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MEASUBREMENTS OF PION CEARGE EXCHANGE
AND OTEEXR TEINGS AT FERMILAB ENERGIES

ATSTRACT

This paper presents the results of experiment 111 at
Fermilab. The experiment was designed to measure the pion
nucleon charge exchange reaction (¢ p-> M%n). The
apparatus used allowed collecticn of data on many ctaer
reaztions of the type W +p-> (photons)+n. TIata are
presented here for the two body reactions with ‘ﬂf'ﬂ ,Y' and
S(98¢) in the final state. Lata on the W° and ¥ heve

appeared elsewhere (reference 1-~1).
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1. Introduction

Physics is the study of what things are and how they
behave. It progresses through a series of steps. At the
first step we describe the things and their behavior. At
the second we search for regularities in our descriptiocas.
At the third we attempt to find ideas which will allow us to
understand these regularities. And finally we reformulate
our initial descriptions in terms of these presumably more
fundamental ideas. Thus we come back to the first step in
our never ending path toward an understanding of what things

are and how they behave.

Along this path are many turns and forks. Some
represent goodl ways of thinking about things, but many lead
us into confusior anil away from reality. In our studies we
must explore each turn and fork enough to determine whether
i1t leads to reality or confusion. To this endi we formulate
.ideas ard test them against observations. In this way
theory and experiment working tczether choose paths towari
ereater understanding of what things are and hcw they

behave,

In our studies of the strong interaction we are at the
threshold of confusion. Much as the regularities and

- peculiarities of atomic systems confusel the physicists of



: thevfirst decade of this centuryj the spectra and reactions
- o0f the hadrons confuse us today. 3But, as the spectral
studies'of their day led them through their confusion; so,
we hope, will studies of hadron properties and reactions

lead us through ours.

Chservations of the past thirty yeers show us many
regularities. ERegularities of the hadron masses, spins and
other quantum numbers led Gell-Mann (reference 1-Z) and
Zweig (reference 1-3) to invent the gquark model. This quark
model, supplemented with a new kind of charge called color
and with particles which couple to this charge called gluons
(reference 1-4), is proving to be a very geood way of
describing many features of the hadrons and the strong
interaction. However, many reactions show amazing
regularities and simplicities which tais theory, Quantum
Chromodynamics (QCD), has not yet explained. TFurther study
0f these reactiors should provide us with more information
from which to extract insight into the difficulties causing

the confusion we face.

Cne of the more striking features of hadron dynamics
shows up in two hody scattering reactions. If we lcok at
these reactions as an exchange of some particle between the
reactants es in figure 1;1, we netice that those reections

" where the quantum numbers exchanged are the same as those of



b d

Exchange diagram for the reaction

a+ b = ¢ +d

Definition of the Mandlestam variables in terms the four

momenta of the reactants

figure |-|



a real particle have peeks in their differenticl CToSs
‘sections at small scattering angles. A naive form of
Regge’s ideg (reference 1-5) of extending the scattering
amplitude into complex angular momentum space works
suprisingly well. It relates the energy dependence of the
small angle differential cross section to the masses and
spins of the particles with the gquantum numbers exchaunged in
the reactior. Barger and Cline give a nice presentation of
this regularity in their book  Fhenomenological Thecries of

Figh Energy Scattering’ ( reference 1-€ ).

From the Regge point of view the pion nucleon charge

exchange reaction
MT™+ p-> T (CEX)

shows gréat simplicity. The quantum numbers exchanged in
the reaction are those of the family of particles associated
with the 9 meson trajectory. Although the exchange of other
particle trajectories should occur, the Regge idea indicates
these exchanges should become unimportant &t high energies.
For a simple Regge pole model the 4ifferential cross section

should vary like

, oc(t)-2
46~ /dt= P(t))}l



where t i1s the Mandlestam momentum
transfer variable,
‘3(t) is an arbitrary function of ¢,
of(t) is the f>mESon Regge trajectory,
is (s-uj/s,
and s is a scale energy chosen
for convenience to be

four ernergy units times the

proton mass.

Although our primary motivation for studying this
reaction is its simplicity from the Regge viewpoint, this is
by no means its only interesting aspect. The reactions
between plons and nucleons show a simplicity which we call
the principle of iscspin invaerience. According to this
principle the strong interaction conserves the total isospin
and the reaction émplitude depends on the total isospin of

the state but not on its projection.

Isospin was introduced as a formal way of expressing
the idea that the neutron and proton are really Jjust
1ifferent states of the same particle. Composite systems of
varticles with isospin can be decomposed into isospin states
usingvthe same algebreic formalism used for decorposition of
angular momentum. Thus we can 2ombine an isospin 1 pion ani

an isospin 1/2 nucleon and get the isospin 1/2 and isospin



- 3/2 parts. Since the principle states the amplitude depernds
énly on the total isospin, we can\use it to relaté

~amplitudes for otherwise different processes. In our

example we relate the amplitudes for elastic scattering of

chareged pions to the charge exchange amplitude as follows:

A(CEX)=[A(W p> WD) -a (7 p->WTp)]/ 2

There are three especially interesting features of the
scattering amplitude in the extreme forward direction:
there is only one helicity amplitude; the optical theorem
relates the total cross sections for the charged pions to
the imaginary parts of their elestic amplitudes; and, the
Coulomd scattering amplitude is large enough to bhe used to
measure the phases of the elastic amplitudes. These
features‘combined'with isospin invariance allow seven
experimental measurements to be combined to determine the
four numbers required to specify the two isospin amplitudes.
Thus the detailed measurements of pion-nucleon elastic
scattering, totzl cross sections, Coulomb interference and
charge exchanrge scattering proviie an interesting test of

the isospin invariance of the strong interacticn.

I now turn to a description of the final state which

- our experiment detected. The final state in pion-nucleon



'chafge exchange consists 0f a wand a neutrcn. We know
~that the differential cross section at lower energies is
appreciable only when the T° is produced in the forward
direction. In fact we expect the final state neutron to
have a very low energy and the W€, which decays into two
photons, to have almost all of the energy of the incident
pion. To detect the W9 s we constructed a photon detector
which was big enough to detect both the photons from most of
the W®’ s produced out to a momentum transfer, t, of -4
GeVz. Since our data collection system made no distinction
between events with two photons and those with many photons,
we were also able to collect data on other reactions which

have only a neutron and photons in the final state.



2. 'The‘Apparatus

The equipment used to perform these measurements

consisted of a beam of projectile particles, a target and a

detection system.

The beam was the M2 beam of the Meson Lavporatory at the
Fermilad. The particles were produced by focusing high
energy protons from the synchrotron on a solid target where
interactions occurred yielding particles of various types,
charges, energies and angles. Particles of the desired
charze and momentum were selected and focused with a system
of magnets and collimators. The beam line was instrumented
with scintillation counters to count the incident beam
particles, a scintillation counfer hodoscope t0 measure
their trajectories and a threshold Cerenkov counter to
separate the low Mass pions, mueons and electrons from the

higher mass kaons and antiprotons.

The beam transport system was used to fozus the
particles onto a liquid hydrogen target where the

interactions to be studied tookx place.

This target was surrounded by a detector system
designed to allow the identification of neutral final state

~reactions. All the solid angle except the heam entrance was



- covered by scintillation counters to reject intergctiohs
_Qith charged reaction products. In the forward direction
there was a photon detector to meésure the positions and
energies of the photcns coming from the reaction. The solid
anglé not covered by the photon detector was largely covered
by leed &nd plastic showef counters to deteci other photons

from the reaction.
2.1 The Hydrogen Target

Our target consisted of two cylindrical flasks of
liquid hydrogen arranged in line with one another on the
beam axis. The upstream flask was 15.8 inches long and
2 1/2 inches in diameter while the downstream flask was 5
inches long and 3 inches in diameter. They could be filled
independently and were used in all four of their possible
configuraticns dufing the collection of data for this
experiment. The hydrogen density was monitored by a
pressure gauge in the gas above the hydrogen liquid. A more
detailed description of this target may be found in Randy

Johnson’s thesis {(reference 2-1).
Z.2 The Beam

This experiment was run in the M2 beam of the Meson

-laboratbry of the Fermilab. During the running of the
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-expériment Fermiléb was being uperaded from its dgsign
vénergy,of 2¢¢ GeV to an energy of 499 GeV. As a result

' there was a continuing program of adding magnets and power
supplies to the M2 beam line to enable it to make use of the
higher energies availatle. While this upgrading allowed the
experiment to be performed at higher energies, it also
regquired continual retuning of the beam line and made
precise energy calibration difficult. The final energy
calibration came from the data and is described in detail in

section 4.4.

