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ABSTRACT

We present the results of a wire spark chamber experimént studying the
reaction ™ p — 77 nat 15 GeV/c. The differential cross section,density
matrix elements, and dipion mass distributions are given in the rho region
for momentum transfers (t) less than 0.30 (GeV/c)z. The density-matrix
elements and differential cross éection exhibit structure in the forward direc-
tion (-t < m12T). Using the vector dominance model, a comparison is made
with polarized and unpolarized single-pion photoproduction data which also
- exhibit structuré in the forward direction. Qualitative agreement with the
vector dominance model is found and, in particular, the transverse rho differ-
ential cross section displays a pronounced forward‘peak, analogous to that
observed in single-pion photoproduction. Quantitative agreement is found for
the unnatural-parity-exchange cross section and for the asymmetry at small
momentum transfers. Elsewhere there are disagreements in detail which
may not be explained by changes in normalization or the value of the rho-photonA
coupling constant. The data show a significant (> 4 standard deviations) rho-
omega interference effect in the dipion mass distribution for 0.1<ItI< 0..3 (GeV/c)z.
The overall phase between the amplitudes in the observed data is dominated by
transverse production and is shown to be -1.40 + 0.45 (rad) which differs
from the phase found at lower energies by = ;1r/ 2. The lower limit on the

branching ratio I'(w — 2m)/T'(w — 3m is 0.7% at the 95% confidence level.
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CHAPTER I

INTRODUCTION

The vector mesons were first observed expérimentally early in the past
decade, beginning with the discovery of the p meson1 in 1961 and followed
shortly thereafter by the discovery of the w, ¢, and K*.2 Hist_orically, theo-
retical predictions of their existence had been made some time earlier from
the behavior of the nucleon form factor data. Nambu3 postulated the existence
of an isoscalar vector meson in 1957 in order to explain the charge distribu-
tions of the neutron and prdton. Shortly thereafter, Frazer and Fulco4~
were also led tQ the prediction of an isovector vector meson from the behavior
of the electromagnetic structure of the nucleons. |

At the same time that these predictions were'being made from the form
factor data, other theorists who were attempting to construct a theory of
strong interactions were led to similar predictions for the existence of vector
mesons on the basis of conserved currents and universality. In 1960,
Sakura.il5 formulated a theory in which an isovector and two isoscalar vector
mesons played key roles. This theory was subséquently extended, using the
idea of unitary symmetry, by Salam‘ and Ward6 and later independently by
both Ge11~Ma.nn7 and Ne'ema.n8 to accommodate all of the vector mesons.

The interrelation between these two different approaches was provided in
1961 by Gell-Mann and Zachariasen9 who emphasized the idea of the vector
meson dominance of the electromagnetic form factors of the hadrons. The
vector dominance hypothesislo’ 11 was later extended to apply to all of the
electromagnetic interactions of the hadrons. |

It is curious, in retrospect, that the vector mesons should have been

predicted from the form factor data since more recent measurements show
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a more rapid falloff with momentum transfer than is expected from the vector-
meson propagator. 12 Despite this difficulty, however, the idea of vector
dominance has been of great utility in describing many other reactions involv-
.ing the hadronic interactions of the photon. In particular, the vector domi-
nance model (VDM) provides a direct relationship betweén single-pion photo-
production and the reéctionll | |

T p— pon . | (I.1)
It is to a study of this relationship that we address ourselves here.

The essence of thié VUM ¢an be summarized by the following statemeiit. 10

The entire hadronic electromagnetic current [j“(x)] is identical with a linear
combination of the known neutral vecj;or meson fields [pZ(x) , w“(x) , ¢u(x)] .
That is,

2 m2
X+ @ (x)+—#‘;¢> () (1.2)

00 = - 27 oo

where my, denotes the vector meson mass and Tv is the inverse vector-meson-
photon coupling constant. Using general arguments from field theory, 10,13
it can then be shown that Eq. (I.2) implies a direct relationship between a -

photoproduction amplitude from a nucleon N and a linear combination of the

corresponding production by the transversely polarized vector mesons (Vtr)’

T(YN—7N) =) T(V, N—N) . (1.3)

P, w, ¢ 21’V

In deriving Eq. (I.3), it is assumed that Ty is independent of the photon mass
(qz) at the y-V vertex and that the amplitude T(Vt rN — 7N) is also a slowly

varying function of q2.
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A somewhat simpler and more pictorial way to arrive at Eq. (I.3) is

through the vector-meson-photon a.nalogyM as shown in the following diagrams.

v - Y

(1.4)

N N
According to these diagrams, the interaction‘of the photon with the nucleon is
mediated by the known vector mesons. The y-V process occurs via a coupling
constant em%,/z'yv, which ¢hanges the photon into a vector meson with a cer-
tain coefficient without changing its 'helicity. Since a photon is always trans-
verse, this immediately implies Eq. (I.3).

By utilizing time-x_'eversal invariance, the amplitudes on the right-hand
side of. Eq. (I.3) can be reversed, which then defines a direct relationship
between single-pion photoproduction and vector meson prodﬁction by pions,

T(yN— 7N) = £ TaN-oV . 1.5
YN— 7N} ;M rg TON=Vie) (I.5)

" As will be discussed in Chapter VI, the contributions from the ¢ and w mesons
are expected to be small so that,experimentally, Eq. (I.5) relates single-pion

photoproduction to reaction (I.1).

15 6

Studies of single-pion photoproduction at SLAC™ ™ and DESY1 have shown
. a pronounced forward peak in the differential cross section (do/dt) over a
large range of incident photon energies. The cross section was shown to in-

crease by about a factor of two for momentum transfers to the nucleon between
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-’c=m12r and -t=0. In addition, experiments with linearly polarized phoi:on_sl'7

have also shown dramatic structure for -t < mi. In particular, the unnatural-
parity-exchange cross section rises dramatically from zero at -t=mfr to
equality with the natural-parity-exchange cross section at t=0. The VDM then
predicts through Eq. (I.5) that similar structure will be.observed in the pro-
duction of transverse rho mesons by pions.

Many previous comparisons of reaction (I.1) with single-pion photopro-

duction using the VDM have been made. 11,18-21

These tests have shown a
general agreement when comparison is made{with theAunpolarized photépro-
duction data using a coupling constant of ry;";/ 47 ~ 0.45. However, in no case
have the p0 data been sufficient to permit a direct cbmparison for small. values
of momentum transfer (-t < m121) where the photoproduction data show the
sharp structure.

The VDM has been observed to fail badly when comparison is made with
pho_toprc;duction data obtained with linearly polarized photons. 22-24 ‘However,
all such comparisons have been made at rather low energies, and once again
information has been lacking at small values of momentum transfer. .

In addition to its intrinsic interest, the validity of the VDM in the small
momentum transfer region has important practical implications for analyses
. which attempt to extract the m-7 scattering amplitude by the Chew-Low
technique25 of extrapolating data to the pion pole. | Suéh analyses inthe pastm5
have not had data available in the small momentum transfer region and so
have generally relied upon the elementary one-pion-exchange prediction that
the differential cross section should vanish at t=0. In contrast to this predic-

tion, single-pion photoproduction data predict through the VDM that the cross

section for transverse po production has a sharp rise at =0, and similar

-4 -
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predictions are also made by absorptive exchange models. 27 It is thus of
great interest to check the validity of this prediction of the VDM by determin-
ing directly the behavior of the pon cross section for small values of t.

A study of 7 p— 7 7 n is also of interest because of the possible obser-
vation of the interference effect between the po and the w . The possibility
that the w and po could mix with one another through the electromagnetic inter-
action was first suggested by Glashow28 shortly after the discovery of these
vector mesons in 1061. It was pointed out that the w and p0 differed by no
quantum number which was respected by electromagnetism, so that electro-
magnetically induced transitions between the w and p0 éould occur. Moreover,
this effect might be greatly enhanced by the near degeneracy between the
masses of the two mesons,

Such a mixing of states would mé,nifest itself by the G-parity violating
decays w— 7r+1r_ and po N Because the w width (T, = 12 MeV) is so
much narrower than that of the p0 (I‘p = 150 MeV), the two-pion decay of the
w is much the easier of the two decays to observe exﬁerimentally. Conse-
quently, searches for the p-w effect have concentrated on reactions with two
pions in the final state such as reaction (I.1).

Perhaps the first significant evidence fur the w — A decay wae reported
by Flatte et al. 29 in 1966. This experiment studied the reaction K p — An'1"
at several energies and observed a 3.4 standard-deviation peak at an incident
kaon momentum of 1.5 GeV/c. However, the other momenta from 1.7 to 2.7
GeV/c showed no significant effect. Flatté assumed that this was due to an
energy-dependent interference between a small w amplitude and large p° and

background amplitudes.



Beginning in 1969 and continuing to the present, a large number of expexfi—
ments have been reported30 which have observed statistically significant
anomalies in the region of the w. Perhaps the most compelling of those which
observed production by way of the strong interactions was carried oq.t by
G. Goldhaber et al. 31 at3.7 GeV/c. This experiment studied the 7' 7~ mass
spectrum in the reaction 7r+p — 7T+7r_AH. A destructive interference effect
was observed which consisted of a 3.5 standard-deviation dip at the mass of
the w.

Effects with similar statistical significance have been seen in other reac-
tions. 30 However, all of these experiments have been at quite low energies.
For example, the experiments which have seen significant effecfs in the
reaction of interest here, 7 p — 7r+1r—n, have all been at energies bélow 5 GeV.
Moreover, the results of only one such experiment32 with high statistics (at
2.3 GeV/c) have been published, and because of the nature of the effect which
is seen (a peak), the value of the overall phase betweén the po and w amplitudes
is not well determined in this experiment without additional assumptions. It is
therefore of great interest to search for the p-w interference effect in this re-
action both to demonstrate that an effect indeed exists in 7r+7r_n at high energies
and to gain some insight into its possii)le energy dependence.

The present experiment, which was begun in 1968, utilized a wire spark
chamber spectrometer at SLLAC to study pion interéctions from hydrogen at high

energy. Primary emphasis was placed upon a study of the reaction
- o
Tp—pn
in the small momentum transfer region at 15 GeV/c. However, in order to,

avoid biases, the triggering requirements were quite nonrestrictive which



allowed information on many other processes to be gathered in addition. For
example, the spectrometer simultaneously detected reactions such as
rpona A’

T p —K°A° and K° 29 ,

and

T p— 1r+1r_1r_p
Moreover, since the spectrometer contained a Cerenkov counter to identify
the forward particlés in the final state, the reactions
. Tp=K'Kn
and
T p— ppn
could also be detected.

The analysis of several of these final states is currently in progress and
will be d'iscussed elsewhere. This thesis concentrates on a study of the reac-
tion m p — T 7 n at 15 GeV/c in the region of the p®. Primary emphasis is
placed upon the behavior of this reaction for small values of momentum trans-
fer as a test of the vector dominance model and also upon a study of the p-w
mixing. A short discussion of the theory of the VDM and results from this
analysis are presented in Chapter VI,' whereas Chapter VII discusses the physics
and the results of the p-w interference analysis.

The other sections of the thesis discuss the details leading up to these
results. Chapter II details the experimental apparatus, whereas Chaptér I
discusses the reconstruction programs and the reduction of the data. In
Chapter IV, we describe the performance of the experimental system and
relate it to a study of the elastic diffraction scattering of pions from hydrogen.
I'inally, Chapter V disr_*.ﬁ sses the analysis and results of theA 1r+1r_n data in the

o .
p regionr.
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CHAPTER I

EXPERIMENTAL CONSIDERATIONS ‘ .

A. Design Considerations and General Description v

The basic design of the experimental apparatus was motivated by the
desire to study the reaction.m p — pon with high statistics in the small
momentum transfer (-t < mi) region in order to make a comparison with
single-pion photoproduction through the vector dominance model. This com-
parison required the determination of the differential cross section and spin
density matrix elements as functions of t in the forward direction (-t < mi) .
Thus, a large number of events with good momentum transfer resolution was
required. Because the photon and p0 have different masses, the experiment
had to be done at high incident energies. Since it was necessary to distinguish
between pon and poN* final states, good resolution in the missing mass was
a necessily. Moreover, the apparatus had to distinguish pions from heavier
particles such as kaons in the final state to insure that they contributed no
significant bias for the pon data sample.

The spectrometer which was designed in accordance with these consider—
ations is shown in Fig. 1. The incident pion entered the LH2 target after
being counted and analyzed for momentum and angle in the beam hodoscopes.
This analysis was necessary in order to have the required resolutiuns in
momentum transfer and missing mass. The produced oveﬁts were detected
by triggering hodoscopes A and B located behind the main analyzing magnet.
The triggering criteria were kept quite loose to avoid triggering biases
and to allow collection of final states in addition’to pon. The vector momenta ' “
of the oufgoing tracks were measured by 7 wire spark chambers with magneto-

strictive readout. Three of these chambers were located in front of the magnet
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with 4 chambers following it. A large-aperture, high-pressure Cerenkov
counter located after the last set of spark chambers differentiated between
pions and higher mass particles in the final state. A scintillator-Pb sand-
wich counter surrounded the target to detect particles which escaped the
spectrometer and to aid in the differentiation between poﬁ and p_ON* final states.
The inside faces of the magnet were also lined with counters to veto particles
which intersected the magnet iron. Information from both the Cerenkov
counter and the target counters was not a part of the system trigger require-
ments and was used only in the off-line analysis. An on-line computer pei'—
formed the data logging and continuously monitored the performance of the
spectrometer.

The following are detailed descript'io'ns of the major componeﬁts of .the

experimental apparatus and the data collection procedures.

B. Beam

The pion beam, whose layout is shown in Fig. 2, was produced by steering
the primary electron beam at ~19 GeV/c¢ onto a one-radiation-length beryl-
lium target. Particles produced at an angle of ~ 1? were focused Inlo (he
existing rf-separated beam line which served the SLAC 82" bubble chamber.
This beam line contained a momentum defining crossover and was achromatic
at the second focus. A pulse magnet located at the second focus allowed
individual pulses to be delivered at rates up to 180 pulses/sec either to the
bubble chamber or to the beam line which served this experiment. Thus, it
was pdssible, for example, to transmit pions to this experiment and kaons of
the same momentum to the bubble chamber on a pulsé-by—pulse basis.

After entering our beam line, the beam deflection was increased by septum

magnets immediately following the second focus. The beam was then focused
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at the momentum hodoscope by quadrupole pair Q1-Q2 after being momentum
dispersed by bending magnet Bl. The downstream quadrupole pair Q5-Q6
focused the image of this point to the center of the upstream wire spark cham-
ber package of the spectrometer. Q3-Q4 focused off-momentum rays which
crossed the optic axis al sextupole SX2 onto the center of B2 so that the sys-
tem was achromatic just upstream of Q5. Sextupoles were used to correct the
most troublesome second-order terms in order to improve beam spot size at
the target. Two small vertical steering magnets were nused fo correct for
vertical deflections caused by the rf separator and to bring the beam correctly
into the center of the target. The beam had an angular pass band of +2.5 mrad
horizontally and +3.5 mrad vertically. The momentum passband was +2.5%.
Counter hodoscopes were used to label particles within each of these three
bands. The momentum hodoscope resolved to £0.3%. The resolution in angle
was 0.5 mrad utilizing. vertex information from the spectrometer.

Beam setup was done using the speclromeler. Beam guality during exper-
imental running was monitored by a hodoscope (XY) which consisted of four
1/2" x 1/2" counters joined together to form a 1'" X 1" hodoscope with each
counter covering one x-y quadrant. This counter was surrounded by a ~5"
diameter veto counter (RING) containing a 1" X 1'" hole. The XY-RING
assembly was located 10" before the target. The beam was centered in the
XY hodoscope and focused so that ~92% of the particles were within the
1" x 1" square. Additional information on the quality of the beam was avail-
able from the beam angle and momentum hodoscopes. Beam line transmission
was monitored by comparing the particle flux at the XY hodoscope with that
measured in two scintillation counters (S1-S2) located at the second focus.

The beam intensity was typically 10 pions per 1.6-usec machine pulse.
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Electrons were filtered from the beam before the second focus by placing
a 1/2" lead filter at the first focus. The electron contamination at 15 GeV/c
was measured to be less than 0.2% both by attenuation measurements with the
filter and by a shower counter located behind the main spectrometer. Muon
contamination was measured to be ~ 3.9% (corrected to the target position) by
use of a muon telescope consisting of a variable number of 9.5" blocks of
iron interspersed with scintillator. This amount of muon background was con-
sistent with that expected from pion decay in the beam and was the major
contributor to the beam halo. Total K and p contamination were shown to be

less than 0.3% by a threshold Cerenkov counter located before the XY

hodoscope.
C. Target

The target in this experiment was a 40" x 2" cylinder of liquid hydrogen.
The density of the liquid hydrogen was monitored by two calibrated platinum
resistors located in the cell, and by measurements of the hydrogen vapor
pressure in the outlet tube. Checks were made of these quantities at four-
hour intervals during the run and they were found to be extremely stable. In
addition, the resistor readings were recorded continuously on strip-chart

rccordcers for later use in the uff-line analysis.

D. Spark Chamber System

The experiment contained 7 wire spark chambers; three 40" x 24" cham-
bers before the analyzing magnet and four 60" x 40" chambers following it.
Each chamber consisted of four planes (two gaps). The first gap contained
conventional orthogonal x-y planes whereas the planes of the second gap were
inclined at angles of +30° with respect to the vertical to resolve ambiguities

in track reconstruction. The wire planes were constructed with an
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aluminum-polyester cloth having a wire spacing of 0.040'"/wire. A special
stretcher and optical alignment system allowed the wires to be aligned to a
tolerance of 0.010'". To minimize rf pickup in the electronics, the structure
of a chamber was planned so that when assembled it formed a closed box with
its sides and windows at ground potential. Since the mai’n pion beam passed
through the chambers, a polyurethane plug was installed in each gap to prevent
extra tracks due to beam particles. Care was taken to insure that spurious
sparking did not occur at either the edges of the plug or the edges of the
chamber.

Each of the chamber planes was read out using magnelostriclive leclmigues.
The principle of magnetostriction is straightforward. When a spark current
passes over a magnetostrictive wire, it produces an acoustic wave which
travels with the velocity of sound (~ 0.2'"/usec) along the wire. A small coil
located at the end of the wire transforms this wave into an electrical signal.
The time taken for the wave to reach the pickup coil determines which chamber
wires carried the current, and hence, one coordinate of the spark position.
The orthogonal (or crossed) coordinate is measured in a similar tashion on
the other plane of the gap.

In order to illustrate the most important features of the chamber con-
struction, Fig. 3(a)shows a typical chamber plane and Fig. 3(b)depicts a cross
section of the chamber. Note particularly the lucite guide for the magneto-
strictive "wand' which was an independent unit containing the amplifier and
pickup coil attached to a support bar which supported the magnetostrictive
wire. "Start" and "stop'" fiducials at the chamber edges eliminated the
necessity of accurately positioning the pickup coil with respect to the chamber.

The wand could be inserted into the guides from either end as a check on
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possible nonlinearities in the readout. The linearity of the wand units was
checked before the experiment and the wand was discarded if the accumulated
error along its length was > 0.01".

A commercial spark chamber gas of 90% neon - 10% helium was circulated
through the chambers with a pump and purification system containing high-
temperature furnaces to remove nitrogen and oxygen. The performance of
this system was not totally/ satisfactory at high pulse rates. Periodically
during the cxperiment, the efficiency of the chambers fell due to the gas be-
coming '""poisoned." The gas system then had to be flushed before the efficiency
returned to its usual high value.

Because of the high pulse repetition rate (180 pps) and high instantaneous
flux (10 T per 1.6 usec pulse), it was necessary that the chambers be able to
operate at high repetition rates with good multiple-spark efficiency. The
primary cause of low multiple-spark efficiency was found to be unequal sharing
of the current between sparks due to differences in the total resistive and
inductive path length of the spai'k current for different spark locations in the
chamber. This path-length difference was equalized by replacing the high-
voltage and ground bus strips with a wire having the same resistance per unit
length as the chamber wires. This compensation allowed the chambers to
have the excellent multiple-spark efficiency shown in Fig. 4.

