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ABSTRACT

We have studied the neutron dissociation reaction n+p+pv—+p
for incident neutron momenta between 50 and 300 GeV/c. Data were
obtained using a wire spark chamber spectrometer located in the
Meson Detector Building of the Fermi National Accelerator Laboratory.
The integrated dissociation cross section was found to be nearly
momentum independent over the momentum interval studied. A strong
correlation was observed between the square of the four-momentum
transfer (t) and the pm rest mass (M), as well as between t and
the pv_ center of mass decay direction. The observed mass distribu-
tion consisted of both narrow resonance-like structure and a con-
tinuum. Moments of the decay angular distributions revealed a rich
structure suggesting contributions from many partial waves. Reason-
able success was achieved in explaining the data in terms of a

Deck-type model.
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CHAPTER I

INTRODUCTION

A. General Introduction

The data presented in this thesis represent a study of the

neutron dissociation reaction

n+p->pr +p (1)

for incident neutron momenta between 50 and 300 GeV/c. The chief
merits of this reaction are that it is a simple inelastic process
with a relatively large cross section at high energy. It is hoped
that the results of this experiment will provide a valuable testing
ground for a theory of high energy production processes. In so
doing, it will contribute to our understanding of the strong inter-

action.

B. Diffraction Dissociation

High energy elastic scattering is characterized by an angular
distribution similar to that produced by the diffraction of light
from an object and is thus referred to as diffraction scattering.
Reaction (1) is one member of a class of inelastic processes which
have many properties similar to those of elastic scattering and are,

therefore, also referred to as 'diffractive'l. Such quasi-elastic




production processes, particularly at high energy, account for a
large fraction of the total cross section.

Let us consider the general reaction:

A+ B>A* + B

where A is an incident high energy particle of mass MA, B is the
target particle, and A* is an "excited" state of A having mass MA*

(MA* > MA). We can consider A* to be either an explicit resonant
state or simply a system of final state particles into which A has
dissociated.2 To satisfy energy-momentum conservation, the target
particle, B, must recoil with a certain minimum value of kinetic
energy. At high energy this kinematic constraint can be approximated

by the relation:

2 2
Moo =My

o] > |

where p is the momentum of particle A in the laboratory and t is the

squared four-momentum transfer between A and A*., Thus for fixed MA*

the kinematic barrier for the transformation of A into the state A*

becomes increasingly weaker as the momentum of A increases. For

incident nucleons with momenta of 100 GeV/c it is possible to pro-

duce final state systems of 2 GeV/c2 mass at |t| values of the order
4

of 10 GeVz. From a kinematic point of view, therefore, there is

very little difference between elastic scattering and the inelastic

-



production of several GeV/c2 objects.

Tf the transformation were truly elastic-like in nature we
would, moreover, expect the quantum numbers of A* to be the same as
those of A, The only exception would be a possible change in the
spin and parity of A caused by the transfer of momentum between
the colliding objects 1leading to an excitation of A to A*. Con-
sequently, the allowable final-state quantum numbers would be those
resulting from the combination of the spin and parity of A with

those of a term of the so called "natural"3 spin-parity series

As with high energy elastic scattering, diffractive production
reactions should show little momentum dependence. In general, most
cross sections decrease as p-n at high energy where n depends roughly
upon the kind of particle that can be exchanged in the interaction.4
For all diffractive processes the mediating particle is the
Pomeranchukon (IP) . The predicted value for n is thus expected to
be far less than 1, compared with values of 2 or greater in the case
of typical meson or baryon exchanges. At high energy there thus
exists a natural selection process favoring diffractive processes
and it is not surprising, therefore, that they account for a large

fraction of the total cross section.

C. Experimental Goals

Since the introduction of the concept of diffraction dissociation,

a great deal of experimental data has been accumulated in support of



the existence of such a production mechanism.1 In addition to our
neutron dissociation reaction, results have been obtained for many
other analogous diffractive processes. A large fraction of the pre-
vious work was performed using bubble chambers. Tn most older bubble
chamber experiments, the number of events collected tended to be
quite small (of the order of thousands of events). The choice of
deuterium as a source of neutrons for most of these experiments also
required a model dependent correction to be made to extract the
neutron component of the interaction. Furthermore, all previous
experiments were performed at low energies, where significant con-
tributions from nondiffractive reactions contaminated the Pomeran-
chuk-mediated processes. The goal of this experiment was, there-
fore, to perform a high statistics study of neutron dissociation in
a previously unexplored momentum range of 50 to 300 GeV/c using a
beam of free neutrons. In this region the process should be almost
purely diffractive and a large data sample would allow detailed

studies to be carried out.

D. Degcription of Reaction

Any reaction with two initial-state particles and three final-
state particles, in which no spin information is measured, requires
five variables for a complete description of the kinematics. Our
choice for thése variables will be the magnitude of the incident
neutron momentum (p), the invariant mass of the dissociated T p

system (M), the absolute value of the squared four-momentum transfer

1



o

between the incident neutron and the exiting ﬂ—p system (t),5 and

the decay angles of the proton as calculated in the rest frame of

the produced w_p system. Definitions for the first three of these
variables are illustrated in Fig. 1. The two angular variables (8
and ¢) will most often be given in the so called Gottfried-Jackson
frame (t channel frame). An alternate frame, also used upon occasion,
is the s-channel helicity frame, referred to for convenience as

simply the "helicity" frame.

E. Outline

Chapter II discusses the experimental technique, Chapter III
describes the reconstruction of particle trajectories from recorded
spark chamber information. The selection of the final data sample,
the weighting of each event to correct for detection inefficiencies,
and the corrections for backround processes are also discussed in
Chapter IIT. The fully processed data are presented in Chapter IV.
Finally, discussion of the results and a summary of our conclusions

are given in Chapter V.
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CHAPTER I1

THE EXPERIMENT

A. Neutral Beam

The experiment was performed in the M3 beam line of the Fermilab
Meson Detector Building (Fig. 2). Neutrons were produced through
the interaction of 300 GeV/c primary protons in a 20 cm Be target.
Secondary particles produced at approximately 1 mR were selected by
collimators C.-C_ and the charged component of the beam was then re-

173

moved with the series of magnets Q1D1Q2D2D3D4.

+ -
lengths of lead were used to convert photons in the beam into e e

Three radiation

pairs. These were subsequently removed by collimators C, and C

4 5

after being deflected by dipole magnet D At a distance of 300

5
meters from the production target, the collimator C6 was used to de-
fine the final beam aperture. This collimator was equipped with a
variable size insert which allowed adjustment of both size and in-~
tensity of the neutron beam. The final elements D6C7C8C9C10D7 re~
moved any residual charged particles originating either at the pro-
duction target or from material along the path of the beam. At the

spectrometer target the beam had a radius of about 5 mm and was

essentially free of halo.
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B. Hydrogen Target

Beam neutrons interacted with target protons contained in a high
pressure hydrogen gas target (Fig. 3). This consisted of a cylindri-
cal target region 9 cm in diameter and 50 cm long, enclosed within a
pressure vessel and surrounded by a scintillation-counter system.
Counters AO and S consisted of thin disc-shaped scintillators. AO
was used to veto events which had charged incoming particles, and S
was used to trigger on forward-going reaction products. The remain-
ing sixteen counters (T1-T16) were 1/4" thick scintillators used to
detect the recoiling target protons. Gas was chosen in place of
liquid to allow measurements to be made at very small values of
momentum transfer. Figure 4 shows a plot of the minimum value of t
which had to be transferred in the reaction so that the recoil proton
would have sufficlent energy to transverse the gas region between
the interaction point and trigger the recoil scintillators. Pressures
of up to 3000 p.s.i. could be maintained within the target. (At this
pressure hydrogen gas has approximately 20% of the density of liquid
hydrogen.)

