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Sznog sis

A bubble chamber experiment is described using data from the
C.E.R.N, 2 m bubble chamber filled with deuterium and exposed to a
4 GeV/c 1r+ beam, Measurements are presented of the U, 5, 1r+ beam
momentum, and the level of contamination in the beam is estimated. .

A brief review is given of the computer programs used in the processing

of 2 m bubble chamber film for physics analysis,

The channel

1r+d->psp1r+1r-(d =2.10i:0.17mb) (1)

is investigated and cross sections are obtained for the quasi-two-body

reactions
nTdsp p o0 (o =L20%0.16mb) (2)
and 1r+d->pspfo (o =0.53%0,06mb) (3)

An Estabrooks and Martin amplitude analysis is made of
reaction (2) using 5279 events from the mass interval

2
0.68< M__< 0,88 GeV/c
T
Results are presented on the spin structure and production mechanism

of the /oo meson, A comparison is made of the results of this analysis

with those of a higher energy m p experiment and the predictions of a
m exchange absorption model.

-~
The isospin zero S wave wr scattering phase shifts are obtained

for wrm effective mass less than 1 GeV/cZ. Evidence is presented



favouring a set of phase shifts rising slowly through the rho region

2
to be 900 at about 900 MeV /c ™ in ww effective mass,

-+ An investigation is also made of the branching ratios of the £°

. . + - .
meson into final states other than 1 w . These include

n+d—-:~psp KK (4)
1r+d——5psp 2t 2a (5)
1r+d-—->psp 27 21 1° (6)
1r+d-——>psp st MM (7)
1r+d—->psp 2'1r+211'--MM (8)

where M M indicates missing particles, Evidence is presented for

£° decay into channels (4) and (5) and the decay rates are measured,
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Introduction

. + . .

The main purpose of the 4 GeV/c m  d experiment is to study
neutral meson resonances which contain a single neutral decay product
and which are unable to be fitted in the charge symmetric 7~ p interaction
owing to the presence of two neutral particles in the final state. Among

o o A0
such resonances are the vl/ , the w , the A , and the/'z<. (1670), In
s . - +
addition, several reactions can be studied in both v p and w = d,
Notably, information can be obtained on the mr interaction, available as a
. e s +
well-constrained 4 - c fitin w d.

The experiment was planned as a collaboration between the

Rutherford Laboratory, and the Universities of Birmingham and Durham,

and thefirst exposure was undertaken in the C, E.R.N. 2m bubble

chamber during the summer of 1970, The author has been concerned

with the preparation and analysis of the Birmingham share of the data,
A second exposure was made in December 1972 and altogether the
collaboration has at its disposal 750, 000 pictures,
So far the collaboration has investigated forward and backward
/o 0, £° and «° production and coherent deuteron production. Subjects

of interest in the future include hypercharge exchange reactions and a

study of the whole neutral three pion system,
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CHAPTER 1

Chamber and Beam

1.1 Exposure Details

This report contains an account of a w * d experiment at
4 GeV/c undertaken at C.E,R.N, using the 2 m chamber and U, 5 beam.
The 2m chamber was double-pulsed for this experiment with two
20 msec expansions,. separated by a gap of 150 msec, Each double-pulse
is separated by about two seconds during which the C. E.R.N. accelerator
and beam system serve other experiments and the internal accelerator
beam is regenerated. Deuterium at a temperature of 31,3 °K is held
in the bubble chamber at a pressure above the saturated vapour pressure
of deuterium [Fig.l.1], and, on expansion with a piston, the pressure is
reduced below the saturated vapour pressure leaving the deuterium ia a
superheated state, Charged particles passing through the chamber lose
energy through local heating of the liquid at the 1;ate of about 0.25 MeV/cm
by ionising the deuterium and so initiating bubble formation. The bubbles
marking the tracks are recorded in stereoscopic photographs using
an electronic flash, The number of bubbles per cm of track length is
regulated by the temperature and pressure inside the chamber and is
usually adjusted to be about 14 for a relativistic particle. By varying the
relative timing of the beam entry and the photographic flash, it is possible
to adjust the bubble size in the chamber, However, the bubble image
size obtained on film is essentially independent of this, being the
diffraction spot from the real bubble magnified by the optical system to be

approximately bubble size,
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Fig. 1.1 EXPANSION PULSE OF THE 2 m CHAMBER
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A schematic diaéram of the 2m chamber is given in Fig, 1.2,
together with the coordinate system used in this experiment, It should
be noticed that this is a left-handed system. On each of the planes
are etched fiducial marks which appear on the film and which enable
geometric reconstruction to take place giving accurate spatial information
about the paths followed by the charged particles. As the positions of the
fiducial marks are known beforehand, the effects of camera lens distor-
tion and film stretch may be parameterised in the reconstruction.

The U.5 beam is 181 m long from the external target to the bubble
chamber and, when used to separate pions, contains only one Radio
Frequency (R.F.) separator of 9 MW power. If the beam consists of
the wanted particles phis a majof contamination, the phase velocity of
the R,F. cavity can be adjusted until there is zero net deviation through
the cavity for the unwanted particles while the wanted particles are
obtained with a slight sideways deflection, The ability of the R.F.
cavity to separate pions from protons is shown in Fig, 1.3 whichis a
beam profile after the R.F, cavity across the front of the beam stopper.
The central peak consists of protons, absorbed by the beam stopper,
while the outer wings contain pions. There is almost complete separation
between the two groups of particles. A detailed analysis of the beam
contamination is given in the next section. The momentum bite of the U. 5.
beam system, with the conditions used in this experiment, is about 0.25% .

Operating details of the 2m chamber and the U.5. beam are given

in two C.E.R.N, handbooks [Ref, 1].
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1.2 Contamination of the Beam.

+
Any contamination of the ¥ beam must be made up of the three
+ 4+ s .
charged particles p, K, o . The muon contamination is particularly
difficult to estimate. However, several methods may be employed to
estimate the various contaminations present,

+ . .
K Contamination,

+

To estimate the K contamination 3018 3 - prong events from
six rolls of film were tried in tle kinematics program for fits to the

+ + + - . .
decay K —> 7 m w . No fits were obtained. The 37w mass spectrum ,
using measured quantities for the tracks, was plotted and no peak was

+ - ’ . . .

observed at the K mass, All events, except one, in this region had
missing quantities inconsistent with zero. This one allows us to

. . + s
estimate an order of magnitude for the K contamination.,

The total path-length of the beam on the 6 rolls was 1,96 x 107 cm

which, from the expression

N< C'EP

\}lm

(where 7 , p and m are the kaon lifetime, momentum and mass, L is the

L =

path-length and \% is the K+—> 1r+ Tl'+ ™ branching fraction), requires
about 365 3w decays if all the beam were pure kaon., The one event
therefore corresponds to a beam contamination of 0, 5% (after a correction
of 4512/3018 for the total number of events seen on the film compared to
the number actually measured). This implies that the K+ contamination

is negligible.



Proton Contamination ,

An indication of the proton contamination came from measuring
two rolls of 4 GeV/c proton film. The calculation partly follows the
method of Gordon [Ref.2], and involves three assumptions, the last

two of which may be verified in various ways:-

1. the beam in the proton film is pure proton.

2. the probability for a proton induced event to "best fit" (i.e. to have
a greater kinematic probability for) a pion beam hypothesis is
approximately twice the probability of a pion induced event "best
fitting" a proton beam hypothesis, (Verified by studying FAKE
events), This assumption, while correct kinematically, is not exactly
correct at the final Data Summary Tape stage owing to ionisation
information., For each event there is, in general, one slow proton
besides the spectator which is usually identifiab.le by ionisation,
This means that the protoz{ contamination found by this method is a
slight over-estimate.

+ +
3. c(rd — ppm 7): c(pd—ppp ™)
+

d) : O

tor (T ror ( P9

(Verified by interpolating between the data points of Ref, 3)

The "best fits™, as shown in Table 1,1, were obtained for the
pProton beam film and for a subsample of the pion film, The final result
has been found to be insensitive to any cuts of spectator momentum or
kinematic probability, Ionisation probability also does not help.much

as an event which is kinematically ambiguous is usually ambiguous by



Table 1.1

Best Fit.  "Pj Film", "Proton Film",
. dwp_pw T 4550 14

pd—=p_ppm 910 49



ionisation estimate also.

From the pion and proton beam film, the number of times an
event "best fits" the opposite 4 - ¢ hypothesis can be obtained, giving a
"chance fit" parameter from the proton film which can be applied to
the pion film, Any excess fitting of the proton beam hypothesis in the pion
film gives the proton contamination. Such a method gives a proton

contamination in this case of 6 + 3%.

A more accurate method of determining the proton contamination
is to make a special scan for g—rays on several rolls of {ilm. The
maximum momentum of a g—ray depends on the rnomentum and mass of the
particle interacting with the electron., Protons at 4 GeV/c produce S"
rays with a maximum momentum of about 20 MeV /c whereas light
particles (pions and muons) produce g- rays with a maximum momentum
of about 750 MeV/c., By counting the number of S- rays between two
limits above 20 MeV/c and comparing the number so obtained with the
theoretical cross section [ Ref.4], the number of light particles in the

beam may be found, The theoretical cross section between two momenturn

limits is given by
- M

25,5 x10°2° | [T T In /
c( P, — PZ) = T max - max |- /P2

‘max p1 P, Pl

where ¢ is in barns and the other quantities are in
MeV. T max is the maximum possible kinetic energy of a

S - ray for this particular beam.,
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Five quarter rolls of film were scanned for g— rays in seven
equal momentum intervals between 21 and 167 MeV/c. The number of
§ - rays found in each interval is shown in Table 1.2, A beam count
was made also and the number found in each interval compared with
the theoretical cross section., The resulting distribution is shown in
Fig. 1.4 after a correction for a scanning efficiency of 91% found from
check-scanning one quarter roll, Fig, 1,4 shows the observed distribu-
tion to be in good agreement with prediction, Although it is the total
cross section between 21 and 167 MeV /c which is important in this
calculation, the fact that the momentum distribution is in broad agreement
with the theoretical prediction is a confirmation of our analysis.

Then, fraction of light particles in the beam =

Experimental total cross section in the 7 intervals

Theoretical .o

=0.995 4+ 0.07 mb = 1.00 + 0,07
0.9932 mb '

corresponding to a proton contamination of 0 + 7%,

A more qualitative method can also be used to observe any
proton contamination, By replacing the pion beam with a proton, we
replace the 1r+ with a proton in the final state giving the possibility of
N;K resonances in th.e resulting proton-pion mass plots. No such effects
have been seen, From these several methods it can be stated that

the proton and kaon contaminations are consistent with zero.

Muon Contamination.

We can approximately estimate the muon contamination from the

+ . ¢
total ¥ d cross section and our é-— ray count of the number of



Table 1,2 Momentum Distribution of é- Rays.

Seven equal momentum intervals between 21 and 167 MeV/c,

Interval No, of 3-— Ravys
1 788
2 ' 273
3 117
4 62
5 31
6 30
7 17
Total Beam Track count = 42900

Total No. of beam tracks with
§ - rays = 1318

Total No. of beam tracks with
§ - rays and a subsequent
interaction = 92

n

Efficiency of a single scan for Srays 91 + 5%

Efficiency of a single scan for $ rays
with the beam track subsequently interacting

85 + 20%
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Fig, 1.4, S—Ray Momentum Distribution



interacting beam tracks which also give a (g- ray between 20 and
167 MeV /c.
Fraction of pions in beam = No, interacting beam tracks with

fast g-—rays

No. expected (from the total = T4 cross

section of 57 mb)

1

85 + 25%

which corresponds to a muon contamination of 15 + 25%,

An improvement can be made on this muon contamination estimate
by considering the geometry of the C.E.R.N, U,5, beam [Ref.1].

Pions decaying at 4 GeV/c in the 181 m of beam line preduce muons
with an approximately flat momentum distribution between 2.3 and 4 GeV/c.
Only 44% of the 4 GeV/c pions separated at the start of the system will
survive to reach the bubble chamber, Of the muons that are not
swept out of the system previously, the vast majority are removed by the
- M5 - M6 - C9 combination forming a 1% momentum acceptance., Therefore,
most of the muons in the beam at the bubble chamber are from decays
in the last 8.7 m from C9 to the chamber., This corresponds to a

muon contamination of about 6%.

1. 3. Determination of the Beam Momentum,

+ ) .
As the 7 d experiment is intended to be a high resolution
experiment, it is essential that the beam characteristics be known as
well as possible. Various checks which have been made on the beam

momentum are outlined below.
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During the exposure at C, E.R, N, the beam momentum at the |
final collimator was estimated to be 4. 050 GeV/c. This figure was taken
in our initial tests as the value of the beam momentum in the chamber.

Jowever, there is naturally a loss of momentum between the final
collimator and the fiducial region in the chamber itself (whose entry point
is defined in the 2 m coordinate system to be at x = - 15 cm). This loss
of momentum can be calculated from the known amount of metal, plastic
scintillator and air between the final collimator and the fiducial region
and is about 15 MeV /¢, giving a beam momentum in the chamber of

4,035 GeV/c.

The magnetic field in the chamber, to which the measured momen-~
tum is directly proportional for a given radius of curvature, was checked
by plotting the effective mass of the two pions which constitute the decay
KOS——> T + 7w , and by seeing whether the resulting distribution was peaked
at the accepted Ko mass, 318 KOS decays from the first rolls measured
in the experiment gave an average effective mass-squared of

0. 2477 + 0.0003 ( GeV/cZ)2
compared to the present world average [Ref, 3] of

0. 2478 + 0.00015 (GeV/cz)z.

-Other possible systematic sources of error in geometric
reconstruction, such as spatial distortion in the chamber, liquid motion,
etc., have been checked out as far as possible., Unfortunately, two rolls
of so-called zero field film taken during the exposure, which would have
been very useful in distortion studies, were found to be un-usable; .owing

to a residual field of about 0.3 Kg remaining in the chamber. This was
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found by determining the range and radius of curvature of several
hundred slow g ~rays.

The simplest method of determining the beam momentum is to
measure a series of beam tracks and to use the Geometry Program to
fit them to a mass-dependent helix, The resulting momentum at the
point x = - 15 cm can be obtained using the Range-Momentum Table in
the program. Accordingly,2679 beam tracks were processed in this
way and the resulting distributicn was found to peak at 4. 04 GeV/c
with a width, owing to measurement error, of 150 MeV/c. Taking 764
of these beam tracks with a track length greater than 60 cm, for which
tﬁe measurement error-is slightiy better, gave a distribution peaked at
4,035 GeV/c. However, with such a large measurement error spread
and with several possible systematic errors inherent in this method, these

distributions can only be considered as a guide to the beam momentum.

A second, more accurate method is to consider the well

constrained reaction

T * d — pprw * 1r
One can obtain the real beam momentum by inserting a nominal
momentum into the kinematics program and by looking at the resulting
fits to this reaction. The "Missing Px" for this reaction (defined as
the difference between the momentum of the beam and the sum of the
measured momenta of the outgoing tracks in the x direction) is the
amount by which the beam is incorrect, This method should be more
exact than the measured momentum method as,in this case, information

from the whole of the well-constrained event is considered and any
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systematic errors in track measurement should be reduced. The
"Missing Px" for a large part of our initial data, using the nominal
value of 4.050 GeV/c, was found to peak 15 MeV /c above zero, indicating
that the nominal value was too high by this amount.

A guide to this discrepancy had already been obtained from a
small number of events by considering the momentum "Stretch Function"

defined as

\ \
s = () - (el

A1 )2 (A 1 )2
P nominal - P fit

which should, on average, be zero, if the nominal beam momentum value
is correct., In addition, if the errors on track measurement are calculated
correctly the Stretch Function distribution should have an approximately -
normal distribution shape with a standard error of 1. 0. The variable
'1/p! is used as its errors are more normally distributed than 'p!

owing to the fact that measurements are made of sagitta rather than
radius, By varying the nominal beam momentum, one can observe the
variation of the Stretch Function mean value, as shown in Fig, 1.5 for

305 events .of early data. Itis clear, even from these few events, that the

beam momentum should be much lower than 4. 050 GeV/c.

The spread in the Stretch Function distribution, together with

the distribution of the kinematic probabilities for these fits enable us to
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estimate the effective uncertainty in the beam momentum. A flat
distribution of the kinematic probabilities is obtained only when both the

error on beam measurement and the error on the secondary tracks

are cstimated correctly. By adjusting both these quantities for a large

sample of the data an essentially flat distribution of the kinematic
probabilities was obtained together with a standard error of the Stretch

Function distribution of about 1, 0 when the effective uncertainty on the

beam was + 15 MeV/c.

Similar values of the beamn momenta were arrived at independently
by the Rutherford Laboratory and consequently the whole data were

processed using a beam momentum of 4, 035 + 0.015 GeV/c.
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CHAPTER 2

Present Technical Status of the Experiment

2.1, General,

Birmingham received over one third of the film from the first
exposure, amounting to approximately 130 thousand pictures or 171
segments (quarter rc‘)lls). The scanning and measuring were undertaken
in two parts. In the first 25% of our film (Part 1), operators were
instructed to measure essentially all events, except for one or two
prong scatters. In the remaining three-quarters (Part 2), however, the
operators mcasured only those events corresponding to an interaction on
the neutron of the deuteron; in other words, only odd prong events or even
prongs with a stopped spectator proton with a projected track length less
than 20 cm, on all three views. In addition, they continued to measure
events containing a neutral strange particle deca'y (vee), irrespective of .

whether these events were proton or neutron interactions.