In order to operate the chambers at high rates, a pulsed clearing field
was applied to prevent re-ignition of sparks along previous breakdown paths.
The clearing field had a 50-volt dec component upon which was superimposed a
250-volt pulse, 3 msec long, after each beam pulse. Each gap received its
high voltage by means of a set of four 50-ohm cables connected in parallel.

The HV pulse was generated by discharging a matching set of cables through a
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series hydrogen thyratron. Typically the chambers operated with a 6-kV
rectangular pulse 225 nsec in length. The system was designed to spark at
rates as high as 180 pps. However, during actual running the maximum répe—'
tition rate was approximately'IO(.)/ sec and the average data rate was ~ 10
events per second. No deterioration in the performance of the chambers was
noted at the highest repetition rates used.

The spark coordinates were recorded using a gated clock and scaler |
system. The arrival of the "start' fiducial caused 8 scalers to begih counting
a 20-MHz clock pulse. As subsequent pulses arrived, thé scalers were gated
off in succession. Each scaler thus contained a number corresponding to the
delay time between the arrival of the ''start" fiducial and the arrival of the
spark pulse. If the plane contained less than 8 coordinates, the "'stop'" fiducial
was also séep. The known p‘hysical distance between the "start' and '"'stop"
fiducials defined the distance scale for transforming the écaler readings to
spark coordinates in space. Since the average number of sparks per plane
was typically 4 with ~ 3% overflow, the ""stop" fiducials were seen on neafly
every pulse. This allowed continuous fiducial monitoring and updating during
data reconstruction. The velocity of a signal along a magnetostrictive wire
was ~ 50 nsec/ 0'..010" so the 20-MHz clock provided a least-count a‘ccufacy
of 0.010". During the experimental run, other uncer‘taipties in the spark
position contributed so that the resolution in position (sigma) was ~ 0.015" to
0.020".

A more complete discussion of the design and performance of the wire
spark chamber system is presgnted in the articles of F. Bulos, M. Gan,

and H. Lynch. 33
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E. Spectrometer Magnet

The spectrometer magnet gap was 15" high along the field direction (y)
and 40" wide in the bend plane (x) with 48" pole faces along the beam axis (z).
Magnetic-mirror plates were installed at both the entrance and exit of the gap
to prevent high flux leakage into the spark chamber region.

The field was quite uniform over the whole aperture and, for purposes of
track reconstruction, was well approximated by a pure dipole with small
focusing terms. The field was mapped before the experiment with a Hall
probe. These results were checked by comparison with measurements of the

S Bydz taken with a long flip coil. The two measurements agreed to an

' accuracy of ~0.2%.

The field integral (/ Bydz) was set to 1040 kG-in. during the experimental

run. Field strength was monitored during the experiment by computer readout

of the magnet excitation current. Measurements of the flux at the center of

the magnet were made at hourly intervals throughout the experiment with both
a Hall probe and a nuclear magnetic resonance detector and were recorded

for later use in the off-line analysis.

F. Counters
The beam transport system contained three counter hodoscopes which
were used to label incident particles in momentum (P) and angle (6, ¢). Each

of these hodoscopes consisted of a number of 1/8" thick scintillator strips
attached to photomultipliers. The counters were arranged to overlap so that
the number of bins, and hence the effective resolution, was increased.

The 6 P counters overlapped to form 11 bins each with a resolution of
+0.3%. Similarly, 6 ¢ counters fofmed 11 bins in the vertical angle and

4 0 counters formed 7 bius in the horizontal angle. Angles were measured
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using the vertex position of the reconstructed event to determine the point at

which the incident particle interacted in the target which gave an angular

resolution of 0.5 mrad. ’
The primary flux counter in the beam was the XY-RING hodoscope which !

was located 10" before the target. This hodoscope consisted of four

1/2" x 1/2" x 1/4" counters joinedrtogether to form a 1" x 1" hodoscope (XY)

with each counter covering one x-y quadrant. This counter was sufrouﬂded

by an ~ 5" diardotor vcto counter (RING) cuutalning 4 1" X 1" hole. The XY-

RING hodoscope was used to monit;or the incident beam flux as was mentioned

previously. In addition, it determined the position of the incident particle to

+1/4". The accurate determination of the incident particle position was par-

ticularly important for those events which did not have two high momentum

tracks coming from the production vertex (e.g., T p elastic scattering). In

this case, the vertex position could not be.reconstructed from the spectrom-

eler Information, So the position of the incoming particle was used instead for ¥

ealculating' the incident beam angle and the position of the scattering vertex in

the target. | |
The triggering counter system consisted of two "picket fence' hodoscopes.

Hoduscope A, which contained 20 2-1/4" x 20" x 1/4" strips of scintillator

connected to individual photomultipliers, was located immediately following

the analyzing magnet. Hodoscope B, whieh contained 34 2-1/4" x 32'" x 1/4"

similar counters, was located aff,er the laet set of chambers. The hodoscope

dimensions were such that the acceptance of the spectrdmeter system was not

limited by the active area of the triggering counfers. Since the incident beam

passed through the hodoscopes,' a small lucite plug was inserfed in the appro-

priate counter to desensitize the beam region.
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In order to veto particles which intersected the pole faces, the inside gap
of the magnet was lined with 3/8'-thick scintillator strips connected to photo—'
tubés through adiabatic light pipes. Twelve counters were used in all.

The target-veto hodoscope was constructed as an open-ended box which
surrounded the target. It consisted of two layers of 3/8" scintillator with 1/ 2"'
of lead between them to convert photons and stop low-energy charged particles.
Each layer of scintillator contained 4 independent counters, each forming one
side of the box. This design allowed the counters to give some information as
to the nature of the counted particle and was useful for rejecting higher missing
rﬁass background in the 7 7 n and the elastic scattering data samples.

All counter timings and, with the exception of the spectrometer veto
counters, all counter high voltages were set with scattered particles from the
pion beam. It was not possible to set the high voltages of the veto counters
with scattered beam particles since a large fraction of such particles enter
these counters very obliquely and have correspondingly large path lengths
through the scintillator. It was necessary, however, to be able to count par-
ticles with the minimum path length through the scintillator, so the high volt-
ages of the veto counters were set using cosmic rays.

Efficiencies of all counters were measured before their assembly in the
spectrometer using either a cosmic-ray or a beta-ray coincidence telescope
and were shown to be > 99% over their active surface. Counter performance
was monitored on-line by a comparison of singles rates. With the exception
of triggering hodoscopes, any inefficiency of the counters only decreased the
usable incident pion flux or increased the total analysis time and did not bias
the measuréd angular distributions or cross sections. However, aﬁy ineffi-

ciency in either hodoscope A or B caused a loss of those events in which one
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of the particles intersected the inefficient counter since a track was required
to have "live" hodoécope counters at both ends during track reconstruction
(see Chapter III.B). In order to insure that such an event loss did not'affect
the results, the efficiencies of the counters in these hodoscopes were meas-
ured on the actual data sample by reconstructing a subset of the data without
the hodoscope matching condition. By using the large Cerenkov hodoscope to
ensure that these reconstructed tracks were actually in time with the main-
event pulse, the efficiency of the hodoscopes was measured as a function of
the position of the track. This measured efficiency was then utilized in the
Monte Carlo calculation (see Chapter V. B) wﬁich was used to‘correct for the
-detection efficiency of the spectrometer. As was noted previously, fhe indi-
vidual hodoscope counters were R 99% efficient over their active surface.
However, there were physical cracks where the counters joined together in
the hodoscope so the average inefficiency for a particle passing through a
hodoscopc waso ~- 2.5%. |

Information from the above counters was used in two different ways.
First, certain counters (e.g., P, 6, ¢) were scaled in the hardware in order
to monitor the distributions of the incident beam. These scaled quantities
werc used during the experimental run and were also read out periodically onto
magnetic tape for later use during the off-line analysis. Second, for the event-
by-event computer readout, it was necessary to determine which counters had
fired in time with the event pulse (see Section G). This was doné by compar-
ing the timing of a discriminated output from each of the counters with that of
the event pulse at strobe buffer units. If a coincidence occurred, a flip-flop
corresponding to the counter was set positive and the information stored until

it was read by the computer.
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G. Electronics and Triggering

The fast electronics was the generator for the 16-nsec event pulse which
fired the spark chambers and caused the event information to be read by‘ the
computer. An event was defined as foilows:

1. One particle through XY .

2. No other particle within ~+16nsec of this particle in either XY or

the RING .

3. At least one counter fired in hodoscope A and two counters fired
in hodoscope B or one counter fired in hodoscope B and two
counters fired. in hodoscope A .

4. No particles in the magnet -veto counters.

We write this as
Event = (XY) - [(XY >+ (R)] . [(2A - 1By + (2B - 1A)] . (Wg) .

The basic motivations for this choice of the event trigger were straight-
forward. The incident flux (7 ') was defined to be (7 ) = (XY) - [M]
since this allowed the remainder of the electronics system to be effectively
dead timeless. The loose triggering hodoscope condition was chosen pri-
marily so that events which had both particles focused into the same triggering'
hodoscope counter would not be lost. Secondarily, it allowed the hodoscope
efficiencies to be measured on the expérimental data as was mentioned in
Section F. The magnet éounters were used as a veto on the trigger du;'ing
most of the run since they reduced the background substantially from-high
multiplicity events which interacted with the magnet iron.

The method used to generate (7 ) is illustrated in Fig. 5. (XY) was simply

the sum of the discriminated outputs of the 4 XY quadrant counters. The (R)
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portion of the veto was developed by forming a coincidence of R with XY in a
two-out-of-four majority logic unit which then vetoed any XY pulses which
occurred in time. The (XY > 1) part of ;che veto was developed in two comple-
mentary ways. If two different quadrants of XY fired within ~ 6 nsec of one
another, then XY 2 2 fired and the majority logic unit vetoed the XY count
which occurred in time. If the counts were more than 6 nsec apart then the
pulse of (XY > 1) was lengthened to the duration of its input above threshold.
It then overlapped with the same pulse which was delayed by 9 nsec at the
majority logic input and once again the XY count was vetoed. If the particles
were in the same quadrant of the XY counter, however, the majority logic
was found to reliably veto only those particles which were more than ~11 nsec
apart. Thus, the overall efficiency for cor_rectly‘vetoing two particles which
were within the * 16-nsec window was ~ 83%. The remaining events with two
incident particles were subtracted in the analysis stage by rejecting events
with more than one particle in any of the beam hodoscopes. |

The generation of the main event pulse is shown in Fig. 6. The discrim-
inated outputs of the 20 HA and 34 HB counters were summed and discriniinated
for 21 and 2 2 particles. HA 2 1 (HB 2 1) was then put in coincidence with
HB 2 2 (HA > 2). These signals formed the input to an "or'" circuit which
gave [(2A - 1B)+(2B- 14)]. The final event pulse was then formed by placing
this signal in coincidence with the (7 ) signal while the summed output of the
magnet counters served as a veto. After the occurrence of an event, the
master coincidence was latched off for the duration of the machine pulse to
allow the spectrometer system sufficient time to recover before accepting the

next event.
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The time delay in the generation of the event pulse was due in large meas-
ure to the necessary cable lengths in the system. These lengths were kept as
short as possible by locating the fast electronics beside the analyzing magnet..
The total delay time between an event passing through the triggering counters
and full high voltage on the spark chambers was measured to be ~ 300 nsec.

The electronics were gated '"on'" in an 8-usec window surrounding the
machine pulse. The gate was depressed after the occurrence of an event in
order to inhibit noise pickup from the spark chambers. However, the cham-
bers were well shielded against rf noise emission and little pickup was noted
even in the absence of this inhibit. Gates wefe also automatically inhibited
if the computer was unready to accept the next event, or if there was a trip-
out in the chamber high voltage or clearing field power supplies.

Important quantities from the electronics {e.g., (7), [(XY > D +(R)],
Event} were scaled in the hardware to allow the performance of the electronics
tollbe continuously monitored fhroughouf the experiment. It shouid be noted
that (7 ) was scaled twice because of its importance for normalizing the cross
sections. A fast inhibit on (7 ) insured that no incident particles were counted

in a pulse after the event had occurred.

H. Cerenkov Hodoscope

A large aperture (100" x 50") Cerenkov counter was placed behind the
downstream set of spark chambers to identify the particles in the final state.
The counter had a minimui path length of radiator of 70" and was filled with
Freon 12 at pressures between 0 and 3 atm. Optically, it was designed such
that each of the eight 25'" X 25" mirrors reflected Cerenkov light intq a corre-
sponding light collection horn and phototube. The signals from each of these

phototubes was integrated and the peak height of the integrated signal read by
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the computer through an analog-to-digital converter and stored for each event.
In addition, the signals from all the tubes were summed directly so that the
Cerenkov information was available for triggering if desired. As a result of
this design, the counter could be used either as a hodoscope of eight optically
independent C’erenko-v cells or, by utilizing the summed phototube output, as
a large threshold counter with uniform efficiency across the aperture.
The counter was operated during this experiment at a gas pressure of
18.4 psia, The efficiency for detecting an 8 GoV pion at this pressure wus
> YY.8%. The threshold momentum for detecting a kaon was 9.2 GeV/c.
Detailed information on the construction and performanée of this counter

may be found elsewhere. 34

I. Computer
An IBM 1800 computer was used for data read-inand logging. After
receiving an event interrupt from the triggering electronics, the computer
read out the contents of the counter buffers, the magnetostrictive scalers, -"
and the Cerenkov counter analog-to-digital converters. At the beginning and
ending of each experimental run, as well as periodically during a run, the
computer also read the electronics and counter scalers and the excitation
currents in the magnets. All of this information was written onto magnetic
tape (about 400 tapes for the experiment).
In addition to its tape writing duties, the computer monitored the perfor-
mance of the entire experimontal system. Tracks were reconstructed for a
subsample of events. The reconstructed tracks and spark coordinate positions
could then be observed on a scope display. Counter performance was monitored

by looking at histograms of counter singles rates. Spark chamber efficiencies

and spark frequency tables allowed checks of the spark chamber system and
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histogfarhs of the tube pulse heights insured that the Cerenkov h@doscope wés
operating pro'pérly. The c.omputer also checked the magnet excitation cur-
rents periodically but did nbt have direét control ‘6ver them. Any needed
magnet trirﬁming was done manually. |

The 1800 was able to present a few selected displays of important kine-
matical quantities (e.g., the effective mass of the two outgoing pions), but
was not sufficiently powerful to carry out a complete on-line analysis. More
complete analysis was available by means of an IBM 2250 remote scope ter-
minal which was linked to the main SLAC computer, an IBM 360/91. A data
link between the 1800 z;,nd the 360/91 gave this system a real-time capability.
However, it was used mostly in an off-line mode, where finishgd tapes were
taken to the 360/91 and analyzed under the control of the remote terminal.
Thus, a rather complete analysis of systems performance was available with
a short real-time delay. In addition, a complete set of kinematics histograms
was available which allowed real-time decisions to be made on the basis of the

observed data.

J. Data Collection

The data used in this thesis were collected at the Stanford Linear Accel-
erator Center in December 1969 and January 1970. These runs were preceded
by several months of apparatus checkout' at low repetition rates, which began
in September 1969,

The major portion of the running time was devoted to a study of reactions
in which two or more forward charged particles were produced in the final
state by incident pions on protons. Emphasis was placed upon the study at an

incident pion momentum of 15 GeV/c. Over 200 data tapes containing typically

’
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.35, 000 events each were produced by the interaction of 8.582 x 108 incident
particles. Other special runs were made to collect alignmeni: data on the .
spectrometer system (see Chapter III) and data on T p elastic scattering which

was used as a check on the-absolute normalization and is discussed in

Chapter IV.
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CHAPTER III
DATA RECONSTRUCTION

A. Chamber Alignment

The accuracy with which the angles and momentum of a track can be
reconstructed depends on the precision with which the positions of the spark
chamber pianes are known. The spark chambers were optically aligned in
the spectrometer system using standard surveying techniques. However, it
is difficult by such methods to reach the required accuracy (0.005'" -0.010").
Such accuracy can be obtained by aligning the chambers using straight par-
ticle tracks. For this purpose, special alignment runs were made through-
out the experiment. The data for these runs were taken by shifting the cham-
bers on the precision chamber support system so that the plugs were no
longer in the beé.m. The support system allowed the chambers to be posi-
tioned to an accuracy of better than 0.005'" for horizontal shifts up to 5'. The
incident beam flux was then lowered to iess than oﬁe pion p'er pulse to avoid
overloading the chambers. The event trigger was set to record one track
through the spectrometer and runs were made with the magnetic field both on
and off. |

Alignment was first performed using the straight beam tracks for which
the magnetic field was set to zero. The position of each of the planes was
defined to be the mean of the distribution of the distance between the measured
track and the raw spark chamber coordinate (the deviation). The individual
plane coordinate systems were then shifted until these deviations were
centered at zero. Typical shifts from the surveyed positions were ~ 0.020".

When tracks with nonzero slope were studied after this alignment on

straight beam tracks, the deviations were no longer centered at zero, but had
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shifted systematically in opposite directions for tracks of negative and posi-
tive slope. This effect was consistent with the drift expected for the ionization
electrons under the influence of the chamber high voltage pulse. In the ~100-
nsec time i_nterval between the application of the high voltage and the forf,na—
tion of the spark, these electrons drifted towﬁrd the high voltage plane with
an ave;‘agé velocity of ~ 1" - 2"/usec which typically caused a shift of
~ 0.020" in the position of the spark. The exact amount of this shift depended
ofx the slope of the particle track. We corrected for this electron drift by
shifting the apparent position of the high voltage plane ~1/2 of the gap width
toward the ground plane. The deviation distributions were then well centered
at zero, independent of the slope of the track.
Once the chambers were aligne/d for an exper.imental cycle (December or
January), no further shifting of planes on a run-to-run basis was done. The
adeviations were very stable throughout an entire cycle, with a maximum shift

in the mean of the deviations of < 0. 010%.

B. Track Reconstruction

Off-line track finding and reconstruction were done using the same analy-
sis package which was developed for use in the 360/91-1800 on-line system.
After a new event was read from the tape, the raw chamber scaler readings
were transformed to spark coordinate positions along the wand and these single
spark coordinates were stored in a point bank. Coordinates in this bank were
matched on a chamber-by-chamber basis and the resulting matched points
stored in a matched point list. In order to understand this matching procedure,
it should be remembered that each chamber contained 4 planes; conventional

orthogonal planes in oﬁe gap (x-y) and planes inclined at angles of +30° with
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respect to the vertical in the other (n-¢). It was therefore possible to deter-
“ mine which pair of x-y points belonged together by looping through all x-y
combinations while checking to see if a particular combination was substan-
tiated by either an m or a ¢ point. Any such substantiated combination was
called an x-y matched point. Matching in n-¢ was done in a similar fashion.

After the matched point lists were filled for all 7 chambers, another data
" bank was filled with lines which were the possible track candidates in down-
stream chambers. These lines were constructed by taking the x-y matched
points from pairs of downstream chambers and forming all possible lines
between them. The first and third downstreaﬁl chambers formed one pair
while the second and fourth chambers formed the other. Lines were construc-
ted in a similar fashion using the 7- ¢ matched points,and combinations of
x-y matched points in one chamber with 7-¢ points in the other. Thus, 8 line
lists were constructed in all.

The actual search for downstream tracks was carried out by. taking each
of the trial line.s in turn and searching the downstream matched point lists to
find those points which were within a certain tolerance of the trial line.

