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ABSTRACT

Measurements of Elastic Rho, Omege and Phi Meson
Photoproduction Cross Sections on Frotons
from 30 to 180 GeV
by
Roland M. Egloff

University of Toronto

The elastic photoproduction cross sections for rtho {p)
and 'phi ) meéons from protons have been measured from 30
to 1BO GeV and for omega (w) mesons Ffrom 46 to 180 GeV. The
data were taken at the Tagged Photon Facility of Fermilab
with a particle detection apparatus consisting of multilayer
lead-iron—~scintillator hadrometers, lead glass shower
couﬁfer ATTAYS, and multiwire proportional chambers
(MWPC “s).

The observed decay modes of the p and ¢ mesaons were
p-¥ﬂ+ﬂ_ anid ¢'*K+K_. The apparatus, designed for the photon
total cross section measurement, does not have a magnet or a
Cerenkov counter. As  a result, it is not pessible to
directly measure invariant mass spectra for the p and the ¢
or to discriminate between pions and kaons. However, due to
the full coverage of the +forward hemisphere in the Yp
center~of-mass frame, it is possible to select events having

exactly two tracks in the MWPC’'s and being consistent with



exclusive P and ¢ produétion. A distribution of traeck
opening angles, multiplied by the tagged photon energy,
exhibits distinct peaks corresponding %o p'*ﬂ+ﬂ_ and ¢“*K+K_
and provides an excellent substitute for the invariant mass
spectrum.

The W meson was detected in its éllwneutral decay mode,
w—*noY, with all <¢three photons measured in the lead glass
shower counter arrays. The hadrometers were used to yeto'

gvents with additional particles and thus ensure exclusive

production. Two of the three photons were required to  have
an invariant di-photon mass consistent with neutral pion
d@cag,ﬂ°-+YY. The resulting 1’y invariant mass distribution

shows a clean peak at the W mass with little background.

The enerqy dependences of the P, ® and ¢ photoproduction
cross  sections agree well with predictions made by wsing
vector meéon dominance (VMD) and an ‘additiQe quark model.
The p aﬁd W cross sections are approximately constant with
enefgg while the ¢ cross section rises from 0.5 ub to 0.7 ub
with increasing energy. The photon-vector meson coupiing
constants, obtained from a normalization o% hadron elastic
scattering cross sections to the photoproduction cross
sections (using WVMD and an additive quark model) are
consistent with previous measurements at lower photon
energiLes.

The d;FFerential cross section, do/dt (t = four momentum

. transfer squared), has been measured for W photoproduction.



The t—-dependence is of tﬁe form exp(bt) with b approximately
8. 4 Gev™2 The observed decay angular distribution for
w+7m is consistent with s—channel helicity conservation,
Published results from other experiments extend wup to
18 6eV in photon energy for p and ¢ photoproduction and up
to 10 GeV for the w. The energy Tange covered by this
egxperiment (up to 180 GeV) is thus unigue and significantly

higher than previously attained.



PUBLICATIDONS

Free to Bound Recombination and Screening Effects in CdS.
R. M. Egloff, K. Colbow: Can. J. Phys. 52, 721 (1974).

Measurement of J/¢ (3100) Photoproduction in Deuvterium at
99 GeV.
With T. Nash et al.; Phys. Rev. Lett. 34. 1233 (1976).

Measurement of the Photon Total Cross Section on Protons
from 30 to 180 GeV.

With D. 0. Caldwell et al.; Paper suvbmitted to the
International Conference on Photon and Leépton Interactions,
Hamburg, August, 1977,

Measurement of the Photon Total Cross Section on Protons
from 18 to 185 GeV.

With D. 0 Caldwell et al.: Phys. Rev. Lett. 40, 1222
(1978).

Measurement of Shadowing in Photon-Nucleus Total Cross
Sections from 20 to 185 GeV.

With D. 0O Caldwell et al.; Phys Rev. Lett. 42, 553 (1979).
Measurement of Elastic Rho and Phi Meson Photoproduction
Cross Sections on Protons from 30 to 180 GeV.

R. M Egloff et al.; submitted to Phys. Rev. Lett.

(May 1979).

Measurement of Elastic Omega Photoproduction Cross Section
on Protons from 46 to 18O GeV.
R. M Egloft et al.i in preparation.



ACKNOWLEDGEMENTS

I gratefully acknowledge the efforts of the many people
who Have contributed to the swccess of this experiment. I
would especially like to thank all of the members of the
experiment:

Drs. David 0 Caldwell, John P. Cumalat, Phil J. Davis,

Alan M. Eisner, Al Lu, George J. Luste, John F. Martin,

.Rollin J. Morrison, Tom Nash, Jim D. Prentice. and

Steve J. Yellin.

It is a pleasure to thank my advisor Dr. George Luste
and also Dr. Jim Frentice for their support and
encourégement.

Spécial thanks geo to DT,‘ Alan Eisner for hisv much
appreciated help, particularly during +the data analysis
phase of the experiment. ‘I also wish to thank Drs. Phil
Davis and Steve VYellin for their help with +the data
analysis.

I particularly wish to thank my fellow graduate student
{rnow Dr;) John Cumalat for sharing the hard work. I have
vary much enjoued his company during the many long hours at
the laboratory.

Many more people have contributed their efforts at

different steages of this experiment. With apologies to
those mnot explicitly mentioned, I wish +to extend mu
appreciation to Drs. F. Murphy, AL Belousov, B.

VI



Govorkov, M. . Donnelly, and M. Franklin. I also thank
the personell of the Fermilab Proton and Physics
Departments, the Hydrogen VTarget Group and the Computing

Department.

This research was supported in part by the U. 5.

Department of Energy and by the Mational Research Council of

Canada through the Institute of Particle Physics of Canada.

VII



Chapter

I

1I

i1t

v

TABLE 0OF CONTENTS

INTRODUCTION .

A
B:

Background.
This Experiment

REVIEW .

A
B:

Vector Mesons and YMD

Photoproduction of p, w and ¢ Mesons

1. Rho Photoproduction.
2. Omega Photoproduction.
3. Phi Photoproduction.

APPARATUS.

moow>

Fo

Introduction. .

The Electron Beam .

The Tagging System.

The Target. .o

The Detectors .o

1. General Description. e
2. Central Shower Counters € and D.
3. Hadrometers 81, 82 and S3.

4. Hadrometer K (Z+TANC),

3. Pb Glass Arrays G2 and 63

&, Pair and Recoil Counters

7. MWPC

T

rigger Electronics and Data Storage

p: ¢ ANALYSIS AND RESULTS

G2

D:

Introduction.

Data Accumulation

Data Analysis

1. General. L
2. Track Reconstruction
3. Date and Monte Carlo
4, Inelastic Events

5. Corrections. oo
Results and Discussion,

w ANALYSIS AND RESULTS |

A
B:

Introduction.
Dats Accumulation

VIII

a1
B
54
&0
64
&4
6D
68
70
71
74
7%
77

99

.99
.03
. L O4
. 104
106
109
R
A
.18

183

A
. 1594

cont.



VI

C: Data Analysis
1. General.

2. Shower Reconstruction.

3. Data and Monte Carlo

4, Inelastic Events

5. Corrections. .o
D: Results and Discussion,

SUMMARY.

APPENDIX A
AFPENDIX B
APPENDIX C
APPENDIX D

LIST OF REFERENCES .

IX

1595
. 159
. 157
170
173
177
179

. 210

213
C&#1éb



Figure

1.

IT.
11,

It

1.
I

11,
I,

rix.
I11.
Irr.
I1Y.
I11.

111,
111,
111,

111
11T
I171.
I11.

ITI.
I11.

. B.

mm
B L3

B=p> P
R = L) RY e

006

L R o=

Mmoo

rJ

Ll 18

3

Pl = =

LIST OF FIGURES

CHAPTER I

Energy dependence of the+Yp total vroes section
and the average of the m p and 7 p total cross

sections divided by 200

Energy dependence of the phofon tofal cross
section

Enerqgy and atamlc we:qht dependenLP of tha
absorption on complex nuclei.

CHAPTER I1

The vector meson dominance (VYMD) model for
photon—-hadron interactions

Diffractive elastic tho photoproductlon dlaqram
Diagram for non-resonant diffractive pion pair

photoproduction i

Diagram for coherent d:FPracflve rho phof0~
production from deuterons

Reference frames for rho photoproductlon
Natural (0) and unnatural (Q7) spin parity
exchange in the t- channel oo

VMD diagrams for p->7ly and w7’ y e
Suppression of wép coupling by Zweig’'s rule

CHAPTER 111X

Aerial view of Fermilab .

The beam lines to the FXDETlmEﬁtBl areas.
The Proton Area

Electron beam line schematlc

Typical electron yield per 1nc1dent 400 Gev
proton as a function of electron energy
Schematic of the tagging system

Schematic of the tegging counters

Typical fractional electron eénergy distribution

across the tagging counters . .
Schematic of tagging system logic

Schematic of hydrogen target

Evperimental apparatus.

Fraction of tagged photon enorgu in C-caunter

hadronic candidate events

C—counter energy for 200 GeV incident electrons

A Energy sum in 53
B: Energy sum in K (Z+TANC)
for 20 GeV incident pions

12

13

photon

14

4%
4%

Aty

44
47

48
49
50

80
a1
a2
83

84
8%
86&

a7
88
89
20

on

21
Fe

93

cont.



111,
111
TiT.

v,
Iv.

v,

Iy,

v,

V.

V.
V.
IV,
.
.

v,
Iv.

iv.

v,

IV,

V.
Iw.

IV,
Iy,

o0

o]

Onn

- O

.10

11

W m =

[

Schematic layout of the laser calibration system. 94
Schematic of MWPC amplifier card. . . . . . . . . 93
H-trigger logic . . . . . . . . . . . . . . . . . %6

CHAPTER IV

Experimental apparatus. . . 128
Track seperation at the MWPL S YETSUS decag anglﬁ
for M >mbm. .. 129
Monte Carlo genevated scatter plot oF R vVersus

Mnﬂ far p>7mm . . . ... 130

Monte Carlo qenerated R dlstrlbutlon Pnr
Ao prTT
B: ¢>KK. . . . . 131
A Summed ADC pulse helght spectrum For planes
& and 3 of 81
B: Missing energy spectrum for H3 . . | R I 1
Energy in the C-counter and 63 Pb glass arrag
(G3IC) as a fraction of

A: the tagged photon energy

B: the total energy in H3 . . . . : .. 133
Distribution of y-coaerdinate for MNPL tracks .. 134
A, Sechematic of track reconstruction. . . .o L 135
B: Number of MWPC groups for p—-¢ candldafes .. 136
R distribution for the E = 90 GeV data. . . . . . 137
R distribution for the E = 13% GeV data e L1388
R distribution for the E = 135 GeV empty target

data. . . .. 13w
R dlstrlbutlon ?or non- 1nteract1nq e+e pamrs .. 139

Monte Carlo generated dipion mass spectrum

resulting from the fit to the Eoz 135 GeV data. . 140
Fraction of events with O, 1 and 1 vrecoil

counter signals . . . A
Monte Carlo generated bcatter plot o+ rec011

proton momentum versus receil angle for elastic

p events. . . . .14
Energy dependence of fhe p photoprnductlon CTOsSs
gechtion . . ... . 148
¢ signal above barquound (all the data), I ¢ X4
Energy dependence of the ¢ photoproduction cross
section . . I 3]
Energy dependence DF do(yp+-¢p)/db af t O ... 146
VMD—gquark model cross section normalized to
the ¢ data of this experiment . . . . . . . . . .147
cont.

X1



LR s

=

LI p

CHAPTER V

Schematic of Pb glass arrays 63 and G2 . . . . . 184
A&: 1-(1/Bn)? versus kinetic energy

B-F: Shower properties. . . . . . . . . . . . . .185
Radial dependence of dT/dr. . . . . . . . . . . .1@7
Fraction of the total shower energy contained in

a Pb glass block. . . P £
Fraction of the total shower energy contained in

a slab of Pb glass. . . T X =4
Shower data obtained w:th Eg= 20 GeV electrons
incident on I-counter number 26 . . . . 190
Two-photon invariant mass spectrum +or w-*n Y
candidates (all the datal) . . . . 192
Three— photon invariant mass spectrum consis tent

with w=>1T Y {most of the data) o A N2
Energy distributions for w0 Y candldatea in

the w mass vregion . . . Coe . 194
Mass distribution for T Y Pvents (Eq= 135 Gev

data) . . . N

Mass dlatrlbutlon +nr eventr whiuh fail w->ﬂ°y
analysis cuts because of an extra photon (all

the data) . . . . les
Enerqg dependence oF the w photoproducflon CTOSS
section . . . : L 199

Differential cross 5ect10n Fnr w phofoproduct1on «00
Differential cross section for w phofoproducflon

for all the data. . . . oL L2010
The slope of the Yp > wp leFerentxal CTOss

section as a function of energy . . . L. L 202
Decay polar angle distribution for w-*w Y (all

the data) . . . . . . . . . . .. . .. . . . . .a203

XI1



Table

IT1.
111

Iv.
Iv.
1y,

i

O G

Py

= 0l

L3 P

+

1.18T OF TABLES

CHAPTER 111

Properties of lead glass.
Trigger definitions

CHAPTER IV

Tagged photon and TgH trlgger totals (p—~¢ data)
Analysis cuts . .
Fraction of events m11h O, 1 and .1 PELDll
counter signals for p and ¢ events.

Correction factors (p-~¢ data)

Results for yp >pp and yp > ¢p

CHAPTER V

Tagged photon and TgH tTlQQET totals {(w data)
Analysis cuts o,
Shower table. . G e e
Fraction of events w1+h O, 1 and 1 recoil
counter signals for @ events

Correction factors (w data)

Results for yp > wp.

XIIT

. 131
152

97
o8

148
. 149

o0

. 204
. 205
. 206

L RO7

=208

. 209






CHAPTER 1 INTRODUCTION

&: Backyground

The study of the nature and behaviour of light has

fascinated scholars for centuries.

Are not all hypotheses erroneous which have hitherto
been invented for explaining the phenomena of light,
by new modifications of the rays?

Newton (1&42-1727), Opticks

The caoancept of the photon, or light quantum, exhibiting
properties associated with beth waves and particles was
introduced during the first years of quantum mechanics.
Electromagnetic interactions of photons with matter became

well understood and accurately predictabie,

Are there not other original properties of the rays
of light, besides those alveady described?

Newton, Opticks

With the advent of high energy particle accelerators in
the past few decades it became possible *tto etudy the
interaction of high energy photons with protons and neutrons

in nuclei. & great variety of experiments revealed a strong



gimilarity between photon-hadron (yp. yn) and hadron-hadron
(pp, Tp, Kp, etc.) collisions. That is, a photon with a
billion times as much energy as & photon of visible light
exhibits properties once thought to be possessed exclusively
by hadrnns; the relatively massive particles which wndergo
strong‘interactions. For example, the Yp and Tp total cross
sections both show the clear excitation of the same nucleon
(N#) regsonances and above about 2 GeV Jlevel out and become
approximately energy independent as shown in ‘FiJ.(I.A.ly
The magnitude of the photon totel cross section is, however,
sméller than the hadronic cross section by about 200, or by
appro#imatelg tﬁe ~$ine structure constant in  ovrder of
magnitude.

The photon total cross section on neutrons, gxtracted
from measurements with deuteron targets, is nearly the same
As For protons. High energy photon—nbcleun interactions
thus become charge independent and are therefore not of an
electromagnetic nature.

The number of hadrons produced in Yp interactions is
consistent with a logerithmic increase as a function of
phoeton energy. similar to +the hadron multiplicities in
purely hadronic interactions (such as pp). A measure aof the
probability that an interaction produces particles of a
certain  type (p, W K, etc.) is called an inclusive cross
section. Again, photan initiated inclusive reactions

display similar features to those initiated by hadrong,



particularliy in terms of +the longitudinal and transverse
momentum dependence of the inclusive cross sections.

The most striking characteristics of photon hadran
interactions is . the copious production of neutral vector
mesons. i.e. .hadrons with the same spin (1) and parity ()
guantum numbers as the photon (most prominently the ).
The vector meson (p, w, ¢ P, etc. ) photoproduction process
exhibits the properties of diffraction scattering. There is
a sharp forward peak in the angular dependence of the c¢ross
section, a scattering amplitude which is mainly imaginary
{abhsorptive), and an (apprdx.) anerqy independent CTOSS
section.

The small cross section for yp interactions (=115 pb at
high energies; 1 pub = 107 3%%cm?) implies a mean free path
for photons in nuclear matter which is much larger than
nuclear dimensions. A high energy photon would therefore be
expected to illuminate complex nuclei wuniformly and the
photon total cross section should be proportional to A, the
atomic weight number of the target nucleus. Experiments
have shown however that the cross section increageé less
rapidly with A (see Fig.[I1.B. 21). This result is familiar
for hadron interactions and is due to the strong absorption
(small mean free path) of hadrons in nuclear matter, vmhich
is to say that the incident particle’s interaction is almost
always on the surface layer of the nucleus,

A1l these features suggest that the photon s in a
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(virtual) hadronic state a small fraction of the time.

The changing of bodies into light, and light into
hodies. is very conformable to the course of nature,
which seems delighted with transmutations

Mewton, Optichks

The most direct information about the hadronic states of
the photon 1is obtained from electron-—-positron annihilation
experiments. Machines, known as particle storage rtings,
have been built in which high energy electrons and positrons
are made to circulate in opposite directions with equal
speed. When an electron and a positron meet head on and
annihilate each othevr, the resulting enevrgy (tupically a few
billion electron wvolts) is to a very good approximation
entirely electromagnetic. The most likely outcome of an

annihilation is the c¢reation of a single. but virtual,

photon. The photon is said to be virtual because it does
not satisfy the energy-momentum relation, E = pc, valid for
real photons. The momenta of the colliding electron and

ppsitron are equal in magnitude but opposite in direction
and the total momentum before and after the annihilation i3
Zero. The created photon thus has the summed energy of the
glectron and positron but zero momentum. For any particle
(including the photon), E%= (pc)2+(mc2)2. 1t follows that a

virtual photon resulting from a particle—antiparticle



annihilation has a non—-zero mass, corresponding to E = me 2.

Adccording to Werner Heisenberg’s uncertainty principle,
the virtual photon only exists for an exceedingly short time
before it materializes into real particles.. A‘ large
fraction of the particles thus created are pairg of
electrons and positrons and pairs of muons and antimuons.
This process 1is alresult of the electromagnetic nature of
the photon and 1s wvery successfully described by the theory
of quantum electrodynamics.

Evidence for the hadronic nature of photons is obtained
by studying the production of hadrons resulting #rom the
decay of the virtual photon. Experiments have shown that

hadrons are indeed observed when the enerqy of the photon

equals the rest mass of a vector meson {(p, w: ¢, P?. The
vector meson lifetimes, although much longer than the
lLifetime of a virtual photon, are guite short. The observed

hadrons are the long-lived particles into which the mesons
decay, for example p-+ﬂ+w_ and ¢-+K+K—. Photans thus
transform into vector mesons some fraction of the time which
give rise to rTesonances and their decay producté in
glectron—-positron colliding beam experiments

Real (m=Q) high energy photons can be produced when high
gnergy electrons are scattered in the Coulomb field of
nuclei (bremsstrahlung). The energy of the emitted photon

is equal to the difference in the slectron energies before

and after the collision.



™
£

Another method for producing high energy photons is  to
scatter visible light (from a laser) 180 degrees from a beam
of high energy electrons (backward Compton scattering). The
scattered photans are monoenergetic (for a fixed scattering
angle) and rvetain the initial polarization of the laser
light to a high degree {a wuseful property for certain
experiments).

The decay of the neutral pion into two photons can also
he used as a source of photons, A high flux of pions is
readily produced by high energy collisions of protons with
nuclei. The decay photons cover & wide rtange of energies
which can only be known within some (kinematical) limits —~ a

clear disadvantage of this method.

Real photons, unlike virtual photons from
electron—positron annihilations, cannot produce massive
particles in free space. A nucleus must he present to

exchange momentum in order to satisfy energy and momentum
conservation. The nature of real photons 1s studied by
observing their interactions with protons and neutrons in
targets made of different materials. For example,
photon-proton interactions are best investigated with a
target consisting of a flask filled with liquid hydrogen

A physical photon can make +transitions between a bare
photon kand virtual hadron states for a time interval
consistent with Heisenberg’s uncertainty principle. Such

transitiens are called vacuum polarization fluctuations.



The hadron states have the quantum numbers and the momentum

of the photon but differ in energy by

AE = E_ - E = VE2+ 2.% - E (1. A1)
B oy 1Py T Y

2 4 2
mc /ZEY (EY2>ch )

[}

where my is the mass of the virtual hadron. According to

the wuncertainty principle, the lifetime of the virtual

hadron state is

Thus, for a fixed hadron mass, the photen is more and more
likely to behave like a hadronic state with increasing
energy. The velocity of the virtual hadron is at most the

velocity of light, c, and the distance traversed during its

lifetime is thus

Az < ¢ At

12

2 .y
2hE /ch

1

2 - *
ZXEy/mHC (1.4.3)

where X is the reduced Compton wavelength of the hadron.
The ~ lowest mass vector meson is the p(773 MeV) for which
X = 0.3 fm (1 fm = 107! 3%cm). The radius of a proton is
approximately R = 0. 8 #m. Therefore, the distance traversed

by the virtual hadron becomes much larger +than nuclear



dimensions at energies exceeding a few bhillion electron
volts. Consequentiy. the interaction of a high enerqgy
photon with a target nucleus can be pictured as an
interaction of a hadron which has become detached from the
photon. The hadron’‘s initiel interaction will be primarily
with the nucleons on the incoming side of the target nucleus
due to the large cross section (small mean free path) for
hadron—-hadron collisions. The results of photon
total—-absorption studies on nuclei of increasing size (A
depéndence) and as a function of enerqgy are consistent with
this view as is shown in Fig. (1. B. 2O,

Di%?ractive photoproduction of .vector mesons may be
Pegafded as arising from the photon becoming a virtual
vector meson, with the wvector meson then scattering
elastically on the target to produce the real vector meson
Finai state. This process would be expected to have the
characterisﬁics of meson-nucleon ( Tp) elastic scattering,
which is indeed found to be the case.

The simplest framework for describing +the features of
high energy photon interactions, and one which works

remarkably well overall, is the Vector Meson Dominance (VMD)

model. In this model the photon is vassuméd to be a
well-defined linear superposition of vector mesons. most
importently the low mass 0, W and ¢, which mediate the
interaction of the photon with other hadrons. A brief

‘eutline of VMD is given in Chapter II.



B: This Experiment

This thesis reporTts a study of diffractive
photoproduction of the vho, omega and phi (P, W, $) vector
mesons from protons at high energies. The data weré taken
at Fermilab’s tagged photon facility by a collaboration of
phusicists from the University of Toeronto., the University of
California at BSanta Barbara, and Fermilab, operating as
Fermilab Ezxperiment 234, The main purpose of the experiment
was to measure the hhoton total cross sectibn on protons and
complex nuclei (carbon, copper, 1ead5 from 18 to 185 GeV.
The energy dependence of the total cross section on protons,
as measured by this experiment, is shown in Fig. (I.B.1)
[Caldwell, 19781, Results obtained from the A-dependence
measurements are shown in Fig. (I.B. 2) [Caldwell, 19791,

The collaboration of this experiment wasrinvolved in» the
design, construction and testing of the tagged photon
facility which boasts the world’s highest energy electron
beam (operated at up to 200 GeV during this experiment). In
197%, the year after the discovery of the narrow 'Qecﬁor
me s on P L3100}, a low statistics measurement of Y
photoproduction on deuterium was part of a test Tun using
the. Just completed tagged photon facility in conjunction
with a lead-glass spectrometer [Nash, 19761,

Data for the photon total cross section experiment were

taken during 1976 [Cumalat, 19771  The results on vector



meson photoproduction described in this thesis are based on
the same data. Published results from other experiments
extend. up to 18 GeV in photon enevgy For O and ¢
photoproduction and wup to 10 GeV ftor the w,. The enerqgy
range covered by this experiment (up to 180 GeV) .is thus
unique and significantly higher than previously attained.

The particle detection apparatus of this experiment was
designed with the total cross section measurement in mind
As a result, some aspects of the apparatus are less than
ideal for the study of exclusive processes, Far example,
thefe are no magnets for particle momentum measurements and
no Cerenkov counters to aid in particle identification.
This necessitates some novel techniques for the analysis of
p-+n+v" and ¢ >KTK™ events (Chapter IV).

