a given centre of mass
energy.
In the later modifications16) to their model, Olsson and Yodh.use this
formalism’to get better agreement with experiment; especially with respect

to the production angle distributions of the final state particles. ' In doing

so the possibility of boson-boson isbbars is excluded as the lovest well-
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established pion-pion resonance is the P(I=1, J=1) resonance at 765 MeV,

The laboratory threshold energy for the excifation of this isobar, at its
central mass, is well above the energy region under consideratibn. However,
two ﬁossible attractive pion-nucleon coﬁplings are considered -

'(i) "the I = 3/2, J = 3/é A (1238) resonance and (ii) the I =%, J =%
S-wave re—scattering effect., The partial waves considered are the P% and
Dy, and it is assumed that thg former contributes only to the AN, bt
rescattered final state and the latter to the = A33 final étate. So both the
finsl states are in the S-wave. With constant values (cbtained by fitting
fhe experimental data) for the amplitudes for the two final states good fits
are obtained to the overall energy variation of the cross-section for chapnels
(1) ana (2) aﬁd the energy distributions of the final state particles at
various incident pion energies., This restricted model, however, failed to
give good agreement to the anéular distributions of the final state particles.,

17)

Agreement to these were improved by the létef introduction of the P-wave

production amplitude of the Ay (1238),
Namyslowski et a118)>using the three particle relativistié angular
momentum states of Wick19) have given a general.partial wéve expansion of the
cross-section for three particles Between which only two particle interactions
take place. Deler and Valladaszo) have developed a similar formalism for
the case of two spinless and one spin - 5 particles. This formaliém is
similar to that developed by Ciuli and Fischer15) with.relativistic effects

taken into account., A more detailed discussion of this formalism is

presented in Chapter 5e

1.4 Need for a high statistics Bubble .Chamber experiment

As has been described the overall cross-section for interactions shows
a shoulder in the centre of mass energy fegion 1600 -~ 1700 XeV, From phase
shift analysis of elastic scattering it has been ascertained:that this is due |

to the existence of three I = 3/2 nu¢leon resonance in fhis mass region.'
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The cross—secfion (~21 mb.) splits up ﬁearly equally between the elastic
and the inelastic channels. Hence more information can be obtained from a
detailed study'the dominant inelastic chamnels than has been obtained from
phase shift analysis of the.elastic channely alone - particularly, the
“inelasticity parameters for the various partial waves could be better
determined, However, in the elastic chanhél itself the effects-of the
proposed resonances, if present, should be most clearly manifested in the
backward (centre of mass scattering angle = 1800) direction, - The data used
ip the.varidus phése shift analysis have prédominantly come from vafious
counter.experiment521). Although the accuracy of the differential cross-
sections is good over most of the centre-of-mass scattering angle range,
it is poor (absolute error in the differential cross-section is greater than
+ 0.1) in the backward direction, It is in the backward direﬁtion that a
‘bubble chamber experiment can hope to improve.the data in the elastic chaﬁnel.
For the single pion production reactions only bubble chamber expefiments
can hope to extract all the physical quantities for the three final state
particles. The experimental data used by Olsson an& Yodh came from low
statistics bubble chamber experimentszz) with a statistical accuracy of the
order of + 5% and + 12% in the overall channel cross-section for chamnels 1)
and (2) respectively. As such any effects in single pion production
processes‘that are of the order -of a few per cent would not bé detected, So.
the data was explained reasonably well by.a judicious choice of a couple of
partial waves only, in spite of the evidence from phase shift analysis'that
the 831, P31, P33, D33, D35, and F35 partial wavgs are all reasonably
inelastic, To determine the contribution of each of these partial waves
one has to use experimental data thét is, at least, an order of magnitude'
‘better in statistics than that used in the Olsson and Yodh fits. A

description of just such an experiment is presented in the ensuing chapters,



Table 1.1
f———— 4

Resonating Pion Nucleon Partial Waves with I = 3/2

Ref': CERN TH838

Ref: A, Donnachie -

Vave Vienna Conference 1968
(ter, 21) (f:;; v&gr); Elasticity “('ﬁ:f;) ‘2?2%1 Elasticity
Py 1236 | 125 1.0 1236 | 125 1.0

834 1635 177 0.284 1630 | 160 0.27
Pss 1688 281 0.098 1690 280 0.10

D33 1691 269 0.137 1670 ] 225 0.43
Fss 1913 350 0.163 1880 | 250 0.18
Py, | 193 | 339 | 0.299 | 1905 | 300 0.25
'F37 | 18 221 0.386 1940 | 210 0.42
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CHAPTER 2

Experimental Apparatus and Data Processing

2.1 Introduction

- The Saclay 81 cm. hydrogen bubble chamber was exposedvto a beam of

positive pions, in the momentum range 0,9 - 1.05 GeV/c? ffom the K1 bean

line at the Rutherford High Energy Laboratory in 1966, Approximately

25,000 pictures, with about 15 pions per picture, were obtained at each of

tﬁe incident momenta - 895, 945, 995 and 1040 MéV/c. The percentage of
protons in the beam was negligibly small, There was a substantial but |
indeterminate muon contamination in the beam, However, as the experiment

was not designed to measure absolute cfoss—sections, this is of no consequence,
A brief description of the chamber and the K1 beam line is given in Section 2.2,

An expected interaction rate of two in every three frames implies a

- huge amount of raw information that has to be put through an elaborate data-
réduction process, The first stage of this process is the compilétion of a
complete, as far as possible, list (the scan list) of all interactions on

the £ilm., The scén list for each momentum was obtained by performing two
independent scans followed by a check scan, Section 2.3 describes the.
scanning procedure adopted,

Each interaction on the scan 1list has to be measured and the measurements
processed to reconstruct the interaction in space. All possible inter--
éretations, in terms of mass assignments to the particles producing the tracks,
have tﬁen to be tried to check that the values of fhe-track variables are
consistent with energy-momentum conservation. Interpretations succeeding
this check'ha&e then to be checked for consistency with the observed bubble
densi£ies of the tracks, An elaborate book-keeping system is necessary to
keep track 6f the evenf.through all these stages of processing, in efficient

* vook-keeping system should: (i) "at the end of each measuring-processing-
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interpretation pass give information abouf the success or failure of the
event at each of the important stages of prdcgssing and (ii) at the end
of the experiment make it possible to seleét the various interactiohs
involved and to extract information about the scanning efficiencies for them,
| With the original scan list on magnetic tape, a cémputer controlled
book-keeping system can control each stage of the processing and update
the scan list at the end of it, Alterrnatively the scan list is used to
generafe a 1list of events to measure at the beginning of each pass
end is ﬁpdated at the end of the pass with information about either the
final interpretation, if successfully obtained, of each event, or the first
stage at which the évent encountered difficulties in the processing system,
The latter procedure was adopted in the present experiment., A detailed
deseription of‘the system is given in Sections 2.3 to 2.5. The comple#e-
processing system is schematically shovm in Figure 2.2. Section 2,4
describes the measuring machines and the measuring procedure adopted and
Section 2.5 céntains a brief description of the reconstruction and kinematiec
‘fitting processes, Finally, the procedure used for the selection of the
most likely physical interpretation of each event and the updating of the
scan lisf is deseribed in Section 2,6. A brief.description of the final
data sﬁmmary tapes concludes this chapter,

2.2 The Saclay Chamber and the K1 Beam Line

The Saclay hydrogen bubble chamber ﬁas built in its original 50 cm,
versipn in 1960 apd was modified té its présenf.dimensions of 81 x 40 x 59
em® in 1964, A system of three flash tubes and vertical cylindrical
condenser lenses is use& to illﬁiinate approximately 165 litres of sensitive
liquid. This sensitive volume was photographed on semi-perforated film by
three’stereoscopic cameras ar;anged in an isosceles triangle, of base 47.8 cm.-

and height 36.1 cm., situated at a mean distance of 172.1 cm. away from the

front giass—liquid interface., The fiducial marks, hebessary for stereo-
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reconstruction of interactions inside the chamber, are inscribed on the
liquid side of the front and back glass windows. A mean magnetic field of
19.538 kilo Gauss was superimposed across the chamber in the direction of the
cameras to ensure that the positive pion beam is deflected towards the centre
of the chamber after entry through the beam window. The magnetic field was
maintained at this mean value throughout the run to within + 0.002%.

The K1 beam line, nearly 55 m. in length, was laid out at the Rutherford
Laborat@ry'to provide beams of charéed 7 or k mesons of incident momenta up
t6 2.2 GeV/c for the Saclay hydrogen Bubble chamber, The beam line, shown
schematically in Figure 2.1, can be considered to be made up of four stages.

The first stage defines the phase space (area of target x solid angle
accepted) acceﬁtance. The angular acceptance in the vertical and horizontal
directions is defined by the slits CV41 and CE1 respectively. | CH1, coupled
with the 20° deflecting magnet M1, defines the initial momentum bite, The
doublet of quadrupole magnets Qp and Q1 are used to focus and defocus the beanm
before the 20° deflection by M.

The next two stages, almost identical in their components, are the stages
where the particles undergo electrostatic ‘separation. Each redefines the
momentum bite by a bending magnet (M2 or M3) followed by a vertical collimator
(CH2 or CH3). The particles are injected into and extracted from the electro
static separator (VS1 or VS2) by a pair of vertical sweeping magnets (VM1/VM2
or VM3/AMy), In each stage the particles are first focussed by a pair of
quadrupoles (QO - Q4 or Q5 - Qg) and then refocussed by another pair of
quadrupoles (Q3 - Q) or Qv - Qg) on to the mass selecting horizontal slits
(Cv2 or CV3). In each case the separation of the wanted particles frcm the
unwanted ones is brought about by a 'parallel' separation system., . In this
system the separators impose a strong electric field across the beam axis,
Since there is no magnetic field to compensate for the defleétion due to this
field the separator is made up of sections tilted to follow the path of the

wanted particles, The first separator in the X1 beam line (VS1) consisted of
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two sections while the second (VS2) had three sections - each section being
10 ft. long. After emerging from the separator the focussing quadrupoles
(Q3 - Qh or Q7 - QB) are used to focus the separated beam of wanted particles
on to the mass selecting slit (CV2 or CV3).

In the final stage quadrupole magnets Qg and Q16 are used to produce a
vertically divergent beam, The vertical bending magnet VM5 is used to steer
the beam on to the chamber window,

A set of scintillation counters (M and S1 - S6) are judiciously placed
along the beam line to assist in 'tuning' the beam, 'Tuning' consists of
obtaining a focussed image of the internal target on the final 'mass slit' -
CV3. The magnet currents are initially set at values calculated from the
beam optics. These values do not generally give a focussed beam due to errors
in alignment of the beam components, Focussing is achieved by systematic
adjustments to the magnet currents to obtain focussed images of the target

starting with images closest to the target. The set of counters S1, S2 and

S3 are placed immediately before and after the first 'mass slit' - CV2,

Attempts are first made to achieve horizontal and vertical focussing from the
first stage. This is done by sweeping the vertical bending magnets VM1/AM2
and looking at S3 counts against the target monitor (M) counts to achieve a

- good horizontal focus. The current to the vertical focussing quadrupoie
magnet Qy is then varied to achieve a good focus in the vertical direction,
Th;s procedure 1s then repeated for the second stage looking'at S5 counts
against S2 counts, A check on the momentum.seledtion can then be made Ey
sweeping, in turn, magnets M1, M2 and 13 looking at S5 Qounts against the target
monitor counts,

2.3 S8canning Procedure and Scan List

At each incident momentum the film was scanned twice, The discrepancies
between the two independent scans were resolved by a third check scan, A
scan list was then generated on magnetic tape. Scamming was done on machines

provided with lens-mirror systems to project an image on to a table, the
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magnification on the Imperial Coilege machines giving é life-sized picture of
the chamber, and film transpbrt mechanisms that enabled all three views to be
moved fogether or indeperdently in both directions. | All three views were
used in the scanning., |
Reconstruction is generally inaccurate for tracks less.than 10 cms. in
length., A particular fiducial volume of the chamber was selected to ensure
that only interactions with all tracks (apart from stopping secondaries)
longer than 10 cms, are recorded. In eaqh ihdependent scan the scanners
wére required to record, on'a scan card, the following information for each
interaction seen within the volume:
(i) frame - event number
(ii) topology
(iii) secondary track ionisation estimates
(iv) a measuring code number siénifying wﬁether the event is off-beam
or unmeasurable,
They were also required to indicate Délitz pairs, associated electron pairs,
‘secondary interactions and stopping tracks on a realistic,sketéh of the
interaction on the card; |
In the energy range of the present experiment the production of strange
particles is extremely rare and as such neutral and/or charged decays are
extremely rare. The topologies involved are therefore mainly 2-prongs and
L-prongs. The estimate of the ionisation of éach secondary track was
according to the following categories:. |
(1) ninimum |
- (ii) between minimum and twice minimum
(iii) between twice minimum and three times minimum
(iv) greater than three times minimum and
- (v) track has a visible ® pu e decay

Two sets of scan cards obtained were provided at the scan tables during
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the check scan, Discrepancies between the number of events on a given frame . .
were looked at and corrected., VWhen a‘number of events on a given frame agreed
in the two scans any discrepancies in topology or the measuring code number were
sqrted out by looking on the table, Where the ionisation estimates disagreed
both were noted dowﬂ on‘the final singlé card for the event. Thus a final
single set of scan cards is obtained containing all the necessary information
including the two scamners' numbers, the two (different) ionisation estimates
and error code numbers, if any, assigned to thé scan in error.

This information was punched on cards énd fed into the program (ELIST)
which flags punching errors, sequence errors and code errors, A final scan
list was produced on magﬁetic tape when all errors have been corrected, | The
format of the écan list was chosen to allow for updéting at the end of each
pass and to allow the overall scanning efficiency to be computed.

2.4 Measuring Machines and Procedure

Measurements of the interactions were done on conventional image-plane
and film-plane digitisers, The former were‘D-mac digitising tebles with
projection and transport systems similar to those on the scan tables, The
- £ilm-plane digitisers used on the other hand, were the conventional Measuring
Machines., In the case of the image-plane digitisers the film remains fixed
during measurement and the measurer is asked to follow a track on the table with
an index - a pair ofvcross-wires.on a magnetic field coil, A pick-up coil,
- underneath the image top and connected to a pair of wires that are wound around
. a pair of graduated drums; follows this index. The drums have metal brushes
in contact with them and these read off the graduations on the drums, These
readings are electronically converted fo X, ¥y co-ordinates for the point being
measured, |

The least count on these digitisers is equivalent to 100 - 150 microns on
the table and this corresponds to a bit size of 10 - 12 microns on film. This

is in contrast to a bit size of 2 - 3 microns on film for the film-plane
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digitisers. At the low energies involved errors due to multiple Coulomb
scattering dominate and hence measurements with a bit size of 10 - 12 microns
are not expected to be too iﬁaccurate in comparison, The mean value of the
‘residuals on tﬁe tracks after geometrical reconstruction was found to be of
the order of 15 microns on film for image-plane measured tracks as opposed to
8 micfons for film-plane'measured tracks.,

Furthermore, reproducibility of digitisation of a given fixed point on
the table was found to be good to be within + 1 least count, as was the
linearity in boih the x and y directions. A further test was carried out to
determine the distance between the point of intersection of the cross-wires
and the centre of the magnetié field of the coil., The point of intersection
of the crbss—wires was set on a fixed point and rotated through 3600. The
maximum variation in the x and y counts was found to be + 3 counts, However
it is otserved that each measurer is fairly consistent in the alignment of
cross-wires he/she prefers during measuring and does not rotate the cross-wires
by more than i.150. So serious errors in meaéuring are likely to be introduced
only from the distortions produced by the éptics of the projection system, An-
investigation into the poésibility of such distortions introducing a systematibu
error in the measurements was carried out. A known grid was projected on to
the table and positions of various points on the grid measured. The measure-
merits, éfter the usual transformations into a freme of reference where the point
of intersection of the optic axis with the table is the origin, were compared
with the expected positions (assuming distortion frée optics)., Th§ difference
between the two was found to be ofnthe order of 1 - 2 counts and the distortions
were found to have no systematic paftern. -It was decided, therefore, that
corrections to the digitisations would not lead to a discernible improvement
in the geometrical reconstruction.