Occasionally an event is found to be unmeasurable. A large
number of events fall into this category because of a secondary interaction
of one of the outgoing tracks, making the track too short for measurement,
However, the largest number of unmeasurable events, at the first
measurement stage, are those with another beam track being very close
to the event vertex, making event identification by the H. P, D, (Hough
Powell Device, a Flying Spot Digitiser) very difficult. Most of this

second category though can be obtained at the remcasurement stage,
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Even so, any loss of events into this category should not bias the
data in any way. Events considered unmeasurable at this first

measurement stage are designated 'Recorded Only’,

Scanning and measuring of Birmingham film were completed in

October 1971 and yielded the following number of events:-

Measured .Events Recorded Events Total
Partl 23501 6712 30213
Part 2 45477 13039 58516
Total 68978 19751 88729

The "Recorded Only" number for Part 2 includes 4300 events
containing a charged strange particle decay (kink) which were not
measured in this part of the film,

In addition, for contamination estimate purposes, two segments
of 4 GeV/c film taken with a proton rather than a pion beam were
measured, With the data from Durham and the Rutherford Laboratory,

the first exposure contains about 180 thousand measured events, the last

event being measured in late 1972,

Only about 81% of measured events reach the final D, S, T. (Data
Summary Tape), mostly owing to Geometry track failure and (for Part1l
events) rejection by physicist at the final selection stage. All of the
failed events from Part 1 were attempted for re-measurement by

Conventional measuring machines, yielding another 3, 500 events for the
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D.S.T. At the present tiﬁe/a number of the failed events from Part 2

have been re-measured,most of the vee events having becn completed,
Mecasurement of the second exposure of this experiment began in

June 1973. However, data from this exposure is not contained in this -

report.

2.2, The T4 Processing System [ Fig, 2,1].

The w * d 4 GeV/c experimer;t was the first experiment at
Birmingham to be processed by an almost completely automatic system,
After two view pre-measurement by operators on SHIVA digitising
tables, the third view was reconstructed by computer. Computer
reconstruction of the third view speeds up the measurement rate
considerably, The film was then measured by the H, P, D, which provides
accurate track position and ionisation information after the HAZE
pattern - recognition program [ Ref. 5], The pre-measurement on the
SHIV A tables is necessary so as to provide guidelines (or "roads")
either side of each track within which the computer controlled H, P, D,
records all bubble positions, Pattern recognition is used in HAZE to
sort all the information within the roads and, by using an averaging tech-
nique, provides accurate coordinate measurements (Master Points) along

the length of each track.,

The Rutherford Laboratory chain of Geometry and Kinematics
programs was used [Ref. 6] with various Birmingham modifications,

Events, which failed Geometry at the first pass were manually aided using
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the C.R.T, HAZE-FIXUP program., Here an operator is able to

correct any misplaced Master Points on a track and to pass the corrected
track back to the Geometry program., Any events which still {ail are
tried for re-measurement by Conventional machines at a later date.
Conventional machines are manually operated and, although slightly less

accurate than an H, P, D., require no pre-measurement,

The author v;'as responsible for an improved Gecometry program
(three-dimensional track reconstruction program), Kinematics proegram
(hypothesis testing program f or track-mass combinations), and a third
program, JUGGLER, which uses the icnisation information from the
H.P.D. to choose between the competing hypotheses which are
kinematically possible, JUGGLER was capable of making a decision
which could not be improved by a physicist on approximately 70% of
events; the remainder (for Part 1) were looked at by physicists and
their decisions were passed to the D, S, T.by the JETSAM C.R, T,

program,

With an efficient system the end result is a D,S, T. containing
information on all measured events in a form suitable for the physicist
to use for his analysis. Development of the Birmingham processing

system is still continuing,

2.3, The JUGGLER Automatic Selection Program.

The final part of the 4 GeV/c processing chain is the JUGGLER

program developed by the author. This is taken from the R.H. E. L,
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JUDGEION program. developed independently at Birmingham by various
people, notably S, W, O'Neale [Ref. 7.] . The program computes an
ionisation chi-square and confidence level for each view from the
predicted ionisation (obtained from the momentum and mass of the track)
and the measured ionisation (obtained from H. P.D, measurements)

[Ref. 7). This is done for each fit (mass combination) which is possible

after kinematics.

Fits considered for ionisation (for a simple four-prong event,
for example)would be:-
(a) All good kinematic fits i, e, fits which have not failed in the
Kinematics program and which have a non-zero kinematic probability.
(b) All failed 1 - c fits (i. e. failed fits which hypothesised a missing
neutral particle) whose missing mass-squared satisfy the criteria:-

2 2
> (Mass 7> + Mass Neutral)

MM + 3 A MM
Such fits can possibly have missing at legst one m° together with
the hypothesised missing neutral particle. Such fits are called "Missing
Mass Fits" or "Multi-Neutral Fits",
(c) All failed 4 - c fits (i.e. fits with no missing neutral) which have
failed in Kinematics for some reason but which have missing mass and
momenta consistent with zero., These events could in fact be the

corresponding 1 - ¢ fit with the w° at rest, although in general this is

unlikely.

For each fit we have an ionisation probability (confidence level)

for each of the three views. Anti-selection now takes place with each
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fit being compared with all the others in turn, No fit is discarded on

the basis of its own ionisation probability aione, but only if there exists

another fit with far superior values. A given fit is rejected if there is

another fit such that :-

either the ionisation probability of the second is greater than 23
times the ionisation probability of the first on all three views,

or the ionisation probability of the second is greater than 5
times the ionisation probability of the first on 2 views, and
that the ionisation probability of the first is NOT 5 times the

jonisation probability of the second on the final view,

This procedure does not stop a decision being made if there are
only two views with good ionisation measurements, Occasionally the
ionisation information on a view cannot be used or is not available or is
incorrect (through overlapping tracks, for elxample).' Then a two-view
decision must be taken. To avoid a fit with low ionisation probabilities
discarding another with even lower probabilities, all ionisation probab-
ilities below a cut-off of 0,2% are raised to that cut-off before any
comparisons are made,

As a test, 40 segments of Part 1 data were partially scanned for
program errors and 8 segments were fully scanned, paying particular
attention to events involving vees and those events where the ionisation
program had difficulty in making a decision. The test showed that 3%
of events were classified by the program wrongly; this figure was about
2% for unique events (i. e. events containing only one final ionisation

choice) and increased as the ambiguity of the decision process increased.
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Events containing a correct 4 - c or 1 - c fit almost never had the fit
wrongly classified. The test showed that multi-neutral fits were largely
responsible for these few classified incorrectly. However, no incorrect
4-c or 1 - c fit can be added in this way and the resulting data-set for
these categories was found to be correct, although slightly reduced, with
a corresponding slight increase in background to thé multi-neutral

channels,

About 20% of events contained additional fits which should, in
principle, be excluded by the ionisation information but which are still
ambiguous with the present technique. Most of these are multi~-neutral
fits, However, for these fits there is usually an important difference in
the track-mass combinations, such as pion-proton inversion, enabling a
physicist's decision to be made instead of a program decision, This is
a consequence of the H. P, D, and the programming chain not being as yet

as good an ionisation measuring device as one would like.

In practice, however, this 20% of events with additional fits do not
constitute a serious problem. The vast majority arel - c fits with an
additional incorrect multi-neutral combination and these can be classified
at the D. S, T, by imposing a kinematic probability cut on the data. The
remainder are composed of multiple ambiguities of multi-neutral fits
whose physics usefulness is not seriously reduced by a small increase
in ambiguity., It was evident that for the majority of our future analyses
we could continue with this form of the program. The ionisation selecticon
was seen to be almost as capable as physicists selection in producing

data-sets for 4 - c and 1 - ¢ fits for physics analysis once the behavicur
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of fit selection had been understood.

Our conclusion after this test was that the program was capable
of reducing physicist scanning to about the 20% described above, and
Partl was processed accordingly. The remainder of the film was
processed completely automatically ( except for events with vees) using

the results of the test to obtain data-sets for the common channeils.
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CHAPTER 3

+ +
The Channelw d—sppw w

3.1, Event Selection

The most common 4 ~ constraint channel in this experiment,
accounting for over 10% of the total data, is the reaction

1T+d——>pp1r-+1r- (1)

Correct selection of this channel is facilitated by its being virtually
unambiguous both kinematically and by ionisation density.

A total of 18780 events were obtained in the original data~set with a
kinematic fit to reaction (1). Because a pion-proton kinematic ambiguity is
occasionally possible, a few events contained more than one kinematic fit,
giving a total of 19753 fits to reaction (1) in the original data-set, This
number was reduced to the 16981 fits suitable for analysis by means of the
following cuts on the data:-

(a) Removal of fits rejected by the ionisation program [303 fits removed]
(b) Removal of fits when the event contained a different 4 - constraint
fit with a higher kinematic probability [ 1088 extra fits rerpoved],
(c) Removal of fits with kinematic probability
P L2 < 0,005
[676 extra fits removed]
(d) Removal of fits with Missing Mass Squared outside the range.
- 0.03{ MM® < 0.008 (GeV/c?)?

[ 705 extra fits removed]

A fit rejected by one of these cuts was usually rejected by at least
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one other also.

The 583 fits in the remaining 16981 which contained a spectator
proton with momentum greater than 300 MeV/c were also removed, leaving
16398 events available for the study of m w scattering.* As these 583
fits are far more than are expected from knowledge of the deuteron wave
function, they are probably the result of some sort of double scattering
rather tl;an the "free nucleon® interactions in which we are interested.
We are certain that these cuts do not bias the physics analysis in any way.

In Figs. 3.1 to 3.4 we show the general kinematic properties of
fits to reaction(l) . There is no qualitative.change of these properties in
going from the original data-set to the reduced data-set, However, we
feel that these cuts on the data are necessary in order to ensure a clean
sample of events for analysis,

Figs. 3.1(a) and (b) and (c) show the Missing Px, Py and Pz
distributions for seen proton spectators only. Figs, 3,2 (a), (b) and (c)
show the same quantities for unseen spectators, From these distributions
the spread due to measurement errors may be seen; the large spread in
A Px is owing to all the fast tracks being in that direction, and the spread
in APz is greater than that in APy owing to the small stereoscopic angle

between the three cameras rendering geometric reconstruction more

difficult in the z direction.,

* The analysis described in Chapter 5 was based on a slightly reduced

data sct of 15485 events,
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The kinematic probability distribution is shown in Figs 3.3 (a)
and (b) for seen and unseen spectators respectively. The errors involved
in the kinematic fit are seen to be approximately correct from the flat
behaviour of the distribution. The small peak at low probability, which is
observed in most bubble chamber experimerits, results,among other things,
from occasional slight multiple scattering of the outgoing tracks which
cannot be parameterised by the usual standard error on track measurement.
They are, however, good events and should be included in the data-set, In
the case of one-constraint fits (fits with one missing neutral particle) the

low probability tail is usually larger and includes a number of wrongly

classified fits.

In Figs. 3.4 (a) and (b) are shown the resulting Missing Mass
Squared distributions for seen and unseen spectators respectively, It
can be seen that all the distributions of missing quantities are more
narrowly peaked towards zero for seen spectators than for unseen
spectators, as shoula be expected if there is no knowledge of the momentum
and direction of the spectator proton, The assumption made in the
Kinematics program for the 3 - momentum of an unseen spectator is that
the particle has the three components of momentum equal to zero with

"measurement errors',

Ex =&y

The error in the z direction is larger as it is easier to miss a spectator

t 30 MeV/c E2 = Tao MeV /c

along the z direction because of their dipping towards or away from the

cameras. The size of the errors is chosen such that the vector sum is

about 60 MeV/c, the limit of visibility for a slow proton in 2 bubble chamber.
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The distributions of Missing Momenta and Missing Mass Squared are
seen to be recasonably central about zero, consistent with the cerrect choice
of beam momentum. There is a slight assymmetry in the Missing Pz
distribution which has been ascribed to a possible chamber distortion effect

and which is responsible for the anisotropic unseen spectator angular

distributions described in the next section.

3.2. Spectator Distributions

In the majority of this experiment, events were selected for
measuring by favouring those in which the neutron was involved in the
~strong interaction, and in which the proton was merely a spectator particle,
In this Spectator Model (or Impulse Approximation) we assume the
spectator proton to emerge from the interaction with the same momentum
and direction it possessed within the deuteron. The ba§is for this
approximation is that the binding energy between the neutron and proton
within the deuteron is very small (2.23 MeV), and the extent to which this
approximation is valid governs the extent we can study strong interaction
pion-neutron collisions in deuterium, Formally the Impulse Approximation
has three requirements:-
1) the radius of interaction of the incident particle is small compared
to the nucleon-nucleon separation
N\ inc < <r> deuteron
2) the deutercn binding forces are negligible during the time of interaction
and only serve to define the momentum of the target and hence of the
bystander nucleon, since the two are equal and oppcesite in the Impulse

Approximation,
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'3) scattering of secondary particles on the spectator nucleon may be

neglected,

There are several wave function descriptions of the deuteron,
among them the Hulthen wave function [Ref, 8.] The momentum distribution
of the spectator proton is obtained from the Fourier Transform of the

radial Hulthen wave function and is given by:-

2
g - c:p[u(p v ) U e ]
where f;ﬁ (p) P dp =1
¢ = 45.5 MeV = (4,33 fermi) © = {2 B’
. = deuteron reduced mass = Mn/Z

B = deuteron binding energy = 2.23 MeV
B =ja
where j is a constant between 5 and 7. [Ref.8.].

We define the spectator proton in this channgl to be the slower of the
two protons. Fig, 3; 5 shows the exp.erimental spectator proton momentum
distribution for Part 1 of the data (when all four prong events were measured)
together with the Hulthen prediction for j = 5.18 [Ref.9.]. The curve has
been normalised to the total number of events on the plot. The value of j

slightly alters the shape of the distribution. We obtain good agreement up

to 300 MeV/c with j = 5,18,

The good agreement betwecen the Hulthen momentum distribution
and experiment is not maintained at higher spectator momentum. We
observe about 11% of spectators with momentum greater than 300 MeV/c

compared to the Hulthen prediction of about 2%. Part 2 has only 4% of
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spectators with momentum over 300 MeV/c owing to the spectator
momentum cut applied in its scanning instructions. The usual explanation
for this excess is that, although the proton and neutron are loosely bound,
they spend a certain amount of time close together, at which time the
incoming beam could interact with both nucleéns simultaneously, Also,
after an interaction, the outgoing particles are within a couple of fermis

of the spectator proton, and there is a few per cent probability of rescattering

Both of these effects result in fast, forward going nucleons and could cause

the large spectator momentum tail.

However, the situation is far from clear and the spectator distributions
show considerable dependence upon the peripherality of the reaction
channels [Ref.10], and the number of particles in the final state, Fig, 3.6
shows an example of this in the wm mass spectrum for spectator momentum
over 300 MeV/c; £° production would appear considerably reduced compared

to £0 production for lower momentum spectators and compared to /oo

production,

The spectator angles cos O ana ¢ are defined in Fig, 3.7, and
the experimental distributions are shown in Figs, 3,8 (a) and (b). Figs.
3.9 (a) and (b) show the distributions for seen spectators only. For these
angular dist;ibutions we have included data from both Parts 1 and 2 and have
taken only events with spectator momentum less than 300 MeV/c, In the

Impulse Approximation we expect the distribution in cos 8 to depart some-

what from isotropy. The observed counting rate is proportional to the

cross section and the flux while the latter is proporticnal to the relative
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velocity of beam and target so that high momentum, forward spectators
are favoured. The experimental distribution can be predicted using the
invariant flux factor of Moller [Ref.1l. ]

This is

1
2 2 2
F= «/(Pb"pt) "mbmt/(mbmt)

Here the momenta 128 and p, are 4 - vectors and subscripts b and t refer
to beam and target pa;'ticles r-espeétively. The Moller prediction,
normalised to the data, is shown in Fig, 3.8 (a) for the Hulthen value

j = 5.18. The anisotropy in cos 8, defined as

Forward - Backward
Forward + Backward

Q
|

= 0,0266, = 0,0278

‘EXPT MOLLER

is seen to be in good agreement with the Moller prediction.

Although cos O is as expected we notice a severe distortion in the
¢ distribution. Fig. 3.9 (b) shows the distribution in ¢ for seen
spectators only, the variation of which may be understood simply in terms
of a scanning bias. Spectator protons coming towards ( ¢ = 0) or going
away (¢ = w) from the cameras have a smaller projected length in the film

plane and are therefore difficult to observe.

From the unequal limits we have given to the unsecen spectator proton
momenta (mentioned in the previous section), it can be seen that as the
uncertainty in spectator momentum is larger in the z direction we should

. . +
expect more unseen spectator protons to align themselves in the — z

direction rather than in either of the other two directions, This corresponds
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to an excess at (75 = 0) towards the cameras and (}’/5 = 1) away from

the cameras, as well as the number we shoula expect at ;’;34 =0 or wfrom
the gap in the seen spectator distributions. However, the total distribution
in 975 for both seen and unseen spectators [ Fig. 3.8 (b)] shows more
aligned along ¢= m than /Cé-'- 0. From knowledge of previous 2m chamber

experiments the most probable explanation of this would be z - direction

distortion in the reconstruction.