If there were less than 3 matched points which fulfilled this condition, the line
was rejected as a poséible track candidate. Otherwise a least squares fit to
these coordinates defined an "improved" liné. A search was then made of the
downstream coordinate points to find any additional coordinates which were
within a distance ALLCOTOL from this line and a least squares fit was again
pex_'fox_'med. A search was then made to find the coordinate for each plane
which lay within BESCOTOL of the new line and which was closest to it. A
check was made to see if any spark coordinate had been gained or lost since

the previous iteration. If not, the line was considered to be a good track. If
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the spark coordinates had changed, a check was made to insure that the line
had at least 6 planes. If it did not, the track was rejected. Otherwise, the
points were least squares fit é.nd passed through the BESCOTOL section again.
This loop was repeated either until the gpark coordinates were identical on
two successive calls or a maximum of 5 calls was made. This least squares
fit track wés then rejected if more than one chamber had less than three
planés with coordinates on the tr:ick. OtherWise, it was compared with all
tracks which had been found previously for the event and was rejected as a
duplicate if all of the spark coordinates were identical with those of a previ-
ously found track. |

One of the primary functions of the iterafive procedure described above
was to force good tracks to converge to the same set of coordinates, irre-
spective of the trial line from which the search started. However, it was
diécovered that a substantial number of tracks was being found which differed
by only a single coordinate. To allevia'té this difficulty, each new triwk was
sent through the entire track finding procedure,again starting with the

"ALLCOTOL analysis. Finally, the track was compared with the triggering
hodoscope counters. Tracks which did not have a "live' hodoscope counter
at each end were aésumed to have occurred out of time with the triggering
event. Magnet crossing waé not attempted for these events.

In order to find tfacks in the upstream chambers, the downstream track
was projected forward through the magnetic‘ field assuming that the track
originated at the center of the target. This defined a line about which the
ALLCOTOL-BESCOTOL loop was used. If a match.was not found for each
downstream track by this method,' a new line was defined for input to the

ALLCOTOL-BESCOTOL loop by projecting the downstream track to all points

- 34 -



in turn in the upstream chamber nearest the magnet. If still no track was
found, the same routine was repeated using the middle upstream chamber.
"The ALLCOTOL-BESCOTOL loop used after a trial upstream line was estab-
lished was essentially identical to that described previously and so will not
be discussed here.

Once an upstream track was found, its projection was compared with that
of the downstream track inside the magnet to determine if the two tracks in
fact belonged together. This comparison was carried out in the nonbend
plane (y-z) using four empirically placed focusing lenses: two inside the
magnet and others at both the entrance and the exit of the magnet gap. If the

. positions of the projected tracks differed in y by more than PHICUT at the
intersection point, the upstream track was rqjected as the appropriate
matching track and the search for the correct one was continued. A similar
comparison of the upstream and downstream track matching was performed
in the bend plane (x~z) by the same subroutine which calculated tﬁe particle
momentum (see Chapter .]II.C) . Once a matching track was found, the geo-
metrical coordinates of both its upstream and its downstream portions were
stored in a data bank where they could be accessed by later portions of the |
analysis prograin.

The abovedescription of the reconstruction program corresponds to what was
called the ""slow'" mode. This mode was used for carrying out some prelim-
inary analysis of the data and also for the study of hodoscope efficiencies.
However, the average computer CPU time necessary to analyze an event in
this mode was ~ 55 msec. Since there was such a large number of ever;ts to
be reconstructed, it was important to reduce the analysis time per event as

much as possible.

- 35 -



T.wo major program modifications were made to this end. First, both the
matched point and the line searches using n-¢ points were dispensed ‘with and
trial lines were established from only the x-y matched points. This greatly
reduced the number of possible search combinations since the number of line
lists was 2 rather than 8 as before. The track-finding efficiency was essen-
tially unaffécted by the.chang»e since the plane efficiencies of the chambers
were extremely good. Second, instead of finding all tracks in the back and then
keeping only those which were hodoscope-agreeing at both ends as was done
above, ''roads' were formed before the track search was begun. That is,
bands were formed by connecting the edges of all "'live" ﬁodoscop.e A counters
with the 'live'" hodoscope B.counters. Points which were not within these
bands were deleted from the point bank and thus wére ignored in the subsequent
track search. Taken together, these two program modifications cut the.anal-
ysis time per event to ~25 msec which was a reduction of about a factor of

‘two.

C. Momentum Reconstruction

After track segments were found in both the upstream and downstream
chamber packages, it was necessary to calculate the momentum of the charged
Jparticle which produced those track segments. If the Lorentz equation for the
force is integrated along the path of the particle, we find the total change in

momentum due to the maignetic field to be

A’B=qf AxB . (HL. 1

We define a right-handed coordinate system with the strong component of the

dipole field along the y axis and the incident beam particle moving along the
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positive z axis. The total momentum (p) of the particle is then given by

Apx

p = 7 (III. 2)

f 2 2 2 2
\/l+2d+md \/1+2u+ mu

where £=dx/dz, m =dy/dz, and the subscript u(d) denotes tracks in the ﬁp—
stream (dow‘nstreaAm) chamber package. Ap, is the x component of Eq. (II.1).
Two problems now remain: (1) the calculation of Ap,, and (2) the determina-
tion of £ d and llu so as to minimize the error on p.

In order to obtain Apx, the field map is used to obtain a fit to ./_' Z Bydz
along constant lines in x and y. It is assumed that the magnetic field By is
symmetric in X, y, and z so that the most general quadratic expansion which

b

fulfills Maxwell's equations can be written as
w .
f B dz = + 2 _y2 II1. 3
)oY z = al az(x -y) . (II1. 3)

with 0y and o, as fitting coefficients. If a power series expansion of the field

2

map is now used, it can be shown that Apx becomes

, 2 2
Ap, = —qf [B1+ B, (x -y )] dz (IIL. 4)
path
with
)
f Bldz =o,
-00
0
f Bydz = a,
-0

It should be noted that the S Bzdy term in Apx, has canceled with a term

in S Bydz to this order in the expansion.
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Equation (III.4) has a large o, term which represents the integral of thle’
constant part of the By field and a remaining integral which depends on the
path of the particle through the magnetic field. Since the magnetic field By
is nearly constant over the whole gap, the second integral is a small correc-
tion to Apx and is calculated along a simplified trial orbit which is taken to be
a parabolé in the x-z plane for simplicity. Motion in the y direction is
described by a straight line. Using the power series expansion of the field,
it is then possible to derive an expression for the second term 1n Eqg. (IH. 4)
which depends only on the coefficients of the expansion and on the coefficients
of the trial orbit. In this way, We can avoid an integration through the mag-
netic field on a track-by-track basis and still calculate Ap, with sufficient
accuracy that it contributes insignificantly to the error in p.

Since tracks in the spectrometer have small angles in the y-z plane and
“since the error in Apx is small, the primary contributipn to the variance of
Eq. (III. 2) results from the uncertainty‘ ing, and ¢ q: If we assume for simplic-
ity of calculation that all events are in the x-z plane and the small angle
approximation is valid, then the variance of the momentum is given by

2\2 , |
V(p) = <~App—‘> [V(!lu)+V(!Z 9 -2C(,, 8 d)], . (I1L..5)
V(9 is defined to be the variance of the quantity £ and C(ﬂu,l %) is the covariance

of !Zu and £,. We wish to calculate the momentum in such a way that V(p) is

Q-
minimized. We will, of course, get the smallest possible variance only if we
use all of the available information. For tracks in the x-z plane this means

that we must determine the upstream and downstream angles by using the con-

straint that the back and front tracks must join smoothly together ingide the

magnetic field. This can be done by fitting the lines in the spark chambers
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using a constrained (1-c) fit. However, this requires precise tracking of the
particle through the magnetic field and thus would require large amounts of
computer time. There is, however, another method available which gives
exactly the same results for the variance of the momentum and is much sim-
pler to apply. We c}all this the ”impro?ed point-bound-vector'" method.

The ”p;)int—bound-vector" method uses the slope and the intercept at the
magnet center from the downstream chambers and a single point from the |
upstream track. From these quantities !Zu can be found which allows p to be
calculated using Eq. (III.2).. The point from the upstream track can be chosen
in any fashion desired and it is of value to "improve' the '"point-bound-vector"
method by extrapolating the track upstream in order to minimize V(p). The

final result for the variance can then be written aé

J2
2\2 | CW,.b ) - Cy,b >
V(p) = <'AP;§> V) + Vit - [ f{,(b‘;) — V({)id) d] | (III. 6)

where bu (b d) is the intercept of the upstream (doWnstréaJn) track at the mag-
net center. This is exactly the same result which is derived from a constrained

fit in the x-z plane.

D. Kinematics

After the vector momentum for each of the decay particles-has been re-
constructed, the kinematics of the event can be calculated. Invariant quantities
are calculated using four-vector products in the standard manner. For
example, the invariant mass of the dipion system in the reaction 7 p — mrx°

can be written as

2 2 _ 2 > > .
mie = (0 +Py)” = 2m7 + 2By - 2{p,[ [p,| cos 0, . (II-7)
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E1 (Ez) and 31 (1_52) are the components of the four-momentum Py (pz) of the
outgoing pions and er is the decay angle between them. All of these quanti-
ties are directly measured by the spectrometer system.

Similarly the missing mass (M, ) can be written as

2 _

2 2 2 2
- =m +m +m +2m (E -E
p pP) p p m p(” P)

- 2EE + 23| - |b’p| + cos 6, (I11. 8)

where P, (ppj is the four-momentum of the incoming beam particle (target
proton) and pp = p1+ Py-

If only events from the reaction 7 p— 1r+1r_n are considered, thér'e is an
additional kinematic constraint in the problem because the mass of the missing
particle is known. In order to make use of this constraint, cuts are made on
the missing mass and target veto counters (see Chapter V.C). All events which
pass these cuts are assumed to have a missing neutron, which constrains Iﬁ 1r|
in terms of |'f>p| This constraint is most important for calculating the mo-

mentum transfer. Instead of the usual form t = (pﬂ—pp)z, we have
tat 2 III. 9
~t . -P] . | (I11. 9)

tmin ié the smallest kinematically allowed momentum tr_ansfer which can pro-
duce the observed dipion mass. It is independent of the scattering angle of the
dipion and is extremely small for 7r+1r_n events at 15 GeV/c. Hence, the reso-
lution in t is dependent only on the acenracy of the measurement of p L which
is strongly dependent only on the measurement of the angles in the beam and

the front chamber package. This leads to a much better resolution in t than

is possible using the standard four-momentum calculation (see Chapter IV.A).
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E. Data Summary Tapes

A data summary tape (DST) was a magnetic tape volume which contained
the important geometric and kinematic variables for each of the produced
events corresponding to a particular reaction. For example, in order to
study 7r+1r_n events, a tape was prepared which contained all events of the type
T p— yoxo' where x° denotes the missing particle (MXO < 1.5 GeV) and y0
denotes the zero charged state which decays into the two charged particles |
measured by the spectrometer. Pions were then selected by imposing a
Cerenkov counter cut. The inclusion of higher missing mass states allowed
the study of nonneutron background in the missing mass as will be discussed
in Chapter V.E. |

The daté summary tapes were created as the final step in a three-stage
data reduction process. The raw data events were first analyzed to determine
if they contained two or more good tracks in the rear chambers. Those that |
did not were.rejected. With this criterion, the number of data ex./ents was
.reduced by approximately a factor of 3 in ~ 64 hours’use of the ’360/ 91. The
numbexf of events was reduced still further on a second set of tapes which con-
tained only those events with two or more tracks which crossed the magnet.
This required ~ 25 hours’use of the 360/91. The event records of these
"geometry' tapes contained the total reconstructed geometry and kinematics
of the accepted events. A DST for any particular reaction couid then be
written by utilizing these geometry tapes. |

As examples of the information contained on a DST and as samples of the
raw data, we present three graphs. Figure 7 shows the invariant mass spec-
trum for the 77 events produced in the reaction 7 p — 77 x°. The dominant

feature is the copious p0 production. There is also a sharp peak near
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500 MeV from the decay K° =7 7. The shoulder at approximately 1200
MeV is suggestive of the £© which is strongly suppressed by the acceptance
of the spectrometer. The relative height of the £° peak can be increased
somewhat by restricting the missing mass to the region of the neutron
(0.8 <M _, < 1.06 GeV) as shown in Fig. 8. The background underneath the
po and the KO peak has been reduced substantially. Some K° signal still re-
mains from the reactions 7 p — KOEO(AO) since the missing mass resolution
is ~85 MeV (see Chapter IV.A),

In Fig. 9,we present the missing mass fqr thé reaction T p— poxo
(0.665 < m}oo < 0.865 GeV). Clear neutron and A° signals are observed as
well as a higher rhissing-mass'bump around 1700 MeV. The distribution for

higher missing mass states is smooth and extends above 4 GeV.
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CHAPTER IV
SPECTROMETER PERFORMANCE:

NORMALIZATIONS AND RESOLUTIONS

A. Secale Calibrations and Resolutions

Good knowledge of the absolute invariant mass scale and of the mass reso-
lution was necessary in this' experiment because the p-w interference param-
eters were rather sensitive to the precise values. These numbers were
obtained by observation of the d9cay K® — 21 which was produced in the reac-
tions T p— K A2(ZY.

In F'ig. 10, we show the 1r+1r_ mass. spectrum in the. KO region fox; -a
missing mass betvs;een 0.98 and 1.28 GeV. The data are restricted to 4K°
decays which occur inside the target volume so that a contribution frem mul-
tiple scattering is included. The line is a fit-to-a Gaussian resolution function
plus a linear background: term:. The K® mass and the'mass resolution of the
apparatus are given by

Myo = 497.4 = 1.0 MeV

O'Kd = 6.5+ 1.0 MeV

where the given errors include conservative estimates for the systematic

effects.. TFhis compares with the accepted K® mass value3'5 M., o =497.79 =

K
0.15 MeV.

There were sufficient kaons: available that Ko mass distributions could.be
fitted in 5 - 10 run blocks in order to check for any systematic- shift in the

mass scale during the experimental run. No shifts were observed other than

those.due to the small changes in the magnetic field, which were. measured by
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the Hall probe and the NMR detector (Chapter II.E). Therefore, we con-
cluded that the mass scale was stable throughout the éxberiment.

Because the p0 decays with a larger angle between the pions in the lab
than does the KO, the mass resolution in the po region is degraded. In addi-
tion, the average multiple scattering for the po is somewhat larger éince the
decay pioxis travel through a larger fraction of the target hydrogen on the
average. Taking these effects into account, a 6.5 MeV resolution at the K°
corresponds to oo = 8 MeV for T'1" masses in the region of the p-° .

The absolute value of the incident beam momentum was not well known
prior to the experiment. Its value was determined by centering the neutron
peak .at ~ 940 MeV. The experimental missing mass resolution for the
reaction T p — pox0 was obtained from the width of the observed neutron peak
when no target veto counters fired as shown in Fig. 14(c). This gave a missing
mass resolution of 00 = 85 £ 5 MeV. It should be noted that the resolution in
mass and missing mass were also calculated by propagating the .errors on
(1) the incident beam particle vector momentum, (2) single spark chamber
plane coordinate position, (3) and multiple scattering in the target and hodo-
scopes. The results of this calculation agreed with the experimental obser-
vations within a fraction of the quoted error.

The resolution in t was determined primarily by the resolution in angle
of the incident and final state particles [see Eq. (III. 9)] . Its value was cal-

culated to be

o =0.03\/-_£

which corresponds to a resolution of o, = 0. 0011 (GeV/ c)2 for our smallest tbin

(t_. <I1t1 < 0.0025).
min
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B. Normﬁlization

In order to calculate cross sections, it was necessary to correct for beam'

4 and eveht ioss in the system. Some of these clorrections (e.g., thé triggering
hodoscope: efficiencies) were dependent on the position of the event in the

_ spectrométer and were included in the Monte Carlo efficiency program 'which
will be discussed in Chapter V. Other corrections (e.g., beam losses) were
nearly independent of the acmaIA topology of the final event and could be in-
cluded by simply multiplying the cross section by the appropriate factor. We
discuss this class of corrections here. In this discussion, we will use a cor-
rection factor (CF) which is defined as the ratio of the corrected cross section

to the measured cross section.

1. Pion-Beam Contamination

As has been discussed previously, the contamination of the pion beam by
muons was measured during the experiment by a muon telescope. Upper
limits on fhe contaminatién by other particles were very small so their contri-
bution was ignored in the multiplicative term. However, uncertainties in the
knowledge of the actual value of these contributions were included in the esti-
mation of the error. The result was

CF =1.04 % 0.004

2. Bad Bits

An event was said to contain "bad bits'" if one or more of the beam hodo-
scopes had‘ either zero or two or more "live'" counter bins. Such events could
not be included in the an’alysis4 since the kinematical variables of the incoming
beam particle were not well known. Therefore, the incident beam flux also
had to be corrected by subtracting the number of beam particles which had

associated bad bits. This number was not directly measured so it was
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estimated from the data by assuming it to be given by the fraction of all two-
track events which had bad bits. A small (~ 2%) correction was then applied
for the efficiency of the two-particle veto in the XY counter. The validity of
this assumption was checked by comparison with bad bits rates in the elastic
scattering runs where the triggering conditions were quite different. The
magnitude of the correction changed only slightly under_ these different running
conditions and the differences were included in the estimate of the error. The
resulting correction factor was

CF =1.095+ 0.012

3. Delta Rays in Magnet Veto

Since the counters lining the magnet pole faces were a veto on the trigger,
any event accompanied by a delta ray which entered these counters was not
recorded. In order for a delta ray to reach the veto counters, it needed to
have sufficient energy (Emin) to escape the target and reach the magnet gap,
but insufficient energy (Emax) to pass through the magnetic field. The number
- of events with such an accompanying delta ray was calculated using a simple
model in which any delta ray which passed into the magnet gap with energy
between E i and Emax was assumed to have vetoed the event. The result

of this calculation was

CF =1.012 % 0.005 ,
where the error was estimated from the uncertainty in the model.

4. Absorption in the Spectrometer
Absorption in the spectrometer was calculated assuming that the absorp-

tion cross section for heavy material scales from the hydrogen cross
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section by Az/ 3.

Including an estimate of the systematic error in this assump-
tion, we find that

CF =1.044 = 0.015

5. Pion Decay in the Spectrometer

The loss due to the decay of pions in the final state was calculated é.ssum-
ing that thé event was lost if the decay muon had eithgr a momentum or an
angle which would have caused the spectrometer system to measure the miss-
ing mass t'o be outside the missing mass cut. This calculation yielded

CF =1.022 = 0.010

6. Vertex Cut

In order to reject badly measured events, a c;ut was placed on events
whose vertex lay outside the fiducial volume of the target cell. An estimate
of the fractionb of good events which were also discarded by this cut was made
by a hand fit to the experiméntal vertex distribution which gave

CF =1.018 + 0.003

7. The Empty Target

The empty target rate was extremely small because only events whose
vertex lay inside the target cell ‘were considered in the analysis. The cor-
rection factor was |

CF =0.992 * 0.001

8. Magnet Crossing
During the track reconstruction program, projected upstream and down-
stream tracks were required to match to a given tolerance at the center of the

magnet, thus causing the loss of some good events. From the experimental



histograms of the distance between matched tracks, it was concluded that

CF=1.02+0.01

9. Track-Finding Inefficiency

Track losses due to the measured spark chamber inefficiency were in-
cluded in the Monté Carlo. It was discovered, however, that these efficiencies
did not accurately reproduce the total decrease in event yield which was
observed when the chambers were not operating at peak efficiency. Moreover,
tracks could also be lost from other causes such as algorithm inefficiency.
The magnitudes of these track finding ineftici,encies were estlmated directly
by the hand scanning and reconstruction of events and by sludies of the varia.
tion in the number of tracks found as conditions changed throughout the experi-
ment. The correction factor thus obtained compé.red well with that derived
from the elastic scattering measurements in which spark chamber and recon-
struction efficiencies were calculated in an independent manner . The result

was

CF = 1.080 = 0.045

10. Two Tracks Interprefed as Three
As mentioned previously in the discussion of the analysis program, the
track finding program periodically found two tracks which differed by only one
or two sparks. Since only two track events were analyzed, any such three
track events were rejected. This required a correction factor of

CF =1.028 £ 0.002 ,

11. Pion Absorption in the Target
Pion absorption in the target was included in the efficiency Monte Carlo

(see Chapter V.B). However, we include an estimate of the systematic error
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on the calcﬁlation so that

CF =1.000 + 0.030

12. Efficiency Monte Carlo !

The normalization error due to unknown systematic effects in the Monte
Carlo was éstimated from the amount the normalization shifted when a fairly
serious known mistake (such as an incorrect target vertex distribution) was
made in thé efficiency calculation. This gave

{

CF =1.000 £ 0.02

13. Summary
Multiplying all of the above factors together and combining the errors
gave
CF =1.410 + 0.085
The average density of the liquid hydrogen in the target was 0.0694 gm/ cm3

with an absolute error of <1/2%. There were 8.582 X 108 incident pions at

15 GeV, so that one 15 GeV event produced at the target corresponded to a

cross section of
0.000387 = 0.000023 ub/event
which cprresponds to a ~ 6% normalization error.