The scan cards fér all measurable events were supp}ied to the measurers

and they were instructed to record the book-keeping information at the start for
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each event, The event was'then measured in a pfe—arranged sequence of
fiducials, ap‘ces ana tracﬁs on each view, The order of measuring of the
tracks required the beam track to be measured firsf, followed by the secondary
tracks in a clockwise order. This ensured that the secondary trabks were
measured in the same order as the lonisation information for them was recorded
on the scan 1list, All the measurements, punched out on paper tape, were
converted to binary information on magnetic tape using the group's PDP6
computer or the college IBM 1401;

2.5 Fitting proecedure

To. obtain the final interpretation of the event, the measurements were fed
through the BIND-THRESH-GRIND chain of programmes, The procedure used in each
of these stages 1s briefly described in the following sub-sections,

2.5a Pre-Geometry checks

The order of measurement of the various quantities necessary for a fipal'
reconstruction of an event, is optimised fof maximum speed of measurement and to
reduce possible errors, - The data is thus not in a state where it cﬁn be used
directly for geometrical reconstruction. The pre-geometry programme - BIND -
reads in the data and checks for correct sequence of measurements and labelling:

- and corrects certain types of obvious labelling faults., For events without
fatal errors the relevant quantities are.arranged in a form suitable for THRESH
and the necessary view, fiducial, Qertex and track labels are inserted,

In the present experiment events that failed BIND were not passed any

. further in the processing and were essentially treatéd_as-not having been
measured - i,e., no information was -added for theﬁ on to the master list during
the update stage (Sec.'2.6). The failure rate, almost entirely due to>paper'
tape punch and paper tape reader faults, was of the order of 10%.

2.5b Geometrical reconstruction

Having sorted, checked, rearranged and relabelled the dzta appropriately
it becomes necessary to reconstruct the vertices in space and to determine the

physical variables describing the path taken by each track in space before
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attempting to'correlate the tracks at each vertex, This was done by the
geometrical reconstruption programme THRESH, written at CERN and modified to
run on the IBM 7094 and the PDP 6 computers at Imperial College.

'Défails of the generalichedks done by THRESH and the procedures adopted
in the vertex and track reconstruction can be found in reference 23)., A
detailed description of the mathematics involved in the reconstruction is
given in reference 24).

The failure rate at the geometrical reconstruction stage was of the
order of 10%, This was made up of the following three types of failures:

(1) If checks on the reconstruction of fiducial measurements resulted
in less than three good fiducials on a given view the view was rejected by
THRESH., Events with less than two good views were classed as fatal errors
and were not proceeded with_fufther in the fitting,
| (1i) If pre-construction checks on trackAmeésurements on a given view
‘resulted in too few>good measurements, the view was ignored for that tréck.
A track was completely ignored if this happened on two views. Such events
were classed as failures but were not removed from the subsequent processing.

(iii) If the final helix fit on a track did not converge or if the

residuals for the converged. fit were too iarge, the track was classed as a
failure, Events with such tracks were considered as having failed but they
were passed on to the kinematic fitting stage. |

Events that had failed due to fiducial measurement failure - (i) above -
were essentially treated in the same manner as those failing BIND and no
"measurement inforration was added on to the mastef list for them at the update
stage, |

2.5¢ Kinematic fitting

Events that passed through THRESH - including failures of types (11) and
(iii) were fed into the CERN kinematic fitting programme - GRIND on the
IBM 7094 or the PDP 6 computers. . A full description of the programme and of

the mathematical procedure used in the fitting is given in reference 25,
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In the experiment the types of events measured were predominantly 2-prongs
and L-prongs. A fair proportion of them had 2-prong secondary interactions on
one or more of the tracks, These secondary interactions were also measured to
get a better estimate of the physical quantities of the connecting track.
Hypotheses, for primary anq secondary interactions, were supplied to GRIND in
the form of mass assignments to the charged tracks and the mass assignments of
the neutral particles involved, if any. If the physical quantities for the
charged tracks were éll well measured then the four energy momentum conservation
equations allowed GRIND to evaluate the three physical quantities'for, at the
most, one neutral particle. So events with one neutral partiﬁle in the final
state are fitted to one constraint (41-C) hypotheses and events involving no
neutral particles are fitted to four constraint (4-C) hypotheses. Fits to the
following hypotheses were attempted, at the production vertex by‘GRIND:

(i) Two prongs |

‘Qutgoing tracks Constraints
Incoming track target 1 2.
x+ /5 -————s~:x+ fJ V L
‘ _—__—_5.19 i
p

—

—=p ' ~ 1
—> % x n 1
(i1) Four prongs
_ Outgoing tracké ' Constrainfs
Incoming track target 9 2 3 | L 5 |

x* p -—) x P x x L
—_— gt xt ﬁ’ _ x L
— p x = x L
—_— =t " =x° 1
— > x P 3 x° 1
—> p x =t xt x° 1
—_ gt x* x* x P {
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For all hypotheses that gave.fits GRIND listed the fitted and unfitted
information along with values of missing mass squared, the missing éneréy, thc
]? - probability etc. and estimates of the ionisation densities of the tracks
predicted from the fitted values of the three track variables. - The information -
was uced to select out the most likely interpretations of the events,

Before attempting to fit any of the hypotheses to the event it was felt
that GRIND should check for the following:

(i) THRESH failures of types (ii) and (iii) - (Section 2.5b)

(311) .GRIND failures: A check was maderon the measurement errors on the
three track variables against a standard externallerror.v If the error was
greater than three times the standard for all three variables GRIND flagged on
error word of 160 for tﬁe track. Such events were considered to be too badly
measured for thelphysical interprctations to be reliable.

(iii) Off-Beam events: Thevmeasurcd value of the beam momenfum was checked
against an external fed-in value, If the two are not consistent to within
three times the measurement error on thc beam momentum the event was flagged_
as a possible off-beam event, In such cases the measured beam ﬁomentum waS'uScd
in the fitting. When the two momenta were consistent a weighted mean value was‘
used in the fitting,

For the cases (i) and (ii) GRIND was modified to punch out a 'rcject' carc
carrylng the book-keeping information for the event and the information about
the type of failure and the track(s) concerned. Any subsequent fits that may
converge for such events can therefore be ignored- and the 1nformatlon about the

failure passed on to the master llst at the up-date stage,

2.6 Kinematic fit selection and up-dating of the Master List

In general more than one hypothesis give converging fits to the event
at the kinematic stage, If the event had not suffered any fatal failures -
type (i) and (ii) in Section 2,5¢ - a 'slice' card was punched out by GRIND for

each fit, The slice card contained the usual bcok?keeping information along



37

with a unique number describiné the hypothesis. .

At the selection stage the events were looked at on the scan table and
the predicted ionisation of the charged tracks checked against the observed
iqnisétion for each fit, The fit predicting ionisation consistent with
observed ionisationAwas accepted in every case, Where this left an ambiguity
between the elastic (4-C) fit and one -x° production (1-C) fit with the same
mass assignments to the charged tracks the (4-C) fit was accepted. It was
felt that the more highly constrained fit was ﬁOre likely to be the correct
inferpretation of the event.' The ﬂ+ﬂ{h.fits were uniquely seleéted on
ionisation consistency alone, In the case of 4-pronged events 1 -C fits
are so unlikely by energy requirements that the problem of ambiguous fits did
not arise, |

' The events that were flagged as off-beam by GRIND were checked in the
gbove manner with the additional éheck that the fitted beam momentum for the
ionisation consistent fit be within three standard deviations of the expected
beam momentum, If the fitted beam momentum did not safisfy this check the
event was classified as off-beam ana a pseudo-slice card punched to convey'this‘
information to the master list at the up-date stage.

For events that were apparently well-mgasured, but did not give any fit
consistent with ionisation the‘values of the missihgémass squared were checked
to see if the event was consistent with the interpretation that there is more
- than one neutral particle involved - the charged tracks being identified using
. the ionisation estimates worked out by GRIND from the unfitted values of the

track variableé with the mass assignments of a proton, a kaon and a pion, in
turn. If the event was considered consistent with multi-neutral production a
pseudo-slice card was punched to convey this information to the master list
along with the mass assignments of the charged tracks,

In cases where the event cculd not be assigned_to aqyrof fhe cetegories

discussed above it was looked at carefully to see if the beam track was
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obscured by nearby beam tracks to make it almost impossible to measure, It

was thus possible to re-classify an event as unmeasurable by punching an
appropfiate pseudo-slice card., Also, there were a few of the 4-pronged events
that were really 2-prongs with Dalitz pairs. Again it was possible to convert
the topology by use of a pseudo-slice card,

2,61 Master List Update

For each event that reaches the kinematics stage we have a slice card
after the fit selection stage. It carries the hypothesis number of the
ioﬁisation consistent it that has been accepted on the final interpretation
of the event., TFor events with no acceptable fits it carries a code word
(TF = Thresh Failure, GF = Grind Failure, NF = Multineutral etc.,) and a code
number,  For THRESH/GRIND failure the éode nurber signifies the track(s)
affected and for multineutrals it indicates the type of multineutral final State
.(e.g. xt 2x° or xtmt( 7°) for 2-prongs). Scaming corrections decided by
the physicist for a given event at the fit selection stage can be punched out
on-to cards and these pseudo—slice cards afe added on fo the resﬁ of the deck,
The slice cards and the last updated Master List form the input to a
- program called SLIST which chécks for slice card format errors, orders.the cardé
and merges the information on the cards with the Master list to'produce the
updated Master.list. Any card referring to an event with a previous successful
decision is ignored, Every event with a successful fit or multineutral final
state decision from the current pass gets.the-pass number added on to the frame-
e;ent number, The updated Master list is feéd back to list all measurable
events for which no successful decision has:yet been reached, For these the
reject words are picked up and decoded and an appropriazte message written on the
remeasure liSt; - The remeasure list is sent back to the measuring machines for
anothe£ pass,
Three such passes were found to be necessary to achieve a more than 90%

pass rate at each incident momentum,
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2.7 The Data Summary Tapes

At the completion of the final pass the GRIND library tapes produced
are read‘by the program - DSTPRO - to select out the accepted fits for each
successful‘event by checking against the final updated master list. The
‘ book-keeping information, the missing mass squéred, the missing energy, the‘x?
for the accepted fit etc, are written on to a flnal tape along with the unfitted
and fitted values of the track variables and the final mass a351gnments to the
"tracks, This final tape is the end produect of the data reduction process
deséribed in the preceding seétions of this chapter. As such it contains
every physical quantity for each event that is likely to be necessary in
looking for systematic biases in the experiment and for generating the final
distributions of the various variables required to déscribe the scattering
processes involved.

These Data Summary Tapes (DSTs) are thé input to the statistics prograﬁ -

SUMX - used to qbtain all these distributions,
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CHAPTER 3

Biases, Elastic. Scatterinz and Inelastic Channel Cross-sections

3.1 - Introduction

Systematic biases cén creep into the lengthy process of analysis of a
bubble chamber experiment at any of the various stages described in the
preceding chapter., The presence of such effects in this experiment and
methods used to correct or'account for them are discussed in this chapter,
The overall channel cross~sections for the different final states are
presented at each of the four incident momenta. Possible biases introduced
at the scanning and measuring stages of the processing are discussed in
Section 3,2, Section 3.3 describes the method of correction used for the.
scanning biases in the elastic channel. In Section 3.4 are presented the

 final experimentai results for positive-pion proton elastic scattering at
the four incident momenta. Section 3,5 presents the crosé-sections for the
various inelastic channels at the four momenta and these are compared with
results from earlier experiments,

3.2 Biases in scanning and Processing

When two independent scans are doné and the discrepancies between them
sorted out by a check scan the overall scamning efficiency can be calcu1a£8d;
With the assumption that every event is equally likely to bg seen in a given
. scan it can be easily shown that the overall_scannihg‘efficiency is given by

g 2 (N Ny

N1 N2

(3.1)

where Nﬁ, N2 are the numbers of events seen in Scan-1 and Scan 2 respectively )
and N12 is the numbef of eventé seen in both the scans, The scarming
efficiency at each incident pion momentum worked out, using (3.1), to be of the
order of 99.8%. Viith this sort of scanning efficiency it would seem safe to

assume that there are no scanning losses, However, it is well known that the
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assumption used in evaluating E is not'gengrally true for all 2-pronge§
interactions. There are two types of 2 pronged events that are difficult to
spot during scanning. These are:

(i) Events where‘one of tﬁe charged tracks is a short stopping proton,
Elastic scatters involving short stopping prdtons are small angle scatters and
hence the scattered pion is not appreciably deflected from the incident direc-
tion, In the case of inelastic events involving short stopping protons,
howeveré the charged pion is appreciably deflected from the incident beam
direction., This type of séanning bias is therefore expected tb show up in
eiastic scattering only, |

(i1) Events where the plane containing the two charged tracks is -
perpendicular %o the front glass of the chamber. . If the interaction is an'
elastic scatter then the incident beam track is coplanar with thé outgoing
_‘tracks and hence the plane‘containing-all the three tracks is then in the line
of sight of the scanner. As such, elastic scatters that are in a plane
perpendicular to the front glass are more likely to be missed during scanning
than the average 2-pronged events, | |

These two types of biases involving 2-pronged events mainly affect the
elastic channel, A more meaningful estimate of scanning efficiency can be
made using.the sample of inelast;d events, The scanning efficiency for
inelastic events turns out to almost a 160% at each of the four momenta., So,
apart from correcting the results obtained for elastic-scattering for effects
of the two types of scanning losses, there are no other corrections necessary
as far as scaﬁning is concerned,

The next stage at which possible systematic biases can creeé in is the
measuring and processing stage, The accuracy of the measuring machinés used
has been discussed in the preceding chaﬁter. - Investigation of systematic
biases can only be undertaken after the geometrical reconstruétion and the

kinematic fits have been done. Once the physical intefpretation of an event



has been decided it is possible to look at various physical quantities that
have a fixed expected distribution for bias-free data, o

The first of these is the 'chi-square' value obtained from the kinematic
fit, The frequency distribution of the ‘chi-square' for a given number of
constraints is well defined. Comparison of the experimental distribution to
this expected curve gives an indication to the correctness, or otherwise, of
the errors assigned to the track variables by the geometrical reconstruction,
Figs. 3.1a and 3.1b show the experimental and the expectedﬁcz distributions
for the-elastic (4-c) and the one pion production (1-c) channels respectively
at 895 MeV/c, The agreement between the two is good enough to give confidence
in the errors estimated in the geometry.