Light produced within the target scintillators was transferred
via lucite light pipes and windows into phototubes positioned out-
side the pressure vessel. Both counters A, and S were monitored by

0

two phototube systems (signals A

oL’ Por® Sy SD) to insure highly

reliable operation. The recoil counters were paired at both ends
so as to reduce the complexity of construction of the target (Fig. 5).

Counter pairs were staggered at opposite ends of the target to
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provide identification of the activated scintillator strip. For
example, if the phototube associated with counters A and B produced
a signal while a simultaneous signal was observed from the phototube
for counters B and C, counter B was identified as the triggering
counter. Three kinds of information were sought from the recoil
counters: 1) The azimuthal direction of the recoil proton; 2) The
position along the length of the target where the proton had struck
the scintillator (determined from the relative pulse-heights at the
two ends of the scintillator); 3) The energy deposited in the scin-
tillator strip (determined from the combined pulse heights at the

two ends of the scintillator strip).

C. Vee Spectrometer

The dissociation products of the neutron were detected using a
spark-chamber spectrometer (Fig. 6). Principal components of this
system were: 1) a trigger counter system, 2) a set of wire spark
chambers, 3) an analyzing magnet, and 4) a small beam calorimeter.

1. Counter System

A set of scintillation counters was used to detect the
occurrence of a dissociation event (Fig. 7). One array of counters,
Al-Aé’ covered the front face of the spectrometer magnet to signal
any particles missing the magnet aperture. These counters were
positioned behind a 2 cm sheet of lead to enhance the detection of
photons. Downstream of the magnet, particles passed through a six

element counter hodoscope (Hl1). Finally, a second hodoscope of
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sixteen counters (H2) was located at the extreme downstream end of

the spectrometer.

2, Spark Chambers

Thirty planes of spark chambers were used to determine the
trajectories of charged particles within the spectrometer. Each plane
recorded the position of any charged tracks passing through it in
either the x, y, u or v direction. The coordinate system used de-
fined y as vertical, x as horizontal, and z in the direction of the
beam. Wires for the u and v planes were rotated either +15° or +45°
relative to the y direction. The chambers were grouped into four
sets with two sets, "target" and "front", upstream of the magnet
with the remaining two sets, '"middle'" and "back", downstream of the
magnet.

The positions of sparks were determined using a magnetostrictive
read-out technique. The process began when, upon detection of an
event by the trigger logic, a high vqltage pulse was applied between
the planes of chamber wires. Sparks then formed between the high
voltage and ground planes (Fig. 8) with the most likely points of
breakdown being at the positions where any charged particles had
recently passed. Since the chamber planes consisted of an array of
finely spaced wires (40 per inch), the current drawn by each spark
flowed through the wire (or wires) closest to the spark.

A magnetized read-out wire was placed along the edge of each
rlane with only a thin layer of mylar insulation separating it from‘

the spark chamber wires. The current pulse flowing along a wire

r
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toward the location of a spark produced a corresponding pulsed mag-
netic field around the wire. When this pulsed magnetic field inter-
acted with the static field around the readout wire a shock wave was
prdduced which propagated toward both ends of the readout wire at the
velocity of sound. At each end of the readout line special "fiducial"
wires were also pulsed upon detection of every desired event.

As each sonic wave reached the end of the readout. line, the
longitudinal movement of the magnetized wire induced a current in a
surrounding pickup coil. The time between a fiducial and a spark
signal, together with a knowledge of the velocity of sound in the
readout wire, allowed the calculation of the distance from the fiducial
wire to the spark wire. Since the distance between fiducials was
known, measuring the time interval between the two fiducial signals
allowed the velocity of sound to be monitored continuously in each
readout line.

The signal from each readout line was next amplified, dis-
criminated, and converted into a standard logic pulse. Associated
with each line was a set of four fourteen bit binary scalars which
were reset to zero before any readout signals had arrived. When the
first readout pulse, normally from the first fiducial, had been de-
tected, all scalars began to count signals from a high speed clock
(20 MHz for the back stand of chambers and 40 MHz for all other
planes). Subsequent spark readout pulses stopped the counting
scalars in a specified order. That is, the second pulse stopped

the first scalar, the third pulse stopped the second scalar and so
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on. If less than five pulses were received, the extra scalars were
stopped when they overflowed and an extra indicator bit was set. Any
pulses after the fifth one were lost. For the cases when the scalers
were started by the signal from the first fiducial, the counts in
each of the scalars were directly related to the time lapse between
the first fiducial and the particular signal pulse. To provide the
system with a degree of redundancy, the signals from both ends of

each readout line were digitized independently.

3. Analyzing Magnet
Momentum analysis of charged particles was provided by a
BM109 dipole magnet with an aperture 20 cm high and 60 cm wide. The
18 kilogauss field region extended for 1.9 m along the z direction
and delivered a momentum kick of approximately 1 GeV/c in the x
direction. TFor the momentum range of particles studied, a sufficient
approximation to the magnetic field was obtained by assuming a con-

stant field within the magnet and no fringe field.

4, Calorimeter
Downstream of all spark chambers, at a distance of approx-
imately 26 meters from the hydrogen target, a small hadron calorimeter
was placed in the beam line (Fig. 9). Twenty one iron plates,
10 cm X 10 cm X 2.5 cm in size, were interleaved with 10 em %X 10 cm
sheets of plastic scintillator, producing approximately three ab-
sorption lengths of material. The discriminator levels on the photo-

multiplier tubes of the calorimeter were set low enough to detect







any charged particles produced within or traversing the calorimeter.
The motivation for augmenting the spectrometer with this device was

the detection of multibody dissociation processes such as
+ -
n+prn+7mT +7 +p

which would contain a high energy neutron in the forward direction.
As will be shown later, such processes were indeed observed as a

significant background in our data. The calorimeter was also used
to count the number of neutrons in the beam, and thereby provide a

normalization for our measurements of the dissociation cross section.

D. - Event Trigger

The detection of a possible neutron-dissociation event in the
spectrometer was accomplished by requiring a set of coincident
signals from the scintillation-counter system. A candidate event
was required to have:

(1) At least one charged-particle present immediately follow-

ing the target region,

(2) At least two particles traversing the H1 hodoscope,

(3) A recoil proton detected within the hydrogen target.