The centre of mass energy distribution for these events, leaving aside
the spectator particle, is shown in Fig 3,10 (a) for all events, and in Fig. 3.10
(b) for events with spectator momentum greater than 100 MeV/c (correspond-
. . + + - .
ing to the four-prong events of the reaction# d-2>pp m = ). The motion
of the target nucleon results in a centre of mass energy spectrum about

300 MeV wide from a single incident beam momentum,

Fig, 3.1l is a scatter plot of the momentum of the slower proton
(by definition the spectator) against the momentum of the faster proton.
The degree of overlap of the distribution beléw 300 MeV/c can be seen,
stressing the need for care when undertaking an analysis involving the
interaction proton., An analysis using just the mass and four momenturn
transfer to the mwr system would not depend on the choice of reaction proton.
However, an analysié which required the determination of decay angles,

via the overall reaction centre of mass, could be affected to some extent.

Another effect of doing an experiment in deuterium, the Pauli effect,
is reviewed for reaction (1) in the following section. Fig. 3.1l shows the

loss of events at low [t! due to this effect and a scanning bias, also
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discussed later,

3.3, Pauli Exclusion and the Drop in Differential Cross Section at

Low Momentum Transfer.

A correction should be applied to this channel to correct for
Pauli exclusion losses of certain angular momentum final states betwecen
the two protons. While the effect makes a negligible difference to the total
cross section, it greatly affects ovents with [t|(d—pp ) < 0.1 (GeV/c)Z,
A quantitative treattment of the Pauli effect has been given by Benson

[Ref. 10. ] for several ideal exchange mechanisms.

In the Impulse Approximation, the charge exchange differential

cross section in deuterium is written [ Ref,12. ],

H [ H '
1
3—‘: b -—'—gctj Ll— 3 H(t)} + :—11% fl-H(t)]
flip non flip -
H
where do H and d o are the
d tflip dt non flip

spin flip and non-flip free nucleon differential cross sections. The
deuteron form factor, H (t), is given by
(-1 q r) ' —
j 7L (22 . k() ar
where is the deuteron spatial wave function and q is the difference

between the initial and final meson momenta in the laboratory,

For pion exchange one expects only spin flip of the interaction

nucleon, allowing the differential cross section in deuterium including the

Pauli effect to be written
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D H 7
do _ do 1 - 1  H(t)
dt 3 :

flip

The unpolarised deuteron can be described as three states of nuclcon
spin, up-up, down-down, and up-down plus down-up. If a spin is fli ped
in each of these states, only the third state necessarily becomes a state

of S =1 and is therefore forbidden, giving the (1 - 1/3) factor.

The deuterium reduction factor, R, defined

R = do / do
d 1;deuteriurn dt

free neutron

[o})

computed for low momentum transfer is given in Table 3,1,

Another loss of events at low momentum transfer arises from a
scanning bias, For a proton to be seen in a bubble chamber its minimum
track length in the film plane must be about 1 mm. If the track dips
towards or away from the cameras, the track must be correspondingly
longer such that the projected length in the film plane remains the same.
For our three prong events (i, e. events where the spectator proton is
unseen) there is a possibility at low [t|] that the laboratory momentum of
the reaction nucleon is so low, or has a dip such, that it remains unseen
also. Even if the proton is just visible the probability of it being seen by

an operator is very low. The result is a loss of events into the two prong

category.

To estimate the magnitude of this effect we can study the spectators

themselves, In Table 3.2. is shown the Visibility Factor for spectators



Table 3.1

Deuterium Reduction Factor for One Pion

Exchange from the Pauli Exclusion Principle

BIN MchV/c)z R
1 0 -0.01 0. 740
2 0.01 - 0.02 0.830
3 0.02 - 0,03 | 0.875
4 0.03 - 0.04 0.900
5 0.04 - 0. 05 0.919
6 0.05 - 0.06 ‘ 0. 932
7 0.06 - 0,07 0.943
8 0.07 - 0.08 0.950
9 0.08 - 0.09 : 0.957

10 0.09 - 0.1 0. 963



Table 3.2

Visibility Factor for Spectators

Momentum of Spectators v
(MeV/c)

0 - 100.08 0.114
100.08 - 141.73 0.853
141,73 - 173,82 0.989
173,82 - 201.0 ‘ 1.0
201.0 - 225,03 1.0
225,03 - 246.86 1.0
246.86 - 267.01 1.0
267.01 - 285.84 1.0
285.84 - 303.601 1.0

303,601 - 320,461 1.0
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defined as

V =No. Seen Spectators / Total Events
between certain laboratory spectator momentum limits, These limits
correspond to the values of momentum tr:mﬁer in Table 3.1, if the
spectator had had zero initial laboratory momentum within the deuteron.

This gives us a "Range-Visibility Curve" for the bubble chamber.

[y

It is now necessary to assume that the Range-Visibility Curve
for interaction protons is the same as that for spectators, As we have
averaged over all spectators to obtain the curve, we can assume the curve
to be also true for interaction protons provided they are produced isotrop-
ically in the forward hémisphere. The extent to which this is true is shown
in Figs. 3.12. (a) to (d) for four intervals of momentum transfer. The
distributions in cos & for interaction protons can be seen to approximate
to an isotropic distribution in the forward hemisphere és we reduce ,tl .
Fig. 3.12 (e) shows the distribution in ¢ for interaction protons for

I;.

2
L[ < o.1 (GeV/c) clearly indicating the scanning bias.

For each value of ’t, we next generate the initial Fermi
momentum of the neutron according to the Hulthen wave function, and thus
predict the final momentum of the interaction proton in the laboratory,
For each reaction proton so generated we have the Range-Visibility
probability in the laboratory from Table 3.2., enabling us to predict,
on average, the likelihood of seeing reaction protons with a certain value
of It‘ . This likelihood, which is a correction of V in Table 3.2, for the

effect of the moving neutron target, is shown in Table 3. 3.
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Table 3.3

> Visibility of Observed Fraction of
BIN [t] (GeV/c) Final State the Total Differential
Protons Cross Section(*)

1 0 - 0.01 0.173 0.128
2 0.01 - 0.02 0.587 0.487
3 0.02 - 0.03 0.802 0.702
4 0.03 - 0.04 0. 895 0.806
5 0.04 - 0,05 0.932 | 0.857
6 0.05 - 0.06 0.956 0.891
7 0.06 - 0.07 0.966 0.911
8 0.07 - 0,08 0.978 0.929
9 0.08 - 0.09 0.983 0.941
10 0.09 - 0.1 0.987 0.950

(*) includes the Pauli effect
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This method would not be valid if the angular distribution, and
hence the visibility, of final state reaction protons was very different
from that of spectators. At higher reaction proton momenta (when the
proton is clearly visible anyway) this discrepancy is obvious, the reaction
protons being very forward peaked in the laboratory while the spectators
are isotropic. In this region our assumption is incorrect. However,
at lower ‘tl the reaction protons tend towards isotropy within the
forward himisphere, allowing this assumption to be made. By dividing
the original spectator data into regions of cos 5 , it is possible to obtain
Range-Visibility Curves at each value of cos 9, enabling the experimental

"interaction proton spectrum to be used without our assumption, If the
Range-Visibility Curves for each value of cos 9 are found to be similar,
the actual shape of the reaction proton distribution becomes unimportant.
By dividing the data in this way we have no evidence fof ahy sizeable change

in the result.

Rather than use spectators to calibrate the Range-~Visibility Curve,
a theoretical calculation of the scanning bias can be made assuming that
the reaction protons are isotropic and that there exists a sharp cut-off
in the visible projected length in the chamber. Such calculations are in

general qualitative agreement with the scanning bias found using spectators .

The total effect on the data, namely the product of this scanning

bias with the Pauli effect, is shown in Table 3, 3.
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3. 4. Resolution of the nm System

The resolution, or error in the effective mass of the 7w system,
stems from the error in track measurement inherent in any bubble chamber
experiment. Coulomb scattering errors combine with nlacl‘;ine accuracy
and the statistical spread of Master Poin-ts to produce an overall
measurement error for a track on film, Typical measurement errors
for = Ta are ~ 2 p on film for the beam track and~5 p for secondary
tracks whose momenta are determined from helix fitting, These measure-
ment errors result in the measured errors in track momentum and angles.
Stopping tracks, whose momenta are detemined by a range measurem ent,
usually have smaller errofs. The m m system is better determined than
most other mass combinations owing to the pion tracks being relatively
faster and thus having smaller multiple scattering errors than other
outgoing tracks, Fitting lowers the track errors but the long pion track

values and errors remain largely unchanged.

For each track in the 1 7 system we know the fitted azimuth and
dip angles and the momentum at the production vertex together with their
errors, The effective mass-squared can be expressed.

2 2 - — .
M =2 y +2 EIEZ- 2p1.p2 with

TPy = (lcos d cos a 1] + sin a sin in d; si
PP, = plpz( cos d; cos d,] [cos a; cos a, +sin 3 si a2]+s1_n sin d

1 1 1 2)
and ai’di’ p; are the azimuth, dip and momentum for track i. This

cxpression was differentiated to obtain the resolution.

The resolution has been found to be 5 or 6 MeV in the rho region,
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fising to about 20 MeV at the highest mw mass, Figs. 3.13 (a) and (b)
show the spread in resolution for the m 7™ spectrum for seen and unseen
spectators respectively; while Fig. 3.13 (c) shows the spread in resolution
within the rho region only, The distributions have been found to be
identical for both Rutherford and Birmingham data and to be insensitive
to any cuts in the data other than that of a seen or unseen spectator, as
shown by Figs, .3. 13 (a) and (b). The resolution values quoted above have
been determined using only the diagonal elements of the full error matrix
owing to the off-diagonal terms not being easily accessible in the
Kinematics program, However, this omission should have a very small
effect on the result as the off-diagonal elements for a 4 - c fit are very

small quantities,

Although the resolution in this experiment is no larger than to be
expected in a bubble chamber experiment, it must be noted that the resol-
ution is barely adequate for an investigation of, say, /- w interference.
Evidence for a four standard deviation dip exists in our data at the w®
mass in one 5 MeV bin, leaving its significance doubtful when compared
with the resolution. This necessarily governs the mass interval size
in which the data may be reliably studied. In all the analyses which follow
in this report, data have been collected into bins several times larger than

the nominal resolution.

3.5. __General Features of the Data.

The general features of reaction (1) are shown in the prism plot

[ Ref.13] of Fig. 3.14 (2) in which the mass combinations M2 (7 +'n’)



Fig. 3.14 (a) Prism Plot 1r+n —p p1r+1r—
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and M~ (p m ) are plotted parallel to the horizontal axes and the Van

Hove angle w is plotted parallel to the vertical axis. Fig. 3.14 (b) defines

the Van Hove angle in terms of the centre of mass longitudinal momenta of
+ - . + - .

the m , m and reaction proton. Events in which the m 7 system goecs

forward in the overall centre-of-mass lie in the upper half of this plot.

Fig. 3.15 shows the Dalitz plot obtained by projecting the prism plot onto

its horizontal plane. 4

The following main features of the prism plot are observed:-
(a) Strong bands due to forward /Oo and f° production. The bands have
the characteristic appearance of a decay angular distribution peaked

strongly forwards and backwards in the resonance centrec-of-mass.
(b) Some backward production of these same states.

(c) An accumulation of events at high M2 (1r+1r-), but with low
Mz(p 7 ), which could be interpreted as due to go production,
or to production of a low mass N* in the p 7 system, We note
that any go production should be symmetric in M2 (p v ), although
interference could alter its distribution. The distribution of the
mm invariant mass, Mmnm, is. showa in Fig, 3.16§ in this diagram

+
-one event corresponds to a cross section of 0.136 — 0, 011 pb

(See Chapter 4.)

The peripheral nature of the data is further emphasised by a plot
of the forward part of the centre-of-mass scattering angle from the beam

to the mw system, cos @¥, in Fig. 3.17,
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3.6.  Background N Production .

N production, likely to provide the most serious background in
. o s
the analysis of/fo and £° systems, has been studied in some detail at the

Rutherford laboratory [Ref.14,]. As the results are of importance for

our analyses we summarise them here,

. * o
The possible effects of any incoherent N contribution to our P
o .
and £ samples have been studied using a Monte Carlo method, taking values

for the cross-section for N production in the charge conjugate reaction

%k -
™ p—>N (1400) 7 (2)

from previously reported experiments [ Ref. 15].

The experiments of Ref. 15. are at various energies , including
some at higher energies, where the separation on the Dalitz Plot between
meson bands and N* bands may be expected to be better than at 4 GeV/c.
Since N" production is a diffractive process, its cross section is
expected to be roughly constant with energy, and so these higher energy
values of the cross-section for reaction (2) have been used in estimating

a cross-section for the process

+ *
T n —> N (1400) - (3)
e v

of 0,13 m b,

By generating Monte Carlo events with an assumed momentum

e
xR

7t 2
transfer distribution from the target to the N of e (t in (GeV/c) ), and a

oty

decay angular distribution in the N centre of mass corresponding to a P
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- . b
wave pm System, an estimate can be made of the overall N

. . o
contamination of the /° sample of 3% and of the £° of 1%.

s

Also estimated is the contribution from N production to the
unnormalised moments of the wr decay angular distribution. The resuit
of the study was that none of the conclusions drawn from our analyses

of the data are changed significantly by including the se background effects."

It should be pointed out that this treatment of backgrounds applies
sk S
only to incoherent N production. If a diffractive N is produced
coherently with resonances in the wm system, the interpretation of the

7 density matrix becomes more complicated,
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CHAPTER 4

Cross Section Measurements
. : T o~
inwm d—>ppmT T

4,1, Introduction.

This chapter describes the experimental determination of the

cross section

o(r "d —s ppmim) (1)
and the {ractional cross sections

S (1" d - pp ) (2)

o (" d —ppt°) (3)
These cross sections are compared with measurements at different
energies and determinations in the charge~conjugate m~ p mode. A
comparison is made between w + d and 7 p in the determination of angular
distributions and resonance decay matrix elements using data from this

experiment and a 4 GeV/c m  p experiment,

4.2, Experimental Cross Sections,

Six segments scattered throughout Part 2 of the experiment were
resuimitted for scanning during the course of measurement so as to provide

an estimate of the scanning operators! efficiency.

After both operator scans the film was viewed by physicists and
each event found by the operators was checked for correctness. In this way

it was possible to find the number of events correctly found by the operators

on each of the two scans,

Making the assumption that both cperator scans are truly independent

and that any loss of events by a particular operator happens in a random
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way (which is not strictly true as some events are inherently less
observable than others) we obtain

E1 = N1/N F_.2 = NZ/N N = NlNZ/Nc
where N1 and N2 are the number of events correctly found by the opcratc‘)rs
on scan 1l and scan 2 respectively, Nc is the number correctly found cn
both scans, N is the total number of events on the film and El and E‘2
are the efficiencies 6f the operators on scan 1 and scan 2 respectively,

The numbers obtained for the six segments are listed in Table 4.1,
divided into four prong and six prong categories. Only those four and
six prongs in which we are interested in Part 2 are included. The
efficiency of a single scan (taken as El) at Birmingham is seen to be
83. 6% for four prongs and 84.9% for the six prong category.

During the physicist check scan a count was kept of the beam flux
and the total interaction rate through the fiducial region. This count, on
20% of the six segments, was made on frames with frame numbers ending
in 'O! or '1' to account for any inconsistency between Expansion 1 and
Expansion 2 of the chamber which is double pulsed., The counts, scaied up
to the number of frames on each of the six segments, are shown in Table
4.1, and provide an - estimate of the total beam pathlength after a
subtraétion for attenuation of the beam owing to interactions in the chamber.
A cross section may now be obtained from

S = N

PL( A)
M
where/o is the density of deuterium, M is the molecular weight of

deuterium, A is Avagadro's number, and L is the total beam pathlength,



3 and 4 Prongs 5 and 6 Prongs
Beam Track Total No

: ¢ 3 N N N
Segment Ne. Count Interactions Ng Ny N2 c 1 2
920 D . 10270 1497 261 284 316 42 48 47
866 A 6182 882 167 = 187 183 27 33 28
806 B 9936 1648 295 © 311 354 40 47 49
888 C 11165 1776 285 . 305 354 50 51 67
889 A 7823 1270 249 310 295 44 = 48 51
899 A 9336 1530 314 366 378 61 72 69
Total 54712 8603 1571 1763 1880 264 299 311

El = Nc/NZ . El = 83,6% El = 84,9%

0.141 g/c.c.