The normalised stretch function, Sij, defined, for the jth track variable
of the ith track, as |

_ Xy - |
84 = 5 | (5.2)

[ENE (A@)E’]%

where Xo and x are the fitted and measured values, and Axp and Ax, are the

errors on them, is expecfed to have a Gaussian distribution around O with a
standard deviation of 1, if the measured values of the track variables and
their errors are correctly evaluated. The nine stretch function distributions
involvéd'in elastic scattering were looked at and found to agree well with the’
expected distributions.

Ihcorrect interpretation of events can result-in contaminations in the
final samples for the various channels, Thé low energies involved in this
experiment ensure that an event involving a proton in the final state can be
visually distinguished from an event that does not have a protoﬁ in the final
state.” There is no doubt therefore that the reaction x+p P xxtn is cleanly
separated, For the elastic and one—xo production channels it is possible to

see if the final selected samples. contain any contamination by looking at the
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missing-mass squared and the missing eneréy distributions, Figures 3.2a
and 3.2b show these distributions at 995 MeV/c. There is cleafly no-evidence
of any contamination of one channel by the othef.

It has been stated in the preceding chapter that an overall pass rate
(in-terms of acceptable Kinematic fits) of 93% was achieved at each incident
momentum after three measurements. This left a 7% residue of events that
either never gave good geoﬁetry at any of the three measurements or did not
give fits that agreed with the visually observed ionisations of the tracks,
The reéidue was looked at carefully by physicists who, by expertise, were able’
to decide on the possible physical interpretation of these events, On the
basis of these decisions it was found that the proportion of events, relative
to the total residue, in each of the différent channels was the same as that
in the overallhselected sample.., Since the experiment was not designed to
evaluate absolute cross-sections, it is not necessary to meke any corrections

to the selected samples for this residue.

3.3 Corrections for Scanning bias = Elastic Channel

Before the method by which cofrections to the elastic channel are made

for tﬁe two scanning losses discussed in Section 3,2 it is necessary to
discuss the final beam momentum distributions obtained from the kinemétic fits.
The estimated error on the beam momentum fed in as data to GRIND was + 25 MeV/c,
This includes the 10 MeV/c spread in the incident beam momentum due to 1%
~ momentum bite and a spread of 10 MeV/c introduced by slowiﬁg dovn in the beam
window, The mean measurement error on the béah momeﬁt is of the or&er of
+ 15 ¥eV/c.  The fed-in values for incidert beam momentum, used in GRIND to
find thg weighted mean with the measured values, were the ncminal beanm line'
values - 905, 955, 1005 and 1056 MeV/c - at the four momenta, The fitting

procedure in GRIND resulted in pulling the mean values down by 10 lieV/c in
| each case and the spread was of the order of 45 ’eV/c.. Figure 3.3 shows the

fitted beam momentum distribution obtained for the fourth momentum, To select
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out a reasonably clean sample it was decided to impose cuts of + 35 MeV/c
around the mean values of the fitted beam momentum distributions. Table 3.1
gives the mean momentum values and the total numbers of events within the cuts

at each momentum.,

Table 2.1

No. Momentum (MeV/c) | Total No, of events
9 . 895 £ 35 ’ 11,499
2 95 + 35 . 14,973
995 + 35 14,549
L 1040 + 35 13,422

Table 3,2 presents the numbers of events in the elastic channel within |

the fitted beam momentum cuts described above.

Table 2.2

Incident Momentum (MeV/c) No., of Elastics (uncorrected)
895 ' 4415
945 ' 6222
995 64,3)
1040 6110

These numbers are not corrected for the scannihg losses described in the
preceding section,

The incident beam direction was almost parallel to the fromt glass-liquid
interfacg (the z = o plane). The angle ¥ between the plane of the elastic
interaction and the z = o plane was determined for each event. | The

distribution of the centre of mass scattering angle (6%) as a function of §
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showed that losses due to small angle scatters occurred for cos 6* > 0.90 and
that this was the case over the whole range of §. Over the rest of the range
of 6 (1.0 <cos o' < 0.90) losses were seen to occur around ¢ = %/2,  An
estimate of the actual number of events with cos 6a > 0.90 can only be made py‘,
extrapolating the distribution over the remaining cos 6* range,'provided this
distribution itself is bias free., The procedure adopted to get a bias free
sample of elastic events in the range -1.0 < cos 6" < 0.90 was as follows.

A cut around @ = x/2 was imposed to remove a fixed percentage of events
from the overall sample in the above 6* range. The resulting cos 6* distributio

is fitted to the Legendre Polynomial expansion.

daN L *q
. = ag [1 + Z ACL Pl (cos © )] (3.3)
d cos © 1=4

where ao,is the normalisation ccnstant, q' is the normalised coefficient of

the Legendre Polynomial of the th order and L is the maximum value of (.
The normalisation constant and the normalised Legendre Polynomial coefficients

are determined by minimising the][2 defined'by

€xb .

x Z (Ne s fn‘) (3.4)

where Nﬁxp and N;it are the experimental number of events and the fitted number

of events in the ith

cos 6* bin and ANixp is the error on the experimental pumber.
The normali;ation conStant ao-was_determiﬁed by'equating the integral of
(3.3) oVer the range -1.0 < cos 0<0.,90 .to the total number of events used in the
fit. Fits were done with values of L ranging froﬁ 1 to 10 and Fisher's F -
ratio test is applled to determine the order of the first Legendre polynomlal

.coefficlent consistent with O. Integrating (3.3) over the complete range of

cos 6 gives the‘total number of events expected in the chénnel within the cut

in #.
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+1

g *
Total No. of events = _/; Jace* dase = Zaa (3.5)'

Values of a, and the coefficients C were determined for different sized
cuts in @ around /2 to determine the range of @ around %/2 over which there is
a scanning bias. Although the values obtained for the parameters were all
within one standard deviation they were found to be independent of @ for events
with @ outside the range 0.45%x <@ < 0,55 ® at all four incident momenta.

The final bias free sample of elastic events was, therefore, obtained with
the following cuts applied to the overall sample

- 1.0 <cos 8° < 0,90
g < 0.4kx and >0.56x (3.6)
This implies the rejection of 12% of the elastic events due to the cut in g.
The total number of events obtained from the fit (3.5) was thus upgraded to
obtain the final expected total number of events in the channel at each incident
momentum, Table 3.3 presents the corrected total number of events in the |
elastic chamnel and the overall corrected total number of events at each

incident momentum,

Table 3.3
Incident Momentum No., of Elastics | Total No, of events
(Mev/c) (corrected) (corrected)
895 4730 + 89 11829 + 123
L5 6750 + 100 15501 + 137
995 6925 + 115 14990 + 146
1040 6570 + 109 13882 + 138

3.4 7'p Elastic scattering - Results and Discussion

In this section total elastic and elastic differential cross-sections

obtained in the present experiment are presented and compared with the results

from previous experiments. The disagreements are high-lighted and the checks
made for other possible biases, in the present experiment, that could give rise t

these disagreements are discussed, Finally possible effects of the present
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results on the results of phase shift analyses (Chapter 1) are discussed,
At the incident energy range of the present experiment two recent
counter measurements of the total positive pion proton cross-section exist,

6) and Giacomelli et a127). The two sets

These are the data of Carter et a12
of results disagree by about 10% at all incident pion energies. In the

present experiment the values of Ref, 27 are used to normalise the corrected
total number of events at each incident momehtum and determine the microbarn

equivalent per event, Table 3,4 presents the values of the elastic cross-

sections determined by this experiment at the four incident pion momenta,

Table 2._1_1-

Incident Momenta Corrected No, of Elastic cross-
(Mev/c) Elastic events section (mb,)
895 L730 + 89 | 8s37:0a8
o5 6750 + 100 10,32 + 0,18
995 6925 + 115 11,70 + 0,23
1040 , 6570 + 109 12,37 + 0.20

These values of the positive pion-proton elastic cross-section are in
reasonable agreement with previously determined valueszs) as shown in
figure 3.4. _

. The highest order of Legendre polynomial fitted to the distribution
(L in (3.32)is,determined by_the‘F—ratio test. Tﬁe values of L required at
_the foﬁr incident momenta are 4, 4, 5 and 6, The range of cos 6* is divided
into bins of interval 0.05‘and the differential cross-sections (experimental
and fitted) in these bins, the central cos 6* values and the numbers of eyents
within the cuts specified by (3.6) in each bin have been presented in tabular
form in reference 29).7 The experimental and fitted d;fferential cross-section
gistributions are shown in figures 3.5, 3.5b, 3.5c, and 3,54 for the four

"incident momenta., The values obtained for.the normalised G:L) - (3.3) - and
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the unnormalised (4, ) Legendre polynomial coefficients, for the expansion,

oo
on

L. *
XS AFR (Cos 6)
-0

(3.7)

(x = 1/q, where q is the incident pion momentum in the centre of mass, in

natural units withh = ¢ = 1), are presented in Table 3.5.

Table 3.5
Incident
Momentum 895 MeV/c 945 MeV/c 995 MeV/c 1040 MeV/c
Coef'ficient l
a, 2079.7 + 39.2- |2976.6 + 45.9 |3043.9 + 50.4 |2890.5 + 47.9
A, 0.465 + 0,010 | 0.617 + o.ﬁl 0,748 + 0.015 | 0.843 + 0,016
C, 1¢339 + 0.038 | 1.314 + 0.026 | 4.308 + 0.027 | 1.339 + 0.027
A, 0,62} + 0,018 | 0,811 + 0,016 | 0.978 x o.ozo" 1.128 + 0,023
c, 1.206 + 0,057 | 1.264 + 0,036 | 1.284 + 0,044 | 1,358 + 0.04L
A, 0.561 + 0,027 | 0.781 x 0,022 | 0,961 + 0.033 | 1.142 + 0,037
Cs 0.383 + 0.060 ‘0.40{ + 0,046 | 0,340 + 0,063 0.395. + 0,057
A 0.178 + 0.028 | 0.248 & 0.029 | 0.254 + 0.047 | 0.333 + 0.048
C, -0.413 + 0,081 | -0.272 + 0,043 |-0.269 + 0.063 {-0.031 + 0.058
4, -0.192 + 0.038 | -0.168 + 0.027 | -0.201 + 0.047 | -0.026 + 0.049 |
e - - ~0,138 + 0.051 | -0.02 + 0,022
| Ag -0,103 + 0.038 | -0.020 % 0.018

Cg. - - - 0.178 + 0,046
Ag 0.150 + 0.039

Extensive measurements of elastiec differential cross-sections have been

carried out at BerkeleyBO) and at the Rutherford Laboratory31) using counter

techniques.,

Three bubble chamber experiments

32), 33),. 34)

have alsé been

published in this energy range. A useful comparison of the results from the

two techniques has so far not been possible due to poor statistics of most
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previous bubble chamber experimenfs. The high statistics of the presgnt
experiment now permit this to be done., The results are in good agreement with
counter'résults over most of the cos 6* range, However, a marked difference
¢lose to cos 6* = «1 is observed at all four momenta, Figure 3.6 compares
the present results with those of Duke et a131) over the range -1 <cos 6*<:0
at 945 MeV/c incident momentum, = Over the incident momentum range 895 MeV/c
 to 1040 MeV/c the present results show the Backward peak developing at a higher
incident momentum than in the counter measuréments. Assuming that the counter
measurements in the backward.direction are correct, the présent experiment could
have lost events in the backward direction at the scanning, fitting or fit
selection stages of the analysis,

The scanning efficiency for backward elasticvevénts was calculated from
the final master lists and found to be 98.5% - under one per cent less than’ the
overall scamning efficiency. A seleétion of the film was scanned a third time
to look for two-pronged events with one secondary track making an angle of more
than 90o with the ineident track in thé laboratory. No significant loss of
such events was detected. It is clear that scanning losses are‘not responsible
for the lower backward elastic cross-section in the present experiment,

The;ll2 distribution for backward elastic events was examined and found to
be identical to the overall distribution for elastic events. The last
possibility is that the fit seiection criteria could be biased against backward
elastic events. These events shouid therefore be present in the inelastic
‘samplé, The characteristics of the x+p£° and nfn+n samples were examined as
a function 6f coplanarity and contaﬁination of these samples by elastic events
was found to be unlikely. The configuration df a backward elastic event is

lsuch that it involves a fast forward proton with a momentum considerably‘higher_
thén that of the inciﬁent pion in the laboratory. The laboratory momentum
dlstrlbutlon of the secondany tracks for those 1nelast1c events where the
secondany tracks are approximately coplanar with the beam track showed that the
momenta of secondary tracks for such events were at least 200 MeV/c less than

that of the incident pion,



52

Thefe is clearly no evidence of a systematic bias against backward
elastic events in the present bubble chamber experiment. The presenﬁ results
for backward (cos 6* = -1,0) elastic differential cross-sections are
statistically more accurate than those previously reported,

It has been pointed out in an earlier chapter how the characteristics
of the scattering of individual partial waves are deduced from the overall.
elastic differential cross-section distributions along with the polarization
distributions at a 1arge number of incident pion energies., The results of a
cbmprehénsive fartial wave analysis allow deductions to be made about the
nature of scattering in individual partial waves, In this centre of mass
energy range (1.6 - 1.7 GeV/c?) the various phase shift analysisG)’ 7, 8), 9)
have deduced the existence of three possible I = 3/2 nucleon resonances, The
values of the phase shifts and the inelasticities, for the partial waves
invol%ed, for the solutions obtained by these groups are inconsistent with
the cos 6* distributions obtainea‘in this experiment, particularly near
cos 6* = =-1. The differential cross-section distribution predicted by,
what is called, the CERN - Theory solqtions) is shown along with the present
experimental results at the incident momentum 945 MeV/c in figure 3.5b,

In a given partial wave that shows resonance behaviour, the magnitude
of background amplitude is likely to be not much larger than that of thé
resonant amplitude only in the backward hemisphere. In this region diffractio
scattering background i§ negligible., Any ;ignificant background amplitude is
likely to come from baryon exchange processes, The distribution of the
elasfic differential scattering cross-section in the backward'hemisphere is
thus likely to be extremely sensitive to resonant scattering., This has been
dramatically'demonstrated35)’ 36) 37).'_ The resonancesinvolved - the S

by

(1640), P_, (1688) and D33 (1690) - are supposed to have widths of the order

35 ( :
of 200 - 300 eV, This is more than twice the range of energy covered by the

present experiment, Four values of the eléstic differential cross-section at



0 = 180o over 5o small an energy-range are not sufficient to extract
information about resonant behaviour by the Bargerland Cline method37); The
discrepancy between the‘present values of %ﬁ'at 6* = 1t and earlier reported
valués implies the need for more bubble chamﬁer experiments of coiparable
statistics at the surrounding energies.