About 904 of the omegaes decay into charged and neutral

pions (w>7Tn w0, This decay mode cannot be identified
without an analysing magnet. The next most dominant decay
of +the omega, and the one employed in this experiment
(Chapter V), is into three photons, w'*WOY'*YYY P with &

probability of about 9% The photons are detected by two
lead~glass arrays which.mere designed principly to aid in
the iddentification of electron-positron pairs. a major
background for the total cross section measuremen£. The
construction of the arrays and their positions in the
apparatus are not very ?avourable‘ for the detection of

omegas. The energy and position resolution for photons is



11

not ideal. This is evident from the broad w° and W

invariant mass spectra. However, the physics results of the

analysis are not seriously affected by these difficulties

due to the nearly background free nature of this all-neutral

event category.
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.2) Energy and atomic weight dependence of the photon

absorption on complex nuclei (carbon, copper, lead).

Aeff and n are defined by

B (A—Z)on+ 70

Ip" A Aags™ Op Ao
n
(a-2)0 +70 . CNTRE
= ———————-——P o~
OA A A Op A

where A, Z = atomic weight, atomic number (of the target)
Op, On, OA = photon total cross section on protons,

neutrons, and complex nuclei.



CHAPTER Il REVIEW

A. Vector Meseons and VMD

Some'FiFteen years of photon—hadron physics in the multi-
eV (billion electron wvolt) range can  be summarizedvbg
stating that high energy photons can behave like hadrons.
Except for the difference in magnitude of +the cross
sections, inclusive and exclusive photon induced reactions
as well as +the +total photoabsorption cross section on
nucleons and complex nuclei may be understood on the basis
of hédronlike behaviour as formulated by VMD (vector meson
daminance) 

The hadronic part of the electromagnetic current is
linked to the +fields of the vector mesons as expressed by

the current-field identity [Sakurai, 19601

i(x) = ‘Z] {emi/2y } v(x) (11.A.1)
ol {?ep(x) e+ PG + L)
p w ¢
The Yy Aare dimensionless coupling constants of the

electromagnetic current to the vector meson fields V(x) and

are assumed to be independent of the energy and mass of the

photon. The electromagnetic current has the quantum numbers
of the vector mesons, namely J = 1, P =-1, ¢ =-1, Y = 0.
The mV are the vector meson masses which enter inte the

15
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formula mainly for dimensional reasons. and e is the
electron charge (e?/41 = o =1/137).
The current—field identity relates the matrix elements

for photon and vector meson induced reactions

T(YA~+B)

<B|3|A>

2
em 1
Z V

z - T(VA + B) (1T, 6.2
ZYV my -9

where V is a vector meson {(p, wr» ¢, etc. ), A and B are

2

arbitrary hadrons, g°= m is the four-momentum squared of

the photon, and 1/(m§-q2) is the meson propagator. Finite

2
v

in electron—positron annihilation experiments. Relation

width corrections in the propagator are necessary if q2= m

(II A,2) is represented by the diagram of Fig.(II.A.l)l The
photon is viewed as wvirtually dissociating inte wvector
mesons which then interact hadronically with other hadrons.
Initially, the series in Eqgn. (I1.A 1) included only the
low mass vector mesons p, and ¢. Comparison of VMD
predictions with experimental deta has shown that the p, w
and ¢ alone fail to saturate the current of Eqn. (Il 4 1),
For example, the predicted high energy photon (q%= 0) total
cross section (or equivalently the imaginary part of tha
forward Compton amplitude) accounts for only abouﬁ ‘éOQ‘ 0#
the meesured cross section. The q? dependence of the total
cross section as measured from inelastic electron-proton

scattering (q2< 0) falls off with q2 much more slowly than
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predicted by Egn. (II.A &) Ffor pr 0w » ¢ dominance, The
difference 1s attributed *to the coupling of the photon to

higher mass vector mesons such as the p"(1400) and the

Y (3100), pessibly including & spectrum {not necessarily
discrete) of hypothesized vector states [Schildknecht,
19761, The higher mass states have increased importance for

virtual photon interactions because of the propagator factor
in Eqn. (11, A 2). |

A further generalization of the simple version of VMD
includes diffraction-dissociation type  transitions,
particularly between neighbouring vector states (eg. p" > p")
[Schildknecht, 19761, Transitions of +this kind might be
more probable for high mass staltes which are expected to be
very broad resonénces with significant overlap between
neighbours. No experimental evidence exists at present for
such transitions

The scattering amplitude is defined by

o

= lEs,m|®

and for elastic scattering
£(s,2) 8m/s = T,,(s,0) = <A[T[A>

Using Eqn. (I11.4.2), VYMD expresses the Compton scattering

amplitude as a sum of vector meson photoproduction



amplitudes

e

f(yp>vyp) = % f(yp>Vp) (L1, A

ZYV

Also, vector meson photoproduction is related to wvector
meson elastic scattering

e

f(yp > Vp) = f(Vp>Vp) (11.64.4)
ZYV

It is assumed that transitions like V'p>Vp (V'# V) do not
take place (diagonal assumption?, Rho photoproduction is
Tepresented by the diagram of Fig. (I1.4. 2). Compton

scattering can thus be written as

e2

£(Yp +Yp) = £(Vp > Vp) (T1. A %)

2

v AYV
The optical theorem relates the imaginary part of the
elastic forward scattering amplitude, f,, to the total cross
section, O

T )

%
= — . )
Im fo(A-*A) i OT(A) (IT.A.6)

where p is the incident momentum in the . m. system.
Applying the optical theorem to Eqn. (Il. 4. 5) gives
o

~— 0.,(Vp) (I1.6.7)
2 T

UT(YP) = ‘27
Ty
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(o= e?/4m ). Thus, the photon +total absorption cross
section 1is equal to the sum of vector meson total cross
sections, séaled by +the appropriate photon—-vector meson
coupling constants.

The differential cross section is related to amplifudes

_9 =P _9 = 2 N "
0" it | £(t) | (13. A 8)

whetTe t ie the square of the four-—momentum transfer. For

forward cross sections (Foz £(t=013)

_ do | _ 2_ 2 2
} - %' t B ‘fol = (Im fo) + (Re fO)
= t

= (1+n?) (Im f0)2 (11.A.9)

where n is the ratio of the real to imaginary forwanrd
scattering amplitude (n-»~0 at high energies). Expressing
the optical theorem in terms of a differential cross section

then gives

do 1+n? .
i 1. A 10)
ac | A28 = 1o 9 (M) CrEoa
£=0

Fans, (IT. 6. 4) and (I11.A.8) give the differential <cross

section for vector meson photoproduction

o . p§ o -
——(yp > Vp) =——————Wp+vm (I1.A, 11)
dt k2 s dt

y Yv
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and with Eqn. (I1.4. 10),

2
P, OT 2
do | (yp+Vp) = — — 107 2y (I1. 6. 12)
t | kg Yz 16w T
t=0 Y 'V

The variables kY and pV are fhe incident momenta for the
Yp > Vp and Vp = Vp prOCEsSSes in the c.m system,
Trespectively (s({yp)=s(Vp)). The threshold factor (pV/kY)2
is derived in Appendix B. VMD thus relates the cross
section for wvector meson photoproduction to vector
meson-nucleon elastic scattering and total absorption cross
sections.

It should be noted that'the t=0 limit in Egn. (I1. A 12) is

not accessible experimentally. A minimum momentum transfer,

lab

4 2 2 .
- o~ > .
toin mv/(Z EY ) (s mV) (I1.4.14)
is required to make up the mass difference in the
photon-vector meson transition, vV, The zero momentum

transfer cross section is obtained from an extrapolation of
measurements in the physical region.

The photon-vector meson coupling constants can be
- measured from the decay of the mesons into lepton pairs
(electrons or muons). In the one photon exchange
approximation the partial decay width P(v-+e+e—) is related

to the coupling constant by [Gell~Mann, 19421



+ - a? 4w
T(Vre'e) = — — my (I1.A. 14)
12 v2
vV
A partial decay width is given in terms of the

gxperimentally measured total decay width, T(V-+ali):

T(vre'e™) = B(eTe™) T(V~+all) (I1. A 15)

+ - +
where B(e e ) is the measured branching ratio into e e

pairs,
+ - + -
B(e e ) = o(V>e e )/o(V~=+all) (11,4, 1&)

The leptonic decay widths have been determined at
electron—positron storade ring facilities (Orsay, Frascati,
SLAC) from the reactions e+et*v-+e+e— and V+all (it is an
assumption of WVMD that the coupling constants should be
independent of q2). The results are listed below C[heith,
197731 toagether with the coupling constants as given by

Eqn. (IT.A. 14) (coupling constants are generally quoted as

2 .
YI/AT )

2
ViteV) r + _(keV) YV/4N
: e e
{(I1. 4. 17)
p<773) - 6.483 0.9 0. 583 +0.07
w(783) 0.76 £0.08 4.600.5

$C1020) 1.34 £0. 14 3.4 0.3
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P(3100) 4.8 0.6 2.9

1+
o

4

Y (34685) 2.

n
1+
o
W
~J
o
1+
—

1.0

FPhotoproduction of vector mesons provides an  independent

(but 1less direct) method for the determination of the

phaton;vector meson coupling constants, It the wvector
meson-nucleon total cross  section,  Og(Vp), is  known,
Eqn. (II. A 12) can be wused to determine the coupling
constént. At energies abbve a few GeV most photoproduced

vector mesons live long enough +to traverse the target
nucleon or nucleus before decaying. The nuclear absorption
of the vector mesons can therefore be determined from a
measurement of the relative yield of vector mesons in
ctoherent photoproduction on complex nuclear targets of
different sizes (A dependence). The calculation of OT(Vp)
From'the data involQes nuclear optics theory [Yennie. 19711
and an estimate for the rtatio of the real to imaginanry
forward scattering amplitude, n. Results are consistent
with hadronic cross sections, e. q. OT(pp) and OT(wp)
measurements are typically 25-30 mb. GT(¢p) 1012 mb (at
around 7 GeV) and GT(wp) 3.9 mb (near 17 GeVY) [Bauer,
19781.

Photoproduction measurements on protons can be wused to
determine c¢oupling constants with the help of quark model
predictions for vector meson elastic scattering CTOES

sections and the VMD relation given by Eqn. (II. A 11D The
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quark model predictions are based on the assumption that the
scattering amplitude #$for hédron~hadvon scattering is the sum
of amplitudes for scattering of their gquark constituents
Clipkin, 19661, Quark—quark and quark—antiquark scattering
is described in terms of three independent amplitudes, P, =]

and A, where (considering only uw, d and s quarks)

(ud)

P = = (du) = (ud) = (du) = (uu) = (dd)
P-S = (su) = (sd) = (su) = (sd) (1. A 18)
P+A = (uu) = (dd)
Given the quark compoesitions
L T = ud kt= us K = us

p°%= (uu-dd)/vV2 w

(uu+dd) /V2  $=ss (IL. A 1%9)

p = uud

the assumption of additivity for quark scattering amplitudes

implies that the ¢p scattering amplitude is given hy

(s5) (uud) = 2(su) + (sd) +2(5u) + (54)

£(ép > op) = (¢p)

6 (P~S) (TI. A EO)

and similarly

(pP) = (W) = 3(6P+24) +3(62 +A) = 6P +34



4

6P + 2A

(nTp) = 6P +A (17p) =
xtp) = 6p - 35 (K"p) = 6P — 3S + 2A
It follows that
1, , + - .
(pp) = (wp) = F{(w p)+ (m p)} (I1.6.21)
(p) = (K'p) + (K7p) - (77 p)

Using the optical theorem, Eqn. (II. A &), and assuming the
forward scattering amplitudes to be purely imaginary, the
vector meson total CTOSS sections are related to

pseuvdoscalar meson total cross sections, 1. e.

P
. _ - _T + - . oy
PO (PP) = P Op(wp) 3 {op(m p)+op(m p)} (11 A 220

+ - -
= -+ -
Py Iy (4P) Ppelog (K p)+o (K p)} - p o (7 P)
Assuming that any possible phase difference betwean

amplitudes can be neglected, the differential cross sections

for elastic scattering are related by

~
h o
o]
~
fl

wdt

pfb%%(cbp) = {pg V%%(K+p)+ Py V%%(K_p)— Py V%%(“—P)}z

2
P -
pzd—c(wp) =Ly £1—q(w+1>)+ d—o(w p)}? (I1.6.29)
4 dt dt

The ¢ross sections on the the right hand side of

Eqns. (11.A 22) and (I1.A. 23) are measured quantities



e
w0

[Carroll, 19764 Ayres, 19771 and can be wused to predict
vector meson cross sections.

The quark model and VMD give a theoretical prediction for
the relative magnitudes of the vector meson-photon coupling
constants. Writing the hadronic part of the electromagnetic

current, Eqn. (II. 4 1), in terms of the quark make—up of the

%) ! z ol
A - -

meson fields,
A . B o _ _
j = ——-m; (uu—dd)-+——-m; (uu+dd) + ¢ m? (ss8) +D m? (cc)

% %) ¢ v
and assuming that the photon couples to the quarks acconrding
to their charges {(ql{u)=2/3, qld)=-1/3, q(s)=—1/3. glcr=2/3)
gives A=1, B=1/3, C=-1/3 and D=2/3. On comparing with,

Eqn. (I1.A 1) it is seen that

1 1 1 1
—; —; : —; —; =9 : 1 : 2 : 8 (I1.A. 24)
Yp Yw Y¢ Yw

Several calculations of symmetry breaking schemes alter

these ratios to [Uakes, 19&67; Das, 12671

-2 -2, =2 9o . o . . 5o
Yo Yptt Ypt= 91 0.65 1 133 and 9 1.2 1

B: Photoproduction of p, w and ¢ Mesons

1. Rho Photoproduction

The p meson was discovered in 1941 at Brookhaven (14 inch



hydrogen bubble chamber) in the veactions [Erwin, 1961131

- 0 4+ -
T p+*Pp n=>T T n

mp>p p+m wlp

The mass and width of the p are 773 MeV and (roughly)
1920 MeV, respectively. Its quantum numbers IG(JP)C are
1+(1_)—A The dominant (=2100%) decay mode is p > TT,

From Eqns. (II1.A 7)) and (II.4A 12), the part of the photon
total «cross section which is due to the p component of the

photon is given by

k bomwm 4w do
—_—— ('Yp+pp) (I11.3. 1)
1+n? vy ac|f

P =0

GT(YP)|=

>
Y7P P,

'and.equals about &7 ub with do/dt(t=0) = BO ub/GeVv?®  for P
photoproduction at high energies (E 30 GeV). The 0 thus
accounts for about H0% of the photon total cross section
which is partly the reason for the relatively large number
of p photoproduction experiments compared to the number of w
and’¢_experiment5,

The photoproduced ﬂ+ﬂ— invariant mass spectrum is
dominated by the vp peak. What little background exists
under the peak is observed to get smaller with increasing
photon energy C[Eisenberg, 1972; © Ballam, 1972 Bailam,
19731, The shape of the p mass peak is skewed and shifted

towards the low mass side of the distribution when compared
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to a p-wave Breit-Wigner tTesonance shape. It is believed
that the skewing and rTesultant mass shift is due to a
non-resonant diffractive pion pair background [Drell, 19611
as depicted by the diagram of Fig. (II.B. 1) which interferes
with diffractive P production [Soding, 19651, | This
background has the property of going to zeroc at the peak of
the resonance and the interference term changes sign from
positive to negative in passing through the p mass. The
problem of the p shape is discussed at length in a paper by
Spital and Yennie [Spital, 19743. These auvthors also give a
prescription for the determination of the p photoproduction
cross section from measured mass spectra which minimizes the
difficulties caused by +the mnon-resonant background (see
Chapter IV).

The p photoproduction cross section rises from fhreshold
(21,1 GeV) to about 25 ub near 2 GeV and then gradually.
dgcreases with energy. The momentum trangFer dependence is
of the form do/dt=A exp(bt), with b=8 GeV™? approximately.
The energy and t dependence of the p cross section agrees
well with that of the elastic m°% (average of ﬂ+p and ﬂ_p)
scattering cross section as predicted by VMD-quark model
Telations, Egqns, (I1. A 11D and (II. A 23). The o]
photoproduction and 1°% elastic scattering cross sections
differ in magnitude by about 1:350.

The w meson (mass = 783 MeV) has a small amplitude for

i decay (violates G parity) which interferes with the p



pde]

in the wvicinity of +the w mass [Renard, 197217. High
statistics gxperiments with good mass resolution have
-observed this effect for p photopreoduction on protons and
heavier targets. The messured distortion of the p mass
spectrum in the interference region has been used to deduce
the relative phase of the p and @ amplitudes (production
plus decay) and the w->7mr branching ratic L[Biggs, 1970al

The p~w interference phenomenon has also been observed in
measurements of the glectron—~positron invariant Mass
spectrum (p-+e+e—) [Biaggs, 1970b 1. The difficulty of the
p—w interference experiment is reflected in a wide spread of
the published results. A& relative phase angle of V100 °

appears favoured.

The phase of the p production amplitude has been
determined from asummetry measurements of the
electron—-positron pair yield in the P mass TeEglon
{Alvensleben, 19701 The asymmetrTy (under interchange of e+

and e~ four—vectors) rtesults from the interference between
the rteal Bethe-Heitler pair amplitude and the Compton

amplitude,p-+e+

e . The phase of +the p photoproduction
amplitude at 4-6 GeV (on Be and € targets) is found to
deviéte from pure imaginary corresponding to a ratio‘nF the
Teal to imaginary p-nucleon amplitude of n=-0 25
(approximately).

Photoproduction 0Fi the p from devterons yields

information on the isospin composition of the t-channel
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exchange amplitude. The t—dependence of the measured
coherent (no break-up of the deuteron) differential cross
section, dog/dt(yd>pd), exhibits a very steep exponential

fall—off for low -t (<0.4 GeV?) and decreases with hal# the

slope, exp(bt/2), +for larger -—%t values [Anderson, 19711).
The low =t behaviour is explained by single scattering
production as shown by diagram (a) of Fig. (II.B. 2). Herea

the photon interacts with only one of the nucleons: which
then transfers half of its momentum to the spectator nucleon
in order for the deuteron to stay bound. For larger -t
values the p is produced on one nucleon and then re-scatters
on the other, giving approximately equal recoil momentum to
both nucleons. Double scattering production is illustrated
by diagram (b)) of Fig. (I1I.B.2). Coherence is lost i1f the
initial scattering process breaks up the deuteron. Except
for low ~t (£0.1 GeV?2), the incoherent deuvteron cross
section has the same t-dependence as the p cross section for
proton targets but is larger in magnitude by a factor o? two
{McClellan, 1%71lal.

The isovector exchange amplitude couples with opposite

sign to the proton and the neutron, i.e.

f(yp+pp) = To+ T f(yn+pn) = To- T, (IT1.B. &

where T, and T; are the isoscalar (I=0) and isovector (I=1)

amplitudes. Incoherent p photoproduction from deuterons can
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be used to measure the production cross section on protons
and on nevtrons. The momentum transfer must be large gnough
s0 that the recoil nucleon can be kinematically separated
from the spectator nucleon. According to Eqn. (I1.B. 2), the
isovector &ontribution can be estimated from a comparison of
the proton and neutron cfoss sections and is found %o be
consistent with zero at 4.3 GeV [Eisenberg, 192761

The differential cross section for yd->ppn, including
hoth coherent and incoherent processes, is predicted as

LGlauber, 1966; Eisenberg, 19761

%%(Yd + pd+ppn) = (LT B. 3)

3Pt 4y )2 L - scen

4|—To|2{%(1+8(t))ebt—G >

where G is the glauber shadowing correction (proportional %o

oT(pp)) and S(t) is the deuteron form +actor. At =0,

291 (ya»pd) = 4|Tol2(1-0) (11.B. -

t=0

B2
—

The forward differential cross section bas no isovector
exchange contribution and is entirely cobherent, From
Eqns. (I1.B. 2) and (II B.4); the predicted vatio of the
deuteron to proton cross sections at t=0, assuming only I=0

exchange:, is [Bauer, 19781

L]

R(t=0) = 4(1 -G) 3.75*0.05 (1I1.8. 3
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Discrepancies between the above theoretical value for R{t=0)
and experimental measutrements may be attributed to an I=i
contribution to the t-channel exchange amplitude.

Available data (up to 9 GeV) [Eisenbery. 19741 indicate

that t-channel exchange for p photoproduction is isoscalar

with mno compelling evidence Ffor the presence of I=e
amplitudes. Because of experimental and data analysis
uncertainties (e g. due fo the p width) an isovector

contribution of 5-104 of +the I=0 amplitude . can not be

excluded.

Isovector exchange can be measured directly in charged p

photoproduction from  neutrons, Yn-*p_p, Diffractive
production is excluded due to charge exchange in  the

t-channel. The measured c¢ross section can be related to
isovector exchange in neutral p photoproduction and vplac@s
an upper limit of 3-5%4 on the I=] contribution LBenz, 19741,

The decay angular distribution for vector mesons produced
by linearly polarvized photons may be expressed in terms of
nine independent measurable spin density matrix elements
[Schilling, 19711, The nature of the production mechanism
is then studied by comparing the experimentally determined
values of the matrix elements (as a function of 55 with
model dependent predictions. Three reference systems, which
differ in the choice of the spin quantization axis (z—axis),
are of interest {for the analysis of the angular decay

distribution. The reference systems, shown in Fig. (I1.B. 3,
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are: {a) the helicity sustem with the z-axis opposite to
the direction of the recoiling proton (i e. the P
direction) in the c. m. system; (b)) the Adair system with

the zz—axis in the direction of the incident photon in the
C.m. system: and (c) the Gottfried — Jackson system where
the z—axis is in the direction of the incident photan in the
p rest frame. The three coordinate systems differ from each
other by a rotation around the normal to the production
plane and coincide for forward production (tztmin).

One of the interesting questions which a study of the p
decay angular distribution can answer concerns the helicity
{particle spin along direction of £light) of the p. The
photon, due to its zevo vrest mass, can have helicities A=+l
and —1 only, whereas the p may have helicities A=+1, 0  and
=1. The polar angle distribution which describes the prwave
dipion state in the helicity system has the ?orm

W(cos @) = [Y}lzmsinze for A=+/-]

Wlcos ) = |Y}|2?«xcos?0 for A= 0
Photoproduction data on proton [Ballam, 19731 and deuteron
[Eisenberg. 19761 targets are consistent with 100%4 s-channel

helicity conservation, i.e.

W(cos §) = 3 sin?p (I1.B. &)

with no contribution due to helicity flip transitions into

the A=0 state.
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A& detailed study of the density matrix elements shows

substantial sSpin flip or t—-channel helicity  flip
vcontributions (increasing rapidly with t) in the Adair and
Gottfried -~ Jackson systems L[Ballam, 19731, Dominance of a
JPS O+ t—-channel exchange 18 therefore ruled out. The
amplitude for helicity #lip is small {consistent with zero
at low ~t) -in +the helicity system, i.e. helicity 1is
conserved ét the y=-p vertex.

It is noted that the small helicity Piip amplitude is not
associated‘ Qith isovector exchange in the t-channel. This
follows from the fact that the measured density matrix
elements are the same for proton and neutron targets. AN
isoscalar assignment to the helicity flip exchange amplitude
agrees with the observed absence of a large helicity flip
amplitude in w photoproduction [Ballam, 19731 which is
daminated by I=1 t—channel exchange at low energies.

Vector meson production with unpolarized photong displays
s—~channel helicity conservation {a sin?9 polar angle
distribution for p decay) and an isotrepic azimuthal angle
distribution. If the incident photon is linearly polarized;
the azimuthal angle distribution reflects the spin—parity of
the t-channel exchange amplitude [Schilling, 19711. The p
decay pions emerge preferentially in the plane of photon
polarization (w==0°) tor natural parity exchange (P=(~1)J;
i e O 1 v 2% ..) and perpendicular to it <w==90°)' For

unnatural parity exchange (Pﬁ~(m1)J). The <cituation is
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sketched in Fig. (I11.B. 4). The rotation of the p
polariiation by 90° (w.T.t. the photon polarization) for
vnnatural parity exchange is analogous to the perpendicular
polarization planes of the photons from neutral pion decay
[Perkins, 1972; Williams, 19711.  The dipion azimuthal
angle distribution in the helicity system for natural parity
exchange is expected to be of the form

w+(w)« 1+Pycos(2w)
and for unnatural parity exchange

w_(w)<r1mPycos(2w)
where PY is the degree oaf linear polarization of the
incident photon beam. The relative contributions to the

aoverall production cross section from natural and vunnatural

parity exchange are denoted by ON and oU, Tespectively. The
angular distribution, including both processes, is then
given by

W(yp) « l-kuPCcos(Zw) (I1.8.7)

where PG is the parity asymmetry defined by

P = CARI S VAT A I (I11.B.8)
The observed wvdistribution [Ballam, 19731 has a coszw
dependence (i.e. Pozl) which is clear evidence for dominant

natural Jf exchange.
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The actual evaluation of PG ig usually done by measuring
the relevant density matrix elements. The fraction of
unnatural parity exchange is measured to be D% even"Fmv
energies Jjust above production threshold [Criegee, 19701 and
is consistent wiﬁh the contribution expected from one—-pion
exchange. However, the observed small  helicity flip
amplitude is found to be associated with natural parity
exchange.