In calculating the error above, the individual errors (1-13) have been
combined in quadrature. A priori, this is not well justified though it is diffi-
cult to find an approach which seems any more reasonable. As an indication
of the possible variation in the error estimate which would be made if a
different combinatorial technique were used, we note that if the errors are
summed linearly, we find an error of ~16%. This estimate is probably an

upper limit on the error given the individual estimates.
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In the remainder of this thesis, the quoted normalization error will be
the one derived by combining the errors in quadrature. However, the uncer-
tainties in this procedure should be remembered.

In order to derive cross sections for specific reactions such as
T p— 7r+7r—n,it was necessary to include corrections for the missixig mass
resolution, and estimates of competing background processes. These points
will be discussed in more detail in Chépter V. For reference purposes, ;;vé
simply note here that there was a nonneutron background of 12 +2% with an
additional 2% error for the uncertainty in éhe missing mass resolution.
Therefore, one 1r+1r_n event corresponded to

0.000340 = 0.000023 pub/event .

C. Elastic Scattering

In order to check the behavior of the experimental apparatué and the data
reconstruction programs, it is useful as a comparison to study a reaction
which has been exhaustively studied in previous experiments. In order to be

a complete check, this reaction would ideally be top<)>logica11y similar to the
reaction ™ p— pon; and its normalization, differential cross section, and
density matrix elements would be well known. Such a reaction would check
the normalization corrections and analysis programs, and woiuld also allow a
direct study of any biases which might be present as a function of spatial
position or momenta of the event tracks.

Unfortunately, in this imperfect world there exists no reaction at 15 GeV
which fulfills all of these conditions. However, the differential cross section
for the elastic scattering of negative pions from protons36 is known to an
absolute systematic accuracy of better than 1%, and its measurement is thus

. an excellent check of many important normalization corrections even though
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it'does not check all parts of the system. In particular, elastic scattéring
directly checks the normalization corrections which must be made for the
following: - |

1. electronics and triggering inefficiency,

2., spark' chamber and hodoscope inefficiency,

3. beam contamination by muons and other particles,

4. beam counter corrections (bad bits),

5. track finding algorithm.
It also checks the general methods by which corrections which are similar but
nonidenticé.l in the two reactions are derived. | In addition, such a measure-
ment indirectly checks the complete experimental apparatus and thus gives one
confidence that the general properties of the system are well understood.

Elastic scattering data were taken during both December 1969 and

January 1970. The trigger for this measurement was

(XY) - [(XY >1)+(R)] - (1A - 1B) . (MAG) - (L)

That is: one and only one beam particle; at least one track following the mag-
net; no particle‘s intersecting the magnet polé faces; and no signal from the
lollipop (L). The lollipop was a circular 5" diameter counter placed directly
behind the B hodoscope to veto out beam particles'and small-angle scattering,
The remainder of the éxperimental arrangement was unchanged. To insufe
that the beam electronics and scaling systems were properly checked, the
incident-pion flux wae unchanged from that of the preceding normal data runs
(~ 10 pions/pulse at 180 pﬁs) . The average triggering cross section was

6: 68 mb and the total real time expended for the collection of the data pre-

sented here was ~1-1/2 hours. The empty target background was typically .
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10% but became as\ large as 20% at the smallest value of t. Several empty
target measurements were made to insure a reliable subtraction of this back-
ground.

Since the primary motivation for the measurement was to check the nor-
malization corrections for the apparatus, the elastic differential cross section
was measured in the region where the geometrical acceptance was 100% with
the edges of the acceptance region being defined by the magnet aperture for
large scattering angles and by the lollipop counter for small angles. This
negated any dependence of the final cross section on an acceptance Monte
Carlo. However, scattercd tracks in this mnfn.ﬂtl lum transfer region go
through the dead spot in the front chambers, so the analysis was done utiliz-
ing the arigle and position of the track in the rear chambers only.

Tracks were reconstructed in the back chambers using the standard analy- _
sis package described in Chapter II.B. Good events were required to have
one and only one hodoscope-agreeing track. ' This removed backg'found scat-
terings which had occurred out of time with the trigger pulse and also rejected
a part of the inelastic background. Using only the angular information from
the beam hodoscopes and the back chambers, the scattering angle and the mo-
mentum of the scattered pion were calculated under the hypothesis that the
event was elastic. Using the calculatéed momentum, the actual track in the
back chambers was projected upstream and compared with the position of the
incident beam particle at the target. The distribution of distances between
the projected track and the incident beam particle is shown in Fig. 11. In
general, the elastically scattered events are expected to be in the peak cor-
responding to a close approach between the projecfcd track and the incident

beam particle. Inelastic background may thus be rejected by cutting out those
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events which lie outside a cutoff in approach distance as shown by the vertical
line in F1g 11.

Additional inelastic event rejection is possible by utilizing the target-
veto hodoscope. Since the elastically scattered proton or accompanying delta
rays can count in the inner target counters, one cannot demand zero particles
in the hoddscope. However, for -t < 0.22, the proton does not have sufficient
energy to penetrate the lead between the inner and outer layers of the hodo-
scope. Thus, ahy event which had one or more particles in the outer counter
was rejected. The efficiency of this cut was determined from studies of thetar-
get veto which were carried out using the reaction T p— poxo. These studies
showed that the above cut eliminated' ~ 60% of the background in the N*(1236)
region‘ and a larger fraction of the higher missing mass states.

An estimate of the inelastic background remaining after these cuts had
‘been applied was obtained in two independent ways. First of all, it was noted
that Fig. 11 is equivalent to a missing-mass-squared spectrum fér the reaction
Tp— T x . By means of a Monte Carlo program, it was shown that the 1o
point of F'ig. 11 corresponds to a resolution in the missing mass squared (Mi+)
of ~500 MeVz. The cut of 3.2 standard deviations in the vertex distance |
which was made to reject inelastic events was thereby shown to be equivalent
lo Tequiring Mi_,_ <2.5 GeVz. An estimate of the background remaining inside
this cut was then made on the basis ot published da.t:a.37 for the reaction
T p— 7r—x+ at 16 GeV/c. Cross sections for reactions with four or more pions
in the final state were small and were also effectively vetoed by the target-
veto hodoscope, so they were ignored. .The measured slopes of the differential
cross sections for the background reactions were sﬁfficiently similar to the

elastic that the estimates were made on the basis of the total cross sections.
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‘The background cfo_ss section was estimated to be 0.143 mb which, when com-
parefi to the elas;:ic cross seétion of 4.36 mb, implied a residual inelastic
background of 3.3%. |

An estimate of the background was also made from the experimental
data. Since the missing mass resolution was so broad, the number of back-
ground events as a function of missing mass squared was expected to be nearly
constant over a rather wide interval. Consequently, the background was
estimated by straight-line extrapolations underneath the elastic peak using
the outer four points in Fig. 11. The constant height extrapolation gave 5. 7%
whereas a best-fit straight line gave 4. 4%. ﬁo statistically sighificant varia-
tion in the background was noted as a function of t. However, as noted above,
the t slopes for the background reactions were only slightly flatter than that
of the elastic and a statistically significant variation in the background was
not expected across the observed range of momentum transfer.

Considering the uncertainties impligit in the calculations, the agreement
between the two methods of estimating the background was quite encouraging.
For calculation of the normalization of the .elastic cross section, a background
of 5% + 3% was assumed.

Most of the normalization corrections needed here were similar to those

needed for normalizing 7 p — pon and were discussed in Section B. An addi-

tional correction was necessary for the deadtime in the lollipop counter.
Whenever two particles were present in the system simultaneously, the sys-
tem would not trigger on the scattering of either of them since the other would
count in the lollipop and veto the trigger. Thus, an inefficiency in the hard-

ware rejection of two simultaneous beam particles was directly reflected as

- 59 -



a normalization bias. This effect was estimated directly from the data and
was also calculated on the basis of observed counting rates to be ~4%.

The absolute elastic differential cross section at 14.96 GeV/c is shown in
Fig. 12. Coulomb scattering was < 1% of the measured cross section at the
smallest t value. For comparison purposes, the points of Foley et al., 36

are shown on the same graph. The points were scaled from 16 GeV/c by the

formula

2
O y(Po)
do - | _TOT "2 do
I By = [O-TOT(DI)] ar Py

which hus been shown to work extromely well. % The systemalic normaliza-
tion error in the points of Foley et al. is ~1% while the normalization error
of this experiment is estimated to be ~ 6% where the normalization errors
have been combined in quadrature as discussed in Section B. To make any
possible systematic effects evident, the errors showh are statistical. The
agreement in normalization is clearly extremely good. There 1s a hint that
the slopes differ slightly as might be expected since the inelastic background
was not siibtracted as 4 functivu of t. Overall, however, the agreement is
quite remarkable and lends strong support to the thesis that the normalization

corrections are well understood.
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CHAPTER V

ANALYSIS

A. The Method
The central problems in the analysis are the determination of the spin
density matrix elements (pij) and the differential cross section (do/dt) in the

region of the po for the reaction,
TpoTTD. (V.1)

These quantities can be directly obtained from the a.ng"u.lar distribution and t
speclrum of the dipione which are produced at the target. However, hecause A
the spectrometer system subtends iny a fraction of the solid angle surround-
ing the target, the experimentally observéd data (O)is actually given by the
product of the detection efficiency of the spectrometer (E) and the produced
dipion spectrum (D). This is,*

O=E-D . ' (V.2)

The quantities in Eq. (V.2) are functions of .all the experimentally

important kinemulical variables in the problem. Since the polarization of the
nucleon is not measured, four variables are required to describe the event.
As a convenient choice we take the set (6,¢,m,t). 6 and ¢ are the polar and
azimuthal angles, respeclively, of fhe outgoing 7 in the dipion rest frame;
m is the invariant mass of the dipion; and t is the square of the four-
momentum transfer to the nucleon. Two different coordinate systems are
quite generally used for the measurement of 6, ¢. They correspond to dit-

ferent choices for the z axis in the dipion rest frame. The Jackson frame is

. v
Since the detection efficiency of the spectrometer contains statistical
contributions, the quantities in Eq. (V.2) are actually expectation values.
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defined with the z axis along the direction of the incident pion, whereas the'

z axis lies opposite to the direction of the neutron in the helicity frame. In

both frames, the y axis is normal to the production plane. |
Fits to the experimental data are done using Eq. (V.2), where D is

replaced by the theoretical function T as follows:

7

o(f, ¢, m,t) = E(6, ¢,m,t) - T(6, p,m,t) . (V.3)

The fitting is performéd using a maximum-likelihood technique which will be

discussed shortly.

B. 'Efficiencg

In order to perform the fitting implied by Eq. (V.3), it is neceséary to
understand the efficiency of the spectrometer well. The efficiency was cal-
culated using standard Monte Carlo techniques. The éalculating prbgram
consisted of two basic sections: (1) a control section which generated events
and controlled program 1/0; and (2) an apparatus simulation section (PASS)
which determined whether the generated event would have passed through the
experimental apparatus.

The operation of the program was as follows: For a given set of variablés
(6, ¢,m,t), a number of trial events was generated with randomly chosen
incident beam angles, target vertex coordinates, and angle of rotation of the
production plane about the incident beam particle. The momenta of the tracks
from these events were then given to the PASS section of the program, which
tracked the particles through (he magnetic field and determined whether a
given event was lost. The efficiency E(6, ¢, m, ) was then defined to be tﬁe
ratio of the number of events which passed through the spectrometer divided

by the tbtal number of trials.
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Losses of events in PASS could eccur in two different ways. First, the
event could miss the active area of the spectrometer (geometrical loss) .
Second, the event could be lost through a random process (statistical loss).

The geometrical losses were the major source of the functional depend-
ence of E(6, ¢, m,t) on the given variables. The geometrical cutoffs of the
spectromefer were largely determined by the size of the magnet aperture and
the distance between the target and the magnet. There w'as also a cutoff due
to the plugs in the beam region of the front chambers v;hich prevented the
observation of very asymmetric po decays. This limitation of the plug was
matched by the low-momentum cutoff of the magnet which also prohibited the
observation of very asymmetric decays.

Statistical iosses.which were dependent on the ev.ent kinematics and
which were sufficiently large to cause an observable effect were includedv in
PASS. Such losses were of two kinds: (1) losses due to inefficiency in the v
spark-chamber and triggering-hodoscope systems, and (2) losseé from pion
absorption in the target. |

As was mentioned previously, any inetficiency in the triggering counters: .
was directly reflected as an event loss since a track was not reconstructed
without a matching hodoscope at each end (see Chapter III.B). The trigger
hodoscope efficiencies which were used to correct for this track loss were
measured using the experimental data as was discussed in Chapter II. F.
Experimentally, the effic;iency of the spark chambers did not depend on the
position or angle of the track. Nevertheless, overall spark chamber efficiency
was dependent on track position, since a track could pass through a plug or
miss a spark chamber aind still be recoastructed, but with a lower efficiency

than if it had passed through the active area in all chambers. This loss was
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corrected by using the measured individual chamber efficiencies to calculate.
total reconstruction efficiencies for the possible configurations of tracks in
the chambers. That is, overall efficiencies were calculated for situations
where the track missed the active area of one or more of the chambers as well
as when the track passed through all of them. These overall spark chamber
efficiencies were then included in PASS.

Pion absorption in the target was large (typically 15%) and dependent on
the vertex position and kinematics of the event so this source of event loss
was also included in PASS. Tracks were discarded according to a Monte
Carlo procedure whefe the total probability of a track being discarded depended
on its momentum and path length through the liquid hydrogen.

| Other random effects (e.g., pion decay and absorption in the spectrom-
eter) were small and only weakly dependent on the location and momentum of
the track. They were simply included in the overall normalization to the
cross section as was discussed in Chapter IV. |

In derivihg efficiencies for an actual physical proces's, there was an addi-
tional important effect which has been neglected above. In order to discrimi-
nate against higher missing mass states in reaction (V.1), a cut was applied
inthe data sample for events with missing mass between 0.8 and 1.06 GeV.
The missing mass resolution (o) is >~ 85 MeV, so that a fraction of the good
pon events was lost on this cut. This loss would ordinarily be considered to
be an overall cross section normalization correction. However, for this
spectrometer, the missing mass resolution is a function of the decay angles'.
In particular, the resolution was worse (by ~ 15 MeV) for asymmetric events
than for symmetric ones, so that a larger'fraction of such data events was

discarded on the missing mass cut. This effect was corrected for by
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simulating this cut process in the efficiency program. A model was developed
which calculated the missing mass resolution for each trial event on the basis
of the position and momenta of the tracks and the uncertainties in the méasuré—
ments of their coordinates. Then a missing mass for the trial event was cal-
culated randomly for a neutron with this resolution, and events whose missing
mass lay outside the neutron cut were rejected. Detailed comparisons of this
model were made with the data and the agreement was excellent.
In order to démonstrate the basic features of the detection efficiency,

H
H and ¢ for

‘l«‘ig. 13 showé the projections in the helicity irame onto cos ¢
three different t regions. These efficiencies have been integrated over the
mass region 0.665 < m__ < 0.865 GeV, using a P-wave Breit-Wigner plu_s a
linear backgrbund, and correspond to the efficiencies which were used to
obtain the po density matrix elements.

In general, the efficiencies are peaked near |cos 9H| = 0, with shoulders
extending out to Jcos 61| ~ 0.85. The peak in the efficiency near |cos 65 = 0
is large for small t, but becomes progressively smaller as t increases.
However, this change is rather uniform in t and, in particular, is small over
narrow regions, such as the region from -t=0 to -t =m?r . The efficiency at
|cos 0H| = 0.75 remains rather steady as t increases. The efficiency in ¢H
is uniform for small t, but develops some structure as t becomes larger.

When observing the absolute values of these efficiencies, it should be
noted that they include not only the geometrical losses but aléo the statistical
losses noted above. We emphasize that even though these statistical losses
change somewhat for different kinematical variables, nearly all of the depend-

ence of the efficiencies in Fig. 13 as a function of 6, ¢, m, and t is due to the
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geometry of the spectrometer. The priniary effegt of the statistical losses. is

to lower the efficiencies by ~ 40% in absolute value.

C. Data

In order to select the experimental data sample which corresponds to
reaction (V.1), it iS necessary to reduce the amount of nonneutron background
as much as possible. As was mentioned in the previous section, the missing
mass was cut between 0.8 and i.06 GeV in order to reject most of this
Ba-ckground. | '

Additional background rejection was poésible by using ir.lfc;rmation from
the target veto hodoscope which surrounded the target. In Fig. 14, wec show
a missing mass distribution for differing cuts on these veto counters. Histo-
gram (a) shows the raw missing mass distributioﬁ for the bo region. The
neutron and N* bumps are clearly visible. | Histogram (b) corresponds to the
cut which was actually used to derive the data éample. The higher missing
mass background has been reduced substantially. The backgrdund ca.ﬁ be
reduced still further by rejecting all evénts for which a veto hodoséope fires
as 1s shown in histogram (c). However, we also note that a significant number
of neutron events have been lost. The primary cause of this loss is that many
of the neutron events are accompanied by a delta ray which fires an inner
target counter. Additional neutron events are rejected because of neutron
conversion in the counter assembly. The number of good pon events eliminated
by this cut depends on the kinematics of the event, and could create an effi-
ciency bias.

To avoid this difficulty, we reject only those events for which > 2 counters
tired with at least one of these counters being in the outer layer (Fig. 14(b)).

This cut allows nearly all deltaxray-accompanied neutron events to be retained.
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Effects such as neutron conversion in an outer counter with an accompanying
delta ray in an inner counter are calculated to be negligible.

The amount of background remaining in the data sample after this cut had
been applied was studied with the help of the target veto counters. The num-
ber of events lost underneath the neutron peak was plotted versus the number
of events lost in the higher missing mass region for progressively more
stringent cuts on the target-veté counters. For those cuts which could not
reject a neutron event, this plot was quite linear. Therefore, a straight-line
extrapolation was made to the zero background contribution using these cuts.
In Iig. 15, wec show the rcsults of this detcrmination. Little significant
variation is noted as a function of t, so the background was corrected by an
overall t-independent normalization factor of 12 + 2%. This background con-
sisted of the low missing mass tail from 7 n A events with a smaller con-
tribution from the K7 and p7m events which passed the rather loose Cerenkov-
counter selection for pions. The effect of this background on the determination
of the density matrix elements will be discussed in Sectibn i

After the 7 7 n sample had been defined as above, the actual distribution
to be used for fitting was derived by running this data sample through the
geometry selection portion of PASS, so both the efficiency and the data were

subjected to the same geometrical cuts.

D. Fitting

We now turn to a discussion of the fitting procedure which was used to
determine the density matrix elements and differential cross section. We will
assume here that only S and P waves contribute in the region of the po. This

assumption will be justified in detail later.
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Under this assumption, a general theoretical function, which describes
reaétion (V.1) in our coordinate systems, can be writtei; in terms of the spin

density matrix elements as follows38
T(6,¢,m,t) =N(6, ¢,m,t) W(0,¢,m,t) , (V.4
where

W(8, ¢, m, ) = 4—11} .[3p00(m,t) cos® 0 + 3p,,(m, b) sin? g -

~3v2 Re_[plo(m.t)] $in26 cos ¢~ 3p, _, (m, 1) sin” 0 ¢os 2¢

-2V6 Re [pis(m, t)] sin 8 cos ¢+ 2v3 Re [pns(m-‘t)] cos 6 +p§n}

| (V.5)

and N is some normalization constant. In this equation P1s and Pos represent
interference terms between the S-wave and the transyerse and longitudinal

P-wave amplitudes, respectively, and pg_o corresponds to the pure S-wave

contribution. By use of the normalization condition,

S _
Pog* 2P11+Pge =1 (V-6)

pgo can be eliminated from Eq. (V.5). This yields

W(0, ¢, m, 1) = o= [1+(p00—.p411)(3cosz 6 -1)-3v2 Re(p, ) 5in26 cos ¢

- 3p1_1'sin2 0 cos 2.0 - 2-\/(—3 R-e_(pls')sin 6 cos p+ 2\@ Re(pos)c.os ‘9]
(V.7
where N(6, ¢,ﬁ, t) now becomes the number of evem’cs~ that were produced at
the target. Since the density matrix elements are functions of both m and t,
it would ‘b;a desirable in the case of infinite statistics to fit the distributions

in sufficiently small intervals in both m and t that any possible variations in
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.the density matrix elements could be observed. Rapid variation in the density
matrix elements is expected in the small t region, however, so that very
small t intervals are required and the experimental statistics are not suffi-
cient to allow any additional cut on m. We therefore fit the observed data in
one mass bin (0.. 665 < m < 0.865 GeV) centered about the po. This should
not create any difficulty since the density matrix elements are expected to be
slowly varying with m in the p 'région.