Attempts to determine the partial wave amplitudes using the present
elastic differential crosé—section distributions alone by energy independent -
partial wave analysis result in ambiguous solutions, These ambiguities can

only be'meaningfully resolved in an overall phase shift analysis imposing

continuity over the complete energy range up to 2 GeV/c incident momentum,

3.5 Inelastic channel cross-sections

In the range of the incident pion momenta of this experiment the
inelastic positive pion proton reactions are:

(o]

xp RN x'p = (3.82)
—> wnn’ ) (3.8b)
—> wpatx . (3.8¢c)
—> ='p (220°) - (3.83)
—> a*%" (n + 1 or more n°) . (3.8¢e)

The incident threshold momentum for the reaction ﬂ+p-—92+K+ is 1020 Mevyb

in the laboratory, This is 20 MeV/c below the highest incident pion
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momentum in the experiment, At this momentum about 20 events of this reaction

~have been identified., The reactions 3,84 and 3.8e are mulfineutral,productibn

reactions and.events of this type were identified at the fit selection stage
by idenfifying the charged‘tracks from the observed ionisation and deciding
whether the missing mass-squared, with the appropriate mass asﬁignments to the
charged. tracks, ﬁaS'consistent with multineutral prOductiqn. As such the
sample of multineutral production évents is likely to be contaminated by some
single-neutral production events - reactions (3.8a) and (3.8b). The total
number of'multineutral events found ét each moméntum was found to be only

slightly greater than the number of h—prénged events - reaction (3.8¢c).
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Hence the loss of one-pion production events - (3.82) and (3.8b) = as .a

result of their classification as multi-neutrals is minimal,

The final selected samﬁles for reactions (3.8a) and (3.8b) could have
‘been contaminated by elastic interac£ions. ‘However, it has been mentioned in
the preceding section of'thié chapter that the two samples were carefully
examined to check that elastic events were not being erroneocusly classified
as inelastics and that no evidence was found of fhis. Selection between thg
two siﬁgle pion prbduction channels is believed'to be uniquely done on
ionisatién observation alone at the present range of energy. The three
importantvinelastic channels are therefore believed to be cleanly.separated.
Table 3.6 presents the numbers of events and the cross-sections for those

three reactions at the four incident momehta.

Table 3.6
+ +_ 0 + + + + + + -
) T p —37 DX Tp—>R R N TP —p T PR &
Incident '
Mogentum No, of | Cross-section [No. of | Cross-section | No, of [ Cross-Section
(MeV/c) | avents (mb) events (mb) events (mb)

895 | 5783 |10.22.4 0147 | 957 | 1.70 + 0.06 | 122 0.22 £ 0.02 |
945 6959 |10.66 + 0,46 | 1195 | 1.83 + 0.06 | 268 0.1 + d.oé' |
995 6256 | 10.58 + 0.17» 1203 | 2,03 + 0,06 | 234 0.40 + 0.03
1040 | 5583 |10.50 + 0.48 | 1119 | 2.10 + 0.07 | 262 | 0.49 + 0.03

The estimated numbers of events and the cross-sections for the two multi-

neutral production channels are given in Table 3.7.

Table 2.2

Incident x'p—> x'p (22n0) AP K (0 +3170)
M?;i:\r;}‘:; No, of events. Cr°5?;§)e°ti°n No., of events Cros?;fj‘:tion
895 175 0.31 + 0,02 62 0.11 + 0.01
945 261 0.40 + 0.02 68 | 0.10 4 0.01
995 C 316 | 0.53 _+_ 0.03 56 0.09 + 0.01
_10&0 246 O0.44 + 0.03 . 102 0.19 1'0.02
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The errors quoted on the cross-sections are statistical. The present

results are statistically far more accurate than values previously reported

52), 33), 34), 38). The results along with previously published data and

A-R produchion

the recenfly reported results of M, Bowler and R, Cashmor939) for thekFeactions

are shown in figures 3.7 and 3.8,

The variation with energy of these inelastic cross-sections are

discussed at length in the chapters following,
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CHAPTER J

Single-Pion Production - Experimental Results

L1 Ihtroduction

| Tt has been stated éarlier that the domipant inelastic channels in
positive-pion proton interactions around 1 GeV/c ére the two single pion
production chamnels. To describe completely a process of the type

W —> %, 7, N - (Lo1)

one needs to write out an ampiitude for the process as a function of five
variables, One of these is clearly the centre of mass energy, but the choice
of the remaining four vafiables is by no means commonly agreed upon, The
most basic expefimeﬁtal result for a process is the total cross-section for
the pro;ess at a given centre of mass energy. -This is a result one obtains
by integrating over fhe four indeﬁendent variables in the case of a three-body
final state,

Cross-sedtionsiobtained for all the inelastic reactions in the present
experiment have been presented in an earlier chapter. In section 4.2 the
energy yariatioﬁs of these for the single-pion production reactions are
discussed. Two variables are usually chosen to be the invariant mass-squared
of two twb—particle ccmrinations., ‘The invariant mass-squared distributions
obtained for the two single pion éroduction reactions at the four incident

.momenta‘are discussed in Section 4.3. Simple resonance‘mbdel fits, based on
the Breit-VWigner formula for the decay of the A(1236) and/°(765) resonances
produced in thelquasi-two-body intermediate states =A andf?p, to the Dalitz

. plot; for the two channels are discussed.

' The choigce of the remaining fwo-variables to describe single-pion
production proéesses (4.1) is generally dependent on the model used to fit the
data, Olssoﬁ and Yodh14)’ 16), 17), in their model, set out to describe the
centre of mass production angle distributions relative to.the ineident. pion

direction for the final state particles besides the invariant mass-é@uared
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distributions, These distributions, obtained in the present experiment, are
discussed in Section 4.4, Since the single-pion production reactioﬁs a¥e
dominated by A (1236) production and since the doubly-charged state of the A is
more copiously produced than the singly-charged state, a selection of =x° a™t
events is made from the overall ﬁ+p1t° final state and the centre of mass
production angle distribution of the x° is fitted to a Legendre Polynomial
expansidn.

An alternative choice of the two angles can be made by defining a frame of
reference unique to the three—particle final state and comparing the orientation
of the Z-axis in this frame to the Z-axis in a fixed frame. Deler and Valladasz»
choose the Z-axis in the éhreerody frame to be the normal to the production
plane and X-axis to ﬁe the direction of ﬁ1 in the production plane. The
Z-axis of the fixed frame of reference is along the direction of the incident
pion, The variables chosen are the polar angles ((:); @) of the incident pion
direction in the three-particle frame - Fig. 4.1. The distributions of
Cos'C>and § are presented in Section 4.5,

4.2 ZEnergy variation of cross-sections .

The values of the cross-sections for the two single-pion production
channels for different incident pion energies around the 1 GeV range are Rlotted
in Figures 3.7 and 3,8, The most outstanding feature of these is the'dramatic
rise in the cross-section for n'p n° (Cr+op) over the centre of mass energy
regioﬁ 1550 MeV to 1620 MeV. The results of the present experiment clearly
show that O +op levels out to a constant value of around 10.5 mb between 1640
MeV and 1700 }MeV centre of mass energy. . At energies higher than this earlier

38)

reported results show a dip in this cross-section reaching a minimum at
about 1740 MeV, However, the quoted values of cross-section at these higher
energies'have large errors compared tobthe present experiment, and other bubble
chamber experiments recently reported34) 39) at lower energies,

The cross-section for xtxtn (Cf;+n ), on the other hand, shows a gradual

rise with energy from threshold up to about 1700 heV. The values of C5;+,?
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obtained in the present experiment are about 1 -2 standard deviations below
previously reported velues, . The same effect is observed at centre of mass
energies lower than the range of the present experiment in recent bubble

3k), 39)

chamber experiments The accuracy of the results of these

experiménts,.including'the present experiment, is far greater than the results

38). As such the value of the ratio

compiled bleosenberg and Roper
R = CZ&VV/(1:+” is generally higher than previously obtained, "It has been
pointed out in the introductory chapter that the value of this ratio was
important to the success or failure of the various isobar models used %o
explain the experimentally observed features of reaction (4.1). The energy
variations of R, as experimentally observed, over the range of incident pion
energy from threshold to 1300 MeV is shown in Fig, L4.2.
The energy variation of the overall inelastic positive-pion proton

cross-section (Czaz ) is shown in Fig. 4.3, The contribution of Cf;qé to‘

Cqu clearly dominates the energy variation of the latter. The discussioﬁ'
in Chapter 1 on single pion production around 1 GeV/c suggests that. the
.rapid rise in Cj;qp over the range 1550-1620 MeV and the lack of a
corresponding rise in CZ;;n is due to the growing impoftance of an
s-channel partial wave which gives constructive interference between the two
states 77*?ﬁdk) and ='(n°) in the xtpx® channel, and destructive inter-
ference between ﬂﬁ (ﬂzzn) and ﬂ?é(nf;n) in the ®'x'n channel, where the pion
nucleon couplings are the I = 3/2 JP‘= 3/é+_ A ~ states. We shall return

to this in the next chaptear,

4.3 2-body invariant mass-squared distributions and Resonance production

(a) 2 pn® Final state

The %' can associate with the proton to formia pure I-spin 3/2 state
whefeas the n° can form a mixture of I—spin 3/2 and 1/2 states with the protcﬂ;
As Such any I = 3/2 pion-nucleon coupling is.expected to show up more
prominently in the (x*p) invariant masé-squared.distributidn than in the (n%)

distribution, Just such an effect is noticed in the experimental distributions
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Figures L.4 tb L,7, show Dalitz plot distributions and projections obtained

for this final state with M(ﬂ+ﬁo)2 plotted against M(w+p)2 for the four incident
momenta, The first nucleon resonance observed is the I = 3/2, J = 3/2 A (1236).
The results of the present experiment provide ample evidence‘for the production
6f this resonance in ﬂ+p inter;ctions around 1 GeV/c, The Dalitz plots

clearly show two bands of high density distriﬁution - centered around the

(x*p) and (x%) invariant masses of 1210 MeV. Also evident is a generally
high concentration of events near the high (x*x°) mass region. The width

of the A is génerally quoted to be 120 MeV, This implies that the effect of

A production, in both its charged states, is spread over a large area of the
Dalitz plot and since the overall‘amount of phase space is limited by the low
centre of mass ‘energy interference effects between the two intermediate states
7ot and xtat are expected-to play an important role in the region where the
two resonance bands overlap., As the available centre of mass energy increases
fhis is expected to diminish in importance as the two resonance bands get more
clearly separated on the Dalitz plot. At the high Mﬁn2 end the bands overlaé
~and the high concentration of events in this region is likely to be explaihed,
iﬁvpart, by the interference effects,

(b) ='n'n Final state

In this final state eithef pion can coﬁple with the neutron to produce
an I-spin 1/2 or an I-épin 3/2 state. The lowest attractive pion-nucleon
coupling in I-spin 1/2 is the N*(1480) with & = i+, The mass of this is
close to the edge of phase space in the present experiment, The_A resonance
is, therefore, the only dominant x-N coupling and it can only be produced in
- one charged state; The.two reéonance bands, on'a symmetrised Dalitz plot
(eaﬁh event counted twice) are expected to show identical feafﬁres. Inter~
ference effects are still expected to play an important part since'the neutron
can be coupled to either =@ to form the at, Figures 4.8 to L4.11 show the

u(x*7*)2 v, U(x*n)? aistributions.
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If the high concentration of events seén in the @ P x° final state
in the high M(ﬂ+ﬂ°)2 region is entirely due to interference effects a similar
concentration might be observed in this final étate. It can be seen from
Figures 4.8 to 4.11 that no such effect is present in the %' x'n final state.

This is more clearly demonsfrated in Fige. 4.12 where the ratio R(Mwn)’ =

+qp//dCZ;n , is shown for the four incident momenta, The rise in R for high

Dy,
values of Mmt clearly implies a greater concentration of events in the =t P ﬂo

thap in the =¥ ' n final state. This suggests the production of an attractive
% - ® subsystem in the I-spin 1 state. The lowest known such coupling is the
[f-meson with mass 765 NeV and width 125 ¥eV. The threshold for the production
of a meson of this mass is 1.06 GeV/c. The lowest momentum in this experiment
is 1% widths below this threshold, | As a result the production of the inter-

mediate state /9+F is not entirely unlikely,

(c) Resonance Model fit to ﬂ+p——a-x1 xo N'

The dominance of the excitation of resonances decaying to two particles,
particularly the I = 3/2, J = 3/2 and M = 1236 MeV A resonance, in the experi-
mental Dalitz plots for the reactions (4.1) has been amply demonstrated, We -
now discuss a model to determine the cross-sections for resonance productlon in |
positive-pion proton 1nteract10ns around 1 GeV/c,

The general reaction (4.1) can be considered as a sum of quasi—tw;—body
productlon reactions, with subsequent decay of the excited resonance, with three~
particle phase space as background. - Labelllng the flnal state particles in
(4.1) és (1), (2), and (3) and assuming only one p0551b1e attractive coupling.
Between each pair of particles, the model assumes the following four processes

contributing to the final state:

X'p —> 1+ 2+ 3 (phase space) - ‘ (4o 22)
—> 1 + (23) (442D)
24 (13) . o (ze)
—> 3+ (12) : A (4.24)

The quasi-two-body processes, (4.2b) to (4.2d), split the overall three-
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particle production vertex into a two-body production vertex connected via
a propagator to a decay vertex. The model, following the usual 'isobar'-type
models, assumes that the recoil particle has moved far away from the interaction
region'before the excited resonance decays - that is, further final state
1nteract10ns are 1gnored
The excited pion-nucleon combinations - (13) and (23) - are assumed to be
the I = 3/2, J = 3/2 resonances characterised by their charge, The two-pion
combination in (4.2d) is assumed to be the I = 1, 5 =9 /° -meson, This
process contributes only to the x+;>w°'final state.. No attractive I = 2 (xx)
coupling is assumed in the x'x'n final state. The quasi-two-body processes
and 3-particle productioh via phaée space are assumed to be incoherent,
Process (4.2a) is thus assumed to give a uniform density distribution

over the Dalitz plot within a boundary defined by

sz +X2Y" i}XY‘)" tZX-I— t3Y+ té = O (403)

where X, Y are the invariant mass-squared values of the (23) and (412)

combinations respectively, and
. £° -/-Z m‘?
L, (7 -7 )(5,/% )
¢3,=(zn - )(’f’ - m?)
i;-»(ﬂozzé? 7, ﬂn‘)(f? /72 + n7 -/, )

E is the centre of mass energy and m2, is the mass of the'ith particle,
For processes (4.2b) to (4.2d) we assume, following M, Olsscnho), that the

amplitude for the production of a resonance, in the (ij) particle combination,

and its subsequent decay is.

k= A R(m) (bt

where A is the quasi-two-body production, (k + (ij)), amplitude and R, is the
rescattering amplitude incorporating the propagator and the decay vertex ard M
is the invariant mass of the excited two-body combination, Neglecting angular

momentum. effects the rescattering amplitude is given by Jacksonh1) as
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A

¢ mr) *

Ré(M)o{(%)(MQ-Mz)—LMF [N(C"‘@k)] (.5)
. r r

where g is the momentum of the decay particles in the rest frame of the’ (i3)
subsysten, Mr is the mass of the resonance and [ is the mé.ss—deper:dent full-
width given by

al+1 /O(M) | . .6)

%, (M)

with /;" as the qut.)ted full-width and { the relative orbital angular ‘momentum
between the decay particles, /’(M) is a slowly vafying factor which is
empirically determined, -We use tﬁe form suggested by Glashow and Rosenfeldl*'z)
for baryon resonances /O(M) = M'—,()(zv‘- z?)—[ (4.62)

with X = 0.35 GeV. Combining (4.6) and (4.6a) the final form for the width
is | '

2/ z zN\E .
Fopeed™ myay &+ ) )

The factor (%) reiaresents the phase space distribution for the decay particles

in the rest f‘rame of the sub—system_.‘ Since the density distribution on the
Dalitz plot is being fitted the final form for the fitted density d.istribt.ltion
should be f;ree of any production or decay phase space factors - hence, the
faCf?I‘ (%)E in (k.5). - The factor (-qq;)ze gives the approximate effect of the

angular momentum barrier on the width of the resonance, For the 17 /° —meson

we use the form obtained by J acksonM) from lowest order perturbation theory

calculations
1

' ‘ *
The function W (Cos 6,) in (4.5) describes the distribution of the
. _ ' .
angle, ek s between the decay momentum direction in the sub-system rest frame
and the direction of motion of the 'sub‘—system' in the centre of mass. For

each excited two-body resonance we parametrise it as

//V(Cas.ej) - j-/i Coszez | (449)

M
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with the parameters /é to be determined by fitting the experimental data.