Density of Deuterium at 31°K

Path length of Fiducial Region

88 + 3 cm
Total Beam Pathlength = 88 [54712 = 3 8603] = 4.44 x 106 cm,
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The estimate for the total 1r+d cross section obtained from the
measured total intcraction rate is somecwhat lower than that expected from
previous experiments (49 mb compared to an expected 57 mb). This is
probably owing to the value of N ( = 8603) being underestimated (the physic-
ist count was not checkscanned and small angle elastic scattering events
are very hard to observe) and implies that the value of the total beam path-
length, L, has been overestimated. "However, the value of L will not
change significantly with this small change in N (L will change by 1.5% at
the most) and we have continued to usc this original value. A fuller total
cross section measurement, including an investigation of small angle
elastic scattering, is being made at present,

The four prong cross section has been calculated from N1 = 1763

and E, = 83.6% to be
S four prongs = 12,0 + 0.4 m b,
after correction for a 6% muon contamination of the beam. This gives for
reaction (1)
+ + -
S (v d-ppww ) =2,1040,.17mb
after an increase of another 5% to account for those fast proton spectators

which are omitted by the Part 2 scanning criteria and taking the ratio

+ -
cS(1r+d->pp1.'1r)

- = 0,168 + 0.014
O four prongs

This ratio comes from looking in detail at four segments from the six at
the final D.S.T. stage, the larger relative error in 6(1r+d —> PP w+17-)
coming mostly from the small number of rolls used in this calculation.
The ratio from the four rolls is in fact very similar to that found using the

D.S.T, for all the data. However, the four rolls have been investigated in
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more detail than most of the data and this number obtained should be quite
reliable. The error involved in this part of the cross section mecasurement
is therefore slightly overestimated., The numbers in this calculation are
shown in Table 4,2, The assumption inhefent in this is that the proporticen
of reaction (1) in the four prong sample at the D.S.T. stage is the same

as that originally. We have obtained no evidence to invalidate this

assumption.

Having obtained the channel cross section for reaction (1), itis
necessary to make a fit to the w 1 spectrum in order to obtain the cross
sections for the individual resonance production of the /oo and the f* mecsons.

"However, considerable care must be taken if Breit-Wigner fitting
programs are to be employed.

Eisner [Ref. 16.] has described in detail difficulties which may be
encountered in obtaining fractional cross sections, such as for /oo
production., Not only is there an overall uncertainty in the cross section
of each channel in the experiment (owing to uncertainties in scanning efficien-
cies, beam contaminations, beam track counts etc.,) but a large error
can enter through the form of parameterisétion taken for the resonance in
question,

Eisner has shown that the cross section for the K* (890) produced

in the reaction

(4)



Table 4.2

Segment No. No. 1r+ d -—-)ppn'+'rr- No. 4 Prongs
920 D 36 220
866 A ‘ 31 153
806 B 37 234
888 C 32 205
Total 136 812

. +
or, Fraction of 4 prongs that are ppw =

= 0,168 + 0,014
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- using a standard Breit-Wigner width of the sort

r =I_.o (5(110>2L+1

(where q is the momentum of each meson in the K centre of mass and
qo is the value of q at the resonance centre), can be in error by up to
30% for Beam — 10GeV/c owing to the large high mass tail of the Breit-

Wigner. ‘

At 4 GeV/c there is considerably less phase space available at
high mm mass for a similar effect to occur in the tails of the /Oo and the £°
Breit-Wigner shapes, However, the badly parameterised tails of these
resonances can seriously distort the shape of any background present and,
in particular, the large tail of the /oo meson can greatly effect the fraction
of £ obtained in such a fit, It is evident that the parameterisation neceded
for the tails of resonances is not as well understood as the Breit-Wigner
shapes found at resonance centres., This introduces large errors into mass

fitting programs,

In a previous = + d experiment at 5.1 GeV/c, J. Quinquard
[Ref.17] made extensive fits to the mm spectrum using different
parameterisations for the Breit-Wigner shape and width. Quinquard
found large variations in the fitted mass and width of the resonances
together with a large uncertainty in the fitted cross section for go
production owing to the tails of the lower mass resonances, In particular
the width of the £ was found to vary from 192 to 308 MeV/c2 with changes

in the Breit-Wigner parameterisation.,

As a comparison to the 5.1 GeV/c results, several fits were



- 43 .

made to the mass spectrum of Fig. 3.16 with the form
do = [ Breit - Wigners + Background Polynomial] d 95
where d# is the differential phase space element. Two quite different

Breit-Wigner shapes were tried

(a) BW = (m )

(0% - m %)% 4 (m )

the form recommended by Jackson [Ref, 18] for the elastic scattering of two

pions via a resonance of a particular spin

(b) BW = m

o K

1 (mz- moz) + (mofﬂ)2

the form corresponding to the production of a resonance from a single

vertex,

In general, the relativistic form of the width was taken as

r =P° (_g_) 2L +1

o

The fit was tried several times, assuming slightly different spin
behaviour for the /)0 and £° widths, and different order polynomials for the

background and assuming go or no go production,

Generally speaking, a better fit and a larger width and cross section
for £° production was obtained using Breit-Wigner (b) rather than Breit-
Wigner (a). The cross section for /oo production was found to be almost
independent of the form of parameterisation. Although it is believed that
most of the 77 spectrum results from One Pion Exchange and the elastic

. . + - . -
scattering of a m and a w particle, we have no a priori reason to expect



Table 4,3

B.reit- Resonances Fraction M r° Fraction M n 2
Fit Wigner + Back- o PO £ o fo %
used ground /Qo ' £ o
spin lﬁo
] (@) | sgin 2 ° 0.593 0.762 0.134 1,186 1,257 0.116 237
2 (a) spin 1 2°
spin 2 §© 0.585 0.762 0,134 0,170 1.258 0,104 265
spin 3 g°
. (¢} .
3 (b) 21;1; ;’:o 0,540 0.784 0,174 0.223 1.276 0.185 142
spin 1 0°
4 (b) spin 2 £° 0.578 0.789 0,188 0.289 1,289 0.264 113
spin 3g ©

all masses and widths in GeV/c
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Breit-Wigner (a) to be the best fit, as no off-shell dependence is included
in a simple mass fit, It must also be noted that the larger £° width could

well include many background events at the expense of the background

polynomial,

The extremes of the fitting procedure are shown for four fits in
Table 4.3. The results are similar to those of Quinquard, The addition of
a go (with mass and width fixed at 1. 680 and 0,160 GeV/c2 respectively)
slightly changes the shape of the background polynomial. For our
comparison with other experiments we have taken the average fractions for
/oo and £° production as .58 and 0,25 respectively, This results in the

cross sections for/oo and £° charged dipion decay:-

.21 % 0.16m b

I3

(v d—ppe)

(v7d —sppf°) 0.53 % 0,06m b

4, 3. Comparison with Other Experiments.

A problem in making comparisons between cross section
measurements in different deuterium experiments centres around how to
obtain the cross section for reactions with a free nucleon. Unfortunatey
corrections are not handled in a consistent manner by all experimenters.
Among the corrections which may be made are those for:-

(a) Pauli Exclusion principle, when there are two identical nucleons in
the outgoing channel
(b) Scanning biases resulting in a drop in the differential cross section

at low momentum transfer
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(c) Effcct of selection of slower nucleon as the spectator on
momentum transfer distributions,

(d) High momentum tail of the spectator nucleon using as a correction
factor the experimental spectator distribution or a wave function
model,

(e) Glauber effect; the screening of one nucleon by the other which in

effect reduces the effective flux.

We have shown in a previous chapter how effects (a), (b) and (c)
can seriously distort the differential cross section. However, their

combined reduction of the total cross section is only a few per cent,

Glauber [Ref.19. ] explained how the total deuterium cross section
could be reduced below the expected sum of the cross sections on the
frece nucleons (at our energy the cross section defect is about 2, 5% of

+ . . s
the total m d cross section) using the theoretical expression

SGp T Gpt Oy - O, .0.l4n &7
where r is the distance between the centres of the two nucleons, This
expression can be derived by considering the nucleons as black spheres
with geometrical cross sections equal to one half the total cross section,
The difference betwecn the above simple form and the more complicated

form suggested by Wilkin [Ref.20]. which satisfies charge independence

is negligible in our case.

It seems that exactly how, and to what extent corrections should
be made is not entirely understood, One method for assessment of the
magnitude of the total correction is, of course, the measurement of the

same process in both deuteriurmn and hydrogen. Since in this report we



- 46 -

~arc primarily interested in aspects of reaction (1) we shall compare
results from this experiment with others at various energies. A
1y + - . .
compilation of m  d and w p experiments are given in the review
by Musgrave [ Ref. 12, ]

The cross sections for

+ + -
m d—»p,p T m (1)

- . + -
and T p —» n Tw T (5)

are equal by charge symmetry. The data are compared in Fig., 4,1

and the 1r+ data are seen to fall systematically below the m cross sections
by 15 to 25%. Usually the ™ p reaction is less well constrained than the
1r+d reaction, and the m  p cross sections could include some background,
However, no corrections are made to the 1r+data for the Pauli effect nor

is the high momentum spectator tail included, except in the 5.1 GeV/c
case. Also, several of the w + d experiments only use events where the
proton spectator is observed (i.e. only four prong events) and make the
large correction for the remainder on the basis of the Hulthen distribution,
We can expect these effects to account for a large part of the observed

discrepancy.

.The cross section measurement from this experiment, which
includes high momentum spectator events but not a correction for the Pauli
effect, is seen to be consistent with other = * d experiments and somewhat
below the 7 p value, The experiment by Eisner et al [Ref.15.] at
4.1 GeV/c gives 2,85 ul 0.07 mb for reaction (5) compared to our

+ -
2,10 = 0,17 mb for reaction (1), The w p result, however, can be seen



Fig. 4.1, (a) Cross sections for rtd—nt o PP, (b) Comparison

+ -
of channel cross-sections for v+ d—=»7m PP, and

- +
T p—»T T N,
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to be slightly high when compared to the values at other energies,

The /oo production cross sections for reactions (1) and (5) are
actually in better agreement, as shown in Fig., 4.2, In this case the
Exclusion Principle correction has generally been made in the quoted
cross section, otherwise a 4% (pure spin flip) correction has been
applied. This much better agreement suggests that a large part of the
discrepancy between the channel total cross sections should be attributed
to background in the ™ p reaction., Our value for /oo production (after

+ -
the 4% correction) of 1.26 — 0,16 m b compares well with the 7 p value

of 1.15 £ 0,05 m b found by Eisner et al.

The charge symmetric fo‘cross sections provide a less stringent
check of the deuterium data than is possible for the/oo, since the errors
are much larger., The agreement in Fig, 4.3. is good, apart from the
4.5. GeV/c x'a result. Our estimated value for_fo production is 0,53 +

0.06 mb, equal to the m p value (also 0,53 L0.06 mb).

A further check involves comparison of the differential cross section
and decay density matrix elements for the charge symmetric /oo
reactions. Again we compare our data with the Eisner et al T p experiment,.
The differential cross sections for the two experiments are shown in
Fig, 4.4. and the Jackson frame (t - channel) decay matrix elements for
the /oo for the m p experiment we show in Fig, 4.5. These may be
compared with the m " d matrix elements shown in Fig. 5.4 (b).
We have the result that the physics of the two reactions, apart from the

cross sections, are very similar except in the very forward region of
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momentum transfer where corrections have to be made.
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CHAPTER 5

Analysis of o ° Production

A
{

The Chew-Low formula [Ref.21]. was the first attempt to describe
the off-shell behaviour of a One Pion Exchange type reaction amplitudc
in terms of the on-shell pion-pion i{ltel'action. By performing extra-
polations to the pion pole in various ways, it has since proved possible

to extract from the data information on pion-pion phase shifts,

However, with the recent increase in data of the m p —> Tr_1r+ n
and W + n—mw + ™ p channels, we arc able to observe other processes
which contribute in addition to straightforward One Pion Exchange, From
the coefficients of the decay angular distribution of the dipion system in the
rho region, it is possible to extract the dominant pion exchange amplitudes
and extrapolate them to the pion pole. In addition, the form of the
remaining amplitudes, coming from absorption or from other exchange
mechanisms, can be investigated. By repeating the analysis at several
energies we obtain the energy dependence of these other mechanisms,
from which can be deduced the dominant particle exchange or production

process involved in each amplitude.

5.1, Classical One Pion Exchange ,

As a guide to the Amplitude Analysis which follows, we present
here a summary of the characteristics of simple One Pion Exchange.
The reader is referred to the several excellent reviews on the surtject,

notably those of Ref, 22,
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Suppose that the reaction

+
T n—w + T P (1)
were completely dominated by One Pion Exchange [Fig.5.1], then the

differential cross section is given by the Chew-Low formula:-

3

dc = A -t domw
2.2 Q,
dltldmdﬂ (t ~p) d

where A contains the normalisation together with the flux and any off~sheli
form factors. The variablé 'm' describes the mass of the dipion system,
't! the four momentum transfer squared from the beam to the dipion
systein, and ds/d {1 the decay angular distribution of the :-utgoing 1r+

in the dipion system. The on-shell decay angular distribution is given by
4 =« =r/d¥l. The factor "-t" arises because the pion exchange flips the
nucleon spin, leading to the designation "Half Asleep Pion Exchange"

[Ref. 22(Fox)].

The 7 w partial waves are obtained from the on-shell nw differential
cross section:- 2

el [ TR A
L .

with the isospin decomposition

I=o0 | I=2
F,_ = '2-3' F,_ 3 FL for even L
I=l
F,_ = F.__ for odd L

and, in the 7 w elastic scattering region

I

Fl_ = gin gf exp(c'-gf)
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Fig, 5.1. w7 Exchangein® n—>m 7 p
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By integrating over the decay angles of the wm system the double
2
differential cross section, ci, o /CUH d m is obtained with which a fit can

be made to the data. Such a fit is described in Appendix 1,

The decay angular distribution of the wm system is analysed in

terms of spherical harmonic moments
v L
W g {<Y.> Y, (0, 4)
Lr _

The coordinate system used is defined in the following way for two
alternative systems., The suitability of either system for each particular
analysis will be described in later sections:-

(a) in the s - channel helicity frame the coordinate system lies in

the dipion centre of mass with the z direction the dipion direction in the
reaction centre of mass,

(b) in the t - channel helicity frame (the Gottfried-Jackson frame) the
coordinate system lies in the dipion centre of mass with the z direction
the beam direction in the dipion centre of mass.

(c) the y direction in both frames is defined by the vector (beam)x
(dipion) and the decay angle is described in these systems by the outgoing

+
m

7 exchange produces only t - channel (i.e. Cottfried-Jackson)
s + - L>
helicity zero m « systems, and then only the <Y J moments
of the decay angular distribution are non-zero. Expressing these moments
. + + - . .
in terms of m n--) m w p amplitudes for the production of S'o , Po,,». .

. . .. + - .
waves (i.e. spin 0,1,....) helicity zero w m states, we obtain the

S -
\25
= t
2 &
5
\? x
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following system of equations

2

T NV = s,

JZ;: N <\/el>> = 2 Re (5? Pj) + f—é{ Re. (Po D:> | (b)

a
-~

P (c)

2 v |
i N<12> = &, L 2R G DY) T |,
1

Tie NeViy = B2 Re (D) @

38

2

~

.

AJAjr [d <§Yj\7 = ,(e)

b
With one or two assumptions this system forms a soluble set of equations

for the amplitudes So’Po etc. .

Combining these amplitudes with the Chew-Low equation we

obtain

i

-t F(O) Mpn JoL+t’ f,
(e-1%) Iy

for each partial wave L. F (t)is the off-shell form factor at the wr

L

(<]

vertex,

It is important, however, to realise the form of a set of equations
linking the observable quantities, the spherical harmonic moments, to

(in this case, model dependent) amplitudes of the production process,
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This particular set of equations has been given as it describes the most
simple such set. In the {following analysis we shall describe a similar
set of equations. However, this new set will be written in a general
way, including helicity non-zero moments and amplitudes, and will not
be confined only to the t-channel helicity zero predictions of One Pion
Exchange. The next section will confirm that such a procedure is

necessary.

5.2. Comparison of Simple One Pion Exchange with data.

In Fig., 5.2. is shown the mass spectrum of the unnormalised
t-channel spherical harmonic moments integrated over the interval
)2

0Lt L -0.15 (GeV/c) obtained in the T p->m 1r+n C.E.R.N -~

Munich experiment at 17.2 GeV/c [Ref.23]. From the excellent statistics
: + -

in this experiment a number of features concerning m w scattering can
be observed clearly,
(a) the presence of the/o(770), f (1260) and g(1700) mesons with spins
1, 2 and 3 respectively. To establish spin 3 for the g requires the
additional knowledge that L = 7 and higher moments are small near 1700

2
MeV/c .

1 . . 3 <

(b) a large <Y ,°> moment in the rho region. From small £Y o’
and <Y o> moments in this region it is evident that spin 2 waves are
unimportant. The large <Ylo> moment therefore comes from an S wave

interfering with the P wave rho meson;

1
(c) sharp structure in Y 0> near M mw = 1 GeV/cz. This has been
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the subject of much study in recent years, The reader is referred to
explanations of this effcct in terms of "Odorico Zeroes" [Ref.24] or,
more recently, the existence of a narrow resonance, the S* [Ref. 25].
(d) large < YL1> moments throughout the entize ww spectrum.

From these we observe the non-negligible presence of helicity one 7 =

production,

-

From these éxperimentally determined moments we sec that the
data can not be assumed to be pure 7 exchange., In particular, the
. L o .
sizeable Y 1> moments of ¥Fig, 5,2, point to other exchange
mechanisms being present., These include A2 exchange or absorptive
corrections both of which require different amplitudes being added to

equations 1 (a) to (e). In particular, factors which include the dependence

of the amplitudes on nucleon spin would almost certainly be required,

To allow for these other exchanges, we perform an amplitude
analysis through the rho region as a function of lti . Although an
assumption is inherent in this amplitude analysis, the procedure is as

near model-independent as is possible at this stage.