In summary, p photoproduction is of a diffractive nature.
The scattering amplitude is largely imaginary, the t-channel
gxchange is isoscalar and natural parity, and the photon
helicity is conserved at the y—p vertex in the s—channel.

<. UOmega Photoproduction

The @ meson was discovered in 1961 at the Lawrence
Radiation Lab, Berkeley (72 inch hydrogen bubble chamber),

in the reaction [Maglic, 19611

- - - 4+ -
pprntnwratr w0

The mass and width of the w are 783 MeV and 10. 0 Me\:

respectively. Its guantum numbers IG(JP)C are 0 (1 -, The
dominant decay modes are into W+ﬂ_ﬂo(89.9%); T’y (8. 8%) and
AR ETE-USY

Photoproduction of the omega is in some ways a more



difficult experiment +than the study of the rvho. At &
consequence of the lower w production c¢ross sechtian, the
statistical errors of measurements are typically larger than
the corresponding results for P production. The analysis of
bubble chamber experiments is complicated due +to the
pfesence of the neutral pion in the dominant W decay modes

On the other hand. the relatively small width of the ®
ensutes an accurate background subtraction, having none  of
the problems associated with the broad (and skewed) P mass
shape.

The w photoproduction cross section tises from threshold
(=1.1 GéV) to about 7 pb at around 2 GeV and then dropa
rapidly to about 2 ub at 9 GeV, +tollowed by only a small
decrease up to the maximum measured energy near 10 GeY. The
energg dependence of the cross section is attributed to a
large one~pion exchange (OPE) contribution, falling with
energy as 1/E®  with n=2.0+/-0.5, and an <(approximately)
energy independent component (=2 pb) due to diffractive
productibn.

OPE  in  the t-channel is expected to be much more
important for @ photoproduction than for p production. VMDD
diagrams for wVy couplings (V=p and w ) are shown in
Fig. (LI.B.%). Specifically, p->7'y is represented by thé
transition p>wr’,w+y  Conservation of G-parity does not
allow the transition p->pn? and, as shown in Fig. (I1.B.&),

p-+¢w° is not allowed (suppressed) by Zweig’s rule [Okubo,
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19771, The coupling constants are related by L[see
Fig. (II.B.3) and Eqn. (I1.A 24)]
g(ﬂwy)=g(ﬂpm)/yw and g(an)=g(ﬂpw)/Yp

The ratio of the @ and p partial decay widths into on is

thus given by

2

T(w=>7) g Yo o9

— - Tzrw\r -8 (I1.B.9)
I‘ - 1
(p~>1Y) Brpy Yp

The measured partial decay widths [Particle prdberties.
19781 give a ratio of about 24/1. Therefore, it vector
meson photoproduction were dominated by OPE, the W cross
section would be much lavrger than the p cross section. The
data are in obvious disagreement with OPE dominance, both in
magnitude and energy dependence

The decay (w->7mmm ) angular distribution resulting ?rom
production by 1linearly polarized photons measured below
5 GeV. [Ballam, 19731 does not exhibit a sinzecoszw
dependence expected for s—channel helicity conservation and
natural spin-parity exchange in the t-channel. Itv is
apparent that the nature of the diffractive componént ig
obscured by the large OPE amplitude at low energies
However, as the incident photon energy approaches 10 GeV,
the decay distribution changes into +the characteristic
sin26c052w form observed in p photoproduction, thus
indicating & rTapid decrease with enérgg' of the. DPE.

contribution and confirming s-—-channel helicity conservation
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and natural parity exchange for the energy independent
(diffractive) part of the total production amplitude

It is noted here that the same formalism that is used to
describe the p angular distribution also applies for the w.
The décag angles 0, Y are defined as the polar and azimuthal
angieé of a unit wvector #, which, in the case of a
two-particle decay of the vector meson, denotes the
diréction of flight of one of the particles in the V vest
frame. For a three—particle decay, T is the normal teo the
decay plane in the V rest #frame [Schilling, 19711.

The importance of OPE at low energies is verified from
detailed studies of the density matrix elements. The parity
asymmetry, ﬁ;’ defined by Eqn. (II1.B. 8), is strongly energy
depeﬁdent; rising from O at 3 GeV to approximately 1 at
10 GeV. The decomposition into GN and GU demonstrates *that
the rapid »decrease of the total w cross section at low
energies is due to the unnatural parity exchange
contribution (OU). The density matrix elements associated
with unnatural parity exchange have been measured in the
Gottfried-Jackson system and are found to be consistent with
OPE dominance [Ballam, 19733].

The natural parity exchange <c¢ross section (ON) is
approximately energy independent with a t-dependence given
hy do/dt=A-exp(bt) where b=7-8 GeV™2, in good agreement with
o pﬁotoproduction. The density matrix elements associated

with natural paritu exchange are consistent with those from
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o} production although more poorly determined due to
measurements of low statistical accuracy.

Only the I=0 exchange amplitude contributes to coherent P
and w photoproduction on deuterons Lsee Eqn.(Ii.B‘4)l
Assuming equal couplings of the pomeron (and #) éxchange tao
the p and © mesons, the ratio of the c¢oherent
photoproduction cross sections should be equal to the ratio

of the respective photon~vector meson coupling constants,

do/dt(yd +pd)|_ ) :
do/dt (yd » wd) QAP (I1.B. 10)

t=0

R =

Measured values average typically R¥7.1+/~1.1 [Alexander,
197531 This compares with +the electron-positron storage
ring result (see Eqﬁ.(II.A.17)];‘ R=7. 2+/-1. 4, and | the
VHD-quark model prediction L[Egn. (I1.A.24)], R=9,

The isovector contribution to the natural parity exchange
amplitude can be determined from a comparison of
photéproduction measurements on proten and deuteron tafgetﬁ
Lsee Eqns. (IT.B.2)1 and (II.B. 41,

Ll (yp>wp) = |To+ 12 Y+ wd) = 4|To|2(1 - 6)

do

dt (
t=0 t=0
Available data [Abramson, 19761 do not provide sufficiently
accurate fesults for definite conclusions. A natural parity

candidate for isovector exchange is the A, meson

crcuPry=1¢2h. It has been suggested that A, exchange might
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be mofe important for photdproduction than for the P
CHarari, 1269].

To conclude, OPE  is an  important mechanism {for w
photoproduction at low energies but decreases rapidly to
less than 5% of the total w cross section near 10 GeV: The
natural parity exchange w cross section is approyimately
enerqgy independent and about seven times smaller than the p
cCTOss 'section near 10 GeV. The density matrix elements
associated with natural parity exchange are compatible with
“s=-channel helicity conservation. The study of {possibly
non—negligible) isovector exchange must wait for a new

measurement of high statistical accuracy.
3. Phi Photoproduction

The ¢ meson was discovered in 1962 at Brookhaven (20 inch

hydrogen bubble chamber) in the reactions L[Bertanza, 19621

K p+ Ao > ARTK™

-+AKLKS

The mass and width of the ¢ are 1020 MeV and 4.1 MeV,
respectively. Its guantum numbers IG(JP)C are 07 (1)~ The
dominant decay modes are into K+K_ (4é. &4, MLKS (35.0%).‘pﬂ
(l&. 4%) and ny (2. 0%4).

Phi photoproduction is regarded as an ideal reaction for
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the study of pomeron exchange. VMD relates yp >¢ép to ¢p
elastic scattering mhich is exotic (no resonance possible)
in the s-channel if the quark composition of the ¢ is pure
55, Exchanges in the t-channel are therefore vestricted ‘tm
the pomeron.

OPE in ¢ photoproduction would proceed as shown in
Fig. (I1.B. &), i.e. y=>p—>¢m . Conservation of G-parity
forbids ¢ > ¢m° and w~+¢n®  The b¢ﬂ° coupling is however
strongly inﬁibited by Zweig’s 7tule as shown by the
{(disconnected) quark line diagram of Fig. (I1.B. &6). The rule
states that the two ends of a given guark line cannot belong
to the éame hadron, 1. e. whenever a qE pair is created, the
new {4 and E must belong to different hadrons and whenever a
g annihilates a E; they must have come Ffrom different
hadrons. The quark line diagram for a Zweig’s rule allowed
transition is shown in Fig. (II.B. &) for ¢ >KTK™.

The measured decay rate for ¢ ->opm does mnot Teadily
suggest a weak pém coupling. The reason for the relatively
large branching ratio (16.4%) is of course the very ‘small
phase space available for the ¢ »>KK decay modes

The ratio of the partial decay widths for ¢~>mmw and
w7 rw is measured as [Particle properties, 19761

I'tdp = wam)/Tlw » www) = Q. 074
and has been used to estimate the rtatio of the coupling

constants [Okubo, 19771

gl dpm)2/gC wpw ) 2= 0. 007



i e. the coupling of the ¢ to particles which are made-up
af non-strange quarks is strongly suppressed. Measured
créss sections for ¢ production in  hadvonic interactions
present further  evidence, For example, the 0 exchange
reaction at 3.7 GeVY/c [Butler, 19731,
aintp > e sointh »0atty o 0 ooan

Other éxamples are given by L[Okubo, 19771,

Thése cansiderations suggest that the pomeron is the only
t—-channel exchange for ¢ photoproduction.

The measured ¢ photoproduction cross section rises from
threshold (=21 6 GeV) to approximately O 43 ub near 10 e\l

The energy dependence is entirely explained by & threshold

factor, (p 7k _)?, where and k_ are the momenta of the ¢
- oy "o Y

and the incident pheton in the c.oa. system [aee
Egqn. (II. A 11) and Appendix BI. The momentum transfer:

dependence of the cross section is well described by an
exponential farm, do/dt=A-exp(bt), at low -t (0 4 Gev?)
The fitted slope parameter b is typically 3 %-6.5 GeV™2  put
appears to be 1less steep for —~t>0 4 Gev? [Behrend, 19781
The smaller slope parameter for ¢ photeoproduction 'compared
to p (and w ) production implies a smaller ¢-nucleon
interaction vradius, The ¢-nucleon total cross section,
GT(¢p). is thus expected. to be less than GT(pp) and OT(wp),
whith is in agreement with déta

The decay angular distribution from polarized photon data

has the expected sinzecoszw dependence consistent with
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s—channel helicity conservation and natural parity exchange
in the <t-channel C[Ballam, 1973; Halpern, 19721. A high
statistics measurement of the decay polar angle distribution
{unpolarized photons) as a function of the K+K_ invariant
mass exhibits & strong mass dependence [Behrend, 19781, In

the ¢ mass Ttegion (1.01-1.03 GeV) the distribution has a.

clean sin28 form, again confirming s—channel helicity
conservation. The angular distribution changes abruptly in
character for events outside of the ¢ mass region,

exhibiting a predominantly cos?6 dependence for K+K_ events
above the ¢ mass.

The ratio of the forward ¢ photoproduction cross sections
on deuteron and proton targets, assuming only I=0 t-channel
exchange, is predicted as

R{t=0) = 4(1-G) = 3.89
[Lanalogous to Eqn. (II. B. 5)1. The measured ratio at EYﬁB GeV
is R{t=0)=3. 6+/~0. 6 [McClellan, 12711, consistent with no
I=1 exchange.

The phase (i. e. the real part) of the ¢ produttion
amplitude can be determined from interference measurements
between ¢-+e+e— and Bethe-Heitler pairs. Data at
E=6-7. 4 GeV on carbon [Alvensleben, 19711 indicate a
production phase which differs from being purely imaginary
by 25%+/-15°9, or a real to imaginary amplitude rTatio,
n=~0.48i:3§. The large measurement errors on n do not allow

definite conclusions but suggest that ¢ photoprodhction may
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not be due to pomeron exchange only.

In summary, the ¢ photoproduction measurements indicate
that the production mechanism is diffractive, conserving
s-~channel helicity, with natural parity and =0 exchange in
thé t—-channel. There is an indication that the phase of the
production amplitude may not be purely imaginary - an

accurate measurement is needed.

An extensive list of T?Perences 0N vector meson
photoproduction {(and other photon interactions) may be Found
in recent review articles by Bavuer, Spital, Yennieg andg
Pipkin in éeviews of Modern Physics [Baver, 19781 and Leith

in Electromagnetic Interactions of Hadrons [Leith, 19771
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. 2
Y to V coupling: emV/ZYv

=2

V=0,0,0,...
B ' B

meson propagator: 1/(m§-—q2)

Figure (II.A.1) The vector meson dominance (VMD) model for

photon-hadron interactions.

Figure (II1.A.2) Diffractive elastic rho photoproduction
diagram (yp~>pp). The exchanged (virtual)

particle, P (the pomeron), has the internal

quantum numbers of the vacuum (I=S= B=0).
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Figure (II.B.1) Diagram for non-resonant diffractive

pion pair photoproduction, Yp->ﬂ+ﬂ—p.

(plus n<>p)

(a) single scattering (b) double scattering

Figure (II.B.2) Diagram for coherent diffractive p photo-
production from deuterons. Single scat-
tering is dominant for low -t (<0.4 GeV?)
and double scattering dominates higher -t

coherent reactions.



(a) s~channel helicity conservation: z-axis is p direc-

tion of flight in c.m. system = helicity system.

(b) spin direction conservation: z-axis is y direc-

tion in c.m. system = Adair system.

(p rest frame) p)\ Pout
Y NN 0w — — — 7
> >
< +
t-channel Pin
exchange

(¢) t-channel helicity conservation (i.e. t-channel
+
exchange JP= 0 ): z-axis is y direction in p rest

frame = Gottfried-Jackson system;

Figure (II.B.3) Reéference frames for p photoproduction.
The three frames (a, b and ¢) coincide

=00 =
for forward production (¢=0", t tmin)'

47
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yrp+mnT

ki
> >
‘~1’+o= (e - ep)
W, () = lw+|2oc cos?

Figure (II.B.4) Natural (O+) and unnatural (0 ) spin
parity exchange in the t-channel. The
transition amplitude, W+, is a scalar
(even parity), whereas W_ is a pseudo-
scalar and changes sign (odd parity)

under spatial reflections.
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Figure (II.B.5) VMD diagrams for p>mly and w>mly.
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P

Pion exchange Pomeron exchange

(a) VMD diagrams for ¢ photoproduction. OPE is strongly
inhibited by Zweig's rule. ‘

u
s K+
, s u
¢
S u -
K
]

uar ine agrams for > 0T an >K K .
(b) Quark line di £ ° and +

Figure (II.B.6) Suppression of m¢p coupling by

Zweig's rule.



CHAPTER III APPARATUS

A Introduction

The photoproduction data presented in this thesis were
takqn at Fermilab’s tagged photon facility. An aerial view
pf the Fermilab site is shown in Fig. (III. A 1), The primary
proton beam is extracted +From the Main Ring. split
horizontally into three components, and transported to the
external experimental areas: Meson, Neutrino, and Proton,
as shown in Fig. (111 A 2). In enclosure H, the Proton Area
beam is then split vertically into three branches to supply
beam to +three separate, independently operable bareas:
Proton East, Proton Center, and Proton West. The tagged
photon facility is located in Proton East as shown in
Fig. (II1.4A 3).

The production of tagged photons is simple in principlm
High energy protons (400 GeVY) are targeted on a 30 cm long
beryliium térget. Charged secondaries and non—-interacting
protons are bent away from the forward direction with
veartical dumping magnets. Neutral pions, resulting from the
proton interaction in +the target, decay to photons which
convert te electron-positron pairs in a lead converter,
0.32 ¢m thick, located 12 m after the target. A 290 mklong
beam transport system selects and focusses electrons of the

desired energy (up to 200 GeV during this experiment) giving

51



an electron beam of high purity and good mdmentum
resolution.

Fhotons are produced by electrons interacting in a
0.015 cm thick copper foil (the radiator) placed 27 m before
the experimental target. The photons are the result of
breﬁsstrahlung in the radiator. The recoiling electrons are
deFleéted by a set of magnets into a counter hodoscope which
measures the energy of the electrons. The photon’s energy
is then simply the difference between initial and Final
electron enevrgy. The undeflected tagged photons go on

towards the experimental target.

B: The Electron Beam

A schematic of the electron beam line is shown in
Fig.(III.B‘l); The proton beam from the accelerator is
steered on to a 30 cm long beryllium target located in the
Proton East target box, Mon—interacting protons and charged
particles produced by intervacting protons are bent into a
beam dump. Neutral particles are allowed to exit the target
box through a hole located at 0% (the incident proton
directidn). These particles are mainly neubdrons, kaons, and
photons, the latter vesulting primarily from neutral pions
The photons make electron positron pairs in a lead

converter, 0.32 cm thick ( 0.5 radiation lengths), located
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i2 m downstream of the Be target. Neutrons and kaons
interacting in the converter can make charged pions which
contaminate the electron beam. Electrons of the dégifed
energy are then selected and transported through E:
conventional two-stage beam line, each stage consisting of 8
quadrupole doublet and a bending magnet string. The first
stage (QH409, QV409) focuses the charged particles to an
image of the target on to a set of horizontal and vertical
collimators (CH423, (CV423). The horizontal bending magnet
(BH415) provides momentum dispersioh so that the opening of
the horizontal collimator defines the momentum interval of
the electron beam (typically +/-2. 5%4). Pions produced  in
the converter have a much larger transverse momentum
{(relative to the beam direction) +than the photoproduced
electron positron pairs ( 300 MeV/c versus 10 MeV/c).. As a
result most of the pions still in the beam are removed by
the vertical collimator (CV423). Following the first focus
is @ single quadrupole (GH424) vused as a field 1lens and
bending magnets (BH425, BV426) to reduce the dispersipn. &
second set of quadrupoles (QV435, QH434) focuses the
purified electron beam on to the experimental target. - The
quadrupoles are {followed by another string of beﬁding
magnets (BVY437, BH438) to sweep out remaining off-energy
patrticles and to bend the beam still further away {From its
initial direction. The bending of the beam away from 00 is

necessary in order to avoid the high intensity cone of muons
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emerging from the Be target. the beam dump. and the neutral

dump. The electron beam is about 7 m £rom the OF

tine at
thebexperimental target.

The electron yield per incident 400 GeY proton as a
function of electron energy is shown in Fig. (III.B.2). The
protoh intensity during this experiment was typically axiot?
protons/pulse, one pulse every 10 Second§; with a pulse
duration of about 1| second. The RF acceleration of the
proton beam in the Main Ring rtesults in a bunching of
protons within each pulse. The bunches {(called RF buckets)
come at 18 .5 ns intervals and are less than 1 ns in
duration. The electron beam reflects this structure and any
problems in .the proton beam (eg. bad exttaction from the
Main Ring., unstable beam splitting etc. ) divectly affect the
quality of the electron beam.

The pion contamination of the electron beam was measured
to be less than a few tenths of a percent. fuon backgrounds
near the experimental target were typically 0% /m? per 1012
protons at 400 GeV. fs expected, the muon rate was observed
to be higher nearer the 0% line (the incident proton

direction).

C:. The Taqqing System

A schematic of +the tagging system is shown in
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Fig. (II11.C. 1), The tagged photon beam is produced by the
electron beam passing through a thin radiator. Some of the
electrong emit a high energy photon along the beam

direction. A set of magnets (AM440Q) deflect the recoiling
electrons into & counter hodoscope 19 m downstream from the
radiator. The momentum of a recoiling electron is meaéured
by its position in the hodoscope array. Since the hodoscope
consists in part of lead glass total absorption counters,
the glectron energy is measured independently of its
momentum. A comparison of the two measurements allows pions
and muons to be rejected. The energy of a photon emitted in
the radiator is the difference between the electron beam
energy and the energy of the recoiling electron. Electrons
which do not interact in the radiator are deFlected. in%o a
dump located between the photon beam and the tagging
hodoscope.

Most of the data presented in this thesis were takenAwith
a copper rtadiator of thickness 0013 cm (=0 01 radiation
lengths) and an elliptical cross section corresponding to
the electron beam profile at the radiator position. For
some of the ‘data radiator thicknesses of 00,0076 cm and
0.038 cm (=0, 005 and ~0 03 radiation lengths) were used.
Copper is chosen because of a favorable radiation length o
interaction length ratio. It is important to use a thin
radiator in order to assure a negligible contribution of

double bremsstrahlung events. & thin radiator also reduces



tridéht production in the radiator (ei+é+e_e-). - The lower
limit of +the radiator thickness is given by the desired
photoh flux for a given electron beam intensity. The
thickness of the radiator in units of interaction lengths
should be small to minimize the probability of pions in +the
electron bearm interacting in the radiator. Such
interactions can produce neutrons or kaons resulting in a
contamination of +the photon beam. However, this 14 a
problem only if the tagging system simultaneously registers
a recoil electron giving a valid tag. A coincidence of thig
kind is thus proportional to the number of recoil electrons
per interacting pion suggesting the use of a material with a
short radiation length and & relatively leng interaction
length for the radiator.

The separation of the charged particles from the
bremsstrahlung photons begins 1 m downstream of the radiator
with a set of three magnets. The vertical gaps of the first
two magnets are 7.62 cm (3") while the magnet furthest
downstream has a 10.2 cm (4") gap. Canstructed between the
géps and extending from the radiator to the tagging
hodoscope is a8 vacuum vessel with rectangular cross section
which increases with distance from the radiator and measures
12.7 cm x 182 9 cm (3"x72") at the tagging hodoscope. Thisg
ensures that the photon and electron beam and all recoil
electrons in the tagging range Temaln in vacuwum. The

electrons leave the downstream end of the vessel through a



0 2% mm (10 mil) kapton window while the photons head
towards the experimental target in a 7.6 cm (3") diameter
vacuum pipe.

The end piece of the vessel and the tagging counters are
shown schematically in Fig. (II1.C.2). The counter afrau
consists of thirteen shower counters located behind a
thirteen piece scintillation counter hodoscope. The sizes
of the shower counters are listed in Fig. (ITI.C. 2). The
latger vertical size of the outer counters, LY to L13, is
needed to allow for the additional vertical bend expevienced
by lower energy recoil electrons which pass fhrough more of
the tagging magnet’s fringe fields. The two shower counters
closest to the photon beam L1 and L&, are made of 20
successive layers of lead and lucite while the rtemaining
shower counters, L3 to LI3, are made of lead glasst The
lead~lucite construction of L1 and LZ avoids problems due %o
changes in optical properties resulting from radiation
damage which is typical for lead glass subjected to electron
{photon) beams of high intensity and high ewnergy. Ll and L2
absorb the high energy, high intensity part of the recoil
electron spectrum as is shown in Fig. (III.C. 3). Because of
the high rate, L1 was wuvsed as a veto counter for this
experiment. Tags +from L1 would otherwisge have dominated the
~event triggers.

The light produced in the shower counters is viewed by

RCA 63424 (10-—-stage. low gain) photomultiplier tubes. The
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output pulses are digitized by 10 bit Lecroy analog to
digitél converters (ADC) Model 22494,

The spacing of the scintillation counter hodoscope is
shown in Fig (IIT.C 3). The centrel region of each shower
counter is defined by +the overlap of adjacent hodoscope
gelements, A wvalid tag requires a coincidence between a
shower counter and the matching elements of the hodoscope
A tég is mnot generated 1if the tagging counters register
signals in addition or not consistent with a single electron
track. Further discrimination against bad tags is provided
by several scintillation counters positioned +to detect
undesired interactions in the radiator (anti counters),
electrons entering the beam dump {(dump counters), and muons
heading into the experimental area (muon counters)

The locations of the anticounters, Al to All, are shown
in Fig. (I1II.C. 1), Al was not used for this experiment. AL,

A4 and A& to ALO are positioned to detect positrons

originating from trident (e+e—e—) production in the
radiator. Az and AD detect low energy electrons from
tridents or electron—-electron scattering. All is located

about 1.9% m upstream of the experimental target and serves
primarily to veto wide angle bremsstrahlung photons. The
scintillation counter has a hole for the photon beam
measuring 3.8 cm vertically and 4.4 cm horizontally.
Masking the counter on tﬁe upstream side is 4. 4 cm of lead

to convert the wide angle photons to electron positron pairs
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and also to range out synchrotron radiation originating. at
the last bend of the electron beam 0. 61 m of steel between
ALl and the experimental target protect the counter #from
hackscattered particles produced in the target. |

Dump counter D1 is installed inside the beam dump hole
and dbmp canter D2 covers the megion between the dump and
the first tagging shower counter, L1, Both counters are
used to wveto tags which had & second electron incident on
the radiator at the same time (same bucket) as the recoiling
electron.

The muen counters, Mul to MulB, are inserted into a slot
between shielding blocks just upstream of the experimental
target as indicated in Fig. (I11.C. 1). The scintillation
counters cover an area of approximately 3 m? with the photon
beam pipe going through a8 hole in the center.