The experimental (7x;+p) mass-squared distributions (figures 4.4 to 4.7)
show the A™ resonance peak-ing at around 1200-1210 }MeV - far below the mass of
the resonance (1236 eV). The form (4.7) for the mass dependent width causes
the peak to shift below the resonance mass. This shift is found to be in-
sufficient to explain the position of the peak. The quasi-two=body production
amplitude Ay must therefore contain the cause of the extra shift in the (xN)
peaks. | , | .

The p exchange ‘model of Stodolsky and Sa.kurailﬁ ) has had a great deal of

L1y)

success in explaining A production in the analogous reaction
+ o +
K P — K P A (4.10)

where the peak in (7c+p) invariant mass is around 40 MeV below the quoted

mass of the &, The Stodolsky and Sakurai model introduces an extra factor
2

Px Px

besides /Rﬂ+p/23nd various phase space factors in the predicted invariant

s where is the momentum of the recoiling K° in the centre of mass
(7:+p) mass distribution, This has the effect of weighting more strongly the
lower values of Mpn+ and hence causing a further shift in the position of the
A peak. So in our model we introduce an extra factor 1 the momentum of the
recoiling pion k, in the amplitude for A production, Thus, for A production we
have T} = ak /?Rk with k =1, 2 and for o+ production T3 = AzRz.

The main aim of this model is to extract the amount of A production in
(4e1).  So any (an) coizpling introduced (the/J-meson in 7:+p no_final state) is
treated as incoﬁerent background along with the 3-particle phase space, -

?r

- Writing a = Oy ei' the fitted density distribution on the Dalitz plot is

2 ! . . -. .
N ¢ ¢2 z 2 2
gy =Clln et R g et 8L A s

vhere P is the constant phase space distribution and a.: is the fraction of phassz

space, C is an overall constant of normalisation which ensures that, for e
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given set of values of the parameters,

dxdY

ff a’Xd)’ = Total No. of events in the chan_nel.
paL7z plot

The lower and upper limits of X and Y, fixed by the particle masses andl
the total ceptre of mass energy, are used to define an N x N grid across the
Dalitz plot, The data fitted by the model are the experimental numbers of
evenfs in each rectangle with at least one corner within the boundary defined
by (4.3). For a given set of values of the free parameters the fitted number
of events in each significant rectangle is determined by integrating (4.11)
over the area of the rectangle within the boundary, This is achieved by
dividing the rectangle into n x n subrectangles, The pontribution of each
subrectangle is added up if its centre lies within the boundary. No approxima-
tion is therefore involved in determining the fitted number of events for
rectangles lying wholly within the boundary, For rectangles lying on the
boundary the number of events predicted by the model are reasonably accurately
determined if the sub-division is fine enough. To achieve this the predicted
number of events in the boundary rectangles is determined by subdividing each-
rectangle into 2n‘x 2n subrectangles compared to an n x n subdivision of the
rectangles lying wholly inside the boundary;

The choice of the square grid is governed by the fitting technique uéed.
The amount of resonance production in reaction (4.1) was determined by minimising
a2§2-over the Dalitz plot. The value of N was thus chosen to give a sufficient
nunber of events in each significant rectanglé for the assumption of Gaussian
errors on the experimental numbers to be valid, The shape of the Eélitz plot
boundary - (4.3) - makes it impossible t§ ensure this for all the rectangles on
the boundary, - The experimental spread iﬁ the centré of mass energy strongly
affects -the aistribution of events in the boundary region, Rectangles on-the
boundary with less than five events are therefore not used in the fit.

For the ' p ﬂ?_final state a 15 x 15 grid ensured %hat all rectangles

within the boundary had more than five events., The following 7 free paremeters
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are determined by fitting the Dalitz distribution at each of the four momenta:
(1) Moduli of resonance production amplitudes =
a - for ﬂ%p —_— =° att
@y - for —s w A and
a3_ - for —— p /9*'. Sincé-overall normalisation -
eqn, (4.,11) - is imposed a, is fixed to unity,
(ii) Phase difference between the coherent o™ ang At production processes -
g=9,-9,.
(iii) Resonance decay distribution parameters -
Bys B, and By for A", &% and o respectively.
The amounts of A anﬁ./o production obtained from the best fit are presented in
Table 4.1a along with the goodness-of-fit parameter (G =:C2/No. of degrees of
freedom) values, Table 4.1b shows the values of the resonance decay
distribution parameters determined by the fit, These are compared with the
value predicted by the Stodolsky and Sakurai modelhj)’ 45). The values
determined by the fits are reasonably consistent with thejo—exchange model
prediction, The invariant M§n+ and Mifﬂo distributions obtained from the fits .
are shown in Figufes 4.4 to 4.7 (dashed curves on the Dalitz plot projections).‘
For the x*ztn Pinal state (with about 1/6th the cross-section of % p7°)
a Suitable distribution of events for aSC2 type of fit was achieved by an.8 x 8
grid, Bose symmetry requirements for this final state reduce the number of
free.parameters to two;
(i)- a-modulus of A" production amplitude:and
(i1) B - the A" decay distribution parameter.

4

The amounts of AY production in the =« 7'n final state, the goodness~of-fit

parameter values and the values of the At decay distribution parameter in this
channel .for the four momenta are presented in Table 4.1c. The fitted invariant

2

Mnn+ and M§t+x+ distributions are shown in Figures 4.8 to 4.11. This simple

model is obviously unable to explain the dip in the middle of the invariant
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M2ﬂ+n distribution present at all incident momenta,

The overall A ang/)production gross—sections are presented in Table 4.2
along with the fractions of single pidn production reaction these resongnce
production processes explain, The estimate of total resonance production
obtained by this simple model is close to 75% of the total single pion
produdtion reaction at each of the four momentum, These fits have ignored
the possibility of any strong I = % pion nucleon coupling which would contribute
mainly to the xtntn final state. The large amount of phase space required by
the fits to this‘channel could equally easily be replaced by such a coupling.
This lends support to attempts to partial wave analyse the single pion
production reaction (4.1) on the basis of quasi-two-body production of
resonances (subsystems) of known spin and parity. Just such an attempt is
presented in the next chapter.

L. Production Angle Distributions

*

The production angle - ei - of a particle 'i' in the final state is
defined as the angle between the direction of motion of the particle and the
incident pion direction in the centre of mass frame -

;B
> >
IP4®]

and p the three-momentum of the incident pion in the centre of mass,

*
cos B, = s where pi is the three-momentum of particle 'i!

(a) x'p x° final state

Figures 4.13 to 4.16 show the production angle distributions for
thé three final state particles obtained in the presént experiment. _ The main
feature of the n° distribution is the preferentially forward (cds e;o = 1.0)
_emission of the x°, With increasing incident energy this shows a téndency to
turn over at cos 6* = 1.0, A secondary peak in the backward direction also
appears to developvwith increasing incident energy. The/Oezchange model of
Stodolsky and’Sakurai43) for A production predicts a dipping differential

% .
cross-section near cos Bﬂo = 1.0, .The model is, however, unable to explain

the significant population in the backward hemisphere, where a secondary peak
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develops even when events outside the A* nass region (1.16< Mpﬁf £ 1.30) are

L46)

ignored.  Tautfest and Willman are able to get reasonable agreement with the

experimental cos 6;0 distributions for the reaction ﬂ+1pd>A+*'n° at 0,94, 1.11
and 1,265 GeV/c by imposing a ﬁ-channel micleon exchange process as background
to the t-chammel e -exchange process, |

The 7" production angle distributions are all reasonably symmetric with
respect to the.forward and backward hemispheres'with a dominant c052 6 term in
the expansion, The cos 6; distributions show thevprotoﬁ being emitted
preferentially backwards with a dominant cos € term which Olsson and Yodh14% 16),
17), 40) explain as the result of interference between a dominent Dg/2 wave in
the initial state and a small RI wave,

2

Following Kraybill et al.47) wé select x° a** events from the overall

xtp x° final state with 1,16 £ M ¢ <1.30 and £it the cos 6.0 distribution

_ obtained to the expansion

do”
»
deos or,

(Los &, )] (4.12)

»Thé’order (L) of the highest Legendre polynomial, F, , with a significantly
non-zero coefficient CL in the above expansion, determined by the F-ratio
test, is found to be 4, 6, 6 and 7 at the four incident pion momenta, The
values of the coefficients are presented in Table 4.3 and are plotted in
Figure 4.17. These values are>in reasonable agreement with previous results#7)
with the exception of C1 which is sigpificgntly greater. _ Neglecting interferenée
effects between the x° A™ and the x*A+ states (estimated to be a 10 - 15% effect
at 800vMeV), Kraybill et al, set out a formalism relating the coefficients with-
' the amplitudes for the L L (27) transition amplitudes for the reaction
ﬂ P _4> wo A, Loand L' are the initial and final state orbital angulaf
momenta and J is the t&tal spin, A Qualitative conclusions can be drawn about the
relative strengths of the transition amplitudes ffom a study of the energy

variation of the Legendre polynomial coefficients,. We shall return to these

conclusions in the next chapter where az partial wave analysis of single pion
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production is presented,

(b) = _x n_ final state

" The centre of mass production angle distributions for the = and the n
are shown inr Figures 4.18 to 4.21. The x distributions are symmetric showing
a dominant cos2 6 term. The cos e: distribution shows a slight preference
towards the backward direction for neutron emission. The backward to forward
asymmetry is 1.42 : 1 at 895 MeV/c and drops to 1.15 at 1040 MeV/c, | At the
highest momentum the distribution, apart from a pronounced peak at cos 6* =-1.0,
is almost uniforﬁ.

4.5 The ( (B ., §) Distribution

It has been pointed out that the first step in the partial wave analysis
of elastic scattering is the determihation of the coefficients of a Legendre
polynomial expansion fit to the differential cross-section distribution as a.
function of the centre of mass scattering angle. The generalisation of this
to the three particle final state requires a judicious choice of the five
independent variables describing the state, such that the effects of total

angular momentum conservation can be separated from the dynamics of the inter-
' 2 2

=M S -
1= Moz s

a convenient choice is the three Euler angles comnecting a fixed frame to a frame

action, Besides the two sguared invariant masses - S and 82 =
attached to the three particles. It is usual to choose the Z-axis of the former
along the direction of the incident pion in the centre of mass system. When the
scattering takes place off unpolarised targets the scattering is independent of
the- choice of the X-axis of this frame, This leaves only two Euler angles to
study. The Z-axis of the frame fixed to the final state is chosen to be the
direction of the normal to the plane containing the three particles (the
production or the Dalitz plane) and the X-axis is chosen along the direction of
one of the three particles. For reactions of the type (4.1) li. De Beer et.al.ha)
choose the nucleon direction as the X-axis, This is perhaps the most . appropriate
choice since the nucleon couples strqngly wifh both the pions to form reéonating

two-body subsystems,
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The two angles cqncerned'are then the two polar angles ( (:), @) -
Figure 4.1 - of the incident pion in this frame, The differential cross-section

for given values of S1 and 82 can be expanded in spherical harmonics in cos C:)

and § as: .

do £t M m _
= A(S,5) s M B (5,5 )5
d5dSIGs@A G ;Z [L (%:%) ¢+56(3,%) Mf]x

Mot

X B (cos @) (4.13)

Integration of (4.16) over the Dalitz plot (S1 and 82) gives

ML o . ” |
o’a’fgc{é = ? M%—L [CL Cos Mé—l— DLS/') Mé;]& (CoS@)
(a1k)

Parity conservation requifes the moments; C% and D?, for odd values of L + M

to be consistent with zero, The values of the moments for even values of L + I,
as obtained in this experiment, are presénted in Table 4.4 for the<w+'p x° final
_state and in Table 4.5 for x* =x'n final states for values of L up.to,6. The
moments for L ='7 and higher are consistent with zZero. The significance of

this and of the energy variation of the moments, shown in Figure 4.22 (where the

moments consistent with zero at all four momenta are not shown), is discussed

in the next chapter,
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Table L.,1a

xA (1236) and pp+ (765) vroduction in x'p >x pr°

L(iﬁzsr}zt)m Stp + xA (mb) | %x'p —>pr+ (mb) °7t+p+§.:pgs (Totel G = XZ/ND
895 7.47 & 0.23 144 + 0,05 10,22 + 0.17 1 .62
945 8,18 £ 0.75 1.05 + 0.58 10,66 + 0.16 1.42
995 7.43 + 0,61 1.5%5 + 0.21 10,58 + 0.16 1.69

1040 6.98 + 0,50 1.66 + 0,15 10.50 + 0.18 1.60

Table LI-.1 b

*
Resonance decay distributions - (1- a 0526 )

a for resonances—» @ -exchange
: AT, p‘K+ At px® model P+(765) + e ©
Momentum (MeV/c) prediczion for
895 0.46 + 0.05 | 0,85 + 0,13 0.6 ~20,22 # 1.32
95 0.50 + 0,04 | 0.61 % 0.11 0,6 - 9.4 & 9.17
995 ' 0.60 + 0,04 | 0.42 + 0.19 0.6 - 1.30 + 0,61
1040 , 0.59 + 0.05 | 0.47 + 0,17 0.6 0,28 + 0,21

Table 4.1¢

xtat production in 7\'.+p ->1c+7:+n and AT >t decay distribution - (1 -« cos26*)

Momentum (MeV/c) | %*p »x*aA’ (ub) 2:5_‘:17‘?; rr;b) o for .Aff-> et G = %/ND
895 0.36 + 0.08 | = 1.70 £ 0,06 |-0.02 + O.bk |- 1.5
95 - | 0.61 £ 0,08 | 1.83 + 0.06 | 0.32 + 0.21 2.02
995 0.19 + 0.06 | 2,03 +.0.06 0.91 + 0.43 2.3L
1040 0.53 + 0.09 2.10 + 0,07 0.61 + 0.23 2.01




Table 4,2

+ 1
Resonance Production in m p— %, N

Nomen- + + + Total reson- Tz?zzicli-zn % age of;
tum ®p—RA N P—pe P ance produc- pcross-— resonance
(MeV/c) in mb in mb tion cross-— section produc-
section (mb) b tion
895 | 7.83 + 0.2k |1.14 + 0,05 | 8.97 + 0.2 11.92 + 0,18 7542
945 18.79 £ 0.75[1.05 + 0.58 | 9.84 + 0,94 | 12.49 + 0.17 |  78.8
995 | 7.62 + 0.69[1.53 + 0.21 | 9.15 £ 0.65 | 12.63 + 0.17 | 72.5
1040 | 7.51 + 0,51 | 1,66 + 0.15 | 9.17 + 0.53 12,60 + 0.19 72.8
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Table 4.3
P in
Lab 895 o5 995 1040
MeV/c ;
” c AC AC c AC c AC
0 1.37 | 0.03 1.47 | 0.03 1.52 | 0.03 1.5 | 0.03
1 0.9 | o.o04 4.08 | 0.02 1.23 | o.ou 1.3, | 0.05
2 0.22 | 0.05 0.37 | 0.05 0.52 | 0.06 0.77 | 0.06
3 0.02 | 0,06 | -0.18 | 0.06 | -0.09 | 0.07 | -0.1% | 0.06
i -0.21 | 0.07 | -0.23 | 0.07 | -o.42 | 0.07 | -o0.5, | o.08
5 - - -0.14 0.08 -0,42 0,08 -0.35 0.10
6 - - -0.17 | 0.08 | -0.02 | 0.06 | -o.5 | o0.44
7 - - - - - -0.28 | 0,11
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| CHAPTER 5

Partial Wave Analysis of Single Pion Production

5e1 Infroduction

The various phase shift analyses6)’ 7, 8), 9) of elastic pion-nucleon .
scattering suggest that the S1, P3, D3, D5 and F5 partial waves in the I = 3/2
state are inelastic around 1 GeV/c incident momentum. The S1, P3 and D3 are
most strongly inelastic and are believed to be resonant around this energy
(see Table 1.1). These resonances, excited in the s-channel in a formation
experiment, are expected to decay more strongly to an inelastic rather than the
elastic channel,

In the energy range of the present experiment the.dominant inelastic
channels are the two single pion production channels, Multi-pion production -
cross-sections given in Tables 3.6 and 3.7 - contributes only around 5;9% to
the total inelastic cross-secfion at these energies, As such multi-pion
production is ignored in the determination of the inelasticities of the incident‘
paftial waves, | | |

It should be possible to extract most of the information about the
inelastic nature of £he iﬁcident partial waves using a model based on an
angular momentum decomposition of the single pion production reaction (4.1).