5.3. Experimental Description of the Decay Angular Distribution

- the Jacob and Wick Notation,

A system containing states of several different spin-parities can be
described by a compound density matrix in every way analogous to the
simple density matrix of unique spin-parity. The density matrix is

7
LL , ,
written /C‘r f”/ where the elements with L f,.:[— L and p ¥ W



describe interference between production of the states IL p> and
t LL
IL [ > » and the diagonal element //Or;* is the probability
for production of the state !L }J.>' . The usual properties of hermiticity,

positivity and the constraints of parity conservation still apply.

The angular distribution of the decay of the mixed system into

two zero spin particles is given by:-

. L L ¥ . (1‘\

We.d - L ey 1 ENYED
Ly,
rr

We may also expand the decay angular distribution as a series of

spherical harmonics:-
L L
WICK O R R SRS SRR

L

where the maximum value of Ll in this expansion equals twicethe

maximum angular momentum, LMAX’ in the two particle system.

As parity is conserved in the decay, only the real parts of the
LS .
< YLH> and the /0/,7.' factors enter into the angular distribution, By

!
writing /Or/u we shall infer always the real part.

Consider now a third expansion of the decay angular distribution,

in Jacob and Wick notoation:-

2
W68 = | vV (a8
L

where we now include a possible dependence on the final and initial nucleon
helicity states \ and N, (Note, a priori we are saying nothing about

this dependence)
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The H are the Spin Dependent Coefficients of the decay -

angular distribution and are the amplitudes of Amplitude Analysis.

We note their parity restrictions:-

| L=/ e n+ ) L7
H = D IV

-\ =N

\

and the convenicence of combining them into

P L NG
x = = ;N o
};)\' J’z AN AA
where, as s—> 0 , L p+ and L p -

Y AN

describe the production of a wrw system of spin L, helicity inodulus p

by natural and unnatural parity exchange respectively,

We see that we have three parallel descriptions of the decay angular
distribution, The spherical harmonic moment description and the density
matrix description are, in fact, equivalent, and each moment may be
expanded as a linear sum of density matrix elements. The spherical
harmonic moments are also the quantities which are directly observable

in the data.

The amplitudes HA )\1 are, however, not linearly related to
the spherical harmonic moments, and must be solved for by a set of
simultaneous equations, similar to equations 1 (a) to (e). The amplitudes

are the quantities in which we are interested, and which we believe contain
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the best physical description of the production process. It is the purpose

of further sections to determine these amplitudes.

5.4. Amplitude Analysis in the Rho Region,

The Amplitude Analysis described in this section follows that of

Estabrooks and Martin [Ref.26].

In the following analysis we shall work in the s-channel (i.e.
Helicity Frame). The observables in the one frame can be obtained in

the other by the transformeation.

<Vi> o= ¢ 4 6 <

/

and where the crossing angle'sw' in the high s, low t limit is given by

2 —
cos w MTTTT+t sen w % Zlf:i

]"\fm— -t M

If we wish to isolate the One Pion Exchange part of the reaction
then we obviously require the amplitudes equivalent to the So’ Po. .. of
equations 1(a) to (e), extrapolated to the pion pole. Now this analysis can
be done equally well with either s or t - channel moments. However, it
is reaéonable to assume that any (s-channel) absorption effects will be
smoother and simpler in the s-channel itself rather than in the crossed
system where the effect of crossing could complicate the absorption effects
even more. It must be remembered that absorption is still only 2 little

understood effect.
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It is assumed that rcaction (1) takes place with the exchange of a
virtual particle as described in Fig. 5,1 for virtual m exchange. There
are three sets of quantum numbers which can be carried by this exchanged

particle, corresponding to the w ( 7P = 0°), Al ( 1+) and A 2+) mesons.

2(

By considering Parity conservation and G-Parity conservation
at the t-channel nucleon and meson vertices, we can make the following
observations about the exchanged particle:-
(a) m exchange c;ontributes only to t-channel nucleon helicity non-flip,
and therefore contributes mostly to s-channel nucleon helicity flip. The
. s-channel {lip is not total owing to the finite crossing angle between the
t and the s-channel,
(b) Al exchange contributes only to t-channel nucleon helicity flip and
therefore mostly to s-channel helicity non-flip.
(c) A, exchange contributes both to flip and non-{lip amplitudes.
(a) A, (natural parity) exchange contributes only to dipion helicity
x 1 states.

+ .
(e) A2 exchange cannot couple to S wave (Jp = 0 ) dipion production,

We make in this analysis the assumption that there is no exchange
with the quantum numbers of the Al' This is the only input model dependence,
and is necessary if the number of parameters in the analysis is to remain
equal to six, the number of observed density matrix element combinations,
Otherwise we have eight parameters in our set of equations; namely the
ecight amplitudes comprising the three helicity states for spinl dipion

production and the one helicity state for spin 0 dipion production,
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all for spin flip and spin non-flip of the reaction nucleon helicity.

With a polarised target in the v p - 1r+ n channel, the amount of Al
exchange can be measured from the size of the 7 - Al interference term
in the unnatural parily exchange polarisation data. A start has been
made by Sonderegger and Bonamy who reported at the Lund Conference,
1969 [Ref.27] in the reaction.

" p () — 1 n

a considerable assymmetry indicative of A, exchange. However, as yet

1

no reliable information has been obtained for the reaction

m p (T)—m w+n

It is to be hoped that such an experiment could be made in the near future.

Quantitatively, the assumption of no Al exchange allows us to

write Hii - Hio = H‘o = HLC:_ =0

- ++
A 1
and I H+ - H_.. l = O from the A1

term L | — and the Parity condition,
+ +

It is now possible to write a set of equations for the remaining
L )
amplitudes H 3\ in a similar way to equations 1 (a) to (e). This

set of equations is shown below:-
2

c = do . ]r\1$|:L + }Mo

12 2
Lt 0 Y [

2

-3 (MDD e
2 2(c)

Pre = Pl Yo = M,




! 1}
II [oR 8)0

E 2(d)
/o;:: e = IMOI l["{s[ cos 9;2 2(e)
Pl = i Infing e im0y g

The following change of notation has been made to simplify

further discussion:-

Mo = H'o MS:‘ Hii

Moo= g CHIL v HIL)
, T
R T T L N

" 1o M
—_ - M 9 = arv M - arg 'o

elo = argq M_ arq e oo 3 s 3

When the centre-of-mass-energy (,J_S—' ) tends to infinity, M - and M +

are the lp! = 1 unnatural and natural parity exchange amplitudes

respectively, It should be noted that the natural parity exchange armpli-

2
tude only occurs in the form ,M +l . It follows that it is only the

phases between unnatural parity exchanges which are in fact measurabic.

Equations 2(a) to (f) describe the system of 6 equations with 6
unknown quantities, The system is not a linear one and has to be solved
numerically, Owing to the form of the data there are two possible

solutions apart from trigonometric anbiguities. Because the angles

]
cannot be found to within a sign, the angle 8,0 was determined assuming

N lo
mn
sin 9,0 was positive. The values to be shown for U.s correspond to
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this choice. In addition, a small non-flip factor for helicity zero

production was included
Y

Lo y Lo / / }__/
H = . ro= tmN/ v
- -+ ni
N . . / = _ . o
where t = tMIN is the forward direction and t t tMIN' This arises

because the non-flip t - channel 7 exchange behaviour does not cross
completely into total s-channel flip behaviour if the crossing angle is

' lL o
finite. It is important to realise that the small I:',;..". comes from w exchange

and crossing and not A, exchange which we have discarded. The

1

magnitude of this effect may be seen in Appendix 3. This non-{lip
contribution is usually neglected but for very small [t] can be appreciable,
even at 17 GeV/c. As the 4 GeV/c data is presented for about t = -0, 02

2
(GeV/c) onwards only, and as t in the rho region is about - 0,005

MIN

2 . . .
(GeV/c) , this correction factor is very small. However, to take account

of this contribution we have multiplied lMoi and | M_|in equations 2(a)
’ 2
2(b) and 2(e), by 41 + r before solving the set of equations. The numerical

solution of these equations is described in Appendix 2,

It is important to realise that all the available information on //.70
production is contained within the five density matrix elements and the
differential cross section, and that this analysis does not per se add
anything new. However, it does rearrange the data into a form which is
both easier to compare with theoretical models and which shows more

clearly the strength of each production process,

5. 5. Experimental Data and Analysis,
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The data used in this analysis contained 5279 events corresponding

to the reaction
+ o
T n —9/0 P

using the mass interval,

0.68 < Man < 0.88 GeV/c

The decay angular distribution in the s-channel frame for events
in the /oo region, and the momentum transfer distribution in production are
shown in Figs. 5.3.(a) and (b) . Analysing the decay angular distribution

in terms of spherical harmonic moments,

VECKIEN S I XD
L)
we find that moments with L> 2 can be neglected in the /oo mass region,
The spherical harmonic coefficients <L Y/].Z'> for L Q 2 are shown
as a function of momentum transfer in Tables 5.1 (a) (in the s~channel
helicity frame) and (b) (in the t-channel helicity frame)., @ The same data
is presented graphically in Figs. 5.4. (a) (s-channel) and (b) (t-channel),
where can be seen the variation with momentum transfer of the six
independent combinations of the density matrix elements for a mixed

I
J = 0,1 systern, which can be determined from the <7;~7 coefficients,

At low momentum transfer, Itl , there is in some cases an
ambiguity in the choice of reaction proton, if both final state protons have
low momentum. We have found that there is a negligible change in the

magnitude of the moments for each choice of proton. Despite this, the
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Table 5.1

o
Spherical harmonic coefficients < YLr ? for o decay

as a function of momentum transfer.



a) s-channel moments b) t-channel moments
1 ' 2 2 -t (GeV/c)? ! ! 2 2 2
—t (Gev/e)?| YL Y 2 \% Y2 (Cev/e) Y. Y, Y. Y, Y
0.16k 0.008 0.18L 0.009 0.009 & . -0.02 0.162 -0.025 0.170 -0.051 o.olh
tin 002 | 40.021 | :0.010 | £0.020 |. +0.013 | £0.009 min £0.020 | #0.010 | +0.019 | $0.013 | £0.009
l - : - .010
, 0.151 0.009 0.183 0.021 -0.00kL _ 0.140 0.038 0.146 0.075 0.010
0.02-0.9% |4 613 | 10.006 | £0.012 | £0.008 | £0.005 - 0.02-0.0% £0.012 | 20.006 | *0.012 | =0.008 | £0.0C6
-1 0.151 0.021 0.168 0.04k2 | -0.005 _ 0.150 | -0.ChY 0.129 | -0.083 C.01%
0.04-0.06 } 5313 | £0.006 | £0.013 | %0.008 | +0.006 0.0k-0.06 £0.013 | %0.007 | #0.0i2 | 0.0C5 | #C.000
. 0.13h 0.035 0.150 0.062 0.003 _ 0.131 -0.039 0.122 | -0.084 .01
©.06-0.08 } [0 515 | +0.008 | 0.014 | £0.010 | +0.007 0.06-C.08 +0.015 | 20.008 | #0.01% | £0.009 | :0.007
0.126 0.0Lk2 0.134 0.076 0.009 0.129 | -0.039 0.119 | -0.036 0.015
0.08-0-1C | .5 017 | £0.009 | +0.016 | 0.011 | £0.008 0.08-0-10 | 5,017 | z0.009 | 20.016 | =20.011 | =20.0%9
_ 0.134 0.046 0.103 0.10k4 0.011 A 0.128 -0.05h 0.119 -0.0%% 0.025
0.10-0-35 1 ,0.012 | £0.007 | #0.011 | 0.008 | %0.006 0.10-0.15 | 5,012 | 0.007 | =0.012 | £0.008 | 20.006
vem ol 0.118 0.060 0.069 0.110 0.021 _ 0.125 | -0.053 0.101 -0.098 0.00
0.15-0.20 +0.015 +0.010 +0.01k +0.011 +0.009 0.15-0.20 +0.016 +0.C09 +0.015 +0.019 +0.C09
A oe C.078 0.059 0.0k2 0.139 0.059 _ C.10k -0.036 0.137 -0.11h 0.C21
0.2070.25 1 10,019 | £0.013 | £0.0717 | 20.014% | %0.012 0.20-0.25 | .4 021 | £0.012 | #0.020 | *0.013 | :0.010
e 0.060 0.035 0.00k 0.097 0.0k8 _ 0.057 | -0.038 0.099 | -0.086 C.01C
0.25-0-30 | o021 | 10.016 | £0.021 | £0.016 | %0.015 0.25-0.30 =0.028 | #0.01% | £0.023 | £0.016 | £0.C33
0.30-0.40 0.080 0.072 -0.056 0.095 0.057 0.30-0.40 0.704 -0.056 0.ic¢ -0.091 -0.029
e £0.018 | £0.016 | +0.017 | %0.015 | #0.015 : ) +0.023 | *0.013 | £0.022 | =20.015 | #0.012
0.40-.50 | ©0:056 | -=0.000 | -0.036 0.024 0.0k0 0.40-0.50 | ~0:008 | -0.039 0.063 | -0.032 0.0690
o "2 +0.031 | $0.021 | %0.025 | £0.020 | $0.019 ' : +0.029 | $0.017 | #0.026 | 20.021 | #0.C17
e oo |o0iow1 | -0.001 | -0.01k | -0.009 | -0.031 _ -0.015 | -0.028 | -0.016 0.012 | -0.030
0.50-9-T5 1 y0.020 | :0.014 | 20.019 | £0.013 | 0.0tk 0.50-0.75 £0.019 | 0.014 | #0.019 | x0.01h | =x0.01k
o e oo | 00020 0.049 0.038 | -0.002 -0. 064 0.75-1.00 0.0k2 -0.0k40 -0.051 0.C55 -0.027
SRR 10,007 | 0.015 | *0.025 | 0.018 | 20.018 151 £0.023 | 20.018 | £0.024 | £0.0%7 | #0.0i7
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exclusion principle could still affect both the production angular
distribution and the decay moments in the region lt] < 0,03 (Ge'\’/c)2
(i.e. in the first two t bins of Table 5.1) and the results within this

region should be considered with care,

Considerable structure can be scen in the t-dependence of the
density matrix elements in Fig, 5.4, In particular, it may be seen that

(I .

/O\ -i 1is negative (in the s-channel) in the range 0.1 \< ltl< 0.5 (C}eV/c)2

s
a point to which we shall return later, and also that /Q,Ho has a zero, both
in the s and t - channels, att ~ -0,6 (GeV/c)Z. Gutay et al [Ref.28]
have shown that this zero is observed in /Oo production over a very wide
range of energy, and can be described by an absorption model approach,.

' 1o 10

Gutay shows that s-channel /0,0 and f’oo can also be expected to be

zero att ~ -0,6 (GeV/c)Z.

For each interval in t, the polynomial in Mo Qas solved as
described in Appendix 2. This leads, in general, to two very similar
solutions for Mo' The two solutions for the set of equations are called
Solutions 1 and 2, the solution with the slightly higher value of M0 being
called Solution 1. Figs. 5.5. and 5.6 show the distributions of | Moj 2

lM - | 2 and 'M+ I 2 in the s-channel frame for Solutions 1 and 2, The

. . . | 2
distributions are seen to be very similar in the two cases, with ,M ,
alone showing a somewhat different lt] dependence towards t = 0,
| 2, . -
It can be seen that M0| is. dominant at lower |tl » as expected

in One Pion Exchange models. At higher lt! the dominant contributions

are from M+ and M but, in contrast to the C.E.R.N - Munich experiment
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results, our M_is larger than M+ over most of the ltl range 0.1to C. 6
2 ) 1)

(GeV/c)”. This result depends only on the sign of /21-1 » amatrix

element which can be determined direct‘iy from thc moments., We

1)
compare our value of &, ; with data at 17,2 GeV/c [Refs. 26] and

1
7GeV/c [Ref.29) in Fig. 5.7. There is clearly a tendency for ,©, _,

to be positive over a larger range of [tl at higher energy. This behaviour

should be expected from a simple Regge viewpoint, if we assume that

most of 1M+ comes from A exchange., Then the relative amounts of

2
2 12 e . | P2y Lo .
M+l to .Moi ( and indirectly ‘:vf. ) will increase with s, The
H
variation of ~ i has this sort of behaviour. It would appear probable

/1
therefore that some A2 exchange is present.
. . s 2
Fig, 5.8. shows the variation up to ltJ = 0,3 (GeV/c) of the

1

other s-channel parameters of Estabrooks and Martin : cos S 10
fo .
(the phase angle between M _ and Mo), B so (the relative S ~ P wave
phase in the helicity zero state)’ and Xs = IMSI / ’MOI . The
differences between Solutions 1 and 2 are more evident in these parameters
than in those shown in Figs, 5.5, and 5.6, Qualitatively, the differences
correspond to those between the "down-up" and "up-down" solutions
[Ref.30] observed in wm phase shift analyses. In particular, Solution 1
. Ve 10

has a smaller value of zis and a phase difference Gco closer to zero
than does Solution 2. The lower (\:/S would be expected in comparing the

. . . o
integration of the I = 0 s-wave phase shift across the /P mass band for

the "down-up" and "up-down" solutions,

Another difference between Solutions 1 and 2 can be seen in the
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(
behaviour of cos ch- which, for solution 2, is consistent with being

10
constant at 1, 0, As the consequence, the sign of 900 cannot be unambig-
uously determined from our system of equations. Therefore the modulus

lo
of 900 has been plotted for Solution 2.