Condition (1) was satisfied by the observation of a signal from
both phototubes associated with the S counter (SU and SD) at the
downstream end of the high pressure hydrogen. The second condition
required signals from exactly two Hl scintillators. Events having

more than two charged tracks were not totally eliminated by this
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procedure since it was possible for more than one particle to pass
through the same element of the Hl array. Event candidates were con-
sidered to have a probable recoll proton if signals were observed
simultaneously from only one upstream recoil-counter phototube and
only one downstream phototube. No requirement was made in the
trigger that the two phototubes be at opposite ends of a single
scintillator. Subsequent analysis showed that this was, however, the
case for approximately 857 of all recorded triggers.

The above trigger criteria were then augmented by requiring that
no signals were observed in the veto counters. The first of these,
AO’ was located within the high pressure vessel, and defined the up-
stream end of the target volume. A signal observed from either of
the two phototubes associéted with this counter (AOL’ AOR)‘indicated
that a charged particle rather than a neutron entered the target
region, and the event was therefore rejected. The additional veto
counters (Al-A4) were positioned to cover the region surrounding
the spectrometer magnet aperture and eliminated events which had
additional particles in this area. In summary, the complete trigger,

T, can be written as

One One
Upstream ,  Downstrean T .
Target ) ( Target ). (AOL AOR) A1 2 A3 A4
Phototube Phototube

Two
T=S..*S_.* ( Hl )o (
uD counters

E. Trigger Rates

The trigger rate was an approximately linear function of target

pressure for pressures up to 1250 p.s.i. Typically 90Z of the event

(L4
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candidates were eliminated by the veto counters. Data was originally
taken with a target pressure of 1250 p.s.i., but later lowered to

750 p.s.1. allowing lower-energy recoil protons to reach the recoil
counters. At the lower pressure there were 5~10 triggers per machine
cycle (a five second acceleration cycle followed by a one second

spill) with about 2 X 105 neutrons per spill.

F. Data Acquisition

After each trigger, all the information required to describe
the event was transferred through a CAMAC interface system into the
memory of our online PDP15 computer. 1In addition to the scalars con-
taining the spark chamber information, a number of other quantities
were recorded. These included pulse-height information from the
target and calorimeter counters, along with an indication of which
Hl and H2 hodoscope counters had been activated in the event. Scalar
readings for our calorimeter, as well as other monitoring counters,
were also saved. After ten events had been accumulated the stored
information was written onto magnetic tape. Throughout the course
of the experiment the computer also made a number of checks on the
quality of the incoming data. Numerous displays were available

which allowed the continuous monitoring of spectrometer performance.

G. Summary of Data

The results presented in this report represent the analysis

of approximately 4 X 105 triggers. About one quarter of these were
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taken with a target pressure of 1250 p.s.i., with the rest at a
pressure of 750 p.s.i1. The data were collected in two, roughly

equal, running periods in July and September of 1974,

e
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CHAPTER III

ANALYSIS OF DATA

A. Reconstruction of Events

1. Check for Recoil Proton

The reconstruction of an event was begun by checking the
signals from the hydrogen target. All pulse heights from the
azimuthal recoil counters were examined to check that the two
largest signals were from phototubes at opposite ends of one of
the sixteen recoil scintillators. Events for which this was not
the case lacked a clear recoll proton signal and were removed from
the data. Approximately 85% of all triggers passed this require-
ment. In subsequent discussion, the phototube signals from the
recoil counters will be referred to as Aup’ for the upstream end

of the target, and A for the downstream end of the target.

down

2. Calculation of Spark Position
As described in Chapter 11, spark positions were initially
recorded in terms of the number of clock pulses which lapsed be~
tween the observation of the first fiducial and the arrival of a
spark pulse., Scaler values were subsequently converted to position
measurements by using the velocity of propagation of signals on the

magnetostrictive line (which in turn was obtained from the known

~25-
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distance and the measured number of clock pulses between two fiducials).

If, for some readout line, s_ was the scaler reading for the second

f
fiducial, then a spark with scaler value s had a calculated position
xg given by

d

X =[—| *»8+x

f
where df was the distance between fiducials and x  was the spatial
position of the first fiducial. After all the spark coordinates
were calculated from their corresponding scaler values, the spark
positions determined from opposite ends of each readout line were
compared for consistency. Those sparks whose coordinates matched

to within 3 mm (v8 times the resolution) were combined to yield a

single average spark position.

3. Search for a Dissociation Event

(a) Location of Tracks

A search was next performed for particle tracks within the
gpectrometer. Sparks from the x planes were examined first. A
tentative track segment was formed using only those sparks from the
middle chambers (Fig. 6). This segment was extrapolated to the
downstream end of the spectrometer and, if it intersected the back
chambers, at least one spark was required to be located initially
within 10 em of the track. The track was also extrapolated to the
center of the magnet. Subsequently, using a thin lens magnet
approximation, the upstream portion of the track was approximated

by a line drawn from the trajectory point at the center of the

L4
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magnet to the target position. The front chambers were then examined
and each track had to have at least one spark in these chambers. A
set of geometric parameters was saved for each track meeting the
above criteria.

After all potential tracks were located in the x view, a search
was made for the corresponding track in the y view. Since the mag-
netic field of the spectrometer magnet was along the y direction,
there was a negligible change in the y slope of a track upon its
passage through the magnet. This reduced the problem of recon-
struction in the y view to one of locating all sets of y sparks that
formed straight lines through the spectrometer.

The u-v planes were also used in reconstructing the y view.

For each tentative track in the x view the predicted x values at all
u or v planes were first calculated. These predicted x values were
used in conjunction with the known angles of rotation of the spark
chamber wires, to obtain a y coordinate from each u or v spark.
Only those u-v sparks which lined up with y chamber sparks were
used in the final reconstruction. In this way, locating tracks in
the y view simultaneously matched each y track to an x track.

After all tentative tracks had been found, each positive track was
pailred with each negative track and an attempt was made to fit the
combination as dissociation products originating from a common ver-
tex. Events in which no pair of oppositely charged tracks could be

found were discarded.
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(b) Determination of the z Coordinate of the Vertex

Because the angle between the two tracks upstream of the mag-
net was small (¢10 ﬁR), the z coordinate of.the interaction vertex ob-
tained by using the spark chamber tracks was often uncertain to several
tens of centimeters. This error was greatly reduced by using the recoil
scintillators to determine the location of the interaction vertex.
Assuming an exponential loss for light travel;ing along one of these scin-

tillators, we can express the observed pulse height at either end as follows:

A =e o Ae 2%
up “Cup

- . -a(2-2)
Adown €down Ae

where A 1is proportional to ionization produced within the scintillator
by the recoil proton, z is the position along the scintillator at
which the recoil struck, a is the attenuation coefficient for 1light
travelling through the scintillator, £ is the length of the scintil-
lator strip and eup (edown) is the-efficiency of the upstream (down-

stream) light guide and phototube system. Solving for z we have

or
Adown
zsclzn —A—'— +C2 .
up

The constants C1 and C2 were determined for each scintillator by

reconstructing a fraction of the data without using the information

"w
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from the hydrogen target and then plotting the z coordinate of the

vertex as a function of &n (A /Aup). Figure 10 illustrates the

down
correlation observed for a typical target counter. For this plot
we used only those events with large opening angles and, therefore,

small errors in the z coordinate of the vertex.