We derive the actual fitting form by integrating Eq. (V.3) over this mass

interval and a small interval in t.

At At

t1+-7 0.865 t1+—§ 0.865

f / dt dm O(8, ¢, m,t) =/ dt dm E(6, ¢, m,t) T(6, ¢, m,t)
At At

t,-%5 0.665 t,-% "0.665

(V.8)

We assume that the m dependence of T is well represented by a Breit-Wigner
~ plus a linear background term. Such a form fits the efcperimental data very
well, though it differs somewhat from the form we will use when discussing
the p cross section normalization. However, the efficiency is smooth and
slowly varying across the p region, so that the density matrix elements are
essentially independent of the exact form chosen in any case. The only
important effect caused by a change in the assumed mass shape is a_small
change in the normalization which is easily taken into account in the final
results. |

Finally, reWriting Eq. (V.8) in somewhat simpler notation, we have

the form which was used to find the dipion density matrix elements,
O(8, ¢,t;) = N(t) E(9, ¢,t)) W(0, ¢,t)) . ' (V.9)

t, is a fixed value of t and the form of W is given by Eq. (V.17).
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Fits to Eq. (V.9) are performed using a binned maximum-likelihood
technique. For each interval int, the data are placed in sufficiently small
cos 6, ¢ bins that the right-hand side of Eq. (V.9) varies nearly linearly
across the bin width. The p?obability of A evgnts inagivenbin (cos Oi, ¢j) is
then assumed to follow a Poisson distribution with mean n.

n..
PR\ = —— (V.10)
1]

The mean in this case is given by the right-hand side of Eq. (V.9) times

the bin width. |

n,,=NE_W.. Acosf. Ap. . (V.11)
ij ij" ij 177 |

The likelihood function is simply the product of the Poisson probabilities

for each bin.

&= Hi’ j P()\ij) : | (V.12)

with the best fit being defined as that function of W for which & is maximized.
In practice, & is most conveniently maximized by minimizing the quantity
-log ¥. Minimization was performed using a general ravine stepping
procedure. 39 The error on a parameter was calculated by changing the value
of that parameter while minimizing the value of -log # until -log# changed
by 0.5 from its absolute minimum. The value of the paramctér at this point

then defined the 1 o error.

E. Results

Using the fitting procedure outlined above, the density matrix elements
shown in Figs. 16 and 17 and listed in Tables I and II were obtained. Fits
were done independently in both the Jackson and helicity frames, and the
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TABLE I

. Density Matrix Elements Evaluated in the Helicity Frame for 1r—p —o1r+1r_n,

.665 <m__ < .865 GeV
T

-t (Gev/c)” "E){o'p;{l Re "11{0 pl1{-1 Re pgs Re "?s p}1[1 "

t i -.0025 | .248+.127 |-.067.040 |-.025+.033 | .296%.048 |-.038%.021 | .2284.042
.0025-.0050 | .595+.080 |-.053%.031 | .023%.020 | .180%+.045 |-.048+.012 | .0974.027
.0050-.0075 | .699+.061 |-.034%.030 | .015%.020 | .202%.042 |-.022+.011 | .054.020
.0075-.0100 | .734%.054 |-.079%.028 | .014%.016 | .257+.037 |-.029+.010 | .038+.018
.0100-.0125 | .7784.045 |-.068+.035 | .015%.016 | .268+.038 |-.0104.009 | .024.015
.0125-.0200 | .722+.033 |-.020+.010 | .044%.010 | .280%.020 | .005%.006 | .038%.011
.0200-.0275 | .760+.028 | .0284.013 | .038+.010 | .280%.020 | .017+.005 | .031+.009
0275-.0350 | .734+.036 | .037£.015 | .039.011 |.283%.023 | .0124.007 | .034%.012
035 -.045 | .705%.035 | .078%.016 | .040%.012 | .247s.023 | .022%.007 | .040%.012
045 -.060 | .644%.034 | .098+.014 | .035:.012 | .274.021 | .037%.007 | .057s.011
060 -.080 | .6564.033 | .145+.013 | .023:.011 | .240%.020 | .045%.006 | .061+.011
080 -.100 | .5804.047 | .174£.017 | .017.018 | .219%.026 | .057+.009 | .079+.016
100 -.150 | .454+.039 | .186.012 | .019.016 | .225+.020 | .077x.008 | .123+.013
150 -.200 | .250%.073 | .203%.020 | .024%.027 | .1942.012 | .077+.012 | .197+.024
200 ~.300 | -.086+.099 | .211+.022 | .0414.034 | .077+.033 | .053+.016 | .306%.033

*
Note: The values of plill are not directly measured and depend on certain assumptions concerning

the S-wave.

See discussion in text.
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Density Matrix Elements Evaliated in the Jackson Frame for 7 p — 71 n, .665 <. m __ <.865 GeV

TABLE II

-t(Gev/c)’ Poo~ i1 Repy, Pl Repgg Repig oy’
tou - 0025 | .231%.131 | -.073%.042 | -.032%.03¢ | .299+.050 -.055%.021 | .2324.044
.0025- .005 | .518#.091 | -, 114%.030 | .001%.022 | .167+.046 -.070%.015 | .124%. 030
.005 - .0075 | .€21%.057 | -.134%.029 | -.007%.019 | .186+.039 -.052£.010 | .082+.019
.0075- .010 | .601+.061 | -.185.027 | -.020+.018 | .243 % _037 ~.070+.012 | .084%.020
010 - .0135 | .603+.066 | -.211%.033 | -.047+.021 | .263.038 -.068+.009 | .083%.022
.0125- .020 | .575%.034 | -.178#.011 | -.006%.011 | .268 +.G15 -.061%.005 | .088+.011
.020 - .02i5 | .618 %,032 ~.184 £ .016 | -.011%.011 | .258 +.028 ~.059%.007 | .09+, 011
L0275- .035 | .574+.042 | -.195%.013 | -.016 £.013 | .267%.022 -.078%.009 | .088 +.014

.035 - .045 .56 .034 | -.19€+.016 | -.007%.015 | .228%.p19 ~.069£.008 | .085.011
045 - .080  .505%.038 | -.184%.013 | -.009%.012 | .2574.020 ~.079£.008 | .104%.013
.060 - .080 | .5:6%.035 | -.207£.013 | -.014%.015 | .222%.320 073 £.008 | .097+.012
080 - .100 | .508%.044 | -.514%.012 , -.008%.018 | .208 +.)23 067 +.009 | .103 .015
100 - .150 | .416+.038 | -.194%.007 | .015+.016 | .232%.021 -.0724.008 | .137.013
150 - .200 | .263+.063 | -.1784.022 | .056+.035 | .182 % .026 ~.081%.016 | .182%.021
.200 - .300 | .2474.079 | -.M42.029 | .145%.031 | .102 +.e31 -.035%.020 | .195.026

*Note: The velues pil are not directly measured and are dependent on certain assumptions concerning the S-wave.
See discussion in text.

[



consistency of the results was checked by rotating from one frame to the
other. The error bars shown are statistical only. Systematic errors, which
could result if there were small unknown biases in the apparatus or event
reconstruction, are estimated to be less than the statistical errors.

. The fact that Re Pos and Re P1g do not vanish is conclusive evidence that
the dipion system may not be described by a pure P wave. Many of the density
matrix elements exhibit structure for small values of momentum transfer
(-t < mi). In particular, there is a striking dip in pOO_bll in both frames.

The Re p‘II0 has a sharp rise at small t, whergas Re pI{IS and Re pI{IO Cross

H
1-1

where, whereas p‘lT_1 is similar to zero for small t.

through zero at t= -m72r .* We also note that p is small and positive every-
While VDM calculations require a knowledge of P11’ the fits to the angu-
lar distribution in this experiment directly determine only the combination
p11+% pﬁo . In order to derive the value of P11’ it is necessary to detefmine
both the t dependence and the absolute normalization of the S-wave background
using additional information which is available from several different sources.
The fact that the density matrix must be positive definite places signifi-
cant limits on the value of pgo, since the off-diagonal terms are rather large.

In particular, the following inequalities must be satisfied:
0 < < 0.5
0= <1

0 p.ns1

*
A superscript J(H) refers to density matrix elements in the Jackson (helicity)
frame.
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PooP11 2 Bepyp” )
S 2

P11Pgo = (Re pyg) N

' 9 > Schwartz inequalities

PooPoo 2 (Be pgg)

v

Pi1 P11 /

2

S B S 2
PooP117P1-7) = 2(Re pls)
0,05+ 2(Rep, J(Rep, J(Rep, ) > py;(Repyd2+p (Rep, )
PooP11P00 18 0S 10 2 P11\5€Ppg 00 10
+p. (R 2
Poo! epls)
B (011-p1_1)+4(Rep; ) (Repd(Repyo) > (011-01_ ) (RePye)
PooPootP117P1-1 18\5€Pgg 10) = P117P1-1){R€Pg

+2p§0(Rep10)2+ZpOO(Repls)z. ‘ .
(V.13)
These conditions allow one to establish upper and lower limits on P11° Poo’
and pgo . The variance métrix of the fitted constants can théﬁ be propagated
to estimate the errors on these limits. The limits on P11 calculated in this
manner are shown in Figs. 16(f)and 17(f). It should be noted that these limits
are quite restrictive in both normalization and shape with the exception of the
very small t region (-t < qur/2) .
Independent information on pso (and hence -pll) may be obtained from
exlsting ™ p -» m°7°n data. Figures 18(a) and 18(b) show data on this reaction
from the experiments of Shibata et al., 40 and Sonderegger and Bonamy.qt1

Both experiments clearly show a similar t dependence and, in particular, a .

forward dip for -t < m72r . The curves in Fig. 18 are fits to these data,
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assuming

I1tl e'zt .

g—g(s-wave) o« 55
(t-mﬂ)

(V.14)
This is the form expected in several modified one-pion-exhange mo,dels27’ 42 ! )
at high energy and clearly fits the observed t dependence very well.
Sonderegger and Bonamy have studied the energy dependence of the cross
section from 3 to' 18 GeV and show lthat it is well represented by a 1/P12 ab
falloff.

Using the t dependence of Eq. (V.14) and the normalization obtained by
scaling the data of Sonderegger and Bonamy to 15 GeV, we obtain the values
of P11 indicated by the dotted lines in Figs. 16(fland 17(f). The agreement with
the limits described previously is quite good. The amount of S-wave indicated
corresponds to ~ 12% for -t < m72T .

As an alternative method for determining the S-wave cross section, we
can use a model-dependent approach. 217,42 In particular, the ab,ﬁsorption ' .
modified one-pion-exchange model of P. K. Williams fits our data on. 7r+1r_n |
very well for small values of momentum tranéfer Where sharp structuré is
observed in the density matrix elements and differential cross section. The
‘ results of these fits are described in detail elsewhere43 and we simply quote
the fitted values for the S-wave background. The amount of'S wave in the |
region -t < m12r required to fit the data is ~ 10% where the form of the S-wave
cross section in this model is identical to Eq. (V.14).

We can also calculate the values of P11 taking the amount of S wave from
our fits to the 1,r+1r- mass spectrum (see below) and assuming the t dependence
of Eq. (V.14). The amount of S wave required for -t < m12r is 11+ 2%, which

agrees very well with the other determinations above.
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The consistency of the above determinations for the S-wave background
is excellent. Taking the t dependence from Eq. (V.14) as suggested by the
absorption-modified one-pion-exchange model and the °7°n data, the amount
of S wave required by all of these methods is ~11% with a range of approxi-
maitely +1-2%. For the purposes of this thesis, we take the value of pso to
be 12% as given by the scaled °7°n data. However, there are no important
qualitative changes in the data for any value of pgo in the allowed range.
Moreover, the strong péaking of P11 in the forward direction does not depend
strongly on the details of the S-wave t dependence. To show this explicitly,
consider the following: The °7°n data are actually observed to fall by only
25% from -t = mi to t=1:min rather than vanishing at t=0, as predicted by |
Eq. (V.14). Of course, this neglects resolution and bin width effects, but .
if the S wave is assumed to fall only this amount, the peak in P11 is decreased
by only ~ 20%.

The total differential cross section % (tp— 7 1), and thé transversely
polarized cross section in the helicity frame, 2p11{1 g—g (7 p — 7r+1r—n), are
shown in Fig. 19 for the mass interval 0.665 < m__ < 0.865 GeV. The longi-
tudinal and transverse cross sections for the Jackson frame are shown in
Fig. 20 and the cross sections are listed in Table III. The overall normali-
zation uncertainty of ~ 7% (see Chapter IV. B) is not included in the given
errors. We observe a strong forward peak inthe helicity transverse cross
section as predicted by the VDM. On the other hand, the total cross section
shows a sharp forward dip and the transverse cross section in the Jackson
frame is approximately flat.

The total p cross section, which is shown in Fig. 21, has been obtained

from the A cross section by subtracting the S wave and correcting for the
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TABLE 1I

Differential Cross Sections for 7 p — 7 7 n

-t L o, Fem | o], e | T T
(GeV/c)2 ub/(Gev/c)® |ub/(Gev/e)? | ub/(Gev/e)? | ub/(Gev/c)?
t . -.0025 | 221 %29 [50.5+11.4 | 51.2%12.1 [368 =51
.0025 - .005 | 307 +36 [20.9+ 8.9 | 37.9%10.5 |487 65
005 -.0075 | 332 +36 |17.94 7.0 | 27.3% 7.2 |511 %65
0075 - .010 | 344 =36 [13.0% 6.3 | 28.9: 7.8 |521 %64
010 -.0125 | 377 +38 | 9.2+ 5.8 | 31.3+ 9.0 574 =68
0125 - .020 | 355 17 [18.6+ 4.0 | 3L.2% 4.5 [531 30
020 -.0275 | 375 =23 |11.7+ 3.5 | 29.6% 4.4 |572 =41
0275 - .035 | 301 +21 |10.1#% 3.7 | 26.5% 4.7 |448 38
035 -.045 | 250 +17 |10.0#% 3.0 | 21.3% 3.3 |368 = 30
045 - .060 | 195 +12 [11.2% 2.3 | 20.3% 2.8 |284 =222
060 -.080 | 168 +10 |10.2+ 1.9 | 16.3% 2.2 |252 %18
080 -.100 | 111 + 8.5] 8.7+ 1.8 | 11.4« 1.8 |162 =15
.100 - .150 74.1+ 3.9 9.1+ 1.1 | 10.2% 1.1 [109 % 7.0
.150 - .200 44.7+ 3.5 8.8+ 1.3 | 8.1+ 1.1 | 67.0+ 6.3
.200 - .300 20.5+ 1.7| 6.3 0.8 4.0+ 0.6 | 30.5+ 3.0

%?(mr) = %—r(ﬂ_p—' T n),

do )
av (p) = (_lT

dao

— -
Note: The values of p

(m p— n°n)

H do

lla‘t—,p

.60 <inn « .883 GeV
T

J do
11 dt

and g—? (p) are not directly measured

and depend on certain assumptions concerning the S-wave. See dis-

cussion in text.
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fraction of the p mass spectrum outside our mass interval. The normaliza-
tion error is +25%, the dominant contribution coming from the uncertainty in
the p line shape, as described below.

In order to determine the normalization of the p0 cross section, it is
nec;essary to know both the amount of I background and the total fraction
of the p0 meson which lies within the mass interval 0.665 < m_ . < 0.865
GeV. Detailed knowledge of both the p0 and background mass shapes is re-
quired to determine accurate values for these quantitles. Unfortunately,
there exists very little information about the background muss shape and even
the shape of the po is not well known as m, becomes large. Consequently,
from a purely phenomenological point of view, we have a great deal of free-
dom in choosing our fitting forms. For example, we can get a reasonable
fit to the data by using any one of several common Breit-Wigner forms and
using a simple polynomial to describe the background (see, e.g., Chapter
VII). As a consistency check of our results, however, it is of interest to fit
the mass distribution using only a P-wave resonance and an S-wave back-
ground which has approximately the mass shape of the 7°2°n data, since this
was the background used to determine the amount of S wave in the density
matrix elements and differential cross section. If we are able to get consist-
ent results, it will increase our confidence that the previous determinations
of the background were reasonable.

With this view in mind, we fit the mass spectrum shown in Fig. 22 from
0.4-0.9 GeV. Thelfit is done in the small t region (-t < 0.02) to avoid
possible complications from p-w interference effects. The P wave is

parameterized by a Breit-Wigner form which was used hy Pisut and Roos44
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to fit both pi and po mass distributions at lower energies:

2 .22 ' T
m

m, I',’(m)
dog , L 0 L Atat (V.15)
dm q ( 2_ 2)2 + 2I‘2 A
my-m- o+ mg Iy (m) St )
20+1 m, 1+R2qg
where T')(m) =T : — —53:1= angular momentum of resonance,
. 014, m L r%P ﬂ

. [2]
_ (m_2 B} 2)1/ -
q 4 m.'u‘

2 1/2
49 "\ 2 Y

mO, I‘0 = the mass and width,

A is the slope of do7/dt (T p— pon) ,

t_ . (m) is the kinematical lower limit of t ,
min : . Ly

T is the upper limit of It| for-the event sample, and

Risa parameter which corresponds to the range of the interaction.

The S-wave contribution is also parameterizéd by the above form with én
assumed mass of 0.7 GeV and width of 0.4 GeV; this is consiste@f with the 1r°7r°
mass distribution. 41 The fit yields a rho mass and width M, =0. 771+ 0.004
GeV, I‘p =0.160+£0.014 GeV, and R2 =4,8+3.2 (GeV/c)_z. The amount of

S wave required is 11x2% which agrees well with the 12% predicted by s_cét}ing
the g_rozron data. Other acceptable fits to the mass spectrum may also be
obtained by changi_ng R or by choosing different Breit-Wigner functions, §ﬁch
as the standard P-wave form discussed by Jackson. 45 Altﬁough these forms
are indi‘sting"uis,hgable within the interval 0.4-0.9 GeV, the high mass

behavior results in normalizations differing by +#20%. Since this region is
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complicated by the presence of other resonances, it is difficult to distinguish

between the forms by extending the fits to higher masses.

F. Background and Fitting Checks

1. . Higher Partial Waves

In order to derive the above density matrix elements, the data were
assumed to contain only S and P waves. Recently, Biswas et al. 46 have
suggested that higher partial waves than f=1 may also be present. They find
that their 4-GeV data are inconsistent with the relation
<cos 2¢p> = —% Pi_1 sin2 0, which is valid if only S and P wavés are present,
and they also find P1-1 to be strongly mass dependent. Our data show no
evidence of these discrepancies: <cos 2¢> is consistent with —%pl_lsin2 6
(X2 = 16.5 for 18 degrees of freedom) and there is no evidence for a mass
dependence of P11 Over our mass interval (X 22 10. 6 for 10 degrees of
freedom).