A schematic of the tagging system electronics is shown in
Fig. ¢ITI. C.4). A delayed signal from the tagging shower
counters (isolation signal) and a feed back signal #from the
tag ouvtput gate (tag busy signal) assure that a tégging
signal (TA) is not immediately preceded nor followed by
another tag. TA’s are also vetoed if they occur between
beam pulses (beam busy) or if the experimental fast 1ogic or
the computer are busy {compubter busy).

The energy calibration of the individual shower counters
in the tagging system was monitored throughout the data

taking period. The enefgg of photons that did not interact
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in the target are measured by the C-counter, a
lead-scintillator shower counter which is part of the
'experimental apparatus (Fig. ITI.E. 1), For these evente the
energy of the rTecoil electron is given by the difference
between the electron beam energy and the energy deposited
into the C-~counter. Calibration events were restricted to
events with +the recoil electron incident in the central

region of a particular shower counter.

D: The Taraget

Tﬁe liquid hydrogen target used for this experiment is
100.027:t0.025 cm long (0. 11 radiation lengths). &
schematic of the target is shown in Fig. (ITI.D. 1), The
target flask is made of an aluminum cylinder, wall thickness
O.Biimm. capped at each end with a mylar dome. Q. 08B mm
thick. Thermal insulation is provided by ten layers of
éluminized mylar foil, wrapped around the {flask, adding
another 0.08 mm overall. The flask 1s supported in a
cylindrical vacuum jacket made of 3.2 mm thick aluminum with
mylar end windows. The thickness of the upstream window is
0. 11 mm and the downstream window measures O 18 mm. A
vacuum exists on both sides of these windows during data
taking.

A calculation of an interaction cross section Tequires
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the number of target nuclei per unit area,

a = plN/A (111, 0. O

p and 1 are the density and length of the target. N is
Avogadro‘s number énd A is the gram atomic weight of the
target. The density of the liquid hydrogen in the flask was
monitoréd throughout the experiment with four precision
platinum resistors and two pressure  transducers. The
measurements were translated into target densities with the
help of manufacturer supplied resistance—temperatuve' CUTVeSs
and stendard conversion tables of vapor pressure, molar
volume and temperature for liquid hydrogen [Tapper. 194657,
The temperature obtained from the resistance measurements is
‘20.42t0.2°K while the vapor pressure rveadings rEﬁuft in

20. 510 2%, This corresponds to an average density

p = 0.07043 g/em?® (ITT.D. &)
The fluctuations of p from the average value did not exceed
0. 1% during the data taking. The number of target nuclei
using the average value for p is then

a = 4.2089-10%%cm™2 CILL. D)

with 1=100.027 cm, N=&. 0221x102% and A=1. 00797
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The number of phbtons passing through a target of
thickness dl is attenuated due to interactions. The

intensity of the phbton beam is reduced by

dn = -n 22 g g1 (I11.D. 4
oA
where n, i the initial beam intensity. The constant of

proportionality o has the dimension of an area and is
defined as the cross section of the attenuation mechanism.

The yield of interactions is then given as

Y = n - n(l) né(l-—exp{:%gcrl})

*n ad (II1.D.8)
o .
and the cross section
G = —L (111.D. &)
n a

The attenuation of the pﬁoton beam is primarily due to
electron - positron pair production which has a cross section
aof about 21 mb compared to about 115 ub for high enerqgy
hadron photo production. The average photon beam intensity

in the target is

fexp{:ﬁgw31}dl

n=n
° Jdl
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n = n 2 O (111 D.7)

where 0 is the pair production cross section for hydrogen.

0 is related to the vadiation length Xoe

-1 _A , .
g = T XN {(I11.D.8)
o
Xo can  be calculated (Tsai, 197431 and has the wvalue
&3. 0470 g/cm? tor hydrogen. Rewriting Egn. (II1.D.7) in
terms of Xo gives |
= 1 - exp{-(7p1)/(9%,)}
0" (7p1)/(9X)
=0 (0.95778) (ILI.D. 9D
and Egn. (II1.D. &) now becomes
R S § .105
0 == no(2.4807 10°) ub (I1L.D.10)

Beah attenvation in the mylar windows of +the target
amounts to less than 0. 1% and is +thus neglected

Egn. (I11.D.10) is vused for all cross section calculations in

this thesis,
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E: The Detectors

1. General Description

The experimental apparatus was designed to measure the
totél hadronic photoproduction cross section (OT) between 18
and 1B4 GeV. The basic challenge is to extract GT in  the
presence of an electromagnetic (EM) background, mostly e+e—
pair production: some 180 times larger than GTA In the case
of EM events most or all of the tagged photon enevrgy shows
up in electrons or photons at small angles with TrTespect to
the beam direction. Hadronic interactions, on the other
hand, tend to produce particles at much larger angles, and
rarely deposit significant electrohagnetic enerqgy near 00
The detecter arrangement is illustrafed in Fig. (II1.E 1),
Mon~interacting beam photons and products of electromagnetic
events deposit most of their energy in the central shower
counter, C. Particles +from hadrvonic interactions are
detected by two lead glass shower counter arrays, G2 and G3,
six multiwire proportional chambers, MWPC, and several lead-—
steel~ scintillator hadrometers, covering >%0% in  the yp
center of mass frame. The apparatus is built in three sets
(H1, H2 and H3) which can be independently moved along the
beam direction to allow easy scaiing of the acceptance
geometry for different electron beam energies. E _. Total

o

cross section data were collected with E =40, 60, 90, 133
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and 200 GeY corresponding to photon energies. EY, from 16 tq
184 GeV with substantial overlap of EY ranges at adjacent Eo
settings.

A& vacuum exists in the beam region from the downstream
end of the target wup to the first MWPC in front of @3
{12.7 om diameter pipe at the target, increasing in steps to
&L oom diameter at the MWPC). A mylar tube (&4 om
diameter), filled with helium gas, extends from the last
MWPC, through 63 and 83, up to the C-counter. The
probability of a hadronic interaction in the target is
approximately 4 bx10TY per incident photon (0 =115 ub). In
comparison, the hadronic interaction probability in air  is
about 7x10”°® per meter of air, or about 1.5%4 of the target
rate (0 =115 pb-A%®, A=14 4, p=0. 0012 g/cm?®). As the
C~counter 1is several meters from the hydrogen target (eq
13 m at Eonqo GeV), an intolerable rate of air interactions
is  thus eliminated by the vacuum/helium system between the
target and the C-counter.

e

=2 Central Shower Counters € and D

The fraction of the tagged photon energy detected in the

C-counter. EC/E provides the primary means for

Y)
differentiating hadronic and EM events. The great majority
of hadronic events have E.C/EY near O, while EM events peak

near 1. The Ec/EY spectrum for events passing a loose
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hadronic trigger., defined by a tag in coincidence with & hit
in ang hadron detecter is shown Fig (III E 2).

The C-counter could not be made out of lead glass due to
its éxposure to the high rate of beam photons and e+e_ pairs
with fhe inevitable result of radiation damage. Instead, it
is a 20~layer lead— scintillator sandwich shower counter,
each layer consisting of a O &4 cm thick lead plate followed
by aﬁ equal thickness of scintillator. The cross sectional
area is 11.4x11. 4 cm?. Lucite light guides couple the light
Froam ail scintillator glements to a RCA 63420
photomultiplier tube. An extra layer of scintillator is
inserted after the third., fourth, and fifth lead plate. The
light from these additional elements is viewed by a second
photomultiplier tube to allow sampling of the initial shower
development. Photon and electron initiated showers start
within about one radiation length (V3 cm) from the front
face of the shower counter. The probability for & hadron
induced shower to start in the front part of the counter is,
however, small. Most showers initiated by hadron
interactions in the C-counter caﬁ thus be identified as such
on the basis of a low pulse height measured in the three
sampling elements.

Thé C“countér output signal must be linear wﬁth anergy
and stable in time not only because of the importance of the
EG/EY ratio for hadronic event iddentification but also

because the C~counter enerqy is essential for the
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calibration of the tagging shower™ counters. With the
tagging magnets turned off, the C-counter is calibrated with
a fixed energy, low intensity electron beam. A typitcal
C-~counter energy spectrum for 200 GeV incident elecfrans is
shown in Fig. (IIT1.E. 3). Fluctuations in the Qains of the
phétomultiplier ‘tubes are tracked by a pulsed laser system
{(details in Bection % and [Morrison, 19751). Laser events
are monitored between and also during beam spills to take
account of rate dependent effects in the photomultiplier
tubes. An  idependent check on gain variations is provided
by photons having an energy approaching that of the electron
beam (the bremsstrahlung tuip). To record events of this
type a special trigger is required because the corresponding
recoil electrons have too low an energy to reach the tagging
counters. Using both methods, the C~counter energy

calibration is maintained stable to better than 1% during

[y

data taking.

The D-~counter 1is located directly downstream of the
C—counter and serves primarily to absorb shower leakage from
the C-counter. It is a lé~layer lead- scintillator sandwich
with & cross sectional area measuring 24. 1x24. 1 cm? (lavger
than the beam hole fthrough 83). The 1ead‘ plates and
scintillaters are 0.64 cm thick. The light from all layers

is coupled to @ single photomultiplier tube
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3. Hadrometers 81, 82 and 83

Wide—-angle hadronic particles are detected by 51 which is
closest to +the hydrogen target. The detector consists of

three planes of scintillator; each plane is 1. 27 cm thick

and covers an area of 102x102 cm?. A 3.8 cm thick lead
plate.is mounted in front of the first plane. The second
and third plane are preceded by 10. 2 cm of iron. All layers
have a 20.3 cm square hole in the beam region. The light
from each plane of scintillateor is viewed by two
photomultiplier tubes on opposite sides, An 51 triggenr

requires either a summed pulse height equivalent to at least
five minimum ionizing particles passing through the blah@s,
o pulse heights in each plane consistent with a 0.3 minimum
ionizing particle.v The detection efficiency of 51 for muons
is 399%.

8 is mounted behind the iéad glass array G2, The
distance of 82 from the target 1s chosen so that its
acceptance area matches the hole in &1. The - detector
consists of eight scintillator counters arranged in three
planes. The first plane has two counters which are behind
3.2 cm (5.7 radiation lengths) of lead to absorb shower
leakage from G2, The second plane is made of three counters
and is separated from the fivrst plane by 1.3 cm of iroen and
10.2 ¢cm of lead. 25. 4 cm of iron separate the second and

third plane which also consists of three counters. The
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scintillators are 0. 64 cm thick and form planes measuring
7474 cm?. A 203 cm square hole in all layers of 52 allows
passage of the beam and most EM products. The light #rom
gach counter is viewed by Amperex HS68VP photomuitiplier
tubes whose gain is monitored by the G2 pulsed laser system.
A 52 trigger requires either a summed pulse height
gquivalent to the passage of at least three minimum ionmizing
particles, or pulse heights in each of two or three planes
consistent with & 0.4 minimum idonizing particle. The
efficiency of 82 for detecting muons is »99. 9%

Hadrons passing through the hole in 82 are detected by 83
except for particles in the beam region. 853 is positioned
directly behind the lead glass array G63. The acceptance
area of the detector measures 102x102 cm? and is devided
into four guadrants. Each quadrant consists of tmelve
scintillator planes, O &84 cm thick, with 10.2 cm of iron in
front of each plane. An additional ivon plate is mounted
behind the last scintillétor plane to shield against
backsplash from the C~counter which is located in the beam
reglion just downstream of B3, The beam enters the C-counter
through a 195 2 ocm square hole in 853, The twelve countefs in
gach quadrant are optically coupled in sets of four and
viewed by édmperex 36AVFP photomultiplier tubes. The gain of
the +tubes dis monitored by the 63 pulsed iasev Egste%. an
ennergy calibration of 53 is determined with a pion beém of

known  energy. A very low intensity pion beam can be
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abtained by placing & lead brick into the electron beam near
the first focus, thereby severely degrading the electron
beam and enhancing the pion to electron ratio

Fig. (II1.E 4) shows a typical 83 energy spectrum For 20 GeV
pions incident on quadrant 4 (bottom,east). The enerqgy
resolution is  typically no better than 30% (FWHM)Y o+ the
incident energy. A trigger From B3 is determined by an

energy threshold set tovabout 3 GeV.
4. Hadrometer K (Z+TaANC)

The K—-counter is furthest away from the target and serves
to detect hadrons in the beam region. It consists af ftwo
detectors, Z and TANC, which are treated as a unit in the
trigger logic. The 2-counter has an acceptance area

measuring 51x51 cm?

and is made of four scintillator planes,
0. 864 cm fhick, with 10.2 ¢m of iron in front of esch plane
The light from the four planes is coupled %o an Amperex
S6AVP photomultiplier tube

The TANC (Tatal Absorption by Nuclear Cascade) is mounted
directly behind Z and has an acceptance area of 45«45 cm .
It is constructed of 14 iron plates, 5.1 em thick, immersed
in @ tank filled with a toluene—base liquid scintillator.
Light originating in fh& scintillator is viewed by & single
20.3 cm diameter Amperex S7AVP photomultiplier tube

The K~counter is calibrated with a pion beam of known
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energy (see B3 description). A typical K energy spectrum
for 2?0 GeV incident pions is shown in Fig. (II1.E. 4). A K
trigger trequires a signal from Z or TANC equivalent to the
passage of at least one minimum idonizing particle in
coincidence with a signal from the pair counter (see Séction
& A& K trigger is vetoed, however. if the energy 1in the
C—~tounter is above some threshold, tgpicailu 173 of Eo (the
glectron beam enerqgy).

=

2. Pb Glass Arrays @2 and &3

Photons and electrons passing through the hole in 81 are
detected by twpo lead glass shower counter arrays. G2 and &3,
positioned upstream of 52 and 83 respectively. G is a  &xd
array of & 3xé&. 32x34.4 cm® Pb glass blocks surrounded by an
additional ring of 18 8xiB8 8x31. 8 cm?® blocks. The central
four blocks are removed to allow the passage of the beam and
small angle interaction products. The & 3x6.3 cm?  blocks
are glass type 8BF2 while the large blocks are S5F5. .Table
(IT1.E. 1) lists sohe of the properties of lead glass. &
sheet of lead, 1.3 cm thick, is mounted in front of G2 (to
initiate showers earlier) <thereby increasing the total
lengtﬁ of the deftector to approximately 14 4 radiation
1@ngths. The Cerenkov light is viewed end—on by
photomultiplier +tubes glued directly to the doumstream end

of the glass blocks, Two types of tubes, RCA 8375 and
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Amperex DHAVP., are used for the small blocks; the tubes on
the large blocks are 12.7.cm diameter EMI 9815 For the
generatioﬁ of GQ triggers the small blocks:, G225, are treated
separételg from the large blocks, G2l A GES trigger
requifes about 0.5 GeV in the GR5 arvray while the threshold
for GRL is about 2 GeVv.

63 is a 7x7 array of & 3%5x6.35x58.5 cm® blocks, glass
type SF2, with the center block removed for the beam to pass
through. The Cerenkov light is viewed end-on by 10-stage
RCA 63424 photomultiplier +tubes. The tubes screw into
tﬁansparent lucite <transition pieces which are glued
directly to the end of each Pb glass block. The resolution
of the counters is improved (by about 25%) with ultraviolet
absorhbing yellow glass filters inserted between the lead
glass and the photomultiplier tubes C[Morrison. 19771, In
effect, the filter reduces light intepsity variations caused
by longitudinal shower fluctuations and the resulting change
in attenuation which is strongest for short wavelengths (see
Table LIITI.E. 13). Optical contact between the Pb glass-—
filter— phototube surfaces is provided by optical grease
The I-counters, consisting of the eight counters surrounding
the beam hole, are éubJected to higher rates than the
remaining blocks of G3 (eg. wide angle e+e— pairs). The
eneTgy threshold for a &3 trigger is thus about 2% of Eo
(the electfon beam energy) for G3 not including the

I-counters, and about D4 of Eo for the I-counters. Also, a
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trigger from the I-counters is vetoed if the C»cpuntev
energy is more than 1/3 of Eo.

The G2 and 63 arrays are calibrated with a low inténsitg
electron beam of known energy. Each array has its ouwn laser
ﬁalibration system to monitor subsequent gain variatioﬁs of
the photomultiplier tubes. To optimize the dynamic Tange of
the counters for different electron beam energy settings,

the photomultiplier gains may be changed intentionally by an

appropriate change in tube high voltage. The laser systems
serve to maintain the energy calibration during this
PTrOcCess. Adaide from gain monitoring, the lasers are used to

gxamine the 1ihearitg of the photomultiplier— ADC system.

This is done by inserting a set of neutral density filters

between the laser and the counters. A schematic layout of
the laser calibration system is shown in Fig. (ITI. E 5). A
detailed description is given in [Morrison, 197531 The

primary light source is a small My laser (3371 &) operated
in a pulsed mode, about one pulse per second, with a pﬁlse
duration of 3 ns. The laser light is focused onto a small
cavity at the center of a lucite sphere. The cavity is
filled with a liquid wavelength shifter which re-emitts the
light isotropically near 4400 8. Lucite light guides, glued
radially onto one half of the sphere, collect most of the
emitted light. The Iightbgﬁides are bent to form avbundle
ahout 2. 8 cm in diameter. The other half of the sphere is

aluminized to reduce light losses. The light emerging from
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the light guides passes through one of several nesutral
density filters (0% to 100% transmission) which are mounted
orn a remotely controlled filter wheel. The transmitted
light is collected by bundles of optical fiber and guided to
the individual counters. The «coupling to the counters
utilizes 45 degree mirrors which require & minimum of space
in front of the Pb glass arrays. The light from the
wavelength shifter is measured by fhe “direct” photodiode
(be#ore the filter wbeel) and, as a check, is also sampled
by the "fiber" photodiode (after the filter wheel). Thus
knowing the intensity of each light pulse 1t is not
essential that the laser itself be stable with time. Every
32 laser pulses (or about twice per minute) an average of
the counter signal devided by the photodiode signal is
calculated for each counter and used to wuwpdate the energy

calibration.
& Pair and Recoil Counters

The pair counter, P, is a plane of scintillator, 16.8 cm
square and 1. & mm thick. It is located just upstream of the
multiwire proportional chambers and covers the beam region.
A P-counter <cignal in coincidence with & signal in K
generates a hadronic trigger if the energy in the C-counter
is less than about /3 of E . The requirvement of a

(o)

P-counter signal eliminates the possibility of a K frigger
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resulting from a hadronic beam—photon interaction in the
C-counter.

The recoil counters consist of four scintillator planes,
O &4 cm thick:, arrvanged to form a 102 cm long box around the
hydrogen target. Between the target and +the counters are
0.8 cm of aluminum (the support) and 0. 32 cm of lead. The
minimum momentum for a particle to exit the target and enter
a rtecoil counter is about 3460 MeV/c for protons:, 96 MeV/c
for pions and 11 MeV/c for electrons. The light is viewed
by photomultiplier tubes at each end of the counters.
Recoil counter information is not used to generate triggers
but dis most useful in sorting out ambiguous hadronic events
in the off-line analysis and also provides an estimate for

the fraction of inelastic events in diffractively produced

final states,
7. Multiwire Proportional Chambers

Track positions of charged particles entering the H3
acceptance region are provided by six multiwire prbpof%idh&l
chamsers (MWPC) positioned in front of the Pb glass arfag,
GB. The chambers are of relatively standard construction
consisting of a signal wire plane sandwiched between two
high  voltage wire planes. The wire planes are supported by

fiberglass G-10 frames which are bolted onto an aluminum

tframe for rigidity. The spacing between the wire planes is
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8.2 mm. The active area measures 47 cm square and is sealed
with mylar windows. The space between the windows is filled
with an argon (80%), ca, (20%4) gas mixture. The high

voltage wires are made bF silver plated Be-Cu alloy,
0. 076 mm in diameter. The wire spacing is 1 mm. The signal
wires are made of gold plated tungsten, 0. 025 mm in
diameter. The wire spacing is 2 mm which amounts to 23%
active signal wires. Chamber positions and orientations are
obtained wusing standard surveying techniques and aTe
verified by computer fitting routines with data from e+e—
pairs and p-+wfﬂ—as input. The chambers are separated from

each other along the beam direction by an average of

17.7 cm. The chamber closest to 63 has its signal wires
some 30 cm in front of the Pb glass. The chambers are
rotated around the beam axis by different amounts. The

angles between the signal wires and the wvertical are
approximately 0% +/-13.5°% +/-70.39, and 0% for the six
chambers.

The pulse height from a signal wire is ‘typically 1 my
and thus needs to be amplified to achieve #ull efficiency in
detection. Amplifier cards containing the daté eutput
electrnnics"For eight wires plug side by side into sockets
on printed circuit boards mounted along two sides of each
cHamber.v The circuit diagram of an amplifier card is shoun
in Fig. (I11.E. %), The signal from each wire is amplified

(ac gain =2000) and fed +to a discriminator (a one-shot
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uriivibrator) which has a triggering threshold of 1.5 V. The
delayed ( 800 ng) and differentiated %trailing edge of the
digcriminator output then sets a bit in a shift register if
the gignal is in coincidence with a fast load pulse
generated by the master trigger of the experiment. The
shift regiaterg in a chamber are connected in series and can
be Tead out with clock pulses sent from & scanmer module

The scanner unscrambles the serial data and loads its memory
(ROM) with wire addresses (13 bits) and spreads (3 bits) of
the hit wire groups. The RAM has &4 words of 16 bits. The
six chambers are rvead out in groups of two by three scanners
which allows a maximum of 64 wire groups per two chambers.
The data in each RAM are transferred to the on-line PDP-15

computer through a CAMAC system.

F. Trigger Electronics and Data Storage

Typical parameters for the 90 GeV electron beam set—up
are 2x10'% protons (400 GeV/c) per pulse on target, 1.1x107
electrons at 90 GeV giving about 5. 5x10"* tagged phctoﬁs with
a 0. 01 Xo radiator. At this rate the hédvonic gield from
the 1 m long (0. 11 Xo) hydrogen target is about 2& events
per pulse corresponding to a 115 ub cross section. Table
(ITI.F. 1) lists and defines the six different trigger types

which are used- to collect and categorize the data. The
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triggers are mutually exclusive and ensure that all events
initiated by a tagged photon end up in one of the trigger
types. The H-tridger logic 1s shown in Fig. (111 F. 1), The
TgH trigger contains most of the hadronic events plus a few
fake events which are later rTejyected by the off-line
analysis (eg. downstream interactions, muon accidentals,
elhc. ). ALl TgH events are written on tape. nly a. sampla
of the events from other trigger types ére saved however to
avoid dead time for TgH events. Scale~down circuits adgjust

the sampling rate for esach trigger type depending on

impoﬁtance. Typical scaledown factors are listed in  Table
(ITT.F. 1), Trigger type & selects non-tag photons from the
bremsstrahlung tip for C-counter gain monitoring. The

number of goad hadronic events found (off-line) in the false
tag trigger (TgCH) category is an indication of the fast
logic efficiency. TgCH hadronic events represent only 0. 07%
of the total cross section.