(c) Least Squares Fit

After the location of the vertex and the track elements an
iterative least squares fit was performed to the sparks. Those
sparks which deviated by more than 2 mm from the fitted trajectory
were removed. If the same spark had been used for both tracks of
the Vee, subsequent to the first iteration, it was assigned to the
closest track. After the fit, track pairs with a high x2 or with a

track containing an excessively small number of sparks were dropped.

(d) Elimination of Spurious Multiple Tracks

Events which had more than one pair of oppositely charged
tracks were subjected to more detaiied examination. Many of these
events contained sets of tracks which were nearly identical in their
composition of sparks. In such cases, only the highest quality
track (determined by the relative x2 and number of sparks) was re-
tained. TIf, after this selection, more than a single Vee still re-
mained, the event was then rejected. Approximately 60%Z of all

triggers survived the entire reconstruction process.
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B. Correction for Geometrical Efficiency

Because of the dimensions of the spectrometer, not every event
was produced in such a way as to be able to trigger the apparatus.
Consequently, the data had to be corrected for various geometric
cuts and losses. This was done by calculating a weight for each
event through a Monte Carlo technique. Although nine parameters are
needed to fully describe a two-track event having a common vertex,
only five variables (e.g., p,M,t,cosBGJ,¢GJ) are needed to fully
specify the kinematics of the dissociation reaction. The "physics"
content of an event is not affected by the particular way we choose
the four remaining parameters. The latter were chosen for con-
venience in the Monte Carlo, to be the three coordinates of the pro-
duction vertex (xv, yv, zv) and the azimuthal orientation of the
plane of the Vee event about thg z axis (¢).

To obtain a weight for each physical event, a number of
fictitlious events were generated having the same kinematic properties
but random values for X, yv, z, and ¢ (these were generated over
the same range of values as found in the data as a whole). These
Monte Carlo events were tracked through the spectrometer to determine
if the event would produce a trigger or not. The weight was then

taken to be:

NUMBER OF EVENTS GENERATED

NUMBER OF GENERATED EVENTS PRODUCING TRIGGERS

Enough events were generated to insure that the fractional

statistical error on the weight was at most 10%.
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The experiment events were also tracked through the apparatus
and a few per cent failed due to the idealized geometry of the
spectrometer used in the Monte Carlo calculation. The events which
failed this check were eliminated from the sample because they were
already compensated for by the remaining (weighted) events. A
histogram of the final weight spectrum is given in Fig. 11. A plot
of the average geometric efficiency of the spectrometer as a func-
tion of p, M, and t 1is presented in Fig. 12.

Below a neutron momentum of 50 GeV/c the geometric efficiency
falls rapidly. Tﬁis problem is further aggravated by the recon-
struction program's difficulty in locating tracks with momenta be-
low 5 GeV/c. Furthermore, as will be shown in the following sec-
tions, many background corrections are most important at iow beam
momentum. For the above reasons, events with neutron momenta be-
low 50 GeV/c were discarded.

In addition to calculating a weight for each observed event,
the acceptance of the apparatus was also studied using events
generated for all regions of phase space. This simulation pro-
cedure revealed the existence of a kinematic region for which the
geometric acceptance was V1%, The biased regime corresponded to
values of cosf >0 (for the Gottfried-Jackson frame), and was
strongly dependent on mass and the incident neutron momentum. For
small M values, this bias was limited to very low momenta (< 50
GeV/c), but for masses of 2 GeV/c2 the bias problem was significant

up to momenta of approximately 200 GeV/c. The Monte Carlo weight

(L]
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calculation described above corrects only for lost events if other
similar events are present, and is consequently inadequate for

handling a region of miniscule acceptance. Experimental evidence
for such gross losses, as well as the steps taken to correct them,

will be discussed in Section D.

c. Corrections for Background

1. Calorimeter
As was mentioned in the first chapter, the calorimeter

was intended to detect reactions such as
+ -
n+p>*n+mT +7T +p

For reactions of this kind it is expected that the final~-state
neutron would, in a substantial fraction of these events, have a
momentum and direction similar to that of the incident neutron beam.
Figure 13a displays the experimentally observed distribution for
the sum of the pulse heights from the three phototubes of the
calorimeter. While the bulk of the data have small pulse heights,
there is nevertheless a long tail to the distribution extending to
very large pulse heights. The small fraction of the events for
which the trajectory of one of the reconstructed charged-particle
tracks of the Vee intersected the calorimeter position was re-
moved from the distributdion. The energy deposited in the calorim-
can, therefore, be attributed to secondary interactions of neutral

hadrons in the calorimeter. Events with a
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pulse height of 25 or greater were judged to result from interactions
of neutrons and these were consequently eliminated from consideration.
A further indication that this interpretation was sound can be found
by examining the momentum spectrum of the incident neutrons for those
events with calorimeter pulse heights above 25. When compared with
the spectrum for the remaining events (Fig. 13b), the data having
large pulse heights show a dramatic low-momentum enhancement. This
is exactly what one would expect, because the secondary neutron is
degraded in momentum relative to a neutron-beam particle.
Unfortunately, the calorimeter was available for only approx-
imately 60% of our data taking. Although, without the calorimeter
signal, the background events could not be identified on an individual
basis, they were corrected‘for in a statistical manner as follows.
Events with large pulse heights were not discarded, but were rather
given negative weights whose magnitude was the ratio of the total
number of events having no calorimeter information to the number of
events for which the calorimeter information was available. In this
way whenever the entire data sample was plotted in a histogram, a
proper background subtraction was automatically made for events with
large pulse heights, which effectively served to remove contamina-

tion from this background on, at least, a statistical basis.

2. Hydrogen Target
(a) Recoil-Angle Distribution
The pulse height information obtained from the hydrogen

target phototubes proved to be an extremely valuable means for
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eliminating background events. To begin with, the angle of the re-
coil proton, as calculated from the ™ and p momenta measured in the
spark chamber spectrometer, was compared with the recoil direction
as determined by the recoil counters which detected the proton

(Fig. l4a). A typical distribution in the difference between the
calculated recoil angle and the observed angle of the recoil signal,
for one of the sixteen recoil couhters, is shown in Fig. 14b. Most
of the events have a ¢ angle within the angular resolution of the
recoil counter (360°/16=22.5°). As was the case for events having
large calorimeter-pulse heights, we attribute events outside of the

peak to background reactions involving missing neutrals, e,g.:

n+prnta +n +p

n+prp+m +1 +p

For these type of events, the calculation of ¢ is based only upon
the observed charged tracks and therefore cannot yield the correct
direction of the recoil proton. (The effect of experimental measuring
error on the recoil angle calculation will be considered later.)
Again, as was the case for events with large pulse heights in the
calorimeter, the indication of additional missing neutrals is
corroborated by a low-momentum enhancement in the beam spectrum for

events outside of the peak region in ¢ (Fig. 15a).