5. 6. Conclusions of Amplitude Analysis.,

Having decided to neglect the possibility of Al exchange, it is
interesting to consider where the sizeable M contribution comes from.

Ms and Mo obviously come from pion exchange itself, and the pure A2
exchange amplitude will contribute to M+. The only source of M therefore

(and extra M+) is the effect of absorption on these "pure" exchanges.

This can be tested by making a comparison of the results of this
analysis with the predictions of an abserption model. We shall use the
simple parameterisation due to Williams [Ref. 32] which describes absorbed

m exchange and includes no contribution from A_ exchange. We shall con-

2
sider Solution 2 values mostly as they are nearest to the form suggested

by the model.

Firstly, a comparison has been made of the Solution 2 behaviour
of M with the form expected in the Williams model:-
2 ,
Mo~ ttp ()
2
t-p

: Bt/2
where ¢ (t) is an exponential collimating factor of the form e . Note
/

2 s .
that as t approaches - . we should expect a zero in this amplitude, or at
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2

i ]
least a dip, and our Solution 2 results for | M : indeed have this
oot 1
behaviour. In addition, we observe in our Solution 2 values of cos 9 lo
a constant value of 1. 0, This is consistent with the Williams formula for
M shown above. We should expect, if our data could go even lower, in

2 ]
Itl » @ cross-over zero att = p when cos 9,0 would flip to -1, 0,

This has been observed at 17.2. GeV/c,

‘ 2
Further, we have extracted from the data the values of IMo!
which correspond to simple spin 1 dipion production by One Pion Exchange,
12 |
A good fit toiMof of a Williams model-type amplitude,

2

l Bt
o

' -
M = A tyn =Y
2.2

(t-p)

2
is obtained in the region ’tl < 0.3 (GeV/e)

with a slope B = (7,2 = 0, 6)
-2
GeV/c . This is close to the "typical " One Pion Exchange slope of
yp g

) 4
8 (GeV/c) and implies that the One Pion Exchange part of the reaction

is obtainable.

N
The Solution 2 magnitude of © M and its phase ( 910 )
and the magnitude of M0 can therefore be seen to be described well, at
least qualitatively, by the Williams formulae. Quantitatively, however,

we find it very difficult to describe the data with the Williams model alone.

The main quantitative predictions of the model are, firstly, that
,Mol 2 has the form already com:aented upon, and, secondly, that in
the helicity one state the natural parity exchange component ]M_J 2
exceeds the unnatural parity exchange component ’M_ ,’ 2. This may be

checked by comparing equations 13 (b) and 13(c) in Appendix 3., This is



- 67 -

I
contrary to the data as it implies a non-negative /0 | =1

In order to check the data more fully we eliminated the arbitrary
parameter # (t) by comparing ratios of the observed amplitudes with
the predictions of the model. The comparison is shown in Fig. 5.9

using Solution 1 values (the conclusions of this comparison do not change

for Solution 2.)

Our data do not agree with the predictions of the model. Quantities

2
( IM +; / , M ! )~ tend to lie below the predicted curve, while

: 1.2
quantities ( EM ‘ / lMoi ) are in reasonable agreement for "t < 0.1

(o]

2 .
(GeV/c)™ but exceed the predictions at higher ,tl .  Ratios

( IM +i 2. IM_l 2)/( IM_*_E 2 + IM_I 2) lie below the predictions,

In spite of the qualitative agreement between Solution 2 values of
1
M and 9 1o Wwith the predictions of the model, it can be seen that the
magnitudes of each amplitude are not as expected. It is obvious that

other effects (for example, A, exchange out of phase with the absorbed

2

pion M+) are necessary for there to be agreement with the data.

TheS olution 1 set of results are seen to be somewhat different., We
2 1"
observe for ,t] < 0.1 (GeV/c) values for cos to which depart
strongly from + 1. 0 and which are very different to the Williams predictions.
If Solution 1 is to be considered the correct set, then we see that the Phase
gll
Coherence hypothesis (i.e. cos 7z =+1.0)made in many early phase

shift analyses [Ref,31]is incorrect. This departure from + 1.0 may be

described in the "Strong Cut Model" of Kimel and Reya [ Ref.33] where a
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sizeable background coming from other production processes is added
to the Williams type M amplitude with a phase of ©/2 relative to MO.

The phase of m/2 is necessary so that the zerces in /Olo and at

o

/o
2 .

t=-p (observed in 17.2 GeV/c data) are not destroyed. The background

2 2

also explains the dip rather than a zero in 'M l att = -p (also seen

at 17.2 GeV/c). Itis obvious that any similar strong cut model can

reproduce the departure from Phase Coherence. Kimel and Reya state

that the data has to be described by a more complicated model of the strong

=]

cut type. For it! > 0.2 (Gev/c)2 they asscrt that the data is indicative of

sizeable A2 exchange whercas at lower itl (at least from the Solution

1 point of view) a strong cut approach is necessary without any large A2
contribution. The Solution 1 set of values could support this view. Apart

from this model it should be noted that a moderate Al contribution would

also disrupt Phase Coherence.

To summarise, we have two sets of solutions, each of which may
be described to some extent from the absorption model approach. Solution
2 is seen to be the simpler of the two and to be in agreement with older

ideas of Phase Coherence and the simple absorption model.

To make a definite choice betwecn Solutions 1 and 2, it is necessary
to introduce morec ciata. The P wave and S wave parts of the reaction can
be extrapolated to the pion pole and the pion-pion phase shifts extracted.
The S wave phase shifts then give definite predictions on the shape of

o o - . .
the 7~ 7w~ mass spectrum obtained in the reaction.
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Estabrooks and Martin [ Ref 34] have.compared their results with one
o o . .

m m mass spectrum and have choscn the set corresponding to this

experiment's Solution 2 as being the physical solution. However, this

remains to be confirmed.

5.7, Application to Phase Shift Analysis in the Rho Region,

The usual way of describing real particle two-body scattering is
by means of a phasc shift analysis as a function of the two-body centre of
mass energy. In the casc of rcaction (1), one of the initial particles is a
virtual (off-shell) particle with several other production processes
occuring simultaneously, Consequently some analysis is necessary before
the two-body scattering part of the reaction amplitude may be extracted.
Once such amplitudes are obtained , phase shifts can be used to provide
a description of the scattering process, In this way it is possible to use
one experiment of fixed beam momentum to provide information on real

particle pion-pion scattering across a large energy range.

The amplitude analysis described before may be repeated in
2
intervals of, say, 20 MeV/c in nw effective mass across the rho region,

For each mass interval we may obtain, if the overall normalisation is

!
known, the on-shell mw phase shift g, from a {fit to Mo of the form

2
= - ! -
M A Jd-t o b(t - 1) ~r"13 fP

2
\/}J. -t>
i §!
e

where { = sin S:
p

by obtaining the value of M0 at the pion pole., The ratio bs = IM
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[O
can be obtained on-shell (it is almost constant in t anyway), and & co
the relative S-P phase, can be obtained on-shell also. Both of these may
be obtained by a simple extra polation method.

Then we have
10
i B0

Le o

win
H
+

w],..-
[as)

as outlined in Section 5.1, from which the I = 0 S wave phase shift can
be obtained, if the I =2 S wave phase shift can be assumed from analysis

of other channels.

Unfortunately, owing to insufficient statistics we have not made
this form of phase shift analysis., Evaluation of the phase shifts by a

cruder mecthod is described in the following section.

5.8. w1 Phase Shifts for Mmr below 1 GeV/cZ.

The two t-channel helicity zero spherical harmonic moments
. . . . 1 ~2>
which are non-zero in the rho region are <Yo D and LY 5 These
indicate the presence of strongly interfering spin 1 and spin 0 states
as shown by equation 1 (b) in Section 5.1. The spin 1 part of the scattering
amplitude can be assumed to be the rho itself, while the isospin zero S
wave phase shift can be determined from the <Yol> interference term,

if the isospin 2 S wave phase shift is assumed.

The value of 1 GeV/cZ as the limit of validity may be defended

. + - + + + -
for various reasons, The channcls m n—>p KK andnm n->pm 7 w7
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can be seen to have a negligible cross section below 1 GeV/c2 (see

Chapter 6), and it is reasonable to assume that other (mostly neutral)

final states of this kind also have a negligible cross section in this

region, This allows us to write all phase shifts with elasticity 1. Above.

1 GeV/c2 spin 2 waves become of increasing importance and the elasticity
assumption becomes incorrect. Also at the K Kthreshold (0.98 GeV/cZ)
the spherical harmonic moments depart from the smooth variation they
possess throughout the rho region [Fig., 5.2] indicating some very different

background behaviour.

We expand the expression for the decay angular distribution from

the three spin states of pureOne Pion Exchange:~

2
do = '7:2 [A1+B cos & +C cos“ O 1
-— 1
d cos O o
where A, =4 sin’2 g + 1
1 —9- o 5‘

(2]

2.2 2 . . c2
sin S o + 4 cos (éoo— 8 o) sin goo smg o

o i . O ] + 1, . 2 A
Bl==4cos(go-gl)smso51nSl+2cos(620-81)51ngosm31

.2 .l
Cl = 9 sin 51
I . .
where S‘_ denotes a phase shift of spin L, isospin I.
o

+ . . + + o imil
[ For m 7 scattering in the channel ¥ p—> 7 7 p we have a similar

expression with

2 2 2 1 . 2 . 1
A, = sin So B2=6cos(go~g1)5m505m%l

C2 = (;1

. . + o W hall
There is naturally no isospin 0 component in the m w state. e sha
use these trigonometric functions].

We may now state the following identities:-
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tan 5.’ = <in (2 55 = 2 sun(d §£)
3(B,/C)-2 2 S2 18 je)-4 (rsz/cz)]-4s;5§

allowing us to write

/ o
tan 5‘ SinCZ §°> / (3 aN/D -2 sinz S: ) (3)

here N C . =
where ( 1 +3A1)/C1andD 3B1/(3B1—B

5)
and 'a' is the assyrametry parameter in the decay angular distribution,
defined as:-
B 1o
a = Forward - Backward = 1 = ’3 /Ooo
Forward + Backward fZA + 2C ] T

1 1

- 3
We are now able to obtain the isospin zero S wave phase shift, using the
very small t dependence of the anicotropy 'a' [Ref 35], The method consist
of obtaining the S-wave phase shift by extrapolating <Ylo>to the pioﬁ
pole, and obtaining the on-shell anisotropy 'a' with which equation (3)

I

c
may be solved numerically for 3, . We note that the validity of this

procedure has been the subject of some discussion in the literature [Ref.
26, 35, 36].

It is difficult to know which qué,ntity (or combinations of quantities)
can be extrapolated reliably through the physical region to the pion pole,
Martin and Estabrooks [Ref. 26] stress that IMOI . lMS I /IMOI and
9;00 are the quantities which should be extrapolated rather than the
experimentally determined spherical harmonic moments. In this analysis

we assume that < v > is capable of being extrapolated to the pion
)
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pole and that the effects of absorption on the extrapolated value are

small, Certainly, if s~-channel 'a' was used, we may expect absorpticn

to distort the smooth variation of 'a' with t in the vicinity of t = 0,
[Comparison may be made with the Williams model [Ref.32 ]]. However,
even in the s-channel, it is reasonable to assume that the absorption

effect is narrow about t = 0 enabling an extrapolation to be made through

it [see Fig. 11 of Ref. 36(Kane). ] Williams considers the on-shell anisotropy
determined in the s-channel to be within 20% of the true on-shell value;

a deviation comparable with the statistical error in this experiment.

In our t-channel data we observe a very smooth variation of the
1 . o . ' 2
Y 0>moment in each mmr mass bin in the region from [t' =p to
2 . 2
Itl =12 w, The region ltl < p has been neglected because of
possible Pauli exclusion effects. We have assumed that absorption has
a small effect in these t-channel moments and that the value of the
extrapolated moment obtained in this way is very similar to the true on-

shell value.

The phase shifts obtained in this experiment are similar to those
of Ref.35. Consequently, any departure of our phase shift results from
those of Estabrooks and Martin [Ref. 34.] can probably bc ascribed to

inaccuracies in the assumptions made here.

A typical extrapolation is given in Fig, 5.10(a), showing the
2
variation of 'e' with momentum transfer up to ft{ =12 p . We have
found a linear extrapolation to be adequate. The on-shell values of 'a'

obtained in this way are shown in Fig, 5,10 (b).
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~
The él pPhase shift was supplicd by a relativistic Breit-
Wigner

/o . 3 o
tan g: = MP\ 2ky/o§/f‘)\). F{L

G B I (49)]

2
R 0.765 GeV/c

almost identical to the form used in Appendix 1 with M
o 4 : .
and PR = 0.125 GeV/c~ . There is very little change in the go phase

— 2
shifts obtained in this way if P;{ is varied from 0,150 to 0,110 GeV/c .

-

o
The S)o phase shifts were taken from Baton et al [Ref. 37. ]

The resulting phase shifts across the rho region‘ are shown in
Fig. 5.11. There are, in general, two ambiguous solutions for each
T mass interval, forming the DOWN-DOWN, UP-DOWN, DOWN-UP
or UP-UP branches. We see that the DOWN-UP solution would appear
to be of Breit-Wigner shape lcading to a narrow (~ 100 MeV) mass
enhancement reminiscent of a narrow S wave 8 meson. However, we
recall that an { UP or DOWN) -DOWN solution would be more compatible
with the fit obtained in Appendix 1. where a much wider effect is required,

These alternatives will be discussed further.

. It can be seen that our solutions, obtained in this simple way, are
quite compatible with the larger phase-shift analyses of this region
undertaken in the last two years. Current opinion would favour a phase
shift rising slowly through the rho region reaching 90° at about 900
MeV/c2 [the UP-DOWN branch] followed by a sharp jump to 270° at about
1 GeV/cz. For a summary of the status of rm scattering the reader is

referred to the review by Morgan [Ref. 30],
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(4

The values of (CG obtained in this experiment can be compared
to the results of various other phase shift analyses as shown in Fig.
5.12 (with a refercnce list in Table 5.2.) . A somewhat different method
for obtaining the phase shifts has been used in each analysis. The results
arc seen to be qualitatively the same for the UP-DOWN solutions (only
the one favoured UP-DOWN solution of Protopopescu et al is shown)

. . o . .
although quite large disagreements (~ 15 ) remain at certain masses.

The UX results obtained in this experiment around 0,8 GeV,/c2
in mm mass are compatible with several phase shift analyses made before
1971 [Ref. 30]. However, the UP solutions obtained recently by Estabrooks
and Martin and Grayer et al in the C, E,R.N, - Munich experiment are
about 30° lower. The UP solution at higher mw mass would appear to
be the unphysical solution anyway. It is the purpose of the next reaction
to rule out our very large g: UP values, and the C,E.R.N, -Munich

people have done the same.

A comparison of the Estabrooks and Martin. g: values has been

made to the shape found for the 7°07° mass spectrum obtained in the reaction
T p —> 7 1% n

for which no P wave (I = 1) can contribute, The 7°1° mass spectrum from
the experiment by Apel et al [Ref.38] can be seen to be almost perfectly
fitted by the Estabrooks and Martin Solution 1 [Ref.34] (which corresponds
to Solution 2 in this experiment) up to 1.0 C’er/c:2 in 701" mass. However,
the recent experiment by Skuja et al [Ref,39], while confirming the
Estabrooks and Martin Solution 1 above the phase shift cross-over point

2
of 0.77 Ge'\’/c2 in 7w mass prefers below 0.77 GeV/c 2 set of DOWN
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Table 5.2, [See Fig, 5.12]

Symbol Reference
- ' Grayer et al, Proc. Philadelphia

Conference April 1972,
- S, D. Protopopescu et al,
Berkeley Preprint, LBL.-970
EMI 2 Solutions 1 and 2, P.Estabrocks

EMAZ 5 and A.D.Martin, CERN TH-1661,

x : This experiment
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phase shifts even smaller than the Estabrooks and Martin Solution 2
and more like the low mm mass DOWNvalues from this experiment.

Further data on this channel is awaited with interest.

5.9. Solution of the UP-DOWN Ambiguity,

The ambiguity between the phase shift alternatives can be partially
solved in a crude way by considering the different contributions from the
various UP-DOWN combinations to the number of events on the mass plot.
Using the fitting program described in Appendix 1. the wr mass and l t!
spectra were fitted between 0,560 and 0. 960 GeV/c2 in mm mass and less
than 0,3 (GeV/c)2 in [t! , assuming only spinl rho and spin 2 f
contributions, and normalising to the number of events in the data, Not

surprisingly, a bad fit is obtained.

Using this normalisation, we can find the number of events which
o 2
contribute to the mass plot for each go branch and the Baton values of go .
This S wave effect can. now be added to the previous spin 1 and 2 contributions
and the fit re-normalised. We may now compare two distributions:-
1. the re-normalised S wave contribution alone
2, the experimental data less the re-normalised spin 1 and spin 2
contributions,

If the choice of S wave shape has been a good one then the shape of these
two distributions will be very similar. Such a subtraction should be
valid as the S wave contribution is almost unaffected by going off-shell,
/N'

However, as we are subtracting from the data (with a /N type
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error) a number comparable in size, we may only compare the general
shape of the distributions. The two distributions for each of the four

go
branches of the J» phase shifts are shown in Figs. 5.13. (a) to (d). The
two lines on the plots are not fits to the data, but serve to indicate the
trend. The spread in the subtraction points at the high mass end is a
consequence of irregular behaviour of the data (this may be compared to

the mass plot in Fig. Al.1l (b) ).