In particular, the inelasticity para.meters,'\"ets should be determined more
accurately than from elastic scattering alore and it should be possible to
deduce the nafure, resonant or otherwise, of inelastic scattering in these
pértia; waves, A comparison of the.total inelastie cross-sections, as obtained
from experiment and from the inelasticities determined by the CERN elastic

phase shift-analysiss), is shown in Figure 4.3.

In the last chapter the dominance of attractive twoébedy couplings in
3-particle final states has been demonstrated. Final states with a two—bc@y
subsystem of known spin and parity and a recoil particle therefore form a

natural basis for an angular momentum decomposition of single pion production, -
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In Section 5.2 we discuss earlier attempts to fit the experimental features of
single pion production on this basis., In Section 5.3 the formalism used to
explain the results from the present experiment is presented.

The I = 3/2, &= 3/2% resonance, the A (1236), is the most dominant two-
body subsystgm. One or more of the incident partial waves are therefore aséume&
to be strongly coupled to the mA quasi-two-body angular momentum states. In
Section 5.4 we discuss the important features of the individual ﬁ+p —> ©A
transitions with fixed incident and final orbital angular momenta. In Section
5.5 the model uééd to fit the results at the four incident momenta is presented
and the fitting procedure described in detail, Finally, in Section 5.6 we
present the results of this phenomenological fit, the values of the reaction
cross—-sections and the inelasticities of the incident partial waves,

5.2 ZEarlier Models for single pion production

The first attempts to angular momentum analyse single pion production
were made gy Olsson and Yodh1h)’ 16), 17), #0). In this model attractive
couplings between the pion and the nucleqn only are considered in fhe final stéte.
These are the A (1236) and the I = 1/2, J = 1/2 N' around 1400 MeV. TFor each,
either pion can bé coupled to the nucleo£, taking due account of I-spin
conservation, to form isobars (nzN') and (x1N'). Labelling these subsystems
(1) and (2) the individual matrix elements are denoted by T (1) ana ut (2),

I being the totai isotopic spin. The overall amplitude is given by

ol W @ed @t (5.1)

where o' are the Clebsch~Gordan coefficients connecting the initial I-spin
state to the final I-spin state via the production and decay of the isobar,

For the ﬂ+n°p final state produced via the intermediate xA state

3 3 )
P T Ty - i ) oo
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Each matrix element is considered as a'produét of two parts - (i) a
production matrix element for isobar production and (ii) a decay matrix-element

describing the isobar decay. The following notation is used:

L - incident orbital angular momentum
L' - relative ofbltal angular momentum of the recoil
plon
- J - total spin
J - spin of the isobar
and [ - °  relative orbital angular momentum of the decay

in the isobar rest frame
and the transitions from the initial state specified by L to the quasi-two-body
final state specified by L' are denoted by (JLL'). = The matrix element is

written as

MJ{’; 1) = P Y 0% (5.3)

The production matrix element P is of the form

J;.Z‘ LL } / )./’
Fop s a” ) (Pz) £ CO RN CH N
’ f .
1, J, L, L' . : - . "
is the complex amplitude for the production 'vertex' for the

where a
transition (J, L, L'). The factors (%i)tand (;EgLare approximations for the
centrifugal barrier effects in the initial and final states with mj and mge
‘as the reduced masses, Fé(1) is the angular part of the matrix element in

the centre of mass system, The decay matrix element is assumed to be of the

form-

J, £ J e 4
D)y epyr .1 . F (1) (5.5)
=iF A

My =M= 217

for a resonance of mass Mo and energy dependent width /. q; is the momentum

of the decay pion and FD(1)'is the angular part of the decay matrix element in
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the isobar rest frame. (5.4) and (5.5)-separate out all angular effects of

ﬁ§’25 i, (1) into a 2 x 2 matrix element connecting the nucleon.spins.in the
H ]
initial and final states -

F (1) =Fp (1) x Fp(2) | (5.6

The modulus-squared of the matrix element, wiﬁh-appropriate transformations
into a common frame of reference, is given by
PLE ST AN My, (LT84 1)
/M = / . /(/(/(/’( )Y ©a 1./1 2 +

j;l,L’
Te2y. M,  (1TLL )4 z)/ (5.7)
7"D< ' /“,/l/{ :;”‘/l)

whereA¢i and.t% are the z-components of the nucleon spins in the initial and

final states, For more than one transition contributing

IMPP = s g M | (5.8)

57, rer LA L

The four variables, chosen by Olsson and Yédh, for the individual partial wave
amplitudes are the kinetic energies - T4y and T, - of the two pions, the cosine it

/U:( - of the centre of mass production angle of m, and the cosine -7Z- of the

1
angle between the production and the decay planes,
 Olsson and Yodh assume only S-wave production of the subsystems - the
A and N¥(1, 1)". For the production of the A the only transition assumed is,
therefore, the DS3 which gives a value for tﬁé ratio ﬁ, =C¥k+nop/c7¢{ﬂ+n,.
slightly higher than the observed value; - To improve the fit to b&th final
states they include fhe N*(1, 1)7, in the PS1 transition, as background to the
dominant DS3 ®A transition. They obtaiﬁ reasonable agreement with experiment
at all.incidenf energies around 1 GeV/c witﬁ constant strergths for the two
‘amplitudes. |

Since the S1, P3, D3, D5 and F5 partial waves are inelastic, around 1 GeV/c

it seems unlikely that only the D3 wave is coupled to the dominant inelastic
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channels, Also, angular momentum and parity conservation allows D-wave
production of thg A from an incident D3 wavé. The 0lsson and Yodh modél seems
to oversimplify the situation as far as single pion production is concerned.
with the poor statistical accuracy of the experimental datazz) it is not
sﬁfprising that the modél succeeded in explaiping the features of single pion
production, The choice of the DS3 as the only domihant'partial wave 1s based

on the behaviour of R as a functlon of incident energy and of RM (::

;z; Tty ////;UJVJ”*n /) as a function of M, at fixed incident energies.
e Lav/ad

In Figure 4.1% the values of RMﬂ s 28 obtained in the present experlment are

shown. The values, obtained by Olsson and Yodh, of R at 945 ¥eV/c for the

Mrx

DS3 transition and for the DS3-FS1 fit are also shown, The agreement between

the curves and the present experimental results is rather podr.

5.% The Formalism

Deler and Valladaszo) (DV) have set out a general formalism to partial
wa§e analyse a reaction of the type

Meson (07) + Earyon (%) —> Meson (07) + Meson (07) + Baryon (31)
where the final state particles exhibit strong attractive two-body couplings,
We use a model based on this formalism to explain the single pion production
results obtained in this experiment.

The amplitudes used by Olsson énd Yodh are expressed in terms of the
c.m, production angle (6) of the two-body subsystem (henceforth - the isobar)
“and the angle (@) between the decay and proauctlon planes, along with the
‘kinetic energles of the mesons. - DV use a more natural pair of angles - the
polar angles ( (:) § ) of the incident pion with respect to a 3-particle system
with its Z-axis along the normal to the production plane and the X-2xis in the
plane (see Figure 4.1) and set out the amplitudes in terms of the Dalitz plot
co-ordinates and (:Z éi

If ¢ and V define the initial and final nucleon spin statés and the overall
matrix element is T p then the differential cross-sectioﬂ in the four variebles

Y,
is given by
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dore__ 1 / o’w c/w"dws@dﬁ

4Z N3 /uv (509)

The notaticns and symbols ﬁsed in (5.9) and the equations that.fbllow are
defined in Table 5.1. Considering the production of meson-baryon iscbars of
known spin and parity we can define a set of transitions from the initial state
to the recoii particle - isobar state by the guantum number (J, L, L', j, ! ).
Hence
et
,Z» = /}Z{ %L, ( 7}}( ),uv : (5.10)

where the sum of j, { signifies the sum over all possible isobar producfion.
The formalism set out below applies fo reaction (4.1).

For the production of the quasi-two body final state ﬂ? (ﬂg N'), wheré
o and B denote the third components of the pion isospins, in a particular

transition (J, L, L', j, {) the matrix element is written as

TLL : : y :
/R _ / . t 17 éll.
(7;}l /)”v =z g ' Cn,ow : Cot,en, '/]/?%i/ . AN ’V4‘:’/
1'7(7162:
J;L)L:'J)[ ,l’ ’J’ 13 l)n .
.7, ,/fuv g, %, @, F). 2" (5.4

where the X-axis of the three~particle system:is chosen to be along the bisector
of the two pion directions. .The angleﬂ,1 2llows for the pure Lorentz

transformation of the final nucleon spin from the iéobar rest frame to the c.xz.
J LLi¢.
}lv

momentum states. It contains the complete angular dependence of the overall

is the matrlx element connectlng the initial and final angular

matrix element for the process aN->w, (nzN'). Using the helicity formalism

of Jacob and Wickh9) the expression obtained for the angular matrix élement is

'\
N %%
NO

4+J
2z, , 2T/ — .
,]:» @, 9) - 1/ o w7 Z ()
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where x = A —M{*. The summation over f extends from /J - '15/ to JT+%f o

The angular amplitude for the production of the state 7&2 (ﬂ;ﬁ\l‘)in the same frame o

reference is

TLLH . N o :
£ 0,8,8) (OFCE) o Lxplime)

-8, -
MY

Performing all the summations in (5.4) and (5.5), except the summation over m ,

we get

I'4
L )
4548 imeg,

o
fw €.%,8,9).3 @ 506" s b, 6s 4" (8 5) %

}(5.1&)
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The four matrix elements for each isobar production with u, vy = * -’2-,~ are
4D %
=R
W,y

For the eight transitions SD1 to FP5, with the notation LL'2J, for alN-—>=A the

expressions for f“v (6%, 0; @, é) are given in Table 5.2.

If excitation of the A(3, 3) resonance alone is responsible for single pion

reduced to two independent elements by the general propeftyjf” »

production the overall amplitude is givén by

JLsz 4
: ‘hrant s R
;)’ = ‘%l . /7(;))
R £12 10,4,
=1 1/2.74/ 4N z C* % [4w 7T e
27y 1 2 }/7— {Cn, XN apn fg ' 7 W, ).
7 (4 /7 ’
I, 42,1 211 412 e 8t
.J[ rhr (9,*,33,@,@). etvn,+Cz. z 4‘a)z .71- 2 (sz>‘
/U)) 2 ’ZﬁN a“ﬂz "
2
r4,L; 3, .9 @ F on, :
. (' =2, ] ) A (5-1 5)
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13,1 - ' , '
TiIL;z’ A (v, Wi)’ @ependent only. on the total c,m., energy and the two particle
invariant mass, is the matrix element between the initial and the final angular

momentum eigenstates - viz,
/
LIML; 34, T3 [T|TML;451%  (5.46)

and can be considered to be the single pion production amplitude via the mA
intermediate state in the (J, L') final wave from a (J, L) incident wave. It
is factorised to separate out the A-production vertex amplitude from the A-decay

amplitude and the centrifugal barrier effects.

7

R ITNIAA 76,05 L NPT
7. We)=A, w). (%‘.).V(Mwé)(zi) (5.17)

where m; and m, ére the reduced masses in the initial and the intermediate: .

recoil particle - isobar states respectively. A is the complex production
amplitude for the isobar and is determined by a fit to experiment. The factors
93, a : . . .
QE.) and (== are the approximate centrifugal barrier factors, as in the
i mk
Olsson and Yodh model.  V(W, Wk) represents the propagator and decay amplitucde

for the isobar given by

Viw, @) ( i;"é), car) 5.1€)
%

2 7y .
(wo "'wk)" Lwof’

'wherevwovis the mass of the resonancé and " its energy—dépendent width, This
form is similaf to the one - (A.5) - used in the resonance‘model fits of the
preceding chapter. The decay distribution function w(cos-e*k) in (4.5) is
dropped since the spins and orbital angular momenta are properly treated

in the present formalism., The forms for thevenergy‘dependence of I’ have been'
set out in Chépter 4 - equations (4.7) and (4.8). |

The above formalism applies to the production of'bion—nucleon isobars onliy,
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For an attractive (xx) coupling in the finai state there are three angular
momenta to be coupled. These are the relative angular mbmentum of the.pions
l,, in the dipion system, the spin of the recoil nucleon and the relative
angular momentum, L", of the nucleon-dipion system. By coupling (' with the
spin Qf the nucleon to give an angular momentum j' and by coupling this with L"-

the calculations for the amplitude are similar to pion-nucleon isobar production

" Yt
czse. The angular part of the matrix element is then fﬂﬁL HER L(B*, 010 -

613, C), Q). In obtaining the expression for this the spin states of ?he
nucleon are always cOnsideredvin the c.m, systems and hence no pure Lorentz
transformation is involved,
A x+p_initial state is a pure I = 3/2 state; the sum over I in (5.15)
reduces to a single term. Ve write the amplitude fér the‘procéss mfp —> A
' for the transition (J, L, L') as |

/
I, gL

A Il /
_ /s q(. L ¢ ard * % L
Ty =A (w)(,_n:)[T(«&).zfj» («?,%,@,cﬁ)(@),b |
54 * < : L
7 (%, -5 ,-6, % 5 |
# %y ( 2,7,@,5)(@”_ (5:/9)
with 7 ) o X V(W)

T(w) -ev(ww) (520

and m, =m

1 2°
For the n*pr® final stateol. == and KX . = ~-2; vhile for the x*x'*n
- ety 2757 T

final stateo(1 =C12 = - 1 which includes an overall factor of L for Bose

5 2
symnetry, . ) .