Although the magnets and power supplies changed the
idealization of these elements was unchanged. An optical
jdealization is shown in figure 2-1. The laycut was such
that the momentum dispersion at the first focus was about 1%
per inchf The momen tum aéceptance was set by the width of
the collimator C5 at the first focus ard varied between 1%
and 2% during the data collection. The beam intensity

5

varied between 1¢% and 10 perticles per one second

accelerator pulse.

Thé:beam was instrumented with two scintillation
counter hodoscopes to measure incoming particle positions
and angles, @ threshold Cerenzov connter to tag particle
types, a scintillation céunter telescope to count the bear

- particles ani a scintillation courter with a hole to veto
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" the beam halo. The setup of these counters alorg with their

~dimensions is shown in figure 2-2.
2.3 Electronic Beem DPefinition

In order to minihize problems due to more than one
particle passing through the apparatus &t a time, an
electronic definition of a beam particle was used. A
rarticle was considered & good beam particle if the
following conditions were satisfied: 1. within a lé ns.
pericd the M1,M2 and M3 counters all gave a signal § 2. rno
signal was observed in the M1l ccunter during the 52 ns.
before or the 59 ns. after the passage of the particle; 3.
no sigral was observed in the AG counter either accompanying
the particle or in the 52 ns. ©bvefore or the Z£ ns. after
its passage; 4. the pulse helght observed in the M1
counter was less fhan twice the size of the pulse expected
from a minimum ionizing particle. The logis diagram of the
electronics used to make these decisions is shown in figure

2-3.
2.4 The Veto System
A1l reactions in which a W™ interacts with a proton

resulting in a neutron and a forward neutral meson have

similar kinematics. ¥or the momentum transfer region



UH

13

BEAM DEFINING COUNTERS
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COUNTER DESCRIPTION

UH

DH

AQ

Ml

M2

M3

Upstream Hodoscope
6 elements in each view
2 3/4"L x 3/8"W x 1/8"T

Downstream Hodoscope
6 elements in each view

1/2"L x 1/16"W x 1/8"T

Beam Halo Anitcounter

]

A\
.

.
-

Mz TARGET

14"y x 17 3/4"X x 3/8"Z with

a hole 3/8" x 3/8"

Beam Telescope Counter
5/8"Y x 5/8"X x 1/4"%7

Beam Telescope Counter
3/8"Yy x 3/8"X x 1/8"%Z

Beam Telescope Counter
1" Diameter Circle 1/16"

figure 2-2

thick
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- covered by this experiment, =2 GeV1 {t1<%, the kinetic energy

vbf the neutron is less than 1 GeV and its angle is close to
92 degrees. Neutrons in this energy region are relatively
difficult to detect. Kather than trving to detect them &
veto system was built which detected charged particles and
photons with a high efficiency but detected neutrons with a
very low efficiency. Since the photons from the decay of
the meson went forward most of the time, a good definition
of the neutron meson final state is the requirement that no
charged particles were detected and the only photons

detected were in the forward direction.

This veto system consisted of a set of plaestic
scintillation counters surrounding the target to detect
charged particles and a set of lead and plastic shower
counters to detect those photons in the solid engle not
covered by the photon detector. Schematic descriptions of

the placement of these counters is given in figure 2-4,
2.5 The Neutral Final State Trigger

Since the neutral final state (NFS) sross section is
only about ten times the charge exchange (CEX) cross section
and has roughly the same energy dependence, it »provides an
effective means of rejecfing most of the interactions which

- .are not'charge exchange. A trigger signal to indicate a
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COUNTER

V1

v2

V3

v4

j‘
L
O

VH Va V3 Va

PHOTON
DETECTOR

TARGET AND VETO COUNTERS
DESCRIPTION

4 lead sandwich scintillation counters
with 5 layers of lead each 1/4" thick

4 lead sandwich scintillation counters
with 5 lavers of lead each 1/4" thick

4 lead sandwich scintillation counters
with 5 layers of lead each 1/2" thick

4 lead sandwich scintillation counters
with 5 layers of lead each 1/2" thick

4 lead sandwich Cerenkov plastic- counters
with 1/8" layer of steel, 4 layers of
0.05" 1lead and 4 layers 1/4" lead

(continued on next page)

figure 2-4
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" COUNTER DESCRIPTION
Al 2 counters each 1/4" thick which
overlap to form a 10"Y x 20"X counter

with a 1" square hole for the beam

A2 4 scintillation counters
7"Y x 3/8"X x 52"Z

A3 Scintillation counter 7"Y x 7"X x 1/4"Z

AS Scintillation counter 4"Y x 4"X x 1/4"Z

figure 2-4 (continued)
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- neutral final state interaction was formed by electronically
performing logic with signals from the beam definition
“electronics and the signals from the charged veto counters

A1, A2, A3 and A5 as shown on the logic diasgram in figure

-2,

The A2 and A3 counters often had small signels due to
delta rays. In order to study the effect of the A2 and A3
signal levels on the cross sectior measurement, these
signals were pulse height analyzed and the discriminator
thresholds on them in the triggervwere set high enough to
allow a smell fraction of the minimum ionizing particles to
rass through without making a discriminator outputr pulse.
This loosening of the single charged particle threshold did
not noticeably affect the trigger rate because the charge
multiplicity of the charged states is usually high and

always at least two.

Most of the veto system phototubes had occasional large
pulses of duration greater than 129 ns. In order to insure
no 1ata were accepted while these phototubes were
recovering, a véto signal was used in the trigger logic.
Fach of the phototube signels from the counters AZ, A3, A5,
¥2, V3 and V4 were fed into comparitors which were set to
produce an output &s long &s the input was atove 29

-.millivolts. The output signals from these comparitors were
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-mixed together and applied as a veto (RIG VETO)} to the
écceptable beam signal thus effectively turning off the
"apparatus until the tubes had recovered. The timing was
such that an acceptable beam particle could rot veto itself

with the RIG VETO.
2.5 The Detector

To measure the positions and energies of the photons

from reactions of the type
™~ + p —-> photons + n

2 photon shower detector was duilt. High energy photons
interact with matter primarily through the pair production
process. The electron and positron created lose energy by
emitting‘photons through the bremsstrahlung process. The
high energy bremsstrahlung photons in turn produce pairs
forming more électrons and positrons. Thus a shower of
electrons and positrens builds in intensity until the
partiéles ro longer have sufficient energy to make phoﬁons
whichlﬁéve enough energy to'produce pairs. This shower
process has been studied both theoretically (reference 2-2)
and experimentally (reference 2-3. by several authors. At
photon energies above abdut a GeV the charged perticles in

the showers are iistributed in a narrow cone centered on the



diréctidn of the incident photon. The transversg prcjection
‘bf the shower intensity integrated over tae longitudinagl
dimension, which is almost independent of the shower energy,
has the shape shown in figure 2-€. Figure 2-7 shows the
relative intensity of the shower as a function of the depth

in the material at several energies.

In the past photon showers have been detected using
many techniques. Lead glass {reference 2-4), sodium iodide
(reference 2-5), wire chambers (reference 2-6), optical
chambers (reference 2-7) and scintillation counters have all
been used successfully but each has its limitations. Lead
glass and scdium lodide have very good energy resolution bdbut
are expensive and hard to work with making it difficult to
segment them sufficiently to give good position resolution.
Wire chambers and optical spark chambers have good position
resolutibn but have poor time and energy resolution.

Plastic scintillation counters have fair energy resolution
andi, when constructed with segments on the order of the
width of a photon shower, have better position resolution

than wire chambers.

The shower detector is a stack of lead sheets in a lead
holder witn scintillation counters between the sheets to
sample the shower intensity. Figure 2-8 schematically

deszrides the detector. The lead sheets are 32 %323 x2.25"
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X COUNTER-70 TOTAL

.~ Y COUNTER -70 TOTAL

735cm ACTIVE AREA

BEAM omecnou/
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PHOTON DETECTOR

figure 2-8
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. lead antimony alloy. Each plece of scintillator plastic is
Q.ZS"xQ.élﬂ"x32.". They are connected by light pipes in

" eroups of 8 as shown in figure 2-% to form the counters used
to sample the shower intensity. This optical connection
effectively integrates the shower in the longitudinal
dimension. The detector has two sets of 72 such counters
inserted into the lead holder to sample the shower in two

orthogonal transverse views.