As an additional check, we have studied the X 2 distributions for our fits to
the angular distribution. If higher partial waves were present, the fit would
be expected to deviate from the data in particular regions of cos 6 or ¢ and
the X 2 contribution would be anomalously large there. Figure 23 shows the
projections of the X 2 distribution onto cos 6 and ¢. It is clear that Athere is
no unusually large X 2 value in any particular region as would be expected if
D waves were present. We have also fit the decay angular distribution as a
function of mass, including S, P, and D wave effects. For mm< 0.9GeV, both
the D wave and the P-D interference components are consistent with zero.
Hence, we conclude that partial waves with £ 2 2 are not required to describe

our decay angular distribution.
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2. Higher Missing Mass Background

As was mentioned previously, the data sample which was used for fitting
the density matrix elements contained an ~ 12% background contribution in
the missing mass. In order to demonstrate that this background did not sig-
nifibantly affect the fitted values of the density matrix elements, we have
refitted the density matrix using different cuts on the missing mass in order
to change the relative amount of the higher missing mass states. For example,
in Fig. 24 we compare the helicity-frame density matrix elements and differ-
ential cross section for a missing mass between 0.8 and 1.0 GeV with the
density matrix elements and do/dt obtained previously for a cut between 0.8
and 1.06 GeV. No significant difference is noted between the two fits, so we
conclude that the background does not significantly affect the quoted values for

pij and do/dt.

3. Efficiency Calculation

Because of the direct way in which the efficiency calculation enters the
results, it is clearly very important to make checks of the Monte Carlo in
order to insure its reliability. Many such checks héve been made and some
of the more important ones are discussed below.

One impoitant check of the efliciency calculation wae performed by
generating events according to the fitted density matrix elements. These
events were then tracked through PASS and the resulting distributions in the
angular variables compared to the real data. In addition, the geometrical
constraints of the apparatus were studied by comparing the Monte Carlo track
distributions with the distribution of real data events at several locations in

the spectrometer. The agreement was excellent.
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As another check of the efficiency calculation, we redetermined the
density matrix elements using more restrictive geometrical cutoffs than were
actually imposed by the apparatus. For example, Fig. 25 compares the
" results obtained in Section D with those obtained when only tracks which lay
outside the plug in all of the front chambers were allowed. The comparison
is shown only at small t, since plug effects will be less important elsewhere.
The agreement is clearly very good. Additional studies of this type were
carried out in which large changes were made in the sizes of the magnet gap
and spark chamber plugs. These results were also in good agreement.

The efficiency calculation was also checked by refitting the data while
ignoring regions for which the efficiency was less than a given cutoff value
(EFFCUT). Figure 26 shows the results of such a fit in the Jackson frame
with EFFCUT = 0.1 compared to the results dbtained previqusly. For
small values of t, this is approximately equivalent to fitting only the angular
region for which |cos BJI < 0.5 (see Fig. 13). The agreement is remark-

ably good in view of the severe restriction of the fitted angular decay region.
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CHAPTER VI
THE VECTOR DOMINANCE MODEL

A. Introduction

We now turn to a c;)mparison of the above data with single-pion photo-
p'rodﬁction as a test of the vector dominance model47 (VDM). Before dis-
cussing the results, we present the equations which will be used for these
gomparisons and discuss the previous work in somewhat greater detail than
in Chapter I. Excellent reviews of the previous experiments have been pre-
sented at several recent conferences. 18,48 |

The VDM predicts the following relationship between the amplitudes for

single-pion photoproduction and vector meson production by pions [see

Eq. (I.5)]):

T(yN—mN) = =— T(aN—-V,. N) . (VL. 1)
;p’ws¢ 2‘YV 'Tr '

Since the experimental results are given in terms of cross sections, we
must square both sides of Eq. (VI.1). In general, the vector meson ampli-
tudes can interfere with one another so that the comparison between the cross

. 11
sections™ " becomes

9

do _1 e do

G N =™ = 53 [——472 & =V
V=p,w, ¢ v

+ interference terms] . (VI.2)

The extra factor of 1/2 on the right-hand side comes from the average over
the initial photon spins. The relative phase space factor has been neglected

since its value is approximately one at high energies.
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There is no a priori reason to expect that the magnitude of thé interfer-
ence terms will be small. In fact, there is considerable isovector-isoscalar
interference in the single-pion photoproduction da’ca15 which in the VDM
implies an interference between the isovector p and the isoscalars w and ¢.
A p-w iﬁterferehce effect is also seen in this experiment (see Chapter VII).
The behavior of the interference terms is difficult to calculate so the most
reliable procedure is to consider combinations of cross sections where the
interference terms cancel. Because of isospin invariance, the relative sign
of the isoscalar and isovector amplitudes changes when a x is substituted
for a 7 . So when the sum of 1r+ and 7 photoproduction is taken in Eq. (VI.2)
the p-w and p-¢ interference terms cancel. The coupling of the ¢ to non-
strange mesons is small, so we can neglect its contribution in the direct term

and in w-¢ interference. Equation (VI.2) then becomes11

%[—q%(vp—*ﬂ+n)+g—f(vn—"fp)] =3 [pu] % (x p—p%m) + g [P1i] o (r p—m
. 04 P Yoo w

(VI.3)
where [pll]p([pu] w) is the density matrierlemexvlt which projects out the
transversely polarized po(w) mesons. The photon-vector-meson coupling
constants have been measured to be in the rutiv®? (1/'y2 ); (l/fyi) =
.(7 .51+1.52):1 and (do/dt) (7 p— pon) :(do/dt) (7 p — wn) is approximately
" 10:1 in the forward direction at 8 GeV. 50 Assuming that this ratio does not
change greatly* at15 GeV/c, the second term in Eq. (VI.3) contributes onlyA

a few percent conipared with the po term and can be ignored. Equation (VI.3)

*The energg dependence of o (7 p — wn) and o-(1r+n—+ wp) is well represented
by 1/P2. for energies below 8 GeV (see Chapter VII.D), but the cross
section has not been measured at higher energies.
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then becomes

1+R T H d
L—) t(vp—*ﬂ n) =<5 P11 3 G(?f p—p’n) , (VL. 4)

Yo
where

= SZm—r0)/ SZyp— 1)

' -, +
is taken from the # /7 ratio on deuterium. 15

The value of the coupling constant (yi/ 47r) can be measured in s;everal
different types of experiments. 51 The assumption implicit in the VDM is that
—yz/ 47 is independent of the particulaf process which is used for its deter-
mination or of the mass of the photon at the y-p vertex. However, experi-
m;antally the value of the yi/47r appears to vary by approximately a factor of
two for different methods of its determination. Reactions which deal with
hadrons in general (e.g., p0 production by pions or Compton scattering) seem
to require a value between 0.3 and 0.45. On the othér hand, values of
7‘2)/ 41rz 0.7 are found by p photoproduction experiments from complex nuclei.
Traditiohally, the ""canonical" value has been taken from the Orsa.y49 storage
ring experiment where the photon is on the p mass shell. This experiment
yields* fyi/zhr =0.52 + 0.03 which splits the difference between the extremal
values rather neatly.

The situation is very confused (and confusing) and the "correct' value
to use in making the following comparisons is hy no means clear. It would
appear that the VDM is violated quantitatively in the simplest possible way;
l.o., through a 'yi/47’r Which depends on the process being observed. Yet the

model is qualitatively very successful in describing many reactions and even

*Prehmmary results from a more recent experiment at Orsay52 yield the
value P 2/41 = 0.64 + 0.06.
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appears to work rather well quantitatively within a factor of 2-3 uncertainty
in the normalization. It thus remains of great interest to compare the t
dependence of our po data with single-pion photoproduction in the forward
region where the sharp structure should make the differences and similarities
in the t depéndences very apparent. We will use the value yi/ 41 = 0.5 for
these comparisons. The uncertainty in this value should be remembered
when observing the normalization agreement between the two sets of data.
Previous tests of the VDM using Eq. (VI.4) have shown general agree-
ment when the value yi/ 41 =~ 0.4 is used. qu example, Diebold and Poirierzo
find excellent agreement at 4 and 8 GeV/c using the value y§/41l' =0.45
whereas Dar et al. 19 use the value yi/ 41 = 0.4 and find excellent agreement

11,21 Litn

at 3.4 GeV/c. Many other comparable tests have been published
similar results. However, all such tests have been at rather low energies.
Morépver, the p0 data were not sufficient to determine whether the trans-
verse p0 cross section has ﬁ'forwafd peak for -t < m12r . Therefore, the
previous comparisons havé not been sensitive tests of the similarities in fhe -
t dependence of the cross sections though they have been quite sensitive to
differences in normalization and in the value of yi/ 4T,

In addition v the above comparison of the p0 prodﬁction data with
unpolarized photoproduction, it is also possible to project out the components

of linear polarization for the p0 which may then be compared with photopro-

duction data obtained with linearly polarized photons. The VDM then

predictsll’ 22? 23
do do
w00 w | _me(H, B \do - o
2 [dt (yn—ow p)+ dt ('yp—’ﬂ- l’l)] —'YZ (p11+,01_1> t (T p—p n)
P

(V1.5)
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and

H

1 Il I H do,- - o’
2 [ (p11"’1-1) a (" P=em

- +
gt (=T P+ (ypT n)] =~“%‘

Yo

(VL. 6)
vvhere-dl (0'") denotes the cros;s section do/dt for pions produced in a plane
perpendicular (parallel) to the electric vector of the photon, and where we
have neglected the small contribution of the other vector mesons as before.

Equations (VI.5) and (VI. 6) correspond to processes with natural and unnatural-

parity exchanged in the t channel. 53

A consequence of Egs. (VI.5) and (VI. 6) is

H . _
P11 _A"+RA
H 1+R ’
. . pll .
a comparison which is independent of the normalization of the two sets of data;

(VI.7)

and the value of the rho-photon coupling constant. The asymmetry parameters
are defined by
N o_:h o + , .
A = B (VI.)
o +0o

whefe, for example, OF-I is the cross section doi/dt for x photoproduction.
Historically, the polarized photoproduction data were first compared with
the pQ data using Eq. (VI.7). The comparisons”’22 showed a very serious
discrepancy at 4 GeV/c. The photoproduction asynunetry was found to be
approximately 0.5 in the t range 0.2 - 0.4 whereas the ratio of the density
matrix elements (pl-l/ ) was negative when evaluated in the helicity frame.
Several explanations were advanced for this discrepancy within the con-

text of the VDM. Biswas et al. 46 pointed out that the 4 GeV/c data used in the
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compariéon were inconsistent with the relation <cos 2¢>= -3/4 P11 sin2 0
which should be satisfied if only S and P waves wél;e present. In order to
explain this inconsistency, they suggested that a D-wave background con-
tributed significantly to their data sample (see Chapter V.F). However,
irrespective of its origin, the presence of this inconsistency in the data sug-
gests that pII{-l may not be well measured which could explain at least part
of the disagreement between the po and polarized photoproduction data.

The failure of Eq. (VI.7) was also explained in terms of frame ambigui-
ties of the VDM. It had been pointed out some time earlier54 that the frame
in which the comparisons should be made was somewhat ambiguous éince the
helicity of a massive particle is not a Lorentz invariant. Bialas and
Za.lewski55 then suggested that the VDM should not be considered to have
failed unless no frame could be found which gave agreement. They showed
that the asymmetry comparison worked reasonably well in the Donahue-
Hogassen* frame.

However, Diebold and Poirier23 pointed out shortly thereafter that the
natural-parity comparison [Eq. (VI.5)] is invariant under rotations about the
production normal and is therefore independent of any frame ambiguity. They
found that the po cross section at 4 GeV/c was nearly a factor of three smaller
than the photoproduction when the value .'y‘z)/ 4w = 0.5 was used.

Faced with these difficulties of the VDM, several theorists studied the
question of frame ambiguities in detail. Some of these authors used model
dependent argp.lments56 while others studied the behavior of thé invariant
ampli'cudes.57 Nearly all of these studies came to the same conclusion. In

the high energy limit, the VDM relations should be exact provided that the

X
Defined as the frame for which Re P10 =0.
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ciensity matrix elements are expréssed in the helicity frame. On the other
hand, at lower energies some discrepancies would be expected andthe f;_‘ax_ng
in which the comparisons should be made is no longer well definggi, The
energy at which the helicity frame comparisons become correct is not well
determined in a model independent way. However, several different models5

suggest that the comparisons should work well at 15 GeV/c but will be badly

6

violated at 4 GeV/c. Thus, the comparisons here, which use 15 GeV/c data,

should be more definitive than the previous comparisons at lower energy.

B. Data

In Chapter V, we presented the density matrix elements for the reaction
TP 7 1 n. The VDM comparisons, however, require the density matrix
elements and differential cross section for the reaction 7 p — pon. These
were obtained from the measured dipion quantities by subtracting the S wave

and imposing the new normalization condition

2077+ Pgo = 1

As discussed previously, the S-wave cross section was assumed to be of the -

form

3—;’ (S wave) = ——R'tz' 5 et (VL.Y)
(t-mﬂ)

as obtained from the data of Sonderegger and Bonamy4'1 for the reaction
Tp— 7°7°n and extrapolated to 15 GeV/c. .
.The po density matrix elements obtained in this manner are shown in

Fig. 27. The general features are, of course, similar to those observed

H
Poo

dip for -t < m‘72r /2 and pill has a sharp forward peak in the samet region.

previously for the dipion system. In particular, has a narrow forward
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is small and positive everywhere and Re plfo crosses the axis at —t=m“12r .

pI1{-1
The precise values of these density matrix elements depend on the assumptions
which were made regarding the S-wave t dependence and normal_ization (see
Chapter V.F). In particular, the value of pill can change by ~ 30% in the
region around -t = m72r for a different :choice of the S wave. However, the
remainder of the density matrix elements are essentially unchanged and the
general qualitative features are identical for any reasonable choice for the
background: The effect which variations in the S-wave subtraction have in Lhe
VDM comparisons will be discussed in detail in the tollowing section.

The unpn]af'izﬁd photoproduction data used for the following comparisons
were taken from thé 16 GeV/c data of Boyarski et 9._1.15 "Complete" polarized
photoproduction experiments have not yet been performed. 'More'over, much
of the available data is at low energies. The data to be used in this experi-
ment were obtained by combining the measurements of the asymmetry param-

16,17 _[Ai, see Eq. (VI.8)] at 3.4 GeV/c with the unpolarized cross

eter
section at 16 GeV/c. The asymmetry parameter for 7 photoproduction (A")
has not yet been measured for small values of { so we have assumed that
A+=A-. in this region. Recently, Schwitters et 9_1.58 have measured A+ at

12 GeV/c and their results are consistent with the lower energy .data. These
data were not used directly for the VDM comparison since no A~ measure-

ments were available and since these data do nol exlend below -t =0. 04 which

is the important region in the present experiment.

C. Results
We now turn to a comparison of the p0 results with the single-pion photo-
production data. Figure 28 compares the unpolarized cross sections using

Eq. (VI.4). The t dependence of the cross sections is qualitatively similar.
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In particular, both sets of data show a sharp rise in the forward direction.
Quantitatively, the forward t=0 cross sections are in good agreement. How-
ever, over most of the t region, the po data lie somewhat below the ﬁﬁotb—
production and the forward peak is sharper in the po data. It should be
remembered, however, that there is a +25% uncertainty in the p0 Cross sec-
tion with uncertainties in 'yi/ 4m of at least this magnitude. So the normaliza-
tion disagreement is rather insignificant.

The shape of the p0 forward peak can be brought into closer agreement
with the photoproduction by a different choice for the S-wave background. The |
t region of the greatest sensitivity to the S—wavé subtraction is the region 0.1<
\/t_ < 0.2 GeV/c. Since pll_Il is small here, any change in the amount of back-

- ground subtracted will cause significant changes in pill (do/dt) in this region
and thus will change the shape of the forward structure.

Given Eq. (VI.9), the S-wave normalization as scaled from Sonderegger
and Bonamy41 falls at the upper limits allowed by the condition that the density
matrix must be positive definite. In order to demonstrate explicitly the effect
of this choice for the normalization, Fig. 29 shows the unpolarized compari-
son [Eq. (VI.4)] when the S-wave normalization is chosen to be at the
opposite extreme, i.e., at the lower limits allowed by the positive definite-
ness of the density matrix. This figure should be compared with Fig. 28.
Little important difference is noted though the shapes of the forward peaks do-
agree somewhat better in Fig. 29.

The shapes of the cross sections shown in Fig. 29 would agree even more
‘closely if 'the p0 data did not peak as sharply at the very forward points. As
was previously noted in Chapter V., the m°7°n data are not sufficient in thc

forward direction to show that the S-wave cross section goes to zero at t=0.
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In fact, these data are consistent with an S-wave cross section which only
goes down byA 25% from —t=m12T to t=0. Using this as an estimate of the S-
wave t dependence causes a change in pill (do/dt) at the smallest t values as
shown in Fig. 29 and makes the shape of the forward peaks agree more
closely. By changing the relative normalizations or the value of le) /Am, the
overall agreement can then be made very good. We emphasize that in going
from Fig. 28 to Fig. 29, we have made the largest change in the S-wave
background that is allowed by this experiment and the 77 n data. In partic-
ular, the sharpness in the forward structure ‘cannot be further reduced by
changing the background.

The comparison with the polarized photoproduction data is shown in
Figs. 30(a) and (b) which show the ‘natural-[Eq. (VI.5)] and unnatural-[Eq. (VL. 6)]
parity-exchange contributions, respectively. Once again, the t=0 cross sec-
tions are in good agreement. The natural-parity-exchange cross section falls
about a factor of two below the photoproduction. However, even this rather
poor normalization agreement is better than was previously observed at
lower energies.23 The natural-parity-exchange cross sections display a
qualitatively similar shape with the exception of the structure which occurs
at \/——t =~ 0.1 in the photoproduction data. The unnatural-parity-exchange
cross section [Fig. 30(b)] shows a dramatic rise for -t < mfr and the agree-
ment is excellent for -t < 2m12r . For larger values of t, the po data lie above
the photoproduction.

Another comparison using the polarized photoproduction data can be made
which is independent of the relative normalizations of the two sets of data.
This "asymmetry" comparison [Eq. (VI.7)] is shown in Fig. 31. Both scts -

of data show dramatic structure for -t < m72r and the agreement is excellent
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reaction 7p —p%n, (a) the natural-parity-exchange cross sec-

- tion [Eq. (VI. 5)], (b) the unnatural-parity-exchange cross sec-

tion [Eq (V1. 6)].
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for -t< 2m12r. The asymmétry in the rho data falls more rapidly for larger t
but the disagreement for large t is smaller than the pi'evious rvesults22 at -
4 GeV/c. : !

Considering all of the above comparisons together, we note an overall
qualitative agreement. Moreover, the quantitative agreement of some of the
comparisons can be dramatically improved if the relative normalizations
(or 'yi/41r) are changed. In addition, some changes can be made in the S-wave
sﬁbtraction which improve the agreement of the forward structure in the
unpolarized comparison as was shown in Fig. 29. However, most of the
comparisons cannot be made to agree over the whole t range in this way. For
example, the disagreement in the asymmetry comparison (Fig. 31) at larger
values of t cannot be changed since the S-wave subtraction has little effect for

-t > Zmi, and the comparison is independent of 712)/ 471, We thus conclude that

in spite of its qualitative success, there is some inadequacy in the simple

VDM description of the details of the p production process.

Cho and Sakurai59 have extended the vector dominance model to predict
the dominant longitudinal amplitudes for p production by pions in addition to
the usual predictions of the transverse amplitudes. They assume that é. par-
ticular se_t of invariant amplitudes (the Ball60 amplitudes) are smooth in the
\}ector meson mass and satisfy the constraints imposed by current conserva-
tion. These assumptions allow them to relate the longitudinal and transverse
helicity amplitudes. Then, by using the VDM and a parameterization of photo-
production (the '"pseudomodel" of Jackson and Quigg61), they are able to
predict bo’th the longitudinal and the transverse p cross section and the density

matrix elements without any additional parameters.
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In Fig. 32, we show i)oth the transverse and total rho cross sections.
The dotted line is the input to the calculation of Cho and Sakurai based on the O
single-pion photoproduction cross sections, while the solid line is their |
prediction for the total rho cross section. The agreement in the total cross
section is good for -t < 0.1 (GeV/c)2 even though the transverse cross sec-
tions appear to differ in normalization. Figure 33 shows the prediction of
Cho and Sakurai for the po density matrix elements. The qualitative features

arc well desoribed by the model though there are some differences in déta,i.]..

H
11

at t = —m‘;zr as observed in the data. The strongeét disagreement seei;as to be

In particular, pIO{O -p, has a sharp forward dip apd Re plli0 crosses the axis
for le_ 1 where the model pi'edic\ts too large a Value.> Ovefall, the agreement

is remarkable especially since this model has no adjustable parameters.