An event which is to be Tecorded on tape is transferred
via CAMAC to a DEC PDP-15 computer. ,Each event record
tonsists of 197 digitized pulse heights, 24 digitized timing
signals, 144 bit latches, and MWPC addresses and spreads.
ALL laser calibration events are written on tape. The
current GeV per channel for every counter, 78 scalers,
hydrogen target parameters, and the digitized tagging magnet
current are written on tape approximately every 5 minutes

The detection and localization of problems with +the
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apparatus is aided by the on—-line program which allows the

display of pulse height and *timing spectra Ffor every

counter, the computation of MWPC efficiencies, the seatrch
for  leogic errors, gtc. A scaler display aides the
gxperimenter to quickly locate inefficient countevs,

Unplugged cables and rate #luctuations.
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Experimental
Apparatus
\\ Experimental Target 153 bend: 19.677mr
296 sz bend: 7.1llmr
e Dump 3 bend: 18.859mr
282 — Tagging Hodoscope
266 — - - - - Tagging Magnet (AN440)
263 —— - - = - - - . Radiator (Cu, .0l5cm thick)
249 — - - - - - s - - - Horizontal Bend (BH438)
Vertical Steering (BV437)
YZzzzza‘guad. Doublet (QV435,0h436)
Vertical Steering (BV426)
162 — - - - - . - - Horizontal Bend (RH425)
Fieldlens (QHA24)
Vertical Collimator (Cv423)
Horizontal Collimator (CH423)
67— - - - - - - - - Horizontal Bend (BH415)
SN Horizontal Collimator (CH41l0)
Vertical Steering (BV41l0)
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N Vertical Collimator (CV409)
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0 .
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Figure (III.B.1l) Electron beam line schematic
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Table (III.E.1)

Properties of Lead Glass

Glass Type S F 2 SFS5

Composition (% by weight)

PbO 50 55
SiO2 41 38
K20 5 5
Na20 3 1
Radiation Length (cm) 2.84 2.54
Refractive Index 1.64769 1.67270
Specific Gravity 3.85 4.08

Internal Transmission
for 2.5cm Thickness

A=340nm 0.15 0.02
350 0.47 | 0.27
360 A 0.708 0.57
370 0.837 0.753
380 0.894 0.850
390 0.940 0.915
400 0.968 0.953
420 0.981 0.975
440 0.985 0.982
500 0.994 0.990
700 0.995 0.993

Most of our blocks were purchased from Séhott Optical Glass, Inc.,
Duryea, Pennsylvania.
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Table (III.F.1)

Trigger Definitions

Trigger Definition Scaledown
1 Tg-H Hadronic events 1
2 Tg-Cfﬁ-Hb Questionable Hadrons 3
3 Tg-c-ﬁlﬁg-p Pairs 2000
4 Tg-C-ﬁ:ﬁg-E- Non-interacting events 2000
5 Tg-E:ﬁ' False tags 50
6 T-A-C-H-P Bremsstrahlung tip 20000
Tg = T'X:busy (a tag, no anti-counter signal and no busy signal from

the computer or fast-logic)

H = H1 + H2 + H3

Hl1 = S1

H2 = G2L + G2S + S2

H3 = (G3-I) + S3 + EZHb

Hb =TI + (P-K)

?égiiifl : Energy sum above threshold

S1 : Coincidence of 3 planes or energy sum above threshold

S2 : Coincidence of 2 planes (out of 3) or energy sum above threshold
S3 : Energy above threshold

K : Minimum ionizing in TANC+2Z

c Energy in C less than 1/3 of E0

P

: Minimum ionizing



CHAPTER IV  RHO-PHI ANALYSIS AND RESULTS

& Introduction

Flastic P and ¢ photoproduction cross sections on protons

have been measured from 30 to 180 GeV. Schematics of the

detection apparatus are shown in Figs. (II{. E. 1) and
(IV. A1), The apparatus does not include a magnet or
Cerenkov counter, It is thefe#nre not possible to directly
measure invariant mass spectra, However, & distribution of

track separations for events having exactly two tracks and
being consistent with exclusive p or ¢ production, exhibits
distinct peaks corresponding to p-+ﬂ+ﬂ_ and ¢-*K+K—.
Specifically. the small Q@ value (the momentum of the K’'s in
the ¢ rtest frame) available for ¢-+K+M_ restricﬁs the
average K+K- opening angle and the corresponding track
separation to & value which is about 2.8 times smaller fthan
the average ﬂ+ﬂ—track separation from p decays.

In general, the track  separation (diétance between
particles) at the detector for a particle of mass M decaying
into two particles of mass m is given by (Fbr a derivation
Gee APPENbIX A

ZZM{l-(Zm/M)Z}l/zsin ]

A= (IV. A1)
E{sin?6 + (2m/M)?2 cos?6 }

where
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Z = distance from decay vertex to the detector
E = lab energy of decaying particle
0 = decay angle in M Test frame

The two limiting cases for Eqn. (IV. A 1) are

2mo= Mo Axsin @
and

m = 0 Ao l/sin @

The first case approximates ¢-+K+K_ whereas the second limid
describes p-+n+ﬂ_except for 0 near 0% (or 180%). The exact
behaviour of A (lab frame) vs., 6 (M rest Frame) as given by

Egn, (IV. A 1) dis shown an Fig. (IV. A 2} for p and ¢ decays.

Thé M+K_‘separation is a maximum when 0 = 90° (symmetric
decay) and is less at all other decay angles. In contrast,
the n+n- separation from p decags is a minimum when 06 = %00
and is larger at almost all other decay angles. In

addition, the maximum separation for ¢ decays is less than
the track separation for p decays except for 6 near 00 (or

1800,

For 8 = 9009 Ap= 1.435Z/E (GeV), Mp= 0.77

) = 0.509 Z/E (GeV) (IV. A 2)
mazx

Symmetric decays (6 = 209 are favoured for both the p and



101

the ¢ according to the sin?® decay angular distribution

expected for a JP= 1 resonance decaying into a pair of 0
Mmesons with conservation of s-channel helicifg. From
Egn. (IV. A. 2) one can thus expect distinct peaks in plots of
track separations corresponding to p and ¢ decays.

The tagged photon energies range from about 50% to 92% of
the electron beam energy. It is therefore necessary to
remer the energy dependence of the track separations before

plotting. This is accomplished by dividing each measured

separation by (A¢)max‘ The variable to be plotted is thus

defined by

R = A/(A) (IV. A 3)

$ max

where A is measured and (A¢)max is calculated for each event
assuming that the momentum of the ¢ is equal to the momentum
of the beam photon, kY. For ¢—>K+K_ we then expect a narrow
peak with R = 1.0 +for all photon energies and p décags

should peak near R = 2. 8.

Unfortunately, the R distributions for the p meson are

not as simple as for the ¢. The p is a broad resonance
(width = 150 MeV approx.) which results in a corresponding
broadening of the R distribution. Further, it is well

known, that the mass shape of photoproduced p mesons is
skewed  towards lower mass when compared to a p-wave

Breit~Wigner resonance shape. The skewing is explained
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successfully by the Soding Model as an interference eftect
between diffractively produced p mesans and & non-resonant
ﬂ+ﬂ- bhackground from & Drell diagram [Soding. 19465 Drell,
1261 1. The problem of the p shape is discussed at length in
a paper by Spital and Yennie [Spital, 19741]. A

paraméterization of the 0 mass distribution is given by

dN M_MT M2 M2 2
= C P 1+, L 4 +c, —£ - (IV. A 4)

0 2 2\24 272 2 2
- +
aM 2 Mp) MpF M2 M2

T

with the p width [Jackson, 19641

q_]° 2
T = ro{ “"} . (IV. A 5)

1+(qm/qp)2

q1T7r and qp are the pion momenta in the w7 rest frame for
dipibn masses l“lmr and Np respectively.

There is a direct correspandence between the p mass
spectrum and the R distribution. A Monte Carlo (M. C. )
generated scatter plot of R versus Mwn for p decay
illustrates this relationship in Fig. (IV. A 3). Events in a
given R region ate associated with a corresponding Mnﬂ
range. The Monte Carlq event generation takes into account
the resclution and acceptance of the experimental apparatus
The events were generated assuming s—-channel helicity
conservation and a momentum transfer dstribution given by

exp{bt) with b 8.5 GeV™2, The Monte Carlo genefated R

]

distribution for the p is shown in Fig. (IV. A 4A) with
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Cl = 3.0 and Cz = 2 0. The important effect of skewing and
mass shift is apparent on comparing with the dotted curve
for which C1 = C2 = 0.0, i.e. no interference. The attual
values for the parameters C, Gy €y are determined by
fitting Monte Carlo generated R distributions to the real
data., Fig. (IV. A 4B) shows the Monte Carlo generated R
distribution for the ¢. Neglect of the experimental
resolution yields a sharp peak with an abrupt cutoff at
R =1 as shown by the dotted curve. The broadening caused
by the energy resolution of the tagging system and the track

position resolution from the MWPC’s is indicated by the

solid curve.

B: Data Accumulation

Data were taken with the electron beam energy Eo= 66, %0,
135% and 200 GeV. Some data were taken with Eo== 60 GeV and
the apparatus in a configuration appropriate for Eo= 0 GeV
to chéck the effect of changes in geometrical acceptance,.
As the photon energies cover about 3504 to 924 of Eo there isg
a substantial gamma energy overlap for adjacent Eo settings.
At each configuration data were also taken with an ‘empty
hydrogen target to obtain spectra of events originating

outside the target

An event is considered an elastic p or ¢ candidate if it
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has exaFtlg two tracks in the MWPC ‘s and a large fraction of
the photon energy in the downstream hadrometers S3 and K

The upstream counters &1, 82 and G2 arve used as veto
counters. Events of this kind are recorded in the TgH
trigger category which contains most hadronic events (ses
Section [III.F1 and Table [III.F.11). The number of tagged
photons and TgH triggers for the full hydrogen target are

summarized in Table(lV. B. 1).

C: Data Analusis

1. General

All evénts collectéd in the TgH +trigger category are
recorded on tape. From these events a subsample consistent
with exclusive p or ¢ production is obtained by Trequiring
the events to pass a number of analysis cuts. The cuts are
discussed below and are summarized in TablelIV.C. 1). Abcut
1%  (for Eo= 640 GeV  at 90 GeV configuration) to 3.4% (for
Eom 135 GeV data) of the TgH events survive all the cuts.

The summed ADC pulse height spectrum for planes 2 and 3

il

of 851 are shown in Fig. (IV.C. 1A) for part of the Eo 135 GeV
o data. Events pass the 51 cut if this pulse height is less
than 1.0. Plane 1 is excluded from consideration to avoid

. + - . o :
vetoes resulting from very low energy e e pairs originating
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in. the target and depositing energy in the #ront plane of
ER Of the events passing all cute, less than 3% have Gl
(planes 2 + 3) pulse heights between 0.2 and 1.0 Counter
nolse accounts for about ome third of this sample. The
remainder is attributed to inelastic p or ¢ production as
most of these events have two or mofe of the recoil counters
firing.

Typical spectra of the variables vused in the energy cuts
are shown in Figs. (IV.C 1B) and (IV,C. 24 and =2B) for part of
the an 135 GeV data. The missing energy cut requires the
gnergy deposited into the H3 counters to be no less than 35%
nt the tagged photon energy. The rather poor  energy
resolution of the TANC counter is in part responsibie Fof
this somewhat generous threshold. The probability  for a
pion or kaon to interact hadronically in the Pb glass array
G3 or the Cwﬁounter is quite significant (typically ‘702).
Meutral pions resulting from such dinteractions initiate
electromagnetic showers (ﬂ°-+Y‘Y) and thus can deposit a
substantial fraction of the fotal energuy in 63 and C.
‘However, if the interaction takes place near the end of the
shower counters the Ttemaining length may not be enough to
contain all of the & m shower and energy will be lost.
The hadronic products of such pion or kaon interactions ame
not expected to always deposit all of their energy in the
hadrometers B3 and K, As  a result the missing energy

distribution peaks at a value between 207 and 304 of ‘the
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tagged photon energy.

The summed energy in the C-counter and the Pb glass array
G3d (G3IC energy) may be as large as 60% of the tagged photon
energg. This allows for energy deposited by pions or kaons
interacting in the shower counters. The location of the
showers in the Ph glass array are reguired to agree with the
track positions given by the MWPC’s. Background events such
as w'*ﬂ+ﬂ_ﬂo are thereby eliminated (about 3-4% of the p-¢
candidates).

To ensure that af least some of the tagged photon energy
registers in 83 or K, independent of the missing mass cut
and the energy allowed in the shower counters, the G3IC
energy can be no more than 754 of the summed H3I energy. 1i.e.
at least 25% of the visible energy is iﬁ 53 and K

A geometric boundary (acceptance) is imposed on the
events by requiring each track to be inside a 33 cm (13")
square area at the MNPC’S. The distribution of the
y-coordinate (vertical) for MWPC tracks (Eo= 135 GeV data)
is shown in Fig. (IV. C. 3). The sharp peak at y = 0 is mainly
due %o Ttho’s being produced at the steel window of the
vacuum pipe just upstream of the MWPC’s (see fig. (IV. A 1))

as confirmed by empty target data.
2. Track Reconstruction

An event is considered a p or ¢ candidate only if it has
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exactly two reconstructed tracks. Six MWPC’s are available
for track reconstruction (see Section [III.E 71). & track
is described by a straiéht line (no bending magnets) in
space. & three-dimensional parameterization of a sihgle
track passing through the MWPC‘s requires wire inFormafion
from four chambers. As is shown schematicallg‘ in
Fig. (IV.C. 4A):; an event with more than one track requires at
least one additional chamber to resolve ambiguities in the
track rTeconstruction, i. e. a minimum of five chambers are
needed to determine the positions and angles (with Trespect
to the beam ‘axis) for two tracks. For the purpose of
increased reconstruction efficiency it is assumed that the
tracks originate at the center of the hydrogen target. As a
Tesult, the minimum required number of chambers with
complete wire information is reduced to three (out of the
total of six) for each tuwo-track event.

Wire inFofmation from the MWPC’s consists of the
addresses and spreads of bit wire groups (wires with a
signal)l. Groups usually have a spread of 1 (only one hit
wire) or possibly 2 f{two adjacent hit wires) but rarely
greater than Z. The number of groups for p-¢ caendidates is
gshown in Fig. (IV.C. 4B) for part of the Eoz 200 GeV data.
Two charged particles passing through the six MWPC’s are
expected +to yield 12 groups (& per chamber). It is of
course possible for the two particles to hit the 5ame> wire

in a particular chamber (more so for small track
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separations) so that the number of groups would be less than
12, An event is rejected unless the number of groups is at
least 10 but no more than 20. Events Falling putside this
bracket are usually associated with downstream interactions
(typically from the sfeel vacuum window in front of the
chambers).

As each event requires only three of the six chambers for
the track reconstruction it is possible to keep a running
efficiency check of +the HMWPC’s by testing the wire

information of the unused chambers for consistency with the

reconstructed track positions. Only events which have at
least three efficient chambers (1i.e. two rteconstructed
tracks) are considered. The Tesulting bias mTequires a small

(downward) correction to the efficiencies obtained in this
manner. The corrected efficiencies of the iﬁdividual
chambérs for detecting both tracks (with no additional hits)
ranges from about 62% to 8B&%. The average rteconstruction
efficiency for 2-track events is typically 92+ 14 for the
5ix chambers but Becreases for tracks less than 1 ¢m apart.
A study of events which do not have two reconstructed tracks
but pass all other cuts for p-¢ candidates reveals no
problems (1%4) with lost p or ¢ events due to extra

(accidental) hits.
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3. Data and Monte Carlo

The distribution of R (the normalized track separation
defined by Egn. (IV. A 3)) is shown in Fig.(IV.C.S)'For the
Eo= 70 GeV data and in Fig. (IV. C. 6) +for the E,= 135 GeV
data. The data for Eo= &0 GeV and 200 GeV look similar. In
addition to the dominant P peak, all distributions exhibit a
clear ¢ peak near R = 1. Most of the events near R = O are
p‘s produced at the steel window of the vacuum pipe which
ends Just upstream of the MWPC’s. These events produce the
peak at y = 0O of the track coordinate distribution shown in
Fig. (IV. C. 3. Data taken with an empty target are shown in
Fig. (IV.C.7) and clearly confirm +the origin of this
background. The empty target data also show a few evénts in
the R>x1 region which are produced at the target windows and
off the hydrogen gas in the target flask.

A small fraction of the events near R = 0 is due to e+e_
pairs. If +the energies of the electron and the poéitron
differ by a sufficiently large amount, and the higher energy
particle interacts hadronically in the C~coun£er. a
significant fraction of the energy may show wup in the
hadrometer K. An e+e_ pair can thus end up in the TgH
trigger category (instead of Tg-C'ﬁ°ﬁb'P or possibly
Tg-C-ﬁ-ﬁb) and create a source dF background. The R

distribution for interacting e+e pairs should be no

different than the distribution for non—-interacting pairs
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which is shown in Fig. (IV.C. 8). The distribution falls off
smoothly toward the ¢ region near R = 1 and therefore should
not.cause any concern regarding interference with the ¢
peak.

A small background (less than 1% of the events in the p
peak). is dwue to the decay ¢-+K£K§ '*K£ﬂ+ﬂ— (brancﬁing
ratio = 24%). The shape of the resulting R distribution is
shown in Fig (IV.C.5). There is no contribution from this
background to the events in the ¢ +K'K™ peak.

The data are fitted with Monte Carlo generated R
distfibutions for p and ¢ events. An e+e— pair background
is included in the computer fitting program The fitting
parameters are the constants CO. C1 and Cz of the p mass
distfibutinn, Eqn. (IV. A. 4), the number of events in the ¢
peak and .the size of the e+e— background. The amount of
empfg target background is calculated for each set of data
and 'is thus a constant of the £it. The nominal p mass and
width are held fixed Ffor all +fits at Mp= 773 MeV \and
Po= 150 MeV. The p and ¢ decays are generated according to

a sin?6 polar angle distribution with Trespect to the

direction of the decaying meson in the meson rest frame.

Detailed experiments at lower energies [Ballam, 1973,
Behrend, 19781 show that y-+>p and y-> ¢ transitions conserve
s—-channel helicity to a high degree. The azimuthal angle is

randomly distributed as neither the beam photons nor the

target protons are polarized. The Monte Carlo momentum
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transfer distribution is given by ebt with b(d) = b.S'Gev_z
and b(p) = 8.5 GeV™2. Both values for b are consistent with
UMD~ quark model predictions at high energies, e.g. b(o) is
approximately equal to the average slope for ﬂ+p Vand ﬂ_p
elastic scattering (see Appendix D), in good agreement mith.
p photoproduction data L[Leith, 1977; DBehrend, 19781. The

results of the analysis are not significantly affected by

the wuncertainties in these numbers except for a weak

dependence of the p acceptance on b(p). The photon spectrum
and beam size are given the experimentally observed
characteristics. The generated events are rteconstructed

taking into account the geometric acceptance and the energy
and track position resolution of the experimental appé%atua

The Monte Carlo generated dipion mass spectrum resulting
from the fit to the Eo= 135 GeV data is shown in
Fig. (IV.C.9) with C = 1. The fitted R distribution is the

0

dotted curve shown in Fig. (IV.C. &). The constants C1 and C2
which determine the shape of the l"l,",,r distribution show no
substantial energy dependence and have average valugs of
3.0+20.7 and E.O:toxﬁ respectively. The constant CO is, o¥
course, proportional to the number of events in the p peak

The Monte Carle program with the above described input
guantities produces very good fits over the entire R range
for all data samples. The program is used to détermine the

uncertainties on all +fitted parameters and gives the

geometric acceptance for p and ¢ events
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4. Inelastic Events

Measurements of elastic photoproduction cross sections
from hydrogen are subject to uncertainty due to the unknown

inelastic contribution to the production process,

Yp+VX, X # p (IV.C. 1)

wheré V is a vector meson and X denotes a missing mass
different from the proton mass. Inelastic events can be
eliminated if the recoil proton is detected in coincidence
with the wvector wmeson decay products. &n  additional
criterion for two-body production is the coplanarity of the
recoii proton and the vector meson. The $raction of
ineiastic p and ¢ events bhas been measured at Cornell
EBeréefL 19721 with EY= 8.5 GeV as a function of the
momentum transfer t and, for the p, at vafious dipion mass
intervals. They repart an inelastic fraction in p
photoproduction which is typically less than 54 at ¢t = tmin
and rises to about 25% near t =-0.4 GeV? . There is no
obvious dependence on the dipion mass Mﬁn . The inelastic
contribution to ¢ photoproduction is given as 141:8Z.at
t = tmin and appears to increase slightly with increasing t

These‘ numbers represent the inelastic contribution within

the energy acceptance of the experimental apparatus and are

in this sense lower limits.



113

Inelastic ¢ photoproduction was also measured at DESY
[Behrend, 19781. The inelastic fraction at t = tmin is
typically 235%4-30% for EY25 GeV. The‘separatiqn'-oF elastic
and inelastic events is reported to have a possible
systematic error of 20% The momentum transfer slope
parameter for inelastic events is less than for elastic
events and decreases with increasing missing mass MX . This
implies that the inelastic fraction increases with
increasing t, in qualitative agreement with the p and ¢ data
of [Berger, 19721

In this experiment the fraction of inelastic o and ¢
events 1is estimafed from the number of events with a signal
in one or maore of the four scintillator counters surrounding
the hydrogen target (see Bection [III.E. &3). The observed
fraction of events with 0, 1 and 1 recoil counter signals
in coincidence with the vector meson decay products is shouwn
as a function of R in Fig. (IV.C.10) for all of the p-¢ data.
For recoil studies the dates are divided into subsamples of
events with O, 1 and »1 tecoil signals. The number of p and
¢ events in each subsample is obtainmed from the tespective R
distributions wusing the Monte Carlo fitting rToutine
described in the previous section. The observed fraction of
events in each rtecoil category are listed in Table (IQ.C.E).
For the p: the numbers Tepresent averages‘Fnr events in the
peak region of the R distributions.

The Monte Carlo program which is wused to fit the
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experimentally obtained R distributions also provides an
estimate of the fraction of elastic events with a recoil
counter signal. The program simulates the Tanging out of
recoil protons with a momentum too low to penetrate the

material between the liguid hydrogen and the scintillator

counters. A Monte . Carlo generated scatterplot,
Fig. (IV.C. 11), shows the rtecoil proton momentum versus
recoil angle for elastic P events. The proton momentum must

“he 360 MeV at a rTecoil angle of 80° to tire a recoil
counter. As the recoil counters are surrounding the target
in & box—-like fashion there is a dependence of the minimum
momentum to fire a recoil counter on the polar and azimuthal
angle of recoil. The counters overlap in the corner regions

of the‘box and thus a recoil proton can occasionally fire

two counters. Table (IV.C. 2) lists the fraction of elastic
p and ¢ events which #fire 0, 1 and >l recoil counters as
predicted by the Monte Carlo program The numbers are

corrected for scattering and nuclear absorption of the
recoil - proton in the material between the target and the
scintillator counters. The fraction of events firing a
recoil counter is a function of R for events in the p region
as indicated by the data in Fig. (IV.C.10). This implies
that a rtecoil counter is more likely to fire for elastic p
events with a large dipion mass (R is proportional to Mﬂﬂ ).
This dependence is easily reproduced by the Monte Carlo

program if the momentum transfer slope parameter., b, is made
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to be a function of I"ITHT » i e. b decreases with increasing

MmT . The same kind of mass dependence has been ~seen by
several p photoproduction experiments, eg. [Ballam, 1%9731.

A simple model for diffractive dissociation of the target
proton is wused to give the multiplicities of p» n, wi. w0
resulting from the proton excitation. The model is outlined
in Appendix C. The multiplicities are used to estimate the
percentages of inelastic events firvring O, 1 and >1 recoil
counters, Almost all (98%4) of <the inelastic events are
expected to fire at least one of the reconil counters. The
results are listed in table (IV.C.2).

The Monte Carlo results for the elastic fractions §nd the
model predictions for the inelastic fractions of p and ¢
events in the recoil = 0, 1 and »1 categories are fitted to
the experimentally measured event numbers with the fraction
of inelastic p and ¢ events the only adjyjustable parameters.
The resulting inelastic fractions are 12. 6% for the p and
18. 24 for the ¢. The agreement of the fitted Fracfions with
the p data 1is very good (see Table (IV.C.2)). The ¢ data

appear to favour a somewhat higher (recoil = 0)/{recoil = 1)

event ratio than predicted. A larger momentum transfer
slope parameter, b (taken as 6.5 GeV~™2), could reduce this
difference. However, the overall fraction would not change
significantly. The errors assigned to the fractions account
for wuncertainties in the slope parameters, pulse height

discriminator thresholds for the recoil counters and
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approximations made to yield the elastic and inelastic
recoil predictions.

I+ is difficult to compare the inelastic fractions
determined by different experiments due to the effects of
incomplete geometrical acceptance of the different
apparatuses. In this experiment, an energetic particle from
a tafget_excitation may veto the event if the particle 1is
detected in one of the downstream hadrometers. Inelastic
diffractive p photoproduction was studied theoretically by
EwélF» 19711, The integrated (inelastic) cross section is
predicted to rise slowly with energy, reaching ~v4 ub at

EY= 100 GeV (inelastic fraction v30%).
5 Corrections

To calculatevcross sections, the number of p and ¢ events
observed in the data need to be corrected for events lost
due to:

~geometricvacceptance of the apparatus,

~MWPC inefficiencies,

~hadronic interactions of the vector meson decay

products in the target and vacuum windows,

—~pion and kaon decay in flight, and

~analysis cuts.

The empty target background 1is subtracted during the

fitting procedure. Correction factors compensate for the
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contribution of inelastic events. The number on¢ events is
corrected for the branching ratio into K+K_. Typical wvalues
of the correction factors are given in Table (IV.C. 3).