The construction of the individual counters made use of
several tricks to reduce the attenuation along their length
(reference 2-8). A yellow filter (Wratten No. 2E) was used
to filter out the blue light which has & sherter attenuation
length in the plastic. The counters wer2 in optical contact
with a black band which acted as an angle filter to stop
that light which was being reflected up the counter at
angles néar the critical angle. Eaca of the 1127 pieces of
scintillator was wrapped with aluminized Myler onto which e
pattern of black lines had been silkscreened. The density
of the lines in the pattern was varied from no lines fear
from the phototube end to solid black néar the phototuhe
end. These ;riéks produced'counters whose light output, as
measured by integrating the current pulses produced in én
RCA 4517‘phototube in response to an electron from a

ioe

Ru source, was uniform to 3%. The pulse shepe varied

~with position giving a 2¢% insrease in the voltage pulse
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‘height in going from the phototube eni to the end away from
the phototube.

" In the completed detector each counter was connected to
an RCA 4517 phototube which produced outpnut signals about 19
ns. loneg. The signals from these tubes were input fo
analog to digital converters which, when triggered,
digitized the charge collected from each tube during a 50
ns. gate. After digitization was complete the data were
read by a Xerox Sigma 2 computer and written onto magnetic
tape. The computer also analyzed a fraction of the date as

it was collezcted to monitor the detector performance.

The detector was mounted on & motorized stand which
could be moved vertically and horizontally to allow any of
the counters to be centered on the beam. The gain of each
counter was deterhined by centering that counter on the beam
and measuring its response to electrons. During the
experiment setup the gains of the phototubes were equalized
hy first determining the gains with an initial high voltage
setting ‘and then adjusting the high voltages according to
the gein-voltage relation for the phototube and base

cenfiguration used,

The data from the detector consisted of 14¢ pulse

" heights. Figure 2-13 is & graphic representation of the
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. data from a typical event. Tae bar displays on the sides
fepresent the data from the two views. The positions of the
" bars correspond to the positions of the counters and their
lengths are proportional to the square root of the pulse
heights observed in the counters. Two different techniques
were used in analyzing these data. The moment technique,
deszribed in Appendix 1, involved no pattern recognition and
was capable of determining the energy, position and
effective mass of the photon system for each event., The
other technique, described in Appendix 2, involved finding
peaks in the two views and matching the informaticn from the
views to form a four vector for each photon. The latter
technique gave much more information about the event than
the moment technique bdut many of the events were too

complicated to »e completely reconstructed.

Thevenergy resolution cf the detector at low energies
is dominated by the counting statistics involved in
measuring the number of electron-positron pairs traversing
the plastic scintillator. By comparing the detector
response for minimum ionizing particles to its response for
photon showers, it was found thet the number of charged
particles traversing plarnes of scintillator in 4% GeV
showers was 62X 6 per GeV. Using this measurement and the
assumptions thet most of’the charged particles traverse only

-one sheet of scintillator, that they are strongly correlated
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- in pairs and that the detector response is linear with
energy, the detector energy resclution can be calculated to

be
AE/E= (2.182% 2.009)/4E

where E is the energy in GeV

and AF is the EMS width.

This relation is in good agreement with the measured energy

resolution.

At higher energies the resolution begins to be
dominated by the gain setting errors. These errors are a
constant fraction of the totel energy in the shower.
Combining this in guadrature with the energy dependent

fractional error yields the form

AE/E= 44 > sz

where a is a gain variation term

and D is the energy dependent piece.

This formula brecks down at very low energies where

- some of the photons deposit a large fraction of their total
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energy in a single piece of sciptillater. In high energy
showers only aboﬁt 5% bf the enefgy of the shower‘is
deposited in the plastic scintillator of the detector. At
enefgies,so low that the electron positron pair can traverse
only one plane of plastic, photons can deposit almost all
their energy in a single plane and appear to have up to 2¢
times their true energy. The energy at which one would
expect totel aeabsorption in & single plane works out to be in
the range of 5 to 12 MeV. This erergy is close to the
ninimum in the photon absorption cross section in lead. 1In
the shower process there are many of these very low energy
photons whose angles with respect to the shower are rather
large. With this large number of large angle, long range
photoné present, one often deposits its energy at a large
distance from the center of the shower. Their presernce in
the data cen be inferred by comparing the pulse height
distribution for peaks found in only one of the two planes
to that for peaks found in both views. These distributions
are both rather flat and agree well in both numder and shape
down to pulse heights corresponding to energies of about 189
MeV. Below this pulse height the distridbution for peaks
found in one_pléne rises sharply and achieves a level which
is a factor 6£ two greater than that for peaks found in both

planes.

The position resolution for single photons is very
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. good. 3By looking at the distribution of the separation
‘between the two photons from the decay of ™% ‘s from the
charge exchdnge reaction, this resolution and the beam
energy can both be determined as described in section 4.4.
The results of the position resolution measurement are shown

in figure 2-11. These data were fit to the form

Ax =qfct +a* /3

where Ax is the position resolution

and a and b are parameters to be fit.
The best values for these parameters are ¢=¢.313 mm. and
i=2.G6 mm\ﬁ;;? . These can be understood as being due
respectively to an error in the alignment of the counters

and to the statistical fluctuations of the showers.
The position resolution for higher mass multiphoton

states is dominated by the energy resolution. The centroid

of the state is given by

Y" ‘E—; i
CrE Yy

.1 s B » th
where El is the energy of the i
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photon.

and X. is its position.

Errors in the energies and positions of the photons will
cause errors in this centroid determination. When these

resolutions are added in quadrature the overall resolution

is bounded by

2 | |
(A% < %+ a* /2 + (a* /2 = v* /B (n* 1d/EY)

where ¢ ani d are the parameters for
the position resolution,
a and b are the parameters for

the energy resolution,

m 1s the mass of the decaying
particle,
L is the distance between the

target and the detectoer

and E is the energy of the particle.
For this experiment the W position resolution was about a
millimeter at all energies while that for the Y] was about 4

millimeters.

The mass resolution of the detector is rather
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- complicated. It depends on the precise details of the decay
kinematics. Using the parameterization of the energy and
position resolutions described above the mass resolution for

two photon events can be written

amy* a2 (gt b E [Ecswo, 4°
Z_\=cos0|SY — |+ T
L E sin*6 m:.L 2

where 6 is the decay angle of the
particle in the CM.
Values of the parameter a of around ¢.¢5 give very good

agreement with the measured W® mass resolution.
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. 2. The Data

The data were collected in many small runs, each a few
hours in duration. For each run three types of information
were recorded; hydrogen target data, scaler data and event
data. The hydrogen target pressure and temperature were

recorded by hand for each run.

The scaler data, which were recorded on magnetic tape
with each event and at the end of each run, were the result
of an electronic analysis performed on each particle passing
through the apparatus while a run gate was on. The names
and logical definitions of the recorded scalers are listed
in table 3-1. Most of these were of interest only for
monitoring purposes. Only the scalers FLUX, NFS, C FLUX and
E FLUX were used directly in the cross section
determinétion. The electronic definitions of FLUX and NFS
are described in chapter 2. C FLUX was the subset of FLUZ
whfch also gave a signal in the Cerenkov counter and E FLUX
was the subset of PFLUX which depcsited a large amount of
energy in the detector. This latter guantity was useful in

determining the erratically'fluctuating electron fraction of

The event data, which were recorded on magnetic tape

for each of the NFS triggers which occurred when the readout
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- system was not busy, consisted of the pulse heights in each
bf the 14¢ detector counters; the detector positionj pulse
heights from the A2, A3, VE, V2, V3, V4 and and Cerenkov
counters; and bits from the electronic analysis for the VH,
V1, V2, U3, V4, Cerenkov and hodoscope counters. In
addition, for each of these events a run number, event

number, date and time were recorded.
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4. 'Reaction Independent Analysis Tetails

Lue to the similar nature of the final states studied,
many'of the techniques and corrections involved in the
analysis of the different reactions are very similar. This
chavoter describes some of the details of these techniques
and corrections. All correction factors are calculated as
efficiencies so the relation between the true cross section

and the uncorrected measured cross sectlion is
AY
0 =0 /(correction factor).

4.1 Delta Rays

When charged particles pass through matter they lose
energy by several processes the most important of which is
ionizatibn of the matter. In the ionization process some
elestrons are knocked out witﬁ energies high enough to
escape from the hydrogen target. These escaping electrons,
known as delta rays, deposit energy in the charged particle
veto counters A2 and A3. They do not significantly degrade
the energy of the beam particles, but they do¢ cause

otherwise good events to be rejected.