D.. Conclusion _
The rho production results at 15 GeV/ ¢ show structure similar to the ,
single-pion photoproduction data. The magnitudes of the forward cross sec- "
tions are the same and both sets of data show a sharp forward peak and a
rapid chaﬁge in the asymmetry for -t < m12T . In détail, the unnatural-parity- |
gxc_hapge cross section agrees very well, as does the asymmetry for ~t < Zm?F .
However, as has been noted in previous experiments, the absolute rho cross
sections appear to lie below the photoproduction when the value 'yi/41r =,0' 5
is used. The normalization difference is most severe for the natural-parity-
exchange cross section though the difference noted here is smaller than has
?reviously been observed at lower energies. There are differences in.the
sharpness of the observed structure which may be reduced by another choice -

for the S-wave background. All of the comparisons cannot be made simul-

taneously to agree in detail, however, by changing the S-wave background or
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FIG. 32--Total and transverse differential cross sections for 77 p— p°n.
The solid line represents the prediction of Cho and Sakurai, and
the dotted line represents the input to their calculation.
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FIG. 33--Density matrix elements in the helicity frame for 7 p—p°n.
The solid lines represent the predictions of Cho and Sakurai.
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by changing the relative normalization (e.g., change 'yi/ 47) and therefore
indicate some inadequacy in the simple VDM description of the details for the

rho production process.
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CHAPTER VII
p - W INTERFERENCE ' o
A. Introduction

Many theoretical paperse'z-64 have dealt with the phenomena of p-w

mixing, since the possibility of this effect was first pointed out ioy Glashow28
in 1961. There are several alternative_ approaches to the problem leading to
essentially identical results. One of the first complete treatments was car-
ried out by Berustelﬁ and Fei'nbergﬁz, who used a time-dependent approach
similar to that used earlier by Lee, Oehme, and Yang65 to discuss the

K’ —Kd system. However, unlike the K° - K° problem, we are not here inter-
ested in the precise time dependence of the amplitudes since the Alifetimes’ of
'the particles with which we are dealing are so short. Experimentally, the
available information is contained in the invariant mass of the dipion system.
Bernstein and Feinberg obtain this mass dependence as the Fourier transform
of the time dependence. A simpler approach is to view the problem as that »
éf finding the propagator of a twu-particle quasi-degenerate system. In this
case, the problems reduce to a study of the properties of the mass matrix M.
Though we will use a more phenomenological approach for the fitting of our
experimental data, it is useful to give a short, simplified outline of this theory
here to provide a fI_'amework in which to discuss the theoretical prediétions.

The amplitude S for the production of a dipion final state can be written

+ - A 1 Tp
S(nm)=( pAw) M -l Tw . (VI. 1)

Ap and Aw are the vector meson production amplitudes for the pure G-parity
vector meson eigenstates | py> and |w0>. Tp and T  are the corresponding

decay amplitudes for these pure states to decay into two pions. m is the
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invariant mass of the dipion system and M is the symmetric 2x2 mass matrix

M = (VIL. 2)

Iy
with Q= mv-i—l .

2
In the absence of the electromagnetic interaction §=0 and the states of
pure isospin, |b0> and |w0> are eigenvectors of M. However, in the pres-
ence of the electromagnetic interaction, .t'his is no longer true. The physically
observable |p> é.nd lw)> become, in this case, a superposition of the pure

states,

10> =|pg>- €|wy>
(VIL. 3)

lw> €|pA0> + |wy>

a

to lowest order in €. These physically observable states are the eigenvectors

of M so that

€= —2— | (VIL. 4)

where we have kept only the lowest order term.

In order to find S, we carry out the indicated matrix operations and find

+ - AT i Q,-
S(m ) =§P—B l+ae ‘QP_K{ . (VIL. 5)
0 w.

In deriving the above, we drop higher order terms and neglect the direct de-
cay amplitude T (@021, which is presumably second order in the electro-

magnetic coupling constant and hence small compared to the observed effect.
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We also note that in the above

A ,
w o)
Q= I— (VIL 6)
A -
o % %W
and & is the overall phase between the p and w amplitudes.
Aw 1
&=Arg |+— ) + Arg 6+ Arg =——=— . (VL. 7)
Ap W~ W |

In doriving Eq. ‘(VII; G) we have assumcd that A . and Ap are coherent
production ;amplitudes. This is not generally true in strong mtefactiOn experi-
ments. In order to include the incoherent processes, we multiply the cruss
term in S(1r+7r—) squared by a 'coherency" parameter C whose value is between
0and 1 [a more quantitative definition of C is given in Eq. (VII.31) in the
- following section].

4

Even though & is the phase which is generally determined by experimeht,

theoretical predictions are made in terms of the relative production phase, >
A(z)
- @ =Arg e . (VIIL. 8)
P ‘ ' ~

1

In order to compare these predictions with the results of experiment, it is
necessary to know the value of the remaining terms in the expression for & .

63,66

Several calculations have been made which suggest the phase of & should

be small. In addition,
1 o]
Arg ———— = 106
Qp Q,

with the variations depending on the choice which is made for the p mass
and width. Thus, we can write

&~p+106° . (VIL. 9)
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One additional quantity of interest in testing theoretical predictions on
the p-w interference effect is the branching ratio for the decay w — 2m,

compared to w — 37. 'In terms of the mixing parameter, this can be written

r

T(w— 2 2
B.R. = _ITEE_—»—{‘Z‘THI)) =€ T;B (VIi. 10)
w

Expressing this in terms of the off-diagonal mass matrix element, we find that

(VIL. 11)

We now turn to the problem of estimating the size of the p¥w effect.
Gatt067 has calculated the partial width I'(w — 27) according to the vector

dominance model picture,

m

and obtains I'(w — 27 = 8 keV. This gives the branching ratio for the direct
w — 27 decay,

B.R.~ 0.07% . (VIL. 12)

If this were the magnitude of the effect, .it would not yet have been observed
experimentally. The size of the observed effect corresponds to a branching
ratio which is approximately a factor of 20 larger. Coleman and Glashow68
have calculated the value of the off-diagonal mass matrix element in terms of
the medium-strong SU(3)-breaking mass splitting for meson and baryon multi-
plets. They predict that 8= 2.5 MeV. Usiﬁg Eq. (VII.11), we see that

this corresponds to a branching ratio,

B.R. ~ 1.5% . (VIL. 13)
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Other authors30’ 63, 66

making somewhat different assumptions have. estimated
from SU(3) and SU(6) arguments that § ~2.5-5.0 MeV, which corresponds to

a bra.néhing ratio in the range

B.R. =~ 1.5-3.0% . | (VII. 14)
The.relative phase between the p and w production amplitudes in the

strong interactions has been predicted by Goldhaber, Fox, and Quigg64 on the
basis of m-B exchange degeneracy. They assume that the reaction 1r—p'—» pON
is dominated by 7 exchange whereas the corresponding reaction T p— wN is
dominated by B exchange.* This latter assumption is not expécted to hold
well at high cnergies, since p exchange should become increasingly important.
However, at low energies, the predictions might be expected to be validf The
relative production phase in the reaction 7 p — 1r+1r—n is thén expegted to be

| g~ -90° : (VII. 15)
which implies an overall phase |

0

&=p+106° ~ 16 (VIL. 16)

Hagopian et al. 32 have investigated this reaction at 2.3 GeV/c and have
obtained a peak centered at the w mass. The observation of a peak makes it
difficult to determine a phase unambiguously since it is clearly impossible to
- experimentally distinguish between the cases where the coherency C=1 with
&=0, and C= 0, ®=anything. The phase 18, however, well delermined if
C 2 0.4 and takes on the value &= -15%+30% I agreewent with the prediction
of Goldhaber, Fox, and Quigg. Results from two other o experiments69
have been reported in preliminary form and the results are reported to agree

with those ot Hagopian et al. Dalpaiz et al. have presented data at 1.65 GeV/c,

—
N denotes the missing baryon.
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whereas Rangaswamy et g . have reported data from momenta between 3 and
5 GeV/c. Dalpaiz et al. quote a phase4 & =-4+20°; Rangaswamy et al. show
a mass spectrum with a 3 & bump in the 780 - 800 MeV mass bin. Since the
fesults of both of these experiments have yet to be published, however, it .is
difficult to judge the significance of these observations.

Many other experiments have been reported for a wide variety of reac-
' tions. Essentially all of these experiments have been carried out below
7 GeV. Ezxcellent reviews of the experimental situation, as well as a short

theoretical discussion, are available in the reviews of Goldhaber, 30

Marshall, 66 and Roos. 70

B. Fitting Formalism

We will now develop the generél formalism which has been used to fit the’
p-w data. Because of the nonuniform acceptance of the experimental appa-
ratus, this formalism differs somewhat from that described in the literature.
In order to make clear the various assumptions which have been made, we
will derive our fitting forms in somewhat pedantic detail. It should be stated
at the outset that we are here concerned only' with the discovery and param-
eterization of an anomaly in the w region. No attempt will be made to deter-
mine the ""correct' parameters for the pO meson. Indeed, it is well known,
and we will again implicitly show, that the assumption of different background
or po shapes can change the fitted po parameters substantially. Because of
the narrowness of the w meson, however, any interference effect is dominated
by the w §hape. Thus, the fitted po mass and width are rather unimportant in
determining the interference parameters.

A general amplitude for two-pion production can be written as

A,”=Ap+Aw+A (VIL.17)

2 B
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A‘0 (Aw) represents the po (w) contribution to the amplitude and AB is the
background amplitude. If we suppress the spin variables, these amplitudes
are in general functions of the dipion invariant mass(m), the polar () and
azimuthal (¢) angles in the dipion rest frame, and the momentum transfer (t).
This is,

Bgp=Bgp(0:4mt) . (VIL. 18)

27

We now separate the decay mass shape out of the amplitudes.
A 0 ? ? -3 t = 6 9 I 9
p(0,¢,m,t) =2 (6, ¢,m, 1) M (m)
A(6,9,m,t)=2 (6,¢,m,1) M, (m) (VL. 19)

AB(G » o,m,t)= aB(O » $,m,t) MB(m)

Mv(m) is a Breit-Wigner amplitudé similar to that defined by Pisut and Roos,44
m mp T
M o« -— (VII. 20)
P m2 - n12 -im T
P PP

where the notation is given in Eq. (V.15). Because the w is so narrow, we

drop the m/qg factor in the M , term, giving

w, Ty
2

M «

w

) (VII. 21)
mw—m -1me‘w

.with l‘w=constant. For simplicity, we assume here that the interaction
range parameter (R) equals zero. The form of the background amplilude is

not known, so we will ignore its shape at this stage of the discussion.
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The square of the axﬂplitude is now given by
A |2=aM 2+| M|2+ M_|? + 2Re (a*M*a M
l 2T I p pl Aaw w! IaB B' ( ppw w)

+ 2Re(a*M*a MB) + 2Re(af M*a M

*apMp) (VIIL. 22)

However, since the acceptance efficiency of the spectrometer system is
smaller than one, the actual observed amplitude squared (O) is a product of

the acceptance efficiency E(6, ¢, m,t) and 'A21r|2' That is,

0(6, ¢,m,t) = E(6, ¢,m,t) - |A, (6, ¢,m,t)|2 . (VIL. 23)

Since in this case we wish to fit the observed distribution as a function of m

only, we integrate over the remaining variables as follows:

O(m) =S0(8, ¢, m, 1) d cos ¢ dpdt = SEJA, |* ddt. ‘
(VL. 24)

We now defing
JE@, ¢,m,t) |ax|2 dQdt
E (m) = 5 : (VII. 25)
ax
with
=./‘|a,x|2 ddt (VII. 26)

and consider the p-w interference term in Eq. (VII.24). Using Eq. (VII.22),

we have

p-w term = 2 Re(fEa;awM; deth) (VIL 27)

~ 125 -



where MV is a function of m only. If we now introduce a phase angle d>£op

such that
ié'wp(o, ¢, m, t)
Aa;aw =e |ap] l2,] - (VII. 28)
Equation (VIIL.27) becomes¥

i®

1
W
p-w term = 2 Re[M;(m) Mw(m)fE |2, la e P dﬂ.dt] . (VII.29)

We now noto that
ey 1/2
17 e 4 < JSE|a 2404 2
-,lapl la,] e t < Elapl Ot -fElawl dQdt
(VII. 30)
so that by defining a coherency parameter (pr) which lies between zero and
one and also an average phase angle (& wp)’ we can write the interference term
(Eq. VII.27) as
id

p-wterm=C  « @ E Ew Re(e

“P MM ) . (VL. 31)
wp“p P prw

Finally, using analogous definitions for the other interference terms, we write

the observed amplitude squared as follows:

2 2 2 2 2 42
O(m) = oszp IMpI +ta E, |Mw| + aBEBlMBl

i@w
E E_Kele M veM

+ 2pr @, p M
- ( i (VI 32)
! &
+ ZCBpaBap EBEP Rele MpMB)
i®
Bw .., )
+2Cp,aq2, VERE, Re (e M Mp

tIn terms of helicity amplitudes, a dependence of ¢ on (for¢)arises because
the different helicity amplitudes can have different relative phases between p
and w. Itshouldberemembered that nucleon helicities havebeen suppressed.
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In principle, the coefficients (@, C, ®) can be functions of the mass.
However, we will assume that they are slowly varying in the region of the w
meson. Equation (VII.32) has more parameters than can be determined by
present-day experiments, especially in view of the lack of theoretical knowl-
edge of the background distribution. Therefore, in order to derive a fitting
function, some simplifying assumptions must be made. .

Historically, there are two major sets of such assumptions which have
been used. The more general formulation was first used by Flatté. 29

Flatte assumed that the background distribution was slowly varying com-
pared to the p and w distributions. It was thén noted fhat the behavior of an
interference term is dominated by the most rapidly varying part of that term.
This means that in practice the terms multiplied by C wp and CBw in
Eq. (VIL.32) are indistinguishablef and so can be combined. Secondly, it was
pointed out that the imaginary part of a Breit-Wigner amplitﬁde is essentially
identical to a Breit-Wigner squared. This means that the product of the
imaginary part in the interference terms can be combined with the squared
terms.tt Under these assumptions we find -

O(m) = E |Mp|2 + azEwIMwl'z + a3EB|MB|2

(VIL. 33)

+a, \/EpEB Re(M ) + o \/EpEw Re (M, )

fIf the p.and w have nearly identical masses, as they do in the present exper-
iment when Eq. (VIIL.33) is used, then this is no longer a very good assump-
tion. However, with the available statistics, the breakdown of the assump-
tion is difficult to observe and 1s of minor importance in the fitting process
so it will be neglected.

t1Note that Re (AB) = Re(A) Re(B) - Im (A) Im (B).
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where we have assumed ﬁnplicitly that the efficiencies are approximately pro-
portional in the w region. This is well satisfied for the present experiment.
We will call Eq. (VIL.33) the F (Flatté) fitting form.

The major advantage of the above form is that it is capable of representing
any degree of coherence of the amplitudes. However, it also has the strong
disadvantage that two of the most interesting parameters which describe the
interference effect, nameiy, the coherence between the p and w amplitudes
and the overall phaée between them, are no longer available from the fit.

In order to determine these parameters, we assume that the background
is incoherent with the p and w amplitudes, i.e., the parameters CBp and Cpu
in Eq. (VII.32) are zero. It is known from the density matrix fits of
Chapter V that 14+5% S wave is required for 0.1 < 1tl <0. 3(GeV/c)2, theregion
where the p-w interference effect is most pronounced. This is very similar
to the amount of background (~ 13%) required to fit the mass distribution when
a simple polynomial background shape is assumed. Hence, it is quite reason-
able that the background underneath the p is largely S wave and therefore
incoherent with the P-wave vector mesons if the entire decay angular region
is included with uniform efficiency. Since the efficiency across the anguiar
distribution is not uniform, there could still be interference in this experi-
ment. However, for reasonable decay angular distributions, the S-P inter-
ference in m will be small for symmetric cuts on the angular region. In
addition, the background amplitude is much smaller than the p. Thus, we

assume that we can neglect the terms multiplied by CBp and CBw in
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Eq. (VI.32), giving

2 2 2 2 2 2
O(m) = apEp IMpI ok, |Mw| * aBEBIM"BI

i® )
%
+ 2 Capaw EpEw Re (e Mpr (VI. 34)

where we have changed notation such that C=C wp and & =d>wé. We call this
the P (phase) form.

The actual masé spectrum is obtained by multiplying the experimental
amplitude squared by a phase space factor, which in this case is proportional
to the pion momentum in the dipion rest frame (q), and by the width of the

data bins (Am). Thus, the mass spectrum is given by

__S__)dlgx:ln =q - O(m) . Am | (VI. 35).

where O(m) is given by either Eq. (VIL.33) or (VII. 34).

At this point of the discussion, we have not yet defined the shape of the
background mass distribution. As we have shown in'Chapter V, it is possible
to satisfactorily fit the mass distribution, assuming a broad resonance shape
for the background. However, there is no strong justification here for so
doing. In the fitting of the mass spectrum, the background interacts strongly
with the determination of the p0 parameters but does not materially atfect
the significance or phase of any p-w effect which may be present. Thus, for

simplicity, we parameterize the background as a polynomial in mass

2 2
ap - |Mg|"=a+bm . (VII. 36)

In order to carry out the fits, a binned maximum-likelihood technique

similar to that described in Chapter V is used. This allows fits to be done
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with sufficiently small bixi widths that bin size effects are negligible. Expéri—
mental resolution (o ~ 8 MeV) is folded into the fitting function by numerical
techniques.

Ep is calculated using the fitted po density matrix elements from the
experiment. For simplicity, the background efficiency is calculated assuming
a uniform decay angular distribution. Since the w — 31 decay is not observed
in this experiment, Em is calculated assuming the density matrix elements

and do/dt as detomﬁinod by Matthews et al. i in the reaction 7' n — Lup at

7 GeV/c. In practice, these assumptions about the forms of the decay distri~
butions are not important in the fitting proceés. This results from the fact
that for any reasonable decay angular distribution, the efficiencies are approx-
imately proportional in the w region; i.e., Ep(m)‘ « E (m) 'o: EB(m). Hence,
the significance of the w signal and the values of the coherence and phase are
insehsitive to the angular distributions of the amplitudes. Only the branching
ratio depends strongly on the efficiencies and the estimated systematic error

due to this effect will be included in the results.

C. Data

The reaction of interest here is
tporirn . (VI. 37
The data sample which will be studied is identical to that described in
Chapter V which was used to obtain the dipion density matrix elements. This
sample contains ~ 8400 events for the mass range 500 < m_ < 1000 MeV.
Because of the highly peripheral nature of the interactions and an experimental

falloff of the acceptance for large values of momentum transfer, nearly all of

the events (~ 8000) lie in the momentum transfer region 1t1< 0.3 (GeV/c)'z, which is
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the region where the mqét dramatic p-w interference effects have been
obserx)ed previously. Because the acceptance of the spectrometer system is
nonuniform, care must be exercised in drawing conclusions from the obser-
vation of the raw data distributions only. However, if the qualitative features
of the acceptance are kept in mind, little difficulty ensues. In particular, the
following features of the acceptance in the helicity frame should be noted:
1.. The acceptance is ~ 0 for |cos 6H|.> 0.8 and has its largest value
at cos 0 Hz 0 with the result that the raw data distributions are
enriched with transverse vector meson decays.
2. If the acceptance is averaged for 0.1<t1<0.3 (GeV/c)2 over a uni-
form distribution in t and ¢, the acceptance incréa'ses by approxi-
mately a factor of two between |cos 9H| = (.75 and cos GH = O
3. bThe acceptance falls slowly with increasing mass. The slope
bf this falloff in the w region is similar for different regions
of (6, ¢) which implies that Ep(m) « Ew(m) « EB(m) as noted
previously.
We show in Fig. 34 the 7r+7r- mass spectrum for reaction (VII.37). There
is a hint of structure in the w region. Its significance is low, however. The
size of the structure is greatly enhanced for certain re;gions of momentum

transfer. Figures 35(a)and(b)show the mass distribution for ItI< 0.1 (GeV/c)2 and

0.1<it1<0.3 (GeV/c)z, respectively. No effectis seeninthe smalltregion (1t1<0.1).