(b) Energy Loss of the Recoil Proton
Formulas for pulse heights observed by the phototubes at

either end of the target recoil counters have previously been given
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in section A-3 of this chapter. Using these equations we can define
an average pulse height A as follows:
- -af

A A A = ye
up down

eupedown.

= CeA
where A is proportional to the energy lost within the scintillator
by the recoiling proton, Aup and Adown are the phototube pulse heights
at the upstream and downstream end of the recoil counter, and C is
a constant dependent on the nature of each recoil counter. Since

the squared four momentum transfer, t, can be written as
t=2mT
P

where mp is the mass of the proton and T is the kinetic energy of
the recoil proton in the laborabory, we can conveniently use t as

a measure of T. A plot of A vs. t for a typical recoil counter is
given in Fig. 16a. In this figure»a band of high density is seen

to rise linearly from the lower left hand corner until a t of
approximately .06 GeV2 is reached. For larger t, the band decreases
in value and appears to be asymptotically approaching a horizontal
line as t becomes large. The above description is in complete
agreement with the expected signal from recoil protons. If the re-~
coil has little kinetic energy, the proton will stop within the
scintillator, depositing all its energy and producing a pulse height
proportional to T (and therefore t). As T of the proton increases,

the recoil will eventually pierce through the scintillator and
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deposit less than its total kinetic energy. At large values of T,
the energy deposited within the scintillator will approach the value
expected for a minimum ionizing particle.

If the data are divided into portions with small and large re-
coil angles (Figs. 16b and 16c), those events with small recoil angles
are found to have a much cleaner energy-loss distribution. Using
plots similar to these, events with improper recoil pulse heights
were removed. As before, ghe momentum spectrum for the events re-
moved (Fig. 15b) shows the low momentum enhancement expected when
the final state contains additional missing neutrals. (Events with
t values below 0.02 GeV2 were also discarded because most of these
would have had insufficient recoil energy to reach the counters and

produce a trigger.)

(c¢) Background Subtraction Using Recoil-Angle Distributions
In addition to removing background by rejecting events
with pulse heights outside of the signal band, we also imposed a
cut off on the ¢ recoil angles. An event with a recoil angle of
absolute value less than 14° was considered as an acceptable candi-
date for Reaction (1). We corrected this "signal' region of the
data by subtracting from it events whose recoil angles had ﬁagnitudes
between 14° and 28° (the "background" region); this had the effect
of approximately removing effects caused by background events re-
maining in the signal region. An additional refinement was added
to this procedure in order to correct for resolution error in our

determination of the recoil angle. This is discussed below.
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As with any measured quantity, there is an experimental uncer-
tainty in the value of the proton recoil angle. Because of this,
some of the events found in the background region are, in fact, good
events with badly measured recoil angles. TFor our spectrometer,
the angle error increases with increasing beam momentum and decreas-
ing t. This effect is evident in the data shown in Fig. 17, where
we display the t distribution as a function of beam momentum for
events with ¢ between 14° and 28°. At low beam momentum the t dis-
tribution has an approximately e-7t behavior, while at higher momenta
a steep peak develops at small t with a e_3Ot dependence. This is
to be contrasted with the signal region which has an approximately
e_10t behavior and is nearly momentum independent. This strong t
dependence at high momentum is caused by the increased number of
low-t events with large errors in ¢. Failure to compensate for this
effect would have resulted in an over subtraction of background at
high momentum and low t. A correction was, therefore, applied to
the data using a Monte Carlo method described below.

For each event in the signal—region of the ¢ distribution a
number of Monte Carlo events were generated in which the momentum
vectors for the pion and proton for each Monte Carlo event were
smeared by their estimated experimental resolutions. A new recoil
angle was then calculated for each of these generated events and a

count kept of how many remained within the signal region. The

following weighting factor for the signal region:
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NUMBER OF EVENTS GENERATED

NUMBER OF GENERATED EVENTS WITH RECOIL
ANGLES IN THE SIGNAL REGION
was then assigned to the event. As in the calculation of the
geometric acceptance, enough events were generated to insure at most
at 10% statistical error in W. The average value for W was 1.04 and
the maximum weight was 2.65.

Having made the above correction, we were then able to proceed
with the background subtraction. The weighted recoil angle dis-
tribution for the entire data sample is displayed in Fig. 18. At
large recoil angles the distribution is well approximated by a
straight line on a semilog plot. The plot was made using 7° bins,
hence, the first two bins represent the signal region and the next
two the background. Although the counts in the background bins are
well above the line estimating the background level in the signal
region, this excess is almost exactly equal to the calculated num-
ber of events lost from the signal because of resolution. If the
indicated line in Fig. 18 is a good approximation of the real level
of background, then it would appear that the background increases
as the magnitude of ¢ decreases. This result led us to weight
those events in the background region by yet another factor
(approximately 1.2 as determined from Fig. 18) before subtracting

the side bands from the signal.
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(d) Target-Empty Correction

During the experiment, some special runs were taken with
all gas evacuated from the hydrogen target. This data could then
be subtracted from the normal data to correct for interactions
occurring in material other than the high pressure gas. When
normalized to the same incident neutron flux, the target empty
correction was found to be less than 0.3%. 1In addition, because
the distributions of kinematic variables were very similar for
target—-empty and for target full, the net effect of this correction
was completely negligible. One interesting aspect of the target-
empty data is the distribution of the z coordinate of the ﬂ—p pro-
duction vertex (Fig. 19). 1In contrast with the smooth distribution
obtained for the target full data, the target empty events exhibit
two peaks corresponding to the locations of the veto and trigger

counters within the gas target.

3. Summary
In summary, the total background correction was accomplished
by first removing events with improper pulse heights in the recoil
counters, then events having t <0.02 GeV2 and finally data with re-
coil angles of magnitude greater than 28°. A weight, W, was then

defined as

Wgeom.wcal.wdp

and assigned to all remaining events. In this expression, wgeom .

was the weight calculated to correct for the geometric efficiency.
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Wcal was equal to 1 except for events having large pulse heights in
the calorimeter. For such events Wcal was set negative so as to sub-
tract the background on a statistical basis, for those events with
large calorimeter pulse heights for which calorimeter information

was not available. W, was set to -1.2 for events in the background

¢

region of recoil angles (14° < | ¢ | < 28°). Within the signal

recoil

region of recoil angles (|¢ <14°) W,_ was a positive quantity

recoill 0]
used to correct for losses from the signal region due to experimental
error in the recoil angle. The average weight per event was 2.0.

The data sample consisted of a signal of approximately 60,000 events

and a background of approximately 10,000 events.