The spectrum of the energy deposition in the veto

counters. can be calculated from the Xnown cross sectiorns and



. the measured range energy relationships. For the kinematic
region of interest here the number of delta rays expected

per unit path length and unit energy is
a*N /4Edx=C /%,

vhere E is the delta ray energy
and C is a constant which in

hydrogen is 2.154 MeV mngzkram.

Since 1delta ray energies are very large compared to atomic
binding energies their production can be viewed as elastic
scattering between the electrons and the incident beam
particles. Thus the scattering angle 1is constrained by
energy and momentum conservation. In our range of energies

the angle is very well approximeted by

69 =\/2m/E .

These formulas along with "Feather’s Rule {reference 4-1)
for the electron range energy relationship ani a detailed
knowledge of,thé matter distribution in the target and veto
system were used to calculate the energy deposition in the
veto cournters. These were combined with the measured
courter attenuations and'gains to predict the pulse height

- spectrum expected from delta rays.
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To check the calculation, the delte ray spectrum from
farticles traversing the entire\target length was calculated
~and compared to the measuéed spectrum from straight through
beam pérticles. For the pulse height cutoff used in
analjzing the data fhe correction factor for the neutral
final state was between 2.99 and 2.22 depending on the

target configuration.
4.2 Neutral Veto System Inefficiency

Since the neutral veto system was not 1¢¢% efficient at
rejecting photons, a correction had to be made to compensate
for accepting final states with & fast neutral mesorn in the
forward direction and an excited baryon or slow meson in the
target. The photon detection efficiency is poorest for low
energy photons. This indicates the I°(1233) decay into
Tr® and neutron will be one of the most troublesome
backegrounds. A Monte Carlo calculation (reference 4-2)
using the measured counter efficiencies (reference 4-3)
indicates that 1.6% of the A° to T© neutron desays are
misidentified as being just neutrens. If events with a good
1T° in the detector and photons in the VH veto counter angd
no photons in the other counters are all assumed to be
O° decays, and assuming 1.6% of these are misidentified as
just neutrors, then the éorrECtion factor would be about

- 1.615. Since many of these events a from more massiv
1,015 S f i e event re fro € ive



.~ baryons with higher energy photons in their decay scheme,
which make them easier to detect, the correction factor

should be lower than the 1.915 arrived at above.

‘Another estimate (reference 4-4) of the neutral veto
inefficiency can be arrived at by looking at events rejected
by only one of the veto counters. This estimate elso
includes the effect of accidental noise pulses in the
counters. This scheme yielded a correction consistent with
the one above. The correction factor used for the dete

analysis was 1.013%3.21.
4.3 Neutron Tetection

Poth the neutral and charged veto systems had a small
but not negligible efficiency for detecting the recoil
neutron in the reactions being studied. These efficiencies
depend on the neutron energy and angle. As a result the
correction is slightly different for the different values of
t and varies from reaction to reaction. The neutron
detection efficiencies for the A2 and V¥ counters were
measured (reference 4-%) in ¢ tegged neutron beam &t the
Berxeley 184" cyclotron as a function of both energy and
angle. As a check of these measurements, the data were
analyzed to look for the’effect of neutrons in these

counters. A sample of events was selected which had all the
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~characteristics of chargéAéééﬂange gvents except for the
signals from the A2 and VH counters in the direction of the
recoll neutron. These events were then used tc messure the
neutron efficiencies of the courters. This check agreed
well with the earlier A2 efficiency measurement but
disagreed with the originel VH measurement. As a compromise
the neutron correction for the VH counter was taken to be
the average of the two determinations with an error in the
correction large enough to be consistent with either. This
was one of the larger contribations to the overall

systematic error of the experiment.
4.4 Beam Energy Determination

As mentioned in chapter 2 the beam energy, althcugh
stadle, was not well known, at the time the data were
collected. A knowlege of the beam energy is important, not
cnly for measuring the energy lependence of the cross
section, but also for getting the proper normalization of
the momentum transfer scale. OSince the beam momentum
dispersion was narrower than the energy resolution of the
detector, the»beém energy was used in the calculation of t.
For the charge exchange reaction the 1ifferential cross
section varies with momentum transfer, t, So ranidly that at
a t of -¢.35 GeVg a 1% change in the beam energy velue makes

. & 14% change in the measured 1ifferential cross section.
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- The beam energy for ;éch‘operating configuration of the
éxperiment was determined by.studying the distribution of
' separations between the two photons in events which
satiéfied the Y] neutron final state requirements. The
separation between the photons from a two photon decay of an

extremely relativistic particle is
S=Smin/sin @

. a2 a

where Smin is 2m*" L/E7,

L is the distance from the

target to the detector,

m is the decaying particle mass,
E is its energy,
and e is the center of mass

decay angle.

Since the w° and v are spinless particles, their deceays
are isotropic in the center of mass implying a uniform
distridution in ces@®. Thus the distrivution of seperations

in lecays should be

, a -
dN/dS=A/{Smin{S/Smin)1I(S/Smin) -1; 1,
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- where A& is Just a normaliiéfigﬁ constant. The observed
‘distribution is modified due to the finite terget léngth,
the beém momentum dispersion, and the single photon position
resolution of the detector. When these are accounted for

the Separation distribution becomes

L:_ EJ.. o0

dN_ A4 \eE Y as
0" Smsn

S

where g is the single photon position
resolution at nhalf the beam
energy,

, and El are the lower and upper limits
of the beam energy spread,

L, and L, are the distences to the near
and far ends of the target,

and A is the normalization.

Although the beam energy was not known its fractional
spread was known as were the distences tc the target ends.
Their distributions were also known to be approximately

~ flat. The 7°and Y separation distributions for each
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: running'configuration werérfiﬁﬁ;o this form allow;ng the

5eam energy and thé detector position resolution to vary.

The distributions and fits for the 20 GeV and 150

FeV data sets are shown in figure 4-1 and those for the
are shown in figure 4-2. Table 4-2 gives the results

for each of the fits.

4.5 Detector Gains

The gains of the detector photomultiplier tubes varied
durineg the collection of data fer each energy. To partially
correct for this problem the s from charge exchange
events were used as & monoenergetic source to determine the
gains. The procedure used was as follows: for each counter
charge =2xchange events were selected which had both photons
from the decay in that counter; the average pulse height
from the counter for those events was determined and a
correctior fector was calculated, which, when multiplied by
the average, would give the pulse helght desired for a beam
energy . Since the charege exchange cross section is
recked strongly in the forward direction, only these
counters near the center of'tné:detector (X26-%43 and
Y26-Y43) could be corrected in this fashion. This technique
only corrected the gair of a counter averazged over an entire
energy setting,'any'flucfuations ocourring during that time

- were corrected for only bdy this averaging.
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| A different scheme for the gain determinatiog was used
vin the analysis of the multiphoton events. This scheme used
the tﬁolindependent measutrements of the total energy
provided by the two views. It was iterative and proceeded
as fdllows: the gains in one of the views were fizxed while
those in the other were varied to minimize the average over
the events of the square of difference between the views;
the roles of the views were reversed and the square of the
difference again minimized. To keep the scheme from driving
the gains all to zero, the average of the x view was
renormalized to one at each iteration step. This scheme
used &ll the recorded data for which the discrepency between
the views wasn’t greater than five standard deviations, thus
dramatically increasing the statistical precision of the

ietermination.

In later expériments with the same detector we
developed a monitoring scheme which allowed '1s to mcenitor

the gains at half hour intervals during the data taking.
4.6 The Normalization

The errors in the normalization of the charge exchange
reaztion cross sentions are dominated by systematic
uncertainties in the corrections eénd the uncerteinties in

the hydrogen density. To miaimize instrumental effects,
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'iata which were accumulated during stable periods of
operation were selected for use in determining thése-
ihtegrafed cross Sections; These data wefe analyzed, &s
described in chapter 5, to determine the number of charge
exchange events. The number of incident T~ s was
calculated using the scaler data from the runs. To first:
order this was Jjust C+FLUX but it had to be corrected for
electron ard muon contamination. The muon fractior was
taken to be a constant fraction of the pion flux while the
electron fraction was determined from the scaler quantities
FLUXZ and E<FLUX. 7The complete data set was used in the
determination of the differential cross sections in all the

reactions.