Most of the data were taken with a copper radiator of

thickness 0,015 cm (0. 01 radiation lengths) ° (see
Section [III. CJ3). To compensate for the relatively low
electron beam intensity at Eoﬂ 200 GeV (approx. ten times

lower than at Eo= 0 GeV), about 0% of the 200 GeV data
were taken  with a radiator of thickness 0.038 cm (=20. 03
radiation lengths). A thicker radiator results in a8 higher
photon +$£lux but also increased probability for double
bremestrahlung. The probability for double bremsstrahlung

is given as

o ]

P = t1ln{(E;+ E,)/E_} (IV.C.2)

where t = Q.03 {radiator thickness), (El+ Ez) = total
radiated energy = tagged photon energy EY). and Ec= low
energy threshold for double bremsstrahlung. The energy of a

photon interacting in the target is less than the tagged
photon energy determined from the tagging system for a
double bremsstrahlung event. A lower photon energy implies
a larger opening angle between the secondary particles (in
the lab frame) and as a result the event may be lost due to
the finite acceptance of the apparatus. The enerqy carvied

by +the second (non—-interacting) photon is deposited in the
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C-counter. A p~¢ event is vejected, however. if the energy
in fhe shower counters (including the C-counter) does not
match with the positions of the tracks determined with the
MWPC ‘5. The double bremsstrahlung correction for the
Eo= 200 GeV data is calculated as 2% for the p cross section

and is negligible for the ¢.

D: Results and Discussion

The determination of the p cross section from different

experiments, measured in different kinematic regions., is a
difficult probiem due to the complicated dipiaon mass
spectrum. Spital and Yennie [Spital, 19741 have suggested

that the p cross section be defined as

g = %1TF (IV. D, 1)

o dM
Kl

M =M
T P

The yield of ﬂ+ﬂ_ péirs at the p mass, Mp » 1is given by the
peak of the DBreit-Wigner resonance shape describing an
undistorted p meson. The Drell and interference terms
vanish at Mp (see Egn. (IV. A 4) with Mﬂﬂ = Mp ) and the cross
section given by Eqn. (IV.D. 1) is thus independent of details

of the skewing mechanism. From Egn. (IV. A 4)

dN .
™ = cO/I‘o (IV. D2
™

mm
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and Eqn. (IV.D. 1) becomes

6 =2 ComB (IV. D. 3)

The constant C0 is obtained from fits to the data. Target
and photon beam +flux parameters, Eqn. (III.D. 10), and the
correction factors listed in Table (IV.C. 3) are rtmepresented
by B.

The data were divided into two photon energy bins for
each electron beam setting except for the Eo= 60 GeV data
taken with the apparatus in the 20 GeV configuration. The p
cross section, calculated using Eqn. (IV.D. 3), is listed in
Table (IV.D. 1) and shown in Fig. (IV.D. 1) together with some
lower energy data. The quoted errors include the
uncertainties due to statistics, geometric acceptance, and
the correction for inelastic events. The total systematic
anertaintg is estimated at +&4% with no energy dependence.

The predictions made by Vector Meson Dominance kVMD) and
a quark model relation between Tp elastic scattering and
diffractive p photoproduction is given by [L[Lipkin, 1966;

and Chapter II1 of this thesisl]

2
P
do - _mom (1]/da, ‘/do
e (Yp > pp) = oy (2 T (T p) (IV.D. 4)

where yp represents the strength of the photon-vector meson

coupling and o =e?/4m . The wvariables Po and kY are the
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momenta of the 1w and the photon, respectively, in the mp and
Yp center of mass system (see Appendix B). As the ﬂ+p and
T p elastic cross sections are very similar, the above

expression can be approximated by

P
do mTom 1l {do, + dg, - Ty s
ac(Yp>ep) = — = 5~(dt(vr p) + 45 (T p)) (IV. D. 5)
Kk
Yy e

The energy dependence of the integrated p photoproduction
cross  section obtained from Egn. (IV.D. 5) using available mp
elaéfic scattering data [Ayres, 1977; Foley, 1963; Ambats,
19741 is shown by the dotted curve in Fig (IVM.D. 1), The
Y-p ‘caupling congtant is taken as Y;/4ﬂ,= 0. 4642 10 from
e+e— data [Gounaris, 192681. The agreement of the VMquuafk
modei prediction with the data is excellent

The sum total (v2100 events) of the ¢ signal above
béckground is shown in Fig.fIV.D.E). The solid curve in the
figure is a Monte Carlo generated R distribution for the ¢
aasﬁming s—-channel helicity conservation, i.e. a sin?e
polar angle decay distribution with respect to the direction
of the ¢ in the overall yYp center of mass system. The
dotted curve is generated with an isotropic decay of the ¢
in its rest frame, 1i.e. no s-channel helicity conservation.
The number of events under the curves is identical. The
data are clearly consistent with s-channel helicity
conservation (in agreement with measurements at lower

energies).
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The ¢ cross section is calculated wusing Egn. (III.D.10)
and the correction factors listed in Table (IV.C.3). The
Tesults are given in Table (IV.D. 1) and showﬁ‘ in
Fig. ¢IVv. D. 3) together with some Ilower energy data. The
quoted errors include statistical and background subtraction
uncertainties, thained directly from the Monte Carlq fits
to the experimental R distributions (see Section C.3), and
the wuncertainty due to thé inelastic event correction. The
total sgstématic uncertainty is estimated to be less than 5%
with no energy dependence. The branching ratio for
(¢-+K+K_)/(¢-+all) is.taken as 446. 6% [Particle properties,
19761,

The dashed curve in Fig. (IV.D. 3) ig an empirical fit to

the data and has the form (g in GeV?)

p? B
o(ub) = -2 {A + — + ¢ 1n(s)} (IV.D. &)
k2 Vs

Y

where

A =-0.103% 329

o
I

= 0. 939, 41

<2
it

0. 135%. 087

The +#it has a chi-squared of 26.2 for 22 degrees of freedom.
The wvariables p¢ and kY are the momenta of the ¢ and the
photon, respectively, in the ¢p and Yp center of mass

system. The threshold factor (p¢/k )2 is derived in



Appendix B.
Vector meson dominance relates ¢ photoproduction %o the

elastic scattering of ¢ mesons on nucleons,

2
%
(0] g .
Te(Yp > ¢p) = —% T 49 (4p + ¢p) (IV.D.7)
k
y o
where Y¢ is the y-¢ coupling constant. The forward elastic

¢p scattering cross section is related to the total ¢p

interaction cross section, GT(¢p)' by the optical theorem,

do _ 1+n?
ac| (ep > 9¢P) = 7 — 0. (¢P) (IV.D. 8)
t=0

where N is the ratio of the real to imaginary forwanrd
scattering amplitude. Assuming the forward cross section to

be purely imaginary (n =0), Eqns.(IV!D.?) and (IV.D.8) give

2

P
ooy = 2 o2 (¢p) (1v.D.9)
. k2 16y2 :
t=0 Y ()

A measurement of the forward ¢ photoproduction cross section
thus yields information on the ¢p total cross section. The
apparatus of this experiment does not permit an accurate
determination oF‘ the momentum transfer squared, t, for ¢
(and p) events. However, if

%%(YP’*¢P) AL (IV. D. 10a)

then
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do

3 Yp>¢p) = A = bG(Yp-*¢p)exp(—btm. ) (IV.D. 10b)

t ( in

t=0 '

i.e., the forward cross section can be calculated from the
integrated cross section if the slope parameter is known,
Using low energy ¢ photoproduction data and VMD—quark' model
predictions (see Appendix D) for the s = 100-300 GeV? energy
region, the momentum transfer slope parameter is given by

[Behrend, 19781

b(s) = (4.660.22) + (0.380.04) Ins (IV.D. 11)

with s in Gev? and b in GeV™ 2. The energy dependence
depicts shrinkage, i.e. an increasing slope parameter with
increasing energy. Fig. (IV.D. 4) shows the energy dependence

of the forward ¢ photoproduction cross section obtained by
multiplying the measured integrated cross section with the
slaope parémeter of Eqgqn. (IV. D 11). Also shown are lower
energy data from other experiments which measured the
t-dependence of the cross section. A f£it to the data in

Fig. (IV.D.4) is given by

2
P B
do} (MDY o 2 (A 4+ —— 4 Cc-1n(s)}? (IV. D. 12)
dt | \GeV 2 —
k Vs
t=0 Y

where

A =-0. 487 487

B = 3.82 % 9%
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C = Q. 443+ 083
with a chi-squared of 33. 9 for 22 degrees of freedom. The

fit is shown by the solid curve in Fig. (IV.D. 4). Without a

B/Vs term, the Pitted parameters are

B = set to 0.0
€C = 0.108%. 018
with a chi—squared of 49.7 for 23 degrees of freedom. The

#it is shown by the dashed curve in Fig. (IV.D. 4).
On comparing Egn. (IV.D. 12) with Egn. (IV.D. ?), the energy
dependence of the ¢p total cross section is given by
o B

{A + — + C*1n(s)} CIV.D.14)
1672) Vs

GT(¢p) =

with the above values for the paramefers A, B and C.
From the quark model, elastic cross sections satisfy the

relation [Lipkin, 1%&464; and Chapter II of this thesis]

_ _ 2
Pé%%(¢P)= éK.V%%(K+p) +pKTV%%(K p) —pﬂ'V%%(ﬂ p)) (IV.D.15)

The momentum factors are incident momenta in the c.m.
system. Assuming do/dtl(yp > ¢p) = A-exp(bt), Eqns. (IV. D.7)

and (IV.D. 13) yield
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o(yp > ¢p) = (IV.D. 16)
am 1 da .+ ‘/@_-_l/gg—z
exp(bt ..) = = (pK T (K ) +p (K p) ~p - g(m p))
by: k
o Y
The.Kp and mp elastic scattering cross sections at & = 0O

were measured at Fermilab [Ayres, 19771 in the same energy

region as the ¢ data of this experiment. The constant of
proportionality, uﬂ/yéb. can thus be determined from a it
(i.e. a normalization) of +the right hand side of

Eqn. (IV.D. 14) to theeintegrated ¢ cross section as measured
by this experiment. The resulting vy—-¢ coupling constant,

multiplied by the yp > ¢p momentum transfer slope parameter

b, is

2
Y ) .
%y = 31.48+1.54 (GeV™—2) (IV.D. 17)

4
The fitted quark model cross section points (fhe right hand
side of Eqn. [IV. D 161) are shown in Fig. (IV. D. 9). Thé curve
in the figure is the fit to the ¢ data given by Eqn. (IV.D. &)
and also shown in Fig. (IV.D. 3). There is good agreement in
the enerqy dependence of the quark model points and the ¢
photoproduction data. Also shomn in Fig. (IV.D. 5) is the
VMD—~quark model cross section obtained from lower energy Kp
and 7p scattering data L[Ambats, 19741 and the coupling
constant times slope parameter given by Egn. (IV.D.17) but
torrected. for the enerqy dependence of b using

Eqn. (IV.D. 11). The hadron scattering cTross sections  in



Eqn. (IV. D 15) are combined at the SAMme C.m,
(center-of-mass) energy, i.e, s{dp)=s(Kp)=s(Tp), and the
equivalent photon energy of the quark model points is
calculated so as to give a yp ¢.m. energy equal to the ¢p
c.m.r energy. The cross section calculation takes into
account the minimum momentum transfer required for the vYy-+¢
tranéition. The agreement of the lower energy quark model
points with the data is probably better than would be
expected at these low energies.

Elastic scattering cross sections in the forwanrd
direction can be obtained from (very accurate) total cross
section measurements with the help of the optical theorem
Egqn. (IV.D. 8). . However, the real part of the forward
scattering amplitude is not well known and can not he
assumed equél to zero at lower energies.

188 GeVv?) the slope parameter given

i

For EYm 100 GeV (s

by Egqn. (IV.D. 11) is

b=6.65+0.30 GeV™2 (IV.D.18)

and from Eqn. (IV.D.17) the y—¢ coupling constant is

2
Y
9 - 4.7%0.3 (IV.D. 19)
4

This compares with the «colliding beam value of 2.83%. 2

[Gounaris. 12481 and the low energy A-dependence
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photoproduction values of 10.7%4. 1 and 5 522 4 for n = 0.0
and N =-0.23% regpectively (N = ratio of real to imaginary
forward scattering amplitude) [McClellan, 19711

In conclusion, the p and ¢ photoproduction data of this
experiment extend the agreement with VMD and an additive
guatrk model to a new range of energy. The p cross section
is approximately constant with energy while the ¢ cross
section rises from 0.5 pyb to 0.7 pb with increasing energy.
The ¢ results indicate a value of Y; intermediate between
those obtained from e+e- data and A-dependence of

photoproduction at lower energies.
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Figure (IV.C.4A) Schematic of track reconstruction.
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Table (IV.B.1)

Tagged Photon and TgH Trigger Totals

(for p-¢ Data)

E,(GeV) Z (m) <Ey> Tg(x10%) TgH(x10?)
60 4.9 40 349 311
60% 8.2 40 238 210
90 9.7 60 593 476

135 11.4 90 642 491
200 17.7 133 287 227

* Apparatus in the (approx.) 90 GeV configuration

<E_>:
Y

Tg:

Electron beam energy in GeV.

Approximate distance from target to MWPC's
in meters.

Average photon energy in GeV

(.50 E4< Ey<'92 Ey).

Number of tagged photons in millions.

Number of hadronic triggers in thousands.
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Table (IV.C.1)

Analysis Cuts (p-¢ Data)

(all events are trigger type = TgH)
1 Exactly 2 tracks in the MWPC's
2 S1, S2 and G2 "off" (i.e. no trigger)
3 Missing energy: 1-(H3 energy)/EY<O.65
4 Pb glass energy: (G3IC energy)/Ey<0.60

5 83 + K energy: (G3IC energy)/ (H3 energy) <0.75

Note:
See Fig.(III1.E.1) or (IV.A.1) for location of counters.
(G3IC energy) = energy sum in G3, I and C.

(H3 energy) = energy sum in G3IC, S3 and K.



Table (IV.C.2)

Fraction of events with O,

for p and ¢ events

1 and >1 recoil counter signals

P ¢
recoils recoils
0 1 >1 0 1 >1
A = Elastic events (Monte Carlo) |{ 0.76 0.23 0.01 .59 0.39 0.02
B = Inelastic evts. (calculated) | 0.02 0.23 0.75 .02 0.23 0.75
C = Data (elastic + inelastic) 0.67 0.23 0.10 .51 0.33 0.16
D = Fit to data (#*) 0.67 0.23 0.10 .49 0.36 0.15
E = Inelastic fraction 0.182+0.02

0.126 +0.02

(¥) D = (l-E)*A+E*B is fit to C for the recoil =0,

E the only adjustable parameter (the p and ¢ are fit separately).

1 and >1 fractions

with

061



Table (IV.C.3)

Correction factors (p-¢ data)

p

Geometric acceptance: (54%) 1.85+£0.09
Two-track reconstruction efficiency: (927%) 1.09+0.02
Hadronic interactions of p/¢ decay products

in the target and the vacuum windows: (13%) 1.15+#0.01
Pion/kaon decay in flight: (<1%Z) 1.01%<.01
Analysis cuts (events lost): (&%) 1.04%0.01
Inelastic events: (12.6%) 0.87%£0.02

Branching ratio (¢+K+K_)/(¢+a11): ——— e
-*%~ indicates average values for energy dependent factors.

(a double bremsstrahlung correction for the EO= 200 GeV data'is

(96%Z) 1.04%0.
(92%) 1.09%0.

(10%Z) 1.11=0.
(6.5%7) 1.07%0.
(4%) 1.04%0.
(18.27%) 0.82%0.

(46.6%Z) 2.15

discussed in the text)

01
02

01
01
01
02

-k
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Table (IV.D.1)

Results for yYp>pp and Yp>op

EY(GeV) 35%5 4018 47%7 53%7 71+x11 79+11 106*16 117+17 157%23
s (GeV?) 66.6 75.9 89.1 100.3 134.1 149.1 199.8 220.4 295.5
o 8.84 10.68 . . . .2 .2 8. .
YP*DP(Ub) 0.6 9.90 9.50 9.82 8.24 9.22 59 9.75
Ac .44 .67 .49 .56 .56  t.47 +,52 .49 .56
UYP+¢P(ub) 0.506 0.568 0.546 0.625 0.646 0.648 0.661 0.630 0.740
Ao +.090 +.,091 =*.089 +£,063 +*.065 +.052 +,053 #.101 +,092
Y-¢ coupling constant: (b = momentum transfer slope parameter for Yp>¢p)

v2

Z% b = 31.48+%1.54 (GeV™?)

Fit to o(yp>¢p): (o in ub, s in GeV?)

0= (P¢/ky)2{a+(b//§)+cln.s} , a=-.103%.329
b= .939%.641

c= .135% .057

x%= 26.2/224af

Sl



CHAPTER V OMEGA ANALYSIS AND RESULTS

A: Introduction

The elastic w photoproduction cross section on protons
has been measured from 4& to 180 GeV. The dominant ﬂ+w_ﬂ°
decay mode of the w is not swuited Ffor the detection
apparatus of this experiment due to the nonexistence of an
analysing magnet. The w was instead detected by its
all~neutrai decay, w7’y , with ali three photons measured
in lead Qlaﬁs shower counters. Schematics of the apparatus
are shown din Figs (I11.E. 1) and (IV. A L), The Pb glass
arrvays 63 and G2 are shown in more detail in Fig. (V. A 1),
Also  shown in  the figure are the enerqgies (ADC pulse
heightsy in the Pb glass blocks for a typical (relatively
clean) w->7n'y candidate. The total electromagnetic shower
enegrgy of the three photons from a diffractively produced w
must be equal to the tagged energy of the incident photon
(within the energy Tesolution of the apparatus). The
detectors other than 63 and G2 are used as veto counters %o
#urtﬁer ENSUT e the selection of excluéive three photon
avents. Fimally, two of the three photons must Bave an
invariant di-photon mass consistent with neutral pion decay.
ﬂ°-+yy. The resulting ﬂoY invariant mass distribution shows
a clean peak at the w mass with very little background.

The t-dependence of the w photoproduction cross section
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has | been measured as well as the w-*WOY polar angle
distribution. The angular dependence is expected to be of
the form l+cos?® for s—channel helicity conservation, where
6 is the decay angle of the 7T° with respect to the

direction of flight in the @ rest frame.

B: Data Actcumulatiaon

Data were taken with the electron beam energy Eo: G0, 139H
and 200 GeV. Some of the 20 GeV data were taken with the H2
detector, which includes 62 (see Fig. LITI E. 11, moved
downstream to a position appropriate for the EO: 135 GeV
configuration to check the effect of changes in geometrical
acceptance. Due to insufficient space, the G2 Ph glass
array was removed (leaving 82) from the detection apparatus
for the on 40 and 60 GeV total cross section measurement
The geometric acceptance of G3 alone is small far w-+ﬂ°Y
gvents. ds  a result, the Eow 40 and &0 GeY data are not
included in the W analysis

An event is considered an elastic w-+W°Y candidate if it

has & large fraction (=2100%) of the tagged photon energy in

the Pb glass shower counter arrays G3 and G2, Events of
this kind are recorded in the hadronic (TgH) ‘trigger
category (see Table [III.F. 11, The number of tagged

photons and TgH triggers far the  analysis are summarized
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in Table (V. B. 1),

C: Data Analysis

1. General

411 hadronic event candidates collected in the TgH
trigger category (approx. 1.4 million for the w analysis)
are rtecorded on tape. From these events a subsample
consistent with exclusive w=> 71y production is obtained by
requiring the events to pass a number of analysis cuts.

The electromagnetic energy in the Pb glass shower counter
arrays 63 and G2 is requirted to be at least Q04 of the
tagged incident photon energy. The 10% error margin allows
for the energy resolution of the apparatus and shower
leakage for photons incident near the inside edges of the
Pb glass c¢ounters surrounding the central hmie iﬁ 63 and
{more importantiy) 62 (see Fig. V. A 11, The meaéured
energies in each Ph glass block must be congistent with
exactly three photons incident on G3 (including the
I-counters) and Qé. Events with & phaton in the C-counter
are rejected. Each aof the three photons must have an energy
no  less than 1 GeV. The method used for shower +itting and

reconstruction is discussed in  the following section

(V.G



1%6

An event is rejected if there is more than one track in
the MWPC’s. I# there is a track, its position given by the
MWPC ‘s must agree with a shower position in G3. Most events
have zero chamber. tracks. There is however a 10% to 20%
probability (acceptance dependent) for one track due to a
Y—+e+e— conversion in the hydrogen target or the vacuum
window Just upstream of the MWPC’'s (see Fig. [IV. A 11). The
probability for getting more than one track, either because
thé e+e— pair diverges sufficiently {(compared with the 2 mm
wire spacing of the chambers) or due to double conversion,
is.iéss than 3%

The summed ADC pulse height for planes 2 and 3 of 81 (the
detéctor closest to the target) must be less than 1.0 This
cut was also used in the analysis of the p-¢ data and serves
mainly to reject inelastic events (see Section L[IV.C 11).

Tﬁe measured enerqy in the hadrometers 52, 83 and K
(Z+TANMC) for events swurviving all of the above cuts is
typically at most a few percent of the tagged photon energy
and consistent with shower leakage from G2 and 63 A small
sample of events (=5%) has anomalously large pulse heights
in at least one of the hadrometers and is thus rtejected.

For the final -7’y event selection one of the
two~photon invariant masses (three combinations per event)
must‘be near m o= 135 MeV for 1% > vyy. The analysis cuts are
summarized in Table (V. C. 1). Only about 0. 03% of the TgH

events survive all cuts.
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2. Shower Reconstruction

The shower reconstruction is the heart of the w analysis
and is thus diséussed at some length. The reéder who is not
interested in the details may want to read only tHe last
three paragraphs of this section (stafting on page 168)
without much loss of continuity

When a high energy photon or electron enters an absorber,
an électromagnetic cascéde shower develops as a result of
the combined phenomena of bremsstrahlung and pair
production. The number of electrons and photons in a shower
increases exponentisally with depth of material traversed
until the ionization energy loss of the'electroné {and
positrons) begins to dominate over the radiation loss.' The
Telativistic charged particles in the electromagnetic shower
emit Cerenkov radiation. The Cerenkov light from the shower
is proportional to the total path length of the charged
particles in the shower which is in turn proportional to the
energy  of the incident particle [Rossi; 19521]. A
measurement of the emitted Cerenkov light thus yields the
energy of the incident photon or electron.

The total energy appearing in Cerenkov radiation per unit

path length is [Rossi, 1952]

;‘}Eecz2 {1-——3vav (Bn > 1) (v.Cc. 1)
X anz
1

82n2

}J\) dv if n#n(v)
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where Z 15 the atomic number and n the refractive index of
the absorber, B = v/c is the relative wvelocity of the

electron (positron), and v is the frequency of the Cerenkov

radiation. The energy dependent factor 1~(1/ Bn)?2 is shown
as a fupction of kinetic energy in Fig. (V. C 1A) for n = 1. 63
(SFa glass). The properties of Fh glass (see

Table L[IT E. 11) are well suited for use as electromagnetic
shower detectors. The high average 2 (short radiation
length) ensures the Tapid development of a cascade shower
upon incidence of a high energy photon or electron, The
clarity of the glasse allows the Cerenkov light to be viewed
by a single photomultiplier tube which can be attached (eg.
glued) directly onto the polished surface of an
appropriateily dimensioned block of Pb glass

The basic»inﬁeractions of the electrons and phatoﬁs in
the shower are well established, but the analytical
soplutions of the cascade problem are prohibitively difficult
to obtain. The most useful tTesults are computed using Monte
Carlo technigues which make fewer approximations and take
into account exact f{energy dependent) cross sections and
angular distributions of the various electromagnetic
processes Llongo, 197351,

According to the Monte Carlo results of Longo [ref. ] the
longitudinal development of a photon induced shower 1&g well

represented by



where 7 1is the average number of charged particles
(electrons and positrons) of kinetic energy greater than Ec
crossing a plane which is perpendicular to the direction of
the incident photon and a distance t from the front surface

of the Pb glass. For a 30 GeV shower

EYm 30 GeV (incident photon energy)

Ecn 0.5 MeV (cut-off enerqgy)

A = go07
o = 3.33
b = 0. 444

t in units of Xo (radiation length)

The t dependence of ﬂ(EY,EC,t) is shown in Fig. (V.C.1B).
The integral of Eqn (V.C. 2) for t>0 gives the total path
length of the charged particles, T(Ey)p and has the energy

dependence

- i _ Aol (o) _ (V. C. 1)
T(Ey) J:KEy,Ec,t)dt ba+1 KEY LG

where

>
1]

- 71,895 XO/GaV

204 cm/GeV for SF2 Pb glass
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i. e, the total path length is linearly proportional to the
energy of the incident particle as shown in Fig. (V. C. 1C).
The position of the shower maximum 1is given by the

differential of Egn. (V. C. 2),

dw o
—_— = —_— - = S 4
It {t b}mw 0 (V. ¢4
which yields
t = /b

max

ii

7.15 X for E_= 30 GeV
.0 Y

i

20.3 cm for SF2 Pb glass

The energy dependence is approximately given by

t = 0.901InE_+4.1 (V. C.5)
max Y v

with tmax in units of Xo and'EY in GeV and is shown in
Fig. (V.C. 1D). For comparison, the Pb glass blocks in the 63
array (see Section [III.E. 51) are over 20 X0 long. Even
showers of 100 GeV energy are thus easily contained in the
Pb glass with insignificant leakage of energy through the
back end. The energy of the incident photon or electron can
be determined precisely from a measurement of the emitted
Cerenkov light.