Since the dependence of the angular part of fhe matrix element on (:), é
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is in terms of spherical harmonics it is trivial to determine the density dis-
tribution on the Dalitz plot for a given transition. The expressions obtained

by integrating (5.9) over (:), é are given in Table 5.3,

5.4 Features of the ﬂ+p —> ®A transitions

The amplitudes,'sét'ogt in the preceding seétion, for the process n+p —> ®h
include the isotopic spin Clebsch-Gordan coefficients for the production of the
two charged states of the A and for thelr subsequent decay. The relative
strengths of the twq single pion production processes for a given transition
(LL'27) can be easily determined by integrating the appropriate expression in
Table 5.3, The values of the ratio R, for ﬂ+p —> 1A transitions up to a
maximum J of 5/2, are presented ianable 5.4. R, determined experimentally,
decreases with énergy from a value of about 6 at 895 MeV/c incident momentum
to gbout 4.8 at 10L0 1'eV/c. The DS3 and éP1 are the only x'p —> 7A transitions
that give the right order of magnitude of R, Following Olsson and Yodh, one
wbuld expect these two transitions to contribute strongly to single pion
production around 1 GeV/e, The decrease with energy in the value of R seems to
suggest a small contribution of FP5 at 1040 leV/c, if not at an earlier momentum.

A study.of R as a function of the-two—pion effective mass at fixed centre
of mass‘energy for a given transition can be undertaken by integrating the
appropriate expression in Table 5.3 over theirange of the pion-nucleon efféctive
mass. The resultant vélues of ROMﬂﬂ) for the various n'p —> ™A transitions,
.at 995 MeV/c incident pion momentum are shown in figures 5.1a and 5.1b. As
discovered by Olsson and Yodh the DS3 transition seems to follow the experiment,
'particularly over the middle M., region. The high pezk in R(Mﬁm) for the PM1
_ transition for values of Lo between 450 - 600 MeV gules out thisitransition‘
as tﬁe dominant process contributing to single pion production, Distributions
R(Miﬂ) for the DD3 and DD5 transitions are also reasonably close fo experiment,

The DS3, DD3 and DD5 transitions are therefore eipected to contribute
strongly to single pion production with small, but not insignificant, contribu-

tions from the PP1, and perhaps the SD1 and PF3, transitions from a éomparison
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of R(M,,) with experiment. |

Comparison of the experimental two~body invariant mass-squared diétribu—
tions for the two single pion production channels with the predicted .
distributions for the individual transitions gives further information aboqt
the relative strengths of these transitions., Figures 5.2 to 5.5 show these
distributions at 1040 ieV/c incident momentum. The curves in these figures
are obtained by normalising to the total number of one-pion production events
at 1040 MeV/c. They are not normalised to the individual histogram.

The transitions with J = & show strong peaks in (nx) mass distribution at
the low and high mass ends - the SD1 transition more so than the PP1 transition,
The presence of the former is thus ruled out and the gmounéﬁ;P1 is expected to
be small, The inelasticity of the incident S% partial wave is therefore
expected to manifest itself in a final state different from the A state,

Of the two P?ﬁz transitions PP3 is likely to contribute more strongly
in spite of its higher values of R and R(Mﬂm) than the PF3. The invariant
mass distributionsfor this transition are generally more consistent with the
experimental distributions in shape than those for FF3. A small PF3
contribution is 6ertainly'expected. Between them the PP3 and the PF3 tranéi-?{

tions should account for the inelasticity of the P incident wave.

3

Both D§/2 transitions - the DS3 and the DD3 - ife expected to contribute
strongly to the process, It is obvious from figure 5.% that the DS3 transition
alone cannot explain 311 the features of one-pion production, The M2ﬁ+ﬂ+
distribution is ciearly not well explained bjlthe DSjltransition; The
concentration of events in the high M2x+n+ region is better explaiﬁed by the
presence of the DD3 és well, - |

0f the two J = 5/2 incident transitions a strong contribution from the DD5
is suggested. A small contribution from the FP5 transition is perhaps likely _
at a 1040 . eV/c if only to give a lower value of R at this incident momentum,

The angular momentum barrier factor for the mA final state in the amplitude

(5.17) has the effect of weighting more strongly the low invariant n+p) mass
& 8Ly
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region of the Dalitz plot for non-;ero I', This weight is stronger for higher
values of L'. It has been pointed out in the preceding chapter that the N
peak in the (K+p) invariant mass distribution appears about 30 lieV below the
quoted masg of the A. As such one would expect the trénSitions with high values

of L' to contribute strongly to single pion production,

5.5 The Model and the fitting procedure

The simple resonance model fits to the experimental Dalitz plot
distributions have shown thatVA production with a recoil pion accounts for
60-70% of all single pion production, around 1 GeV/c. ='p —> mA is therefore
the dominant inelastic process in this region. As such the highly inelastic
incident partial waves - S1, P3, D3 and D5 -« can be expected to go- into this
channel, The results of the various phase shift analyses of elastic pion-
nucleon scattering are in‘disagreement_about whether the I = 3/2 F5 wave'is'
inelastic in this energy region. | |

The most likely %' p ~» mA transitions can be decided by studying the
energy variation of

(i) the Legendre poiynomial expansion coefficients - €, - for the
cos 8% , distribution for xtp — x° AT (1,16 < ”‘512: - € 1.3) a process that
can be reagonably clearly selected from the ﬂ#pﬁo final state, and

(ii) the moments C%/ﬁ% in the expansion, of the (@D, é ) distributions
for the two single-pion production processes, in spherical harmonics.

Figure 4.17 shows the values of the C;'s obtained, . Coéfficients C5 - C7
are signifiqantly non-zero 2t the higher ircident momenfa.' Under the formelism
set out by Kraybill et a147) this suggests the presence of a small amount of
T-wave production of the 2™, F-wave production of the A can be initiated
. from the incident Pjﬂgnd F5 waves, VWie would expect the angular momentumn
barrier effects to favour the férmer.

A significently non-zerc and negative C, is explained by D-wave production

4
of the 4 in a J = 5/2 state. The increasing negative value of this coefficiert
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with energy suggests an increasing amount of P wave production with 5/2 total
gngular momentum, The values of(%, therefore, suggest a strong-DDS,t%ansition
at all incident momenta and a small amount of FP5 at the highest momentum,

Thé moaents C%/D% - Pigure 4.22 - are consistent with zero for values of
L :}7. This implies that transitions with J = 7/2 are not needed. The
significant non-zero values for L = 6 at the higher momenta suggest the
presence of a small amount of the F5 incident partial wave, This lerds support
to the need for inclusion of the ¥P5 transition in the model. The presence of

both the P3 and the D3 incideht waves is suggested by the non-zero values for
L =14,
i to

So in a model based on n+p —> 7tA as the dominant process givingLonepion
production around 1 GeV/c one needs to allow for transitions with J = 5/2
with orbital angular momentum between the incident pion and the proton equal
to 3. Restricting the relative orbital angular momentum of the recoil pion
and the A for the F5 incident wave to 1 we have eight possible transitions from
SD1 to FP5, These are listed in Table 5.4 éléng with the values of the ratio |
R for these transitions at the four incident momenta,

The threshold incident pion momentum for the process ﬂ+p —4>ffp is
1060 1leV/c. However the high concentration of events in the high N (ﬂ+§o
region is only explained in the resonance model by a small amount (8-13% of
total single pion production) o@0+ production. This evidence florces us to
incilude this process in the model for éartial wave énalysis of one-pion
pfoduction. Due to the centre of mass momentum in.the/9+p final state being
small it is valid to assume that the p -meson and the proton are produced in an
§ -wave only, By parity and angular momentum conservation only an incident
S1 wave can-pfoduce this final state.

The resonance model fits of Chapter 4 also require about 12-18% of 3~
particle phase space in single pion production, A major part of this phase-

space is required to explain the xntn final stzte. This suggests that
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production of other attractive two-body couplings which contribute more to the

39)

x"5'n than the * pr°® final state., Bowler and Cashmore

in a similar'attempt
to determine the inelasticities of the I = 3/2 incident partial waves introduced
an I = 2 attractive (nm) coupling produced in an S-wave from an incidert P4
wave. Olsson and Yodh1h)? 16), 17, hO)’ on the other hend, included
I =% (r - N). rescattering effect, with i =-%-- |

We are restricting the model to production of resonating subsystems only.
The lowest knowm I = ¥ (n=N) resonance is the P11 Roper resonance with mass 1480
1eV and width of the order of 250 MeV. The threshold incident momentum for
producing a nucleon resonance of this mass with a recoiling pion is 910 lieV/c.
Only the 895 MeV/c momentum in this experiment is below this threshold.
Moreover the width of this resonance is twice that of thep-mwson and as such
it's production, ét even lower indident momenta, than that of the present_
experiment, is not at all unlikely. - As in the case of p production the centre
of mass momentum in the ®(xN -~ 1480) finsl state is small.. It is thus valid to
assume that the‘recoil pion is produced in an S-wave relative to the (=N) réson-
ance at and around 90 MeV/c incident momentum, Again, by parity and angular
momentum copservation, the incident 51 wave feeds this final state,

The model, as outlined above, assumes that all single pion production is

caused by the production and subsequent decay of the A (I = 3/2, &= 3/2%,

M=1236 and 7 = 120),’ thep" ( =1, F = 17, M = 765 and I = 125) and the
N (T = 3, JP = %*, M = 1480, M = 260) résonance with a recoil particle.
Pure three-particle.production,'withéut ény ﬁon—resonatiﬁg final state inter-
actions between the particles, is assumed to be negligible. The S1 (1640)
resonance with I-spin = 3/2 is thus allowed to decay to =4, /a+p or ~N* final

states while the P3 (1690) and the D3 (1688) are assumed to decay to the mA
| fihal state only. |

There are a total of ten amplitudes and ten phases to determine at each

incident momemntum by fitting the experimental data. The functional dependence

of the transition amplitudes on <:) and @, takes the form of spherical harmonics,
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As such interference between transitions with different JP values, for the
incident partial waves, does not affect the Dalitz plot distribution, intgr-
ference between the three transitions - s (x*p —> =A), SS1 (x"p _ﬁ75p) and
SS1_(u+p —> xN*) - involving fhe S1 incident partial wave has to be taken into
account in‘fitting the Dalitz plot distribution, The same is true for the two
P3 transitiogs and the two D3 transitions - the PP3 and PF3 and the DS3 and DD3
x+p —> %A transitions, Hence a total of>ten.real amplitudes and four phase
differences can ?e determined by fitting the Dalitz plot distributions. alone,

Within the frame-work of fhis model it is clearly possible to determine
reasonably accurately the dominant incident partial waves involved in single pion
production, A description of the fitting procedure adopted to determine the
14 parameters, mentioned above, is presehted below,

The procedure adopted is similar to the one used to determine the amounts of
resonance production in the preceding chapter. At each incident momentum the
‘two Dalitz plot distributions are fitted simultaneously. A 15 x 15 grid across

2u+p distributioh leads to about 180 rectangular bins with a

the 'M2ﬂ+7c'o . M
significant area within the boundary. The smaller total number 6f events in the
A& n final state forces the use of a coarser grid (10 x 10) across the"

M4+ ov. M2 4 distribution. This contributes a further 86 bins, The
vexperimentél number of events (Ni) in each bin is determined and biné with fewer
than five events are rejected. This only affects a few bins in the boundary
region in each Dalitz plot. A total of zbout 260 data points are used in the
fit, , -
For a given set of values of the free parameters the fitted-number of

events S/%) in each bin is determined with overall normalisation condition

22?1/924 = Total number of 3-body final state events observed,

c

The best values of the parameters are obtained by minimising the total chi-square
MINUITSO) is used to perform the minimisation,

Preliminary fits with widely different starting values for the parameters
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were done to study the behaviour 6f the&Cz over a wide fegion of the 1Ardimen-
sional space., These led to the following conclusions:

(i) The function -2% _has 2 single unique minimum independent of
the starting values.

(ii) At 895, 945 and 995 NeV/c the amplitude for the FP5 transition is
consistently zero. Fits at these incident momenta with FP5 amplitude fixed
" to zero give essentially the seme 202,

(iii) The phase difference between the two D3 transitions - the DS3 and
DD3 - is equal to =-x at a11 incident momenta.

(iv) The SD1 transitions appear to be consistently n out of phase with
each of the other two S1 transitions - the SS1 (x*p = x*\* ) and
ss1 (x'p - f;p). This implies that the two SS1 transitions are in phase
over-this_energf region,

The final fits were thus done wifh FP5 fixed to zero at 895, 945 and 995
MeV/c and with the above mentiqned phase differences fixed, The phase

difference between the two P3 transitions varies with energy.

5.6 Results and Conclusions

The final values of the parameters obtained at each momentum are given in
Table 5.5. The effective mass-squared distributions, projected out from the
final fits for each of the two 3-particle final states are shown in figures
4.4 to 4.,11. These fits are.olearly an improvement on the resonance model
fits of the preceding chaptef, espeqially for the xfm+nAfinal state. it ié
Aclear;.from Table 5.6, that the model is able'to‘explain‘the energy variation
of the ratio (R) between the two oh#nnels. Figure 5.6 shows excellent agree-
ment between the fifted and experimental values of R as a function of the two-
_ pion-effective mass at each energy. |

The main aim of‘this analyéis is to determine the inelastic cross-sectiorns
for the various incident partial waves and hence to evaluate the inelasticity
parameters. The cross-sections and the values df-q for the 81, P41, P3, D3,

D5 and F5 partial waves are given in Table 5,7. A direct comparison of the
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inelasticities with the results of the elaétic phase shift ahaly;es‘can be

made by looking at the energy variation of (1 —7 ) Figure 5.7‘show; these
along with the results of Bowler and Cashmore39) from a similar analysis in the
600-800 leV/c region and the values obtained by the '"CERN Theoretical' and the
'Ber&eley Path 1‘51) phase shift analyses.

The main conclusions of this analysis of single pion production around
1 GeV/c for the 1nd1v1dua1 incident I = 3/2 plon-nucleon partial waves follow:
(2) 831

In this model this wave-is coupled to three inelastic final states -
xA (1236) in 2 D wave, the ' N'T(1, 17) in an S wave and the/o+p in an S wave,
In agreement with the Bowler et al.results, this wave appears to be weakly
coupled to the ﬂA final state, We estimate the branchlng ratio -

(S31 —%>’ﬁA)/(S - all 1nelast1c channels) - to be around O 5 - 0.20. ° The
dominant decay mode is = N with a branching ratio of around 0.5 - 0.7.

‘The inelasticity of this wave is considerably smaller than that suggested
by the results of the elastic phase shift analyses. It is unlikely that the
amount of the contribution to this wave is underestimated; the’threshold for
the production of a m-x coupling with a central mass of 765 MeV is above the
present energy region. The I = & JP = %ﬁ 7 - N coupling at 1470 MeV, it

“has been pointed out, is the dominant coupling produced from this wave, This
coupling has a branching ratib of decay to the elastic and the Nax channel 6f
60 : 40, , The. analysis provides an.estimate of the amount of the production

ivof the n+N*+ state decaying into a fhreé body final state. This eﬁables us to
evaluate the amount of four body final states produced via this intermediate
quasi-two~body state from an incident S1 wave, Table 5.8 gives the
inelasticity parameter7 , (1 - 72) and O:;.‘ for this wave including this
estimated 4-body confributibn,to this wave. Only the values at the highest
momentum are cons1stent with the CERN results and whereas the CERN results show

a falllng cross-sectﬁon we flnd a rising cr0ss-sect10n with energy,
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The model used by Bowler and Cashmore does not couple the S3y wave to the
ﬂ+N*+ final state, Since they find that the wave is weakly coupled td the =wA
state they get most of the inelasticity in the)d+p final state, Being even
lower in energy than the present experiment it seems theyvoverestimate the
ambunt of © -meson production,

The inelastic cross-section for this wave (with or without the 4-body
contribution from the w+N*+ shows a rising cross-section with ehergy. The
results from the present analysis, within the energy range covered, are
consistent with.resonance scattering in this wave, |
(b) Pz

The model assumes that the oﬁly inelastic channel to which this wave is
coupled is the mA only. The fits show - Figure 5.7 - considerable inelasticity
at the lowest momenta falling to zero at the highest. This is in good agree-
ment with Berkéley results, The GERN results show practically'no inelasticity
in this partial wave over this energy region.
| The model of Bowler et al. allows this wave to feed a final state with a

nucleon as a recoil particle with an I = 2 (nx) coupling - a P81 transition -
as well as a P wave ©A final state. The iﬁelasticity they determine agrees
well with the inelasticity from the analysis at 895 MeV/c.