For the other final states the data were normalized to
the charge exchange cress section. This allowed the full
data set to he uséd in these integrated cross section
determinations rather than just the data collected during
stable periods of coperation. This greatly enhanced the

statistical precision of these measurements.
4,7 Data Selection
All the reactions presented here are pion induced and

have a neutron and a meson decaying into phnotons in the

final state. Prior tec the analysis of the detector



52

-information all the data were subjected to select;on
ériteria to insure the pion induced neutron final state.
‘These criteria were: the Cerenkov counter identified the
beam particle as a piony none of the counters in the
neutrél veto system gave a signal; and the pulse heights in
the charged veto counters A2 and A3 were less than a cutof?f
which was chosen to be well helow the pulse height expected

from minimum ionizing particles.



5. The Two Photon Final State Analysis And TLata

The w° .M and WM’ mesons all have two photon‘decay
modes, which makes the analysis of these reactions very
similar. Tor the integrated reaction cross sections the
analysis was based on the moment technique, described in
appendix 1, supplemented by a simple peak counting scheme.
The ccunting scheme used the relative energies cf the pecaks
to determine the cosine of the decay angle in the center of
mass for each two peak event. TFour criteria had to be met
before an event was included in the data semple: the event
had to pass the criteria for a piler inluced nentron final
state event as defined in section 4.7; the peek counting
scheme had to indicate two and only two peaks had been
found; the absolute value of the cosine of the center of
mass decay angle had to e less than €.7; and the mass and
energy of the event were requireil to fall in a hand drawn
region of the mess energy scatter plot. To illustrate the

quality of the charge exchange data, figures 5-1 and 5-Z2

[}

show the distributions in mass and energy and figure 5-

]

shows the mass—erergy scatter plct with the herd drewn

region of acceptance for the 107 GeV data.

For the differential cross section the énelysis used
the moments method for event selection but used the fittine

" techniqae, described in appendix 2, to determine the
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'kinematic quantities for the event. The fitting technique
gave better mess and position resclution than the moments
techniqﬁe, but a fraction of the data had to he excluded due
to failures in the fitting procedure. Those events passing
the moments selection criteriz, which were successfully
fitted and had good hodoscope data, were inzcluded in the
sample of events for the differential ~ross section
determination. Thcse events which failed to give gcod fits
were analyzed using the moments technique. The
distributions of the faillng events were statisticzally
indistinguisheble from those of the events successfully fit
when they were also analyzed with the moment technique. TFor
the events in the higher energy data sets. the t for the

events was calculated using the approximation

tzEa l/Ll
where E is the beam energy,
r is the distarce betweern the

measured particle pnsiticn &nd
the pqsition of the projected
onto the detector as determined
by the hodOSCbpe iate

and L is the 1istance from the

target to the detector.



At 20 and 42 GeV the distance from the target to the
‘detector was so small, relative tc the target length. that
the measured mass gavé a better determination of the
distance from the decay vertex thar jaust the distence to the
targét center. The calculated mass is ziven by

E, E,S5e0t) /(1 (8, +5 % ]
where E, and E; are the energies of the two

photons

and . Sep is the separetion between them.

Using this in the approximation for t yields the

relationship
5, +E,) mer?/[E, By sep® 1,
which was used for the 28 and 42 GeV iata.

The differential cross sections for the charge exchancge
reastion are given in table 5-1. They hava b2en corrested
for the experimental 1t resolﬁticn_ani bin width. The t
resolution is discussed in detail in appendix 3. The
corrections needed were determined by studyinz ncw az
empirical fuanction was affe:ted wnen smearel by the

experimental resolution and binning. The 2mpirical functiorn
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~used is shown, along with some of the corrected data, ir
figure‘5—4. Table 5-2 gives the form of the empifical
function used along with the results of fitting this form to
the data. The largest correction was 39% and was dominated

by the binning correction.

4 s .
The data for the ¥ and W are shown in figures £-5

~

through 53-8 and in tebles 2-2 and 5-4,.
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TABLE 5-2

EMPERICAL FUNCTION USED TO FIT THE DATA

do _ 8(t) vZa(t)-Z
dt
AV _S_.-_E ~ E + -t
4m T 4m
P P
_ byt - 2, bot
B(t) = B:_L e - -t(t to) (82+83t+64t )e

_ 2
a(t)—ao+alt+a2t

Results of fit

oy = 0.418+0.004
oy = 0.928%0.034 Gev™ 2
a, = 0.205%0,055 Gev™ 4

B, = 2340.:.80. nanobarns Gev: 2

B, = C2.3410.1O)x105 nanobarns GeV S
By = (-0.771'1.41)x105 nanobarns Gev 10
By = (11.615.4)x105 nanobarns GeV 12
ty = -0.542£0.004  Gev’
b, = 5.20:0.21 GeV

2

o’
1}

6.16*0.61 GeV~
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Differential cross section in ub/GeV?2
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6. The Multiphotonr States

The analysis of the other final states was besieged by
large backgrounds, low statistics and the limited acceptance
of the apparatus. We successfully reccnstructed mere then
5@% of the ﬁ°ﬂ‘and17°ﬂ events and saw Sfrong £% ani
4, signals. The uncertainties in these final states
involving perticles with spin led to an inavility to
determine the spin density matrix elements. This in turn
made it impossible to properly corre2ct for the losses in the

region where the acceptance was low.
6.1 The §(988)

The only spin zero particle to be observed ir anly the
multiphoton states was the §(982;, whizh was ohservel
through its decay into u°71 . Due tc large backgrounds at
the lower energies, the § was only measured at the four
highest energy settings. At these highest energies thne
number of events was only sufficiert to make e »cugh
letermination of the integrated cross section. TFigure €-1
shows a characteristic'ﬁ°7( Vmass distribation while figure
6~2 shows the integrated cross section as a function of

energy. Fitting these data to the power law aEh

, with &
measured in GeV, yielded values fcr a and 5 of 4.9% 2,

microbarns and -1.20%0.35, respectively.
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The spin parity (®+ ) and isosvin (1) of the indicate
ﬁhat.»from a Regge viewpoint, it can not be mediafed»by a
 F exchange, but that it is a pure B exchange process. If
the Slope of the B trajectory is similar.to that for the
other known particle families, the integrated cross section
should fall more like P'>>. This is not completely ruled
out by the data, but the confidence level for this

hypothesis is only 1%. A few points at lower energies would

help to clear this up.
6.2 Branching Ratio For M -> n° Yy

Measurements of the partial decay rate of the N into
T°YY reported in the literature (reference 6-1, Particle
Tata Group) have beern in contradiction with each other ari
all known theoretical calculations (referanze €-2) for
several jears. The decay rates for the pseudcscalar mesors
can be calcnlated using a wids variety of phenomerological
techniques. Virtually all of these calzxulated decay rates
have been made to agree to within a factor of two with the
measured rates except this one.  The 2alculations for this
decay predict a width of around 127% o7 while the measuired
value is 28 eV, All these techniques at some stage use
chiral invariance or weakly broken chiral iunvariance. It is
not clear why jhése‘techﬁiques should weork fer all the other

‘decays and fail so completely for this nne.
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" We looked for this decay mode in these data but found
ﬁo sign of it. ZEvents in the n mass reglon, seleéted by a
'cut"on the mass as calculated from the moment method, were
analyzel using the photon findirz technique. Those which
satisfied a four photon hypothesis were fitted to ¢
we vy interpretation. This same analysis was carried cnt
on Monte Carlo generated events of two classes. The first
class consisted of W decays intc three W%'s while the
second corsisted of TW?mw®events to simulate the nonresonant
background under the ¥ . The analysis of the TS sample
hai almost no events which satisfied a We¥Y¥ hypothesis
which did not also satisfy a W°W® hypotnesis. Some of the
three W Monte Carlo events did fit the W°¥¥ hypothesis
without satisfyirg the WeW® hypothesis. The chisquare,
¥¥ mass and W® mess distridbutiocns of the real date,
satisfying the WO¥X hypothesis and not also satisfying the
wone hyﬁothesis,'were indistinguishabls from those
distributions obtained from the Y to three W®Morte Carlo
analysis. After subtracting the properly normalized three
T®background from the data, an upter limit on the brancaing

ratio was determired to de

[ —>T°¥% 1/0v >¥¥ ] <o.21 (9EY L),

The current best velue for this ratio from *he Farticle
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. Data Group is 2.082% 3,228, This number and the asscciated
error are the result of a fit to all branching frécticns

" using the measurements for all the known dezay modes. The
iiscrepanciés in the past measuremerts of this ratic are so
large and nonstatistical that the error they quote has very
little meaning. Most of the previcus feasurements with & -
nonzero result made little or no allowance for contamination

from the three M° decays.
6.3 Ylﬂ'ﬂ' Tecays And The Yl’-)XX Decey Frection

The 'ﬂ' has a decay into YTW°N° which was also cbserved
in the data. A1l the events, with sufficient mass &s
ietermined by the moment technigne, were analyzed using the
photon finding method. Those with six photons found were
fitted to an Q'W“W° hypothesis with each of these decaying
into twovphotons.' A set of Monte Carlo generated q' events
decaying in this mode were treated in the same way. &

typical mass distribution of the data events is shown in

filgure 6-2.