However, for 0.1<Iti < 0.3, a pronounced peak is observed, centered some-
what above the w at about 790 MeV. There is also some evidence for a dip
below the’ w at about 775 MeV.

The observation that the interference effect has a dip below the w and a

peak above can be strengthened by making cuts on the angular distribution so
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as to preferentially selecf transverse po and w production. Figure 36(z)shows
two such cuts. The unshaded histogram ‘shows data with |cos GH] <0.4,
whereas the shaded histogram is cut on lcos BHI <0.2. Thedip below the
@ mass becomes extremely pronounced, and indeed the mass distribution looks
almost like a split po meson'! * The inset shows the data for |cos OHI <0.40n
a finer mass scale (5 MeV bins). Th§ structure is well centered at the w
mass, with a dip and peak of rather equal size on either side. This i_}s the
interference shape Which is expected if the phase between the amplitudes is
~-90°.

When the inverse cut is made on the helicity angle (|cos GHI > 0.4), both
the size and shape of the interference change dramatically, as shown in
Fig. 36(b). This qualitatively suggests that either the coherence or the phase
angle, or both, are quite different for longitudinal, as compared to trans-
verse, production. The most straightforward ekpianation of such behavior is
that the w is produced predominantly transversely as is observed in this t
range at 7 GeV/c. n

If the o' n” syslem Is assumed W conlaln onuly S and P waves for
m,_- < 900 MeV, we can correct the mass spectrum fdr -the efficiency using
a procedure similar to that described in Chapter V to find the density matrix
elements and differéntial cross section as a fﬁnction of t. That is, for each
bin in mass we fit the observed angular distribution and find the cross section

do/dm for that mass bin.

*It is amusing to note that the dipole form used by the CERN spectrometer
groups to describe the split Ag meson’2 also fits the [cos 9H| < 0.2 data
from this experiment very well (x2/degree of freedom =~ 1. 0). When the
dipole fit is compared to a fit using a siiple Breit-Wigner, the X2
improves by approximately 20 in the region of the "split".
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FIG. 36--Observed #*7~ mass spectrum for 0.1<It1<0.3 (GeV/c) (a) The unshaded
histograms contain data with |cos 9H|< 0.4, whereas the shaded histogram
inclrféles data with |cos 9H| <0.2. The inset displays the |cos 0H| < 0,4
data with smaller mass bins (5 MeV). (b) Data with |cos 6H| >0.4.



The resultant mass épectrum for 0.1<1t1<0.3 (GeV/c)2 is shown in Fig. 37.
This distribution confirms the behavior which was seen above in the raw
spectra. As cuts are made on the data which preferentially select more-and-
more transverse p0 and w production, the dip below the w becomes pro-
gressively more pronounced. This can most easily be seen by comparing
Figs. 37, 35(and 36(a), in order, since these figures correspond to increas-
ingly transverse cuts on the data. Similar qualitative observations about the
behavior of the interfering amplitudes as were made previously apply here.
We shall return to these observations in a more quantitative fashion in the

following section.

D. Results

We now turn to a discussion of the quantitative results of the fitting
procedure. This discussion will be divided into two subtopics. First, the
data will be analyzed in a general fashion simply to demonstrate that a sig-
nificant anomaly indeed exists at the w mass. In this analysis, we will not
attempt to determine any of the experimentally important mixing parameters.
Secondly, we will use the P form of the fitling function lo determine the phase
between the p and w amplitudes, the coherence, and limits on the branching

ratio.

1. BSignificance

In order to demonstrate that a significant p-w interference effect occurs
in these data, we will use a procedure similar to that discussed by Flatte. e
Using Eq.. (VII.33), a fit is made to the data with the terms representing the
w fixed at zero while the coefficients representing the po and the bhackground

are allowed to vary. This fit yields a goodness of fit parameter X i Another

fit is then made to the data in which the two parameters which multiply the
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w terms are also allowed to vary. In doing this fit, the w mass and width are
fixed at their accepted values, 783.7 MeV and 11.9 MeV, respectively. This
fit yields X Z for a fit with two less degrees of freedom than for the '"p 6nly"
fit. The difference bétween the two parameters thus found, AX2 = Xlz) - XZ,
is a direct measure of the significance of the w signal in the data.

The AX 2 formed above has approximately a X 2 distribution for two degrees
of freedom. We can thus utilize it to caléulate the number of standard devia-
tions that the w sigﬁal lies away from zero, using standard tabulated chi-
square probability distributions.

The results of this analysis are shown in Table IV for the t region in which
the largest qualitative effect is observed [0.1<1t1<0.3 (GeV/c)z]. Themass spectrum
is fit from 530 -870 MeV. The data are analyzed both with and without reso-
lution folded into the fit in order to demonstrate that the significance of the
effect does not depend greatly on the resolution. We see that the w signal is
~ 50 from zero in this data sample. However, we also note-that the p mass
and width change substantially when the w cffect is added. Experimentally,
several of the parameters are strongly correlated in the fit so that the avail-
able data cannot determihe them well.

In order to have more stable parameters and demonstrate that the sig-
nificance of the effect is not largely due ;co a shift in the po parameters, we
have used the following procedure.

We fit. the mnaa diatrihution, ignoring the wregion, foriti<0.3 ((1(-~.V/n)2 tn:hnth—
the F and P forms with the terms representing the w set equal to zero. The
values obfained using the P form are mp =764 + 3 MeV and I‘p =157+8 MeV,

whereas for the F form, we find that mp='781¢ 7 MeV. and ,.I‘p= 167+10 MeV.
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TABLE IV
. - + - . . . . O .
Fits to # p —» 7 m n Mass Distribution with the p~ Mass and Width Allowed to Vary.
: : L2 2 | Significance
Reference Momenturr. Transfer| Resolution w Included Mp(GeV) T p(GeV) X /v AX of 1 Signal
Number Form (Gev/c)2 (MeV) in Fit

1 F 0.1<Itl <0.3 0 NO 0. 786 0. 006 0.177 £ 0,017 86.1/62 - -

2 'F 0.1<it! <0.3 0 YES 0.763+ 0,020 0.147 + 0, 016 57.9/60 28.2 4.9¢0

3 F 0.1< Itl <0.3 8 NO 0.782+ 0.005 0.167 + 0. 015 - 86.8/62 - -

4 F 0.1<(tl <0.3 8 YES 0.747+ 0.020 0. 142 * 0, 019 57.0/60 29.8 5.00




We note that these vaiues are well within the range seen in most p0
experiments. We emphasize, however, that these numbers are dependent
on the forms which were chosen for the p° and the background. The use of
different forms can shift the mass and width values by ~ 15-20 MeV even
though the quality of fit is essentially unchanged. As was noted previously,
such shifts have little effect on the determination of the interference param-
eters and will be ignored in the following analysis.

Using these values for mp and 'l’p, we have carried out the analysis
described above for 3 different t regions. The results are shown in Table V.
For comparison purposes in the region 0.1<1t1<0.3 (GeV/c)z. Wealso show in the
same table similgr results using the P form with the coherency parameter
set equal to one. A representative sample of these fits to the data is shown
in Fig. 38. We note that the fits to the data for It1<0.1 (G_reV/c)2 areexcellentand
that there is no evidence for an w in this range of t. On the other hand, a
4.2-4.6 o effect exists tor U.1<1t1<0.3 (GeV/c)z. Comparison with Table IV shows
that the measured significance of the w anomaly has been lowered slightly by
fixing the p mass and width but that a large effect still remains. We can also
infer from Table V that the measured significance of the w anomaly varies
little with radically different assumptions as to the form of the background
or the pu mass and width.

It is clear from the raw mass spectra that the p-w interference effect
oxists largoly for tranevergo vootor mcoon production. In Tahle VI, we
show fits to different regions in cos OH which confirm this impression. Fits
13-16 sho§v that a large effect (4.4 o) indeed exists for |cos 0H| 0.4
wﬁereas there is no significant effect for lcos GHI > 0.4. We see this same

effect in another way by fitting the efficiency-corrected mass spectrum as
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TABLE V
. - + - . . . . o x7s .
Fits to 7 p —» @ ® n Mass Distribution with the p~ Mass and Width Fixed.

Reference Momentum T-ansfer| Resolution w Included M (GeV) Fp(GeV) X 2/ v ax? Significance
Number Form (GeV/c:2 (MeV) in Fit p of w Signal

5 F 0.0 < |t <0.02 8.0 NO .81 (fixed) 0.167 (fixed) 54.5/65 | --

6 F 0.0 < 1tl <0.02 8.0 YES . 781 (fixed) - 0.167 (fixed) 53.6/63 | 0.9 <lg

7 F 0.02< Itl <0.1 8.0 NO . 781 (fixed) 0.167 (fixed) 59.5/65 -

8 F 0.02< Itl <0.1 8.0 YES . 7181 (fixed) 0.167 (fixed) 59.1/63 | 0.4 <lo

9 F 0.1 < It <0.3 8.0 NO . 781 (fixed) 0.167 (fixed) 86.3/65 - |

10 F 0.1 < Itl <0.3 8.0 YES . 781 (fixed) 0.167 (fixed) 65.4/63 | 20.9 4.2¢
11 P 0.1 < It} <0.3 8.0 NO . 764 (fixed) 0. 157 (fixed) 88.17/65 -

12 P 0.1 < Itl <0.3 8.0 YES . 764 (fixed) 0.157 (fixed) 63.3/63 | 25.4 4.60
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FIG. 38--Observed 7t~ mass spectra for several regions of momentum
' transfer and decay angle. . The lines represent fits to the data
described in the text, () 0< it! < 0.02 (GeV/c)2, (b) 0,02 <itl
< 0.1 (GeV/c)2, (c) 0.1<Iti< 0.3 (GeV/c)2, (d) 0.1<4ti<0.3
(GeV/c)2 with |cos 0H|< 0.4,
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TABLE VI

Fits to ¥ p — 7 « n Mass Distribution for Cut (|cos 8H| < 0.4) and Efficiency Corrected Angular Ranges

. o :

0.1<1t1<0.3(GeV/c)”; P form is used with Mp =0.764 and I‘p=0. 157 GeV; Resolution = 8 MeV
Reference Angular w Included 9 Significance
Number Range in Fit X7/ v AX2 of w Signal

13 Icos 0 111<0. 4 NO 89.8/62 --

14 lcos 6 i<0. 4 YES 66.2/60 23.6 4.4¢

15 1cos 671>0.4 NO 51.4/62 -

16 1cos6 1150, 4 YES 49.0/60 2.4 1.0g"

17 Corrected NO 25.7/12 -

18 Corrected YES 13.0/10 12. 7 3.1 ¢




shown in fits 17-18. A 3.1 o effect is observed. In general, one would
expect the measured significance of the effect to be lower for the corrected
distribution than for the raw data distribution if the interference effect

changes with cos BH.

2. Interference Parameters

It is clear from the preceding section that there is a significant p-w
interference effect only for 0.1<1t1<0.3 (GeV/c)z, soitisthis t region with whichwe
are here concerned. As mentioned previously, the experiment of Hagopian
et al. 32 in this reaction at 2.3 GeV/c isunable to determine the coherence
parameter since a peak is seen at the w mass. Howéver, in the present
experiment, a dip-peak structure is seen which enables lower limits to be
placed on the cohererce and allows. the phasé to be determined without
assuming any value for the coherence.

In general, the best fit is found when C=1. However, for all fits there is

~a rather large region of C space lying below one for which there is little
change in X 2. The errors on C are therefore quite non-gaussian. In addition,
the values of C and & are correlated in the fits. In‘order to display this
most effectively, we will show AX2 plots in (C,®) space where we define AX 2
to be the change in X 2 from the best fit value.

Figure 39%a)shows a contour plot from a fit to the entire data sample with
0.1<1t1<0.3 (GeV/c)z. The nonlinearity of the error on C is obvious. Thecorrela-
tion betwcen the values of C and & shpuld also be noted. For comparison
purposes, it is convenient to quote a value for & with one-standard-deviation
errors and we will do so below. The nonlinear character of the errors should

be remembered, however, and in particular, it should be noted that the ''20"

errors are less than twice the '""1o"" errors.
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FIG. 39-- X2 contours in (C, &) space for the p-w fits described in the
text, (a) 0.1< 1t1<0.3 (GeV/c)2, (b) 0.1< It1<0.3 (GeV/c)2
with |cos 6H| <0.4, (¢) 0.1<1t1<0.3 (GeV/c)2 and efficiency
corrected.
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The AX 2 cc;ntours of i«“ig. 3%a)do not include any contribution fof the
uncertainty in the knowledge of the mass scale (~ 2.0 MeV) or resolution
(~ 1 MeV). The contribution of these errors has been studied extensivély
and has been shown to be small. The net effect of these uncertainties is a
small increase in the errors which‘ we included below.

For the entire raw data sample with 0.1<(t|<0.3 (GeV/c)2, we find from
Fig. 39(a) that

C > 0.30 (95% CL)

and

® = -1.40 + 0.45 (rad)

It was noted previously that if we cut the data so as to prefe;entially

select transverse vector mesons (IAcos 0H|' <0.4), the dip below the w

becomés much more pronounced. We therefore expect to derive a large value

for C from these data since incoherent amplitudes cannot produce any dip i
‘lstructure. The AX2 contour plot for the fit to this region is shown in Fig. 39(b).

It is clear that C is significantly larger here than for the entire data sample,

With the same qualifications concerning errors that were stated above, we

find that

C > 0.41 (95% CL)

b = ~1.45+0.45

We note that the phase ~ - 7/2 seen in the above data salﬁple, when trans-
verse pfoduction is preferentially included, differs both from the prediction of
Goldhaber, Fox, land Quigg,6 4 and the lower energy data of Hagopian et al. 32
by a -7/2. This result is not surprising, since the B-exchange contribution,

which was the basis of the theoretical argument and which has been invoked to
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explain the unnatural-parity—exchange contribution to low-energy w production,
would be expected to become less important at higher energies.

It has Been previously observed that the raw data suggest that the w is
produced more transversely than the p0 in our data. The change in coherency
which is observed above, as different fractions of the angular distribution are
accepted, is also consistent with transverse w production. Completely trans-
verse w preduction is expected in a simple exchange model since natural-
parity-exchange (p) Would be expected to dominate w production at large
energies. It is clear fromthe data of Matthews et al. n that some unnatural
parity exchange* (e.g., B) must still be present at 7 GeV/c, since pOO#O.

On the other hand, the w is already quite transverse at 7 GeV [pill ~0.39
for 0.1<1t1<0.3 (GeV/c)z] and is more transverse than our p0 is in this region.

We thus infer that the data in this experiment is large dominated by trans-
verse w production so that We are insensitive to any longitudinal production
contribution. The phase determined above thus suggeets that the phase
between the transverse amplitudes themselvee is ~-n/2.

Because the 7 7 n experiment of Hagopian et al. 32 observes a peak
structure, it is of interest to fit the efficiency-corrected mass distribution
since we also see a peak structure here and since this is the distribution
which is observed in a 47 detector such as a bubble chamber. From Fig. 39(c),
we see that, as expected, the value of C is not well determined. In addition,

& is well determined only if C is large. If we assume, for example, that

*Since natural parity exchange cannot contribute for decays in the production
plane, it is possible to partially isolate the natural- and unnatural-parity-
exchange contributions in the present data by making cuts on ¢. The rapidly
varying acceptance with ¢ in this t range makes quantitative observations
difficult. It is clear qualitatively, however, that the p-w interference effect
has a weak dependence on ¢ which suggests that both natural- and unnatural-
parity exchange contribute.
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C 2 0.6 (Hagopian et al. .assumed C 20.4) then &= -0.60&9.45 (rad) in
good agreement with the value & = -0.26+0.52 (rad) from the lgwgr energy
experiment!

Another interesting aspect of the above fits is that they provide informa-

tion on the branching ratio

‘ _ Nw— 27 :
' B'.g_' T Nw=-3m—_ (VII. 38)

In order to calculaté this nﬁmber, we must know the cross section do(w)/dt
for the reaction T p — «°n at 15 GeV/c. Little information exists on this
reaction. However, several experiments have studicd the oﬁarge oonjugate
reaction 7r+n—» wop at lower energies. The highest energy (published71) data
are at 7 GeV/c, so that we must extrapolate the cross sections to 15 GeV/c.
The energy dependence of the cross section from 2 to 7 GeV is well repre-
sented by a slope of 1/p2' 25 which implies an extrapolation 4fa¢tor of 1/5.6.
In addition, we assume that the t dependence at 15 GeV/c is identical with
that at 7 GeV/c. This yieldsacross sectionin our t interval at 15 GeV/c of
‘o(w—3m =9.0 = 2.8 ub where we have Included an estimate of 25% error
for the extrapolation.

The exact value of B.R. cannot be determined without knowledge of the

coherency parameter which is rather poorly determined for lurge values of C.

However, the lower limit of B.R. can be derived by assuming C=1. We first
consider the corrected mass distribution for which case « w=3 15+81. Then

U'(w—~21r)=qu-|aw|2-|M |2-dm

w
where N gives the number of ub represented by one event and has the value

N=0.00034 + 0.000023 ub/event (see Chapter IV.B). So the lower limit on
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R

B. R. from the corrected mass distribution is

where we have included estimates of the possible systematic effects. We
observe that, as above, the errors are quite nonlinear. In particular the 95%

confidence level is given by
"B.R. > 0.7% (95% CL)

Since the w effect is so much more significant in the mass distribution
with the cut |cos 0H| < 0.4, it is of interest to derive the branching ratio
from it. It is necessary for this purpose to know the angular distribution of
the w decay. ' 4

We have noted previously that p(101 might be expected to be larger than o

0.39 at this energy. If we wish to calculate a lower limit, we make the most’

conservative assumption for that purpose, which is to assume that pcl‘)1

[0. 1< 1t1<0.3 (GeV/c)z] = 0.5. This yields

B.R.22.17 2%  with  B.R.>0.7% (9% CL) ,

in excellent agreement with the value of B.R. from the corrected distribution.
In order to show the importance of the assumption that p(l‘)1 = 0.5, we |
note that if pclul =0.39, as given by the 7-GeV/c Toronto71 data, then
+2.0
>
B.R. 22.6 _ ", %
Finally, using the total data sample we find that

B.R.21.8" 0.

> % with B.R. >0.7% (95% CL)
which agrees very well with the above determinations.

We can also calculate a significant upper limit on the branching ratio from

our data. The central valué of the upper limits are identical with the lower
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limits noted previously since C=1 is the best fit value for all the distributions.
The errors are quite large, however, and we find from the total data sample
that

B.R. < 4.9% (84% CL) with B.R. < 6.0% (95% CL)

We note that the above branching ratios are quite similar to those derived
from most other experiments. For example, Hagopian et al. 32 obtain as a

lower limit B.R. 2 0.36  0.1% and as an upper limit B.R. < 3.2 % 0.8%,

2 +2.3
-1.8

experiments with the smallest quoted errors on B.R. are the photoproduction

while the Orsay storage ring5 obtained the value B.R. = 4.0 %. The
experiments off nuclei. Their analyses are, however, somewhat more model
dependent than thc forcgoing. A complete photoproduction expcrimént using
three different nuclei in order to check the contribution of the nuclear physics

was recently carried out by Alvensleben et al. & who obtained

B.R. =1.22 = 0.3%.

Conclusion

Wec have observed a significant (> 407) p-w interference cffcet for
0.1<1t1<0.3 (GeV/c)2 in thereaction 1r_p—-1r'+7r_n at 15 GeV/c. Theoverall phase
between the amplitudes in the observed data is dominated by the transverse
production amplitudes and is shown to be & -1.40 *+ 0.45 (rad). This phase
différs by = -7/2 frc;m both the prediction of Goldhaber, Fox and Quigg, and
*t};e previous experiment of Hagopian et al. in the same reaction at 2.3
GeV/c. The coherency was determined to be > 0. 30_(95% CL) for the entire
.data sample and > 0.41 (95% CL) for the transverse region (Icos_ BHI <0.4),
wh_ile C is not well determined for the corrected mass spectrum. The lower

limit on the'branching ratio was shown to be B.R. >0.7% (95% CL).
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