The lateral spread of a 30 GeV electromagnetic shower in

Pb glass is shown in Fig. (V. C. LlE) from the Monte Carlo
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resulits of Longo L[ref. I The curve shows the fraction of
the total path length, Egn. (V. C.3), contained in a cylinder
of infinite length and radius r centered on the shower axis,
The dependence of the lateral spread on the depth t is shown
in Fig. (V. C.1F). The curves represent the fraction of the
bath length contained in a cylindrical disc of radius t and
thickness t = 0.9 Xo at a depth . An  important (and
convenient) property of the showers is the apparent lack of
energy dependence of the lateral development, i.e  the
fraction of tﬁe total Cerenkov light emitted at a radius Tt
is independent of the shower energy if tﬁe Fb glass counters
are long enough to contain most of  the sﬂower. This
property is utilized to obtain the coordinates oaf incident
photons and electrons in a Pb glass shower counter detector.
Typically, the detector is constructed of a modulaf array
of Pbh gless blocks <(see Fig.LV. A 11), each viewed by a
photomultiplier tube which measufes the Cerenkov light
emitted in the shower. The spatial rtesolution of the
detector thus improves with decreasing transverse dimensions
of the Pb glass blocks. The position of a shower can,
haweyer, be determined with an accuracy which is better thaﬁ
the block size. As a consequence of the modﬁlarized
constfuction of the detector and the lateral spread of the
shower the Cerenkov light is shared between neighboring
hlocks. A study of the relative amount of shower sharing

.between neighboring blocks 1leads to considerably improved
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accufacg of shower position measurements. The fraction of
the total Cerenkov light in a block as a function of shower
positjon can be predicted from Monte Carlo generated chower
distributions. The position of a real shower is then given
by the spatial coordinates which give the best agreement
between the experimentally observed energy fractions and
those predicted by the Monte Carlo studies. Thére is thus a
need for shower tables giving predicted energy fractions in
a Pb glass block as a function of shower position.

The Cefénkov light from a shower is proportional +to the
total path length of the charged particles in the shower,
T(EY), given by Eqn.(V.C.B). The fraction of the total path
length per unit area & distance v from the shower axis is

denoted by f{(r) and is related to T(EY) by

T(EY) f(dT/dr) dr

J£¢x) rdrde = [£(r)2mr dr (V. C. &)

The Monte Carlo results of Longo [ref. 1 give values for AT
for an infinitely 1long cylindrical ring of radius v and
thickness Ar. A good fit to the radial dependence of AT is

shown in Fig. (V. C. 2) and is given by

5 (o]
% _ _Vax S_T_dr =1 (V. C.7)
T (r2+a)3/2 0 r

with
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a = 0.02893

™ in Xo (radiation lengths)

From Egqgn. (V. C. &), £(r) is then given by

dt 1 a/2m
£(r) = 4 To7 = va/ (V. C.8)
(r? + a)a/2
and thus
£(x,y) = Va/2m (V.G 9)

(x%2 +y? +a)3/2

i.e.. f{(x,y) is the fraction of the total Cerenkov light per
unit area emitted at the point (x,y) where x =y = 0.0 are
the coordinates of the shower axis. Equally wvalid, FOx,y)
is the fractional light at x = y = 0.0 with the shower axis
at the point (x,y). The light emitted from & square area of

the shower counter is obtained by integrating Eqn. (V. C. 9),

F(x,y) = f[[£(x,y) dx dy
\ :
- i%-sin‘l [ . 2(xy) —1] (V. C. 10D
a(x?+y2)+a?+(xy)?
and evaluating'between the desired limits of x and .y. For a
square area bounded by x1-+x2 and g1-+g2,
2 2 2(x,y.)?
F(x,y) == I I c|Z+sin! 17 - 1ffevo o
4 . 2
i=1 j=1

2,2 2 2
a(xi+yj)+a +(xiyj)
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where
e = (o1)iH] *i74
ERIMA
with x and y in units of X,. EQn.(V.C.ll) can he used to
generate shower tables (energy fractions vs. shower
position) for computer shower Fitting programs. “This s

done easily for any size Pb glass block and as small a grid
Sizei(position increments) as is desired. Table (V. C. . 2) is
a shower table for 6.35x6.35% cm? (2.5x2.5 in?) blocks of
glass type SF2 and a grid size of O 639 cm (10 steps = widhth
of block). The calculated energy fractions. F{x.y), as a
function of shower position are also shown by the curves in
Fig. (V. C. 3). A#cording to the shower table, at most 8&. 9%
(=Fmax) of the shower energy can be contained in a Pb glass
block of the given size and type. The remaining 13. 54 leak
into the neighboring blocks. Experimental data suggest a
somewhat lower wvalue for the maximum énérgg fraction., i.e.
F = Ba%. A corresponding correction in the calculated
energy distribution is readily obtained by an appropriate
change in the value of the parameter 'af in Eqns. (V. C. 7)) to
(V. C.11). Increasing the value of ‘a’ reduces Fmax which is
compensated by increased energy in the shower +tails and

therefore more energy sharing by the neighboring blocks:

a
max

0.0289 0.860% (fit to Monte Carlo)



1465

0. 0500 0.824 (+avored by data)
0.0750 0. 786

0. 1000 0.755

The procedure for locating shower coordinates in a Pb
glass array (such as G2 and 63 in this experiment) is a
two—-step process. First, the array is Scénned with a
computer pattern recognition program to locate groups of
adjacent counters with measured energies (pulse heights)
above some threshold (counter noise). Second, each group of
counters thus isclated is analysed by &a computer Ffitting
Toutine which fits +the measured energies in each block to
those predicted according to the shower table. The shower
coordinates are wvaried in small steps until the fit is
optimized. The goodness of the fit, expressed by an overall
chisquared, is wused +to decide whether the pattern being
analysed is consistent with a single photon (or electron)
incident on the counter with the most shower energy in the
group. If the gquality of the fit is good the fitted shower
position and summed energy of the counters in the group
becomg the parameters of a reconstructed shower and are
recorded for final event analysis. A bad fit tb the
measured énergies in the group of counters may indicate that
the observed pattern is the rTesult of two overlapping
showers which were not resolved as such with the pattern

recognition program. Problems of this kind are expected if
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the shower separation-is comparable to (or 1less than) the
transverse dimensions of the Pb glass blocks. Overlapping
showers most‘DFten result from the decay of a high energy
neutral pion, W°'+YY. The minimum opening angle between the

two photons is given by

0 in° 2mﬂc2/Ew= (0.27 GeV)/E_ (V. C.12)
which corresponds to a shower separation of 5 4 cm for a
50 Cev neutral pion decaying 10 m upstream of the shower
counter array. The +fitting procedure for a two-shower
pattern involves optimizing both the shower positions and
energies to yield the best possible agreement bétween
measured and predicted energy fractions in the individual
counters,

It is possible to SimpliFu the method wused for shower
fitting with 1little loss of accuracy. The shower countern
array is imagined to be constructed of parallel <slabs
(horizontal or vertical) where each slab consists of a row
of neighboring Pb glass blocks. The fraction of the total
shower energy contained in a slab as a function of shower
position isvobtained from Egn. (V. C. 11) in the limit of wvery

long slabs,

F(x) = lim F(x,y)

y+tow . (V. C. 13
X X, -a X xT-a
= f%- 2 sin'l( 2 )— ! sin"( : )
|x2| x§+a |xl| xf+a
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where

XKog=Xq = width of slab {(units of Xo)

for slabs extending in the y divection. The Fractional
energy for three neighboring slabs isvsﬁown by the curves in
Fig. (V.C. 47, The energy in the outside slabs is strongly
dependent on the showar. Eosition in the central slab.
Egn. (V. C. 13} can be inverted to give the distaﬁce of a slab
from the shower position as a function of the fractional

energy in the slab,

At

% —a-%tan TF (V. C.1a)

where
d = distance of center of slab
+rom shower position
A = x2~x1 = width of slab

F = fractional energy in slab

{d: A in units of XO)

The x and y coordinates of a shower can thus be calculated
separately wusing slabs extending in the y and x direction,
rTespectively. The shower energy in a slab is the summed
energy 1in the Pb glass blocks which are part of the slab.
In practice, Eqn. (V. C. 14) is solved for each of the two

outside slabs, 1. e. the slabs on either sidevoﬁ the central
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gslab (the slab with the most energy). The two distances
thus calculated can be averaged to give the shower
coordinate perpendicular to the direction of the slabs. 1)

large difference between the two celculated distances may
indicate that the energy in the slabs is due to ‘two
overlapping showerTs. It then is necessary to tTesolve the
two éhowers by +Fitting +to the observed energies using
Eqn. (V. C. 13).

Untfortunately, the teconstruction of showers in the Pb
glass arrays G2 and G3 of this experiment encounters several
problems which result in reduced accuracy. As  is apparent
from the above discussion, a4 good position and energy
resolution in the reconstruction of showers rTequirTes an
accurate measurement of the shower sharing among the Pb
glass blocks. The total shower energy is typically
contained in a 3x3 array of Pb glass blocks of the sizé used
in G2 and G3I (with 'the central block having the most
energy). As  a result, the position and energy of photons
(and electrons) incident on the innermost ting of counters
in G2 (see Fig. [V.A.13) can not be determined wvery
accurately. Some unknown (within limits) amount of the
shower energy leaks into the central hole of 62 and is thus
lost. In spite of this missing shower information, the
position and energy of the incident particle can be found,
within (known) errors, using the methods discussed above.

The loss of accuracy. is,» however, reflected by a significant
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broadening in the resulting ﬂo-*YY and m-+ﬂ°Y mas &
distributions.

A similar situation exists for photons incident on the

I~counters, i. e. the counters surrounding the central hole
of the 63 array. However, the hole in 63 is only the size
of one Pb glass block (in G2 it is 2x2 blocks). As a

consequence, a large fraction of the shower energy leaking
into the hole is vecoversed by the counters surrounding the
hole and +the C-counter located further downstream (see
Fig.[V.A,lj)‘ The transfer of shower energy across the G3
hole can be studied with electron induced showers, using the

MWPC ‘s (multiwire proportional chambers) in front of 63 to

determine the coordinates of the incident electron. Results
pbtained with a 90 GeV (low intensity) electron beam
incident on an I-counter are shown in Fig. (V. C. 5). The main

features of the energy distributions shown in the figure can
be used to aid in the reconstruction of I~cbunter showers.
Another problem, affecting all showers in both G2 and 63,
is due to the method used to store measured energies in the
memory of the PDP-19% on-line computer during the data
taking. The amplified pulse heights  from the
photomultiplier +tubes are digitized with 10-bit abC ' 5
{analog to digital converters). The word length of a PDP-15
computer is 18 bits. In order +to keep the number of
computer words per event as small as possible (to save

memory) the Jlowest order bit of all ADC words is dropped
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thereby allowing two ADC words to be packed into one PDP-15
word. As a consequence, the number of ADC channels is
effectively reduced from 1024 (10 bits) to %12 (9 bits)
which adversely affects the accuracy of low energy (low
pulse height) measuréments. The result is seen in terms of
decreased position resclution of the shower reconstruction
as it depends heavily on knowing accurately the typically

very 1ow'energg levels of the shower tails.
3. Data and Monte Carlo

The two-photon invariant mass spectrum for events
surviving all analysis cuts and thus being consistent with
w-+ﬂ°y is shown in Fig. (V. C. &) for most of +the data. The
invariant mass of a two—-photon state is given by

M$Y= 4E1Ezsin2(6/2) (V. C.15)
where E1 and E2 are the energies of the photons and 6 is the
opening angle between the photon pair. Each event gives
three two—-photon combinations. About one—-third of the
combinations peak in the T mass region, indicating that
hbst events are compatible with a 'y state. The m°
candidate for each event is chosen to be that photon pair
which has a8 mass nearest to 135 MeV (shown separately in

Fig.[V.C.&1).
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For the decay
V-*YIP P *Y,Y,
(here V=w and P=1") the theoretical two—photon invariant
mass spectrum for Y1Y2 and YiY, has the form
dN/dMYY ocMYY for M\Z(Y < (M% - MIZ, )

as indicated by the straight linme in Fig. (V. C. 6). The
deviation of the data from the theoretical prédiction is due
to backgrouﬁd events (as evidenced by the tail in the 7°
mass distribution), the 1incomplete geometrical acceptance
and the resolution (energy, position) of the apparatus

The three-photon invariant mass spectrum for evénts which
have a two-photon combination near the 7° mass (135 MeV) is
shown in Fig. (V. C.7) for most of the data. The invariant

mass is calculated from

2 = in? 1 (V. C. 16)
MWOY I 4EiE351n (Sij/Z) i#]
i,j=1,3
where Ei and Ej are the energies of the photons and eij the
opening angle for the two—-photon combinations,. The mass

distribution shows a clear peak at the W mass (783 MeV) from

0

Y events with little background,

Energy distributions for events in the w mass region  are
shown in Fig. (V. C.8) for the 7° (Eﬂ) and the highest (EH)
and  lowest (EL) energy photon for each event. - The

gquantities in histogvams (&), (B)Y) and (C) of Fig. (M. C.8) are

expressed as a fractionm of the tagged photon energy (EY) and
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repreéent all the data. Histogram (D) shows EL in units of
energy for the E_= 135 GeV data (E; > 1.GeV).

Monte Carlo (M. C. )} generated energy distributions for E";
Eq .and EL are shown by the dashed curves in Fig. (V. C. &)
normalized to the data. There is good sagreement with the
data, indicating that the geometric acceptance and shower
reconstruction efficiency of the apparatus are understood.

Another consistency check is provided by the number of

photons in G2 expressed as a fraction of all photons (G2+G3)

for ﬂoY events in the w mass Tegion,. The predicted
fractions from M. C. generated events and the experimental
values are listed below for the different apparatus
configurations (i. e. electron beam energies, Eo):
Eo(GeV) M. C. data

20 0. 44 O 44 £ 0,03

F0* 0. 52 0. 54 0. 06

135 0.32 0.30x0.03

=00 0. 32 0.33+0 04

fsee Table [V.B. 11 for information on the different Eo
settings? The errors on the data are statistical. The
agreement between the corresponding fractions is good at all
energy settings.

The Monte Carle event generation for yp->+wp: w->7ly
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assumes s-—channel helicity conservation (a 1+cos?0 decay

distribution) and a momentum transfer distribution given by

expl{bt) with b = 8 9 GeV~ 2 The incident photon spectirum
and beam size are given the experimentally observed
characteristics. Shower sharing between the individual Pb

glass blocks of G323 and G2 is predicted according to thé
methods described in Section (V. (. 2) and taking into account
the geometric acceptance and energy resolution of the
apparatus. The generated events are then reconstructed with

the same computer analysis program which is used for. the

data.
4. Inelastic Events

The elastic @ photoproduction cross section is calculated

from the yield of w% events in the w mass region. The
analysis cuts, listed in Table (V. C. 1), ensure that the
events are consistent with exclusive w production. However,

not all events are produced elastically, i. e.

Yp +wX , X#p (V.G 1)

where X denotes a missing mass different from the proton
mass. Obviouvus low mass (low t) candidates for X are the
T-nucleon Ttesonances N (I=1/2) for diffractive (pomeron

exchange) target dissociation [Wol#, 19711, and A (I=3/2
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for t—-channel pion exchange processes,

The fraction of inelastic w events is estimated using the
method described in Chapter IY¥ for the p~¢ analysis (for
details see Section [IV.C. 41). Elastic and inelastic events
can vbe stastistically distinguished by their different
probabilities for firing n=0, 1 or »1 of +the four recoil
counters surrounding the hydrogen target (see Section
v[III.E.&J). Elastic events are expected to have n=0 or n=]
{(usually n=0) with probabilities computable from
range~enefgg relations, The results, obtained with the
Monte Carlo event generation computer program described in
the previous section, are listed in the +first row of
Table (V. C. 3).

Inelastic events almost always have n=1 or n>l (usually
n>L) with probabilities determined from a simple FPoisson
model which agrees with hadronic studies of target
dissociation (see Appendix C). The predicted fractions in
each Tecoil category are listed in the second row of
Table (V.C‘B).

The measured fractions aof ¢ events with O, 1 or >1 recoil
counter signals are listed in  the third row of Table
(V. C. 3. The numbers represent averages for all of the
daté; the assigned wuncertainties are statistical. The
fraction of inelastic events in the data sample is obtained
from a fit of the recoil predictions for elastic and

inelastic  production to the observed recoil distribution



The best possible agreement with the data is given with an
inelastic event contribution of 0. 25%6+«/— 039 as shown in the
fourth tTow of Table (V.C. 3)

A lower limit on the fraction of inelastic events.can be
obtained directly from the data. A criterion for elastic w
production is the coplanarity of the rtecoil proton and the
w . A knowledge of the w direction of £light, calculated
from the heasured energies and positions of +the decay
photons, allows +to predict the direction {(specifically the
aiimuthal angle) of the rTecoiling proton. én event with a
recoil signel in a counter other than the one predicted Frqm
the recoil proton direction may be classified as inelastic.
The $raction of inelastic events thus determined is 0. 21 for
the n=1 recoil category and, including all n>1 events, gives
an aoverall inelastic contribution of 0. 25+/-.03, in
agreement with the fraction obtained using the statistical
method.

The amount of inelastic events in the  data is 1larger
than expected, especially when compared with the p data (13%
inelastic) and ¢ data (18% inelastic). Inelastic event
production due to diffractive target dissociatioen should be
roughly the same for the p and the w (comparable geomeﬁric
acceptance and momentum transfer slope parameter).
Unnatural parity t-charnnel exchange w production has been
measured at photon energies below 10 GeV [Ballam, 1973;

Eisenberg, 19723 and is found to be consistent with one-pion
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exchange ,(DéE& for both the production cross section and W
decay angular distribufion (see Section [I1.B.21 for more
details), In particular, the OPE cross section decreases
with incident photon energy approximately as 1/82
Reactions such as yp-*wA+‘ due to OPE, should therefore be
negligible in the energy Tange 6# this experiment.

The reaction yp-+wp+ﬂ+ﬂ—ﬂ°p has been investigated, wusing
Monte Carlo (M C.) technigues, as a possible scurce of
background to the w-*on data. Uf interest are those esvents
which have one of the charged pions interact in the hgdrogen
target, possibly resulting in a recoil counter signal, with
the non—interacting ﬂoﬂt pair™ simulating a ﬂoY,event in the
dounstream detectors (events are allowed to have at most one
Mchi track). The probabilitg'For one of the Charged pions
to dinteract in the target is approximately 10%. The
relative event rate is enhanced due toc the branching ratio
[Particle properties, 19781

(Wt m0 /> 1m0y = 102
The analysis oF.M.C. generated w-+n+w—n° events shows that
such processes are not expected to survive the analysis cuts
for 1y events.

A source for wom events with a recoil counter signal

might be from p_  photoproduction, i.e. yp-*p-A++
(o~ »7r ). This rTeaction has been measured up to 7.5 GeV
[Eisenberg, 19721 and has an energy dependence given by

glub)=Cc-EP , where  €=3.5+/-1.2  and b0, bot/=0 2
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(inconsistenf with OPE!). An extrapolation to the energy
Tange of this experiment indicates that p_A++ production may
not be completely mnegligible. However, most T°T events
would be rejected due to insuFFicient energy in the lead
glass arrays and/or too much hadronic energy in the counters
81, {2, 83 or K. Monte Carlo studies show that surviQing
Wo“f pairs peak at an invariant mass near 0. 45 GeV tanalysed
as T’Y) for which there is no obvious evidence in the oy
data (Fig, [V.C.71).

It is concludéd that the ﬁoY data are not appreciably
contaminated with ﬂoﬂi events. The excess inelastic
tontribution to the w photoproduction data (compafed to p
and ¢ production) dis thus likely due to Yp-+(nX-+ﬂ°YX (X
being a target excitation) and background which Tepresents

10~13%4 of all events in the w mass Tegion.
5. Corrections

To calculate the w photoproduction cross section3 the
observed number of 7%y events in the w mass region needs to
be corrected for:

wgebmetric acceptance of the apparatus and analysis cuts,

~inelastic events,

~background events (incl. p-+7ny), and

—branching ratio for (w+70y)/{w>all)

The values of the correction factors are 1isted'in Table
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(V. C. 4. The acceptance correction takes into account

events lost due to the geometry of the apparatus (energy

dependent), the event rtreconstruction efficiency, and the
analgsis ruts used to select w7y candidates [see Table

(V. C. 1)1

The cofrection For the inelastic event contribution is
discﬁssed in the previous section. The number of backgréund
évents is estimated for each data point and represents
typically 104 to 20%4 of the events in fhe w mass region (the
higher percentage for the Eo=m 20 GeV data). The
contribution of 7%y events from p-+7ly is 2-3% of the w->mly
data (branching ratio = 0.024%). The number of 7wy events
attributed to w decay is corrected for the unobserved decay
modes of the w (branching ratio = B. 8%).

The w°y invariant mass distribution for the Eom 135 GeV
data are  shown in Fig. (V. C. 924). Also shoun are mass
distributions tor events which are rejected because of
miséing energy in the Pb glass shower counter arrays. There
is no indication for lost w7’y events due to the Pb glass
energy cut.

Invariant mass distributions for events which Faii m-*ﬂoY
analysis cuts because of an extra photon (i.e 7lyy events)
are shown in Fig (V. C 10) for all of the data. Events with
and without a track in the MWPC’s are shown separately.

About 60%4 of the E°= 200 GeV data‘ were taken with a

radiator of thickness 0.03 radiation lengths (normally
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0. 01 Xo) to compensate for the lower electron beam Fflux at
200 GeV (compared to E0= 135 GeV and 90 GeW). The use of
the thicker radiator results in a non-negligible probability
for doublé bremsstrahlung (see Section [IV.C.51 for more
details). Events with a photon of energy greater than 2 GeV
incidént on the C-counter are Tejected, Energy in the
C—counter is allowed only if it is consistent with shower
leakage from a photon incident on the I-counters (the eight
Pb glass counters surrounding the beam hole in G3). The
correction factor far evenfs lost due to a  double
bremsstrahlung photon in the C-counter is 1.06 for the

Eon 200 GeV data and is negligible for the Eo= 135 GeV and

20 GeV data.

D: Reswylts and Discussion

The w photoproduction cross section is calculated wusing
Egn. (III.D. 10 and the correction factors listed in Table
(V. C. 4y, The results are given in Table (V.D. 1) and shown
in Fig. (V.D. 1) together with some lower energy data‘ The
E0= 90 GeV date were divided into twe photon energy vbins.
thﬁa yielding two data points. The Eoﬁ 135% GeV and 200 GeV
data give one data point each. The quoted' errTors  are
étatistical and include the uncertainty due tg the

correction for inelastic events. The systematic uncertainty
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is estimated to be 8% for all data points and is primarily
due to the geometric acceptance, including its dependence on
the four—momentum transfer slope parameter. An additional
systematic uncertainty is from the w-*woy branching ratio
which is quoted as 8. 8+/~-0. 5% EParticle.properties, 19781

In vector meson dominance (VMD) models, photoproduction
of the w 1is- rvelated to wp elastic scattering. The Wwp
scattering can in turn be Telated to Tp elastic scattering
by additive guark model Telations. Specifically (see
. Chapter II for details),

o(yp >wp) = %(Oel(v+p) + Gel(ﬂ"p)) exp(btmin) (V. D, 1)

?w“l'c
< m® g m
l
e N I3

where Yw representé the strength of the vY-w coupling and
a =e?/hc. The threshold factor (pﬂ/kY)2 is derived in
Appehdix Bi the wvariables pTT and kY are the momenta of the

T and the photon, respectively, in the yp center of mass

system. The exp(btmin) term accounts Ffor the minimum
four—momentum transfer (tmin) required in  the vy-=>w
transition (b = slope parameter). The threshold factor and
the exp(btmin) term are negligible in the energy rtegion of
this experiment. Equation (V. D. 1) is plotted in
Fig. (V. D. 1), using smoothed Tp elastic scatteriﬁg Ja%a
CAyres, 1977; Foley, 1963; Amhats, 19741, The curve iﬁ‘
ndrmalized to the w cross section of this experiment. The

value of the coupling constant Tesulting from  the
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normalization is

]
v
(¥,
I+
o
o~

(V. D2
4 '
and compares with 4 6+/-0.5 from cnllidiﬁg beam measurements
[Gounaris, 19681 and 7.5+/-1.3 from photoproduction on
complex nuclei [heith, 19771, It is interesting to see the
deviation of . the  lower energy W cross section from the
VMD—-guark model prediction in Fig. (V. D. 1) The excess cToss
section is attributed to pion exchéngé in the t-channel and
decreases with increasing photon energuy approximately as
1/E$ [Ballam, 1973; see also Chapter II1.