The only ciear signal in this decay mode 1s the vzﬂ
The limited acceptance of the apraratus excludes seeing
'ﬂ“°“° lecays in which the Y] and one of the W?'s rescnate
at a reasonably high masé or wnere the decay is hisghly

- polarized. With these limitations in mind, we canr make the



EVENTS —

" 75

™ p— 7 n
with the %' decaying
info n 7° 7o
at 100 GeV

20"‘ ™

o
|

oL O 1 n
| [ |
0.9 IO .1 1.2

MASS (GeV)—

- figure 6—3




76

~weak statement that any unpolarized high mass narticles
: . . o L. o . ‘

decaying into Y]T°W® with nonresonant YT~ will heve a
cross section times branching ratio which is less than 12%

“«

of that for the ﬂ'.

A crude determination of the branching ratio of
/ ! 0_,0 .
[ ->¥¥ 1/iq' > qu°n®)

with the Yz subsequently decaying into two photons., was alse
made. The branching ratio is about .20 X2.24, where the
error ié purely statisticel. There is a serious systemetic
error coming from the Monte Carlo determination of the
program efficiency. Wher the analysis was performed with
different values of the parameters used in the photon
#inding, the efficiensy for finding the Q' to q1"”ﬂ° decay
varied répidly. These variations were due to the chenge in
the efficiency of finding very low energy photons. Sinze
the distributiorn of photon energies in this decay mode is
peaked at low energies, this effect 1s very important. The
spatial distrivution of energy 1n the detector from these
low energy photons is very irreguler. Even though the lorte
Carlo cannot reproduce these irregularities, tests indicate
that the efficiencies from the Monte Carlo are prebably good
to hetter than 3¢%. Using this as the systematic

uncertainty gives a branching ratio of
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, ‘[Y('_—> ¥y ]/[Y(’—‘»Y(ﬂ"ﬂ"] = g.2¢0X0.08,

~ where the YlTT°1T" decays to six photons.
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7. Conclusions

The pion-nucleon charge exchange data have been
analyzed in several weys to compare them with different
phenomenological ideas. These data, spauning the laboratory
energies from 20 to 222 eV, momentum transfers from 4.2 to
-1.2 Gevaand five orders of magnitude in differertiel cross
section, represent the best kinematic region yet measured
for the application and study of the Regge idea. They also
extend the region over which the forward scattering
amplitudes may be over determined. Waen taken alcng wita
the total cross sections and the very small engle elestic
scattering jifferential cross sections, they maey bte used to
test the consistency of the existing data with the forward

dispersion relations.
7.1 Regge Behavior

In its simplest form, the ERegge pole model predicts
that the differential cross sections at fixed momentum
transfer, t, vary with the beam erergy as a power ¢of that

energy. We fitted our differential cross sections

o]
—
L~
'_A-
b
D
3

t to such a form ard extractel an effective Fegge
trajectory. The values for tne trajectory obtained are
shown in figure 7-1 along witah the curve obteirel fropm the

fit descrihed in chapier 5. These ilata taken alone are
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| T | —
Straight line through

points corresponding
a(t) to p, A2 and g

mesons
\/ /

a(t) from Fit

a*(t) .from
Table | |
] 1

Effective rho meson Regge trajectory
extracted from the differential cross
section measured for the reaction

4p-» v" +n

Fiaure 7-1
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completely consistent with this naivs Fegge pole model.

The data sets at the different energies have also been
fitted to determine the t dependence at fixed energyv. ZEach
set was fitted to the empirical function described in
chapter 5 with the traj8ctory function, o&{t), fixed &t the

value determined by the fit described in that chapte

+3
=

ans

4

the residue function, (3(t), allowed to vary. 1In general,
the parameters obtained for the function(3 were chanrged conly
slightly from their valueslobtained from the £it to the data
sets from all energies taken together. In particuler, the
parameter tg , which is a measure of the pesitiorn of the dip
in the differentiel cross section, variel only slightly.

The values of tg obtained for the different energies are
presented in figure 7-Z2 along with the positions of the dips
extracted from scme of the lower energy deta hy fittirg them
to this parameterization. In comparing the dip positions at
different energies and for differasnt experiments, one should
realize that the t scales used may be systematiceally
different. For our data we expect the energy to energy t
scale to very by about 2%. It is difficult to extract the t
scale uncertainties for other experiments. lotice, however,
that the apparent discrepancy betwe=2n the 47 GeV Servuhov

~

data{ reference 7-1) ani our 4¢ GeV po

o)

o+

vanishes 1f their

ot

t scale is assumed to differ from ours by ocnly 4%,
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At the higher energies one might have exvected to
6bserve’a breakdown of this simple model, which wés based on
" the exchange of a single Rezge trajectory. One expects, andi
to satisfy unitarity needs, other structures ir the somplex
angular momentum plane such as cuts, fixed poles and branch
points. When the lower ensrgy data (reference 7-2) and the
polarization date (reference 7-23) are taken into eccount,
there are deviations from the naive model. However, these
deviations are not large enough to conclusively distinguisnh
between various phenomenologically expected sources of
deviation. 3Barger and Paillips (reference 7-4) sapplement
the naive model with & second exchange trajectecry and are
able to account for the deviatiocns observad. Cthers irvoke
cuts (reference 7=5) which ceome from simultanecus excharges
of both the P and pomeron trajecztories. All these Tegge

schemes can fit the existing date well.
7-2 Relation To Total Cross Section Differences

Using isospin invariance and thae optiszal theorem, the
charege e%change differential cross secticn in the forwerd
directioﬁ'éan be related to the total pion-rnuclecn cross
sections. In chapter 1 it was pecinted out that the cherge
exchange amplituie could be related to the elastic
scattering amrlitudes thrbugh iscspin invariance. The total

cross section can te related to the imeginery rart of the
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- forward elastic scettering emplitude throush the cptical

theorem. Specifically in units with h=c=1,

¢ = i%-r—Im(A(O\‘

where P is the center cof mass momentum
is the total cross section
and A(3) is the amplitude for elastic
scattering in the forwerd
direction.
Combining this with the isospin relation between elastic
scatterirg and charge exchange and defining AG to ke the
difference between the W*p and M p total cross sections,

yields the relationshirp
Im(Acgy (2))=P AG /[2WY2].

Furthermore, if the ratio of the real tc imagina-y parts of
the forwerd scattering amplitude is taken to be E, then,
after converting to units where the 1ifferentisl ~ross
section is in microbarns and the ftctal cross section
difference is in millibarns, the charge exchange
differential cross secticn in the forward directiorn is

related to the cross section iiffererce by

%%"'z 15.54 (RIH)(AG‘);
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‘This relationship can be used either to measure R or,
if R can be obtained in another way, to compare tﬂe
‘experimental measurements. If the simple Pegge behavior
persists at much higher energles, we can use dispersicr
relationships to get R in terms of the trajectory function
evaluated at t=¢, QC{¢). The result is R=tan( OC(7)/2]..
This relationship holds fairly well as can he seen from
figure 7-23 where the total cross section differences are
plotted along with the prediction from charge exchenge. The

extrapolation to t=0 and the value of OL(J) are from the

fit in chapter 5.