D. Cross Section

1. Preliminary Normalization
A preliminary cross section for our reaction was determined

using the formula

30
G(ub) =1 Nevents
_ 1
f = N -y
neutrons

30 s
where the factor of 10 converted from square centimeters to micro-

was the final weighted number of events, N

arns, N
b > neutrons

events

was the total number of neutrons incident upon the target as de-

termined by the calorimeter, and n was the number of target
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protons/cmz. Because data was accumulated using two different target
prossures (1250 and 750 p.s.1i.), the value used for f in the calcula-
tion was a weighted average of the results from the two individual
pressures (Table I). Two corrections were included at this point

in the calculation. The first of these was a 10 + 37 correction for
losses due to reconstruction inefficiency. Another correction of

10 * 3% was made to account for the fact that events with neutron
momenta below 50 GeV/c were not used as data but were counted in

the calorimeter.

The preliminary cross section integrated over the entire beam
momentum spectrum, was 221 * 15 pyb. The error on this value in-
clused an estimated 5% uncertainty in our knowledge of the incident
neutron flux. Two other important corrections to the above cross

section are discussed below.

2. Further Corrections

(a) Region of Negligible Geometric Acceptance

This correction was necessitated by the fact that there
were regions of very low geometric efficiency (discussed in section
B of this chapter). The events affected by this problem were
principally at low momentum, high mass, and at coseGJ > 0. The
preliminary cross section, as a function of momentum, for four mass
regions, 1is shown in Fig. 20a6. At small mass, the cross section
is nearly constant while at high mass it rises in an approximately
linear fashion Qith increasing momentum. The relatively strong

momentum—-dependence observed at high mass was attributed to event



-52-

TABLE I

Details of Calculation of the Cross Section

Pressure
Quantity 1250 p.s.1di. 750 p.s.d.
Target gm/cm2 .342 .210
n 2.06 % 1023 1.26 x 1023
N 1.52 x 10° 4.82 x 10°
neutrons
£ 3.20 x 10733 1.64 x 10733
N, _. 1.11 x 103 2.75 % 103
triggers
. + .
r (Ntriggers)1250 f1250 (Ntriggers)750 f750
(Ntriggers)1250 (Ntriggers)750
1,11 x 100 - 3.20 x 10723 + 2.75 x 10% - 1.64 x 10733
- 3 3

1.11 x 107 + 2.75 x 10

2.09 x 10733 cm2
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losses in the problematic region of our acceptance. Further evidence
that geometric inefficiencies were involved was obtained by examining

separately, the cross sections for cosBG < 0 and cos9GJ > 0 (Figs.

J
20b and 20c). At negative values for cosf, where there were no prob-
lems with acceptance, the cross section is flat for all masses,
whereas for positive cosf, the region of possible losses, there is

an accentuated momentum dependence.

Corrections for the losses at cosBGJ > 0 were made as follows.
Because in regions of good acceptance, the cross section displayed
only a weak variation with momentum, we assumed that the coseGJ
distribution was also energy independent. We therefore estimated
the total cross section by dividing the results for coseGJ < 0 by
the ratio of the cross section for cosGGJ < 0 to the cross section
for all coseGJ as determined from the highest values of beam
momentum. Figure 20§ gives the resulting corrected cross sections.

To minimize the effect of losses at low momentum on the rest
of the analysis, the data sample was subjected to a further cut off.
In particular, the minimum allowed value of momentum for data to be
acceptable was taken to be an increasing function of mass (Fig. 2la).
This cut eliminated that portion of the data containing significant
losses. Assuming the dissociation process to be nearly momentum
independent, the fraction of the data that survived the momentum
cut can be approximated by the fraction of the incident neutron

beam-momentum spectrum above the cut off (see lower part of Fig.2la).

The inverse of this fraction is the weight needed to correct for
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the low-momentum cut-off imposed on the data. The same procedure,
but with a more restrictive low-momentum cut-off was used for cal-
culating the more sensitive moments of the spherical harmonics in
(eGJ’ ¢GJ)' The cut offs used for the calculation of moments are
displayed in Fig. 21b. The moments are discussed in Chapter IV,

Section D of this thesis.

(b) Events with t<.02 GeV2

A final correction to the cross section was made for those
events with a t value below .02 GeVz. This was done by extrapolating
the observed t distribution to t=0. A more detailed discussion of

this calculation will be given in the next chapter.

(c) Final Cross Sections
Table II shows our final cross sections. The data in-
dicate approximate momentum independence of the cross section for

momenta between 50 GeV/c and 300 GeV/c.



Momen tum
interval
(Gev/c)
50 - 115
115 - 160
160 - 195
195 - 220
220 - 250
250 - 300

50 - 300
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TABLE II

Final Cross Sections

Mean
momentum
(GeV/c)
85
140
180
208
235
265

200

260
282
289
285
299
304

287

o(ub)

I+

4

14

I+

1+

1+

14

39
38
35
32
31

29

22



CHAPTER IV

PRESENTATION OF RESULTS

This chapter contains a detailed presentation of our experi-
mental results. Primary emphasis will be placed on differential
cross sections in t, M, coseGJ and ¢GJ' Comparison with other ex-
periments as well as with theory, will be made in the following

chapter.

A. General Features

The overall weighted distributions in t, M, cosf , coseH

GJ’ ¢GJ
and ¢H are displayed in Fig. 22. The t distribution is exceedingly
steep at small t values, and less so at larger t. do/dM is charac-
terized, primarily, by a broad low-mass enhancement. In addition,
there are peaks at masses of approximately 1.38, 1.48 and 1.65 GeV/cz,
followed by a smooth high mass tail beyond 1.8 GeV/cz. The distribu-

tion in coseG shows a strong forward, and a smaller backward, peak,

J
while the corresponding coseH plot is nearly flat with a pronounced
minimum in the forward direction. (The detailed nature of this
minimum, however, occurs in the region of worst acceptance and is
consequently somewhat sensitive to our weighting procedures.) Both

the ¢GJ and the ¢H distributions have maxima at *180 degrees, and

the ¢H cross section has a small additional peak at zero. Both ¢

-58-~
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distributions are symmetric about the origin, as is required by
parity conservation (assuming an unpolarized beam of neutrons). For
this reason, all further discussion of these variables can be limited
to their absolute values. In the succeeding sections of this chapter

we examine the data in greater detail.

B. Distributions in Momentum Transfer

1. Mass Dependence

Our data show a strong variation of do/dt with the mass of mp
system. In Fig. 23, t distributions are presented for eight mass in-
tervals from threshold to 2 GeV/cz. For the higher-mass regions
do/dt is, with the exception of a possible turn over at small t, well
approximated over the entire range of t values by a simple exponential.
The data below a mass of about 1.5 GeV/c2 show more structure. At
very small values of t the behavior is again exponential but with a
dependence that becomes invreasingly steeper as smaller masses are
selected. There is an abrupt change in the shape near 0.2 GeVZ,
after which the low-mass data appear to fall off in t at a rate com-
parable to that observed for the data at high mass.