The sharp fall in the ineiasticity seems to suggest strong structuré in
the parfial wave near 1 GeV/c,

() . P33

The amount of inelasticity agrees with the CERN results at lowest momentum.
Thé present results,»however, show a sharp increase above 950 LeV/c, Again
this energy variation is consistent with Berkeley results rather than the CERN
results,

Bowler and.Cashmore seem to find a lower inelasticity btetween 600 - 860
1eV/c than the CERN results., This wave can feed the mA state in an F
pesides a P wave, .The present ana}ysis in&iéates a significant amount of F

wave production of the nA state even at the iqwesf momentum, The acsence of
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the PF3 transition in the Bowler and Cashmore model could explain the lower
inelasticity they observe in the P33 wave, |

The results clearly do indicate the presence of resonance scattering in
this wave, but seem to suggest sharper structure than seen by the CERN results.
(@) s

The inelasticity in this wave agrees well with the CERN results and is
significantly higher than the Berkeley results. Together with the results of
Bowler and Cashmore the results are consistent with a broad resonance in this
ﬁartial wave,
(e) Dss

The fits show a surprisingly large inelasticity for this partial wave
around 1 GeV/c, The inelastic cross-section goes through a peék of 5.15 mb.,
in this region., The Berkely results show a similar rise in the inelasticity
followea by an even more dramatic fall to almost zero at 1 GeV/c. A similar

7)

energy behaviour is observed by the Saclay ' phase shift analysis in this
paftial wave, CERN results are in complete disagreement with these results.

It is clear that inelastic scattering in this wave has a stfiking structure
not dissimilar to resonant>behaviour. An eyeball fit to the inelastic cross- |
section (including the results of Bowler and Cashmore) suggests a resonance at
1640 MeV with a width of about 80 + 20 NeV, |
() T

 The amplitude for this wave is small and as it is determined by_fitting the
Dalitz plot distributions alone the results are likely to be inaccurate, The
fits reQuire the amplitude to be zero below 1 GeV/c, At the highest momentum
the inelasticity is small but significantly non-zero. This is in reasonable
agreement with the CERN valueé of the inelastiecity in this region, Over the
present'energy the inelasticities for this partial wéve are in good agreement

with the Saclay7) results. The Berkeley analysis, however, shows a high and

rising inelasticity for this partial wave,
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The rising ij and D55 inelastic cross-sections over this energy region
are consistent with the presenceof resonances in these partial waves at around
1690 Mév; as reported by the elastic phase shift analyses. The inelasticities
of these waves are well explained by the wA inelastic final state alore, The
results for the 851 wave provide similar evidence for resonant behaviour. But
the inelasticity in this wave is considerably lower than that determined by the
analysis of elastic scattering, The reported 331 (1640) resonance is weakly
coupled to the mA final state - a similar conclusion is reached by Bowler and
Cashmore from their analysis of single pion production from 600 - 800 MeV/c,
The present results also suggest the existence of considerablé structure in the
P51 and D35 waves over this energy region in agreement with the results of the
Saclay and the 'Berkeley Path 1' phase shift analyses,

It ;hould be pointed out again that the results described above have beén
determined by fitting the Dalitz plot distributions alone for the ﬂfnop and
x'ntn final states and that fitting the>(<:), Q ) - see Figure 4.1 - distributiqns
alohg with the Dalitz plots could be expected té result in slight adjustments to
the amplitudes for the various transitions, Particularly, the sﬁaller
amplitudes would be more accurately fixed., The general conclusions, however,

are not expected to be altered.
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Table 5.4

Notations and Symbols

-—p
q.
Momentum of the incident pion in c.m, 0Z = 2

0X in the production plane ql\
Total energy in the c.m.

Totdl angular momentum, its third component and

relative orbital angular momentum in the initial state

-Reducéd mass in the initial state

Momentum of n1(2) in the c.m.

Polar angles of the (sz) subsystem in the c.m. relative

to the 0XYZ frame

Invariant mass of the (12(1)N) subsystem

Spin and helicity of the o-particle - (aN) - subsystem

Orbital angular momentum of (nN) subsystem and its
third component along OZf OZ* = _35§22

=

.]q1(2)|

Momentum of the nucleog in the Qx2(1)N) subsysten rest

frame,
, * k%
Polar angles of the nucleon in the 0X Y Z frame.
* .
0X is in the X - Z plane,
Relative orbital angular momentum of the recoil pion
and the (nN) subsystem,

Angle between L and xz

and N in c.m.

in c,m,
Angle between =,

Total I-spin and its third component.
Isospin of the subsystem (x2(1)N) and its third comporent,
Third component of'the nucleon isospin.

Clebsch=Gordan Coefficients



127
Table 5,2
Angular Amplitudes
J.P +
A) zN —>=A (I =3/2, T = 3/27)
. - *
WAVE ggxgoﬁgil . AMPLITUDE £,,, (6°, 0, @, )
NSF 0
1) SD1 |
SF - g (emer 205 8”) (@, $)
NSF _276:. (65/}19 +2(5$9) YI
2) . PP/ '
SF —;,}-g- (CSme* 265 6%) Y,
L]
NSF 2/3_5 (5'05/n9+ L’as@) );
' 3) PP3
SF - [25'45/»94-&)59 )Y 3(¢5m¢9-65 9))’]
NSF. 6059 Y .
2,’3?7 -
L) FF3
- 3 ¥ L Y ¥ 1
SF _ _____/'“50 )/ _ (245”;9.;.3&3549) )2' ]
s
NSF : .:,Sm@,c&.sa Yl o+ (LSIn&’ bs 9))’ ]
7 [
5) DS3 : s A
. SF —V._ /’5((,5/09+(059)Y + = (LSIAQ-CZSQ)Y]
. NSF ['go.,a)’ (21«5//769+ 4’59>Y]
45
6) DD3 |
| ‘SF _L/-,/j Cos 6’*)"2_ l(_za',fm 9*+ Gs 9*) )2’°j
NSF (5'¢5/n9 +¢;0)Y (2&.5'/ 9-!-659)7’]
: 2[:
7) DD5 o
SF —2’;——5/} (5T Sn &%t Gs 6¥)7’2+ _3 (2¢ S &% 655*))2/7
NSF. S &% Los® 2 2gse ! (1 5n 656"
4[_ ( » )7 - )’+ (l " J;
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| ) |
WAVE SPIN FLIP . AMpPLITUEE,, (6,0, @ ,8)
OR NON-FLIP o |

8)  FPS | .
z2 [l % %\ .3 x. ! . D N
Sw—wiCEY / O-
SF ZWZZE nz9+659)?;_7/‘%650 23’/—/-;/';:5(‘&” és&)?‘;]
B) =N ->aN _(I=1/2, & = 1/0%)
NSF 0
9) Sst
sP F(C5n™ s o) Y°
C) AN > N (I =1/2, & = 1/27)
! °
NSE 25 )
10) PS4 ‘
/ -~/
S -_—
| ' 7 7
D) mNINPE =1, 5 =17)
- NSF -0
11) Ss51 .
SF Z’-(L"J/ba”f. 4,9*) é"% Zo
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Table 5.3

Dalitz Plot Density Distributions

WAVE . DISTRIBUTION

N - 7A waves

* 2 4
DI ot [Tany (130897 (8 )4 T 1038550 (B Y +

. : .. =
+ 2Re [T*ZW,) Tty [e5(™+ G+ G )+ 355 G056 G5 & —

e Sn(g e[ (55 )7
. (4 2

O(/T(w,)/z(/-l-.?&:zg,*) (%)ﬁ/r(wz)/’-(’/ﬁ as‘&z*)(?m{ z,

+2Ee[7(w) T(azz)][s&‘;se los 8] + (o5 (§7+§ )]( ‘l%

5 w3 . | ,
K [T w)) * (44245087 ) (% Y+ [Ttwsy [ 4024 567 ) ( _j_;z Y+

s 2,02[7‘*}14),) T(w,) [zo.s (2*492_*)_/_ 3&:(g’*fgz*_ 20,2) -

.’ %* M zzl
. 2450.79. 5/;:‘93.](,?2,”‘).

L) FPF3 ) ,2' . . p .

= /T(w)/ (4+8s 9*)( Z) .,:./T(w,)/ (’4.;.8 6s @G )( 2:.) +

# 222[7‘ (W) T(w,)][casg s g (34565 28,) ¢ 165 (6% E+28,)
- 25/1020 5/;)(0 + € )]( 2?)

5) Ds3

X [ 7ty [% [Ty 2R [T T J%(8+ - &)
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6) DD3 |
| | , o
UV’ Yot Ty (& y'e 20e[T @ T(53]

mm,

.[505(9,*4-%*4- )+ los &, los (&, +9)](€2 )

V DD 4 , 2 % %L 4
D Tty R (8430 57N (%) [ aeso 5N (BN 4

. ¥ % .
b 2R [T ) T(w,) [[@s(69/+6" G)+ 2810, 65 (93 €L) -

| | ;
L3 *
_ 30459, 5n8 8 + 5tos (9,"39,—39,2)] (%%)

8) F¥P5 . .
" 2
. O</7(M)/ 203+ 6651&;*)(,%)2_,. /T(wz)/2(3+t'0529:) (,%1) -

4 228[771;},) T(I(&).][Ca: 9,*45 %*4- Sbs (Q,'f—a- Qz*__’ 2 %)](%7,‘,'%)

) Note: - m =nmnmn

B) aN->aN (I =4, & =3

9) ss1' | N ~
O(/T(a),)/ip/T(w,)/?_f 2/?6[7"*(00,) T(wz).][as(gf.,c 9:—- &,)

) Wom (14, 35 =4

R [TCwy 2 [T 0wy %4 2RE[T iy Tts)
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Table 5.k

(z*p = x*2x°%)

( K+P - 7t+1t +IQ

for n+p —>RA Transitions

Incident Momentum
MeV/c —
895 . o45 995 1040
Transition '
(L, L', 27)
S 7653 751 7.48 7.46
PP1. 5.59 5.65 5.68 . 5.7
PP3 12.00 11.67 11.38 - | 11.15
PF3 7.55 7.55 | 7.5t  7.50
DD3 6.89 . 6.89 6.89 | 6.89
DD5 6.87 C 6.87 | 6.87 1 6.87
FP5 3.7k 3.86 3.95 v 4,0k
E#perimental 5.96 + 0,21 |5.69 + 0,18 | 5.04 + 0.16 | 4,76 + 0,16




a) Moduli of the transition amplitudes

Table 5.5

Final Values of the Parameters

132

Incident |
Momentum 895 945 995 1040
Transition
SD1 1,05 + 0.32 | 0.884 + 0,152 { 0,987 + 0.170 0.861 + 0.136
PP 2,30 + 0,18 | 1.97 + 0.18 1.0 + 0,33 0.0 + 0,63
FP3 1.33 + 0.1 | 0.933 £ 0.105| 1,60 x 0.08 | 1.38 x 0.05
FF3 0,191 £ 0.024 | 0,122 + 0,017 | 0.162 + 0,010 | 0.155 + 0.011
DS3 1,01 + 0.07 | 0.936 + 0.006 1.09 + 0.07 1.24 + 0.1
DD3 0.122 + 0.018 | 0,092 + 0,013 | 0,052 + 0.017 [ 0,047 + 0.13
DD5 0.158 + 0.019 | 0.169 + 0.008 | 0.127 + 0.010 | 0.09% + 0.008
FP5 0 0 o | 0.039 5 0.007
sS1(x'N) [15.5 £+ 1.0 [16.6 +0.79 | 24.8 £ 0.8 [23.7 % 1.0
ss1(p'p) |22.5 4.7 |18.3 x£1.5 | 16.5 2.0 |13.4 1.3
b) Phase differences (in radians)
L2J(Fina1 -
states) 895 945 995 1040
s, D(ra/s | & x x T
8, D(xA/S (_f?+p) x x 5 x
D, S(ma)/D(xA) - s = =
P, P(r2)/F (nd) “1.73 + 0.22 | -2.43 + 0,18 | -1.82 + 0,15 [ =1.34 + 0.12
* Fixed value
¢) Goodness—of-Fit
(mentun 895 %5 995 1040
G =?C2/ND 2.11 1.70 1.96 1.92
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Table 5.6

The Ratio (R = o'ﬂ+p“o/¢ﬁ+ﬂ+n)

Inciiinﬁegjgentum R (experimental) R (from fit)
895 5.96 + 0,21 . 5.95
995 5.0k 0.16 5.05
1040  h.76 £ 0,16 .88




Table 5.7

and Y\, for the incident partial waves

134

cj;nelastic
Centre
of mass-
ene .
(Mﬁx%' 1612 1644 1669 1694
Lo, 23
S| 0.89 + 0.0 | 4,03 + 0,04 | 1.66 + 0.08 | 1.52 + 0,07
S
by _ ‘
Y\ | 0.896 + 0,012 | 0.868 x 0,055 | 0,758 + 0,014 | 0,765 & 0,012
O | 1.72 + 0,19 | 1.51 & 0.20 0.1 + 0,18 0.0 .
P31 | |
T, | 0.789 + 0.026 | 0.798 + 0.030 | 0.946 + 0,02k 1.0
0| 2.65 + 0.2 1.59 £ 0,20 | 4.02 + 0.2 3.88 + 0.21
P | ‘
3 | 0.840 + 0.017 | 0.900 + 0.013 | 0.696 x 0,020 | 0.688 4 0.021
0| 3.57 +0.3% | 3.20 +0.30 | 3.4 £0.29 | 3.94 1 0.7
P33 E |
~ M| 0.777 £ 0.024 | 0.786 + 0.023 | 0.772 + 0,024 [ 0.682 & 0,047
O | 3.0 £0.53 | 5.15 £ 0.35 | 3.42 +0.36 | 2.4 1 0.29
P35 »
| 0.839 + 0.030 | 0.768 + 0.018 | 0.840 + 0.018 | 0.885 + 0.015
_ oy 0.0 0.0 0.0 0.85 + 0.20
35 |
m 1.0 1.0 1.0 0,960 + 0.009
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Table 5.8
851 Partial Wave

Inelasticity - (1 —T\?) -+es$imates including the 4-body
contribution from the "N T (1470) intermediate state

Present Analysis CERN;Results*
‘M?men;u? (T; '
MeV/c . o)
in 2 in
(mb) n 1 -1 (mb) N -rf
895 1.18 0.86 0.26 - 3.6 0.45 0.80
U5 1.42 | 0.82 0.33 3.5 0.1 0.83
995 2. 0.62 0.62 341 0.46 0.79
1040 2.2 0.63 0.60 2.68 0.55 0.70

* T -values interpolated from values at near-by momenta
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