Engelmann and Hendrick (reference 7-65) have made a
dispersion relationship anelysis of &ll the totel cross
section data to extract the real parts of the amplitudes.
Their results do not agree with our 2ate feor the ratioc R.
This disagreement is rather small and may be due to one of
many effects. In their fits they include data fecr the W™ 3
total cross section from both the Serpukhov experiment
{reference 7-7) and the Fermilad experiment (reference 7-8}Y,
These two experiments disagree with one annther far mcre
than the ratio R from thelr worx disagrees with tne valne
inferred from our data. Although they veried the wey ther
extrapolated the cross sections to infinite energies, they

did not consider the possi®ility that the ¢ross secticorn fer

w¥ p and W~ p mizht have slightly different strustures at
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energies just above 28¢ GeV. This xind of benavior is
unlikely'iﬁ light of the.continuing fall off of the forward
charge exchange cross sectlion, but even very smell
deviations would be capable of bringing the values for E
into agreement. A&nalyses such as theirs are interesting in
that the iﬁput assumpticns made are very fundemental. An
extension of their analysis to taxe into account the recent
elastic scattering data as well as our data on charge

exchange would provide an interesting test of these very

fundamental ideas.
' ..
7.2 The q,q Mixing

In an SU(3) quark model the states made of two auarxs
are naturelly represented by an octet ard e singlet. The
singlet always has the same quantum numbers as one of the
members of the octet. These states can and dec mix to
produce two physical particles. In the €7 octat the
particles which are a mixture of the singlet and octet
states ére the Y] and the Q' . The ¢ singlet and nctet
states can be written as linear comdinations of the guark

antiquark states as follows:

e
N,

where \13 is the octet sta

]
~
l——l
~
(3 (@)} l
.
)
4
et
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l
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YZ, is the singlet state
and ull, 4@ and s% are the
quark states.
And fhe physical particles are in turn linear combinations
of these two states as
. N =cos(@)Ng -sin( @)Y,
YI' =sin(9)n8 +cos{6)YI'
where is the mixing angle.

If one assumes the above quark model re?resentation of
these particles and assumes the quark line rule ( zlso known
as Zweig’s Rule ) one is led to the zonclusion that in
reactions of the form

T p2Xn
the unknown particle ¥ must contain some 1T. Using these
assumptions one concludes thet the ratio of the cross
sections for Y? and q' production should bhe & measure of

the relative amounts of dd in the two physizal states.

This measurement gives a cross section ratic of

-

ta.1. Using thls alone gives a mixing angle of T,)/Z.

o))

z’
That would indicate that the Q' 1s the purely cctet and
the q is purely singlet. This is not in agreement with two

A
)

ct

other pieces of information. First taere he mass

[e7)

relationship within the cctet. Threse rules were the first

4

suczess of the SU{3) ideas. They indicats that the mizin
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angle should be either +11%0r *24° i1epending on whether
~you prefér"the lirear or quadratic mass relationship.
‘SECQHd there are the electromagnetic properties of the
particles; The radiative decay widths of the Yz have been
measured and they agree well with the mixirg engle of -11° .

The calculated rate disagrees with the measursment by a

factor of 8 if the mixing angle is taken to be T/2.

There seems to be something very wrong with the
assumptions leading to the mixing angle of W/2. One
eXplanation is that the quarx line rule fails for the
27 states do to two gluon couplings. Fowever inveoking the
gluons lifts the 1id from & box of horroers. The
‘ﬂ,ﬂ' system may actually contain a component of two 2luon
states. In that case the W. and Yz’could be very
complicated mixtures of ‘ﬂa,q. eand glue. Ir» thet cese
there are many more mixing angles. Fortunately the
measurements of the radietive decays of the perticles are
gnly consistent with the data if two zluon component is

small. There is hope that this will be easy to resolve.

nther flevars

a1
<3
j g
3]
3
3
e7)
jon.d
fia

Finally there is the problem o
0f quarks. If thls glue effect is the zauase of the hreak

down of the quark line rule, why arn

)

’
flaveors ,of quarks mizxed in with the 'n, Q system? This

1

system seems to be too light to allow very much rixing with



the higher'maés flavors.
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Appendix 1. The Moment Method

' The first three spatial moments of the energy
distribution in the detector can be used to determine the
energy, effective position and effective mass for eny number

of photons -in the detector.

The energy is determined from the zeroth spatial moment

using the formula helow:

where a is a properticnality ~onstant
relating pulse helght units to
energy units,

Phx, is the vulse helght ir the iih

counter in the x view,
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and ‘Phh_ is the pulse height in the jth

counter in the y view.

The effective position of the photons 1s gotten
directly as the first moment of the dAistribution as in the

following formuia for the x position:
| 70
(x)= > xPhx /(A1)
4= : X

where X- is the vosition of the center of

the i" counter in the x view.

The mass is computed from the first anl second moments

of the distribution from the following:

Y
m? = i:. Xims + y:;«s -4 Sl

K = (D=0 AI-3 )

70
(x) Z x? Phy, /EX
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where m is the mass of the decayine meson.
E is its energy,
L is the distence from the detector to

the decay vertex,
and S is the width of a single photon

shower ( approximately constant V.

The first of these formulas is Jjust a statement of the
fact that the detector response is linear with energyv. The
second isﬁ’t so obvious, it is based on the linearity and
the fact that the individuel photon showers are symmetrical
about their center. To study these formulas in further
detail it is useful to think iIn terms of the energy
deposited in each of the counters by each of the many
photons. For example the first spatial moment of equation

A1-2 becomes:

70 n

<X>=- X; P\'\XL-
L L i JE,

h

where Phx._‘..j is the contribation of the j°

photon to the pulse heilght in the
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iﬁh counter,
and n is the number of photons.

The inner sum is related to the single photon position

.10
L=
70
EXJ = PhXi'
4=
where (15) is the position of the j photon
and Exj is its energy.
Making this substitution yielis
n
(X) = __>: Ex. (XJ)
S E x

which only involves the parameters of the photons.

Momentum conservation arguments can e2asily be cast in
forms containing the kinematic perameters of the lecay.
Project the meson direction ontc the face of the detector to
get the coordinates x and y where the meson would have hit.
The momenta of the photons transverse to the mescn direction
must be zero as long as all the decay products are photons

eand are detected. The x comvonent of this mementum is



- 94

related to the photon energies and angles by:

n
p')( = EJ Sin e‘XJ
3

wherk 9xj is the x projection of the angle

between the itk photon and the

direction of the meson.
For these experiments the angles are always less than a
tenth of & radian allowing the use of the smeall angle

approximation without any noticeable loss of precision.

Therefore use

where xs is the x—coordinate of the jtk
photon,
Xo is the x—cooriinate of the meson,
and L is the distance from the decay

vertex to the detector.
With this substitution the x component of the transverse

momentum becomes:

n

P)( - Z EJ-(ZE_-XQ)

-~

3=t
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Since this component of the momentum must be zerc this

implies équation Al-2 naﬁely:

<x>: X-c: E‘dxd ZE

Q.
”»
[ 45 9

The analysis of the second moment proceeds along the
lines of that for the first moment. %With the decomposition
of equation A1-3 into terms involving only the individuel

photon parameters it becomes:

<X2>=§ Ex, (x5 /E._)<
9
Wh:ere
To0
(x50 = Z X Phx,.
Az J EZ’{j

Sirce the REMS widths c¢f the irndividual photons is glmoest
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constant from photon to photon, it is conveniant to rewrite

this ast
o, _ 3 ' 2 .
(x*) = 9+ Z Ex; <%y /
S 4 E x
where S is the individual photon width.

Using this in equation Al-3 yields:

X:ms= Sl*’z Exj(@@ = <x>\l/Ex

Yhish contains only the photon energies and positions.

As with the first moment analysis a zonservation
principle is reedied. Here the appropriate quantity is the
energy minus the longitudinal momentum. Before the decay

this quentity is:

ml

E-Py= E"\[El"ml = 21E
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where E is the energy of the mesorn,
and m is its mass.

After the decay the same quantity for the photons is:

E: "“Pu ':‘Z ES—?j Cos% 9\5
3

where Ei is the energy of the jtk photern,
Ps is the magnitude of its
momentum
and é%s is the arngle between it end the
meson.

Fquating these, using small angle approximations and usizg
the fact that a photon’s energy is equivalent to its

momentum yields the desired equation Al-3.
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Appendix 2. Photon Countigé

A simple, reasorably efficient, technique for finding
the bositibns and energies of the photons was required in
order to separate those stetes having several photens. This
problem looks straightforward since it is obvious by eye’
(as in figure A2-1) how many photons are preseant, whe-e they
are and how big they are. However, the combinations of
possibilities when several photons are present (as in figure
A2-2) makes the general algorithm difficult. The photon

findirg used in this analysis was rather naive, fairly fast

and worked on a large fraction of the events.

First each counter in which the pulse height was
greater than that in the adjacent counters,was tagged as a
peak, and those in which the pulse height was lower than
ad jacent counters were tagged as valleys. Those peaks which
were greater than at least one of the adjacent valleys by arn
amount corresponding to at least ¢.5 GeV were considered as

photon candidates.