Fits to do/dt were made using the parameterization do/dt=Ae_bt.
The use of this parameterization is quite common in the study of our
reaction and we will subsequently refer to b as the 'slope parameter"
of the t distribution. At small-mass values the upper limit of the

t interval over which the fit was performed was carefully chosen to

include only those values of t that were well approximated by a
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simple exponential. The results of the fits are listed in Table III,
and plotted in Fig. 24. Starting with a slope of about 25 GeV_2 at

small M, a value approximately twice that observed for proton-proton

=

elastic scattering7, b drops steadily as the mass increases. Althoug
the dependence on mass is nearly linear, the rate of decline seems to
decrease between 1.25 and 1.4 GeV/cz, and then to increase again for
masses just above this interval, The slope parameter appears to be
constant, "5 GeV_z, for masses greater than 1.6 GeV/cz.

As mentioned in Section D of the previous chapter, a correction
was made to the cross sections for events with a value of t too small
to be detected by our apparatus (t values below .02 GeVz). This was
done using the fits given in Table ITI, and extrapolating the data
to t=0. The resulting corrections are summarized in Table IV. The
statistical errors given in Table IV are based on the errors in the
fit parameters and consequently do not include the effects of
possible nonexponential behavior for do/dt at t values below .02.

A more realistic estimate of the error for the total correction is
therefore provided in the table to take account of such systematic

uncertainties.

2, Momentum Dependence

Using the exponential parameterization of the previous section,
the momentum dependence of the t-distribution was'also investigated.
The lower momentum cut off as a function of mass, described in the
previous chapter, could not be used in this study, so the investiga-

tion was limited to low masses, where biases were minimal. Figure 25
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Table III

Fits to differential cross sections [exp(-bt)]

Mass interval t range for b(GeV-z)
(GeV/cz) fit (GeVz)

< 1.165 .03 - ,15 24.4 + 1,6
1.165 - 1.25 .03 - .15 19.2 *= 0.9
1.25 - 1.3 | .03 - .15 16.8 * 0.9
1.3 -1.35 .03 - .15 16.0 £ 0.7
1.35 - 1.4 .03 - .15 15.0 * 0.65
1.4 - 1.45 .03 - .15 11.2 * 0.8
1.45 - 1.5 .03 - .19 8.8 + 0.6
1.5 - 1.55 .03 - .19 6.3 = 0.6
1.55 - 1.6 .03 - .49 6.1 + 0.25
1.6 = 1.65 .03 - .49 5.1 + 0.2
1.65 - 1.7 .03 - .49 5.1 + 0.2
1.7 -=1.75 .03 - .49 5.1 + 0.3
1.75 - 1.85 .03 - .44 4.8 * 0.4

I+

1.85 - 2.0 .03 - .44 4.6 0.4
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Table IV

Correction to cross sections for losses below t=.02 GeV

% = a(M) e_b M)t for small t
t2 - -
o[tl;tz] = j (%%)dt > %%5% (e btl - e bt2)
t
0[05.02] = :gg; 1 - e 9%
Mags interval
(GeV/cz) a(ub/GeVz) b(GeV-z)

M < 1.165 204 24.4 3.2
1.165 - 1.25 399 19.2 6.6
1.25 - 1.3 305 16.8 5.2
1.3 - 1.35 365 16.0 6.3
1.35 - 1.4 392 15.0 6.8
1.4 - 1.45 252 11.2 4,5
1.45 - 1.5 200 8.8 3.8
1.5 = 1.55 129 6.3 2.4
1.55 - 1.6 114 6.1 2.2
1.6 - 1.65 105 5.1 2.0
1.65 - 1.7 99 5.1 1.9
1.7 - 1.75 60 5.1 1.2
1.75 - 1.85 58 4.8 1.1
1.85 - 2 54 4.6 1.0
2 -3 62 3.1 1.2

TErrors are statistical.

Total 49,2

To correct for the presence

we estimate a final correction of 49 + 16 ub.

a(ub)
0.4
0.5
0.5
0.4
0.5
0.4
0.3
0.3
0.1
0.1
0.1
0.1
0.1
0.1

0.2
1.2 ub

H+ H+ H o+ H o+ K W+

I+

+ 1+

of systematics
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and Table V summarize the results. All mass intervals, except the
very lowest one, show a small possible increase in b over our beam-
momentum range. The weak momentum dependence observed here serves
further to justify the presentation of our other results in terms

of averages over incident momenta.

3. Decay-Angle Dependence

When the data were examined to determine the variations of do/dt
with the decay angles of the Tp system, a striking effect was ob-
served. The t distribution was very insensitive to cuts in ¢GJ’

but was a strong function of SG As can be seen in Figs. 26-28,

7°
the break in do/dt which occurs at smaller masses is greatly enhanced
for central values of cosBGJ, while data having very large absolute
values of cos® show no break at all. For larger mass values, where
the overall t distribution is approximately exponential, there is
much less variation with cosf®. All three mass intervals show a
low-t turn over in dg/dt at large values of cosf. We will show in
the next chapter that some of this behavior can be explained in terms
of a specific diffraction-production model.

Figure 29 shows the observed dependence of the slope parameter

on cosSGJ and | for the same three mass intervals studied in

00
Figs. 26-28. This plot confirms the weak dependence of do/dt on
|¢GJI’ and provides a quantitative measure of the dramatically

different values for slopes found for different regions of cosSGJ.

The small changes of b with |¢GJ| can be attributed to the knowm

correlation in our data between cos9GJ and ¢GJ’ which will be
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Table V

Slope parameter as a function of mass and incident

Mass interval Momentum interval

(GeV/cz)

1.25 <

1.25 - 1.35

1.35 - 1.45

1.45 - 1.55

50
100
165
205
240

50
100
165
205
240

50
100
165
205
240

50
100
165
205
240

(GeV/c)

momentum

100
165
205
240
300

100
165
205
240
300

160
165
205
240
300

100
165
205
240
300

fit (GeVz)
.03 .15
.03 .15
.03 .15
.03 .21

t range for

b(GeV %)
18.2 * 3.9
22.5% 1.6
22.7% 1.6
19.6 + 1.4
17.5 + 1.4
11.3 * 2.6
15.9 + 1.3
16.4 % 1.0
16.0 + 1.0
16.5 + 1.0
10.2 + 2.1
12.4 + 1.1
13.2 * 1.0
12.8 + 1.0
14.4 + 1.0
5.7 + 1.7
7.0 £ 0.8
8.0 £ 0.7
8.0 + 0.7
7.6 + 0.7
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discussed later in this chapter.

A comparison between slope parameters using all decay angles,
and data for lcosGGJI < .3, is given in Fig. 30 as a function of
mass. For central values of cosGGJ the slope is about one and one
half times larger than that for all the data, for masses up to
1.5 GeV/cz. The b value for the restricted decay region then falls
suddenly, and the two sets of data exhibit similar behavior above

1.6 GeV/cz.

C. Mass Distributions

1. Dependence on t

The strong variation of(dc/dt with mass is likewise reflected
in the dependence of do/dM upon t. TFigure 31 displays the M dis-
tributions for six t regions. At low t the spectrum is dominated
by a low-mass peak at approximately 1.4 GeV/c2. As t 1s increased,
the mean mass value also increases, and there is evidence for peaks

at about 1.5 and 1.7 GeV/cZ.