From the sets of distributions, two statements can be made., Firstly,
the DOWN-UP solution can be definitely excluded, there simply is not
enough room for it on the mass plot. Secondly, the UP-DOWN soluticn
would appear to be the most preferred set in agreement with Martin and
Estabrooks, For comparison, we show in Fig. 5.13,(e) the Morgan
and Shaw UP-DOWN prediction from dispersion relation calculations

[Ref.40].

Various possible causes for the discrepancy in the two UP-D OWN
curves have been investigated. N* contamination could qualitatively
explain the difference, although its cross section is much too low, Sim-
ilarly, different parameters for the rho meson could improve the
distributions slightly, Inherent in this method is the assumption that
at low ltl , spin 1 and spin 0 have the same differential cross section
(which is a reasonable deduction from the amplitude analysis of a previous
section), and which may also be not exactly correct. Far more likely an

-]
effect is a slight distortion of the So phase shifts by the assumptions made

in the extrapolation. This would lead to a different S wave contribution

and a change in the overall normalisation and shape.
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There is little doubt, however, that the UP-DOWN solution
appears to be the most favoured, if not the only, possibility from this
experiment. This predicts a gc phasc shift gradually rising through
the rho regior to be about 900 at 900 MeV/cZ. We note that this method
would not be very useful in distinguishing between intermediate sets of
phase shifts (such as the C.E.R.N, - Munich UP values) where the UP
phase shift is some“;hat lower than that obtained in this experiment, The
shapes of the subtracted mass spectra for each set of g: would be very
similar. The only remaining method of distinguishing between solutions

. . . X o o
is direct comparison with v~ 7 spectra,



CHAPTER 6

. . o
Branching Ratios of the { Meson

6.1. Introduction .

In a full investigation of m 7w scattering it is necessary to consider
the existence of channels other than the elastic one. Unfortunately, not all
the inelastic channels may be studied in this experiment; in particular
with regard to isospin zero S wave determination in the rho region, the

. + - o o, .

reaction T W —2 T 7 is unmeasurable. However, preliminary to an
analysis involving most of the inelastic channels produced by One Pion
Exchange which are available to us, we give below a measurement of the
decay rates of two other £° decay modes. The £© mass region shows a

. + - . .
large enhancement in the v w spectrum with large, but not total, spin
2 behaviour [Ref.14.]. In the other decay modes we have observed it is
probable that spin 2 is again the dominant spin; although this is difficult
to establish conclusively because of the size of backgrounds, and we have

proceeded to measure the total effect.

6.2, Previous Experiments,

Previous estimates [Ref. 3. ] of the branching ratios

+ +

™)

and [ (fo — KK)/ f_-'(fc> —> w 7m) are few and are of low statistics.

M (fo—%wr.*. - ) / [ (fo-—#'rr

Experiments by Ascoli et al [Ref.41] and, more recently, by
Anderson et al [Ref,42] are the only ones in which the decay of the £°
to four charged pions has been clecarly observed and in which an estimate

of the branching ratio [ ' (f0»~-7 ‘IT+.‘1T+ T o) /rﬁ(fo———‘r 1r+ )
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has been possible. Anderson estimates the value of this branching ratio

+ -2
to be (5.5 —1.0) x 10 ., Other experiments have determined upper limits.

The {2 K K branching ratio is a difficult quantity to measure
because of the proximity of the AZO meson, also decaying into KK . As both
mesons have the same Jp(2+) and have masses differing by less than the
width of either of them, possible interference effects should be considered:
in the KK mass spec‘trum. The effects of such f°- Ao2 interference have
been described in papers by Biswas [Ref.43]. and by Bernstein and Feinberg
[Ref.44.]. 1In the literature, there are several upper limits and mcasure-
ments of the branching ratio I~ (fg;KK) / I (fo-—-} mw); all of which, except

for the Biswas paper, neglect interference effeccts, Fortunately the A2 >
KK branching ratio can be determined independently and without interference
by looking at the Aiz"?KiKo decay modes since the A2 has isospin one., The

channel {5 KK has been seen to exist with a branching ratio

MESK K) /T (% wr) less than about 10%.

6. 3. Cross Section fg‘) ".r+ T .

In a recent paper [Ref.14] the Birmingham - Durham - Rutherford
Collaboration reported the production of the f© meson into the neutral = =
system using data from the first exposure of the experiment in the reaction

+ -
1r+d———)psp1r T (1)

where 1 denotes a spectator proton.
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. . o + - .
From this data the cross section for f (- = ) production for
2 .
events below 0.3 (GeV/c) in four momentum transfer squared to the
nm system was estimated. This estimate, made with similar fits to those

+ + -
described in Chapter 4, was 0.248 — 0,030 m b. The # w mass

2
spectrum for events below [t, of 0.3 (GeV/c) is described in

Appendix 1.

6.4, fo""}'n-}_ T ow .

The same exposure yielded 4341 fits to the reaction

+ + - -
1r+d—%psp T T owT T (2)

after events incompatible with ionisation measurements had been removed
and the following cuts had been made to the data
l. Fit Probability, P7,_z > 0.001
2, Missing Mass Squared, MMZ, in the range
- 0.03 { MM?< 0.008 (GeV/cZ)z

3. Spectator Momentum, ps< 0.3 GeV/c

A preliminary estimate of the total cross section for reaction (2)
was made assuming a muon contamination of 6%, We found
o (nfd=pp27 27) =05 % 0.1 mb
Fig.A 6.1 shows the four pion mass spectrum for reaction (2) before
any cuts in four momentum transfer squared to the four pion system, t,
have been made. Fig. 6.2. shows the spec;crum for events Qith

2
lt{< 0.3 (GeV/c) . By taking only peripheral events for our analysis we
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reduce the non-resonant background in the £% mass region. We have
found it difficult to describe this spectrum by a simple polynomial shape
and have consequently made a fit using a non-relativistic Breit-Wigner
for the f° together with a polynomial background. Fitted values for the
o 2 2

f  of M =1,285 + 0.012 GeV/c” and ['=0,089 + 0,031 GeV/c" are
obtained. These compare well with fitted values of the £° in the two pion

spectrum from this experiment and Particle Data Book values [Ref, 3. ]

From the four pion fit, 80 + 15 events are estimated above
background corresponding to a cross section of 9.2. + 1.8 yb and an
o . .
f~ branching ratio of

+Tr-1r-) 2

r'(fo-—) xm
M — o)

= (3.7% 0.9)x 10"

We note that the results of the fit are insensitive to the form of

the Breit-Wigner used.

We have compared the differential cross sections of the £ seen
in reactions (1) and (2) and also verified that the four pion resonance is
compatible with spin 2, Defining the £° enhancement region to be

Lz M, < 1.34 Gev/cl
for |t| < 0.3 (GeV/c)Z, we consider the 115 events (of which about 60
are background) within this region.

The differential cross scction in the o region has been fitted to a
curve of the form A ebt in the interval 0,06 < ]tl < 0. 35 (GeV/c)2

-2 -
giving b = 8,28 £ 0,14 (GeV/c) < for reaction (1) and b = 9.0 1.3 (GeV/c)™?
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for reaction (2). The exponents are in good agreement.

For comparison we have studied the higher mass region.
-, ’ 2
1. 34
38 < M, < L5 GeV/c
This is significantly less peripheral with the fit in the interval
-+ -
0.18 < ! t l < 0.42 (GeV/e) 2 giving b = 4.3 = 1,1 (GeV/c). ZUnfortunately,

the mass region below the enhancement contains too few events with

which to make a comparison.

In Fig, 6.3, is shown the distribution in cos 9+_L defined as the

. . . + . + +
cosine of the angle betwecn the incoming 7 and the outgoing m 7 system

calculated in the four pion rest frame. The 7w w direction is taken as

. o .
an approximate analyser of the angular momentum states of the f region.
As we have a four object state it is not clear what sort of analyser should
be used to detecrmine the angular momentum composition. However, the

+ + . s s . . '
m w™ system contains no known definite spin behaviour. Therefore, by
. + + .. . : . .
taking the m w direction as analyser we are essentially measuring the
+ + - - ,

relative angular momentum between the m # and m# m systems which,

if of higher spin, is an indication that the total four pion state is of high

spin also.

Expanding thg distribution in cos 4y i the form

W) = <y 16

L

L
we observe that the only significant moments <7/o <, are those
with L é 4, The normalised spherical harmonic moments for this

distribution are
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2 -+ - .
<v% > = 0.098 % 0,032, < v* > = 0.077 %0, 028
implying the existence of an object with L 2, 2.

Almost identical spherical harmonic moments are obtained in the

higher mass region

2
é .
L3¢ L M, < L5 GeV/ec
. . . . . + +

This could be owing to several things. It is possible that the w =
direction is a poor analyser of the four pion system and the method is
insensitive to changes in angular momentum behaviour. Alternatively it
is possible that the background is composed in a similar way to the
enhancement, or that more spin 2 enters the background as we increase
in four pion mass., It is somewhat difficult to distinguish between these

possible effects.

In Figs 6.4 a, b and ¢ we show the mass distributions in (a) the
: + - o + + _ o
highest m m combination, (b) the m # plus m 7 combinations, and (c)
the three pion combinations. Superimposcd on each graph are the
predictions of the simple fo--§/a/o model proposed by Ascoli et al and
the model by Banyai and Rittenberg [Ref.45] based on chiral dynamics,
Our data would appear to be consistent with the /-'./-’-‘ model rather than

the model of Banyai and Rittenberg.

To summarise therefore, we find in reaction (2) evidence for the

o . . .
four charged pion decay mode of the { meson with a branching ratio

o + 4 - -
P(f —> T ToT T ) - (3071’.0.9)}{10'2

P'(fo —r 1-'+'rr )
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6.5. > K'K"

To measure the K K rate of the £ meson we have isolated the
reaction
n*'d~—>pspK+K" (3)
To determine the cross section for this reaction we have used the unfitted
energy-momentum technique of Ehrlich et al [Ref.46]. For ecach four

prong in the experiment a figure of merit, Z,/ , was defined

2 \ %)
§ - 4 (2] R8T+ 5T
2 \Iy \ T ",

-

~ where rx,r\y,‘l’z are the full-width-at-half maximum of the peaks in the
: \

distributions of the missing momentum components., A plot of O/ is

shown in Fig. 6.5, The large peak at low Zg is owing to events with no

missing momentum i, e, probable 4-c events,

We use this technique to consider events of the generic type
+ + -
™ d—)psp X X (4)
Taking all four prong events and using unfitted quantities, the value of
the beam momentum is adjusted to conserve momentum exactly and
energy conservation is applied to calculate sz where Mx is the mass of
particle X, This distribution, shown in Fig. 6. 6. for events with

s 2
6 < 0.5, clearly indicates the presence of a peak at M K 2% well as a

2
larger peak at M1r .

The cross section for reaction (2) can be determined by estimating

the relative number of events in the K peak with respect to the number in
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the m peak using an eye-ball fit to the M 2 distribution. This relative
X
number was found to be insensitive to the k)/ cut used, We then obtain

& K'K™ = 0.155 Z0.017 mb

For our analysis we have used 1050 fits to reaction (3). A fit to
reaction (3) was considered acceptable for our analysis if it satisfied cuts
identical to those for reaction (2) together with the following:~-

(4) the fit to rea;:tion (3) had a confidence level at least ten times

the confidence level of the next most probable 4- constraint fit,

The 1050 events obtained in this way are about 80% of the cross
section obtained from the Ehrlich technique. We have checked that these

cuts do not bias the analysis of this channel,

Fig, 6.7. shows the Kt K™ mass spectrum for reaction (3).

A clear signal may be seen in the £°. AO2 region which is emphasised
in Fig. 6.8. by taking only eve;1ts with t < 0,3 (GeV/c)Z. The peak
corresponds to a 5 standard deviation effect, Superimposed upon Fig,
6.8. is a fit to the K'K™ mass spectrum assuming one resonance with a
spin 2 relativisitc Breit-Wigner shape together with a polynomial
background. Fitted values for this peak are M =1, 311 t 0.010 GeV/<:2
and r‘= 0.102 x 0,030 GeV/cZ, giving 82 s 15 events above background,

Taking a non-relativistic Breit-Wigner gives a larger width (0,160

GeV/cZ) and a worse fit,

If we can assume that this peak is all £° then we obtain a branching

ratio
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CE>KE) 4 P> k k7

| (° M % ntn)

2

(6.5 21,5) x 10

w]

(f— =)

Lt -
No other resonance production is observed within the K K spectrum,

+_ - i legs
The K K differential cross section and decay angular distribution
may be investigated within the £ - Azo region,

.2 < M- < 1,34 GeV/cz

This region contains 147 events of which about 100 are background., The
differential cross section in this region has been fitted to a curve of the
form A ebt for the interval 0.06 £ ltl £ 0,35 (CreV/c)2 giving a value
b=8.3 * 1.0 (CreV/c)'-2 consistent with the shape of the differential

cross section for the two and four pion decay modes of the £°,

It is interesting, however, to observe that the peripherality
of the data decreases across the K+K- mass spectrum; Apart from a
reduction of events at low ltl ‘with increasing mass (as one would expect
since t . increases with increasing mass) the slope of the differential

min

cross section decreases also, We observe:-

b = 11.4 + 1.9 (GeV/c)™? for 1,05 < My g =< 1.2 GeV/c?
-2 2

b = 8.3+1.0(GeV/c) ~ for 1.2 < M+ K.< 1.34 GeV /c
-2 2

b = 6.6+1.6(GevV/c) “for 1.34 < Myt o -<1.5 GeV/c

which implies that the background in the enhancement region has a slope
very similar to that of the effect itself,

The t-channel spherical harmonic moments for the Kt K" decay
defined by

- <‘. L L
woe, 0 = Y <YI> Y (6, 0)
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. o - el .
. to the f meson in the total K K mass spectrum, Noting that the terms
in (c) correspond toI = O and 1 production of a ncutral KK system, we

: - . to- Y -
can write the intensity for K K using Clebsch-Gordon coefficients as

. i : . 2 | - A
IN (1) = AT r " (eredD) s c(eiedi) ¢ 2ra(eicandida)eos P

J\n\ 4 __?ro((cio\z--clol,>$é,n¢ !

|
—

where <, and di are the rcal and imaginary parts of the expressions

1
~. > ; <. <
| i@ bi and we have the coherence factor a, where 05 a1, The

K°® K° spectrum is obtained by changing ¢ into j@/* m. By inserting various
values of ;-5, e and r2 into (d) it is possible to observe the variation of the
+ - :
mass at which the K K distribution peaks, A high mass peak at 1, 310
2. . . 2
GeV/c is possible with the parameters ¢= -, a =land r =10%,

although we must wait until Kso Ros data becomes available before these

parameters can be confirmed.

o s . . o s
However, it is also possible to determine the A > contribution

to reaction (3) by estimating the amount of AZO produced in the reaction
tasPeP T T T (6)

and by independently mecasuring the AZ")K K branching ratio in the

charged decay mode ( Aiz—% K* x° ) [Ref.3.] We estimate by this method

that oniy about 7 events in the K+K- mass spectrum for l!tg < 0,3

(GeV/c)2 can come from Ao2 production, implying, if we may assume

no £° - Ao2 interference, overwhelming £° production in the observed

peak and a branching ratio for the £° very similar to that for the whole

o + -
f - Ao2 effect. However, as the peak centres at a higher K K mass,

it would appear that some interference is present, and a study of thic awaits
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investigation when data from rcaction (5) becomes available.

This determination of the branching ratio is seen to be not
incompatible with the S.U.(3) prediction of about 5%. The experimental
value would have to be lowercd once interference is considered if the

Biswas result of near maximum interference is repeated here.

The other mass distributions from reation (3) are also of
+
interest, The p K mass spectrum is shown in Fig, 6.9 (a). Since this
is an "exotic" chamnel ( I = 3/2, S = +1) we do not expect to observe strong

rcsonance production and this appears to be the case.

The p K~ mass spectrum is shown in Fig.6.9. (b) . Near threshold
we observe an enhancement of about 45 events above background with
approximate mass and width 1520 MeV/c2 and 20 MeV/cZ. This corresponds
to the /\ (1520) (nominal mass 1518 MeV/c2 and width lé MeV/c2 observed
in the experiment of Garfinckel et al at 2,7 GeV/c [Ref.47]. If we assume

that the cross section for the quasi-two-body reaction,

m " nA(1520) KT (7)
falls as p-2 ( the so-called Morrison's Rule for reactions involving
strange particle exchange) where p is the incident laboratory momentum,
and that the /\ (1520) branching fraction to K N is 0.45 [Ref.3.], the 45
events (or 28 b) agree exactly with the number predicted at our energy.
The two low mass enhancements observed (the £° - AO2 peak and the A
(1520))are well separated on a Dalitz plot and are therefore uncorrelated.
However, the background in the K+K— mass?spectrum can be slightly

reduced for study of the £9 - A% effect by subtracting the A (1520) events

2

from the data.
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© 6.6, Other Possible f- Decay Modes.