The differential cross section for w photoproduction is

determined +rom a it of the form

20 - aee (V. D, 3)

to the 7% data in the « mass region (¢t

il

four-momentum

transfer). Events with. greater +than one recoil counter
signal, or a recoil signal in a counter which is
incongistent with the calculated direction (azimuthal angle)
of the recoil proton are not idincluded in the Fit  This
eliminates most inelastic events {(see Section [V.C.51) which
are expected to have a smaller slope parameter, b, = than
elastic events. The data are corrected for the tmdepgndence

of the geometric acceptance. The fitted parameters A and b,
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defined by Egn. (V. D 3), are given in Tahle (V. D. 1}, The
t-distributions are shown in Fig (Y. D 2) for the fthree FE
settings. Figure (V. D 3) shows the t-distribution of the
combined data for elastic events. Also shown in the figure
is the t-distribution for inelastic events (recoil signals
inconsistent with elastic production). 4n inelastic CTO%S
section can not be determined due to the unknown geometric
acceptance for inelastic events.
The slope of the yYp->wp (elastic) differential crnss
section, b, measured by this experiment is shown in
Fig. (V. D. 4) as a function of energy together with some lower
energy data. VMD—-guark model relations predict (see

Appendix D)

+ —
b(w) = %{ b(m p) +b(m p) }. (V. D 4)
where bimp) is the slope pavameﬁer for mp elastic
scattering. Equation (V. D.4) is shown by the solid curve in

Fig. (V. D.4), using smoothed mp data [Ayres, 1977 Foley.
19&3;  ambats, 19747,

P

The decay polar angle distribution for w—*ﬂoY (J

17 >0 +1 ) is shown in Fig. (V.D.3) for all the data. The

number of events in each cosb bin is corrected for
acceptance losses. The error bars on the data points are
statistical. The angular dependence expected for s-channel

helicity conservation is 1+cos?@, shown by the curve in



Fig. (M. D 5. The data are consistent with s-channel
helicity conservation. in agreement with lower energy
measurements [Ballam, 1973; see also Chapter 111

In conclusion: the w photoproduction data of this

experiment extend the agreement with VMDD and an additive

quark model to & new range of energy. The cross section is
approximately comstant with energy. The t—dependence of the
aiFFerential cross section is of the For& Arexpibt). The
YW coupling constant obtained From this data, vsing

Mil~quark model relations, is consistent with colliding beam
data and A-dependence of photoproduction at lower energies.
The decay angular distribution for w7y has the
characteristics expected for s-channel helicity

conservation
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Figure (V.C.1l) contd.

A: Energy dependent factor 1—(1/Bn)2 as a function of kinetic energy
for n=1.65 (refractive index for SF2 Pb glass).

B: Charged particle density, W(Ey,Ec,t), as a function of depth, t..

C: Total path length, T(Ey), of charged particles versus energy of
incident photon.

D: Position of shower maximum versus energy of incident photon.

E: Lateral spread of a 30 GeV shower contained in an infinitely
long Pb glass block.

F: Lateral spread of a 30 GeV shower as a function of depth, t.

Data shown in figures B-TF are from Monte Carlo generated showers

(Longo, 1975).
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Figure (V.C.5) contd.

Shower data obtained with Ee= 90 GeV electrons incident on I-counter

number 26. Energies shown in the figure are normalized by Ee.

A: Energy in counter 26 as a function of shower position (the
coordinates of the incident electron determined with MWPC's).

B: Energy lost through the hole in G3, denoted E(25), versus energy
in counter 26.

C, D: Shower energy transferred across the hole in G3 versus energy

in counter 26.
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Figure (V.C.8) contd.

Energy distributions for w—*ﬂoY candidates in the w®

mass region.

Figures A, B, C: all the data.

Figure D: Eo= 135 GeV data,
EY= tagged photon enérgy
ETT T energy
EH= energy of highest energy photon
EL= energy of lowest energy photon (>1 GeV)

The dashed curves are Monte Carlo generated distribu-

tions normalized to the data.
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Figure (V.C.9) contd.

Mass distribution for w°Yy events (E¢g= 135 GeV data).
Events in (A) are good w~>m’y candidates (survive
all analysis cuts)., Events in (B, C, D) are rejected

because of missing energy in Pb glass arrays.

A: 0.9 < EG/EY ESB/EY< 0.03 136( 24) events
B: 0.8 < EG/EY< 0.9 as above 73( 31) "
C: 0.6 < EG/EY< 0.8 as above 141(¢ 72) "
D as above no ES3 cut 198(104) "
EY = tagged photon energy
EG = energy in Pb glass arrays
ESB= energy in S3

The number of events which have a MWPC track is given
in brackets following the total (0 and 1 track) num-

ber of events.
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Figure (V.D.1)
Energy dependence of the w photoproduction cross
section. The curve is a VMD-quark model prediction

given by Eqn.(V.D.1l) and normalized to the data of -

this experiment.
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Differential cross section for w photo-
production (elastic events).

A: Ep= 90 GeV data, B: Eg= 135 GeV data,
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Figure (V.D.3) Differential cross section for w photo-
production (all the data).
A: elastic events,

B: dinelastic events.
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Figure (V.D.4) The slope of the Yp~>wp differential cross
section as a function of energy. The solid
curve is the average slope for w+p and w—p

elastic scattering.
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angular dependence éxpected for
s—-channel helicity conservation is

1+ cos?8 (shown by the dashed curve).
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Tagged Photon and TgH Trigger Totals

(for w data)

Eo(GeV) 2Z2(m) 2Z3(m) <EY> Tg(x10%) TgH(x10?%)
90 4.5 10.3 60 593 476
90% 5.1 10.3 60 298 248

135 5.1 12.0 90 642 491
200 7.3 18.3 133 287 227

* Apparatus with H2 in the Eg= 135 GeV position.

Z2:

Z3:

<E_ >:
Y .

Tg:

TgH:

Electron beam energy in
Distance from target to
meters.

Distance from targe; to

meters.

GeV.

G2 Pb glass array in

G3 Pb glass array in

Average photon energy in GeV (.50<EY/E0<.92).

Number of tagged photons in millions.

Number of hadronic triggers in thousands.

Note: Z2 and Z3 measure 25cm into the Pb glass (position of

shower maximum)
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Table (V.C.1)

Analysis Cuts (w Data)

(all events are trigger type = TgH)

Pb glass energy: (G3I-FG2)/EY>O.9O

Exactly three photons in the Pb glass arrays
Low energy cut for photons: E>1.,0 GeV

At most one track in the MWPC's

S1 "off"™

Energy in S2, S3 and K consistent with
shower leakage from G3 and G2

7% mass cut for w-*woy candidates




Table (V.C.2) Shower Table

-8652 Block size: (6.35 cm)?; (2.5 in)?
.8618 .8584 Pb glass type: SF2 . X
N . = &@eo
8496 .8464 .8350 Coefficient a=0.02893 :::::.
Grid size: 0.635 cm ; 0.25 in Ceeeces -
.8195 .8166 .8062 .7797 1'.°.°§..
; )oceodoe®
{ [ XX X X 29090
7346 .7322 .7234 .7011 .6334 133434544530
! 0....’.......
L4466 — . 4447 = 4381 = 4221 — . 3784 - .2330— block edge | 9ccc0sccccsssee
| ] 2900990999000 0099
1582 .1569 .1524 .1429 .1232 .0874 .0514 | Y T
y

I
.0724 .0715 .0687 .0634 .0548 .0431 .0312 .0221

.0405 .0400 .0383 .0353 .0311 .0229 .0206 .0160 .0123

.0254 .0250 .0240 .0223 .0200 .0!73 .0145 .0118 .0096 .0078

.0171 .0168 .0162 .0152 .0139 .0153 .0106 .0090 .0076 .0064 .0G53

.0121 .0119 .0116 .0109 .0101 .OJ91 .0081 .0070 .0061 .0052 .0045 .0038

.0089 .0088 .0086 .0081 .0076 .OJ7O .0063 .0056 .0049 .0043 .0038 .0033 .0028

!
.0068 .0067 .0065 .0062 .0059 .0055 .0050 .0045 .0040 .0036 .0032 .0028 .0025 .0022°

I
.0053 .0052 .0051 .0049 .0047 .0044 .0040 .0037 .0034 .0030 .0027 .0024 .0022 .0019 .0017

|
.0042 .0042 .0041 .0039 .0038 .0035 .0033 .0031 .0028 .0026 .0023 .0021 .0019 .0017 .0015 .0014

90¢



Table (V.C.3)

Fraction of events with O,

1 and >1

recoil counter signals for w events

recoils
0 1 >1
A = Elastic events (Monte Carlo) 0.71 0.28 0.01
B = Inelastic evts. (calculated) 0.02 0.23 0.75
C = Data (elastic + inelastic) 0.57 0.22 0.21
.04 .03 .03
D = Fit to data 0.54 0.26 0.20

E = Inelastic fraction

0.256 £0.035

Error on C (data) 1is statistdical.

D= (l1-E)*A + E*B is fit to C for the recoil = 0,

>]1 fractions with E the only adjustable parameter.

1 and
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Table (V.C.4)

Correction factors (w data)

Geometric acceptance

and analysis cuts (x%): (33%) 3.0 *.2
. / .
Inelastic events: (25.6%) 0.744%.035
p+mly: (v2.5%) 0.98

Branching ratio (w-*ﬂ°y)/(w-+all): (8.87%2) 11.4

(#) includes: Pb glass energy cut,
lowvénergy cut for photons,
events lost due to >1 MWPC tracks, and

1r° mass cut.



Table (V.D.1l)

Results for vYp > wp

209

EY (GeV) 5347 71+11 95+27
s (GeV?) 100.3 134.1 179.2
o b 1.15%0.17 1.02%0.15 1.08i0}12
Yp + wp (ub) . ’
A2
EY= 60t 32
do 2
T (ub/Gev?) 9,.70%1.30 9.82+2.05
t=0
b (GeV™2%)

9.05%*1.00 9.11+1.66

P

14040
263.6

1.08%0.18

8.10+2.51

7.52%2,14

Conbined data: .

o(ub) = 1.08%0.08
do/dt(ub/GeV?) = 9.06%0.95

b (GeV™2) = 8.42+0.74

2

% = 5.49+0.39
'n' .

<2

(fit to differential cross section is of the form

do/dt = A-

bt
e

)



CHAPTER VI SUMMARY

The elastic rho (p). omega (w) and phi (¢} photo-
production cross sections on protons have been measured in
the photon energy range 30 to 180 GeV. The data weré taken
at the Tagged Photon Facility of Fermilab with a particle
detection apparatus consisting of multilayer lesad-irvon=-
scintillator hadrometers, lead glass shower counter arrays,
and multiwire proportional chambers. The observed decay
modes were

p->1r+1r_ w7y ¢—>K+K—

The energy dependences of the p, w and ¢ photoproduction
cross sections agree well with predictions made by using
vector meson dominance (VMD) and an additive quark model.
The p and w cross sections are approximately constant with
photon energy while the ¢ cross section rises from 0.5 pb to
0.7 pub with increasing energu. Average values for the cross

sections measured by this experiment are

(yp+pp) = 9. 27 + 017 ub
(yp+wp) = 1.08 £ 0.08 ub
(yp > ¢p) = 0. 635t 0.024 b

The cross sections are corrected for the contribution of
inelastic eévents which amount to 13% for the b; 2é6% for the
w ., and 18% for the ¢. The relative ratio of the (average)
p + w and ¢ cross sections is given by

glp) : ofw) © o(¢d) = T : (1.05£0 08) : (0 617 % 0 026)

210
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{(remember that o(¢) rises with energy). This can be
cmmpéred with the ratio of the y>p: w:, ¢ coupling strengths
as talculated from the measured leptonic decay widthwy in
e+e- caolliding beam experiments [Leith,v1?78];
(1/\(3) S VA f.wy(?)) =9 . (1.25%0.1) : (2.04%0 @)
and the SU(&) prediction, |
g .1 2
The v~V (V= p, W, ¢) coupling constants, obtained from a
normalization of hadron elastic scattering cross sections to
the photoproduction data of this experiment (using VMD and
an additive guark model) are given by
(y;/ll-ﬂ) * 0,650,038, (yi/4m) = 5530 4
(Y:b/ll'rr) = 47 20,03
The values are consistent with previous measurements at
lower photon energies, |
The differential cross section, dg/dt {(t = four mameﬁtum
transfer squared), has been measured for phbtbproduction.
A Fit to the combined data of the form |
do/dtliyp >wp) = Acexpilbt)
gives
A= 9 060 95 ub/Gev?
b = @ AR+ 0. 74 Gey™?
The observed decay angular distribution for w-*ﬂdy is
consistent with a l+cos?2@ polar angle dependence és expechbed

for s—channel helicity conservation.
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APPENDIX A

DERIVATION OF A (TRACK SEPARATION)

Center of mass system: Laboratory system:

The lab system and center of mass (c.m.) system momenta

are related by

P| = |p*| sing il
P = Y(PTVFBE*)
where
P| = lp| sina
P = [Pl cosa
PT|='|E*| cosb

p%[= {(/2)2- m2}/2

Y = E,/M

w
1

PO/EO



The lab system and c.m. system decay angles are therefore

related by

Pl {(M/2)%- n?2)'/251in0

tanoa =

P (B, /M) {{(/2)%- m?}'/2cos0 + (P /E ) (M/2)}

or, after rearranging

M sin®
tano = 7 A2
E,cos® + Po/{l - (2m/M)2%}1H/2

From Eqn. (A2), as expected

o 0 for 2m = M

a < 90° for m = 0 if cos® > -B

and in general
B
90° if cosb > - A3
{1 - (2m/M)2}1/2

A

o

For o < 90%: The track separation is given by

A= A+ A = Z(tano

1 2 + tanaz) A4

1

sin61=sin62 and cosel=—coseé. Hence from Eqns. (A2) and (A4)

2zMP {1 - (2m/M)2}'/251n0
A = AS
Pi- E2{1 - (2m/M)%}cos?®

For Poon

22M {1 - (2m/M)2}'/251n0

E, {sin?0 +(2m/M)2%cos?0}

214
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With M=1.0197 GeV and m=0.49371 GeV (¢+K K) Eqn.(A6) yields

0.50908 Z sinb
A =

¢ E, {sin®6 + 0.93769 cos?6}

and for symmetric decay (6=90°)

0.50908 Z
A¢= (A¢) T ___E___
0

A7

A8
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APPENDIX B

DERIVATION OF THE THRESHOLD FACTOR pé/ki

The cross section for the reaction

a+b~>14+2 , Bl
can be written as
_ 1 - 2
o ,= = J/ d(LIPS) T |<B|T|a>] B2
OLS J C’«B
where
J = flux factor, i.e. the number of incoming particles

per unit time and unit area.

d(LIPS) = Lorentz lnvafiant Phase Space factor.

I<BlT|a>|2= transition probability per unit space-time
for the transition a+B, the initial and
final state, respectively.

T and I denote a?eraging over initial spin states and

o

summing over final spin states,

To obtain an invariant expression for the flux factor we
first consider a frame in which the two colliding particles
are moving towards each other. In that special frame the

flux factor is given by

. Vot Yy lp, B+ P, lE,

B3

Vavb VaVbEaEb

is the magnitude of the velocity of
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particle i with momentum ;i and energy Ei' The normalization

volume 1is Vi' The numerator of Eqn.(B3) can be written as

= - = . 2_ 2 _2311/2

Ipa|Eb+ |pb|Ea {(Pa Pb) mamb} B4
where 1 is the four-momentum of particle i. Therefore, if

the normalization volume is chosen as Vi= l/Ei, the invariant

flux factor in an arbitrary frame is

—
[

{(Pa'Pb)Z- mzmé}l/z

i

mblpal in the lab frame (pb=0)

Vs Iagl in the c.m. frame B5

The Lorentz invariant phase space factor is given by

1 dEldSz
d(LIPS) = 6“(pu— pB) B6
(2m)® 4EE

2
where the four-dimensional Dirac delta function ensures
energy and momentum conservation between initial and final

states, o and B. In the center of mass system, for which

P =-p%,
[I dpkdpk 8" (p, - pg) = /J dpkdp} 6°(p¥+ p%) O(EX- EY
= p* -
J dp% S(EX- EX) B7

The cross section, Egn.(B2), can now be written as
1 dp*

= — S 1
Vs lpgl (2m) 4LEXE

5 2
%08 S(E - Ep) éé [<B|T]o>| B8

gvb-d
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We put
_= ‘=_2 . 1
dp = dp dp dp, |p|2d|p| sin6 d6 d¢
= |p| E dE sin® d6 d¢ B9

The invariant momentum transfer squared between particles

a and 1 is

_ - _ 2 _ 2 2 — e n
tgp= t = (pym py) 7= m+ mi+ 2(E E;- popy)
and
dt =-2]Ea|]§1| d cosf = 2]5a|[51| sin® do B10
Hencg
_ E*dE*d¢*dt
dpf = 1 1_ 1 Bll1
2 |p*|

and the cross section, Eqn.(B8), becomes

1 dE%dt

kS 2
§(EX- E} gg |<B|T|a>] B12

N =2k

Oy " — /
8vs |p*|? (2m)° E
To solve the integral over the § function we make use of

the property

df |71

X

J dx §(f(x)) =

X=Xo0

where x, is a solution of the equation £(x)=0. Here x=E%

1
= E%- E% = E% - F&—- E*
and f (x) Ea EB Ea+ Eb E1 E2' Hence,
af dE§
_ =] + —=
dx dE*

1
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In the center of mass systen,

Dk2= pk?
P17 P3
or
2 _2_ wy2_ 2
(E4) "~ m;= (E¥) m,
and hence
% %
i A |
% %
dE1 E2
It follows that
E3 E3
S dET G(Eg— Eg) = — = —
E?+ E% s
and substitution into Eqn.(Bl12) gives
1 _ ,
o = S dt T [<B|T]|a> B13
y I3 |<elt]o>]

8s|px|?(2m)°

It is evident that the differential cross section is

do 8 1 —
ap 2L |<g|T|a>]|? Bl4
dt 8s|px|?(2m)® OB
We can now write
d -
qcreep)  <oplTlve>|? [py]”
49 (pp+gp)  |<op|T|dp>]? |Px]2
dt P P p P PY

The ratio of the transition probabilities is expressed by

the ¢~y coupling constant in vector meson dominance and hence

do |p*|? am do
—(yp>op) = —  — —(¢p>dp) B15
dt : tkx |2 y2  dt
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5% |2 ¢ P ¢
¢ 4s
_ (s-m?)?
Y 4 s
s =m’+2m E
b PY
The threshold energy is given by
= + 2
s (mp m¢)
, B17
E = 2 +
Y ,(mcb/ mp) "o
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APPENDIX C
PARTICLE MULTIPLICITIES FOR

DIFFRACTIVE DISSOCTATION OF A PROTON

The problem consists of arriving at a reasonable estimate
for the number of hadrons resulting from the diffractive
dissociation of the protoﬂ in the vector meson photoproduc-
tion reaction yYp*Vp. The multiplicities are used to predict
the fraction of events with 0, 1 and >1 recoil counter sig-
nals for the purpose of determining the contribution of in-

elastic events to the p, ¢ and w photoproduction data.

It is assumed that the final system consists of pions and
either a proton or a neutron with the overall quantum num-

bers of the proton. The I-spin state of the proton is
1 1
p> = [1,15> = |5,5> cl

Therefore, of interest are pion systems with I=0 and 1 only.
The charge multiplicities (1,3,5,...) are assumed to be
Poisson distributed with the mean of the distribution chosen
so that the charge multiplicity=1 probability is about equal
to the multiplicity=3 probability, consistent with pp and

ﬂ—p diffractive dissociation data (Whitmore, 1974).
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The 2-pion system is worked out as an example:

mr> = |I,I3> with I = 2, 1, O c2

I=2 of no interest

I

fl

1, Ty=1: [11> = & {rfnos-|nort>)
V2

0: |10> = & {[n+n;> |7 n">)
V2

-1: of no interest
I=0, I3=0 |00> = 1 {|w+w—>- S SO PSS
/3

There are thus two allowed states,
I=1 with I3=1,0 -and 1I=0 with I3=0

The first state is

V2 11
|P> =/§_,1:1’%’ %>_ ':];'11,03513>
V2,1 + 9 0+
—/:{/:(Iﬂ 0>~ n0r >) |n>}
3 v2
- L{ ‘1“(!7T+'TT_>—I1T_1T+> lp>} c3
V3 V2
and the second state 1is
o> = [0,055,2>
= l(lw+w_>—[n°w°>+|n—w+>)!p> | oA

The probabilities for the different configurations are,
for the first state: %(ﬂ+n°n) .and %(ﬂ+ﬂ—p) c5

for the second state: %(ﬂ+ﬂ‘p) and %(ﬂoﬂop) ol
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The average of the two states gives the probabilities

1, 4+ - +
S(mmp), %(TT m%n), %(TTO'H‘OP) c7

The probabilities for the different configurations in

each Nﬂ—system, where Nw=0_4’ are summarized in the table

below.

Notation: Nﬂ= pion multiplicity
Nc= charge multiplicity
ip= i charged pions and a proton, i=0,2,4

in= i charged pions and a neutron, i=1,3,5

Nc=1 N;=3 Nc=5
Npo | Op | I | o2p |3 | oep | S0 RONT
0 1 e H
1 1/3 2/3 ue_U
2 /e 1/ Y/, (112/2)6—u
3 Yoo /s *la0 ¥/1o (u®/6)e ™
4 Yus  flus YM/us Y% us %o (u*/24)e7¥

The charge multiplicity probabilities (Poisson distributed)

are then given by
P(N_=1) = e "{u+ %(u2/2)+ %(u3/6)+ %(u“/24)+-.-}
P(N_=3) = e—“{%(u2/2)+ %(u3/6)+ %(u“/24)+---} c8

P(N_=5) = e‘“{g(u“/za)+...}
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The value for U 1s chosen so that

P(NC=1) = P(Nc=3)
Cc9
that 1is, u = 2.6
and thus
P(Nc=1) ~ 0.389
P(NC=3) =~ 0,383 Ccl0
P(Nc=5) ~ (0.031
Using the above table, the probabilities for the different
final state configurations can be determined. For example,
+ 0.0 - 1 1.3 ~u
P(m m°m%n) 07389 {S(U /6)e "}
cli
= 0.112
The probabilities for all final states with a given charge
multiplicity are listed below.
Charge multiplicity = 1 (overall probability = 0.389)
state probability
W+n 0.331
0
TP 0.166
L 0.215
o % 0.108
+ Cc12
T nonn 0.112
monon%p 0.028
nTnonon 0y 0.032
oo 0p 0.008

1.0



Charge multiplicity = 3

state

The fractions of events
are estimated as

recoil

(see Table (IV.C.2)).

(overall probability = 0.383)

probability

0.328

n 0.170

P 0.256

7%n 0.131

0 .

TP 0.115

1.0

225

Cl13

firing 0, 1 and >1 recoil counters

=0 0.02
=1 0.23
> 1 0.75

Cl4
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APPENDIX D
VMD-QUARK MODEL PREDICTION FOR

MOMENTUM TRANSFER SLOPE PARAMETER

According to VMD-quark model predictions

P
do - _m vam . 1|dg, + lj/do, -
l/dt(yp-mp) Ky {5 p) +5 g (m p)} D1

Y 0

where Yp is the photon-vector meson coupling constant, pTr
and kY are the center of mass momenta of the pion and the
photon, respectively (see Appendix B), and do/dt(mp)

+ —
denotes T p and T p elastic scattering. Assuming

do _ . bt Vgg _ 2V/A
it A-e” 7, j it dt = 5 D2

Eqn. (D1) can be written as

VA P VA, VA
TQ:% M%{___t.}.___} D3
oy T S
where the subscripts p, + and - indicate quantities

(defined by Eqn.(D2)) for yp-rpp, ﬂ+p+ﬂ+p and T p*T p,
respectively.

Also, Eqn.(D1l) at t =0 gives

. P
VA = S vem L m L Va ) D4
ol kY Yp 2 -+ -

From Eqns.(D3) and (D4)
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b = — | D5

and rearranging,

) byb_(YA_+VA)
b_VA +b, VA_

The approximate expression in Eqn.(D6) is obtained by

letting b+= bo+-A and b_= bo— A which gives

b2 - A b2 - A% b, +b_
b = — o ~ b = e————
e /A - /A b ° 2
b - A - o
° VA, +VA_

Eqn. (D6) is also valid for the w meson. For the ¢ meson
the slope parameter is

+ -

b b b (/AY + VA" - /&)

b, = D7
N S N G

where the superscripts + and - indicate quantities
defined by Eqn.(D2) for K+p+K+p and K p»K p, respectively,

and the subscfipt - refers to ﬂ—p+ﬂ_p.
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