2. Decay-Angle Dependence

Again as was the case with our t distributions, the mass
spectra show interesting variations as a function of decay angles.
Figure 32 illustrates the dependence of do/dM on cosGGJ. There is
a striking peak at 1.7 GeV/c2 for large negative values of cosf,
which seems to provide the clearest evidence we have for the pro-
duction of possible T p resonant states. As cos® is increased,

the production of this state at first diminishes rapidly and then,
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at larger positive cosf, the peak appears again, although not as
clearly as at cosf < 0. It is also evident from this figure that
there is a large increase in the cross section at very large posi-
tive cosf for events with masses above 1,8 GeV/cz.

We have further subdivided the data into regions of |¢GJ|,as
well as coseGJ (Figs. 33a and 33b). There appears to be little ¢
dependence for negative cosb, but for positive cost® the cross sec-
tion clearly peaks at large |¢|. Changes in ¢, in general, do not
greatly affect the shape of the mass distribution. The dependence
of the decay angles on mass and t will be discussed in a later

section of this chapter.

3. High-Mass Behavior

There is some evidence in our data for the production of a
high-mass state above 2 GeV/cz. Such an observation has recently
been reported in the 1iterature8. A plot showing the high-mass
portion of do/dM, given in Fig. 34, shows the suggestion of an
excess of events at approximately-Z.Z GeV/cz. The effect 1is
further enhanced by selecting those events with positive values
of coseGJ.
D. Decay-Angle Distributiens

Cross sections as a function of coseGJ and |¢GJI are given in
Figs. 35 and 36 for two t regions and five mass regions. Our

d0/d[¢GJ| spectra are nearly independent of mass and t, with a

common minimum at |¢[=0° and a maximum at [¢|=180°. The dependence
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of the cos6GJ distribution on mass and t is more pronounced. At
small mass and t, do‘/dcoseGJ is nearly flat. As the mass is in-
creased, the small-t data show, first, a slight peak at cosf=-1,
then, nearly equal peaks at the two extremes of cosf, and finally,

at the highest masses, a single peak near cosf=1. All mass intervals
for the high-t data exhibit similar behavior in cosO: there is a
large peak at cosf=1 and a smaller peak at small cosb=-1. The

data at high t and highest mass have a particularly pronounced peak
at cos6=1,

A more dramatic display of the variation of the cross section
with the decay angles 1s given in Fig. 37. This illustration com-
bines a weighted scattergraml(top) with a perspective view of a
three~dimensional reprxesentation of the cross section. It is clear
that the cross section 1s largest at large coseGJ and large |¢GJ|’
and varies slowly for coseGJ less than zero. We have also per-
formed a more detailed analysis of the decay angular distribution
by decomposing the data into a sum of spherical harmonics.

The normalized moments of the spherical harmonics, or simply

the "moments" are defined as follows:

§ W1 Yzm(cosei,¢i)
<Y, > =
2m

where the summation runs over all events, W, is the weight for an

i

event, and the angles O and ¢ are the decay angles in some par-

ticular rest frame of the W_p system. For our data, moments were
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calculated using two sets of mass and t intervals. In the first
calculation, the data were divided into two t intervals with seven-
teenn mass intervals at low t and sixteen mass intervals at high t.
This gave a detailed mass dependence which is particularly useful
in determining what, if any, resonant states are present in the
data. A second calculation was performed using seven t intervals,
each with six mass intervals. This enabled us to examine the t
dependence of the moments in more detail. Table VI lists the mass
and t intervals that were used in the analyses.

Moments were calculated in the s and t channel frames for £
values up to 2=6. Both the real and imaginary parts of the moments
were calculated but as mentioned previously parity conservation
requires our data to be symmetric about ¢=0, which implies that the
imaginary parts of all moments must vanish. Our data do indeed
satisfy this requirement as can be demonstrated through an inspec-
tion of the distribution in the imaginary parts of all moments in
terms of the number of standard deviations they differ from zero
(1.e., plotting the calculated moments divided by their experi-
mental errors). If the observed imaginary parts are merely random
statistical fluctuations around zero then one expects such a plot
to be Gausslan, centered at zero, with a unit standard deviation.
The results shown in Fig. 38 for both sets of mass and t intervals,
as well as both kinds of rest frames, are seen to be consistent
with this prediction. Individual imaginary parts for the moments

will therefore, not be present in this thesis. The observed
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Table VI

Mass and t intervals used in the calculation of moments

1. 35

1.48

1.70

1.48

1.65

2.16

<

(t in GeVZ, mass 1in GeV/cz)

.02 < t < ,12 with the following mass intervals

1.18

- 1.37

- 1.51

- 1.80

.12

1.24

1.51

1.68

3.00

Calculation 2

.02
.05
.08

.12

<

<

t

<

.05

.08

.12

1

1

1.

1.

018 -

.37 -

51 -

80 -

t <1 with the following mass intervals

.24 -

.51 -

.68 -

1.23 1.23 - 1.27 1.27 - 1.33
1.39  1.39 - 1.42 1.42 - 1.45
1.55 1.55 - 1.60 1.60 - 1.65

2.50

1.30 1.35 - 1.40 1.40 - 1.44
1.54 1.54 - 1.58 1.58 - 1.62
1.72 1.72 - 1.79 1.79 - 1.92

each of these t 1Intervals with
each of the following mass

intervals

1.33
1.45

1‘65

1.44
1.62

1.92

1.25
1.35
1.45
1.55

1.8

1.35
1.48

1.70

1.48

1.65

2.16

1.25
1.35
1.45
1.55
1.80

3.0
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distributions in Fig. 38 support the reliability of the various
corrections that we have applied to the data.

The real parts to the moments are plotted in Figs. 39 through
42 and the corresponding values are listed in Tables VIIa through
VIif. Any reasonably complete understanding of all these data would
necessarily require a detailed theoretical model, a task which is
beyond the scope of the present thesis. One can, however, make
several broad comments relating to t-channel moment values to pre-
viously presented distributions for dO/dcosSGJ and do/d|¢GJ| (Figs.
35 and 36). Firét of all, the moments are in general quite small

for m>2. Since the real part of a Y is proportional to sinmd,

m
the lack of large contributions from m >2 is a direct consequence

of the slow variation of do/d|¢GJ). The broad maxima observed for
dO/d|¢GJ| at |¢| = 180° contrast sharply with the steep forward
peaks observed in do/deosGGJ. This asymmetry in coseGJ i1s reflected

in the large values of the <Y 0> at large mass and high t. This

L
comes about as follows: The spheriéal harmonics are proportional to
(cosB)R, hence all the m=0 moments will be large and positive at
cosB=1. Because even and odd %-contributions will tend to cancel
for negative cosf, this will result in the observed forward-backward
asymmetry.

The manner in which <Y_ > ("“<cos9>) variles with mass at low t

10
can be discerned from the nature of the do/deosGGJ distributions.

For example, in the mass region between 1.3 and 1.4 GeV/c2 there

is a relatively large cross section in the backward direction.
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