An investigation has been made of the ;iecay of the £° into one 1. ¢
and several multi-neutral channels,
Fig. 6.10 shows the five pion mass spectrum from the reaction.
1r+d~>psp'rr+7r+1r- o (8)
for events below lt’ = 0.3 -(CreV/c)‘2 in four momentum transfer squared
to the five pion system. This systern.will include any decay
£° —> rbo ’rr+ T (9)
and all the events in Fig. 6.10 have at least one neutral three pion
combination consistent with the mass of an rl/o (i. e. M?m < 0.6 GeV/c)Z.
Any fit ambiguous with the 4-c fit of reaction (2) has been removed. We
observe a clear 'I// (960) signal but no £° signal. This yields an upper
o _+ -

(two standard deviation) limit for the branching ratio P(f°—> n,ww )/

r'(fo—) 1r+1r-) of 2.5% after correction for other rl/o decay modes,

The reaction ~rr+ n—p £ can possibly be observed in the multi-

neutral channels

n'd—p pMM (10)
1r+d-->psp T MM (11)
= ta —~ P P r nte e MM (12)

where the missing mass (MM) is consistent with being two (or more) s,
. + -

The £ contribution to reaction (10) is predictable from the @ m signal

observed in reaction (1). Figs, 6.11, 6,12, and 6,13 show the MM spectra

for reaction (10), and the (charged pion + MM) effective mass spectra for
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' 2
" reactions (11) and (12) respectively. Only events with l’tkO. 3 (GeV/c)
in four momentum transfer squared to the pionic system are presented

in these spectra.

Fig., 6.1l contains events from the Birmingham share of the data
only. The number of events peaking at approximately the £© mass is
consistent with the number required by isospin conservation for the
I =01° meson. Itis of additional interest that no large excess of events
is observed in the rho region, This iﬁplies that any strongly resonant
S wave in this region is unlikely. However, any interpretation of a
missing mass spectrum should be made with care. The one and two prongs
which comprise reaction (10) are subject to severe scanning biases and
the shape of this spectrum awaits confirmation when Rutherford

Laboratory data becomes available.

The number of events in reaction (12) also show no real £° signal

and an upper limit has again been determined for the branching ratio

- ) + -
ME%=>2 = 72 v22°)/ T (%7 "n7) of 1/4%. Fig. 6.13 contains fits which
are not ambiguous with either a 4-c fit or a l-c fit with a kinematic
probability larger than 1%. This channel, which corresponds to decays

bl 4
of the type lzj Yl/ etc., is seen to have a very low cross section,

The only mass spectrum among the multi-neutral channels which
shows a possible enhancement in the £° region is the n-+1r~— MM distribution
of Fig, 6.12. Again a multi-necutral fit was considered for plotting only
if there was no ambiguous 4-c {it and no ambiguous l-c fit with

kinematic probability larger than 1%. If the £° decays to four pions
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+
completely via rho~rho then we should expect 160 — 30 events to be
observed in this enhancement. Clearly this is quite possible with a suit-
able choice of background, However, the enhancement of Fig. 6.12.
is almost twice as wide as one would expect for £° decay and overlaps into
o . o s . . .
the A , region, A 2 contribution to this spectrum is possible if there is

(o] o
a decay A 2~-> ™ 3 m . Consequently this enhancement cannot really

be used as proof of the Ascoli fo-M}/O/O model.
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APPENDIX 1

Form Factor Fit to the m 7 Spectrum

To try to understand the main features of .the T T spectrum, fits
were made to the m m mass spectrum and t distributions. Among the )
methods used, an attempt was made to fit the m # mass and t distributions
simultaneously, using the Chew-Low formula [Ref 21, ] to relate the
experimental mass and t distributions to the m w scattering cross section.
To convert this cross section from its on-shell (assumed Breit-Wigner)
form to its off-shell shape, Benecke-Durr [Ref, 48] form factors were

employed using the parameters found by Wolf [Ref.49] in n-p and 7 P

experiments,

The w m mass and t distributions are related to the off -shell

™ w cross section, & ( m,t), via the Chew-Low formula:-

2
o 1 2 2 2
= o
d |t|dm 3 2 moqp I (m,t) G (8 - NN (V)
4 mp s (t _HZ)

where p is the centré of mass momentum in the initial state, FNNTT is
the scattering amplitude at the NN« vertex, G ( t)is a correction to the
pion propagator and q, is the momentum of the exchanged pion in the w7
rest frame. Benecke-Durr form factors, to be employed in this fit, are
sufficiently adequate that the factor G(t), which slightly reduces the

differential cross section at high !t, may be neglected.

Previous models which attempted to describe these distributions
have been unsuccessful.In the Pole Approximation, the off-shell cross

section, S (m, t), is made equal to its on-shell value, & (m), and in the Bern
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Approximation for the decay of a state of spin L we obtain the relation:-

q, CSL(m,t)=[-q J q o (m)

where q is the momentum of the final state pions in the ww rest frame,
However, neither of these models leads to an adequate description of the

differential cross section, the data being much more peripheral,

Benecke and burr assumed that the elastic scattering of particles
'a! and 'b! via

a+b—a'+v
can be described by the exchange of a scalar particle 'z' with mass
m_. Then, in going off-shell with one of the particles, say particle'a’,
the relation between the off-shell and the on-shell scattering amplitude

as a function of the off-shell mass of 'a' is obtained, As a result, the

2L

factor (95—/’ " " in the Born Approximation is replaced by the functions

Y1(g, ®)

UL (q R)
where 1/mX has been put equal to R and UL (r) is defined by:-

1
U, (r) = — Q 1+1
2 —
L 2r L 2

2

where the QL(Z) are Legendre Functions of the Second Kind. The functions

UL (r) have the following general properties:-
UL (r) ~ rZL forr K 1
1
UL (r) "’—‘—2— In (4 rz) for r>> 1
T

Hence, for small values of !t' the off-shell cross sections have the

behaviour given by the Born Approximation., For larger !t[ values they
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» :
behave like 1/t in contrast to the Born Approximation,

For each partial wave L we require a separate parameter RL to

describe the differential cross section behaviour. The factor

C 2 ) '
l FNN-n (t) l is given, after Durr-Pilkuhn [Ref. 50] by:-
2 2
P2 1+R7__Q
| Fane ] 5 = (<0) N 2
1+ R2 QZ
N~ t

-+
where gz, the NNm coupling constant, equals 29,2 for = and RN is

another parameter, with

2 2 2 2

Q¢ = - (4 M°__ - .9 2
D m
N anth---t(‘lM2 - t)
2 N
4MN

with MN the nucleon mass. A list of the Wolf constants is given in

Table Al. 1,
About 10, 000 events of the total data were used for the fit between
2 2
0.5 and 1.5 GeV/c in mr mass, and for ,t, less than 0.3 (GeV/c) . We
considered the data to be composed of three resonances with different
JP; namely, the rho (17), the £ (2+) and anI =0 S wave, NoI=2Sor D

wave was included. We then obtain:-

S (m, t) = é "3{ Up (@ Ry) S5
LY U @Rry)

L . . .
where for the O (m) we use the rclativistic Breit-Wigner shape

dL(m) = 411'9(2 CI 2L +1) (m

1




Table Al. 1

Wolf (Ref 49) Paramecters for

Benecke -Durr Fit

Vertex R (GeV ")
+
Paduny 2.31 - 0,19
fUT : 3.23 ' 1.46
(em) =0 () 0.01
+
NN 2.86 - 0.08
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L qy m

o
where P = FL <L>2L+l SR
L

I

and ar, ( rnL) is the value of q (m) at the resonance centre, and C L

the relevant Clebsch-Gordon coefficient for each partial wave. A good
fit was obtained using thc Particle Data Group [Ref. 3. ] values of:-
= ° = 0,125
ml - Oo 765 P 1 - )
= 1.26 ‘ ° = 0.154 GeV/c®
m, = L 9 mo . eV/c
The S and P waves were assumed elastic throughout the whole

spectrum while the D wave was assumed to have the elasticity found by

Ch [Ref.51] in his phase shift analysis of the nw spectrum,

The parameters of the S wave were allowed to vary during the fit
and were found to best fit the data with mass and width 790 and 510
MeV/c2 respectively., The broad shape of the S wave was found to be not
too dependent on the P and D wave parameters, The resulting fit is
shown in Figs. Al,1 (a) and (b) The differential cross section at low ltl
~ was reduced in accordance with the Pauli Principle and a scanning bias,

discussed in Chapter 3,

This result, similar to that found by Bartsch et at [Ref, 52] can be
attributed to the S wave E meson or to a general background effect.
Bartsch preferred the former conclusion. As the assumptions involved
in this fit are somewhat crude, and omit several known effects (e. g.

I spin 2 waves, S resonance etc.), any specific interpretation is unwise,
However, it is useful to underline the three dominant effects. Namely,
spin 1 rho and spin 2 { production, together with a large (presumably S

wave) background effect,
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APPENDIX 2

Solution of Amplitude Analysis Equations

The system of equations described in Chapter 5 by equations

2(a) to (f) may be re-written generally:-

22 2. 2 2, 2

A = x1+x2+(1+r)x3+(1+r)x4 (1)
) 2, 2 2 2

A2 —(1+r)x3--§-xl -%xz (2)
_ 1 2 ) 2

Ay =z Xy 2 X, (3)
= L

A, = T ¥, %3 cos %, (4)

A, = (14 2) (5

5 T x5 %, cos X, )
= b -

A6 i X, X, cOs ( %g X6) (6)

where the Ai for i =1to 6 are known constants (density matrix elements)
and the x for i =1to 6 are parameters, The system of 6 equations is

exactly constrained. The following identities have been made:-

x = |M+ I
*2 7 IM_I
x3 = ,Mol
*4 - l Ms!
5t 0
% = By

and r = 0 if the analysis is performed in the t-channel and t min
t-t .
min
in the s-channel,
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Combining (2) and (3) we obtain

) 2. 2
xz—(l+r)x3--A2--A3 (7)
Combining (2) , (3) and (4) we obtain
cos x, = J_Z" A4
[(L+12) %%, - A, - AT x @)
3 2 3 3
Combining (1) and (2) we obtain
2 1 2, 2
X 4= 2 [Al—i-2A2~3(l+r)x3] (9)
(1+4r")
Combining (1), (2) and (5) we obtain
cos x, = '
6 Ag
1+ rz)% [A+2A, -3(1+ rz) x2 ]%x (10)
1 2 3773 )

The cosine term in equation (6) is expanded
cos (x_ - x,) = cos x_ cos x, + 1“_‘“‘;052 : l-coszx ' (11)
5 6 5 6 — 5 6

where the square root sign refers to the positive root of the sine of the

angle, The + depends on the sign of sin X and sin Xge As this system

cannot determine the signs of all the angles we take sin Xg positive,

Substituting into equation (6) we obtain a polynomial in the variable

x., and the constants Ai (the density matrix elements), By writing equation

3
(6) as
A6 - Right Hand Side =0
it is possible to find the values of X, such that the function

¥rF = A6 - Right Hand Side = 0



- 100 -

The polynomial contains, in general, two solutions for which x3 is real
and positive. The general structure of the function F is shown in
Fig.A2.,1 (a) . By making a computer search along X, these roots may be
found; the two roots are called Solution 1 and Solution 2, the root with t};e
slightly larger value of N being Solution 1. The two solutions correspond
to the classic up-dov;m ambiguity for w - w phase shifts, described

figuratively in Fig, AZ2,2, related to the phase shift interchange

/

= I ¢
gs B 2 OS + gp
Occasionally the data takes the function F above the x_ abcissa as shown

3

in Fig. A2.1 (b). In this case the minimum of F has to be taken as the

best possible solution of the system of equations, This did not happen

in this analysis for lt; < 0.3 (GeV/c)2

°

Once X, has been found the other parameters may be determined
using equations (7) to (10). A similar method of solving these equations

has been given by Estabrooks and Martin [Refs, 53, 54].

The errors on the parameters x, were determined from the error

matrix relation (to first order):-

M A x = A A
or ,L‘q' A \
dx, X2
YA, A = _ AR,

i | A x, // AR,
\
\
|



F

-~

P
POSSIBL:E 7
UNPHYSICAL ' ()

SOLUTIONS

POSSIBLE
UNPHYSICAL
SOLUTIONS

Fig. A2,1. Variation of the Function F

(a) with solutions

{b) no solutions



%: degrees

-y

180
90 1
0
sol 1 B, 70
6 small
sol 2 - BlL =g
e large
Ms Mg
] > L
sol 2 sol 1

Fig. A2.2 Schematic Diagram of the UP-DOWN Ambiguity
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Once each root of F has been found, the matrix M may be ennumerated
from the parameters X, . The relation shows to first order the change

in each parameter X, which would result from a change in each constant

Ai' The root position may be slightly shifted by going to a system xi/

/
and Ai' Then we obtain:-

M(x -x") = A -a’

(M) a - (MY A +x

n

X

% (M 'l)ij ]2 s a,
Y J

"

i, e. g x,
1

2 . .
where © x, is the variance of each parameter X,

It is assumed in this method that the data values A. are uncorrelated
. 1
which is not strictly true in this case and which enlarges the errors

obtained for the parameters X
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APPENDIX 3

Helicity Amplitudes for ,oo production in the Williams model,
/7

In this appendix we give a brief description of the amplitudes used .
in calculating the prec}ictions of the Williams model for/oo production,
These amplitudes have been previously given by Williams [Ref. 32] and
by Morgan [Ref.30] for production of L =1 and L. = 2 dipion states in the

high energy limit,

At our energy we are not able to make all the high energy
approximations, However, we do assume that itl is small compared with

It max‘. [ It ma,x} is the maximum value of ltl 1.

The only non-zero t-channel amplitude for elementary one pion

exchange is given by [Ref.55].
T o = ,J-t -C-L
++ 2
(t-n)

Here the upper index of the amplitude refers to the dipion helicity and the

(1)

lower index to the helicity transformation at the nucleon vertex, -

Also we de fine
2 '
2 2
T =flt-(m+w 1k - (m - )] (2)
with L the angular momentum of the dipion state (L. =1 for the /oo) and m

the dipion mass,

In (1) a possible collimation factor cPt/Z has been suppressed.
Upon crossing into the s-channel, a rotation operation is necessary

of the form
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I L i 1T e
H++ L ; Cos « svn x| T++
LH:?_G !L——sanac cos x;' _O -

(3)
where 'fand x are the crossing angles at the meson and baryan vertices

respectively [Ref, 56] and dLM0 (7/-) is the rotation matrix for a dipion

. L
state of spin L. The s~channel amplitudes H )\F;\/ are as described in

Chapter 5. The angles 7/' and x are defined by

cosx = cos <95 t min | (4)
2 t
sin x = sin ( gs ) / t r?ax (5)

sinyé = -2m ,\/sLtmin-t)Lt-tma;)—. (6)
o T

cos7£ = - (s+m2-mN2)t+(s-mz-mZN)(mZ-pz)] (7)
o C

In these formulae, 95 is the s~channel centre of mass scattering

angle (and is related to t by sin 25 = Ymin~ )
“ax
2 2, 3
and O = [(s-(m+m?) (s - (m-my?) ] )

with Mg equal to the nucleon mass.

One obtains the following s-channel amplitudes from the t-channel

amplitude T_H_o of equation (1) [to each amplitude the value of n,



- 104 -

/ ]
(n =!I~L + \ - )\ll ), the net helicity flip, has been added].
%y

H'LI- - - _.L_._“_.) CA {3, m. : (“t”‘*%)/l - (10a)

(e 5 e
Hy = e () M
+ = (C"/’/ X/ J - A=l (i0b)
'_' Hi
Hy. = - H,_
n=2 (10c)

2

——

" — ____l_' su(\<_@j.> 'EN«E—’JT‘E;:, ’-CMRX
J5) “‘T“—

e )
H N = g <t> "’iN

(R Hi
= — H
H + * an= 1 (10f)
with B(t) = (s +m” - m %) ( m® +1) -2m* ' (11)

The Williams model amplitudes are now easily obtained from

equations (10) by retaining in each amplitude only 2 t - dependence

sin™ (Qs \ an other t - dependent factors (i.e. further powers of sin --L-é-sv,
2
B (t) and Z (t) ) are set equal to their values at the pion pole, t = p.z.

The sin" (___9_3_> (~ ( -t)n/r2 ) is the only part of the amplitude which
depends on both t and helicity and which is required by angular momentum
conservation about the beam direction. Furthermore, Williams considers
the remainder of each amplitude to be collimated in a similar way., This

is a model-dependent result which derives from assuming a similar form-
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factor type behaviour in t for the remainder of each araplitude (at least
]
over a small range at low It} ).
For the limit s —7<0 we obtain the three amplitudes we observe

in the amplitude analysis.

11 -2
H+' ) "Zr; n=20 (12a)
(t-n)
2 =
r° - — m” ) -t n=1 (i2b)
+ - 2
(t-p)
1-1 1
Bl - =2 m () n=2 (i2c)
(t-n)

In fitting the data Williams allows a common overall collimation

)
factor, (P (t). Recombining the pf =1 components into the contributions

M = Hllz + Hln1 one obtains
+ - = +

I+

10
My 7 HLL S . J:; ) (13a)
(t-p)
M, = ‘F m 75 (t) (13b)
M = .Lt_i_E;z_le m 9{(’5) (13¢)
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