Fstimates of the position ard energy of a candidate
were made using the pulse heights in the peak counter anl
the two counters adjacent to it. Specifically, the
difference between the pulse helghits in the adjecent

counters was divided by the pulse height in the peak



99

. adls

°

(o}
N

o o © O o)
0 <t 0 o ~

65 GeV T°T°EVENT
MASS = 0.853 GeV

figure A2-1

70

60

A

50
40
30

20




100

=

o
N

50

ol
@)
©

© O O
Mn < M~

PROBABLY
n—> 3T°
65 GeV

figure A2-2

70
60
50
40
30
20

10



101

counter. This quantity is monotonically related to the
‘.position‘of the peak by.the empirically deftermined functiern
shown in figure A2-3. The sum of the pilse heights in the
three counters was multiplied by & factor of approximately
1.2 to give an estimate of the total pulse helght of the
photon shoher. The precise factor depends on the velue of
the position but varies by less then 2% over the range of

nua.

After this initial determination of photon positions
and energies, several things were done to improve the
guality of the pattern recognition. EZach photer with an
energy less than 6 GeV was examired and rejected if it weas
consistent with a fluctuation in the tail of & neardy large
rhoten. If two photons were so clecsely speced thet the
method of using the central three counters was nnt good
enough, the pulse height data in those counters affected by
the photons were reanalyzed by comparing them tc empirically
determined pulse heights and varying the positions and
_nersieé of.the photons to give a best fit tc the measured
rulse heights. In socme everts the reel pheters overlapped,
resulting in the initial ietermination treatirg them as &
single thetor. Some ¢f those cases were recognized o7
noting that the two aijacent zounters hal more pulse heiziht
than expected from a siangle vhoton of thaat energy. Taese

icuible vphotons were tagged and the energy of the peir wes
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determined by summing the pulse heights over several

counters.

-Up to this point the data from the two views were
analyzed separétely. Fach event was then assigned & photon
count,edual to the maximum of the peax counts in the two
views. This scheme correctly classified the twe thoton
events but was rather poor for events with low mass and many

photcns.

Many schemes were developed for treztirg the dete frem
both views. Although some of these coull untangle some very
complicated events, they often got confised. The biggest

problem was the rejeztion of the three MW dacay mode ¢f the

three M° mode, 8% were identified as being gocd four teak
events in both planes while S% were identified as having
four peak§ in one plane and less than foar in the other.
While these may seem to be mnadest fractions of the Yldecays,
the‘q production éross sectiocn is so large that thesse
misidertified q deceys deominate the four photor signel.

Since the complicated schemes zot so confnsed hy the

w

e

¢

events, the following simple scheme was used: thonse events
with the same peax count in each of the views were only fit

to hypotheses with that thotex ~sounti those with a
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difference‘of\one in the peak count betweer the views were
fit either to hypotheses with the higher number of photons
or,vif the smallest photon in the view with the greater
count was bonsistent with a fluctunation in tae tail of one
of the other photens in the view, fit to hypotheses with the
lower counts fhose events with a peak count difference of
two or more between the planes were not in-luded in the

multiphoton analysis.



-105

Appendiz 3. The t Resolution

In the energy and momentum transfer r~egion covered by

this experiment the momentum transfer is very well

approximated by

't = E*é*

where E is the energy of the beam particle,
t is the momentum transfer
and 8 is the laboratory scattering angle.

In this enelysis t was calculated from the measured

quantities accoriing to the following formula:

t= 75 | (XX V4 (Ya-ym)

where L is the distance frem the target
to the ietector,

Iy is the x—-coordirate 0 the ir~ident
beam particle prejected cnta the
face of the detector,

Xem is the measared x-cocrdinate of the
finegl stete meson at the detecter.

and I 0 Ten are the analogous quantities for

the y-coordinate.
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Fach of fhe quantities in the above formula have
associatédﬁwith them uncértainties which cen be represented
by distribution functions. The variahles E andi L are
particulariy simple, each being approximately flatly
distributed froem a minimum to a meximim velue. The

coordinate ‘variables, on the other hand, are consideradbly

more complicated.

A naive first order treatment of the error propogation

gives a resolution width of the ferm
sL(t)=alat+pt?)

where a is a configuration &ependert
corstant which is associeted with
the width of the czcoordiinate
measurement,
and b is a configuration dependert
constant associated with the
finite target lengtn.
Teble A3-1 gives the values for the constants & and o for
the different experimental configurations used in collecting

dete.

This neive treatment is a valuable tool for

understandirg which effects are important in the various ¢
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TABLE A3-1

-FIRST‘ORDER RESOLUTION COEFFICIENTS

. a b

4 -4

20 19.7 x 10 30.3 x 10
40 10.7 x 1074 7.8 x 10”4
65 7.29 x 10°% 6.44 x 104
100 5.86 x 10°4 2.72 x 10°4
150 5.86 x 104 1.21 x 1074
200 6.88 x 10°% 0.61 x 10°°
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regions. 1In fhe low t region the resolution is dominated by
the errors in the coordinate measurement; while at high t
it is dominated by the target lergth. In the forward
direction; where the resolution affects the extrapclation to
zero degrees, the naive treetment fails to give an adequate

description.

To get a better representaticn of the resolution
function the individual resolution functicns were combinel.
In performing this combination it proved aseful to serarate
the problem into two parts: findingrthe iistribution c¢f the
comhined coordinate resolution ard finding that of the I anl

I varigbles.

The probability distridbution of the ratins El/ﬂlcan he
represented by the following integral over there irdividual

distributionrs:

1,2

P(Yl)d\fl=s& P(EYAE P(L)AL S’YI—E Y|

where 'q ' is a particular value of the
. 1,2
ratio T /L .
P{EYAE ie the distridbation fanctior

for E,
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and ‘P(L)dL is the distribution function
| fdr L.

The distribution in L is due to the finite tareget length.
Since the»beam‘was only attenuated about 5% in passirng
through the target, it is a fairly gocd approximetion to
consider the d4istribution to be uniform from the targets far
end to its near end. The distribution in % is due to the
energy spread in the beam. Since this spread was less than
2% and neither the particle yield of the Yeam ror the
interaction cross section being measured vary toc rapidly
with the beam energy, this distribution can %te consicdered es

uniform over the energy acceptance of the beam.

The coordinete distributions are of two xinds: the
hoioscope measurements of the beam particle anil the detector
measurements of the mesor position. The aodoscoge
resolution is dominated by the firite widths of the
elements, is nongaussian and depends or the exreriment
configuration. The distribution ¢f the meson pesiticen
measureﬁent in the detector 1s roughly gaussian and results
in errors of the same order of maznitude as the hodoszope
errors. When these two measurements are zombined the
resultant distribution for their difference 1s eprroximraied
reasonably well by & gaussian. With this in mind, two
difference variables may be intrcduced to replace the four

zooriinate measurements. These differernce measurerents are
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iefined as follows:

X=X =% m

Y=Y ~Ym

Using these variables and the assumption that they are
gaussianly distributed, the combined coordinate distridution

can be written as

where 5 is the combined coordinate variahle,
P is the probability of measuring a
combined cocrdinate velue cf S glven
the actual value was g:
and a is the widta ¢f the gaussian
approximeting the distrihution

of the 1ifference measurem=nts.

Fveluetirg this integral yields:



BT
p(§.5 )i~ £ Io({sz)dg

2162

where Ib is the zero orier modified Pessel

function.

The value of t is just the product of the combined
coordinate variable 5 and the energy length ratio Y?. In
terms of their distribution functicns the t distribution

function 1s just

P(t,t" )= P(s,sf)js P()I)Q? S<t—§yl\'dt5<5’_t’/q\ds’

where P(t,t )it is the probability of measurinz
a value of t in the interval
(t,t+dt) if its actual value
was t’.

%hich reduces teo

Plt,t7)= P (t/q) .t7/q M Ry
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This funétion is very nongaussian for small values of
t” but bégirs to look reasonadly gaussian for high t7 as
éhown in figure A3-1. The wiith of the résolution function
agrees quite well with the width calculated in the firstg

order treatment (figure AZ-2).

This resolution function was used in fitting empirizal
functions to the measured data. Given a farction describing
the differential zcross section, the cross sectior expectedl
in a finite width t bin, where t is measured with arn

apparctus heving & known t resolution, is simply

M. = P(t,t 7 3tT(t "dt”
3 o
where HL is the expectel cross section
ir the 1™ bin,

ty is the lower limit of the t din,

At; is its wiith,

P is the t resclution furnation,
and T is the function describing the

differential cross sezction.

The fitting was accomrlished by minimizing the chiscuere

defined as
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=
"

i
(M. -D; ) /g:

bing
whefe D; is the measured data in tae
itL bin
and © Q7 is the statistical error associated

with the measurement.
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